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Estimation of Reactivity Ratios
from Multicomponent Copolymerizations
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Waterloo, Ontario, Canada

ABSTRACT

The composition of the copolymer formed from n monomers
in addition pclymerization can be expressed in terms of the
monomer feed composition and n(n - 1) binary reactivity
ratios, according to the familiar simple copoiymer model.
Reactivity ratios are determined experimentally from cor-
responding feed and monomer compositions in binary co-
polymerizations. This article reports methods for deriving
such reactivity ratios directly from multicomponent
polymerization data. Analytical solution of the multi-
component copolymer equations is not feasible because of
the limited number of experimental points and experimental
uncertainty in the copolymer composition. Computer-
assisted procedures have been developed to estimate re-
activity rates by optimizing the fit of predicted and
experimental copolymer compositions, given the monomer
feed composition and preliminary values of the reactivity
ratios. All n(n - 1) reactivity ratios are adjustable. The
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methods are demonstrated for styrene/methacrylonitrile/
a-methyistyrene, butadiene/styrene/2-methyl-3-vinyi-
pyridine and acrylonitrile/methyl methacrylate/a-
methylstyrene systems. Binary reactivity ratios predict
ternary copolymer compositions generally well in these
cases. Reasons are suggested why reactivity ratios {rom
muiticomponent experiments may not match the correspond-
ing parameters from binary copolymerizations.

INTRODUCTION

The composition of the copolymer formed from given concentra-
tions of three monomers is determined by the values of six binary
reactivity ratios, according to the familiar simple copolymerization
model for addition polymerijzations {1, 2]. Reactivity ratios are
determined experimentally from corresponding monomer feed and
polymer compositions in binary copolymerizations. Estimation of
reactivity ratios directly from feed and copolymer compositions in
multicomponent systems has not been practical to date. The
reactivity ratios measured in two-component experimental studies
seem to be generally applicable in multicomponent copolymeriza-
tions [ 1-3], although exceptions to this conclusion have been
recorded [ 6, 7].

The reports cited have involved comparisons of experimental
copolymer compositions with those predicted by use of selected
reactivity ratics. The adequacy of the reactivity ratio values and
of the copolymerization model used is judged subjectively by the
agreement between experimental and predicted polymer
compositions.

The general difficulties in determining polymer composition
make it impractical to derive reliable reactivity ratios from
analytical solutions of the multicomponent copolymer equation, in
parallel with standard methods in binary systems. The techniques
reported here estimate multicomponent reactivity ratios by
minimizing the deviations berween predicted and observed polymer
compositions. Analytical solutions of the copolymer equations are
not attempted.

This article describes three somewhat different methads for
optimizing reactivity ratios {rom multicomponent copolymerization
data. All six terpolvmerization reactivity ratios are considered to
be adjustable. A differential form of the simple copolymer
equation [ 1, 2] is used, and the procedures outlined are readily
extended to systems containing more than three monomers.

The methods reported are intended to produce the best-fit
reactivity ratios, given copolymer and corresponding monomer
feed compositions and preliminary values of the reactivity ratios.
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The accuracy of such preliminary values is not critical. Q-e cal-
culations could be used, for example, if experimental binary system
values are lacking.

At present, the preferred methods for deriving reactivity ratios
from differential forms of the binary copolymer eguation rely on
nonlinear fits of calculated and experimental copolymer compositions
{8-10]. Nonlinear optimization is applied also to terpolymerization
data in this work.

The optimization procedures used avoid the difficulties of a direct
solution of the differential terpolymer equation. The number of ex-
perimental feed compositions is usually quite small and the analytical
uncertainty in copolymer composition may be appreciable. Reactivity
ratios which could be derived by direct solution of the terpolymer
equations would thereiore probably have fairly large uncertainties,
and it is likely that best-fit reactivity ratios estimated as described
here would be within such confidence intervals.

