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ABSTRACT Kinetics of methyl, ethyl, and isopropyl vinyl ether (MVE, EVE, IPVE) polymerizations initiated 
by PhsC+SbC16- in CHzClz were examined between -40 and 0 "C by using adiabatic calorimetry and spec- 
trophotometry as previously applied to isobutyl vinyl ether (IBVE) polymerization. Behavior of these 
polymerizations is close to  that  of IBVE, and a similar kinetic scheme is proposed. Again, initiation is slow 
(duration comparable to that of propagation), and significant transfer and termination processes are observed. 
Values of rate constants for initiation (ki = 0.6-15 L mol-' s-l a t  0 "C) and for propagation ( k ,  = 260-11 200 
L mol-' s-' a t  0 "C) reflect the same order of overall reactivity: MVE < EVE < IBVE < IPVE. Nevertheless, 
this increase is less pronounced for propagation than for initiation, particularly from EVE to  IPVE, which 
in fact might suggest a fall in reactivity of the growing cations with increasing bulkiness of the side group. 
As a conductimetric study on polymerization and postpolymerization media (EVE) has shown that propagation 
takes place essentially on free ions, this would agree with differences in solvation states of the propagating 
species. A detailed comparison of the kinetic parameters (k,,, E,, AS*,) of these chemically initiated po- 
lymerizations with data reported for radiation-induced processes led to a good agreement between the two 
systems (EVE apart) and supports tlae existence of equilibria between dissociated ions of different 
reactivities-bare, chain solvated, and solvent solvated-depending on the size of monomer side group. I t  
appears thus tha t  solvation of the growing cations by CH2C12, recently proposed by Stannett e t  al., may be 
considered in cationic polymerization. 

Introduction 
We previously reported a reexamination of the kinetics 

of the cationic polymerization of isobutyl vinyl ether 
(IBVE) initiated by triphenylmethyl hexachloroantimonate 
(Ph3C+SbC16-) in methylene dichloride.' We observed a 
relatively slow initiation with respect to propagation (in- 
complete initiator consumption at  temperatures equal to 
or lower than 0 "C) and significant transfer and termina- 
tion processes. This showed that the system was not the 
simple model of cationic polymerization presented in 
earlier ~ t u d i e s , ~ ? ~  even if we agree with a predominant 
contribution of free ions in the propagation process. 

Investigation of bulk radiation induced polymerization 
of the same monomer4p5 led to much larger rate constants. 
The factor of -6 observed at  0 OC between the k, of the 
radiochemical and chemical system is not necessarily in- 
coherent since, independently of any solvation process, the 
change  in reactivities of the two bare f ree  ca t ions  might 
be explained by the difference in dielectric constants in 
the bulk (D - 3) and in CH2C12 solution (D - 9). Later 
studies performed on other alkyl vinyl by both 
radiatiqn and chemical initiation techniques showed that 
such differences in k, were not limited to isobutyl vinyl 
ether, and they focused our interest upon the kinetic as- 
pects of methyl (MVE), ethyl (EVE), and isopropyl (IPVE) 
vinyl ethers polymerization initiated by Ph3C+SbC16- in, 
CH2Clz solution. Preliminary results were communicated 
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elsewhere: and this paper deals with a more complete 
discussion of the relative reactivities of the different ethers 
together with a comparison with the rate constants re- 
ported for radiochemical initiation in 

Experimental Section 
All reagents were thoroughly purified and handled by using 

high-vacuum techniques as previously described.' Instantaneous 
monomer and initiator concentrations were obtained from coupled 
adiabatic calorimetry and spectrophotometry as before. The 
adjunction of a conductivity cell (platinum plates 10 X 30 mm, 
cell constant 0.051 cm-') in the reactor allowed measurement of 
the instantaneous values of conductivity. 

The conductimetric study was also performed on the reaction 
medium after the polymerization by adding successively, in vacuo 
and a t  the requisite temperatures, known volumes of solvent 
contained in suitable ampules. 

Number-average molecular weights were measured by using 
either vapor-pressure osmometry (Hewlett-Packard 300) or 
membrane osmometry (Mechrolab). 

Results 
Kinetic Study. All rate constants were computed by 

using the kinetic scheme already applied for IBVE po- 
lymerization (see ref l): 

1. initiation 

I + M - PI+ 
k, 

0 1988 American Chemical Society 
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2. propagation 

P,+ + M - P,+,+ 
3. transfer to monomer 

k, 

k m  
P,+ + M - P, + P1+ 

4. unimolecular termination (assumed) 
kt 

Internal initiation rate constants ki are computed from 
the plots of Ri versus the experimental [M][I] product. 
The following linear relationship allows the determination 
of internal (k, + ktrm) and k, constants: 

P,+ - P, 

The ratio k, /k , , ,  is calculated from 

k ,  (M,/I,)DP, - -  - 
k t r m  (Mc/Ic) - DPn 

where 
M , = M o - M  I c = I o - I  

and together with the (k, + ktrm) value leads to both k, 
and k,, values. 

