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LIVING CARBOCATIONIC COPOLYMERIZATIONS. 11. REACTIVITY 

METHYLSTYRENE COPOLYMERS 
RATIOS AND MICROSTRUCTURE OF ISOBUTYLENEIp- 

A. NAGY', I. ORSZAGH? AND J. P. KENNEDY 
Maurice Morton Institute of Polymer Sciences, University of Akron, Akron, Ohio 44325-3909, U.S.A. 

A novel method was developed for the quantitative description of copolymerization behavior, specifically for 
the derivation of reactivity ratios and micro- and macro-compositions of monomer pairs with significantly 
different reactivities. The novelty of the method lies in the manner of generating instantaneous feed and 
copolymer composition data from experimentally readily obtainable cumulative copolymer compositions, 
although the latter drifts with progressing copolymerization. It is demonstrated that such copolymer systems 
can be described by two reactivity ratios, albeit the values are valid only over the garrow feed composition 
range within which they were determined. The great advantage of this method is that whereas the differential 
copolymer composition equation is strictly valid only at 0% conversion, the method produces corresponding 
instantaneous feed and copolymer compositions at any conversion. Assumptions or approximations are 
unnecessary to calculate reactivity ratios. Subsequently the procedure was applied to obtain reliable monomer 
reactivity ratios of isobutylene (1B)-p-methylstyrene (pMeSt) copolymers, r,, and rpM&, prepared by living 
carbocationic copolymerizations with [IB]/[pMeSt] feeds compositions of 90 : 10 and 97 : 3 mol/mol, i.e., with 
feed compositions of industrial importance. According to our procedure, r,  = 0.74 ? 0.11 and 
rpMrst = 7.99 j: 3.34. These reactivity ratios were then used to calculate overall IB-pMeSt copolymer compositions 
over the entire comonomer conversion range and to compare calculated with experimental compositions. The 
good quantitative agreement between calculated and experimental compositions indicates that the description of 
both macro- and micro-compositions of IB-pMeSt copolymers obtained in the 90: 10 and to 97: 3 mol/mol feed 
composition range is satisfactory. 

INTRODUCTION 

Truly random copolymers are very difficult to produce 
if the structures (and therefore reactivities) of the 
participating comonomers are substantially different. In 
such cases the conventional copolymerization composi- 
tion equation should not be used because the implied 
simplifications (i.e. copolymer composition is deter- 
mined solely by the concentrations and reactivities of 
the two comonomers, etc.) do not hold (an excellent 
discussion of pitfalls to be avoided for the calculation 
of meaningful reactivity ratios appears in Ref. 1). 

Recently, an attempt was made to describe the in- 
dustrially important isobutylene (1B)-p-methylstyrene 
(pMeSt) copolymerization system by the conventional 

copolymer composition equation, and reactivity ratios 
which were similar (i.e. r, =0.99 and rpMcSt= 1.43) 
were p~blished.~~'  Subsequent work in which these r 
values were used to calculate IB and pMeSt sequence 
distributions for a series of IB-pMeSt copolymers, 
however, revealed significant discrepancies between the 
theoretically expected and experimentally determined 
(by "C NMX spectroscopy) data.' Our close examin- 
ation of the spectroscopic data indicated that the 
reactivities of these monomers are indeed far different 
of those suggested by rIB = 0.99 and rpMeS, = 1.43. The 
large discrepancy between the calculated and experi- 
mental values may be due to the specific reaction 
conditions used (e.g. heterogeneous, non-living 
copolymerizati~n).~~~ 
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The first objective of our work was to develop a 
novel method for the quantitative description of the 
copolymerization behavior of monomers having 
significantly different reactivities. We postulated that the 
composition of such systems could be described by the 
use of two reactivity ratios, albeit they will be valid 
only over a narrow feed composition range (say <lo%), 
i.e. in the range within which they were determined. 
Necessarily, these reactivity ratios must be determined 
within a narrow feed composition range and their 
significance will rapidly diminish beyond this range. 