ESTIMATION OF REACTIVITY RATIOS

The data used for development of the mathematical procedures re-
ported are from free radical copolymerizations of methacrylonitrile
(MAN), styrene (S), and a-methylstyrene {AMS) at 60°C [5]. Table 1
compares experimental terpolymer compositions with those calculated
from reactivity ratios measured in binary copolymerizations { 10-12].
We feel that the present accuracy of analyvtical data in copolymer
systems is such that only gross discriminations between copolymeriza-
tion models can usually be attempted. The principle of minimum
hypothesis suggests a preference for the model with the fewest
parameters. The simple copolymerization model [ 1, 2] is seen to be
consistent with the experimental data in Table 1 [3], and more
complicated mechanisms such as those in penultimate effect, charge
transfer, or reversible polymerization models are therefore not
considered in this report.

The instantaneous copolymer composition is given in terms of
decrements in monomer feed concentration, dM by the differential
equation of Alfrey and Goldfinger { 1}:

dM

dM, Mz(Mxrxzrza ‘Mzrlarzl +M,r12r21)(M,r“r,2 +M,r,, +M2731)

(1)

sz M, (M;Ts2r1s + MaT1als; + MsTy2T3:) (M2r2ires + MaT2s + MyT2y)

dM, My (M r;,T,3 + MaT 3T + MyT 2721 ) (MaTsaTs2 + MTsz + Marsy)

(2)

1 M, (M;r, 7, + Myry Ty + Myry,r,, ) (M7 1, + Myr, p + M,ry,)
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where the M. are the molar concentrations of monomer i (i =1, 2, 3)

and rij (i =j) are the appropriate binary reactivity ratios. In the
present example the monomer subscripts 1, 2, 3 refer to MAN, S, and

AMS, respectively, and the definitions of rij are the ones in standard
use.
Computer search programs were written to vary the rij to

minimize the variations between the estimated and experimental
copolymer compositions (dMi) of Egs. (1) and (2).

Three computer search techniques were used in this study. They
had in common a linear search which could be conducted along any
direction with an accelerating stepsize and a quadratic smoothing
feature to obtain more accuracy. The search proceeds along the
chosen direction with stepsize at the i-th trial being 2" lh (for suit-
ably chosen h) until the minimum in that direction has been bracketted.

The bracketting interval is then searched with stepsize Zk-zh (where
the minimum was bracketted on the k~th trial). This is continued until
the minimum is known to lie in an interval of length 2h. A guadratic fit
is then performed on these three points and the minimum of this
quadratic is chosen as the new minimum. If the quadratic fit has re-
sulted in a significant improvement, it is repeated once more using the
three best points.

Three methods for searching were developed:

Method 1

This is the least elegant of the three procedures and needed many
more function evaluations than the other two methods to obtain the same
coincidence between calculated and experimental polymer compositions.
One cycle with Method 1 involved searching along each of the six
dimensions sequentially. This cycle was then repeated as many times
as were necessary to find the minimum. That is,

(X1, X2, X3, X4, Xs, X¢) — (Search along dimension 1) - (x; *, X2, X3,
X¢s X3, Xg) =. . . = (search along dimension 6} - (x; %, x, *, X3 %, X, *,
Xy * X4%) - (repeat above searches if necessary)

Method 2

In this procedure one cycle consists of approximating the gradient
and searching in the direction of the gradient until the minimum is
found. If necessary, the gradient at this minimum is approximated and
the search is repeated. The direction of the gradient is given by the
vector G = (G, ... G,) where
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Af(xl)
G1=°e_——_ {3)
(Z(at(x))'?
1
with
flx, ...x,...x.)=-6(x:...x,,. X )
Af(xi)= L 2 n - i+h - (4)

The computer program for one cycle is flow-charted in Fig. 1.

Method 3

Each cycle of this search first involves a search along the first co-
ordinate axis. If a point is found which is significantly different from
the starting point, a search along the second axis is begun {rom this
new point. If no such point is found, the search along the second axis
starts at the original point. A successive search of each axis in turn
is thus carried out either until all six have been found to give no im-
provement or until a significant improvement has been found along two
of them. In the former case the search is terminated, and in the latter
a new search is conducted along the direction defined by a line through
the original starting point and the new minimum point. The point re-
sulting from this search is then treated as a new starting value, and
beginning there, the remaining coordinate axes are searched as above.