MVE Polymerization. This monomer is gaseous at 
room temperature (bp = 8 "C (760 mmHg)). Moreover, 
polymerization rate at -40 "C was too slow to be meas- 
urable by calorimetric techniques. Thus our experiments 
were performed within the -20 to 0 "C temperature range. 

The polymerization enthalpy, computed from temper- 
ature rise and recovered polymer, was found to be =, = 
-16 kcal mol-l. As we previously observed for IBVE, in- 
itiation of MVE polymerization by Ph&+ was not in- 
stantaneous, and internal first orders with respect to 
monomer and initiator were also observed (Figure 1). 

This is opposite to what was reported by Ledwith et aL7 
for the initiation reaction of MVE by tropylium cation, and 
this behavior might be related to the differences in the 
geometries of the two initiator cations. Although we ob- 
served a slightly sigmoidal shape of the Ri plot a t  the 
highest temperature (0 "C), the initiation rate constants 
were measured at  -20, -10, and 0 "C. Activation energies 
for initiation and propagation were found to be respectively 
8.7 and 11.1 kcal mol-l (Table I and Figure 2). This 
monomer leads to the most stable active species as indi- 
cated by the values of k, and by the variation of [P'] 
during the polymerization (Figure 4). 

For each step of the polymerization, values of the rate 
constants are considerably lower than for the other ethers 
(Table I), and this large difference in reactivity places 
MVE apart. I t  must be noted that all attempts a t  radio- 
chemical polymerization of this monomer were unsuc- 
cessful, but this was however interpreted by chain ter- 
minator effect of byproducts resulting from monomer ra- 
di01ysis.l~ 

EVE Polymerization. Even if the values of k,  express 
a stability of EVE growing cations comparable to that 
observed with MVE, kinetic curves show significant ter- 
mination processes, even at -25 "C, and this does not agree 
with Ledwith's and Stannett's conclusions concerning 
experiments with successive monomer additions. They 
reported, either with IBVE2 or with EVE: that a new 
addition of monomer (same concentration) a t  the end of 
a polymerization (yield 9070) restarts the reaction with a 

&lo' (mn- ' )  
M 

//, I . io5 (mol. I C ~ )  

/ / . , , , I . io5 , (mol. , , I C ~ )  

1 I 

+ I )  0 

Figure 1. MVE polymerization at -20 "C in CH2C12. First 
internal orders with respect to initiator (a) and monomer (b): [MI, 
= 0.128 mol L-l; [I],, = 7.3 X mol L-l. 

Figure 2. Arrhenius plots for the propagation rate constant 
MVE, EVE, IBVE, and IPVE. 

for 

similar rate, and thus they assumed that no termination 
had occurred. 

We carried out a similar experiment a t  -25 "C (see 
Figure 3). The complete kinetic treatment, taking into 
account the values of the rate constants (Table I), led to 
the active center concentrations given in Table I1 and 
Figure 3a. It should be noted that when the second charge 
of monomer is added, (1) there remains 20% of initiator 
and (2) active center concentration is only 71% of the 
consumed initiator, which shows that termination cannot 
be neglected. The second addition of monomer accelerates 
the consumption rate of the remaining initiator and leads 
to new active centers. Thus polymerization rate increases 
since [MI and [P*] both increase (Figure 3b). Concen- 
trations of eventually remaining initiator were not reported 
from Ledwith's and Stannett's experiments, but it seems 
likely that in these two cases initiation by the remaining 
salt might roughly compensate for the destruction of 
previously formed active centers and thus explain the 
comparable rates observed when adding a new charge of 
monomer. 

IPVE Polymerization. This polymerization proceeds 
more rapidly ftl12 - a few seconds) than for EVE, and 
initial monomer concentrations were lowered to maintain 
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Table I 
Initiation, Propagation, Transfer, and Termination Rate Constants for MVE, EVE, and IPVE Polymerizations Initiated by 

Ph3C+SbCl< in CHzClz at Different Temperatures 
monomer T, "C ki, L  mol-'^-^ Ei, kcal mol-' k,, L mol-' s-l E,, kcal mol-' kt,, L mol-' s-l Em, kcal mol-' k,, s-l 
MVE 0 0.6 260 3.5 0.017 

-10 
-20 

EVE 0 
-25 
-40 

IBVE" 20 
0 

-25 
-40 

IPVE 0 
-25 
-40 

0.31 
0.17 
2.3 
0.8 
0.27 

5.4 
0.75 
0.3 

15 
6 
2.5 

16 

8.7 120 11.1 
52 

7000 
6.7 1020 10.8 

230 
15400 
6800 

9.3 2800 5.5 
920 

11200 
5.6 6500 3.5 

3700 

1.5 
0.4 

7.9 
1.2 

74 

570 
180 
27 
8 

135 
46 
22 

" Results previously reported.' Concentration ranges: [MI, = 2-15 X M; [Ph,C+], = 5.5-8 X M. 