We are aware that the determination of reliable 
reactivity ratios from only a few data points over a 
narrow feed composition range, particularly when this 
range is highly skewed in favor of one of the compo- 
nents, is fraught with uncertainty.’ To avoid this pitfall, 
we derived equations to express quantitatively the 
relationship between instantaneous feed and copolymer 
compositions, and thus were able to calculate valid 
reactivity ratios by the two parameter copolymer com- 
position equation (see Results and Discussion). 

Our second objective was to apply this novel method 
to describe quantitatively the copolymerization (includ- 
ing reactivity ratios and micro- and macro-composition) 
of the technologically important IB-pMeSt monomer 
pair. We find that our method can be used in general for 
the characterization of the copolymerization behavior 
of monomers with significantly dissimilar reactivities. 
True, the quantitative description of copolymerizations 
by this method will be valid over only a narrow range 
of feed compositions; nontheless, many scenarios, 
particularly industrially important scenarios, can be 
envisioned in which quantitative information is needed 
over only a narrow feed composition range.4 

EXPERIMENTAL 

The experimental conditions and materials used were 
described in the preceding paper.’ 

RESULTS AND DISCUSSION 

Reactivity ratio determination 
Ideally, the differential copolymerization composition 
equation expresses the instantaneous copolymer 
composition as a function of an instantaneous feed 
composition. With increasing conversions, however, 
the composition of the instantaneous feed and, neces- 
sarily, the composition of the instantaneous copolymer 
will change, and this drift will be particularly strong 
with comonomer pairs having significantly different 
reactivities. Only when rl = r2 = 1, or in azeotropic 
copolymerizations, will the copolymer and feed 
compositions remain constant with increasing conver- 
sions. In the IB-pMeSt system the monomer 
reactivities are markedly different (pMeSt is much 

more reactive than IB) and the composition of the feed 
will change rapidly even at very low degrees of con- 
version. This drift in feed composition will result in a 
significant drift in copolymer composition and must be 
taken into account in order to calculate meaningful 
reactivity ratios. 

One could overcome this problem of drifting feed 
and copolymer compositions and could obtain correct 
reactivity ratios by using either the integrated form of 
the copolymerization equation6 or the Kelen-Tiidos 
(K-T) method’ developed for high conversions.’ The 
integrated method, however, is fraught with computa- 
tional difficulties and the K-T method’ provides 
meaningful reactivity ratios only if the two parameter 
copolymer composition equation is valid over the entire 
feed composition range. We reasoned that even if the 
copolymer composition does not hold over the entire 
feed composition range, it may still be applicable for 
monomer pairs exhibiting substantially different reac- 
tivities over a narrow feed range. We therefore 
proceeded to develop a new procedure to obtain precise 
composition information over a narrow feed composi- 
tion range. The novelty of our method lies in the 
manner of generating instantaneous feed and copolymer 
composition data from experimentally readily obtain- 
able cumulative copolymer compositions, although the 
latters drift with progressing copolymerization. These 
true differential feed and corresponding copolymer 
compositions can be used to calculate reliable monomer 
reactivity ratios by the K-T method’ without any 
assumptions. These reactivity ratios, however, will be 
valid over only a very narrow feed composition range 
within which they were determined. 

To test our procedure, we applied it to the industrially 
important IB-pMeSt copolymerization system. Thus, 
experiments were carried out with 
[IB]/[pMeSt] = 90 : 10 and 97 : 3 mol/mol feed com- 
positions up to various conversions (cf. Ref. 5 ) ,  and 
determined overall copolymer compositions by dual 
detector (RI and UV) gel permeation chromatography 
(GPC) using Fodor’s algorithm.* Figures 1 and 2 show 
the data for the [IB]/[pMeSt] = 90 : 10 experiments: 
Evidently, at this feed composition the difference 
between weight and molar conversions is insignificant 
(C, = CM). Figure 1 shows cumulative (integral aver- 
age) copolymer composition as a function of total 
monomer conversion. The cumulative and instantaneous 
copolymer compositions, f, and fi, and conversion C are 
interrelated by 

To calculate rIB and rpMeSr by the differential copoly- 
mer composition equation, we need the instantaneous 
copolymer composition ( A )  and the instantaneous feed 
composition ( F J  We obtained fi by computer fitting f, 
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Figure 1. Cumulative IB content of IB-pMeSt copolymers 
as a function of conversion. Initial feed: [IB]/[pMeSt]= 