The new direction to be searched is defined by

(x;* - x1°)

wi1e

- 0\24\1/2
. (x*-x")%)

where xl" is the i-th component of the original point and x; * is the i-th

component of the minimum point obtained. Because a new direction is
searched every time a significant move is detected along any two axes,
only two of the xi" will differ from the corresponding x, *.

Figure 2 shows the flow chart for one cycle of this procedure.

As shown in Table 1, the binary reactivity ratios and Egs. (1) and
{2) produced an apparent satisfactory coincidence of experimental and
calcuiated copolymer compositions. The sum of squared deviations
between experimental and calculated mole ratios in the copolymers for
the six experimental compositions are listed in Table 2 along with the
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FIG. 1. Flow chart (Method 2).

(D The input data includes the values necessary for function
evaluations, the initial estimate for the search, and a series
of search parameters to determine stepsizes, acceleration
factors, and stopping criteria.

@—@ The gradient in each coordinate direction is approximated.
(®—(@) The length of the gradient is calculated and checked. If it
is very small, we are sufficiently close to the minimum and
the search prints results and terminates -@. If not,
the direction ¢ of the gradient is calculated (2)-(5)

The linear search is conducted along { until a minimum is
found. This value is then printed @ and the cycle
terminates (I1).
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FIG. 2. Flow chart (Method 3).

o®

The data, initial estimates, and search parameters are read in.
The vector £, giving the direction of the search, is set to zero,
then i is set to 1 to begin the search along the first axis.

(continued on opposite page)
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corresponding binary reactivity ratios. Also included in this table are
the reactivity ratios fitted by the three optimization methods described
above and the matching minimum values of residual squared deviations.
It is worth repeating here that these minima are obtained by adjusting
the six binary reactivity ratios. The form of the simple copolymer
equation in Egs. (1) and (2) is not altered.

The entries in Table 2 show that the three search methods have
reduced the sum of squared deviations between experimental and
predicted copolymer compositions by an order of magnitude. The re-
activity ratios listed shouid be considered to be approximate solutions
of the ternary copolymerization equations with the given experimental
data. The best estimates of reactivity ratios by the two preferred
methods are fairly close but not coincident. This probably reflects un-
certainties in the limited number of data points, and differences in the
numbers and efficiencies of the iterative steps in the optimization
methods. .

Binary reactivity ratios are best cited as numbers with associated
confidence limits. Since these reactivity ratios are determined ex-
perimentally in pairs, their experimental uncertainties are coupled.
Thus the preferred procedure for estimating reiiability involves
calculation of joint confidence limits within which the correct values of
the pair are believed to coexist with stated probability [9]. Approximate
joint 95% confidence limits for the three reactivity ratio pairs involved
in the present study have been reported in earlier articles {5, 10]. These
calculations have been found to have been in error and the joint con-
fidence limits are herewith recalculated using the computer program of

Fig. 2 continued.

(4) The linear search is conducted along ¢ from x° to yield X.

(3) A check is made to determine if the minimum point has moved
significantly. If it has not, one proceeds to set up the search
along the next coordinate axis(g).

This check is.made only if the minimum did move significantly.
Its purpose is to determine if this is the first or second time
such a move has occurred. If it is the first, one proceeds to
(®, otherwise to(9).

The original minimum x° is stored in XK and x° is then up-
dated to contain the minimum from the first search. The
dimension counter ID is incremented and one proceeds to set
up the search along the next axis @

@-@ The new directicn is defined @ and the starting point is
updated before the search is conducted ().
@ The new minimum is checked: if it has moved significantly,
we store the new value @ If not, we retain the old one@ .
@- The direction vector is reset to search the next coordinate axis.

@ If all axes have been searched once, the cycle terminates and

prints results (7) .
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FIG. 3. Joint confidence limits for free-radical copolymerization
of methacrylonitrile (r,,) and styrene (r,,}at 60 and 90°C. The
solid line loops are from data of Rudin and Yule [ 12] for toluene
solutions, for which the best-fit reactivity ratio pairs are given by
Points A (60°C) and B {90°C). The dashed line loop is from Cameron
and Esslemont [ 27] with corresponding reactivity ratio pair shown
as Point C.

Tidwell and Mortimer. [¢]. The corrected confidence limit loops are
shown in Figs. 3 and 4.