Table I1 
Successive Polymerizations of EVE at -25 "C 

[I],,O mol L-' [MI,," mol L-' [P*Iab 
first run 6.4 X 5.8 X 3.7 X 
new addn of monomer 1.2 X 7.4 X lo-* 4.8 X 

" Initiator and monomer concentrations at the beginning of each 
run. * [P*l,, = [Rp/Mmm/(k, + k d .  

t (P) 

50 

Figure 3. Successive additions of EVE at -25 O C  (see Table 11): 
(a) variation of active centers concentration; (b) monomer con- 
sumption. 

the rates in a range compatible with the calorimetric 
technique. For both initiation and propagation IPVE 
appears to be the most reactive of the vinyl ethers we 

15 0.01 
0.003 
0.02 

13 0.01 

0.8 
0.2 

9.8 0.03 
0.01 
2.3 

5.8 0.4 
0.1 

Figure 4. Comparative variation of active centen concentrations 
at -25 "C. Numbers in sauares refer to monomer conversion 
(percent) at different times: MVE [MIo = 0.129 mol L-', [II0 = 
7.3 X 
mol L-l; IPVE [MI, = 0.06 mol L-l, [I], = 5.9 X IOd mol L-l; IBVE 
[MI, = 0.035 mol L-l, [II0 = 5.9 X 

mol L-'; EVE [MI, = 0.125 mol L-', [I10 = 8.7 X 

mol L-l. 

studied (Table I). Here again, active centers cannot be 
considered as stable at any temperature; even at -25 OC, 
their concentration goes clearly through a maximum as 
shown in Figure 4. 

Conductimetric Study. The propagation rate con- 
stants obtained from the kinetic study are overall values 
that do not take into account an eventual equilibrium 
between different active species such as, for instance, in 
the simplest case of ion pairs and free ions: 

K d  
f',,', SbCI6- e P,' 4- SbCI6 -  

IP*I,., CP"1, CP*I, 

IkP' j k P +  

propagation propagation 

k,(measured) = (1 - a)kp + akpC 

[P*]a2 
K,j = - with [P*] = [P,'] + [P,'] 

1-CY 
The [P*] value may be computed from [P*] = (Rp/ 
[MI)/&, + ktrm), but Kd determination is severely com- 
plicated by the instability of kt ive centers, the variation 
of their concentration, the contribution of remaining ini- 
tiator to overall conductivity, and the common-ion effect 



2342 Subira et al. Macromolecules, Vol. 21, No. 8, 1988 

Figure 5. Polymerization of EVE at -40 "C: simultaneous 
variation of [P+] active centers concentration, [I] initiator con- 
centration, and G overall conductivity. 

Table I11 
Conductimetric Parameters Observed on the Reaction Medium 

at the End of EVE Polymerization" 
T, O C  -50 -40 -30 -20 

KD, mol L-l 4.6 x 10-5 4.3 x 10-5 4.1 x 10-5 3.9 x 10-5 
interionic dist Q, A 5.38 5.39 5.41 5.43 

i04A0, m2 S mol-' 43.5 50.7 59.1 68.8 
104h07, m2 S mol-' P 0.46 0.47 0.48 0.49 

[P*] at the end of polymerization = 3.7 X M 

of this remaining initiator upon the active species disso- 
ciation equilibrium. 

However, it is observed that in all cases the overall 
conductivity value of the medium decreases as the initiator 
is consumed and then remains at  a constant level as soon 
as the active centers maximum concentration is reached 
(Figure 5 ) .  The plateau value of the conductivity remains 
constant even at  the temperatures for which termination 
reactions occur. This might mean that active centers are 
transformed into inactive ionic species presenting similar 
conductimetric behavior in solution. This may, be un- 
derstood since conductivity is carried out essentially by 
the more mobile counterion. Thus, if termination gives 
rise to ionic species having the same counterion and if its 
dissociation is similar-as seems to be implied by con- 
ductivity values-a conductimetric study at the end of 
polymerization could lead to an approximate value of &. 

EVE polymerization, a t  low temperature for which 
conductivity of the reaction medium remains stable for 
hours, allows thus the successive dilutions needed for the 
determination of a Kd. According to Fuoss's method, the 
value of this dissociation constant varies from 3.9 X 
M at -20 "C to 4.6 X M at -50 "C (Table 111), and the 
dissociation enthalpy, determined from In KD versus 1/T 
(four temperatures from -50 to -20 "C), was found to be 
AH, = -0.6 f 0.1 kcal mol-' (Figure 6). 
Discussion 

Initiation. Whatever the monomer, initiation is rela- 
tively slower than propagation, and active centers cannot 
be considered as stable in the conditions reported. The 
maximum active center concentration is noticeably lower 
than initiator concentration, especially at lower tempera- 
tures. Thus in no case may a "living" scheme be applied. 