90 : 10 mol/mol 
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Figure 2. Molar conversion vs weight conversion in 
IB-pMeSt copolymerization. Initial feed: [IB]/[pMeSt] = 

90 : 10 mol/mol 

(in mol%) as a function of conversion by a polynomial 
function (see Figures 1 and 3): 

(2) fc=79.8 + 11.1C - C2 

and expressed fi; from equation (1) as 
d d 

dC dC 
f, = - ( f ,C)  = - (79.8C + ll .1C2 - C3) (3) 

fi = 7943 + 22.2C - 3C2 (4) 

Fi as a function of conversion can be derived from fc 
and the material balance as follows. The total weight of 
the initial feed is the sum of the weights of the two 
monomers in the feed 

wtolal = wIB + wpMcSt (5 )  

WCopOlyrneI = WblalCW (6) 
where Cw is the weight conversion, hereafter simply C, 
because the molar and weight conversions are virtually 
indistinguishable (C, - C,, see Figure 2). Hence 

and the weight of the copolymer: 

wf,= Wd(l - C) (7) 

(8) 
where Wp, and WppMcSl are the weights of the IB and 
pMeSt units in the copolymer. 

At any moment during a copolymerization, the 
weights of IB and pMeSt in the feed are equal to 

ively. W,, is a function of fc and C, and for the 
[IB]/[pMeSt] = 90: 10 feed 

and 

wco~lymcr = wpm + wFpMcSt 

W, - Wp, and Wbd( 1 - C) - (W, - Wp,), respect- 

0.01 f, - w,,,c 

1 - 0.01 fc 1 - - 
(9) 

MpMeSt 
wPIB = i 

where Mm and MpMcSt are the molecular weights of the 
monomers. Thus, from the definition of the mole 
fraction of IB in the feed, 

( wIB - wPIB) 

MIB 
100 

F .  = ' 
( W I B  - WPIB) + W t o t d 1  - c)  - (WIB - WPIB) 

MIB MpMeSt 

(10) 
Figure 3 shows fc, fi and Fi vs C plots computed by 

this procedure. These Fi and fi are true instantaneous 
values, and can be used without any assumptions to 
calculate r, and rpMcSt by the differential copolymer 
composition Figure 3 provides all the 
needed corresponding F ,  and fi data pairs for the 
[IB]/[pMeSt] = 90 : 10 system. The instantaneous feed 
composition (Fi) changes from 90% IB to ca loo%, 
whereas the corresponding copolymer composition (A) 
increases from ca 80% to 100% with increasing conver- 
sion (at close to 1 0 0 %  conversion the calculation 
becomes unreliable owing to the large error). Figure 4 
shows copolymer composition as a function of feed 
composition. These data were used to determine r ,  and 
rpMeSl by the (K-T) method.' 
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Figure 3. Cumulative copolymer composition experimental 
points and computer-fitted line), fc, and computed 
instantaneous feed and copolymer compositions, Fi and fi, as a 
function of conversion at [IB]/[pMeSt] =90: 10 initial feed 

composition 

The K-T equation is a linearized version of the 
differential form of the copolymer composition 
equation:'.'' 

(11) 
rpMeStX y = x  

f i B  + x  

where 

(12) 
mpMeSt and x = -  y = -  dmpMeSt 

dmlB mIB 

and dmpMcst and dm, are the instantaneous or differen- 
tial composition ratios of copolymer and mpMcst and m, 
are those of the monomers. In the K-T equation,' 

(13) 

The variables are 

where 
2 

G = m  and F = X  (15) 
Y Y 

and a is a parameter that distributes symmetrically the 
experimental points between 0 and 1 along the 6 axis. 
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Figure4. Instantaneous IB content in copolymer vs feed at 
[IB]/[pMeSt] = 90: 10 initial feed composition 