Figure 3 in particular illustrates the utility of this method of report-
ing reactivity ratio data. Rudin and Yule [ 12] reported negligible
effect of reaction temperature on the copolymerization of styrene and
methacrylonitrile in toluene. The confidence limit loops for 60 and 30°C
measurements overiap, as shown in Fig. 3. The corresponding loop for
120°C encompasses the other two and is omitted from this figure for
clarity. Figure 3 also includes the confidence limit loop calculated from
the data given by Cameron and Esslemont [ 27} for the same monomer
pair in benzene solution at 60°C. The 60°C data are clearly not sig-
nificantly different. Figure 4 depicts the confidence limit loops for
styrene—a-methylstyrene [11] and a-methylstyrene-methacrylonitrile
[10], all at 60°C. It is evident that the best-fit reactivity ratios
(Table 2) estimated from terpolymerization data do not lie within the
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F1G. 4. Joint confidence limits for free~radical copolymerization
at 60°C of: (a) a-methylstyrene (r,,) and styrene (r,,) [11], and
{b) a=methylstyrene (r,,) and methacrylenitrile (r;,).



10: 15 25 January 2011

Downl oaded At:

ESTIMATION OF REACTIVITY RATIOS 1215

joint confidence limit loops calculated from binary copolymerization
experiments and shown in Figs. 3 and 4. This is discussed in the follow-
ing paragrapns and later in this article.

To analyze the data further, Method 3 optimizations were performed
on groups of results of three experiments. The computed rij values

are listed in Table 3 along with the results based on the entire six
experiments (Table 2). The experiment numbers in Table 3 refer to
the feed compositions listed under the corresponding numbers in
Table 1.

The calculated reactivity ratios are seen to range quite broadly,
depending on the accidental choice of a particular trio of experiments.
This is particularly so for monomer pairs involving a-methylstyrene.
The range of r,, and r,, (MAN-§) reactivity ratios is less sensitive
to the particular feed compositions. The variations in reactivity
ratios seem to be specially large for experiments which included feed
compositions 1 and 2 (as listed in Table 1). The reasons for this are
not clear. The data groupings which exclude these two experiments
have the lowest sums of squared deviations and fit reactivity ratios
which are closest to the binary values.

In view of this observation, best~fit reactivity ratios were cal-
culated by Method 3 optimizations on the data from Experiments 3-6
only. These reactivity ratios were then used to calculate the copolymer
compositions of all six experiments. The reactivity ratios are listed in
Table 4 along with the experimental and calculated copolymer
compositions for each monomer feed ratio. The fit between the latter
two quantities is good.

Table 5 compares the binary reactivity ratios measured in previous
studies [ 10-12] to the present optimized "multicomponent” reactivity
ratios from Experiments 1-6 and from Experiments 3-6. Although all
three sets of parameters produce what seem subjectively to be
adeguate concordance of estimated and experimental copolymer
compositions, the reactivity ratios from Method 3 optimizations are
the most successful in this regard. The simple copolymer model
analysis summarized in Table 3 suggests that results of Experiments
1 and 2 are not consistent with those of the other experiments. This
is supported by the present estimates, in which reactivity ratios
computed from Experiments 3-6 alone account nicely for the copolymer
compositions in all six experiments (Table 4) and also agree fairly
well with those irom related binary copolvmerization studies (Table 5).
The inconsistency of the results of Experiments 1 and 2 are thus more
likely due to analytical difficulties than to any change of reaction
mechanism with monomer feed composition. If the latter were the
case, the reactivity ratios estimated from the other four experiments
should not have accounted for the copolymer compositions of
Experiments 1 and 2.