The initiation rate constant ki is obtained from Ri versus 
[M][I] plots, but these plots show a slightly sigmoidal 

Ln Kd 

1 . l o '  ( K - ' )  
/ 

4,,0 
T 4 

Figure 6. Conductivity of the reaction medium at the end of EVE 
polymerization: temperature dependence of the dissociation 
constant. 

Figure 7. Plot of Ri versus [M][I] for polymerization of EVE- 
initiated by Ph3C+ in CH2C1,. The dotted curve represents the 
theoretical plot when considering ion pairs as unreactive (see text). 

shape (Figure 7 ) ,  which indicates that the rate of initiator 
consumption during the polymerization deviates from the 
linearity that would be expected from the initiation process 
alone, if only one type of initiating species was involved. 
This phenomenon might be related to the dissociation 
equilibrium of the initiator, taking into account the 
eventual difference in reactivities of trityl ion pairs and 
dissociated ions. As KD - 1.94 X lo4 mol L-l a t  -25 OC,15 
the dissociation coefficient of the salt was calculated to be 
at  least 0.9, within the range of initiator concentrations 
we used. This would lead to an almost negligible deviation 
from linearity, even when considering the ion pairs as 
unreactive (Figure 7) .  A more probable explanation might 
involve a secondary reaction consuming Ph3C+SbC&- in- 
dependently from the initiation process, such as, for ex- 
ample, a reaction with the unsaturated ends of terminated 
chains. In this case the deviation from linearity of the Ri 
plot would be dependent on active centers concentration, 
which we indeed observed. 

But, whatever this side reaction may be, the deviation 
is limited and does not modify significantly the value of 
ki, which may be obtained from the mean slope with an 
accuracy of *lo%. 

These ki values express the intrinsic reactivities of the 
various vinyl ethers toward the same cation (Ph,C+) and 
are in the following order: 

MVE < EVE < IBVE < IPVE 
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Table IV 
Kinetic Parameters of Radiochemically and Chemically Induced Polymerizations of Vinyl Ethers at 0 OC (Literature Data 

and This Work) 
radiation initiateda chemically initiatedb 

AS',: 10-312,, (E,)*PP, AS',, AS'i, 
M-1 s-l kcal mol-' cal mol-' K-' cal mol-' K-' ref 

10-3kp, (Ep)sppt 
monomer M-' s-' kcal mol-' cal mol-' K-' ref 

MVE no polymerization 14 0.26 11.1 f 0.5 -9 -30 this work 
0.14 (av) 14.1 7 

EVE 8.3 (bulk) 10.8 34 7.0 10.8 f 0.5 -3 -34 this work 
5.7c (bulk) 13 +3 10 1.5 (av) 10.0 7 
0.88' (CHzC12) 7 -21 11 5.1 (av) 9.9 3 

38 (bulk) 9.6 4 4.0 and 6.8 (av) 6.0 2 
9.2 7.1 3 

IPVE 900 (bulk) 1.8 5 11.2 3.5 f 0.5 -29 -35 this work 

IBVE 38 (bulk) 7.6 5 6.8 5.5 f 0.5 -23 -24 this work 

5OOc (bulk) 5.3 -15 13 
8.6' (CH2Cl2) 4.9 -25 13 16.0e -4 8 

a [MI, from 2 M to bulk. b[M]o: 2 X to 2 X lo-' M; solvent CH2Clz; initiator Ph3C+ or C7H7+. CExtrapolated to 0 "C. dValues 
computed from frequency factors or kinetic data reported in the corresponding references. eValue observed for [IlO comparable to the 
initiator concentrations we used in this work ((5-8) X M). 

Such a sequence agrees with the Ledwith et al. hy- 
pothesis about stronger steric interference to resonance and 
its effect on reactivity of alkyl vinyl ethers toward elec- 
trophiles when the size of the substituent increases.16J7 
This order is also supported by the copolymerization ex- 
periments performed by Yuki et al.18 from the ratio of the 
initial rates of monomers consumption in CH2C12 solution 
and more recently by Deffieux et al.19 from the composition 
of copolymers obtained by radiation in bulk with equimolar 
amounts of monomers. The value observed by Deffieux 
(reactivity of IPVE/reactivity of EVE - 5 at +1 "C) 
agrees roughly with the ratio of -6.5 between the initiation 
constants we obtained for these monomers a t  the same 
temperature. Nevertheless, if we consider the relative 
overall reactivities in homopolymerization, any discussion 
about the steric effects of the alkoxy group would be valid 
only if the cationic species resulting from each monomer 
are in comparable dissociation and solvation states, which 
is not necessarily the case as considered later in this paper. 

Nature of Propagating Species. The k, values are 
overall values representing the sum of the contributions 
of several species in equilibrium (ion pairs or free ions, 
solvated or not). 

