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Abstract

Over the years a great volume of work has been published on copolymer and more recently
terpolymer and multi-component systems. Reactivity ratio estimation for polymer systems is of
particular interest, to both industry and academia, as these parameters can be utilized to predict
polymer properties. Researchers have estimated these parameters via a number of statistical
methods and using various data sources, such as copolymer composition and triad fractions data
(also referred to as sequence length data). At this point, there is still an ongoing discussion about
the validity of some statistical methods in use and the supposedly correct models that have been
identified for particular systems. Furthermore, with the advancement of computing power, the
potential for estimating reactivity ratios from full conversion polymerization data using
cumulative models has increased. Cumulative models are of particular importance given that
some multiple component systems being studied today are so fast that instantaneous models are

no longer valid.

The objectives of this work: examine the potential benefit, in the estimation of reactivity ratios,
from using multiple response copolymer models (such as triad fractions); identify improvements
in reactivity ratio estimates using cumulative copolymer models over the full conversion range,
for both triad fractions and composition data; and examine the use of terpolymer composition

data in the error in variables model reactivity ratio estimation technique.

In the first phase of this research, the potential improvement in reactivity ratio estimation using
triad fractions data in place of and in addition to composition data is considered for low
conversion studies modeled by instantaneous models. Initially triad fractions are utilized in the
error in variables model (EVM) and Box Draper Determinant Criterion method, to compare the
effectiveness of the two parameter estimation techniques. The error levels and structure are also
investigated, to determine the impact that these assumptions can have on the location of the point
estimates. The conclusions drawn from this work showed that the performance of the
instantaneous triad fractions model is superior to that of the instantaneous composition model,

which can be explained from an information content point of view. In contrast, the potential
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benefit of combining composition and triad fractions data was seen to be minimal and thus

measurement of copolymer composition data is not necessary if triad fraction data is obtainable.

In the subsequent phase of study, the error in variables model (EVM) for copolymer reactivity
ratio estimation is extended to cumulative composition and triad fraction models for the full
conversion range. The cumulative models considered for the full conversion copolymer
composition data studies were the analytically integrated cumulative copolymer composition
model (referred to as the Meyer-Lowry model) and the numerically integrated cumulative
copolymer composition model (ODECCC). The reactivity ratio estimates from the cumulative
composition model were compared to the instantaneous composition model estimates to show
the deviation of the instantaneous estimates when moderate-high conversion data is used. That is,
at low conversions the case studies in this work show that the reactivity ratio estimates from the
instantaneous model and the cumulative models agree; however in moderate-high conversion
experiments, there is deviation in the estimates obtained and thus the appropriate cumulative

(ODECCC) model should be used.

Finally, the numerically integrated cumulative copolymer triad fractions (ODECCTF) model was
considered. The comparison of the instantaneous triad fractions and cumulative models was
limited to low conversion data (thus insignificant feed composition drift) due to the lack of
published work on moderate-high conversion triad data. Consequently, it was anticipated that the
instantaneous and cumulative models would have overlapping joint confidence regions,
indicating agreement of the model reactivity ratio estimates, in the low conversion case studies.
Yet this was not always the case. As a result, the issues involved with drawing conclusions from
joint confidence regions (for multiple response - small sample size problems) were discussed and

recommendations of further study on moderate to high conversion data were proposed.
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Chapter 1

Introduction

Reactivity ratios are important parameters which describe composition and sequence length
characteristics of copolymer chains. Researchers have estimated these parameters via a number
of statistical methods and using various data sources (i.e., copolymer composition and sequence
length data) in an attempt to estimate the reactivity ratios for specific systems. With respect to
models used to estimate reactivity ratios, the terminal and penultimate model are typically used
along with variations of these when applied to different data sources. At this point, there is still
an ongoing discussion about the validity of the statistical methods in use and models that have

been identified for particular systems, due to contradictory values of the resulting parameters.

The first and most basic mechanistic model used is the Mayo-Lewis equation, based on the
terminal mechanism. In the past, in order to bypass the non linear nature of the equation,
investigators resorted to graphical and linear regression methods to estimate the reactivity ratios.
The linear methods used after transforming the original non linear equation include techniques
such as Fineman-Ross, Kelen-Tudos, extended Kelen-Tudos, etc. However, these approaches
had inherent faults and subsequently provided poor reactivity ratio estimates. It has been shown
by previous researchers that the linear methods are antiquated and frequently do not provide
acceptable estimates for the parameters (Rossignoli and Duever, 1995; Polic et al., 1998).
Despite this, in a recent detailed literature review it was evident that these linear regression and

graphical methods are still commonly used.
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In order to combat the faults present in the linear regression of the Mayo-Lewis model a new
approach to estimating the reactivity ratios emerged. Tidwell et al. (1965) proposed the use of
non linear least squares (NLLS) regression on the Mayo-Lewis model to obtain more precise
estimates of the “true” value of the reactivity ratios. Patino-Leal et al. (1980) extended the NLLS
technique and applied the Error-in-Variables Model (EVM). As the name would suggest the
EVM method ensures that the error in every variable used by the model is accounted for in the
parameter estimation procedure. Rossignoli and Duever (1995) compared and contrasted these
two methods and further discussed the improvement in the reactivity ratio estimates accuracy
when compared with the linear methods. Consequently, with the introduction of faster and easy
to use computing tools, both non linear methods have gained in popularity as they enabled the

researcher to account for the nonlinear nature of the Mayo-Lewis model structure.

The main limitation with using instantaneous models (i.e., Mayo-Lewis model) for copolymer
data is the fact that the model relates instantaneous variables to one another, despite the fact that
these variables are rarely those measured. Typically, the measured variables are the feed
composition at the start of the reaction and the copolymer composition or triad fractions
(sequence length distribution) peak area at the end. Thus, in order to apply the model, the user
must assume that the feed composition does not change significantly for the duration of the
reaction. Generally, it is considered that there is insignificant feed composition drift at low
conversions (<5%) and hence most experiments are operated below this limit, although in some
fast reacting systems this is not always possible. Therefore, if there is drift in the feed
composition as the reaction proceeds, then the instantaneous model fails to capture this and
instead a cumulative model should be used. Cumulative models used to analyze composition data
include the analytically integrated model (otherwise referred to as the Meyer-Lowry model) and
the numerically integrated model. In contrast, only one cumulative model for triad fractions data
has been developed and is referred to as the numerically integrated cumulative triad fractions

model in this work.

The application of the correct statistical technique and data source for parameter estimation
should improve our ability to estimate the true reactivity ratio values of copolymerization

systems. An accurate estimate of reactivity ratios is important due to the use of these values in
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both accurately representing the copolymer system and discriminating between mechanistic
models. Subsequently, the first step in this research was to re-demonstrate that the estimation of
reactivity ratios using the linear methods does not provide an accurate estimate of the true values
for all systems and thus caution should be heeded before using these simple methods. Following
from this is the analysis of systems using sequence length data (triad fractions) to determine
reactivity ratios. In this area it will be important to address the following question: Which
copolymer measurements, copolymer composition or triad fractions, will provide the most
information with respect to parameter estimation and thus obtain a better estimate? Additionally,
does combining the data sets further improve the accuracy of the reactivity ratio estimates? The
next stage was then to consider determining the reactivity ratios from both copolymer
composition and triad fractions cumulative models. In researching this area it is also hoped to
further develop the RREVM program, which is based on the EVM statistical method of
parameter estimation, to incorporate the full conversion range for composition data. Over the full
conversion range there are a number of issues which can be present including composition drift,
depropagation and autoacceleration. So thus the question becomes whether EVM can be applied
to all copolymer systems over the full conversion range and give accurate estimates for the
reactivity ratios? Lastly, it is hoped to further the parameter estimation package to include
terpolymer and multicomponent systems, first using instantaneous models. Recently,
experimental data has started to become available for these complex systems and thus estimation
methods need to be evaluated and analyzed in order to accurately determine reactivity ratios for

these systems.
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Copolymerization Models

As an introduction to the modeling of copolymerization systems an overview of polymerization

reaction kinetics is first required. There are four stages in free radical chain growth

polymerization,
1) initiation
i1) propagation

iii) termination

iv) transfer

As the focus of this research 1s on the estimation of monomer reactivity ratios it is apparent that
the stage that is of most interest is the propagation stage. The reason for this is that the
consumption of monomer in reactions other than propagation can be neglected, according to the
Long Chain Approximation (Type I) (Odian, 1933). The reaction steps during the propagation
stage of free radical copolymerization then depend upon the mechanism selected to represent the
system. There are two general models of the propagation stage in free radical chain

polymerization, the terminal model and the penultimate model.
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2.1 The Terminal and Penultimate Models

The terminal and penultimate models were both developed to describe the reaction of two
monomers, M; and M,, to form a copolymer. For a free radical polymerization the growing
radical of length » is represented by Rn-. The type of model and data source selected influences

the model structure used in the estimation of the reactivity ratios.

The terminal model, as the name suggests, assumes that only the last unit on the growing radical
chain influences the subsequent monomer addition. That is, if R, is a radical of chain length »
ending in monomer i, there would be four possible steps during the propagation stage of free

radical copolymerization, represented by Equations 2.1 to 2.4.

Ry + M, —fu Rat151° (2.1)
Ry + My —Ffe Rat152° 2.2)
Rnp + My —, Ru+t,1° (2.3)
Rop + My =2 Ry 24)

Although there are four rate constants, k;; for the addition of monomer j to a radical ending in

unit #, the overall polymerization/propagation rate, R, is typically expressed in terms of the two

homopolymerization rate constants k;; and ky,, and two monomer reactivity ratios,
kll k 22

n=-—;, n=-—
k12 k21

(2.5 & 2.6)

In contrast, the penultimate model assumes that the last two units on the growing radical chain
influence the subsequent monomer addition. That is, if R, is a radical with terminal unit j and

penultimate unit i, the eight possible propagation reactions are represented by Equations 2.7 to
2.14.

Rni1m + My —Hu Rati11° (2.7)
k;
Rpirr + My, —H—> Ry, (2.8)

Rn2 + M, sy Rns1,21° (2.9)
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Ruz + My — 22— Ry (2.10
Ry12- + My — Ru+1,21° (2.11)
Rp12° + M, oy Ro+1,22° (2.12)
R + My —Hu Ro+1,110 (2.13)
Ro1m + M, — Ratis12° (2.14)

Here the rate of polymerization is usually expressed in terms of the two homopolymerization rate

constants ki1 and ky,,, along with four monomer reactivity ratios

k k k k
r“:.ﬁ; 21 __._2_ﬂ_; = 222 ) I‘12=—£ (215—218)
112 k2 12 k221 k222
and two radical reactivity ratios
k k
sp= 2 sp=12 (2.19 & 2.20)
111 k222

Equations for composition, triad fractions and the overall propagation rate constant can be
derived for both the terminal and penultimate model. However, each of these equations for the
different data sources can be further classified into either instantaneous or cumulative models.
For example, using composition as the data source the instantaneous model describes the
composition variation from time ¢ to #+dt, while the cumulative model describes the composition

variation from time zero to time ¢.

2.1.1 Copolymer Composition

The most widely used copolymerization model is the Mayo-Lewis model (1944) which expresses
the terminal model using instantaneous composition data. The model relates the instantaneous
mole fraction of monomer 1 bound in the copolymer, F;, with the mole fractions of unbound
(free) monomer 1 and 2 (f; and f5, respectively) via the reactivity ratios r; and r,. The terminal
model equation is thus given by:

_ wf+ £A=1)
R+ 2£0- f)+n- £)

(2.21)

1
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One limitation of the Mayo-Lewis model is that the model variables are considered to be truly
instantaneous values, which is rarely the case as feed and copolymer composition are determined
at the beginning and completion of the experiment, respectively. Therefore as in most cases one
monomer is consumed at a greater rate, the initial feed concentration does not necessarily remain
constant for the duration of the copolymerization. In order to minimize the potential impact of
composition drift, reactivity ratio experiments are conducted at low conversions, typically below

five percent conversion.

Furthermore, an alternate expression that is sometimes used to represent the Mayo-Lewis model

is in the derivative form given by:

diM,]_ [M\] nlM ]1+[M,]

(2.22)

d[Mz] [Mz] [M1]+r2[M2]

—Lh 2.23)
d[M,1+d[M,]

_ [M,]

/i [M,1+[M,] @29

[M;] and [M;] are the concentrations of monomer 1 and 2 in the reactor. A more detailed

discussion of the development of the Mayo-Lewis model can be found in Hamielec et al. (1989).

The instantaneous penultimate model equation, using copolymer composition data, is given by:

oA i+ fo

o (m}"‘flfz

b= rnfi+ [, ry [y + (2.23)
o (r21f1+f2J+2f1f2+r12f2 (’izfz'*fl)

Similar to the instantaneous terminal model, the issues of truly instantaneous variables and

composition drift are also present.

There are two models that express the cumulative composition situation, the analytically

integrated model and the numerically integrated model. The analytically integrated model,
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commonly referred to as the Meyer-Lowry equation, relates the change in feed composition with

molar conversion by the following equation:

a B ¥
- -0
X, =1_( J ) [1 A j (f"" J (2.26)
f1,0 1_f1,0 fl -0
where
" n 1—7"17"2 1.-.r2
a= > = — =, 6 =—— 2.27-2.30
-7, P 1-r 4 (1—;‘1)(1—7”2) 2-r-r, ( )
N, +N N N
And X,=1-rn . g oo (2.31-2.33)
N,+N,, 7N 10t N5 N +N,

Where N; and N; are the number of moles in the final monomer feed solution and initial
monomer feed solution, respectively. Similarly for N, and N, 4. In most of the cases in the
literature, the above expressions (2.31-2.33) are expressed as functions of [M;g], [M;] and
[M,], [M_], which are the molar concentrations of the initial monomer feed solution and final
monomer feed solution, respectively (see Section 6.1). This direct substitution of variables is
only valid for constant volume of the polymerizing mixture, which is an acceptable assumption

at reasonably low, and possibly moderate, conversion levels.

The measured variables implied by Equation 2.26 are the initial and final mole fraction of
monomer one in the feed solution. However, these are not the variables typically measured in the
lab; rather the final copolymer composition and the initial feed composition are recorded. The

final feed composition, fi, can then be expressed as

~FX
fi =——f1’;_ T (2.34)

Therefore the Meyer Lowry mole conversion form can be rewritten to eliminate the final feed

composition, fj, variable by substituting Equation 2.34 into Equation 2.26 to give

Ly =(fm—F1Xn ]“(1—)(,,—]10—?1&]”[ (6= fiu)1-%,)

fio-%x)) U (-£.01-%,) J6-6X, - £, +FX,

where the mole fraction of monomer in the copolymer, E is defined as

j (2.35)
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F: NI,O _Nl
: N1,0+N2,o _Nl—N2

(2.36)

Furthermore, the conversion recorded by experimenters is typically not the molar conversion but
rather the weight fraction conversion. The weight fraction conversion is defined as

__ _MWN, + MW,N,
" MWN,+MW,N,,

(2.37)

where MW/ and MW, are the molecular weights of monomer 1 and 2, respectively.

Using this definition along with the definitions of fj g, Fl and X, a new expression relating the

molar conversion with mass conversion can be derived as

vy MPfa (= fi MW,
T MWE + (- R)MW,

(2.38)

As a result, if the weight fraction conversion is given as a measured variable then the above
equation can be substituted into Equation 2.35 to give the mass conversion form of the Meyer-

Lowry model.

It is also important to note here that the Meyer-Lowry model assumes that the reactivity ratios do
not change over the entire conversion range. However, reactivity ratios may change at high

conversion due to diffusion effects on the propagation rate constants.

The numerically integrated cumulative copolymer composition model, referred to in this thesis
as ODECCC, is based on equations relating final copolymer composition with initial feed

composition and conversion. That is, the final mole fraction of monomer one in the copolymer,

E can be obtained by rewriting Equation 2.34 as

f1,0 _ (1—Xn)-f1
X X

n n

F = (2.39)
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In the ODECCC model the variation in the feed composition as the reaction proceeds is

evaluated by numerically integrating the differential equation given by:

4 _L-h (2.40)
dx, 1-X,

where F; for the terminal model is given by Equation 2.21.

2.1.2 Triad Fractions

Measuring triad fractions, i.e., chain sequence length characteristics, is another common method
to characterize polymer chain microstructure. Mole fractions of the diad and the triad fractions
are Ajj, Ay respectively (i, J, k = 1, 2). Monomer-1-centered triads are denoted by Ai11, Az,
Ai1 and Ajpp. The instantaneous terminal model predictions can be found in Koenig (1980) and

can be seen in Equations 2.41-2.44.

rzfz
Ay = 51 - (2.41)
W 2nfifi+ Sy
£
4,, = (2.42)
rlzflz +2n 1115 +f22
nfif
Ay =4y, =—— 12 > (2.43)
W r2nfift 1
2r,
thus, Ay = 2 2 1)1/ > (2.44)
PR Y Pl
The penultimate model in triad fractions form is given by:
2
(e
A, = > Ut > (2.45)
oty 2,01+ s
2r,. /. f-
Ay = 2 2ol 2 3 (2.46)
i 20, 000 + 1
2
A,, = /2 (2.47)

2 7
ratn i 2+ 1
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The expressions for monomer-2-centred triads can be obtained by simply interchanging
subscripts 1 and 2 in Equations 2.41 to 2.47. The reason for combining the A;;; and A;p; triad
fractions is that typically the NMR peaks, where the triads are calculated from, overlap and thus

the fractions are represented by combining the equations.

The definition of cumulative triad fractions is via Equation 2.48, which relates instantaneous

monomer feed mole fraction, molar conversion and cumulative triad fractions.

d\iX A
(dT’f") Ay (2.48)
E 1 d(X A211+112) =4 2n i fs
xample, X 214112 22 2
" WA H2h0 0+ 1o

Similarly, the triad fractions centered on monomer 2 have similar equations, with their respective

instantaneous triad fraction equations.

2.2 Extensions to Terpolymerization

Reactivity ratio estimation from low conversion terpolymerization composition data was also
studied in this thesis. The composition of the monomer and polymer phases of a ternary system
may be represented by the following equations, based on the analysis of Alfrey and Goldfinger
(1944):

P M (M ryryy + Moyry 1y + Moryry )M k1 + Mo, + Mar,)
P M s(M 1oty + Morsry, + Mrr, (M sy ry, + Mry, + Mory)

(2.49)

P M (M rpts + Monstyy + Mp,r J(Mory 1y + My + M)
P M s (M 115 + Mynsty + Mor, 1 J(Maryry + Mry, + Mory,)

(2.50)

M; are the instantaneous mole fractions of monomer i in the feed solution and P; are the
instantaneous mole fractions of monomer i in the polymer phase. The definition of reactivity
ratios is the same as that of the copolymer system, thus the reactivity ratios of the constituent

copolymer pairs are also applied to the terpolymer system.
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Walling and Briggs (1945) extended the analysis of reactivity ratios beyond ternary systems with
the equations for multi-component systems with » monomers. For the case of terpolymers it can
be shown that the Walling-Briggs equations are equivalent to the Alfrey Goldfinger equations.
That is, the Walling-Briggs equations simplified for the terpolymer case are given by:

Y ]D{[M]+[M A, M, ]}

" s

:[MZ]DZ{[M] TARLA! ]} @.51)

o Iy

d[M,]:d[M,]:d[M,]

[M,] [M,]

31 L£Y)

(M, ]D{ —=+[M, ]}

where [M;] are the instantaneous molar concentrations of monomer i in the feed solution and the
determinants, D, are given by:

1 1

[£3)

P ) _([M3]+[M,]

673 Fy3 a1

1 1

D. = ha Iy
S NARUANUA
s r £

_1 1

T Y (2.52-2.54)

M) [M,], [M;]
N UP s

Therefore, when the Walling-Briggs determinants are substituted into Equation 2.51 they are

equivalent to the Alfrey Goldfinger equations:

:[Ml]{[MluMz] NLA ]H[M]+[M 1, M, ]}

Ly Iyl By Fis

fatsy  halsy Fohs Fy

{[M] (M, ]+[M3]}

d[Mll:d[lezd[Mali[Mz]{[Ml]+[M2]+[M ]H[M]+[M MLUA| ]} (2.55)

:[MS]{[M1]+[M2]+[M]

Nalyy  Msfa Nalys
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As an additional example, for a 4-mer multicomponent system, D; would be expressed as:

1

s

L]

(M1, [M,] [M.]