The reactivity ratios estimated from Method 3 optimizations on
Experiments 3-6 alone are much closer to the binary values. The
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TABLE 3. Method 3 Optimizations Reactivity Ratios from Selected
Groups of Experiments

Minimum
sum of squared

Experiments deviations Ty T3y Ty3 Ty Tay Ty
1-62 0.2645 0.55 0.45 1.49 0.23 0.33 0.37
1-6P 2.9088 0.44 0.37 0.38 0.53 1.12 0.63
123 0.0358 0.48 0.47 0.94 0.71 0.82 2.38
124 0.1328 0.3¢ 0.67 177 0.71 0.5¢ = (?)
125 0.0432 0.37 0.26 0.71 0.37 0.73 1.38
128 0.0515 0.24 0.10 0.41 1.2925.2 3.32
134 0.0358 0.56 0.35 0.74 0.10 0.36 0.17
135 0.0153 0.66 0.36 0.38 0.32 0.51 0.48
136 0.0521 0.36 0.33 0.57 0.32 0.52 0.85
145 0.0774 0.42 0.33 0.42 0.10 0.53 0.22
146 0.0919 0.42 0.40 0.42 0.12 0.83 Q.27
136 0.0264 0.41 0.30 0.62 0.38 0.56 0.87
234 0.0718 0.62 0.86 4.15 0.23 0.7T4 1.44
235 0.0169 0.33 0.29 1.18 4.07 0.80 1.42
238 0.0328 0.39 0.37 0.38 0.36 0.55 1.30
245 0.0658 0.58 0.73 3.90 0.02 0.31 0.12
2486 0.0387 0.55 0.87 0.41 0.35 0.33 3.42
256 0.0140 0.37 0.38 0.74 0.43 0.89 1.44
345 0.0123 0.45 0.37 0.38 0.58 0.99 0.85
346 0.0107 0.51 0.44 0.38 0.38 1..19 0.68
356 0.0119 0.50 0.43 0.38 0.26 0.81 0.43
456 0.0062 0.45 0.38 0.38 0.31 0.83 0.63

a':!eactivity ratios from Method 3 optimizations.
bBinary reactivity ratios (Table 2).
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TABLE 5. Comparison of Reactivity Ratios

Source of estimate T2 Ti3 Ty, Tas ri.

Binary
copolymerization 0.44 0.37 0.38 0.53 112 0.63
studies [ 10-12]

Method 3, .
data from 0.45 0.35 0.39 0.40 0.81 0.61
Experiments 3-8
{Table 1)

Method 3,
data from 0.
Experiments 1-6
(Table 1)

0.45 149 0.23 0.33 Q.57

[$3]
[4]]

Ty,-T,, Pair is close to (but not within) the approximate 35% confidence
limits shown in Fig. 4. The other reactivity ratios are within the cor-
responding confidence limit loops from binary copolymerization data.
The binary reactivity ratios used in the initial calculations were
obtained in this laboratory by gas-liquid chromatographic analysis of
monomer losses from polymerizing mixtures. The results did not
agree well with those of other laboratories which relied on analyses
of polymer composition for estimation of the rij values. This

discrepancy has been particularly pronounced in the case of co-
polymerizations with a-methylstyrene (Monomer 3) [ 10, 11]. In view
of this disagreement it was of interest to see whether the best-fit
reactivity ratios from terpolymerization data might support binary
reactivity ratio data from other laboratories. This comparison is
made in Table 6. The ternary reactivity ratios calculated by

Method 3 were used for this purpose since this method uses least
computation time and produces the lowest sum of residuals.

The compariscns in Table 6 do not resolve the discrepancy between
reactivity ratios calculated from terpolymerization and binary co-
polymerization data. The terpolymerization parameters are not
obviously related to any set of values reported from binary copolymer-
ization studies. The binary data from this laboratory [ 3, 11, 12] are
generally the closest to the magnitudes of the terpolymerization data.
A systematic study with a larger range of feed compositions is re-
quired to determine whether the differences noted above are reflections
of real changes in copolymerization mechanisms or are simply
artifacts of the rather small set of data points.
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OTHER DATA

Crescentini, Gechele, and Zanella [ 20] have reported terpolym-
erization data for the butadiene (Monomer 1), styrene (Monomer 2),
2-—methyl- 5-vinyl pyridine (Monomer 3)system. Tabie 7 compares
the experimental copolymer compositions to the values calculated
from Egs. (1) and (2) using the binary reactivity ratios reported by
the original authors [ 20] and those estimated by our Method 3
optimization procedure. It is evident that the optimization pro-
cedure is applicable to these data and that the fit of experimental
and calculated copolymer compositions is better with "ternary’
reactivity ratios, as would be expected. The optimization procedure
has changed the reactivity ratios rather less in this case than in the
instance examined above. The major change in the present system is
in r,, (butadiene-vinylpyridice).