The dissociation coefficient a can be calculated from the 
dissociation constant Kd,  but the only direct conducti- 
metric measurements available for cationic active centers 
concern the more stable oxonium cations, which gave Kd 
of the order of 3 X M at 0 "C in CH2C12 solution for 
SbF6- counterion (poly(THF),20 polyoxepane21). A more 
satisfactory reference might be the model salt of EVE 
propagating species (C2H5-0-+CH-CH3, SbC16-), the Kd 
of which was reported to be in the range 1.0-1.4 X M 
at -6 "C, depending upon the interpretations of the au- 
t h o r ~ . ~ ~ ~ ~ ~  

Our conductimetric study was performed on solutions 
for which the final conducting species were found to 
present a similar conductimetric behavior as that of the 
propagating ions Jpoly(EVE+, SbCb-I. On the basis of our 
data, the Kd value we obtained (3.6 X extrapolated 
at  0 "C) is compatible with the above results for such a 
cation associated to the SbC16- counterion. Its order of 
magnitude is probably the same for carbocationic species 
resulting from the various vinyl ethers. This means that, 
for the active center concentrations observed in our ex- 
periments ([P*] - 1-4 X M), the dissociation coef- 
ficient is at least in the range 0.6-0.8 and that the free ions 
contribution largely predominates even at  the beginning 
of the polymerization when the common-ion effect of un- 
consumed initiator may be effective. 

Nevertheless, the contribution of ion pairs may be ne- 
glected only if the kp+/kpf ratio is large enough. Few 
papers deal with the relative reactivities of free ions and 
ion pairs in cationic polymerization, but the values re- 
ported for the kp+/kPf ratio range between -4 and 12 for 
vinyl monomers (N-vinylcarbazole," p-methoxystyrene,l5@ 
~ t y r e n e ~ ~ , ~ ~ ) .  If we assume similar values in the case of 
vinyl ethers, it  appears obvious that the free-ion contri- 
bution controls the propagating kinetics. 

General Behavior of Chemically Initiated Polym- 
erization. Table IV compares our kinetic results with 
literature data from chemical initiation and with those 
from radiation polymerization as measured or extrapolated 
to 0 "C. 

In the case of chemically initiated polymerizations a 
correct agreement between our values of k, and literature 
data is observed at 0 "C. At  this temperature, initiation 
is rapid enough with respect to propagation, and the simple 
kinetic treatment used by Ledwith217 and S t a n ~ ~ e t t , ~ * ~  as- 
suming instantaneous and complete initiation, may lead 
to more reliable values than at  lower temperatures. An 
accurate comparison is obviously difficult because these 
values are apparent k, and the determination of absolute 
constants k,+ ( - k p / a )  implies the knowledge of the true 
active centers concentrations and then of a. It  should be 
noted that most of literature values for k, are averaged on 
a large range of initiator concentrations, generally from 1 
to about 10 times higher than the concentrations we used. 
Thus, if we assume the same Kd for all ethers (say Kd - 
3 X M at 0 "C), the corresponding CY may be as low 
as 0.2, leading to proportionally lower k This appears 
to be verified in all related papers273i778 as tK'e k, values vary 
significantly with initiator concentration. 

Let us examine first the order of reactivities of the 
different ethers (Tables I and IV, Figure 2). In the case 
of chemical initiation in CH2C12 solution, this order should 
be best reflected by the initiation rate constants iti, cor- 
responding to reactions with the same carbocation. These 
constants increase by a factor of 25 (at 0 "C) with the steric 
hindrance around the oxygen atom (from MVE to IPVE). 
The reactivities for homopropagation also increase roughly 
in the same direction (at least for T < 0 "C) but with very 
little variation from EVE to IPVE. As previously con- 
sidered by Ledwith et al.,16J7 this increase might result 
from a restricted conjugation of the oxygen atom, leading 
thus to a lower stabilization of the monomer. This cannot 
be the only factor since the fall in reactivity from IPVE 
to EVE depends upon the type of polymerization and 
appears drastic in the case of bulk radiochemical systems. 
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In aLl cases, the apparent activation energy for propagation 
increases significantly when decreasing the hindrance 
around the oxygen (and simultaneously the apparent re- 
activity), and this may agree with a solvation equilibrium 
depending upon the access to the solvating atom. Such 
a solvation by the polymer, involving the basic oxygens of 
the side groups, may most probably be intramolecular and 
was early proposed by Bawn and Ledwith28 and suggested 
again by Stannettlo and by o u r s e l ~ e s ~ ~ ~ ~ :  