Figure 5(a) shows a three-dimensional K-T plot 
together with error contours [i.e. A = f0.003 absolute 
analytical error in copolymer composition determination 
(M.3%) expressed in mole fraction]. The x axis in 
Figure 5(a) shows the mole fraction of pMeSt in the 
feed before the K-T treatment, and helps to identify the 
corresponding instantaneous feed and copolymer 
composition data (see dotted drop-lines, and Figure 4 
for feed and copolymer compositions before lineariz- 
ation). Since the K-T method gives linear plots only in 
terms of r]  vs t, Figure 5(b) shows such a plot and 
exhibits the linearized experimental points, the fitted 
straight line and the above error curves (dotted lines). 
The intercepts of the plot, based on equation (13), yield 
the reactivity ratios rpMeSt = 7.99 f 3.34 and 
rB=0.74f0.11 at a=0.03. 

The great advantage of this method is that whereas 
the differential copolymer composition equation 
[(equation (1 l)] is strictly valid only at 0% conversion, 
this method produces corresponding instantaneous feed 
and copolymer compositions at any conversion, and 
assumptions or approximations are unnecessary to 
calculate reactivity ratios from equation (1 1)  or (13). 

Figure 6 shows experimental data together with 
computed instantaneous feed and copolymer composi- 
tion curves obtained in copolymerizations with 9713 
[IB]/[pMeSt] = 97 : 3 feed at various temperatures (cf. 
Part Is). By applying our procedure (see above) we have 
generated the needed instantaneous feed and copolymer 
composition data, and thus calculated 
rpMeSt=6.19f2.71 and rB=0.69f0.05 at a=0.017. 

Figure 7 shows the K-T plot containing all the 
experimental data obtained in these investigations 
with both the [IB]/[pMeSt] = 90: 10 and 97 : 3 feeds 
(i.e. also those shown in Figure 3). The data show 
satisfactory linearity, which is an indication of 
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Figure 6.  Experimental cumulative copolymer composition 
and computed instantaneous feed and copolymer compositions 
as a function of conversion at [IB]/[pMeSt] =97:3 initial 
feed composition at (0) -40, (0) -52, (+) -65 and (0) 
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Figure 5 (a) Three-dimensional Kelen-Tiidos plot with error 
contours. See text for the meaning of the axes. (b) Kelen- 
Tiidos plot with error contours for [IB]/[pMeSt] =90: 10 
initial feed composition. The error limits correspond to j93% 

analytical error in copolymer composition determination 

reliable reactivity ratios. In further calculations we 
decided to use rpMcSr = 7.99 f 3.34 and 
rm = 0.74 f 0.11, i.e. values obtained with the 90 : 10 
feed, because these set of values, on account of the 
wider error limits, also embrace the values generated 
with the 97 : 3 feed. 

277 

5 

Figure 7. Kelen-Tiidos plot with error contours for 
[IB]/[pMeSt] =90: 10 (0) and 97:3 (0) initial feed 
compositions. The error limits correspond to f0.3% analytical 
error in copolymer composition determination 

Figure 8 shows copolymer compositions as a function 
of feed compositions. Our reactivity ratios are valid 
only over the limited composition range where data are 
available, and they certainly should not be used over the 
entire composition range." 
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Since we need the instantaneous feed composition 
(F,,,,,) as a function of conversion (C), the inverse 
function of equation (16) was computer generated and 
used to calculate the instantaneous copolymer composi- 
tion (f&,,) as a function of conversion. For this 
calculation, the differential copolymer composition 
equation [equation ( l l ) ]  was used, expressed in molar 
fraction for the total conversion range: 

0.00 0.20 G.40 0.60 0.80 1.00 

feed F,, 

Figure 8. Experimental points and calculated copolymer 
composition curves together with error limits for 

[IB]/[pMeSt] =90: 10 

Simulation of the IB-pMeSt copolymerization 
system 
On the basis of reliable reactivity ratios (see the pre- 
vious section), we were able to simulate the behavior of 
the IB-pMeSt copolymerization system (i.e. calculate 
the cumulative and instantaneous copolymer composi- 
tions as a function of conversion), and quantitatively to 
substantiate the correctness of our method by compar- 
ing the experimental data with computer 
fitted/calculated curves [cf. equations (1)-(10) and 
Figures 3 and 6). 