Kang, O'Driscoll, and Howell [ 21] list experimental bulk terpolym-
erization data at four temperatures for reactions of acrylonitrile
{Monomer 1), methyl methacryiate ( Monomer 2), and a=-methylstyrene
(Monomer 3). The data were shown to coincide satisfactorily with
estimates based on 2 model in which polymerization of the latter two
monomers is reversible. The same resuits are seen here (Table 8)
to be fitted well by calculations based on the present optimized simple
terpolymerization model, with reactivity ratios estimated separately
for each reaction temperature. The initial reactivity ratios used for
the optimization procedure were the 60°C binary copolymer data
given by Wittmer [ 22]. These are r,, 0.15, r,, .20, r,, 0.30, r,,
0.55, r,; 0.04, and r,, 0.13.

Table 8 compares the experimental copolymer compositions at
60°C for eleven feed compositions with those estimated by the revers-
ible copolymerization model of Kang and co-workers [ 21} and the
present simple copolymerization model. The optimum reactivity
ratios at 60°C may not be significantly different irom the 60°C binary
reactivity ratios used as starting values, considering the experimental
and computational uncertainties in the latter figures [ 23].

Table 8 also includes data for bulk polymerizations at 113, 130, and
140°C. The copolymer compositions can always be fitted well by vary-
ing reactivity ratios in the simple copolymerization model. There is no
apparent uniform trend of computed reactivity ratios with temperature.
We note, however, that the 60 and 130°C terpolymer values are
reasonably consistent. These are computed from the experiments with
the largest number of feed compositions. In view of the analysis sum-
marized in Table 3, it may be moare prudent to attribute the variations
of the optimum reactivity ratios at 115 and 140°C to the influerce of
inadvertent bias in a relatively small number of experiments than to
changes in polymerization mechanisms.

Since a differential form of the multicomponent copolymer equation
is employed in this work, the calculations are apolicable only to
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polymer compositions formed instantaneously from given monomer
feed compositions. That is to say, reactivity ratios can be optimized
on experimental data only when the polymer composition is invariant
over the experimental range of conversions [ 3] or when the extent of
polymerization is kept low. For this reason we have not attempted to
apply our procedures to high conversion terpolymerization results
such as those of Kahn and Horowitz [ 24].

DISCUSSION

Harwood and co-workers have reported a method for estimating
one pair of reactivity ratios from terpolymerization data, given the
other four reactivity ratios involved [ 25, 26]. The procedure involves
a least squares fit to a linear form of the copolymer equation. These
calculations were applied to our methacrylonitrile, styrene, a~-methyi-
styrene data using Harwood's program. Reactivity ratios calculated
in this instance were unfortunately negative and therefore physically
meaningiess. The reasons for these results are probably not very
different from the difficulties found occasionally with application of
linear fits to binary copolymerization data [ 8, 9]. They reflect in-
advertent heavy weighting of extreme data values and can be
minimized by nonlinear optimization in the ternary as well as in the
binary cases.

We have noted above that the best-fit reactivity ratios from ternary
copolymerizations of MAN, S, and AMS are not within the approximate
joint 95% confidence limits calculated from binary experiments.

Table 9 compares experimental ternary copoiymer compositions with
those calculated from Egs. (1) and (2) using binary and the present
begt-fit ternary reactivity ratios. The sum of squared deviations
between experimental and predicted polymer compositions is smaller
by an order of magnitude when ternary reactivity ratios are used in
Egs. (1) and (2). The experimental polymer compositions are, how-
ever, not exact quantities. While the predictions based on the use of
binary reactivity ratios are further from the experimental values,
they are nevertheless probabiy still within experimental error of the
experimental compositions. (This hypothesis can be maintained, of
course, only if the deviations between the estimated and measured
values are themselves randomly distributed.)

