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dependence of the monomer reactivity ratios may be writ- 
ten as 

ASt,, - ASt,, &,, - &,, - 
R RT In rl = 

In r2 = 
AS',, - ASt,, &,, - AH',, - 

R RT 
where A S  represents the entropy of activation and AHt 
the enthalpy of activation. For our ACOST/MMA copo- 
lymerization system, the differences in the entropy of acti- 
vation are ASt11 - AS12  = 13.3 J/(K.mol) and AS22  - 
A S 2 1  = 1.27 J/(K.mol). The difference between the two 
values is relatively large, though smaller than in the case 
with the MVL/ST copolymerization (39.7 vs -12.9 
J/  (K-mol)), which suggests that the steric effect cannot 
be neglected in the ACOST/MMA copolymerization. 
Accordingly, we conclude that the calculated Q-e values 
have little meaning. 
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ABSTRACT: Composition data for the copolymerization of sulfur dioxide and methyl acrylate a t  -78 and 
0 "C were obtained and analyzed using a nonlinear least-squares optimization routine. In the model which 
was found t o  be adequate t o  describe experimental data the reactions of methyl acrylate addition to  the 
growing chain are irreversible. Sulfur dioxide can be added only to  the macroradicals having methyl acry- 
late as a terminal and a penultimate monomeric unit, and this reaction is highly reversible even a t  -78 "C. 
On the basis of the results obtained, several kinetic parameters are estimated and factors determining the 
reactivity of sulfur dioxide in propagation and depropagation reactions are discussed. 

Introduction fones having a regular alternating structure, which is inde- 
pendent of the monomer feed ratio.'V2 In contrast, sev- 
eral vinyl monomers such as styrene? vinyl chloride,* 
chloroprene: acrylamide: or alkyl acrylates' form polysul- 

The free-radical copolymerization of sulfur dioxide with 
many olefinic compounds leads to the formation of polysul- 
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fones of variable composition, which usually depends on 
the reaction temperature. For this type of nonalternat- 
ing copolymerization Bovey et  a1.8 proposed a kinetic 
scheme assuming the penultimate model and an equilib- 
rium character of the propagation reactions in which a 
carbon-sulfur bond is formed. 
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Table I 
Composition Data for the Copolymerization of Sulfur 

Dioxide with Methyl Acrylate (M) at -78 OC 

ki  

k-1 

kz 

-MM' + SO, * -MMSO,' 

-MSO,* + M E -MSO,M* 

(1) 

(2) 

-SO,M' + M -% -SO,MM' (3) 

(4) 

( 5 )  

An analytical solution of the kinetic scheme defined by 
eqs 1-5 is quite complex, and the parameters character- 
izing this type of copolymerization were not determined. 
Recently' we found that in the copolymers of alkyl acry- 
lates with sulfur dioxide obtained at  -78 "C or a t  higher 
temperature, the alternative SOzMSOz triad does not 
appear and thus eq 5 can be omitted in the reaction 
sequence. For this case, with the steady-state assump- 
tion for [MM'], [MS02'], and [S02M'], the copolymer 
composition can be described by the equation 

d[MI 2k,[SO,M'][M] + k4[MM'][M] 

-MM' + M 5 -MMM' 

-SO,M' + SO, * -SO,MSO,' 
kS 

k-5 

- - -- 
d[SO,] - = k3[S02M'l [MI 

where 

In this paper we have tested the applicability of the 
above equation in the copolymerization of sulfur dioxide 
and methyl acrylate (M) carried out at  -78 and 0 "C.  

Experimental Section 
The copolymerizations were carried out in bulk with tert- 

butyl hydroperoxide as initiator according to the method described 
previous1y.Q The copolymer compositions were determined from 
the elemental analysis of carbon, hydrogen, and sulfur (the error 
of determination of the monomeric units contents is estimated 
as ca. 1.5%). 

Results and Discussion 

The results of copolymerizations are presented in Tables 
I and 11. It can be noticed that the mole ratio of methyl 
acrylate monomeric units to SO2 monomeric units in copol- 
ymers ( A )  is always greater than 2 and increases with a 
rise of reaction temperature. 

The composition data were analyzed according to eq 
6 using the nonlinear least-squares optimization routine. 
The optimization was carried out for three cases. Case 
1 was the completely general form for eq 6. Case 2 incor- 
porated the assumption that r'S02M = 0. Case 3 included 
the assumption that both reactions 1 and 2 are irrevers- 
ible; i.e., r'SOzM = rfMSOz = 0. The results of calculations 
are summarized in Table 111, where the values of param- 
eters, sum of squares (SS), and standard errors (Sy) are 
shown. 