First we calculated the molar conversion as a function 
of the instantaneous feed composition, using the closed 
integrated form of the Skeist eq~ation:~*’*-’~ 

FpMeSt FIB ’ FpMeSt,O - c=1- - 
(FpMeSt.0) (G) ( FpMeSt - dd)’ (16) 

where C is molar conversion, FpMcst,o and FF,o are initial 
mole fractions of the respective monomers m the feed, 
FpMcs1 is the instantaneous mole fraction of pMeSt in the 
feed and 

The cumulative (average) copolymer composition 
function was computed from equations (1) and (21). 
The simulation was carried out for both 
[IB]/[pMeSt] = 90 : 10 and 97 : 3 initial feed composi- 
tions. The results are shown in Figures 9 and 10. 

The points show simulated data calculated by using 
rpMst=7*99 and r,=0.74 and equations (16) and (21), 
the solid lines show the computer fitted cumulative 
copolymer compositions based on experimental data and 
the broken lines were calculated by our procedure. The 
very good agreement between the simulated points and 
computed lines indicates that our procedure yields 
reliable reactivity ratios provided that they are 
sufficiently different to cause drifting of both feed and 
copolymer compositions even at extreme compositions 
and narrow composition ranges. 

Microstructure studies 
Accurate reactivity ratios are of great practical import- 
ance for predicting and controlling overall copolymer 
compositions and microarchitectures. Since in our 
system rpMcSt 5> r,, the growing copolymers with 
pMeSt’ termini will tend to produce pMeSt sequences 
and, in addition, the continuously changing feed com- 
position (continuous decrease in [pMeSt]) will give rise 
to macro- and micro-compositional heterogeneity. 

The characterization of compositional heterogeneity 
and the determination of reactivity ratios from composi- 
tional distributions of co olymers by NMR 
spectroscopy are well known. We calculated instan- 
taneous and cumulative triad proportions as a function 
of conversion for the IB-pMeSt copolymerization 
system. For the calculation, we used rpMcS1 = 7.99 and 
r, = 0.74 and the instantaneous feed composition vs 
conversion function which characterizes the composi- 
tional shift in the feed during copolymerization. 

The probability of forming a triad can be calculated 
by multiplying the probabilities of forming the corre- 
sponding consecutive diads. The probability of forming 
a pMeSt-pMeSt diad (ppMMeSt,pMcSI) is given by the ratio: 

1J 

(22) 
RpMeSt,pMeSt 

RpMeSt,pMeSt -k RpMeStJB 
PpMeSt,pMeSt = 
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Figure 9. Cumulative and instantaneous copolymer composition and instantaneous feed composition as a function of conversion for 
(IB]/[pMeSt] =(A) 90: 10 and (B) 97: 3. Lines: fitted and calculated; points: simulated values (see text for details) 

where RpMdt, Mdt is the rate of a growing pMeSt' cation 
adding pMe& and RpMdt,IB is that of a growing pMeSt + 

cation adding IB.17. 
By substituting the homo- (RpMcSt,pMcSt) and cross- 

propagation (RpMcSt.J rates with concentrations and 
reactivity ratios, and simplifying, one obtains the 
probabilities for the formation of the various diads: 

where [pMeSt] and [IB] are the conversion-dependent 
monomer concentrations in the feed. 

We were interested in the relative probabilities of 
forming the four different triads with pMeSt, i.e. 
IB-pMeSt-IB abbreviated as BSB, IB-pMeSt-pMeSt 
(BSS), pMeSt-pMeSt-IB (SSB) and 
pMeSt-pMeSt-pMeSt (SSS). The probabilities of the 
formation of these triads can be. expressed as follows: 

(27) 
PSBPBB 

PSBPBB + ~ P S S P S B  + pgs 
PBSB = 

(since "C NMR spectroscopy does not distinguish 
between BSS and SSB, each ... BSSB ... unit will be 
represented by two BSS triads in the spectrum; there- 
fore, we multiplied the probability of forming BSS 

triads by 2): 

(28) 
2PSSPSB 

PBSS + SSB = 
PSBPBB + ~ P S S P S B  + pis 

and 
2 

(29) 