1

r

Tg
_IM;]

Faz

(

3}

By
[M,]

"3

Vo

)

with D,, D; and D4 developed in a symmetrical way.

{

1

ry
[M,]
L£7

(M,] [M,] [M,]

13



Chapter 3

Parameter Estimation Techniques

3.1 Multiple Response Parameter Estimation Problems

In chemical engineering many experimental studies lead to multiresponse parameter estimation
problems. This refers to the situation where it is possible to measure more than one response for
a particular experimental condition. Thus the multiresponse model expresses multiple responses
as a function of the experimental conditions or input variates and a set of parameters to be
estimated. In the analysis of copolymer experiments, the use of all the measured responses can

result in more precise parameter estimates.

The objective in nonlinear parameter estimation for a multiresponse problem is to obtain a set of
parameter values that are robust and have the least possible uncertainty and correlation. The
parameter estimation techniques, specifically involving reactivity ratios, have been studied by
many authors over the years including the well cited Kelen and Tudos (1975) and Fineman and
Ross (1950). These authors used general linear estimation techniques and applied them to the

polymerization system using certain assumptions and manipulation of equations.
For example, the Fineman and Ross method rearranges the Mayo-Lewis model to make it linear

in the reactivity ratios (parameters). Once the equation is rearranged, simple standard graphical

methods or ordinary linear regression are applied to estimate the reactivity ratios.

14
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However, as pointed out by Rossignoli and Duever (1995), from a statistical point of view, these
linear techniques are incorrect and can lead to erroneous point estimates. In addition it is not
possible to obtain information regarding the uncertainty in these estimates. Therefore despite the
fact that these methods are still in use today (refer to Section 4.1), it is our recommendation that
they be abandoned in favour of more modern, and statistically correct methods. At best the linear
methods can be used to get initial starting values for use in the appropriate nonlinear estimation

technique.

The least squares criterion is the most widely accepted by researchers for parameter estimation in
nonlinear models (NLLS). Another well known estimation technique is the Box Draper
Determinant Criterion (Box and Draper, 1965), which is the most popular criterion for
multiresponse problems. More recently, the error in variables model (EVM) has been applied to
reactivity ratio estimation. In contrast to the NLLS and the Determinant Criterion, EVM takes

into account errors in all the variables, thus providing for a general estimation framework.

3.2 Nonlinear Least Squares (NLLS)

In this section, nonlinear least squares (NLLS) will be described, which is the most common
method used to solve single-response nonlinear regression problems. In subsequent sections,
extension to multiresponse problems and problems with errors in all the variables will be
discussed. The use of NLLS for estimating reactivity ratios from composition data was first

discussed by Behnken (1964) and Tidwell and Mortimer (1965).

The model structure of NLLS is

yi=f(x, 0 +e (3.1)
where y; is the experimental measurement for the ith trial, f{x; €) is the predicted value of the
measurement, x; as the vector of values of the independent variable describing the reaction

conditions, §” as the true value of the parameters, and ¢; is the random error.
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The basic goal of the NLLS method is to minimize the sum of square difference between the
predicted value of the measurement, f(x; ,Q*), and the measurement y; That is, to minimize the

sum of the squared residuals, given by Equation 3.2.
SO =3(yi-fw 9) (3.2)

A

The values of @ that minimizes S(@) are known as the least squares parameter estimates, 8. Note

the underlined characters indicate vectors or matrices.

The three assumptions of the NLLS technique are,
1) The model perfectly describes the system.
it) The errors in the independent variables are negligible (the errors are negligible
compared with the error in the dependent variable).
iii) The error associated with the dependant variable is independent (i.e., from run to run)

and of constant variance.

If the error distribution is identically normally distributed N(0,06%), a maximum likelihood
estimate can be used and thus enable the construction of confidence regions. However, if there is
non constant variance, then the third assumption is violated. In the case of reactivity ratio
estimation using the NLLS estimation technique, the independent variable is the monomer feed
composition, f;. Therefore, if the error associated with the monomer feed composition
measurement is not negligible, then the second assumption would be violated. Consequently,
with significant error in all the variables other nonlinear methods like EVM must be used in
order to determine statistically precise reactivity ratio estimates from copolymer composition and

triad fractions data.

3.3 Box Draper Determinant Criterion

A parameter estimation criterion for multiresponse data based on a Bayesian approach, was
proposed by Box and Draper (1965). The Box and Draper determinant criterion is based on the
assumption that the errors in the measurements are uncorrelated, from trial to trial, while the

disturbance terms for different responses in the same trial have a fixed, but unknown variance -
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covariance matrix. As highlighted by Stewart (1992), it is this fact that the error covariance
matrix is rarely precisely known, that prevents the least squares method from being used in
multiresponse problems. Consequently, the determinant criterion by Box and Draper is typically
utilized in multiresponse problems, as no assumptions regarding the error covariance matrix are
required. The general problem consist of & responses measured on each of » experimental trials
and that the models for the & responses depend on a total of p parameters, 8, given by
vi=f(x 0 te (3.3)

where, i =12...,nis the number of trials.

¥;, is a kxI vector of responses for the ith trial; there are n such vectors.

X;, is a mx1 vector of independent variables for the ith trial.

8, is a pxI vector of unknown parameters.

&, is a kxI vector of errors for each of the k responses.

Using the Bayesian approach the posterior probability density function of the parameters given

the measured responses is shown to be
-n/2

p@y) = (3.4)

n L]
ZZiZi
i=1

where, Z; = (Xl - f(x,,9) (3.5)

Therefore, maximizing the probability density function for the parameters given the measured

responses is equivalent to choosing @ to minimize the following determinant,

minfy 2,2, (3.6)
i=1

The minimization is achieved in this research using MATLAB fminsearch strategy which is a

simplex search method (i.e. it does not use numerical or analytical gradients).
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3.4 Error in Variables Model (EVM)

The error-in-variables model (EVM) is a relatively recent approach to solving parameter
estimation multiresponse problems. The following is a condensed version of the derivation of the
EVM technique. Further discussion and analysis can be found in Reilly and Patino-Leal (1981),
Seber and Wild (1989), Reilly et al. (1993) and Rossignoli and Duever (1995). A great benefit
of using the EVM model is that the algorithm yields not only estimates of the true parameter

values, but also estimates of the true values of the variables.

The EVM model consists of two statements. First, the vx/ vector of measurements x; is equated
to the vx/ vector of true values &;, at the i of n conditions, and an additive error g;

xi=&Gte where i=1,2,....,n 3.7

The error vector g may be assumed to be normally distributed with a mean vector of 0, and a vxv
covariance matrix V, which is non-singular and may be known or unknown (Keeler and Reilly,

1991). The second statement relates the true values of the parameters and variables...a model,

f(£.87)=0 where i=1,2,....,n (3.8)

The above vector of functions is mx/, and may be linear or nonlinear in the elements of é jand 6.

Reilly and Patino-Leal (1981) show, using a Bayesian approach, that a point estimate ¢ , can be
found by minimizing

= > ri(zi—ii)r_“l[zi—é) (3.9)

_—1

where, r;is the number of replicates at the i trial.

The algorithm published by Reilly et al. (1993), which uses a Newton’s method similar to
Fisher’s method of scoring to minimize ¢, is the EVM approach used in this research. The
routine to solve the EVM algorithm is a nested-iterative scheme, as discussed by Reilly et al.

(1993). The immer iteration aims to estimate the true values of the variables, £, whilst keeping
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the parameter values constant. Conversely, the outer iteration aims to estimate the true values of

the parameters, 8, whilst keeping the variables, £, constant.

The algorithm starts by using the initial parameter estimates (supplied by the user) and the & % set

equal to the measured variables x;. The inner scheme uses the following equation iteratively to

update the estimates of the variables,

EXV = x, —-VB/ (BYVB) [f(EY,0)+B,(x,- £7)] (3.10)
where B; is the vx/ vector of partial derivatives of the function with respect to the variables,
B = @ (£,,9) for the " element (3.11)
—_—i d(_f_,)l §=§ (k)

and V is the vxv error covariance matrix for the measurements. Note that V must either be

supplied by the user or must be estimated from sufficient replicates.

The outer scheme uses the following equation iteratively to update the estimates of the

parameters,
g =0 -g g (.12)
where G is the pxp expected information matrix given by,
G = E _d’s i, j element
- d6,do,
=> rnZ,(B,VB,)) Z, (3.13)

and g is the px/ gradient vector

g = a¢ i" element
= do,
=> rZ,(BVB) B, (x,-¢) (3.14)

and Z; is the Ixp vector of partial derivatives with respect to the parameters,

= [M} k™ element (3.15)
40,
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As the EVM algorithm is based on a Newton type search method, convergence problems can
occur if poor initial parameter estimates are provided, or large errors in the data exist. As
discussed in Rossignoli and Duever (1995) the solution to this problem is to apply a more robust
optimization routine, such as the Marquardt-Levenberg algorithm, such as that outlined by Bard
(1974).

The only assumption required for EVM is that of model adequacy, while the construction of the
confidence regions requires that the errors are independent and identically normally distributed.
Generally, to quantify the uncertainty in the parameter estimates the 95% joint probability
contour is determined via either of the following two methods. The first is a relatively rough
approximation to the joint posterior probability region for the estimated parameters, and is given
by (Keeler, 1989),

(0 -60)G (6 -8)% 7 ri-a) (3.16)

A2

where the indicates estimates of the parameters 8, G is the expected information matrix of
the parameter estimates, and * (p.1-0) 15 the value of the chi-squared distribution having p degrees
of freedom, exceeded with probability a. Here the assumption of multivariate normalality is
made and the elliptical posterior probability contour, commonly referred to as the elliptical joint
confidence region (or the Ellipse JCR as abbreviated in this thesis), is determined. It is important

to note that both the shape and probability content of these types of contours are approximate.

The second method is a somewhat better alternative to approximate the joint posterior

probability region, and is based on (Keeler, 1989),
$(0) = $(8)+ — 2 o) (3.17)

where ¢ is given by Equation 3.9 and the values of 8 on this contour are found by using

Equation 3.10 to find the corresponding values of £. This approximation has the interesting
property that it gives contours of the correct shape (not in general elliptical) but of approximate
probability content. Hence this contour is commonly referred to as the exact shaped, approximate
probability joint confidence region (or the Exact JCR for brevity in this thesis). For further

discussion on these approximate joint posterior probability regions refer to Polic et al. (1998). It
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is also important to note here that the EVM posterior distribution is not exactly multivariate

normal and thus, neither of the above approximations are perfect.

In order to perform the algorithm iterations involved in the EVM model, MATLAB script and
function files were developed. The MATLAB code for applying the EVM algorithm to the

different cases can be found in Appendix A.

3.5 Error Structure of the Data

Analysis of the variables of a model and their error structure is an important aspect of parameter
estimation. Whether the model is based on the Mayo-Lewis composition equation or the Koenig
triad fractions equations, typically the error structure must first be considered before a suitable

parameter estimation technique is applied.

Error structure refers to (1) the size of the error associated with each measured variable, (2) the

distribution of the error, and (3) the errors relation to the variable.

The variance or the standard deviation quantifies the size of the error; thus allowing one to
determine whether the error of a particular variable is negligible relative to the other variables. In
the case of the EVM technique, the user is required to specify the measurement covariance

matrix, V. In NLLS, the error size dictates whether the NLLS method is appropriate.

The distribution of the error must be considered, and is often unknown. It is very common for
experimenters to give only the error limits (i.e., £5%). The distribution must thus be of a specific
type, including normal, uniform, binomial, etc. The distribution assumed for this research, where
error limits are only indicated, is the uniform distribution. Furthermore, if the model variables
are calculated from actual measured variables (i.e., mole fraction composition from NMR peaks)
the error structure of the actual measured variables is considered. The subsequent variance of the

calculated variable can then be found by using the propagation of variance analysis, as discussed
in Garcia-Rubio (1981).
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Lastly, the errors relation to the variable is defined by being either additive or multiplicative. In
this research we have analyzed both cases and discussed both error relationships to the EVM

model (refer to Section 3.5.1 and 3.5.2).

3.5.1 Additive Error

Consider a measurement x, which has an additive error structure and follows a uniform
distribution, given by
x=x +ke (3.18)
Where, x" is the true value of the measured quantity; k is a constant multiplier; and ¢ is a random
variable uniformly distributed in the interval from -1 to +1. Therefore, the error can be said to be
plus or minus % units, the same units used to measure the variable x. The variance of x, V(x), is
thus calculated as follows
Vix)=V (x +ke)
=i’ V(e) (3.19)
Where the variance of a uniformly distributed error, V(e), is calculated using standard
distribution theory as
V(e) = E(e%) —E(e)’

= 1_[%2— de
-1
=1/3 (3.20)
and thus the variance of x follows to be
Vie) = K¥/3

3.5.2 Multiplicative Error

Again consider a measurement x, which now has a multiplicative error structure and follows a

uniform distribution, given by

x=x (I+ke) (3.21)
To use a multiplicative error, the transformation of the variable by logarithms can be used, as
Inx =Inx + In(l+ ke) (3.22)

Thus if £ < 0.1 then,
In(l1+ ke) = ke (3.23)
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The variance of the transformed variable, V{(In(x)), is then given as

Viin(x)) =i’ /3

(3.24)



Chapter 4

Literature Update of Reactivity Ratio Estimation
and Selected Case Studies

4.1 Reactivity Ratio Estimation: 1997 to date

Reactivity ratio estimation has been discussed extensively in the literature, due to its numerous
applications to copolymerization studies. A detailed literature review was last completed by
Polic et al. (1998). In this chapt/er we will build upon his review. Consequently, this literature
update focuses on publications that were published post 1997, which include reactivity ratio

estimates.

Numerous publications state the value of the estimates for the reactivity ratios for the specific
system, yet do not indicate the statistical method used to obtain the estimate. Furthermore, some
cases, where the estimation procedure is given, refer to rather simplistic linear regression

methods (e.g., Fineman and Ross (1950)).

Typically, reactivity ratios are estimated using the instantaneous copolymer composition
equation, based on low conversion (<5%) copolymer composition data, which is relatively easy
to obtain. However, obtaining triad fractions data can involve greater experimental
complications, thus the number of publications on the use of this data type in estimating
reactivity ratios is minimal. Recently there has been an increase in efforts to use sequence length
(triad fractions) data for estimation of the reactivity ratios and this is reflected when comparing

the literature review conducted by Polic et al. (1998) to the current update (see Table 4.2).

23
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4.2 Reactivity Ratio Estimation Techniques

Table 4.1 is an extensive list of articles that published an estimate of the reactivity ratios for a
particular system. Table 4.2 is a summary of articles that have provided triad fractions data and
whilst some may not have necessarily directly estimated reactivity ratios from the sequence
length data there has been attempts at comparing copolymer composition and triad data analysis
results. The abbreviations for the statistical parameter estimation methods and the monomers
used in the copolymerization are explained in Tables 4.3 and 4.4, respectively. However, if no
statistical method was explicitly stated then the parameter estimation method box is empty to

indicate this lack of explanation for the published values.

Table 4.1: Listing of recent articles (1997 to date) where reactivity ratio estimates are given.

Reference Year | Method Description
. HEMA/acrylamido-methyl-propane sulfonate (AMPS),
Aguilar et al. 2002 NLLS DMA/AMPS, low conversion, integrated model.
Ahmad et al. 2004 HEMA with NVP; crosslinking.
Ajzenberg and Ricard 2001 NLO HEMA with ethylene glycol dimethacrylate.
FR, KT, STY with dicyclohexyl fumarate; diisopropyl Fumarate. MMA
Al-Arbash et al. 1999 NLLS with dicyclohexyl fumurate.
Ameduri and Bauduin 2003 ™ VDF with muramyldipeptide.
N-(vinyloxyethyl)dithiocarbamoylethylcarbonitrile with MAnh,
Amosova et al. 2001 VAc and STY.
Anand et al. 2004 KT, EVM l;i[lla\l/l[}zi\:lth N-(o-/m-/p-chlorophenyl) itaconimide; H-NMR
Anand and Choudhary 2003 MMA and N-(phenyl/p-tolyl)itaconimides.
Anand and Choudhary 2001 MMA and N~(O/M/P-chlorophenyl) itaconimides.
Annenkov et al. 2004 1-vinylimidazole with sodium acrylate and sodium methacrylate.
Appelt and Schmidt- STY with N-acryloyl morpholine, 2-ethoxyethyl acrylate and
2004 ;
Naake isobornyl acrylate.
Arun and Reddy 2003 KT, ex-KT | EA with pentadiene-hydroxyphenyl-phenyl methacrylate at 70°C.
Arun and Reddy 2004 FR, Ié? ex- Hydroxybenzoic acid with MA, STY; using nitrogen atm.
FR, KT, ex- | 4-[5-(4-hydroxyphenyl)-3-oxopenta-1,4-dienyl]phenyl-2-
Arun and Reddy 2004 KT methacrylate (HPPMA) with vinylcyclohexane at 70°C.
Atta and Arndt 2001 FR, KT Sulfopropyl M{\ potassium salt with 2-acrylamido-2-methyl
propane sulfonic acid.
Azab 2004 Pentachlorophenyl MA and AN; nitrogen analysis.
Azimipour and Reibel 2002 potassium 4-vinyl biphenyl-sulfonyl imide and a series of
oligo(oxyethylene) methacrylates.
Badawy and Dessouki 2002 AN with STY; radiation polym.; NMR analysis.
Bajpai and Srivastava 2001 FR MMA with STY; using triphenylbismuthoniumylide initiator.
. FR, KT, ex- . .
Balaji et al. 2004 KT, EVM GMA with acrylic monomers.

Balaji et al. 2001 FR, KT 2-(n-phthalimido)-2-methylpropy! acrylate with MMA.
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Balaji and Nanjundan

Baradie and Shoichet
Barner-Kowollik et al.

Bartsch and Schmidt-
Naake

Belleney et al.

Bernhardt et al.

Bevington et al.
Bhawal and Devi

Bisht et al.

Bisht et al.
Bisht et al.

Bokias and Hourdet
Boteiller
Bourgeat-Lami et al.

Bougquey et al.

Brar and Dutta

Brar and Dutta

Brar and Hekmatyar
Brar and Hekmatyar
Brar and Hekmatyar
Brar and Kaur

Brar and Kumar

Brar and Kumar

Brar and Kumar

Brar and Kumar

Brar and Kumar

Brar and Kumar

Brar and Pradhan
Brar and Thiyagarajan
Brar and Thiyagarajan

Brar and Thiyagarajan

Brar and Yadav
Brar and Yadav
Brar and Yadav
Brar et al.
Brar et al.

Braun and Hu

2002

2002
2001

2004

2002

2001

2001
2002

2003

2003
2002

2001
1999
2002

2001
1998
1999
2001
1999
1999
2002
2002
2002
2002
2002
2002
2002
2001
2001
1998

1999

2003
2002
2001
2002
2004

2004

FR, KT, ex-
KT

EVM

Q-e scheme

KT

FR, KT, TM

NLO

FR, in-FR,
KT, ex-KT,
NLLS
FR,KT,NLLS
ML, KT, FR

KT

KT, EVM
KT, EVM
KT, EVM
EVM
EVM
KT, BVM
KT, EVM
KT, EVM
KT, EVM
KT, EVM
KT, EVM
KT, EVM
KT, EVM
KT, EVM
KT, EVM

KT, EVM

KT, EVM
KT, EVM
KT, EVM
KT, EVM
KT, EVM

KT

4-methyacryloyloxyphenyl-3 prime , 4 prime -dimethoxystyryl
ketone (MPDMSK) with GMA; photosensitive polymers.