OR 
I 

WCHz-CH-CHz-CH-CH2-CH -r\ CH2-CH CH 
\OR 

I I ;+  
OR I 

OR 
I 

OR 
R 

[ P + l =  ( 1  - a ) c P * J  CP,+I = acP“1 

M I k  + ++ 

propagation propagat ion 

as cy = Kp/(l + K,), then ka,, = k+/(K,  + 1) + K,k +/(K,  + 1). If the bare cations are reasonably assume$ to be 
much more reactive, Le., k+ >> K,kp+, it follows that kaPp 
= k+(l/(K, + l)), from which it is possible to deduce 

E * a p p  g E*<+) - M&p/(Kp + 1) 

where E*(+) is the activation energy for propagation on the 
bare free cation and AH, the solvation enthalpy. Then it 
appears that if Kp >> 1, then 

Eapp - E*(+) - A H p  

Eapp - E*(+) - A H d c p  - E*(+) 

if Kp << 1, then 

Since AHp is negative, it appears that the higher the Kp, 
the higher will be the apparent activation energy. This 
is in agreement with a polymer solvation process increasing 
from IPVE to MVE and particularly important for the 
MVE and EVE propagating cations. 

In the case of polymerizations chemically initiated in 
CH2C12 solution (Table IV), examination of activation 
entropy differences leads to a similar conclusion: even if 
the values of about -35 eu may be a bit too low (errors up 
to 10 eu are possible), activation entropies for initiation 
A S ,  are close for the four ethers and correspond roughly 
to the AS*,,, for the immobilization of a monomer upon 
a bare free end.30 The activation energies Eli (Table I) do 
not vary too much, with a tendency to decrease for more 
bulky substituents (except in the case of IBVE). These 
A S i  and Eli values are apparently compatible with an 
absence of a marked desolvation effect of the initiating 
cation in the transition state. This confirms that initiation 
takes place either on an unsolvated trityl cation or without 
solvation change during the process. On the other hand, 
large differences appear between the activation entropies 
for propagation (Table IV). The values of ASSp we observe 
for IPVE and IBVE are close to those of AS*,, showing that 
monomer immobilization is the largely predominant con- 
tribution to the activation entropy of the propagation step. 
This is no more true for the less hindered ethers, EVE and 
MVE, for which the noticeably higher values of Sip might 
imply the supplementary contribution of a positive de- 
solvation term AS*desolv. 

Thus a simple intramolecular solvation equilibrium of 
the propagating cation, depending upon the size of the side 
alkyl group and on the accessibility of the oxygen atom, 
may coherently account for the activation parameters we 

obtained in the case of the chemically initiated polymer- 
ization in CH2C12. 

Nevertheless, two remarks should be made: 
(1) The entropic contribution resulting from desolvation 

(-+20 to +30 cal mol-’ K-’) would appear somewhat too 
positive with respect to the gain of freedom when passing 
from the cyclic complex to the open chain in the transition 
state and would probably correspond better to the liber- 
ation of a small molecule. 

(2) The differences observed between the “chemical” k, 
values are surprisingly small (kpam g kp,” r 0.6kp,pm), 
and if we take into account the enhancement by a factor 
of 7 in monomer reactivity as observed from initiation rates 
and due to conformational effects, this would in fact reflect 
a decrease in propagating center reactivity from the more 
(EVE, MVE) to the less (IPVE) intrasolvated cations. 

This might mean that intrasolvation is not the only- 
and even not the prevalent-factor governing the kinetics 
of these “chemically” initiated polymerizations in CH2C12. 

Comparison between Chemical- and Radiation-In- 
duced Polymerizations. The first point that must be 
emphasized is correlated with the above remark: a factor 
of about 100 is obtained between the reactivities of EVE 
and IPVE when polymerization occurs by radiation in 
bulk, whereas we observed similar reactivities by chemical 
initiation in CH2C12 (Table IV). 

The second point concerns the large differences observed 
between bulk radiation constants and those measured in 
CH2Clz solution with either radiation or chemical initiation. 
This shows obviously an important role of the solvent, and 
the considerable reduction of k, has been discussed by 
Stannett and co-workers, who reexamined in their recent 
series of papers’&13 the radiation polymerization of EVE 
and IPVE in the presence of methylene dichloride, benz- 
ene, and other solvents. 

Let us compare in more detail the “radiation” (bulk and 
solution) and “chemical” (solution) kinetic parameters. For 
IPVE, a correct agreement is observed in CH2C12 solution 
between the k,, E,, and A S p  for the two types of initiation. 
Radiation polymerization in bulk led to a k, value about 
60 times higher and to a less negative AS* . A first ex- 
planation for this higher rate could be the $electric con- 
stant effect as radiation experiments performed by Stan- 
nett et  al.13 in media of increasing polarity (from bulk, D 
= 3, to monomer-nitromethane mixture, D = 19.5 a t  30 
“C) follow roughly the Laidler-Eyring linear relation be- 
tween In k, and D-’ (see Table I1 in ref 13). Values of AS*, 
observed in CH2C12 solution for IPVE (-25 cal mol-’ K-I, 
radiation; -29 cal mol-’ K-l, chemical) show that in both 
cases the main contribution results from immobilization 
of monomer on an unsolvated end and that the equilibrium 
between bare and intrasolvated cations is shifted toward 
the former. The value observed in bulk (-15 cal mol-’ K-’) 
is higher but still negative, and this might indicate that 
in low polarity medium a partial autosolvation cannot be 
neglected even in the case of the more bulky IPVE cations. 