The comparison between the best-fit reactivity ratics found here
and those computed earlier {rom binary copolymerization studies is
carried further in Table 10. Here the compositions of binary
copolymers are compared with estimates computed using both cor-
responding sets of reactivity ratios. The "ternary' reactivity ratios
do not predict the binary copolymer compositions as well as the
“binary' parameters. This is as expected, of course, since the
binary data were chosen as best-{it adjustments to the corresponding



1225

ESTIMATION OF REACTIVITY RATIOS

(2 9lqel 'synsad g poya) 69¢°0 1 ‘peep *ta ‘9320 Ve '9gpy *'a 'shv0 :“ ‘950 “:o
(1 e1qel) ezg'o “*x ‘vzrr “Sa ‘ggo *txgeo *a ‘ueo Yha fppro flay

‘g "JOY togj :.— Lxeujq pue eed,
L6E0 S0%°0 S0%°0 92E°0 GEEQ 60£°0 SLZ0 9620 LRe’0 08ty 0 LEE0 pe10
862°0 S¥e0 TLZ20 16%°0 16%°0 Yavo 0S¢0 $9Z°0 G9%°0 £62°0 L2570 {111 )
est’o 24 1) 291’0 0% 0 £0%°0 68€°0 oFp 0 EvE0 At A\ ¢91°0 ¥ev'o Yivo
9920 Lvéo 64¢0 (A 610 cIvo 0LE’0 FEED oLco 982°0 (A Y020
8¢c1'0 691°0 €210 LyE0 90€°0 43 1) LSS0 G250 144 N1] Ge1°0 0620 GGG 0
(44 19270 1€2°0 G1€°0 €0E°0 8270 1511 0] I Y] T A ELZ0 LOE'0 0zyo
Laevuray) Kavugqg KLaeuroay  ALaeulq Livuaay Aavulq SINV q NVIN
2ed aed 21eD 18D 8] e} 28D

SNV S NVIN (uoyjoraj ajouu)

(vogjoredj ajowr) uonisodwos rawmfjodo)

uofy)sodwod paoyg

suojjisodwmo) Jawkjodo)d pojenofe) pue [gjuawLtadxy ¢ A1d V.

1102 Alenuer Gz ST:0T

v pspeo jumog



RUDIN ET AL.

1226

LEC D £L00 Ske0 0z°0 Firo

19v°0 £91°0 vavy 0 SGE 0 LLZ
SnL0 RYED SHR 0 G 0 L¥9D

AR 60E 1 £99°2 2ILT 299°%

(v 2tar,) (z owrL) log) ndxa U'w /'] pany

0v'o "t'seo "2 £2°0 "U'gpy T £5°0 "1 ‘gg0 u} ofjea Ao

1 1

1 Aeural,, !

X Ravnaay,, X Kavayg,,

pajnnonY

["w Ip/[ "W Jp domAiodos uy opgea ajoly

2,09 W (") SNV pue (") NVIA (1)

0L5°0 £18°0 ¥5S°0 625°0 2FE0
AL 098°¢c LIEE ZOR'E 05L°S

250 S6E°0 9Lk 0 08€°0 120

S61°2 SI¥g 0] KA 81072 161°€

16L°0 8.0 TLL°0 68L°0 9850

oRzt 81¢°1 192°1 LETT ROL 1

(v 21901) (z mary) . (21] nixq ("W /1w ] poay

gg'0 " ‘gpp 'a gp'0 "X 'ggp "x LE0 "X ‘ppo T uy onra ayop

1 | 1

1 GArruaag,, X Aanural,, X, A,

pajenate)

l*w Jo/ [ 'w Jp 2awkiodoos ug onea ajony

{211 0.00 1 (*W) § pue ("W) NVI (¥)
suopyisoduto) towfjodo) Areuyg [ruawpaadxg puw pajeinoied 0 A'TAV.L

1102 Alenuer Gz ST:0T : IV Papeo |uwog



1227

ESTIMATION OF REACTIVITY RATICS

8Ll"0 1SE€°0 $S1°0 gEL0 LST0
56E°0 $99°0 PIE0 LIEO 28€°0

£89°0 £L6°0 £LS°0 9950 82L°0

2e8°1 ¥88°1 vey'1 ST LL0°2

165°¢ $GO°E 1#4 X e £L0°S

(v 21arL) (z a1qe.L) f11) ndxsg {'wl/[*w] peay

19°0 %1 ‘190 "X L5°0 "2 ‘ggo Ta LZ9°0 1 ‘p2yr o uj opjed ajol

_._ awAaeuaay,

_.. sAIvuaa g,

_.. wAxeuyed,,

poynoe;)