Similarly to compositions, triad proportions will also 
change as the feed composition shifts toward the less 
reactive monomer with increasing conversion. Hence 
instantaneous triad proportions can be calculated by 
substituting the instantaneous feed compositions 
[equation (lo)] into the diad probabilities [equations 
(23)-(26)]. Figure 10 shows the results. With increasing 

Pss 
Psss = 

PSBPBB + ~ P S S P S B  + p i s  

: 30 
c 90 
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Figure 10. Instantaneous triad proportions as a function of 
conversion for the [IB]/[pMeSt] = 90: 10 system 
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conversion (i.e. with decreasing [pMeSt] in the feed), the 
proportion of the BSB triads increases while those of 
BSS + SSB and SSS decrease. 

The cumulative (average) triads P,,,, Psss and Psss 
can be estimated as integral averages of the instan- 
taneous triads: 

and 

PBSB, Psss and P,,, were computer integrated from 
the corresponding instantaneous triads. Figure 11 shows 
the results for the [IB]/[pMeSt] = 90: 10 system and 
Figure 12 shows the instantaneous (thin lines) and 
cumulative (thick lines) triad proportion functions for 
the [IB]/[pMeSt] = 97 : 3 system. Similarly to the 
cumulative and instantaneous copolymer compositions, 
the cumulative triad proportions vary less than the 
instantaneous triads with conversion (cf. Figures 3 and 
6).  

Cumulative triad proportions vs conversions can be 
related to NMR microstructure data, since the latter 
were obtained at finite conversioas.18 Figure 13 shows 
calculated cumulative triad proportions as a function of 
conversion for the [IB]/[pMeSt] = 97 : 3 system. The 
dotted lines show error limits caused by the errors in 
rpMcsI and r,. The + sign indicates the case when 
rpMcst + ArpMcsI and r, -Arm (that is, when the differ- 
ence between the reactivity ratios is maximum), while 

0.0 0.1 0.2 0.3 0.4 0.5 (3.6 0.7 0.8 0.9 1.0 

Convers on 

Figure 11. Cumulative triad proportions as a function of 
conversion for the [IB]/[pMeSt] = 90 : 10 system 
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Figure 12. Instantaneous (thii lines) and cumulative (thick 
l i e s )  triad proportions as a function of conversion for the 

[IB]/[pMeSt] = 97 : 3 system 
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Figure 13.Cumulative triad proportions (solid lines) with error 
limits (dotted lines) calculated from the reactivity ratios, and 
experimental data (0) BSB; (0) BSS; ( A )  SSS. Determined 
by "C NMR spectroscopy'* for the [IB]/[pMeSt] = 97 : 3 

system 

the - sign indicates the case when rpMcsI- ATpMcst and 
rm+Arm (that is when the difference between the 
reactivity ratios is minimum). 

Figure 13 also shows the results of two sets of I3C 
NMR (50.3 MHz) measurements on samples obtained 
at two conversions. Details of these NMR investigations 
will be published elsewhere." Since the experimental 
points are reasonably close to the calculated curves, the 
agreement between the calculated and measured triad 
proportions is regarded as quite satisfactory. Thus, 
within this narrow but technologirally significant 
composition range ([pMeSt] s 10 mol% in the initial 
feed), our copolymerization can be satisfactorily 
described by the terminal model (two-parameter copoly- 
mer composition equation), and the rpMcsI and r, values 
determined by our method satisfactorily expresses the 
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macro- and micro-composition of IB-pMeSt 
copolymers. 

CONCLUSIONS 

A new method has been developed and tested for the 
quantitative characterization of copolymerization of 
comonomers possessing significantly different reactivi- 
ties. Reactivity ratios were determined for the 
technologically important IB-pMeSt copolymerization 
system. Although these reactivity ratios are reliable, they 
are valid only over the narrow feed composition range 
within which they were determined. These r values were 
used to simulate the macro- and micro-compositions of 
IB-pMeSt copolymers. These simulation results indicate 
that our method yields reliable reactivity ratios and can be 
used to describe quantitatively copolymerization behavior 
over a narrow but technologically significant initial feed 
composition range. 
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