The situation is less coherent for EVE, as the kinetic 
parameters observed for polymerizations chemically ini- 
tiated in CH2C12 differ by a factor of -8 from those ob- 
tained by radiation in CH2C12 solution and are in fact 
comparable to those obtained from radiation in bulk. 
Radiation polymerizations of EVE were also performed in 
media of increasing polarity by Stannett et al. (see again 
Table I1 in ref 13). The plot of In h, versus D-’ deviates 
from the Laidler-Eyring relationship, but the average slope 
of the curve is noticeably smaller than that observed in 
the case of IPVE. This might indicate that the radius of 
the propagating cations in the ground state is larger for 
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number of organic reactions.33 
Thus a general description of both systems (radiation 

and chemical initiation) would involve three different 
propagating species in equilibrium: 

Figure 8. Variation of apparent kp with monomer concentration 
for radiation-induced polymerization of EVE in CHzClz solution 
at 22 OC: (a) results from Stannett et al.;" (-) theoretical curve 
computed with k,+ = 29 400 L mol-' s-l, k,+ = 2000 L mol-' s-l, 
K 3 100 L mol-l. 

EVE than for IPVE [d In K/d(l /D) = 2?e2/(2RT)(l/r - 
l / r*)  for reactions between ions and neutral molecules 
(Laidler-E~ring;~' r and r* are the radii of the ion re- 
spectively in the ground state and the activated complex)] 
and that most of the active species are solvated in the case 
of the former monomer. I t  was also observed by Stannett 
et al." that a small amount of CH2C12 in the monomer 
depressed drastically the rate of radiation polymerization. 

The simplest explanation could be a strong termination 
effect from radiolysis products of the solvent, but further 
increase in CH2C12 concentration did not modify the ap- 
parent k,, which is not coherent with this proposal. 
Stannett interpreted the leveling off of the constant by a 
local dielectric constant effect and a preferential solvation 
of the cations by the solvent rather than by the chain. In 
the case of EVE, if the concentration of unsolvated cations 
is low enough to consider only the propagation on the 
polymer and solvent solvated ends 

K 
Pp+ + s + PS+ 

[b+ I%+ 
propagat  ion propagation 

the apparent rate constant is given by 

- kP+ k s+K s 1 
- K[S] + 1 + K[S] + 1 

Using the kp+ = 29 400 L mol-' s-l observed by radiation 
in bulk for EVE at 22 OC and the values for the different 
[M]/[S] ratios that were reported," we adjusted the pa- 
rameters ks+ and K until the theoretical plot of k,, versus 
[EVE] (or [SI) fits with experimental data (Figure 8). 
This leads for EVE polymerizations performed by radia- 
tion in CH2C12 solution at  22 "C to values of ks+ - 2 X 
lo3 L mol-' s-l and K 3 100 L mol-' and would account 
for the much higher reactivity of the oxygen-solvated 
species as observed in bulk (Kp+/ts.+ - 15) and for the 
strong shift of the above equilibrium toward the 
CH,Cl,-solvated cations. Even if it is unexpected, such 
a predominent solvation by the solvent might be supported 
by the high II* value (0.8) obtained for CHzClz in the 
[O-1.01 solvatochromic Taft's classification of solvent po- 
larities-polarizabilitie~~~ as well as by the more recent 
evaluation of cation- and anion-solvating tendencies made 
for various solvents from computer analysis of a large 

ps+ 

In bulk (radiation), only the autosolvation (equilibrium 
1) is to be considered, depending on the bulkiness of the 
monomer side group. I t  accounts for the large difference 
in reactivities, E*, and AS*, observed for EVE and IPVE. 
In CH2C12 solution the three species might coexist, but 
their relative concentrations are still depending on the 
nature of the monomer. For MVE and EVE the two types 
of solvation occur, and, neglecting the less probable un- 
solvated free ions, the propagation kinetics is controlled 
by equilibrium 2. Even if the solvent-solvated species are 
less reactive than the autosolvated ones, they predominate 
as shown by the high ASSp value we observed for the 
chemically initiated system, which better corresponds to 
the liberation of a small solvent molecule. In the case of 
radiation polymerizations of EVE, even if the results of 
Stannett support well a solvation process by CH2C12, it 
must be noticed that reverse values of E*, and AS*, would 
have been expected between bulk and solution systems. 