[MI in [SO21 in mole fractn 
monomer feed, monomer feed, of SO2 M conversn, 

mo1.L-1 mo1.L-1 in copolymer wt % 

10.04 3.28 0.112 9.69 
9.73 3.89 0.133 7.00 
8.89 5.60 0.132 9.19 
8.89 5.60 0.164 9.73 
7.65 7.65 0.179 11.33 
5.77 9.78 0.223 5.36 
4.61 13.68 0.262 10.28 
3.86 15.08 0.280 5.38 
3.86 15.08 0.265 14.17 
2.04 18.30 0.281 7.32 
1.07 20.08 0.294 4.46 
1.07 20.08 0.296 15.59 
0.22 21.59 0.303 25.80 

Table I1 
Composition Data for the Copolymerization of Sulfur 

Dioxide with Methyl Acrylate (M) at 0 OC 
[MI in [SO,] in mole fractn 

monomer feed, monomer feed, of SOz M conversn, 
mo1.L-* mol.L-' in copolymer wt % 

10.26 
9.48 
9.13 
8.67 
8.01 
7.06 
5.91 
5.15 
4.10 
3.45 
1.86 
0.97 

2.05 
3.16 
3.65 
4.33 
5.34 
7.06 
8.86 

10.32 
12.37 
13.69 
16.74 
18.41 

0.018 
0.024 
0.026 
0.030 
0.033 
0.036 
0.071 
0.088 
0.086 
0.093 
0.106 
0.126 

22.90 
13.00 
15.30 
5.70 

11.80 
11.10 
7.60 
5.90 
9.00 

12.90 
4.00 
7.10 

Table 111 
Calculated Reactivity Ratios for the Copolymerization of 

Sulfur Dioxide with Methyl Acrylate (M) 
case 1: case 2: case 3: 

no restriction r'sOzM = 0 r'SOzM = r'MSOz = 0 

-78 "C 0 O C  -78OC 0 O C  -78 "C 0 O C  

rMM ' 1.5489 3.9080 1.5082 3.9940 2.0241 44.6042 
r'Mso2, 3.5276 23.2193 3.8386 22.5568 

r'S02M, 0.0359 -0.0081 
Lemol-l 

L.mol-1 
ssa 0.0012 0.0006 0.0012 0.0006 0.0064 0.0112 
SYb 0.0111 0.0082 0.0106 0.0078 0.0231 0.0319 

SS = x ( Y c  - Y J 2 ,  where Y,  and Ye are the calculated and 
experimental mole fractions in the polymer. Sy = [SS/(n - P ) ] O . ~ ,  
where Sy is the standard error and n and p are the number of data 
points and variables in the model, respectively. 

In case 1 positive values are obtained for rMM and r'lMgoz, 

while the value of r'SOzM is positive at  -78 "C and nega- 
tive at  0 "C, but in both cases very near to 0. The stan- 
dard deviations are 1.11% and 0.82% for the copoly- 
mers obtained at  -78 and 0 "C, respectively. Optimiza- 
tion of composition data with the assumption that r'SOzM 
is equal to 0 leads to slight changes in the values of rMM 
and r'MSOz and a small decrease of the standard error. 
Optimization with the assumption that P/MSO, = r'sozM 
= 0 leads to a significant increase of the rMM values and 
standard error, especially for reactions carried out a t  0 
"C. This indicates that the model, in which depropaga- 
tion reactions are excluded, is inadequate to describe the 
system studied. 

The significance of the improvement in the fit of the 
higher order model to the experimental data is usually 
evaluated using the statistical F-test.10 At  the differ- 
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Figure 1. Composition diagram for the copolymerization of 
SO2 and methyl acrylate. Experimental data at (0) -78 "C and 
(0) 0 "C. Theoretical curves (-) for case 2. 
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Figure 2. Difference between the calculated and experimen- 
tal SO1 content in the copolymer vs the calculated SO2 content 
in the copolymer at -78 O C .  

ences in the values of square sums obtained in this work, 
the number of experimental points, and the number of 
parameters in particular models, it can be found that case 
2 provides a significant improvement over case 3 with 
probability higher than 99%. Case 1 does not provide 
improvement over case 2 since both cases afford practi- 
cally the same sum of squares. 

These results let us suggest that in the systems stud- 
ied reaction 2 leading to the formation of -S02M0 rad- 
icals is practically irreversible whereas the depropaga- 
tion of -MS02* has a significant effect on the copoly- 
mer composition. Figure 1 presents the f i t  of the 
experimental data to the theoretical curves for case 2, 
which describes this situation. As can be seen from Fig- 
ures 2 and 3, the differences between the discussed and 
computed results show a random pattern, and most of 
them are much smaller than the estimated uncertainity 
for the copolymer composition determination (errors in 
the values of the concentration of starting monomers may 
also be an important factor affecting the experimental 
precision in reactions involving Sod. 

0 0 

0 a05 0.10 Yc 

Figure 3. Difference between the calculated and experimen- 
tal SO2 content in the copolymer vs the calculated SO2 content 
in the copolymer at 0 "C. 