Flurocarbon-V Ac copolymers in carbon dioxide.
STY with itaconic acid; kinetic study.

STY and bis(ethylenodithio)tetrathiafulvalene) alpha-
cyanocinnamate at 125 and 135°C.

MMA, poly(ethylene glycol) methyl ether methacrylate (PMEM),
poly(ethylene glycol) ethyl ether methacrylate (PEEM) / MA; and
MMA, PMEM, PEEM, MA / with sodium styrene sulfonate
(NaSS) for terpolymer MMA/PMEM(PEEM)YMA (NaSS).

Influence of methylated B-cyclodextrin as host on the free radical
copolymerization reactivity ratios of hydrophobic acrylates as
guest monomers in aqueous medium.

MMA, STY and AN with allyl ethers and related compounds.

EA and MMA,; true vs. real reactivity ratios.
BA with a series of alkyl 4-vinylbenzoates (AVBs).

Octyl acetate and STY at 80 and 130°C.

Dodecyl-4-vinyl benzoate with dodecy! acrylate.

Positively charged amphiphilic water soluble polymers based on
poly(N-isopropylacrylamide).

STY with fluorinated polystyrenes.

3-(trimethoxysilyl)propyl methacrylate with STY, MMA and BA.

Anionic ring-opening copolymerization of cyclodisilazanes.
AN/Hexyl methacrylate; low conversion.

AN with pentyl acrylate in solution polymerization.
STY and MMA.

AN/STY/MMA,; microstructure determination.

AN with STY in photopolymerization.

MA with N-vinylcarbazole.

NVP with BA.

NVP with MMA.

NVP with GMA.

NVP with AN.

NVP with VAc.

NVP with MA.

MAN and MMA; complete 1H and 13C NMR spectra.
Trans-4-methacryloyloxyazobenzene with STY.
Trans-4-acryloyloxyazobenzene with MMA.
Trans-4-methacryloyloxyazobenzene with vinylidene chloride in
solution polymerization.

GMA with vinylidene chloride.

GMA with MAN.

GMA with VAc.

GMA with STY.

MAN/BA using benzoyl peroxide as initiator.

Terpolymerization of maleic anhydride (MSA), trans-anethole
(ANE) and vinyl-iso-butylether (VIBE) at 60°C

25
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Braun et al.

Brown et al.

Buback and Wittkowski
Buback et al.

Buback et al.

Buback et al.
Bulai et al.

Cao et al.

Carlotti et al.
Catalgil-Giz et al.

Catalgil-Giz and Giz

Cazalis et al.
Chambard et al.
Chang et al.
Cheetham et al.
Cheetham et al.
Chen et al.

Cheong and Penlidis
Chiang

Chiu et al.

Chojnowski et al.

Choudhary et al.
Chung and Lu

Cianga and Yagci

Coote et al.
Coote et al.

Coskun and Ilter
Coskun et al.

Coskun et al.

Couvreur et al.
Covolan et al.
Cuervo-Rodriguez et al.
Czerwinski

Czerwinski

D'Agosto et al.

Daniel and Srivastava
Daniel and Srivastava
Davidenko et al.

Davis

De and Sathyanarayana
De and Sathyanarayana
De and Sathyanarayana

2001
2001
2000
1999

2001

2001
1999

1999

2004
2002

1994

2002
1999
1998
1994
1994
2002
2004
2000

2003

2002

2004
1998

2002

1997
1997

2002

2002

2002

2003
2000
2002
1998
1998
2001
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Linearized
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YBR
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KT
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Terpolymerization of three non-homopolymerizable monomers.
Poly[(vinyloxy)cyclophosphazenes].

Ethene with AA and MAA; high pressures and temperatures.
Ethene with AA and MAA; high pressure.

MA, DMA, BA with MMA, (dodecyl acrylate)}-DMA, (dodecy!
acrylate)-MMA.

Ethene and MMA,; high-pressure.

DMA with para-acryloyloxyacetanilide.

Cyclic ketene acetals via cationic 1,2-vinyl addition
copolymerization.

Butadiene and STY; retarded anionic polymerization.
STY/MMA,; online monitoring issues.

Compensating composition drift with copolymerization to high
conversions.

Several cycloalkenes initiated by Mo-based Schrock complexes.
STY with BA.

HEMA with MAA.

AN with VAc.

AN with VAc; microstructural observations.

HEMA and STY; mathematical model.

AMS with MMA; high temperatures.
N-(4-carboxyphenyl)-maleimide with AN.
2-methoxy-5-2'"-ethyl-hexyloxy-1,4-phenylenevinylene with 2,3-
dipheny!-5-octyl-1,4-phenylenevinylene.
2-vinyl-2,4,4,6,6-pentamethylcyclotrisiloxane (VD2) with
hexamethylcyclotrisiloxane (D3).

N-iso-Pr acrylamide with GMA using AIBN at 60°C.

Ethylene with p-methylstyrene.
N-(4-{[2-(3-thienyl)acetylJoxyphenyl} oxycarbonylphenyl)
maleimide (MIThi)i with STY; room temperature.

STY/MMA,; pulsed laser polymerization study.

STY/MMA,; kinetic analysis.

(2-Phenyl-1,3-dioxolane-4-yl)methyl methacrylate with MMA;
EMA; BMA at 60°C.

STY with phthalimido-2-hydroxypropyl methacrylate (PHPMA),
60°C, low conversions.

4-bromobenzyl methacrylate and EMA.

STY and AA.

STY with Boc-p-aminostyrene (Boc-AMST).

STY with BMA at 125°C.

MMA with NVP for both low and high conversion.

STY with methyl alpha-cyanocinnamate.
N-acryloylmorpholine with N-acryloxysuccinimide.

STY and VAc; p-acetylbenzylidene triphenylarsonium ylide.
p-Acetylbenzylidene triphenylarsonium ylide with STY.
Furfuryl methacrylate and N,N-dimethyl acrylamide at 40°C.
Review of the mechanism of propagation in free radical copolym.
STY with AMS at high pressures.

Indene and alkyl acrylates.

Indene with MMA or MAN.
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Indene with p-tert-butylstyrene; thermal degradation; Tg studies.
Indene with STY, AMS and alpha-phenylstyrene.

Indene with VAc and isopropenyl acetate.

Terpolymer of MMA, VAc and molecular oxygen.

Binary copolymerization in a CSTR; new arithmetic for linear free
radical copolymerization.

2-(3-Phenyl-3-methylcyclobutyl)-2-hydroxyethyl methacrylate and
AN copolymers.

Benzyl methacrylate with EMA at 60°C.
2-(3-Phenyl-3-methylcyclobutyl)-2-hydroxyethyl methacrylate and
AN copolymers.

exo-5-(benzyloxy)norbornene and exo-5-[(4-tert-
butyl)benzyloxy]norbornene via ring-opening metathesis
polymerization.

AN with itaconic acid; effect of triethylamine.

AN with itaconic acid; solvent effects.

AN with maleimidobenzoic acid.

N-isopropylacrylamide with anhydrides of maleic and citraconic
acids.

Phenylacetylene with 1-hexyne.

STY and MMA, STY and 2-vinylpyridinie.

AA with BA, BMA and STY; emulsion.

AN/STY and acrylamide/STY onto polyester; radiation graft.
MMA with methacrylic monomers derived from salicylic acid.

Vinyl pyrrolidone with methacrylic monomers derived from
salicylic acid at 50°C.

Salicylic acid derivatives to hydrophilic copolymer systems.
STY with butadiene with methylalumoxane (MAO) catalyst.
Itaconic acid with acrylamide.

N-acryl-N, N'-dicyclohexylurea and N-methacryl-N,N'-
dicyclohexylurea with STY.

2-methylbenzyl methacrylate (2-MBZMA) and 4-methylbenzy!
methacrylate (4-MBZMA) with MMA at 60°C.
2-(3-Mesityl-3-methylcyclobutyl)-2-hydroxyethyl MA with STY
at 60°C.

NVP with HEMA.

MMA with STY; MA with STY;and MMA with BA.
tert-BMA with trimethylsilyl methacrylate and MAA.
tert-BMA with 2-propenyl isocyanate; photoresist applications.
MAnh with tert-BMA and trimethylsilyl MA.

STY and BA at 50°C (low conversion).

STY and BA,; solvent effects.

HEMA with tert-BA in DMF solvent.

HEMA with tert-BA at 50°C.

HEMA and BMA.

Ethylene with VAc; transition state theory.

Novel amphiphilic telechelic polyoxetanes.

Trialkylsilyl acrylates and methacrylates.

Ethene/propene with metallocenes; correlation between reactivity
ratio and zirconocene structure.

Ethene/propene; metallocene based catalytic systems.
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FR

ML
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NLLS
FR, KT, ex-
KT, MH,
YBR

NLLS, NLO

NM
EVM, NLLS

FR
Q-e scheme
NLLS

Metacryloyloxyethyl [2-(acetyloxy)-4-(trifluoromethyl)]benzoate
(THEMA) and acrylamido-methyl-propane sulfonate (AMPS).
2-vinylpyridine and 4-vinylpyridine with NVP.

vinyltrimethoxysilane (VTMOS)-coMMA, tBA-co-NVP, and and
vinyltriethoxysilane (VTEOS)-co-NVP.

poly(2-vinylpyridine-co-NVP), poly(4-vinylpyridine-co-NVP),
poly(vinyltrimethylsilane-co-NVP) and poly(vinylcyclohexane-co-
NVP).

Vinylcyclohexane with NVP.

Sulfobetaine zwitterionomers based on n-BA and 2-exthoxyethyl
acryalte; low and high conversions.

HEMA with tetrahydrofurfuryl methacrylate at 50°C.

VPi and VAc at 30°C.

4-Propanoylphenyl methacrylate with GMA in MEK solution at
70°C.

STY with furfuryl methacrylate.

MAnh and N-vinylimidazole (NVIM).

MMA with ethyl pyrrolidone [2-ethyl-(2-pyrrolidone) methacrylate
(EPM) and ethyl pyrrolidine [2-ethyl-(2-pyrrolidine) methacrylate
(EPyM). Full conversion range.

Methylated b-cyclodextrim with isoboruyl acrylate and BA in
aqueous medium.

Tricarbonylchromium complexes of STY.

STY with vinylene at 75°C; analyzed by near-IR.
2,3,3-trifluoroprop-2-enol (FA1) with VDF at 50°C.
2-benzoyloxypentafluoropropene (BPFP) with VDF.

tert-butyl 3-isopropenylcumylperoxide with STY; grafting MMA
onto copolymers.

STY with MMA; 1,1,2,2-teraphenyl-1,2-bis(trimetylsilyloxy)
ethane as initiator.

Graft copolym. of acrylamide and MMA onto cellulose.
Graft copolym. of acrylamide and MMA onto cellulose.
Graft copolym. of AN and EMA onto cellulose.

Iso-BMA with LMA at 70°C.

LMA with iso-BMA at 70°C.

Full conversion data for copolymerization of LMA with iso-BMA
using NLLS based on both Marquardt optimization and van Herk
methods.

MMA and BMA in anionic radical and living radical polym.
Several systems with different characters of reactivity ratios.
BA/MMA,; solution polymerization; elevated temperatures;
depropagation.

Ring-opening cyclic allylic sulfid monomers with MMA and STY.
7-methylene-2-methyl-1,5-dithiacyclooctane with STY and MMA.
MMA and STY; initiated by grinding quartz.

Vinyl monomers.

Styrene-acrylonitrile; compares penultimate and terminal reactivity
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Curve fitting
EVM
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"Patterns"
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ratio estimates using both composition and triad fractions data.

MMA with BA.

Poly(BA)-graft-branched polyethylene with BA.

Methyl a-acryloxyacrylates with vinyl monomers at 60°C.
4-vinylpyridine with EMA.

AN/N-vinylpyrrolidone; copolymerization system.

MMA with STY; semibatch emulsion; composition control.
High conversion; uses an artificial neural network.
Norborene with ethylene.

tert-BMA and norbomene with nickel-based methylaluminoxane
catalysts.

Isobutylene with STY.

Ethylene-propylene with ethylene-1-hexene.
(2-cyclopentylidene-1,3-dioxolane-4-yl)methyl methacrylate
(CPDMMA) with STY; and AN at 60°C.

MMA with AN and STY at 60°C.

(N,N-diethyldithiocarbamyl)methylstyrene with maleimide under
UV irradiation.

2-(N,N-diethylaminodithiocarbamoyl)-ethyl methacrylate with
ethyl methacrylate under UV irradiation.

MMA with STY; hyperbranched.

MAnh and N,N-diethylaminodithiocarbamoylmethylstyrene.
N-vinylcarbazole with BA and Ethyl, Butyl, and cyclohexyl MA.
Hydroxystyrene derivatives with t-BMA and t-BA.

Radical copolymerization of 2-trifluoromethylacrylic monomers.
Trifluoromethylacetylene (TFMA) with norbornene and with ethyl
vinyl ether.

Butyrolactone with caprolactone and valerolactone.
Fumarate/vinyl ether, maleate/vinyl ether, fumarate/allyl ether,
maleate/allyl ether, fumarate/methacrylate, fumarate/acrylate,
methacrylate/vinyl ether, methacrylate/allyl ether,
methacrylate/acrylate, methacrylate/N-vinylcaprolactam,
acrylate/N-vinylcap.

Characterization of new cyclodextrin derivative with 1-vinyl-2-
pyrrolidinone.

Any copolymerization of a monomer; provided it has been
characterized with STY and AN.

Maleimide with ethyl a-(hydroxymethyl) acrylate.

MMA with N-cyclohexylmaleimide.

STY with N-cyclohexylmaleimide (NCMI) at 110°C to higher
conversion.

1-alkylvinazenes with STY.
4-benzyloxycarbonylphenyl acrylate with GMA.

4-benzyloxycarbonylphenyl methacrylate with GMA.
4-benzyloxycarbonylphenyl methacrylate with MMA in MEK at
70°C.

STY with AN.

STY/AN in bulk.

STY/MMA,; solvent effect.

STY/AN terminal and penultimate model; solvent effect.
STY/MMA,; bulk.

STY with MMA, STY with p-methoxySTYY (PMOS), STY with
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FR
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YBR

p-methylSTY, and STY with p-chloroSTY (PCS).

MMA with other methacrylate monomers; zirconocene catalyzed.

STY with 2-ethylhexylacrylate at 80°C.

Synthesis of photocrosslinkable polymers using abietic acid and
their characterization.

Isoprene and STY; butadiene and STY.

BA with 3-o-methacryloyl-1,2:5,6-di-o-isopropylidene-a-D-
glucofuranose (3-MDG).

Bulk copolymerization of tetrafluoroethylene (TFE) with 4,5,5-
trifluoro-4-ene pentyl acetate (FAc).

STY and MMA; Effect of catalyst

Hydroxyalkyl methacrylates with acrylamide and methacrylamide;
low conversion.

[L]-Lactide and pentofuranose.

Isopropenyl-1,3,5-triazines with STY.
N(p-phenoxy-phenyl)acrylamide and copolymers with STY.
MMA with dimethylaminoethyl methacrylate and (tert-
butylamino)ethyl methacrylate.

Novel acrylic macromonomer with amphiphilic character derived
from triton X-100, with MMA.

Vinyl chloride with 1-vinyl-1,2,4-triazole.

Cholesteryl (ChMOC) with STY; MMA; N-cyclohexylmaleimide
and N-phenylmaleimide.
(S)-(+)-1-cyclohexylethyl-(2-methacryloyloxyethyl)urea
(CEMOU) with STY or MMA.

DMAEMA with BMA by atom transfer radical polymerization.
(R)-(-)-1-(1-Naphthyl)ethyl(2-methacryloyloxyethyl)urea
(NEMOU) with STY or MMA.

Novel chiral poly(methacrylate)s bearing urethane and cinchoa
alkaloid moieties with STY and MMA.

Chiral methacrylates with STY or BMA.

Novel chiral polymethacrylate bearing urethane and 1,1'-
binaphthlene moieties with MMA.

2-ethylhexyl acrylate and 3-[3,3,3-trimethyl-1,1-bis
(trimethylsiloxy) disiloxanyl] propyl methacrylate.

Pinene with isobutylene.

3-Morpholinone (M) and caprolactone (CL) at 120°C.

Tert-butyl 3-isopropenylcumy! peroxide with butyl acrylate and
grafting of STY onto copolymer.

Radical polymerization of new functional monomers derived from
methacryloyl isocyanate and urea with MMA at 90°C.
4-chloro-1-phenol (CPHMAI) with STY at 60°C.

Methacrylamide with cationic or zwitterionic monomers.

AN with D-lactose-o-(p-vinylbenzyl)-hydroxime.

Synthesis of a new monomer N prime -(B-methacryloyloxyethyl)-
2-pyrimidyl-(p-benzyloxycarbonyl)aminobenzenesulfonamide and
its copolymerization with N-phenyl maleimidel at 60°C.
Lanthanum tris(2,6-di-tert-butyl-4-methylphenolate) with
caprolactone and trimethylene carbonate.

Self-condensing vinyl copolymerization.
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scheme
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Q-e scheme

FR, KT, TM,
GA
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Hyperbranched polymers with maleic functional groups as radical
crosslinkers.

Alternating radical copolymerization systems.

5-fluorouracil derivatives with N-vinylpyrrolinone.

Ethene and propene in presence of Cs sym group 4 metallocenes.
Ambident reactivity of the thiocyanate anion revisited.
Trifluorovinyl ether with ethyl vinyl ether (EVE) and VAc.
Triethylene glycol dimethacrylate (TEGDMA) with bis-GMA.
Solvent effects on reactivity ratios; a review.

Poly(sodium carboxylate) with MAnh and itaconic acid.

New linear method for high conversion copolymerization data.
Vinyltriethoxysilane with n-Bu acrylate.

HEMA with DMAEMA; and 2-ethylhexyl methacrylate (EHMA)
with DMAEMA at 50°C.

N-vinylimidazole (VI) with NVP.

HEMA with 2-diethylaminoethy! methacrylate at 50°C.

2- HEMA and tert-butyl acrylate.

Methacryloylglycine (Mgly) with STY.

Methyl 2-acetamidoacrylate and STY in stannic chloride.

VAc, cyclohexyl acrylate and benzy! acrylate.

Solution terpolymerization of acrylamide, AA, and AN in
dimethylformamide and water at 85°C. -
4-Adamantylphenyl methacrylate derivatives with MMA and STY.
Di-isopropyl fumarate (DiPF) with STY, (DiPF) with vinyl
benzoate (VB), STY with MMA.

2,2 prime-azobis[N-(2-propenyl)-2-methylpropionamide]
(APMPA) with vinyl benzoate; crosslinking.

Copolymerization processes with intermittent activation; factors
affecting rate of comonomer consumption.

2-Methoxyaniline with 3-aminobenzenesulfonic acid.
2-Methoxyaniline with acidic substituted anilines.
BA/MMA,; bulk elevated temperature.

AN/V Ac; bulk.

STY/HEA; STY/HEA/EA.

AMS/BA; bulk.

BA, MMA and AMS.

STY with norbomene.

STY with butyl acrylate; automatic continuous online monitoring
of polymerization reactions (ACOMP).
2,2-dimethyl-5-methylene-1,3-dioxolan-4-one with common
monomers.

Dimethyl meta-isopropenyl benzyl isocyanate with STY, MMA
and BA.

1-cyanoethanoyl-4-acryloyl-thiosemicarbzide (CEATS) with VAc,
MMA and AN.

Itaconic acid with BA.
MMA with maleic anhydride-vinyl ether (MVE); low conversion.

MAA and trimethylsilyl methacrylate.

tert-Bu methacrylate and itaconic anhydride.
Aniline and o-methoxyaniline; elemental analysis.
Bromophenylmaleimide with ethyl or BMA.