For the more bulky IPVE, the intramolecular autosol- 
vation process is strongly hindered, but solvation by 
CH2Clz is to be considered. thus the propagation kinetics 
is depending on unsolvated and solvent-solvated free ions 
(equilibrium 3). The very negative values of AS*, that are 
observed as well for chemical as for radiation polymeri- 
zation show that the main propagation process does not 
involve a desolvation step. This supposes that propagation 
takes place essentially on unsolvated species, even if 
equilibrium 3 is strongly shifted toward the solvent-sol- 
vated cations, as indicated by the rather low values of the 
apparent k, in solution (chemical and radiation) with re- 
spect to the k, observed in bulk (radiation) for IPVE. 

Such a scheme involving competitive solvation process, 
i.e., the autosolvation and the solvation by CH2C12 pro- 
posed by Stannett et al. for radiation systems, may also 
account for our chemically initiated polymerizations and 
particularly explain the small differences we observed for 
the k, from EVE to IPVE and the corresponding apparent 
decrease in reactivity of the growing cation when the 
bulkiness of the monomer is increased. Comparison of our 
results about IPVE polymerizations initiated by Ph3C+ 
with those obtained by radiation (bulk and solution) is 
fairly coherent (k,, Elp, AS*,) and supports the above 
interpretation. On the other hand, there is an obvious 
discrepancy between our results and those observed by 
radiation in the case of EVE polymerization, and we have 
no explanation yet. 

To conclude, we have shown in this work that the kinetic 
behavior of the cationic polymerization of methyl, ethyl, 
and isopropyl vinyl ethers initiated in CH2C12 solution by 
Ph3CfSbCl6- between -40 and 0 "C is similar to that we 
previously reported for isobutyl vinyl ether. Kinetic pa- 
rameters were determined for each step of the polymeri- 
zation, and it was confirmed that these systems cannot be 
considered as living even if at the lowest temperatures the 
termination rate is rather low. A conductimetric study 
performed on polymerization and postpolymerization 
media (EVE) showed that propagation takes place essen- 
tially on free ions. The overall reactivity falls in the order 
IPVE > IBVE > EVE > MVE, but this fall is much less 
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pronounced for propagation than for initiation, which 
might be interpreted by a decrease of reactivity of the 
cationic species when increasing the bulkiness of the side 
group. A detailed comparison of our chemically initiated 
reactions with recent data reported about bulk and solu- 
tion radiation-induced ionic polymerization of vinyl ethers 
leads to a good agreement (EVE apart) between the two 
systems and supports the existence of equilibria between 
free ions of different reactivities-bare, solvent solvated, 
and chain solvated-depending upon the nature of the side 
group. It seems thus that the solvation of growing cations 
by CHzClz previously proposed by Stannett et al. may be 
considered in cationic polymerization. 
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Adsorption of Sodium Dodecyl Sulfate onto a-OlefinlMaleic Acid 
Copolymers in Aqueous Solutions 
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ABSTRACT The  fluorescence anisotropy of the anthryl group attached t o  poly(1-decene-co-maleic acid), 
PDMA, poly( 1-tetradecene-co-maleic acid), PTMA, and poly(1-octadecene-co-maleic acid), POMA, has been 
examined at pH 8 as a function of sodium dodecyl sulfate, SDS, concentration. Adsorption of SDS onto the 
copolymer occurs at partial ionization of the  copolymer resulting in an  expansion of the  copolymer coil. 
Expansion of the copolymer is facilitated by SDS destabilization of localized copolymer hydrophobic domains. 

Introduction 
Fluorescence depolarization or fluorescence anisotropy 

studies of covalently tagged macromolecules have proven 
to be an excellent way to probe the dynamics of intra- 
molecular reorientation and of intermolecular interactions 
in The results provide insight into both the 
local environment and the nature of interactions between 
macromolecules and solvent systems. 

In a previous study4 we investigated the interaction 
between SDS and aqueous alkali-soluble a-olefinlmaleic 
acid copolymers using extrinsic fluorescence probes. The 
fluorescence results gave indirect evidence for SDS in- 
teraction with the anionic polyelectrolytes. In this study 
we investigate the interaction between SDS and aqueous 
alkali-soluble a-olefin/maleic acid copolymers which are 
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covalently labeled with 9-(hydroxymethyl)anthracene, 
HMA, as an intrinsic fluorescence probe. The fluorescence 
anisotropy of the anthryl tag is a function of the freedom 
of mobility of the tag and has been used to study coil- 
globule  transition^.^ 

a-Olefin/maleic acid copolymers can be considered as 
polymeric amphiphiles under aqueous alkaline conditions. 
This leads to the possibility for the formation of polymeric 
micelles. The micellar structure would depend upon mo- 
lecular weight, composition, sequential arrangement of 
repeat units, solution pH, and ionic strength. Interaction 
of SDS with these copolymers would, in turn, depend upon 
these properties. 

Surfactant/polymer interactions have been studied by 
using other techniques also such as viscometry, surface 

0 1988 American Chemical Society 