"W /1 Fw e rewkjodos uy oppea

oW

1102 Alenuer Gz ST:0T

v pspeo jumog

[11] 2.09 1® (") swv pue (") s ()



10: 15 25 January 2011

Downl oaded At:

1228 RUDIN ET AL.

data {10-12]. The "ternary" reactivity ratios estimated from Exper-
iments 3-6 only (Table 4) generally produce a much closer match to
the binary copolymerization data than do the reactivity ratios from
Experiments 1-6 (Table 2). This ig further circumstantial support
for the probable validity of the parameters given in Table 4. These
reactivity ratios seem to provide acceptable predictions of binary

and ternary copolymer compositions, although the estimated values
are not the best that can be achieved in either case. Some of the
best-fit ternary reactivity ratios are not within the 95% confidence
intervals computed for the same parameters from binary copolymeriza-
tion data, However, neither set of reactivity ratios produces results
which are demonstrably wrong when used in the simple terpolymeriza-
tion model. The ternary values must yield a closer fit between ex-
perimental and predicted compositions in the three-component
systems, but the experimental compositions are themseives subject to
uncertainty. The apparent paradox probably reflects the fact that the
simple copolymer model requires six parameters (reactivity ratios)
to predict the two (out of three) polymer compositions. (All other
current copolymerization models use even more parameters,) There
must be an infinite number of combinations of six reactivity ratios
which will produce a match to within experimental uncertainty of the
composition of a terpolymer irom a given feed composition. The
number of such possible combinations decreases as more correspond-
ing feed and polymer compositions are measured, but it should not be
surprising that the six monomer feeds used in the MAN-S-AMS study
can apparently be matched adequately by two different sets of six
reactivity ratios.

Similar observations apply to the comparisons of ternary and
binary reactivity ratios in Table 7. The ternary values produce a
better fit to the observed experimental polymer compositions, but
this is almost by definition, since these values are derived for this
purpose. The binary values, most of which do not differ greatly from
the ternary reactivity ratios, yield polymer composition estimates
which the original authors felt were an adequate fit to experimental
values [ 20].

The "uncertainty principle' to which we have alluded above applies
also to studies of various copolymerization models. Reactivity ratios
are essentially kinetic parameters and an infinite number of
mechanistic models can be postulated to {it observed kinetics. Re-
activity ratio studies alone can show whether a given copolymeriza-
tion model is consistent with experimental observations, but such
studies cannot prove that the acceptable model does indeed reflect
the mechanism of the actual polymerization. Other resuits
(molecular weight measurements, independent demonstration of the
existence of a compilex, and so on) are also needed to support a
particular reaction model.

The study of Kang and co-workers [21], summarized in Table 8,
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is a case in point. These workers found a reversible copelymerization
model to be consistent with their data. Our estimates which are based
on a simple copolymer model match the experimental data quite well.
It seems uniikely that the data cited would permit a conclusive decision
in favor of either mechanism. Our inclination is to follow the

principle of minimum hypothesis, which favors the simple copolymer
model since this scheme uses the fewest adjustable paramerters.

CONCLUSIONS

Methods have been described for estimation of reactivity ratios
irom multicomponent copolymerization data. The regression analysis
has been developed for 2 simple {terminal-unit) copolymerization

model. Extension of the technique to other copolymerization mechanisms

would not appear to be complicated.

The techniques used optimize the coincidence between experimental
copolymer compositions and estimated values by adjusting all the re-
activity ratios in the copolymerization model. The efficiency of such
statistical methods increases witn the number of experimental ob-
servations. The new method has been demonstrated with data from
three different terpoivmer svstems. The "ternary" reactivity ratios
in these cases do seem not o differ greatly from those values
established in the corresponding binary copolymerization studies.

Most practical copclvmerizations invclve reactions of three or
more vinyl monomers. The present methods are directly applicable
to such systems and should provide useful reactivity ratios with much
less experimental effort than present procedures which require studv
of all the corresponding binary copolyvmers and an a priori assumption
that binary reactivity ratios apply in multicomponent polymerizations.
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