Terpolymerisation of ethyl methacrylate (EMA), N-
phenylmaleimide (NPMI) and itaconic acid (IA). Used KT to get
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intial estimates used in NLLS.

Vinylimidazole and AA.
Ethyl-2-(2-cyano-2-ethylthio)-ethyl-propenoate (ECEP) with
MMA and STY.

1,3-Butadiene with isoprene at 0°C.

N,N-Dimethylacrylamide with n-BA.

Hydrogenated cardanyl! acrylate, cardanyl acetate and STY.
Octafluorocyclopentene (OFCPE) with ethyl vinyl ether (EVE).
OFCPE with cyclohexyl! vinyl ether (CHVE).

Ethylene and alpha-olefin copolymerization.

Novel cationic copolymers based on viny! ethers of
monoethanolamine and ethyleneglycol.

4-Monosubstitiuted and 2,4 disubstituted enyne with MMA.
Ethylene/STY with zirconocene-based catalyst.
Maximum likelihood methodology; general copolymer system.

Methacrylic derivative of alpha-tocopherol with 2-hydroxy
HEMA.

Glycolide and caprolactone at high temps.

AA and N-isopropylacrylamide.

AMS with MMA between temps 60-140°C and full conversion
range; uses Wittmer and Kruger equations.

AMS with MMA.

Citronellol with VAc at 60°C.

Citronellol with AN in xylene at 75°C.
Terpolymer of citronellol, STY and MMA.
DMAEMA with MMA, BMA, MA, BA.

MAnh with norbornene; free radical; conversion data obtained
insitu FTIR.

2,4-DMA and N-vinylpyrrolidone at 70°C.
VAc and 2,4-DMA; UV spectroscopy.
2,4-DMA and 8-quinolinyl methacrylate.

N-vinylimidazole with AN at 70°C in nitrogen atmosphere.

N-vinylimidazole and ethyl methacrylate.

Free radical frontal copolymerization; analysis of dependence on
reactivity ratios.

MMA and BA in different solvent concentrations.

STY with methyl-methylene-butyrolactone (MMBL) at 60°C.
Oxidative of aniline with alkoxysulfonated anilines.
p-Phenylazoacrylanilide and MAA.

AA/HEMA,; template polymerization.

Novel activated acrylates with MMA and GMA.

MMA with AN; microemulsion and conventional emulsion.
N-Ph methacrylamide and MMA at 70°C.

MA with MMA and with AN; FTIR analysis.

Terpolymerization of MA A, methoxy poly(ethylene glycol)
methacrylate, and lauryl methacrylate.

Hydrophillic polymer drug from derivative of salicylic acid.
BA/MMA and poly(MMA) macromers; comparison of reactivity
ratios in conventional and atom transfer radical copolymerization.
Carbazoylalkyl(meth)acrylates with MAA.

EMA with halophenyl maleimides.

Tri-n-butylstannyl methacrylate (TBSM) with allyl chloroacetate.
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Rzaev et al.

Sahloul and Penlidis
Saidi et al.

Sakai et al.
Sanchez-Chaves et al.
Sanchez-Chaves et al.
Sanghvi et al.
Sanghvi et al.
Sannigrahi et al.
Santhosh et al.
Santhosh et al.
Sarmah and Baruah
Sarzotti et al.

Sato et al.

Sato et al.

Sato et al.
Sayyabh et al.
Schaverien et al.
Schue et al.
Scorah et al.

Se and Aoyama

Selvam et al.

Selvamalar et al.

Senel et al.
Seno et al.
Senthilkumar et al.
Senthilkumar et al.
Senthilkumar et al.

Seridou-Karayannidou and
Seretoudi

Shah et al.

Shaikh et al.

Shan et al.
Sharma and Srivastava
Sharma and Srivastava

Sharma and Srivastava

Sharma and Srivastava
Shi et al.

Shiho et al.

Shiho and Desimone

Shinoda et al.
Shu et al.

2002
2004
2002
2002
1999
2002
2000
2002
1997
2004
2003
2003
2002

1998

1998

2001
2002
2001
2000
2001
2004

2004

2003

2003
2003
2001
2003
2001

1999

2004

2002

2000
2004
2004

2003

2003
2000

2000

2000

2001
2003

ex-KT
EVM
FR, KT

ML
™
FR, KT, TM

KT
FR,KT
FR,KT

ex-KT

ML

NLLS

NLLS
YIO

KT
EVM

FR, KT, ex-
KT, EVM

FR, KT, ex-
KT, EVM
KT, NLLS
Q-e scheme

FR, KT
FR, KT
FR,KT

ex-KT

FR

ML, KT,
NLLS

KT
KT
KT, Q-¢
scheme
KT
KT

KT

KT

FR, KT

Terpolymerization of MAnh, trans-stilbene and acrylic monomers.
STY and EA; high temperatures.

Fluorinated acrylates with STY at 80°C.

Vinylidene with MMA; emulsion polymerization.

HEMA and STY in N,N'-dimethylformamide solution.

GMA with NVP at 50 °C.

STY/AN; microemulsion; low conversions.

STY with HEMA; microemulsion rectivity ratios.

MMA with LMA.

Diphenylamine with m-toluidine.

Diphenylamine with ortho-methoxy aniline.

Behenyl (docosyl) acrylate with behenyl fumarate at 70°C.
Ethylene/1-hexene.

Ortho-(1,2-dioxolan-2-yl) phenyl ethyl fumarate (DOPEF) with
STY.

Copolymerization of p-tert-butoxystyrene (TBOSt) and di-n-butyl
maleate (DBM) with dimethyl 2,2"-azobisisobutyrate (MAIB).
N-methyl-a-fluoroacrylamide with STY at 50°C.
Benzylidenemalononitrile with MMA; nitrogen atmosphere.
Alpha-Olefins; disastereomeric metallocenes catalysts.
Butyrolactone with caprolactone and valerolactone.

MMA/V Ac; bulk/solution; low conversions.

MMA and methacryl-terminated poly(n-hexyl isocyanate).

4-(3'4'-Dimethoxycinnamoyl)phenyl acrylate and MMA at 70°C.

4-Benzyloxycarbonylphenyl methacrylate with GMA.

N-Phenylmaleimide with 2-hydroxyHEMA at 65°C.

Novel quinone methide ketals with STY at 60°C.
(Phthalimido) EMA/GMA.

Phenylethyl acrylate (PEA) with phenylethyl methacrylate.
2-(N-Phthalimido)ethyl methacrylate and STY.

N-Vinylcarbazole with N,N-dimethylaminoethyl acrylate at 60°C.

2,4-Dichlorophenyl methacrylate and BMA in toluene as solvent;
AIBN initiator at 70°C.

Isobutylene with isoprene.

STY with poly(1-vinyl-2-methylimidazole).
Limonene with STY at 80°C; FTIR analysis.
Terpolymerization of limonene, STY and MMA at 80°C.

Limonene with AN in DMF at 70°C; FTIR analysis.

Limonene with MMA at 80°C; FTIR analysis.

Maleimide with ethyl a-propylacrylate. Full conversion range.
1,1-Dihydroperfluorooctyl methacrylate (FOMA) with
methacryloxypropyl-terminated polydimethylsiloxane (M-PDMS)
to high conversion.

3-[Tris(trimethylsilyloxy)silyl] propyl methacrylate (SiIMA) with
MMA; FOMA,; and STY at high conversions.
Methacryloyl-terminated poly(dimethylsiloxane) macromonomer
with MMA.

Poly(STY-co-phosphate-containing maleimide) in toluene at 70°C.
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Shukla and Srivastava
Shukla and Srivastava
Shukla and Srivastava
Shukla and Srivastava
Smith and Klier

Song et al.

Souzy et al.

Souzy et al.
Soykan et al.

Soykan and Erol
Soykan and Erol

Soykan and Erol
Srivastava and Pandey

Srivastava et al.

Stancu et al.

Stanek et al.

Stergiou et al
Subramanian and Reddy
Sun et al.

Siinblil et al.

Szczubialka et al.

Taden et al,
Tanaka et al.
Thamizharasi and Reddy

Thamizharasi et al.
Thamizharasi et al.
Thamizharasi et al.
Thamizharasi et al.

Thamizharasi et al.

Tritto et al.
Tronc et al.

Valdebenito et al.
Van Den Brink et al
Van Den Brink et al

Van Herk and Droge
Vazquez et al.
Venkatesh et al.

2004
2003
2003
2002
1998

2003

2004

2003
2000

2004

2003

2003
2001
2002

2004

2003

2002
2002
2003

2004

2001

2002
1997
2001

1999

1999

1997

1997

2003

2002
2003

2001
1999
1999

1997
1997
2004

KT
KT
KT
KT
M

™

™
FR, KT

FR, KT,
NLLS

FR,KT

FR, KT
FR
KT

FR, in-FR,
KT, ex-KT,
™
FR,KT
KT
ML

EVM

FR, KT, ex-
KT

FR, KT

FR, KT, ex-
KT
FR, KT, ex-
KT
FR, KT, ex-
KT
FR, KT, ex-
KT
FR, KT, ex-
KT
FM

FR, KT,
NLO

NLLS
NLLS

NLLS
FR, KT, TM

Linalool and VAc; benzoyl peroxide at 60°C.

Linalool and AN.

Linalool and acrylamide at 75°C.

Terpolymer linalool-STY-MMA.

MAA with poly(ethylene glycel) mono methacrylate.

Synthesis and thermal properties of a new cholic acid-containing
copolymer.

Alpha-trifluoromethylacrylic acid with VDF and
VDF/hexafluoropropene.

VDF with methyl trifluoroacrylate.

Phenacyl methacrylate (PAMA) with AN at 70°C.
MMA with 2-(4-tert-butylphenoxy)-2-oxo-ethyl MA.

MMA or AN with [(4-isopropylphenyl) oxycarbonyl] methyl
methacrylate (IP-POMMA) in CHCl; solution at 60°C.
2-[(5-Methylisoxazol-3-yl)amino]-2-oxo-ethyl methacrylate with
STY and MMA.

STY with citronellol at 80°C.

Terpolymerization of AN-STY-linalool. Gives reactivity ratios of
AN and (linalool + STY).

Methacryloyloxyethyl phosphate wth Et methacrylate and 1-vinyl-
2-pyrrolidinone.

MMA with 2-vinyl-4,4'-dimethylazlactone (VDMA) at both low
and high conversions.

STY/alkyl methacrylates; thermal properties.
4-(4'"-nitrocinnamoyl)phenyl acrylate and GMA.

MA with 2-methylene-1,3-dioxepane at varying temperatures.

A new error-in-variables method; data obtained from automatic,
continuous, on-line monitoring of polymerization systems.

N-Isopropylacrylamide with sodium 2-acrylamido-2-methyl-1-
propanesulphonate.

5-(Methacrylamido)tetrazole and acrylamide.
Methyl a-trifluoroacetoxyacrylate (MTFAA) and STY.
N-substituted maleimide with alkyl acrylate.

4-Nitrophenyl acrylate with MMA.

MA with 4-chlorophenyl acrylate; applications in leather industry.
MMA and BMA with acetylphenyl acrylate.

GMA with nitropheny! acrylate.

BMA with 4-nitrophenyl acrylate.

Ethylene and norbornene; metallocene based catalysts.
STY and BMA with hydroxy fluorescent dyed cetyl methacrylate.

MMA-(4-hexyloxy-1-phenyloxycarbonyl)-1,4-phenylene ethylene
copolymers.

General copolymerization system.

MMA/alpha-methylene gamma-butyrolactone (MBL); online
raman spectroscopy.

General copolymerization system.
Monomethacrylate/MMA at 70°C.
MA with 1-octene using atom transfer radical copolymerization.
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Veron et al.

Vijayanand et al.
Vijayanand et al.
Vijayanand et al.
Vijayanand et al.

Vijayanand et al.
Vijayaraghavan et al.
Vijayaraghavan et al.

Vijayaraghavan et al.
Virtanen and Tenhu
Vosloo et al.

Wamsley et al.

Wan et al.
Wan and Huang

Wang et al.

Wang et al.

Wang et al.

Wen and Zhuo
Wickel and Agarwal
Wickel et al.
Williamson et al.
Wiles et al.

Wu et al.

Wu and Sheares

Xie et al.
Xu and Cheng

Xu et al.
Xu et al.

Xue et al

Yadav and Srivastava
Yadav and Srivastava

Yaegashi et al.

Yaegashi et al.
Yan et al.
Yang et al.
Yang et al.

Yamada et al.

Yamada et al.

2004

2002

2002

2002

2003

2003
1999
1996

2003
2001
2004

2004

1998
1999
1999

2001
2004
1998
2003
2003
2004
2004

1998

2001
2001

2001

2001
2001

2000

2002
2003

2004

2003
2001
2004
2002

2000

2001

FR, KT, ex-
KT
FR, KT, ex-
KT
FR, KT, ex-
KT, EVM
FR, KT, ex-
KT, EVM
FR, KT, ex-
KT, EVM

FR, KT, ex-
KT
FR,KT
FR, ex-KT

FR, KT,
NLLS

YBR
FR
NLLS

FR
EVM
KT
KT
KT
ML
ML, T™,

EVM, TM

ML

FM

ex-KT

KT
KT

Curve fitting

Q-e scheme
FR
FR
FR,KT

KT

S

N,N-dimethylaminoethyl methacrylate and 2-methylacrylic acid 2-
(3-imidazol-1-yl-propionyloxy)ethyl ester at 60°C.

3,5-DMPA with GMA.
3,5-DMPMA with GMA.
3,5-DMPA with MMA at 70°.
3,5-DMPA with MMA at 70°C.

4-(Benzyloxycarbonyl)phenyl acrylate with MMA.
4-Clorophenyl acrylates and GMA copolymers.
4-Methyl and 4-methoxyphenyl acrylates with GMA at 70°C.

STY-MMA, STY-EMA, and STY-BMA.
N-Isopropylacrylamide with GMA at 70°C.

BMA with N-acryloxysuccinimide.

Leucine with beta-benzyl aspartate, beta benzyl aspartate with
valine, and valine with leucine.

N-Phenylmaleimide with ethyl a-phenylacrylate.

Ethyl phenylacrylate (EPA) with N-phenylmaleimide (NPMI).
Octene-1 and ethylene with metallocene catalyst using Behnken
approach.

Various cyclic phosphates and cyclic carbonates.

AMS with BA; parameter considerations.

Lactide with ethylene mathyl phosphate.

BMDO with STY.

BMDO with MMA.

STY with 1,3-cyclohexadiene; insitu FTIR spectroscopy.

AN and MA.

Used EVM in combination with TM to provide optimal
experimental [M1]/[M2] ratios for cationic copolymerization of
cyclic ketene acetals.
2-(N-Benzyl-N-methylamino)methyl-1,3-butadiene with STY at
75°C.

Epichlorohydrin with other alkylene oxide.

4-Methyl-1-pentene and ethylene with group 4 ansa-
cyclopentadienylamido complexes.

Propylene with various higher a-olefins.

Polymerizable anionic surfactants and STY; emulsion copolym.
N-Isopropylacrylamide with AA, MAA and acrylamido-methyl-
propane sulfonate (AMPS).

MMA with a-terpineol.

STY with a-terpineol at 80°C.
N,N-diethyl-2-methylene-3-butenamide (DEA) with STY and with
chloroprene.

N-(2-methylene-3-butenoyl)piperidine with STY.

BA with (methacrylamido)propyl]trimethylammonium chloride.
MMA with N-p-tolymaleimide.

DL-lactide with 3-benzyloxymethyl-1,4-dioxane-2,5-dione.
VAc, VPi and vinyl 2,2-bis(trifluoromethyl)propionate (VF6Pi)i in
fluoroalcohols as solvents.

Amphiphilic block and statistical copolymers with pendant glucose
residues
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Yamada et al.

Yamamoto et al.

Yamamoto et al.

Yan-Ming et al.
Ydens et al.

Yoon et al.

Zaldivar et al.

Zerroukhi et al.
Zetterlund et al.

Zhang et al.
Zhang et al.
Zhang et al.

Zhang et al.

Zhang and Easteal

Zhao et al.
Zhao et al.
Zhao et al.
Zhao et al.
Zhou et al.
Zhu et al.

Ziaee and Nekoomanesh

Ziegler and Matyjaszewski

2003
2000

2003

2001
2003

2003

1998

1999
2002

2001
2003
2002

2001

2003

2001
2002
2002
2002
1999
2001

1998

2001

NLLS

KT, TM, FR,
ML

KT, TM, ML
NLO

S

FR, KT

KT
FR, KT

FR, KT, TM

ML, KT, ex-
KT, FR, in-
FR, TM, MH
NLLS

Me a-(chloromethyl)acrylate with STY.
N-vinylformamide and N-vinylisobutyramide (NVIBA); used
curve fitting method based on nonlinear least squares procedure.

N-vinylacetamide (NVA) and N-vinylformamide copolymerization
with VAc.

STY and poly(tetrahydrofuran) macromer.

HEMA with MMA; high MMA conversion.
Bis(3-hydroxypropyl)terephthalate (BHPT) and bis(2-
hydroxyethyl) terephthalate (BHET).

AA with VAc.

Substituted styrenes - MAnh copolymers; high conversions.
STY and cyclohexyl methacrylate in benzene at 60°C.

STY with 2-[(perfluorononenyl)oxy] ethyl methacrylate at 100°C.

STY and MMA in room temperature ionic liquid.

Butadiene with STY; using dialkylmagnesium- halohydrocarbon
catalytic system.

Isoprene and STY; neodymium catalyst and alkylmagnesium
cocatalyst.

N-isopropylacrylamide with 2-acrylamido-2-methyl-1-
propanesulfonic acid at 70°C.

N-Phenylmaleimide with STY.

N-Hexylmaleimide with STY at 110°C.

N-butyl maleimide and STY; charge transfer complex.
N-phenylmaleimide and STY.

Acrylamidolatamine (LAM) with N-isopropylacrylamide.
Ethylene and butylenes.

STY with BA at 80°C.

MMA and n-BA.
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Table 4.2: Listing of articles (1980 to date) which give triad fractions/sequence length data and reactivity
ratio estimates.

Reference Year | Method | Description
AN-Pentyl MA. Uses composition data to determine
Brar and Dutta 1998 KT, EVM | reactivity ratio values, which are used in a model to

compare predicted vs. experimental triad fractions data.
AN-AA. Uses composition data to determine reactivity

Brar and Dutta 1998 KT, EVM | ratio values, which are used in a model to compare
predicted vs. experimental triad fractions data.

Brar et al. 1994 AN-alkyl MA.

Brar and Kaur 2003 KT, EVM | N-vinylcarbazole and MMA.

Brar and Kaur 2003 KT, EVM | N-vinylcarbazole and BMA.

Brar and Pradhan 2003 Terpolymer AN-STY-GMA.

Brar and Pradhan 2003 Terpolymer MAN-STY-MMA.

Brar et al. 2003 KT, EVM | NVP and MAN.

Brown and Fujimori 1994 STY with citraconic anhydride.

Burke et al. 1994 | Box-Draper (SI_TY-.AI.\I; d}scusses penultimate and terminal model

1scrimination.

de la Fuente et al. 2001 MMA and BA; sequence distribution.
STY with 2-0xo0-2-(4-methyl)phenylamino]ethylene

Erol et al. 2004 FR,KT | methacrylate at 65°C; used infrared, C'* and H-NMR
techniques.

Escher and Galland 2004 Terpolymerization of ethylene-propylene-1-hexene.

Ferando and Aldo 1997 STY and AN; no parameter estimation.

Fernandez-Monreal et al. 1999 ™ 2-HEMA/STY in DMF solvent.

Galimberti et al. 1998 Ethene/propene.

Ha N 1998 NLLS STY-c'o-cmac_omc qnhydrlde—polymers; terminal and
penultimate discussion.