Table IV 
Kinetic Parameters Estimated for Reactions 1 and 4 

param reaction 1 reaction 4 O  

k ,  at -78 O C ,  L.mol-l.s-l 0.8 1.2 

A 0.15 x 107 1.0 x 107 

k, at 0 "C, L.mol-14 49.1 196.0 
E., kcal.mo1-l 5.6 7.1 

AH*, kcal.mokl 5.1 6.5 
A S ,  calamol-l-deg-1 -32.0 -63.0 

a Values taken from ref 11 or calculated on the basis of data pub- 
lished therein. 

The various inclination of -MS02' and -S02M' rad- 
icals to depropagation results probably from the differ- 
ent dissociation energies of C-S bonds in these radicals. 

r 
I 

c=o 
I 

OC H3 
(7) 

H 
H3C0 CH2 = CHCOOCHS 

C=O 
I 

OCH3 

0 1  H 

k.r 
c=o 

I 
OCH, 

The C-S bond in the -MS02* radical is much weaker 
than that in the SOZM' radical due to the stronger polar 
and steric repulsion. 

On the basis of the r'MS02 values, it can be estimated 
that a t  the 1 mo1.L-l concentration of methyl acrylate a t  
-78 "C about 79% of -MS02' radicals formed undergo 
depropagation and at  0 "C about 96%. 

The reactivity ratio, rMM, characterizes the relative reac- 
tivity of methyl acrylate and SO2 in the addition to -MM* 
macroradicals and can be correlated with the parame- 
ters Q and e of monomers according to the following rela- 
tionship: 

The eSO, value calculated from the published data on 
the dependence of the rate constant of tert-butyl radi- 
cal addition to various monomers on their e parameter" 
is equal to 2.7. Considering this value and the typical 
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values for methyl acrylate, e M  = 0.60 and QM = 0.42, the 
average QSO, value calculated from the data at -78 and 
0 OC was found to be 0.67. Assuming that the rate con- 
stant of reaction 4 is equal to that of propagation in the 
homopolymerization of methyl acrylate, one can roughly 
estimate also other kinetic parameters characterizing the 
addition of SO2 to -MM* macroradicals (eq 1). As can 
be seen from Table IV this reaction is characterized by 
a lower Arrhenius activation energy (E,) and lower value 
of the collision frequency factor ( A )  than the homoprop- 
agation of methyl acrylate. In terms of the active com- 
plex theory one can expect that the addition of SO2 is 
connected with a lower enthalpy of activation (AH*) and 
a much larger entropy of activation (AS*),  which indi- 
cates that the freedom of reagent movement in the active 
complex of the -MM* macroradical with SO2 is much 
less limited than that in the complex with methyl acry- 
late. 

I t  should be noticed that also in other nonalternating 
copolymerizations of sulfur dioxide the occurrence of 
S02MS02 triads is not observed above a certain temper- 
ature. However, the number of experimental data avail- 
able at present is insufficient for testing the applicabil- 
ity of eq 6 for the description of these systems. 
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ABSTRACT The behavior of several organic molecules in modifying the productivity and stereospecific- 
ity of two different supported Ziegler-Natta catalysts in the polymerization of propene has been investi- 
gated. Some correlation between the structure of the modifiers, the type of supported catalyst, and the 
polymerization results can be observed. 

The "last generation" heterogeneous Ziegler-Natta cat- 
alysts for isotactic-specific polymerization of propene are 
rather complex systems consisting of (a) a solid precat- 
alyst obtained from MgC12, TiC14, and an organic Lewis 
base (often referred to as the "internal modifier") and 
(b) a cocatalyst solution containing an alkylaluminum and 
an organic Lewis base (the "external modifier").' The 
function of the external modifier is to increase the ste- 
reospecificity of the catalytic system, which otherwise pro- 
duces a mixture of isotactic and more or less stereoirreg- 
ular macromolecules. While a great variety of Lewis bases 
are able to increase the stereospecificity of the polymer- 
ization, only three classes of external modifier are known 

that allow one to obtain polypropylene with a high iso- 
tactic index (e.g., >95% ) without impracticably depress- 
ing the polymer productivity. These classes are (1) the 
esters of aromatic carboxylic acids (e.g., ethyl benzoate), 
(2) some sterically hindered amines (e.g., 2,2,6,6-tetra- 
methylpiperidine), and (3) the alkoxysilanes of general 
formula R,Si(OR')4-,. 

A considerable effort, with special attention to the aro- 
matic esters, has been devoted by several research groups 
toward clarifying the stereoregulation mechanism of these 
modifiers.2 A widely accepted hypothesis suggests selec- 
tive coordination of the Lewis base to the nonstereospe- 
cific active sites of the solid precatalyst as the explana- 
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