Ha et al. 1999 NLLS STY aqd citraconic anhydride; terminal and penultimate
discussion.
STY-AN; compares penultimate and terminal reactivity

Hill et al. 1989 NLLS ratio estimates using both composition and triad fractions
data.

Hill et al. 1992 NLLS ST_Y-AN; compares pe‘nultimat’e and terminal reactivity
ratio estimates using triad fractions data.

Hooda and Brar 2003 KT, EVM | 4-vinyl pyridine with MAN.

Kim and Harwood 2002 MMA with MA.

Kim et al 2003 Dimethyl(1-ethoxycarbonyl)vinyl phosphate with STY;

C", P*! and H-NMR analysis.
Klumperman and Kraeger 1994 NLLS STY and AN; discusses only penultimate model.

Kramer et al. 1999 STY and EA; high conversion data.
Maxwell 1993 NLLS STY.-MMA; compares predicted vs. experimental triad
fractions.

Acrylamide-AN. Uses composition data to determine
Mukherjee et al. 1999 KT, EVM | reactivity ratio values, which are used in a model to
compare predicted vs. experimental triad fractions data.

STY-co-maleic anhydride polymers; terminal and

Nguyen, T 1997 NLLS penultimate discussion.
Infrared for obtaining sequence distribution contains a bias
O'Driscoll et al. 1980 that causes the apparent reactivity ratios to show a trend
with composition.
O'Leary 2004 ' Copolymers of poly(n-alkyl acrylates) at low conversion.
Pazhanisamy et al. 1997 FR, KT AMS with N-cyclohexylacrylamide in toluene at 60°C;

characterized by H-NMR and C-NMR spectroscopy.
Rudin et al. 1981 Vinyl compounds.
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Selvamalar et al. 2004
Soykan and Erol 2004
Sundarrajan et al. 2003
Wharry 2004
Zhao et al. 2001

FR, KT, ex-
KT, EVM

FR, KT

BCPA with GMA at 70°C; FTIR, |H-NMR, 13C-NMR
spectrometry.

N-(4-acetylphenyl)-maleimide and STY; FTIR, 1H and
13C NMR analysis.

Ethylene dibromide or methylene dibromide with styrne
dibromide and sodium sulfide; H-NMR and 13C-NMR
analysis.

Ethylene with 1-hexene.

N-butyl maleimide with STY.

Table 4.3: Abbreviations of monomers/chemicals.

Abbreviations Description
AA Acrylic acid
AIBN 2,2'-Azo-diisobutyronitrile
AMS Alpha-methyl styrene
AN Acrylonitrile
BA Butyl acrylate
BCPA Benzyloxycarbonylphenyl acrylate
BCPM 4-benzyloxycarbonylphenyl
BMA Butyl methacrylate
BMDO 5,6-Benzo-2-methylene-1,3-dioxepane
CPA Chlorophenyl acrylate
DCPA Di-cinnamoyl phenyl acrylate
DMA N,N-dimethylacrylamide
DMF N,N’-dimethylformamide
DMAEMA poly(N,N-dimethylamino)ethyl methacrylate
DMPM Di-methoxyannamoyl phenyl methacrylamide
DMPMA 3,5-Dimethylphenyl methacrylate
DMPA 3,5-Dimethylphenyl acrylate
EA Ethyl acrylate
EMA Ethyl methacrylate
GMA Glycidyl methacrylate
HEA Hydroxyethyl acrylate
HEMA 2-hydroxyethy! methacrylate
HPMA Hydroxypropyl methacrylate
LMA Lauryl methylacrylate
MA Methyl acrylate
MAA Methacrylic acid
MAN Methacrylonitrile
MAnh Maleic anhydride
MBL a-methylene-y-butyrolactone
MEK Methyl ethyl ketone
MMA Methyl methacrylate
MSMPK Methacryloyl styryl methoxy phenyl ketone
NAS N -acryloyloxysuccinimide
NVP N-vinyl-2-pyrrolidone
PCPA Propanoyl cinnamoyl phenyl acrylate
STY Styrene
VAc Vinyl acetate
VPi Vinyl piralate
VDF Vinylidene fluoride
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Table 4.4: Abbreviations of estimation techniques.

Abbreviations Description
Box Draper Box Draper Determinant Criterion
EVM Error in Variables Model
ex-KT Extended Kelen Tudos
FM First Order Markovian Statistics
FR Fineman-Ross
H Harwood Excel Program
in-FR Inverted Fineman Ross
KT Kelen Tudos
MH Mao-Huglin
ML Mayo-Lewis
NLLS Nonlinear Least Squares
NLO Nonlinear Optimization
NM Nelder and Mead Simplex method
S Skeist
™ Tidwell-Mortimer
YBR Yezuilev-Brokhina-Roskin
YIO Yamada-Itahashi-Otsu Nonlinear Least Squares Method
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4.3 Literature Case Studies Reviewed

In this analysis we used the program RREVM developed by Dube et al. (1991) and updated by
Polic et al. (1998), which is baséd on the EVM estimation technique using copolymer
composition data at low conversion. Furthermore, in the following case studies the exact shaped
95% approximate probability joint confidence region and the approximate shape and 95%
probability joint confidence region of the reactivity ratio estimates are referred to as the exact

JCR and the ellipse JCR, respectively.

4.3.1 DMPA-MMA Case Study

The first case to be analyzed was that of a well behaved system. That is, the reactivity ratio point
estimates from a number of parameter estimation techniques agree with one another for a
particular copolymer system, in this case 3,5-dimethylphenyl acrylate (DMPA) and methyl
methacrylate (MMA).

Data was published by Vijayanand et al. (2003) for the DMPA-MMA copolymerization, see
Table 4.5. The aim of the analysis was to demonstrate that for a well behaved system point
estimates from other parameter estimation techniques are contained within the RREVM exact
shaped 95% approximate probability joint confidence region and the calculated copolymer
compositions, using the point estimates, at varying feed compositions, are in good agreement

with experimental results.

Table 4.5: Data used in analysis of DMPA-MMA bulk system (Vijayanand et al. 2003).

Initial Feed Composition Copolymer Composition
(Mol frac DMPA) (Mol frac DMPA)
fl F 1
0.1506 0.0702
0.3445 0.1928
0.5009 0.2958
0.6311 0.4201
0.8092 0.6197
0.9023 0.7908

In order to conduct the analysis in RREVM, the feed data was assumed to have a measurement
error of 3% while the copolymer data was assumed to have a 10% measurement error. The

estimates of the reactivity ratios from RREVM and those given by Vijayanand et al. (2003) can
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be seen in Table 4.6. In the RREVM analysis the initial estimates used for the reactivity ratios

were those provided by the original data source group (Vijayanand et al., 2003) using the Kelen-

Tudos parameter estimation method.

Table 4.6: Reactivity ratio estimation results for the data of Vijayanand et al. (2003).

and et al (201 Ke 1dos :
Current work EVM 0.3889

The exact JCR for the reactivity ratio estimates of the DMPA-MMA system was also completed
using RREVM (refer to Figure 4.1).
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Figure 4.1: Exact JCR for DMPA-MMA copolymerization system using RREVM.

As can be seen in Figure 4.1, the point estimates are similar in location and are contained within
the EVM exact JCR. Consequently, when the estimates were used to produce plots of the
instantaneous copolymer composition, using the Mayo-Lewis equation (Equation. 2.21), it was
anticipated that the curves would be similar (refer to Figure 4.2). The experimental values were
also plotted on the figure as copolymer composition versus feed composition. As can be seen in

Figure 4.2, there is good agreement between the curves.
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The points shown as black circles on Figure 4.2 were from point estimates obtained by sampling
from within the exact JCR of Figure 4.1. They were used to create a mock confidence band to
show that the confidence region can be translated into an anticipated copolymer band. That is,
using the confidence band (created by the sampling of the joint confidence region) and a given
feed composition one can anticipate at a 95% confidence level that the copolymer composition
will fall within the band at that feed condition. This would be particularly helpful for a quick

reference guide for the anticipated copolymer composition in an industrial system that
concentrates on a select copolymer system.
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Figure 4.2: Instantaneous copolymer composition curves of DMPA-MMA system,

This is equivalent to perturbing the values of the reactivity ratios using reasonable magnitudes of
variation, and looking at the corresponding effect on the predicted values of copolymer
composition (i.e., looking at the variance of the predicted values). We can then compare the
magnitude of the band with typical measurement (experimental) errors and therefore have a

better appreciation of the effect of uncertainty in the parameter estimates.
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4.3.2 STY-AN (Bulk) Case Study

Analysis of the styrene (STY) and acrylonitrile (AN) copolymer system was conducted using
data collected by Hill et al. (1989), refer to Table 4.7. Determination of the reactivity ratios was
completed by Hill et al. (1989) and also recalculated by Kaim and Oracz (1998). In the article by
Kaim and Oracz (1998) model discrimination between the terminal and penultimate models is
performed by using the reactivity ratios estimated from the two models to calculate copolymer
composition at various feed fractions and subsequently show the results on the instantaneous
copolymer composition curve. However, in the following analysis it is shown that visual
inspection of the instantaneous copolymer composition curves is not sufficient for model

discrimination.

Table 4.7: Data used in analysis of STY-AN bulk system (Hill et al. 1989).

Initial Feed Composition Copolymer Composition
(Mol frac STY) (Mol frac STY)
f1 Fl
0.021 0.234
0.023 0.248
0.047 0.323
0.053 0.333
0.072 0.36
0.104 0.406
0.221 0.476
0314 0.51
0416 0.542
0.53 0.582
0.631 0.627
0.696 0.649
0.802 0.705
0.889 0.772
0.939 0.829

In order to conduct the analysis in RREVM, the feed data was assumed to have a measurement
error of 3% while the copolymer data was assumed to have a 10% measurement error. The
estimates of the reactivity ratios for the terminal and penultimate model, given by Kaim and
Oracz (1998) and Hill et al. (1989), can be seen in Table 4.8. In the RREVM analysis the initial
reactivity ratio estimates were those provided by the original data source group, Hill et al.
(1989).
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Table 4.8: Reactivity ratio estimation results for the data of Hill et al. (1989).

The reactivity ratio exact JCR for the STY-AN system was also completed using RREVM, refer
to Figure 4.3. It can be seen in the figure that the system is well behaved as the literature

reactivity ratio estimates fall within the exact JCR obtained from RREVM.
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Figure 4.3: Exact JCR for STY-AN bulk system using RREVM.,

Similar to the previous case study, the plots of the instantaneous copolymer composition curves
were obtained by using the reactivity ratio estimates in the Mayo-Lewis equation (Equation
2.21). Furthermore, the penultimate reactivity ratio estimates by Kaim and Oracz (1998) were
used in a similar equation for the instantaneous copolymer composition, according to the
penultimate model, to plot the subsequent penultimate estimate of the copolymer composition
curve. As can be seen in Figure 4.4, there does not appear to be considerable differences in the

curves, despite the fact that one curve uses penultimate reactivity ratio estimates. However,
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enlarging a region of the plot in the same way as that in Kaim and Oracz (1998), slight variations

amongst the estimates can be seen, refer to Figure 4.4.

From the enlarged plot in Figure 4.4 Kaim and Oracz (1998) stated that from visual inspection,
the terminal model is not able to describe the variation of the copolymer composition with the
monomer in an exact way. And after analysis with the penultimate parameters the article further
states that the results confirm the known fact that the penultimate model is the more appropriate
of the models. However, it is important to note that it is extremely difficult to prove such
hypothesis without the use of error levels or replicates. In other words, using one data set without
error bars, but rather visual inspection of a selected region on the graph is very misleading as the
basis of discrimination between models is dependent on that data set and whether one
subjectively considers the deviation from measurements to be beyond the expected measurement
errors. That is, model discrimination can not occur unless there is a quantifiable deviation from
the measured values which is beyond the extent of typical measurement errors. There is a
considerable volume of literature specifically detailing the method of model discrimination in

copolymer systems, such as Burke et al. (1994).
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Figure 4.4: Instantaneous copolymer composition curves of STY-AN system.

4.3.3 STY-AN (Solution) Case Study

A relatively recent article by Kaim (2000), focused on determining whether a solvent effect, on

reactivity ratio estimates, exists in the styrene (STY) and acrylonitrile (AN) copolymerization
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system. In order to be able to determine the existence of a potential solvent effect in the STY/AN
copolymerization system, copolymer composition data sets, with different solvents, were used to
estimate reactivity ratios. Kaim’s (2000) research however, did not involve experimental work
and thus utilized data from Hill et al. (1992) and Klumperman and Kraeger (1994). Consequently
in this work the aim was to re-analyze the data using EVM as the parameter estimation method,

to determine whether a solvent effect could be statistically said to exist.

Firstly, Klumperman et al. (1994) provided the data for the STY/AN copolymerization using
toluene and DMF solvent systems (refer to Table 4.9), while Hill et al. (1992) provided data for

the bulk, toluene solvent and acetonitrile solvent systems (refer to Table 4.10).

Table 4.9 Data for toluene and DMF solvent STY/AN systems at 60°C (Klumperman et al. 1994).

Copolymer Composition
(Mol frac STY)
K

Initial Feed Composition
(Mol frac STY) Toluene solvent DMF solvent
fy
0.0149 0.101
0.015 0.094
0.0151 0.092 0.113
0.0152 0.092
0.0155
0.0377 0.233
0.0406 0.231
0.0531
0.1037
0.1084 0.336
0.1085 0.337
0.1091 0.333
0.1095
0.1101 0.366
0.111 0.361
0.1899 0.434
0.2214
0.2639 0.452
0.3241 0.496
0.4182 0.495
0.5009 0.566
0.5727 0.591
0.5763 0.594
0.5765 0.556
0.5769 0.587
0.5861
0.6198
0.7503 0.596
0.7555 0.67
0.8006
0.8303 0.698
0.9317 0.788
0.9334 0.818
0.9348 0.821
0.9349 0.827
0.9392
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Table 4.10: Data for bulk, toluene solvent and acetonitrile solvent STY/AN systems at 60°C (Hill et al. 1992).
Copolymer Composition

(Mol frac STY)
F,
Initial Feed Composition
(Mol frac STY) Bulk Toluene solvent Acetonitrile solvent

f;
0.021 0.234
0.023 0.248
0.035 0.135 027
0.047 0.323 0.3
0.053 0.333
0.072 0.360 0.275 0.365
0.104 0.406
0.125 0.375 0419
0.212 0.44 0.475
0.221 0.476
0.276 0.485 0.5
0314 0.510
0.364 0.52 0.542
0416 0.542
0.462 0.55 0.577
0.53 0.582
0.596 0.6 0.629
0.631 0.627
0.696 0.649 0.645 0.674
0.802 0.705
0.808 0.7 0.74
0.889 0.772

0.9 0.78 0.84
0.939 0.829

Using the different data sets in RREVM, the plots of the reactivity ratios exact JCRs were

generated and can be seen in Figure 4.5. In the plot the abbreviations (Hill, 1992 data) and

(Klumperman, 1994 data) refer to use of the data sets provided by Hill et al. (1992) and

Klumperman and Kraeger (1994), respectively.

Firstly, the literature point estimates by Kaim (2000) can be seen in Figure 4.5 to be outside the

exact JCRs for the toluene and DMF solvent cases. The figure also shows that for the toluene

solvent system, the collection of the data set can impact the location of the reactivity ratios

significantly. That is, the RREVM analysis performed on the toluene data from Hill et al. (1992)

does not agree with the analysis performed on the toluene data from Klumperman and Kraeger

(1994), even though the temperature during both copolymerization experiments was the same.
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Figure 4.5: Exact JCRs for the STY/AN copolymerization system with different solvents.

Furthermore, it can be seen in Figure 4.5 that the variation (from the bulk case) in the reactivity
ratios when the toluene and DMF solvents are used, is greater than the shift when acetonitrile
solvent is used. The variation could be considered to be a possible solvent effect, provided that
the variation can not be attributed to experimental errors. The solvent effect however can not be
statistically proven unless the error levels were known and specific feed regions, which ensured
that the precipitation of polyAN did not affect the copolymerization, were used. Consequently,
further work is required to find feed regions and conditions that would limit the degree of
precipitation of polyAN and then parameter estimation analysis redone on the new experimental

data collected at the optimum feed/system conditions.

4.3.4 MMA-AM Case Study

The copolymer composition data at low conversions for the methyl methacrylate (MMA) and
acrylamide (AM) copolymerization was collected by Talpur et al. (1996), for two systems with

different solvents; dioxane and cyclohexane (refer to Table 4.11).
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The article by Talpur et al. (1996) suggests that EVM was the parameter estimation method used
and references the article by Dube et al. (1991). However, analysis of Talpur et al. (1996) data
set with the program RREVM, which is the EVM program developed by Dube et al. (1991),
results in reactivity ratio estimates that are quite different from the literature values (refer to
Table 4.12). The RREVM analysis was completed twice as seen in the table, due to the fact that
some of the data obtained by Talpur et al. (1996) exceeds conversions of 5%. The conversion
limit of 5% 1s set to avoid issues of composition drift which can distort the reactivity ratio
estimates, as the model used (Mayo-Lewis) deals with instantaneous properties. It can be seen
that removing the data that contains conversions higher than 5% has a considerable impact on the

estimates obtained.

Table 4.11: Data used in analysis of MMA-AM system (Talpur et al. 1996).

Cyclohexane solvent Dioxane solvent
Initial Feed Copolymer
Composition Composition Conversion | Copolymer Composition | Conversion
(Mol frac MMA) (Mol frac MMA) (wt%) (Mol frac MMA) (wt%)
f, Fy Xy F, Xw
0.9 0.954 743 0.9 2.027
0.8 0.922 7.32 0.874 1.716
0.7 0.876 7258 0.787 1.547
0.6 0.756 5.234 0.615 1.632
0.5 0.598 6.813 0.465 1.461
0.4 0.453 6.724 0.344 1.381
0.3 0.33 6.816 0.258 1.253
0.2 0.235 5.073 0.186 1.202
0.9 0.954 2.994 0.942 6.225
0.8 0.86 3.451 0.893 6.635
0.7 0.992 3.672 0.784 6.741
0.6 0.494 3.59 0.686 6.667
0.5 0.386 3.563 0.566 6.307
04 0.289 3.261 0.436 7.839
0.3 0.227 3.249 0.328 7.768
0.2 0.137 2.873 0.256 6.577

Table 4.12: Reactivity ratio estimation results for the data of Talpur et al. (1996).

Cyclohexane solvent Dioxane solvent

“RREVM (all data points) | 2.0241 17276 13946 | 1.1143

RREVM (only data points with [ ) 40/, 2.1373 1.3061 1.3811
conversion below 5%)

In the RREVM program the initial estimates used were the literature values of Talpur et al.
(1996). Also, the feed data was assumed to have a measurement error of 5% while the copolymer

data was assumed to have a 10% measurement error. The copolymer composition error was set
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to 10% due to the nature of obtaining the copolymer composition being quite error prone; while

Talpur et al. (1998) set it to an unreasonably low value of 1%.

The JCRs for the dioxane and cyclohexane solvent systems were also completed using RREVM

and can be seen in Figures 4.6 and 4.7, respectively.
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Figure 4.6: Ellipse JCRs for MMA-AM (dioxane solvent) copolymerization system using RREVM
(assumed feed and copolymer measurement errors of 5 and 10%, respectively).
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Figure 4.7: Exact JCRs for MMA-AM (cyclohexane solvent) system using RREVM
(assumed feed and copolymer measurement errors of 5 and 10%, respectively).
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In Figure 4.6, the ellipse JCRs are shown rather than the exact JCRs, as the exact JCR
calculations in RREVM could not converge for the case where all the data is used. However,
regardless of which JCR is analyzed the important point to be seen from both figures is that the
estimates provided by Talpur et al. (1996) lie outside the JCRs.

In order to ensure that the assumed level of error in the copolymer composition measurement
was not the source of difference between the Talpur et al. (1996) and the current RREVM
estimate, analysis was completed using the error levels outlined in the paper (5% for feed
composition and 1% for copolymer composition). However, the JCRs obtained from the new
analysis still show that the point estimates, referenced in the article, fall outside the JCRs (see
Figures 4.8 and 4.9). The case of Figure 4.9, where only data with conversion levels below 5%
were input to RREVM, resulted in the program not converging and hence JCRs could not be
shown. Therefore, it can only be presumed that the method used by the group was not in fact the

EVM method outlined in the paper by Dube et al. (1991).
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Figure 4.8: Ellipse JCRs for MMA-AM (dioxane solvent) system using RREVM
(assumed feed and copolymer measurement errors of 5 and 1%, respectively).
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Figure 4.9 Ellipse JCRs for MMA-AM (cyclohexane solvent) system using RREVM
(assumed feed and copolymer measurement errors of 5 and 1%, respectively).

4.3.5 Case Studies with New Experimental Data

Tables 4.13 to 4.17 cite new copolymer composition experimental data for several functionalized

systems (Penlidis, 2005) for photonic/electronic/automotive protective coatings applications.

Only abbreviations of the monomer names are used in the following discussion; however the full

chemical names of the monomers can be found in Table 4.3.

In the RREVM analysis of these case studies, a number of scenarios were run in order to see the

effect of the initial estimate and the measurement errors on the reactivity ratios. Using these

scenarios it was seen that when the initial estimates of reactivity ratios were varied, the point

estimates of the parameters remained constant. Furthermore, when the measurement errors in the

feed and copolymer were varied, the effect on the point estimates was negligible; suggesting the

systems are well behaved.
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Table 4.13: Data used in analysis of NAS-DMA system.

Initial Feed Composition Copolymer Composition
(Mol frac NAS) (Mol frac NAS)
fl Fl
0.8503 0.8726
0.848 0.8749
0.6703 0.6859
0.6629 0.6933
0.5038 0.5088
0.4936 0.5131
0.3234 0.2796
0.2998 0.3032
0.0899 0.0597
0.0857 0.0639

Table 4.14: Data used in analysis of PCPA-GMA system.

Initial Feed Composition Copolymer Composition
(Mol frac PCPA) (Mol frac PCPA)
f] F]
0.1495 0.1061
0.3575 0.2569
0.5011 0.3848
0.6493 0.5241
0.8071 0.6961
0.9007 0.8280

Table 4.15: Data used in analysis of DCPA-GMA system.

Initial Feed Composition Copolymer Composition
(Mol frac DCPA) (Mol frac DCPA)
fy F,
0.1497 0.0731
0.352 0.1827
0.4989 0.2793
0.6507 0.3931
0.8012 0.5348
0.8993 0.6812
Table 4.16: Data used in analysis of DMPM-GMA system.
Initial Feed Compeosition Copolymer Composition
(Mol frac DMPM) (Mol frac DMPM)
fl Fl
0.1493 0.0672
0.3496 0.1853
0.5010 0.2864
0.6498 0.4307
0.8012 0.6211
0.9002 0.7805

Table 4.17: Data used in analysis of MSMPK-MMA system,

Initial Feed Composition Copolymer Composition
(Mol frac MSMPK) (Mol frac MSMPK)
fy F,
0.1503 0.2729
0.3012 0.4010
0.5032 0.5791
0.6518 0.7029
0.7998 0.8211
0.9012 0.9016
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The point estimates found by using the RREVM program with assumed error levels of 5% and
10% for feed monomer one fraction and copolymer monomer one fraction respectively, can be
seen in Table 4.18. Additionally, the estimation techniques used by the research group included
Fineman-Ross (FR), Inverted FR (Inv-FR), Kelen-Tudos (KT) and extended KT (ex-KT), which

can also be seen in Table 4.18 for the respective system.

Table 4.18: Reactivity ratio point estimates for the copolymerization systems.

System Estimation T r
Method
NAS-DMA
Inv-FR 1.55 1.55
PCPA-GMA
DCPA-GMA
DMPM-GMA
MSMPK-MMA
ex-KT 0.9731 0.4055

It is interesting to note here that in the NAS-DMA copolymerization case the linear estimates
suggest 1, to be slightly greater than r; (refer to Table 4.18). This suggests that radicals with
monomer two (DMA) terminal units have a greater affinity for adding their own monomer than
radicals with monomer one (NAS) terminal units have for adding their respective monomer (i.e.,
that radicals with a DMA monomer terminal unit add more DMA monomers to the growing
copolymer chain, compared to radicals with a NAS monomer terminal unit adding NAS
monomer). Consequently, the linear parameter estimates would suggest that the copolymer
would have a lower mole fraction of NAS than the initial feed, as DMA is preferentially added
by the growing radical chain. However, when the raw data is analyzed, this is not the case.
Rather, from inspecting the data there appears to be a trend that when a certain mole fraction of

NAS in the feed is given, the copolymer formed is slightly richer in NAS than the feed
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concentration. Consequently, the data suggests that r; should be slightly greater than r,, which is

in agreement with the EVM result, refer to Table 4.18.

Furthermore, the result of obtaining both reactivity ratios to be greater than unity in the NAS-
DMA case is very rare and indicates a certain copolymer pattern. That is, when a reactivity ratio
is greater than unity, this suggests that a radical with a certain monomer terminal unit
preferentially adds the same monomer. Consequently, when both reactivity ratios are greater than
unity this suggests that both radicals with opposing monomer terminal units preferentially add
their own monomer. The result of both reactivity ratios being greater than unity is then a
tendency to form blocks of both monomers in the chain. The reactivity ratios thus indicate the
formation of block copolymers and that the statistical “chance” of forming one block of
monomer one to be slightly greater than forming a block of monomer two, hence the trend of
slightly greater concentrations of monomer one (NAS) in the copolymer than the concentration

given in the feed (refer to Table 4.13).

The exact JCRs for the reactivity ratios for these copolymerization systems were also generated
using RREVM and plotted alongside the respective point estimates from the other parameter
estimation techniques; refer to Figures 4.10 - 4.14. The figures show that the linear estimates fall
within the RREVM exact JCRs for all the different copolymerization systems. Consequently, it

is reasonable to suggest that the systems are well behaved.
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Figure 4.10: Exact JCR for NAS-DMA system and point estimates.
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Chapter 5

Estimation of Reactivity Ratios from

Instantaneous Data

5.1 Reactivity Ratio Estimation from Instantaneous Data

Typically, reactivity ratio estimates are obtained from analyzing instantaneous models of either

triad fractions or copolymer composition data.

Triad fractions are sequences of three consecutive monomer units in a copolymer chain. The
fractions are categorized as either monomer-1-centered triads or monomer-2-centered triads. The
triads are denoted by Ajjx, where i, j and £ are either monomer units 1 or 2. The six triad fractions

as stated in Koenig (1980) can be related to the reactivity ratios through the following equations:

2 42 5
- nh — n f
111 2 2 2 222 2 2 2
W H2nfifat fo R 2 fifa+ h
. erf 2r. ff
A+ A =——; 2 2 Ay + Ay =5 2-1-2 5
n ARt R 2nfifat hi
2 2
AZ]Z = 2 2 f2 2 A121 = 2 2 fl 2 (5'1)
N 2nfif, ) n LTt fi

where f; and f> represent the mole fraction of monomer 1 and 2 in the feed, respectively. It is also
well established that the sum of the monomer-1-centered triad fractions is one and similarly with
the monomer-2-centered fractions. Therefore, a reactivity ratio estimation scheme which uses all
six triad fractions will lead to highly correlated parameter estimates (Burke, 1994). As a result, in
this research A;; and Ay, unless otherwise stated, were arbitrarily eliminated in order to avoid

the issue of linear dependency.
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It is also important to note here that triad fractions are not measured directly, but rather are
linearly related to C'*-NMR spectral data (Burke, 1994). That is, the normalized peak areas in
the NMR spectral data are related to the triad fractions by:

X 0 0 (1_0'12)2 Ay

Y |= 1 1-0yp 20'12(1_0'12) Ajp4am1 (5.2)
_Z 0 oy 0'122 Ary

[ 4 0'122 G012 0'222 A

B+C|= 1‘"0'122 1-0p0, 20'22(1_0'22) Aypr4m1 (5.3)
R 0 0 (1 —02 )2 Ay

where X, Y, Z, A, B+C and D are relative peak areas in the CB-NMR spectrum with the known
calibration parameters, 612 and G »; (i.€., coisotacticity and tacticity parameters, respectively). As
a result, in the literature the NMR normalized peak areas may be given or the calculated triad
fractions explicitly stated. Thus use of either form of the triad fractions data or the NMR

normalized peak areas data was made possible in the EVM program.

In contrast, the copolymer composition is the mole fraction of monomer one incorporated in the
copolymer. Typically, the instantaneous copolymer composition model is referred to as the
Mayo-Lewis model. It relates the monomer feed composition with the copolymer composition,
F;, by the following equation:

___ AR +AC=S) 5.4)
R+ 240= )+ (- 1)

1

5.2 Program Development and Error Structure

The main method used in this work for estimating reactivity ratios is the error in variables model
(EVM), as it has been shown that this model is a better statistical method for parameter
estimation in copolymerization systems (Rossignoli and Duever, 1995). As EVM is the routine
developed in the MATLAB program, the error structure of the data must be considered in order
to be able to create the covariance matrix, V. While copolymer composition data is considered
by most to have a multiplicative error structure, the triad fractions data error structure has not

been studied or reported in the literature in any great detail and thus whether or not the error
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structure is additive or multiplicative is unclear. Consequently, the following case studies were
analyzed for both multiplicative and additive error, to illustrate the impact the error structure of

the data may have on the reactivity ratio estimates.

The error levels and subsequent covariance matrix used in the EVM program, was obtained
using the approach outlined by Rossignoli and Duever (1995). In Section 3.5, a summary of this
approach can be reviewed. An important conclusion from Section 3.5 showed that the variance
of the variable x, (V(x)) when an additive error structure is imposed, is the same as the variance
of the transformed variable (¥(In x)), when a multiplicative error structure is imposed; provided
that the error can be said to be below £10%. As a result the covariance matrix for copolymer

composition data, assuming there is no covariance between feed and copolymer compositions, is

given by:
k 2
f1 0
v=|3 ) (5.5)
0 kFl
3

Where the errors of the mole fraction of monomer one in the feed and copolymer can be said to
be +k;; and +kp; units, respectively (where +£ units is the same units as the measured variable x

and as we are measuring mole fractions it thus becomes %k percent).

Similarly for triad fractions data (or NMR normalized peak areas) the covariance matrix used in
the EVM model is obtained by:

k 2
f3 : 0 0 0 0
k 2

y= 0 % 0 0 0 (5.6)
B kA2122

0 0 ——3——— 0 0

0 0 0 M 0

3 2
o 0 0 0 "A%

In the following chapter case studies, unless otherwise stated, the feed composition and triad

fractionss/NMR normalized peak areas errors were assumed to follow a uniform distribution of
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+5%, while copolymer composition error was uniformly distributed in the interval +10%.
Therefore, using the assumed error levels the covariance matrix for copolymer composition and

triad fractions are given by:

0.05° 0
¥V (copolymer composition) = 3 0.12 5.7
0 .
3
0'(;52 0 0 0 0
0.052 0 0 0
V(triad fractions or NMR normalized peak areas) = 3 . (5.8)
0 0.05 0 0
3 2
0 0 0.05 0
3
0 0 0 0.05”
L 3

The EVM program used in this thesis was developed in the MATLAB programming
environment. Preliminary work carried out by Dalvi (2003) converted the EVM program
described in Reilly et al. (1993) from Fortran to MATLAB. The first case study analyzed in this
section is the Burke (1994) NMR normalized peak areas data which was used to troubleshoot
and validate the EVM program in MATLAB. Subsequent case studies were used to (1)
determine the potential improvement in reactivity ratio estimation using either triad fractions or
NMR normalized peak areas data in place of and in addition to composition data, (2) illustrate
the impact the selected error structure of the data can have on the reactivity ratio estimates, and
lastly (3) demonstrate the importance of residual plot analysis as a statistical tool for determining

lack of model fit.

It is also important to note that similar to previous chapters the exact shape, 95% approximate
probability joint confidence region and the approximate shape, 95% approximate probability
joint confidence region will be referred to as the exact JCR and the ellipse JCR, respectively.
Furthermore, in some cases where multiplicative error structure was used data points that
contained values of zero had to be removed, as the natural logarithm of the variables could not be

found at these points.
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5.3 Case Study I: Troubleshooting MATLAB EVM

Burke (1994) provided experimental NMR normalized peak areas data for the styrene
(STY)/methyl methacrylate (MMA) system in bulk at 60°C. The C-NMR spectral data
provided by Burke (1994) can be seen in Table 5.1.

Table 5.1: NMR normalized peak areas data (Burke, 1994).

Feed C°$P°Siﬁ°“ NMR Normalized Peak Areas

(mol frac of STY) X Y Z A B+C D
021232 0.17477_| 054829 | 027695 | 009908 | 0.68361 | 021731
0.22490 020291 | 053759 | 025950 | 0.08317 | 0.71368 | 0.20315
039255 0.16945 | 060578 | 022477 | 0.08787 | 0.78201 | 0.13012
039715 0.15556 | 053333 | 031112 | 0.11502 | 0.75007 | 0.13401
0.51690 0.11864 | 062423 | 025713 | 0.11206 | 081746 | 0.07048
051701 0.12033 | 0.60967 | 027000 | 0.11255 | 0.77942 | 0.10803
0.79132 0.04502 | 074733 | 0.20676 | 0.13330 | 0.78146 | 0.08524
0.79186 0.05760 | 076525 | 017715 | 0.15984 | 0.74077 | 0.09938

The reactivity ratio parameter estimation problem, with the above data, using two approaches;
the multiresponse Box Draper determinant criterion and the error in variables model (EVM), was

studied.

5.3.1 Multiresponse Determinant Criterion

In the first case using the Box Draper determinant criterion, the parameter estimation is a multi-
response problem where NMR normalized peak areas are responses and the monomer feed, f; is
an independent variable. The response variables are assumed to have an additive error structure
in the determinant criterion, due to the nature of the model being in the form of Equation 3.3.
The development of the determinant criterion used in the multiresponse problem is shown in
Section 3.3. The end result is that a point estimate, @, in this case the reactivity ratios r; and r;,

can be found by choosing € to minimize

n
> z.z)|.
i=1

(5.9)

Due to the fact that the C°-NMR data is normalized, both the fractions (i.e., the monomer-1-

centered triads and the monomer-2-centered triads) sum to equal one. As discussed by Burke
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(1994), if all the data is used in the parameter estimation problem then issues involving
colinearity will be pfesent. Colinearity problems cause the solution to be very unstable and the
variance of the parameter estimates to be quite large. Consequently, to avoid the colinearity
issues the two redundant variables eliminated for this data set were those same variables selected
by Burke (1994), namely X and D peaks. Burke (1994) selected these peaks as the X peak is the
smallest of the first three peaks (X, Y, and Z) and the peak D was excluded because it should go

to zero for comonomer feeds rich in styrene monomer.

The parameter estimation was carried out using the multiresponse determinant criterion coded in
MATLAB (refer to Appendix A). The initial estimates used for the reactivity ratios were those
given by Burke (1994). The parameter estimates obtained from running the MATLAB program
can be seen in Table 5.2, along with the estimate found by Burke (1994). The estimates obtained
in this work show slight deviation from Burke’s (1994) result. This deviation can be attributed to

a mistake in the original data set used by Burke (refer to italicized entry in Table 5.1).

Table 5.2: Parameter estimates of r, and r, using the Box Draper determinant criterion method.

ry

Current \york

994

5.3.2 Error in Variables Model (EVM)

The EVM case was solved by troubleshooting the previously developed MATLAB model where
all variables were considered to have error. The MATLAB file was based on an original
FORTRAN EVM code to solve the numerous inner and outer loop iterations. The theory of
EVM can be seen in Section 3.4, while the coding files used in the program can be seen in

Appendix A.

The data used in the EVM program was the C'*-NMR normalized peak areas data set (refer to
Table 5.1) provided by Burke (1994) and like the previous analysis, only four out of the six
responses were used to avoid the problems with colinearity. The eliminated responses were the
same as those previously selected, namely X and D. The model was run for both an additive and
multiplicative error structure, to illustrate the impact it may have on the parameter point

estimates and confidence regions.
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Table 5.3 shows the parameter estimates of the reactivity ratios found using the MATLAB EVM
program for the NMR normalized peak areas data (assuming the error of the peak areas follow a
uniform distribution of £5%). A sensitivity analysis was then performed to determine the effect
on the estimates when the inputted covariance matrix was altered. There was negligible effect

when the covariance matrix values were halved and when increased by one order of magnitude.

Table 5.3: Parameter estimates of r; and r, using EVM.,

ri

r

Additive error

0.6763

0.4874

0.7272

Multiplicative error 0.8213

Figure 5.1 shows the exact JCRs, for the different imposed error structures, obtained from the
EVM analysis of the NMR normalized peak areas data. Theoretically, one would anticipate that
there would be significant overlap of the exact JCRs, as the same data set is used; yet this is not
the case. One potential explanation for the separation of contours is the effect of insufficient data
(i.e., small data sample size), which will later be shown to influence the location of the point

estimate significantly, particularly when a multiplicative error structure is imposed (refer to
Section 5.3.4.3).
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Figure 5.1: Exact JCRs for EVM analysis of Burke (1994) STY-MMA NMR normalized peak areas data.
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5.3.3 Diagnostic Checking of EVM results

Diagnostic checking is performed in order to ensure that the reactivity ratio estimates in fact
model the experimental results accurately. The reactivity ratio estimates, obtained from the EVM
analysis (refer to Table 5.4), were used in the triad fractions equations reported by Koenig (1980)
to compare the ‘predicted’ triad fractions with the ‘experimental’ triad fractions. As Burke
(a994) did not state explicitly the triad fractions results, rather the NMR normalized peak areas,
the ‘experimental’ triad fractions were those transformed by Equations 5.2 and 5.3, using the

known calibration parameters, 6;; and G 2; to be 0.24 and 0.44, respectively (Burke, 1994).

Figures 5.2 a) — f) show the triad fractions ‘predicted’ from the triad fractions equations, using
the EVM reactivity ratio estimates (for both additive and multiplicative errors), and the

‘experimental’ triad fractions. Note that styrene (STY) is monomer 1 and methyl methacrylate
(MMA) is monomer 2.
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Figure 5.2 a) —f): Predicted triad fractions using the reactivity ratio estimates obtained from EVM
(multiplicative error) analysis of the NMR normalized peak areas in Equation 5.1 and the ‘experimental’
triad fractions obtained from transforming the measured NMR normalized peak areas.

It can be seen from Figures 5.2 a) - f) that the ‘predicted’ triad fractions obtained from using the
EVM (multiplicative error) reactivity ratio estimates and the EVM (additive error) reactivity
ratio estimates are in somewhat good agreement with the transformed ‘experimental’ results. The
separation of the two ‘predicted’ trend lines, obtained from using the different reactivity ratio
estimates, was anticipated given that there was no overlap of the exact JCRs in the original
analysis (refer to Figure 5.1). However, there does not appear to be one reactivity ratio estimate
(i.e., the EVM additive error estimate or the EVM multiplicative error estimate) that results in
‘predicted’ triads consistently in better agreement with the transformed ‘experimental’ results. In
other words, we could say that the obvious dissagreement in reactivity ratio estimates (seen in
the separation of the exact JCRs) obtained from imposing different error structures, is not
translated to a considerable difference in the ‘predicted’ triad fractions. One potential
explanation for this is that the diagnostic testing should not be performed on transformed
‘experimental’ results, but rather the true measured variable (i.e., NMR normalized peak areas);
which is discussed in the following case study in Section 5.4.2. Another explanation may be

attributed to the fact that the exact JCR is in fact only an approximation of the joint posterior
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probability region and thus may not be accurately representing the true nature of the estimates

(discussed in Section 6.3.2.1).

5.3.4 Comparison of EVM and Box Draper Determinant Criterion Estimates

Comparison of the two parameter estimation methods can be seen when the point estimates and

the exact JCRs for the EVM cases are plotted (refer to Figure 5.3).

‘ = EVM Additive error X Determinant Criterion (Burke 1994) + Determinant Criterion u EVM Multiplicative error
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Figure 5.3: Comparing the Exact JCRs obtained from EVM to the determinant criterion point estimates

for the Burke (1994) STY-MMA NMR normalized peak areas data.

As can be seen in Figure 5.3 the determinant criterion estimate falls outside the exact JCRs of
both the additive error EVM case and the multiplicative error EVM case. There are three
possible sources for the dissagreement in point estimates. The first is based on the difference in
assumptions between the two parameter estimation approaches, namely that the feed composition
in the determinant criterion is considered an independent variable with negligible error. The
second is the simplification in EVM that there is no correlation between the normalized peak
areas, where as the determinant criterion implicitly estimates the covariance matrix and thus may

allow for correlation. Lastly, the difference in point estimates from the two parameter estimation
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methods may be due to the Box Draper determinant criterion being highly dependent on the data

sample size (Oxby et al., 2003).

5.3.4.1 Considering feed composition to be perfectly known

The source of the difference between the parameter estimation methods point estimates may be
attributed to the determinant criterion assumption that the error associated with the feed
composition is negligible compared to the error in the triad fractions measurements. Therefore,
to test this hypothesis the EVM model was adapted to not include f7, the feed monomer
composition, as a random variable with error. That is, when the EVM model is altered to exclude
the feed composition as a random variable by assuming it to be perfectly known, this mimics the
assumption of the determinant criterion. Figure 5.4 shows the exact JCR when the f; variable is

assumed to be perfectly known in the EVM routine, for both an additive and niultiplicative error

structure.
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Figure 5.4: Exact JCRs for EVM analysis of Burke (1994) STY-MMA NMR normalized peak areas data
when feed composition is considered perfectly known (not a random variable).

Figure 5.4 shows that the determinant criterion estimate falls within the exact JCR of the
multiplicative error structure case when the EVM model is adapted to mimic the assumption of

the determinant criterion (i.e., f; assumed perfectly known, not a random variable). Therefore,
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assuming the feed composition measurement has negligible error appears to be incorrect, due to
the fact that the variable’s presence as a random variable has shown to affect the location of the

reactivity ratio point estimates significantly.

However, when the additive error structure in EVM is imposed on the data the determinant
criterion estimate still falls outside the exact JCR. This is of particular importance given that the
determinant criterion models an additive error structure. Thus, the other hypotheses for the
dissagreement in parameter estimates, obtained from the EVM and determinant criterion

methods, must be considered.

5.3.4.2 Considering correlation amongst the triad fractions

The next hypothesis to account for the difference in point estimates from the two parameter
estimation techniques (EVM and the Box Draper determinant criterion) is the effect of imposing
correlation between the triads. That is, in the original EVM method the covariance matrix was
specified to have zero correlation between the normalized peak areas and the feed composition
(i.e., all the off diagonal elements in the covariance matrix, V, were zero). However, the Box
Draper determinant criterion estimates the covariance matrix as part of the estimation routine and
thus could potentially be estimating correlation. As a result the EVM model, assuming a

multiplicative error structure, was re-run for a number of different levels of covariance (Cov).

The covariance values of the NMR normalized peak areas implemented to the EVM model were
evaluated using set correlation coefficients (p) of £0.2, £0.5, and +0.9, and the assumed variance

(V) of the NMR normalized peak areas. For example,

Cov(Y,Z)
y g = e 5.10
Pz = T 2) ¢.10)
E.g. Cov(Y,Z)=0.2%* \/( 0'252 J *(O.(;SZJ

At the correlation coefficients of £0.2, +0.5 and +0.9 the EVM program was able to evaluate the

exact JCRs for the reactivity ratio estimates, seen in Figure 5.5. However the correlation
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coefficients of -0.5 and -0.9 could not be evaluated by the EVM program, as the covariance
matrix is required to be positive definite.

1
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Figure 5.5: Exact JCRs from EVM models using differing levels of correlation between the NMR normalized
peak areas.

Considering Figure 5.5 it can be said that reasonable levels of correlation amongst triads does not
greatly affect the location of the point estimates. Only the correlation coefficient of +0.9 and -0.2
resulted in a significant shift in the point estimates, though there is still a degree of overlap of the

exact JCRs.

Most importantly, in all of the cases the Box Draper determinant criterion still does not fall
within the exact JCRs of the EVM estimates. Therefore, it can be presumed that the difference in
the parameter estimation methods reactivity ratio estimates is not due to the simplification, used

in EVM, of insignificant covariance amongst the NMR normalized peak areas.

5.3.4.3  Considering influence of data sample size

It has been shown by Oxby et al. (2003) that the Box Draper determinant criterion method for
parameter estimation is highly dependent on the data sample size and it is believed this is the
main cause for the difference in the methods point estimates. In order to show the data sample

size effect here, simulated data was used to increase the data sample size.
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Eight simulated points were used in conjunction with the experimental data provided by Burke
(1994) to create a sixteen point data set. Error was incorporated into the simulated data points by
using a normal random number generation in Excel to generate normally distributed errors with a
mean of 0 and variance of 0.0008 (i.e., N(0,SQRT(0.05%/3)). Thus, the simulated measured feed
mole fraction values were obtained by using ‘true values’ plus the generated random error. The
‘true’ values of the feed mole fraction were taken as approximate replicates of the data points
Burke (1994) designed. That is, the simulated feed mole fractions ‘true’ values were replicates of
0.22, 0.39, 0.51 and 0.79. The simulated triad fractions ‘true’ values were then found by using
the equations that relate triad fraction, feed mole fraction and reactivity ratios (refer to Equation
5.1). The reactivity ratios used to evaluate the triad fractions were those obtained by the previous
work on Burke’s data using EVM additive error (r; = 0.67626, r, = 0.4874). The triad fractions
‘true’ values were then used in Equations 5.2 and 5.3 to obtain the ‘true’ values of the NMR
normalized peak areas. The tacticity constants used to evaluate the NMR peaks were those
published by Burke (1994) of 62 = 0.44, 6,,=0.24. The NMR peaks were then simulated as
experimental data by adding the generated random normalized error, N(0,SQRT(0.05%/3)). The
resulting data set can be seen in Table 5.4. The entries that are in italics are those experimental

values determined by Burke (1994), while the remaining values are simulated.

Table 5.4: Experimental and simulated data.

Feed Co;;xpos ition NMR Normalized Peak Areas
(mol frac of STY) X Y Z A BC D
0.25280 0.25577 0.51523 0.21804 0.10522 0.70693 0.28179
0.21276 0.20125 0.51541 0.24817 0.12978 0.63871 0.18296
021232 0.17477 | 0.54829 | 0.27695 | 0.09908 | 0.68361 | 0.21731
0.22490 0.20291 | 0.53759 | 0.25950 | 0.08317 | 0.71368 | 0.20315
0.39255 0.16945 | 0.60578 | 0.22477 | 0.08787 | 0.78201 | 0.13012
0.39715 0.15556 | 0.53333 | 031112 | 0.11592 | 0.75007 | 0.13401
0.38739 0.13646 0.51402 0.25159 0.10262 0.70583 0.09642
0.37079 0.19161 0.57123 0.26926 0.11551 0.75628 0.10562
0.52279 0.17660 0.60656 0.26523 0.19847 0.82470 0.03985
0.51690 0.11864 | 0.62423 | 0.25713 | 0.11206 | 0.81746 | 0.07048
0.51701 0.12033 | 0.60967 | 0.27000 | 0.11255 | 0.77942 | 0.10803
0.50315 0.16342 0.65990 0.23349 0.15709 0.82575 0.05631
0.79132 0.04592 | 0.74733 | 0.20676 | 0.13330 | 0.78146 | 0.08524
0.79186 0.05760 | 0.76525 | 0.17715 | 0.15984 | 0.74077 | 0.09938
0.80475 0.02953 0.76626 0.21315 0.16293 0.84033 0.01746
0.78651 0.01565 0.73745 0.18318 0.17300 0.81927 0.07095




Chapter 5. Estimation of Reactivity Ratios from Instantaneous Data 75

The analysis was conducted on the augmented data, using both the EVM and determinant
criterion approaches for parameter estimation. Additive and multiplicative error structures were
examined in EVM for the augmented data set, producing the exact JCRs seen in Figure 5.6.
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Figure 5.6: Exact JCRs for EVM analysis of experimental and ‘simulated/experimental’ NMR normalized
peak areas data.

Figure 5.6 shows that the augmented data results in the reactivity ratio estimates by the
determinant criterion and the EVM method being in agreement with one another. That is, the
determinant criterion estimate using the augmented data falls within both the EVM additive error
(Experimental) and the EVM additive error (Simulated/Experimental) exact JCRs. It was
anticipated that the additive error EVM cases would agree with the determinant criterion
estimate, due to the determinant criterion assumption of an additive error structure. Therefore,
this indicated that the determinant criterion estimate may be highly dependent on the size of the
data set, while the EVM (additive error structure) is not. Furthermore, the EVM (multiplicative
error structure) appears to be dependent on the size of the data set, as when the data size
increases the exact JCR shifts to be significantly overlapping both the EVM additive error
(Simulated/Experimental) and the EVM additive error (Experimental) case. Prior to the
augmentation of the data (i.e., only using the experimental data) there was significant separation

of the EVM contours for the different imposed error structures; which can now be attributed to
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the EVM normalized peak areas data being dependent on sample size when a multiplicative error

structure is imposed.

Additionally, the size of the exact JCR is affected by sample size for both the additive and
multiplicative imposed error structures. This was to be expected as when the data sample size
increases, more information is given to the EVM routine; thus reducing the uncertainty in the

parameter estimates.
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5.4 Case Study II: Styrene/Methyl Methacrylate

Maxwell et al. (1993) studied the styrene (STY) and methyl methacrylate (MMA) system at 40°C
in bulk copolymerization and presented extensive experimental data on both copolymer
composition and NMR normalized peak areas. Therefore, both data types were analyzed in order
to: (1) determine whether the point estimates are influenced by the data type used; (2) determine
if one data type results in a smaller confidence region (less uncertainty); and (3) evaluate the

potential improvement of using both data types combined.

5.4.1 Using NMR Normalized Peak Areas or Composition Data?

In order to illustrate the use of NMR normalized peak areas data in comparison to copolymer
composition data the Maxwell et al. (1993) case was analyzed using the EVM MATLAB
program. The data set provided by Maxwell et al. (1993) can be seen below in Table 5.5.

Table 5.5: NMR normalized peak areas data and copolymer composition data from Maxwell et al. (1993).

Feed Co;t;pos ition | Copolymer F(llomposmon NMR Normalized Peak Areas

(mol frac of STY) (mol frac of STY) X Y 7 A B+C D
0.073 0.135 0.191 0.557 0.252 0.069 0.503 0.428
0.109 0.198 0.243 0.524 0.232 0.079 0.56 0.361
0.199 0.307 0.203 0.528 0.269 0.106 0.651 0.243
0.262 0.355 0.187 0.561 0.252 0.148 0.681 0.171
0.377 0419 0.155 0.542 0.303 0.113 0.767 0.12
0.458 0.489 0.148 0.558 0.293 0.154 0.771 0.075
0.557 0.539 0.116 0.633 0.241 0.135 0.803 0.062
0.705 0.648 0.08 0.624 0.296 0.166 0.808 0.025

Similar to the previous case study, the eliminated NMR responses, to avoid the issues of
colinearity, were X and D. The parameter estimation was conducted using either copolymer
composition data or the NMR normalized peak areas data. The analysis of the data required the
further sub-categorization to be either an imposed additive error structure or multiplicative error

structure.
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5.4.1.1 Additive Error Structure

The point estimates from using the different data sets along with the point estimates published by

Maxwell et al. (1993), can be seen in Table 5.6.

Table 5.6: Point estimates for NMR normalized peak areas and composition data with an imposed
additive error structure and the literature values published by Maxwell et al. (1993).

Data Source Estimation Method

pxwellctal (1993) | . Composiion . 0] o NLES & | 0
Current work Maxwell NMR normalized peak areas EVM 0.526 0.5078
Current work Maxwell composition EVM 0.479 0.4182

The exact JCRs of the NMR normalized peak areas case versus the copolymer composition case
demonstrates that the use of the NMR normalized peak areas data significantly reduces the area

of the contour and thus uncertainty in the parameter estimates (refer to Figure 5.7).
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Figure 5.7: Exact JCRs for EVM analysis of Maxwell et al. (1993) NMR normalized peak areas data and
composition data cases (additive error structure).

Figure 5.7 clearly shows that the point estimates given by Maxwell et al. (1993) fall within the
exact JCRs of both data source cases. It can then be said that the literature values are in good

agreement with the EVM results when an additive error structure is imposed on the data sets.
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5.4.1.2  Multiplicative Error Structure

The point estimates from using either NMR normalized peak areas data or copolymer
composition data, with imposed multiplicative error structures, along with the point estimates

published by Maxwell et al. (1993), can be seen in Table 5.7.

Table 5.7: Point estimates for the NMR normalized peak areas data and composition data, with
imposed multiplicative error structures, and the literature values published by Maxwell et al. (1993).

.}\‘Max;;‘ aL (13 .. fhp i S L Yee
Current work Maxwell NMR normalized peak areas EVM 0.6512 0.3683
Current work Maxwell composition EVM 0.4787 0.418

The exact JCRs of the NMR normalized peak areas case and the copolymer composition case
can be seen in Figure 5.8. Furthermore, in order to show that the MATLAB EVM program was
calculating the point estimates and joint confidence regions correctly, the composition data for
this case study was analyzed using the program RREVM (Polic et al., 1998). The resulting exact
JCR and pointe estimates obtained from the RREVM program can also be seen in Figure 5.8.

1.2
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Figure 5.8: Exact JCRs for EVM analysis of Maxwell et al. (1993) NMR normalized peak area data and
composition data cases (multiplicative error).
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Figure 5.8 clearly shows that the point estimates and exact JCR obtained from the RREVM
program agree with the result obtained using the EVM MATLAB program (for composition data
with multiplicative error at the same error levels 5 and 10% for feed and copolymer composition
measurements, respectively) and thus validate the effectiveness of the developed EVM

MATLAB program.

Furthermore, similar to the previous additive error structure analysis, in Figure 5.8 it is apparent
that the use of the NMR normalized peak areas data resulted in a smaller exact JCR compared to
that obtained from the analysis of the composition data. Therefore, it can be said that the use of
the NMR normalized peak areas data results in less uncertainty in the parameter estimates,

regardless of the error structure imposed.

A difference to the previous additive error structure case however is that the NLLS point
estimate by Maxwell et al. (1993) for the NMR normalized peak areas data lies outside the exact
JCR obtained using the peak areas data in EVM (multiplicative error structure), refer to Figure
5.8. However, further inspection of the parameter estimation methodology used by Maxwell et
al. (1993) showed that the estimated parameters were based on analysis of all six peak areas
(which contain two near linear dependencies), whereas we used four of the six peak areas to
avoid the issues of colinearity. Furthermore, Maxwell et al. (1993) uses the NLLS estimation
approach, which is considered to be a statistically invalid parameter estimation technique for

reactivity ratio parameter estimation.

The additive and multiplicative error structure cases can be directly compared in Figure 5.9 for
the NMR normalized peak area data and composition data EVM analysis. It is apparent in the
figure that when a multiplicative error structure is imposed on the NMR normalized peak areas
data in EVM, that the resulting exact JCR shifts away from the exact JCR obtained when
analyzing the same data, but imposing an additive error structure. The lack of overlap between
the two exact JCRs (for the different error structures) is similar to what was seen in Case Study I

(Section 5.3.2) and may be again due to the small sample size factor.
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Figure 5.9: Exact JCRs for EVM analysis of Maxwell et al. (1993) NMR normalized peak area data and

composition data cases (additive and multiplicative error).

By considering the previous discussion and figures the following overall statements can then be

made:

)

iii)

The use of NMR normalized peak areas data results in less uncertainty in the
parameter estimates (reactivity ratios) than using the conventional copolymer
composition data.

The use of either multiplicative or additive error structure to copolymer composition
data does not significantly affect the location of the point estimates obtained; however
the uncertainty in the parameter estimates is significantly smaller when using a
multiplicative error structure.

The use of either multiplicative or additive error structure with the NMR normalized
peak areas data does significantly affect the location of the point estimates and the
confidence region (uncertainty) of the parameters.

There is little overlap and thus agreement between the NMR normalized peak areas
data (multiplicative error) EVM exact JCR and the copolymer composition data
(multiplicative error) EVM exact JCR.
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V) There is overlap and thus agreement between the NMR normalized peak areas data
(additive error structure) EVM exact JCR and the copolymer composition data
(multiplicative and additive error structure) EVM exact JCR.

vi) There is little overlap and thus agreement between the NMR normalized peak areas
data (multiplicative error structure) EVM exact JCR and the NMR normalized peak

areas data (additive error structure) EVM exact JCR.

The question then becomes, is multiplicative error structure the incorrect structure for NMR
normalized peak areas data, or is the separation/shift of the exact JCR due to small sample size
issues. As a result, it is recommended for future studies that the true error structure of triad
fractions data be determined (refer to Section 7.2, point 1 - error structure study) and the effect of

data sample size studied in greater detail.

5.4.2 Diagnostic Checking

In order to determine whether the reactivity ratio estimates in fact model the experimental results
accurately, diagnostic checking is performed. The EVM reactivity ratio estimates used in this
section were obtained from analysis of Maxwell et al. (1993) normalized peak areas data with an
imposed multiplicative error structure (r; = 0.6512, r, = 0.3683), normalized peak areas with an
imposed additive error structure (r; = 0.526, r; = 0.5078), and composition data with an imposed

multiplicative error structure (r; = 0.4787, r, = 0.418).

The reactivity ratio estimates were used in the equations for triad fractions (Equation 5.1) to
obtain ‘predicted’ triad fractions, which were compared to ‘experimental’ triad fractions. As
Maxwell det al. (1993) did not state explicitly the triad fractions results, rather the NMR
normalized peak areas, the ‘experimental’ triad fractions were obtained by transforming the peak
areas into triads via Equations 5.2 and 5.3. The reactivity ratios were also used in the Mayo-
Lewis model to provide ‘predicted’ copolymer composition values to compare to the

experimental values collected by Maxwell et al. (1993).

Figures 5.10 a)- d) show the selected triad fractions predicted from the triad fractions equations,

using the EVM reactivity ratio estimates of the NMR normalized peak areas data (referred to in
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the figures as ‘triad data’) and composition data, and the so called ‘experimental’ triad fractions.
Figure 5.10 e) shows the copolymer composition predicted from the Mayo-Lewis equation and

the copolymer composition experimental values recorded by Maxwell et al. (1993).
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d)

o Calculated from EVM reactivity ratio estimate (composition data) A Experiment value

x Calculated from EVM reactivity ratio estimate (triad data - mult error) - Calculated from EVM reactivity ratio estimate (triad data - add error)
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Figure 5.10 a) - d): Predicted triad fractions using the reactivity ratio estimates obtained from EVM
(multiplicative error) analysis of the NMR normalized peak areas (triad data) and composition data in
Equation 5.1 and the ‘experimental’ triad fractions obtained from transforming the measured NMR
normalized peak areas. e) Predicted copolymer composition using the EVM (multiplicative error) reactivity
ratio estimates, obtained from analyzing NMR normalized peak areas (triad data) and compeosition data, in
the Mayo-Lewis equation and the published copolymer composition measurements.

As can be seen from Figures 5.10 a) - d) the ‘predicted’ triad fractions are not in agreement with
the calculated ‘experimental’ triad fractions results (particularly for monomer-2-centered triads);
regardless of whether the triads were calculated using either reactivity ratio estimates from the
triads or composition data. The difference between the ‘predicted’ triad fractions and the

‘experimental’ results indicates there may be lack of fit by the model.

To determine lack of fit, residual analysis is performed by plotting the residuals (i.e.,
‘predicted’minus ‘experimental’) against the fitted (‘predicted’) values for the triad fractions, as
seen in Figure 5.11 a) to d). In the below analysis the fitted values are the triads calculated from
Equation 5.1 with EVM reactivity ratio estimates obtained from analyzing the NMR normalized
peak areas (r; = 0.6512 and r, = 0.3683), while the ‘experimental’ values are obtained by

transformation of the measured NMR peaks into triads via Equation 5.2 and 5.3.
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b)
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Figure 5.11 a)-d): Residual analysis for each predicted triad fraction.

It can be seen from Figures 5.11 a) — d) the residuals are random except for the triad fractions,
Az and Ay which appear to have linear trends. However, residual analysis should really be
performed on the actual measured variable (i.e., normalized peak areas X, Y, Z, A, BC, and D),

rather than transformed experimental results. That is, the ‘experimental’ values used in the above
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residual analysis were in fact calculated triad fractions, obtained by transformation of the true
measured response (peak areas) via Equations 5.2 and 5.3. Therefore, trends in the residuals may
in fact be illustrating the triad fractions equations inability to represent the data, or the tacticity
parameter equations (Equation 5.2 and 5.3) inability to correctly transform the peak areas into

triad fractions.

Subsequently, the residual analysis was redone using the true measured response as the variable
under consideration. That is, the residuals were calculated by using the EVM estimates of the
true values of the normalized peak areas and the experimentally measured normalized peak areas
recorded by Maxwell et al. (1993). Due to the fact that the EVM analysis only uses four out of
the six available normalized peak area responses, only those responses used in the analysis can
be shown (namely Y, Z, A and BC). For example, the residual for peak Y was calculated by
subtracting the experimentally recorded normalized area for peak Y from the estimate of the true
value of the normalized area for peak Y by EVM, at a certain feed composition. Therefore,
comparing the actual experimentally measured values to those directly estimated by EVM yields

the following residual plots seen in Figures 5.12 a) - d).
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Figure 5.12 a)-d): Residual analysis for each estimate of the true value of the measured response in EVM.

It can be seen in Figures 5.12 a) — d) when the NMR normalized peak areas are considered there
are no trends present in the residuals. This suggests that the transformation of the peak areas into
triad fractions using the tacticity equations (Equations 5.2 and 5.3) induces the trend in the
residuals seen in Ay and Ajjp. Understandably then, the transformation of normalized peak
areas into triads needs further consideration and analysis; along with the inclusion of the tacticity

variables as parameters in the EVM estimation routine.

5.4.3 NMR Normalized Peak Areas Data and Composition Data Combined vs.
NMR Normalized Peak Areas Data

The next stage of analysis was to determine whether using all the available information in the
EVM program would result in a further reduction of uncertainty in the parameter estimates. In
other words, the EVM MATLAB program was run using the combined composition and NMR
normalized peak areas data to determine whether a significant improvement in the degree of
uncertainty in the parameter estimates, compared to using only NMR normalized peak areas
data, was possible. In this analysis only an imposed multiplicative error structure was considered.

Figure 5.13 shows the exact JCR obtained.
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Figure 5.13: Exact JCRs for EVM (Multiplicative error structure) analysis of Maxwell et al. (1993) NMR
normalized peak areas and composition data combined vs. only NMR normalized peak areas data.

The additional use of the copolymer composition data with the NMR normalized peak areas data
does not appear to have a dramatic improvement in the confidence of the estimates (refer to
Figure 5.13), compared to the increase in confidence seen between using composition data to
NMR normalized peak areas data (see Figure 5.8). That is, by comparing Figures 5.8 and 5.13,
the decrease in area of the exact JCR when both data sets are used (i.e., combining the copolymer
and peak areas data) does not seem sufficiently significant to warrant the need for conducting the

measurements of the copolymer composition, but rather only obtaining the NMR normalized

peak areas triad data.

r
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5.5 Case Study III: Acrylamide/ Acrylonitrile

Mukherjee et al. (1998) studied the acrylamide/acrylonitrile (AN) system at 65°C in bulk
copolymerization and presented experimental data for both copolymer composition and triad
fractions. Minor changes were made to adapt the EVM MATLAB program to explicitly use triad

fractions data as the input, rather than normalized NMR peak areas data.

Both data types were then analyzed in order to: (1) demonstrate the influence of the data type on
the point estimates; (2) determine if one data type resulted in less uncertainty in the parameter
estimates; and (3) evaluate the potential improvement in the estimates when the data sets are
combined. Also, as in the prior case studies, the influence of the error structure on the parameter

estimates was examined.

5.5.1 Using Triad Fractions or Composition Data?

In order to then demonstrate the potential improvement in estimates obtained from analysis of
triad fractions data compared to copolymer composition data, the Mukherjee et al. (1998) case
was analyzed using the EVM MATLAB program. The data set provided by Mukherjee et al.
(1998) can be seen below in Table 5.8.

Table 5.8: Data set of Mukherjee et al. (1998) acrylamide/acrylonitrile in bulk at 65°C.

Feed Composition Copolymer Composition Triad Fractions
f1 F1
(mol frac of Acrylamide) | (mol frac of Acrylamide) Ain A+t Az212 A121 A122+221 Az22
0.3 0.3 0 0.25 0.75 0.09 0.42 0.49
0.4 0.4 0.05 0.32 0.63 0.15 0.51 0.34
0.5 0.5 0.06 0.38 0.56 0.23 0.51 0.26
0.55 0.55 0.11 042 0.47 0.31 0.47 0.22
0.6 0.6 0.14 0.46 0.4 0.36 0.49 0.14
0.65 0.65 0.17 0.47 0.36 0.44 0.45 0.11
0.7 0.7 0.21 0.49 0.3 0.47 0.44 0.09
0.75 0.75 0.27 0.5 0.23 0.57 0.38 0.05
0.8 0.8 0.33 0.52 0.15 0.66 0.3 0.04

5.5.1.1  Additive vs. Multiplicative Error Structure

In the article by Mukherjee et al. (1998) reactivity ratio point estimates were obtained by using

the Kelen-Tudos and EVM (multiplicative error) parameter estimation method on copolymer
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composition data (refer to Table 5.9). Once the reactivity ratios were evaluated by Mukherjee et
al. (1998) the estimates were then used by the group to predict values for the triad fractions.
These triad fractions model predictions were then said to be in good agreement with the
‘experimentally’ determined triad fractions, by determining the correlation coefficient value R. A
more statistically accurate method for determining whether the composition and triad fractions
data result in similar estimates of the reactivity ratios, and thus highly correlated, is to determine
the reactivity ratios using each data set in EVM. That is, the EVM reactivity ratio estimates were
found using either composition data or triad fractions data, for both additive and multiplicative

error structures (see Table 5.9).

Table 5.9: Point estimates published by Mukherjee et al. (1998) and the estimates obtained by EVM
MATLAB analysis of the composition and triad fractions data sets for the Acrylamide/AN BULK system at
65°C.

Estimation

Data Source Error Structure r r;

Method

Kheree jostion. Multiplicat
Current work Composition EVM Additive 0.3715 | 1.0285
Current work Composition EVM Multiplicative 0.3469 | 0.9762
Current work Triad fractions EVM Additive 0.3646 | 0.9948
Current work Triad fractions EVM Multiplicative 0.3668 | 1.0138

The exact JCRs for the different data types and error structure can be seen in Figure 5.14. The
point estimates published by Mukherjee et al. (1998) fall within the exact JCRs and thus can be
said to be in good agreement with the results obtained from using both the triad fractions and

composition data.

Also, the exact JCRs for the EVM composiﬁon analysis (with either an imposed multiplicative or
additive error structure) are larger than those obtained when using triad fractions data (see Figure
5.14). Therefore, it can be said that the use of triad fractions data for this system results in less
uncertainty in the reactivity ratio parameter estimates, regardless of the error structure

implemented.

Furthermore, the exact JCR obtained from triad fractions analysis, with multiplicative error
structure, falls within the exact JCR obtained from analysis of the triad fractions data with an

imposed additive error structure. It can therefore be said that this system is well behaved and that
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the use of triad fractions data to determine reactivity ratio estimates will give good point

estimates with the least uncertainty.
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Figure 5.14: Exact JCRs for EVM (additive and multiplicative error) analysis of Mukherjee et al. (1998) triad
fractions vs. composition data for the Acrylamide/AN BULK system at 65°C.

5.5.2 Diagnostic Checking

Diagnostic checking was performed in order to determine whether the reactivity ratio estimates
in fact model the experimental results accurately. The EVM (multiplicative error) reactivity ratio
estimates, obtained from analyzing Mukherjee et al. (1998) triad fractions and composition data,
were used in the triad fractions equations (Equation 5.1) to compare the ‘predicted’ triad

fractions with the published ‘experimental’ triad fractions.

Figures 5.15 a) - d) show the selected triad fractions predicted from the equations, using the
EVM (multiplicative error) reactivity ratio estimates, obtained from analysis of both the triad
fractions and composition data. While Figure 5.15 e) shows the copolymer composition
predicted from the Mayo-Lewis equation, using the EVM (multiplicative error) reactivity ratio

estimates of the triad fractions and composition data.
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Figure 5.15 a) - d): Predicted triad fractions using EVM (multiplicative error) reactivity ratio estimates,
obtained from analyzing triad fractions and composition data, in the triad fractions equations (Equation 5.1)
and the published ‘experimental’ triad fractions. e) Predicted copolymer composition using the EVM
(multiplicative error) reactivity ratio estimates, obtained from analyzing triad fractions and composition
data, in the Mayo-Lewis equation and the published copelymer composition measurements.

As can be seen from Figures 5.15 a) — d) the predicted triad fractions, calculated by using the
EVM (multiplicative error) reactivity ratio estimates from analyzing the triad fractions and
composition data, are in agreement with the ‘experimental’ triad fractions results. Furthermore,
the copolymer composition can be predicted well with reactivity ratios that are estimated from
either composition data or triad fractions data, as seen in Figure 5.15 e). These results were
expected as in this case study the reactivity ratio estimates, from the different data sources, were

in agreement and thus the model predictions were expected to be very similar.

5.5.3 Triad Fractions and Composition Data Combined vs. Triad Fractions Data

In order to determine whether using all the information available in the EVM program would
result in a further reduction of uncertainty in the parameter estimates, analysis was conducted on
using triad fractions with composition data versus triad fractions data only. Figure 5.16 thus

illustrates the exact JCRs of the Acrylamide/AN system when using triad fractions and
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composition data in EVM compared to only triad fractions data, for a multiplicative error

structure.
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Figure 5.16: Exact JCRs for EVM (multiplicative error) analysis of Mukherjee et al. (1998) triad and
composition data vs. only triad fractions data for the Acrylamide/AN BULK system at 65°C.

Considering the axis of the diagram in Figure 5.16 have been reduced considerably, it can be said
that that the use of composition data in conjunction with the triad fractions data does not result in
a decrease in uncertainty, compared to simply using triad fractions data. Subsequently, the effort
to obtain the copolymer composition data is not warranted for parameter estimation experiments;

rather the collection of triad fractions data is a better statistical data set.
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5.6 Case Study IV: Acrylonitrile/Acrylic Acid

Brar et al. (1998) studied the acrylonitrile (AN)/acrylic acid (AA) system at room temperature
(27°C) in bulk photo-initiated copolymerization and presented experimental data on both
copolymer composition and triad fractions. Therefore, both data types were analyzed to
determine whether different systems result in the same conclusion regarding the improvement in
reactivity ratio estimates when triad fractions data is used. Also, similar to the prior case studies,

the effect of the error structure on the parameter estimates was examined.

5.6.1 Using Triad Fractions or Composition Data?

In order to compare the use of triad fractions data to copolymer composition data for parameter
estimation, the Brar et al. (1998) case was analyzed using the EVM MATLAB program. The
data set provided by Brar et al. (1998) can be seen below in Table 5.10.

Table 5.10: Data set of Brar et al. (1998) AN/AA BULK system at 27°C.

Feed Composition | Copolymer Composition Triad Fractions

fl F1

(mol frac of AN) (mol frac of AN) A1t Az+211 Az12 Ai21 Ai22+221 A2z
095 0.94
0.9 0.88
0.85 0.82 0.704 0.242 0.054 0.371 0.456 0.173
0.8 0.76 0.624 0.306 0.07 0.247 0.499 0.253
0.75 0.62 0.542 0.377 0.081 0.188 0.501 0.311
0.7 0.57 0.462 0.413 0.125 0.16 0.467 0.373
0.6 0.4 0.326 0.518 0.156 0.075 0.437 0.488
0.55 0.284 0477 0.238 0.084 0.328 0.588
0.5 0.19 0.229 0.526 0.245 0.058 0.339 0.602
045 0.153 0.507 0.339 0.064 0.286 0.65
0.4 0.19
0.3 0.17

5.6.1.1  Additive vs. Multiplicative Error Structure

In the article by Brar et al. (1998) analysis of the composition data to obtain reactivity ratio point
estimates, was conducted using the KT and EVM (multiplicative error) (refer to Table 5.11).
Once the reactivity ratios were evaluated by Brar et al. (1998) the estimates were then used to
obtain predicted values for the triad fractions. These model predictions were then said to be in
good agreement with the ‘experimentally’ determined triad fractions, by evaluating the

correlation coefficient value R, the same procedure as that used by Mukherjee et al. (1998). A
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more statistically accurate method for determining whether the composition and triad fractions

data are highly correlated, is to directly compare the different data sources reactivity ratio

estimates from EVM (see Table 5.11).

Table 5.11: Point estimates published by Brar et al. (1998) and the estimates obtained from EVM analysis of
the data for AN/AA BULK system at 27°C.

Estimation Error
Method Structurg

Data Source

Tu

Current work omposition VM Additive 1.0226

Current work Composition EVM Multiplicative | 0.784 | 2.9036
Current work Triad fractions EVM Additive 0.9444 | 3.7904
Current work Triad fractions EVM Multiplicative | 0.9074 | 3.2291

The exact JCRs for the different data sources and error structures produced by the EVM

MATLAB program and the point estimates published by Brar et al. (1998) can be seen in Figure
5.17.
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Figure 5.17: Exact JCRs for EVM (additive and multiplicative error) analysis of Brar et al. (1998) triads and
composition data sets for the AN/AA BULK system at 27°C.

Due to the large range that the composition data (additive error) exact JCR covers, Figure 5.17

was zoomed in to show the point estimates and other exact JCRs in more detail.
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Figure 5.17 (zoomed in): Exact JCRs for EVM (additive and multiplicative error) analysis of Brar et al.
(1998) triad and composition data sets for the AN/AA BULK system at 27°C.

From Figure 5.17 it can be seen that the exact JCRs of the triad fractions analysis are smaller
than the composition exact JCRs, regardless of error structure. Therefore, this is another case that
shows the use of triad fractions data results in less uncertainty in the reactivity ratio estimates,

than those obtained from using composition data.

Furthermore, Figure 5.17 shows the point estimates published by Brar et al. (1998) fall within the
exact JCR of the additive cases and not the multiplicative cases, despite the fact that Brar et al.
(1998) states that a multiplicative error structure was used. Interestingly, Brar et al. (1998) also
refers to the EVM copolymer composition method outlined by the same research group that this
EVM MATLAB coding was developed from. In the article they also state that the assumed feed
composition measurement error was 1% and the copolymer composition was 3%. Thus, the
EVM MATLAB program was run with these proposed error levels in an attempt to mimic the
results published in the literature. However, when the assumed error levels were reduced to that
stated by Brar et al. (1998) the exact JCR obtained still does not include the point estimates that
research group state are obtained by the same method (refer to Figure 5.18).
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Figure 5.18: Exact JCRs for EVM (multiplicative error) analysis of Brar et al. (1998) composition data set for
the AN/AA BULK system at 27°C.

It therefore can only be presumed that the EVM method used by Brar et al. (1998) is not the
indicated research group’s method, as the program that this analysis was based upon originated

from a FORTRAN coding that the research group in question developed.

5.6.2 Diagnostic Checking

Diagnostic checking was performed in order to determine whether the reactivity ratio estimates
in fact model the experimental results accurately. The reactivity ratio estimates, obtained from
analyzing Brar et al. (1998) triad fractions and composition data with the EVM multiplicative
error model, were used in the triad fractions equations to compare the ‘predicted’ triad fractions

with the published ‘experimental’ triad fractions.

Figures 5.19 a) - d) shows the selected triad fractions predicted from Equations 5.1, using the
EVM (multiplicative error) reactivity ratio estimates of the triad fractions and composition data.

While Figure 5.19 €) shows the copolymer composition predicted from the Mayo-Lewis
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equation, using the EVM (multiplicative error) reactivity ratio estimates of the triad fractions and

composition data.
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Figure 5.19 a) - d): Predicted triad fractions using the EVM (multiplicative error) reactivity ratio estimates,
obtained from analyzing triad fractions and composition data, in the triad fractions equations and the
published ‘experimental’ triad fractions. e) Predicted copolymer composition using the EVM (multiplicative
error) reactivity ratios, obtained from analyzing triad fractions and composition data, in the Mayo-Lewis
equation and the published copolymer composition measurements.

As can be seen from the Figures 5.19 a) — d) the predicted triad fractions obtained from using the
EVM (multiplicative error) reactivity ratio estimates (which were from analyzing the triad
fractions and composition data) are in agreement with the experimental triad fractions results
published by Brar et al. (1998). Furthermore, it has again been shown that the copolymer
composition can be predicted well with reactivity ratios that are estimated from either
composition data or triad fractions data (refer to Figure 5.19 e)). As in the previous case, the
results were expected as in this case study the reactivity ratio estimates, from the different data

sources, were in agreement and thus the model predictions were expected to be very similar.

5.6.3 Triad Fractions and Composition Data Combined vs. Triad Fractions Data

In order to determine whether using all the information available in the EVM program would
result in a further reduction of uncertainty in the parameter estimates, analysis was conducted on

using triad fractions with composition data and triad fractions data only. The following diagram
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is the exact JCRs of the system using triad fractions and composition data compared to only triad

fractions data, when a multiplicative error structure is imposed (see Figure 5.20).
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Figure 5.20: Exact JCRs for EVM (multiplicative error) analysis of Brar et al. (1998) triad and compeosition
data vs. only triad fractions data for the AN/AA BULK system at 27°C.

It appears from Figure 5.20 that the use of composition and triad fractions data together results in
a slight increase in area and a shift in the exact JCR. The reason for this shift and increase can be
attributed to the fact that in order to perform analysis on the combined triad fractions and
composition data set, half the data points had to be eliminated as there was missing copolymer
composition data at certain feeds. Therefore, the analysis using the combined triad fractions and
composition data had a reduced data set than when using only the triad fractions data and thus
the comparison between the two exact JCRs is not entirely fair. As a result, this case study can
not provide any conclusions regarding the use of combined data versus using only triad fractions
data, for parameter estimation as the number of data points in the data set biases the results

obtained.
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5.7 Case Study V: Acrylonitrile/Pentyl Methacrylate

Brar et al. (1998) studied the acrylonitrile (AN)/ pentyl methacrylate (PMA) system at room
temperature in bulk copolymerization and presented experimental data on both copolymer
composition and triad fractions. Therefore, both data source types were analyzed to further

support the conclusions drawn from the previous case studies.

5.7.1 Using Triad fractions or Composition Data?

The data set provided by Brar et al. (1998) can be seen below in Table 5.12. As in the prior case
studies, the parameter estimation was conducted using either copolymer composition data or

triad fractions data for both an additive and multiplicative error structure.

Table 5.12: Data set of Brar et al. (1998) AN/PMA BULK system at room temperature.

Feed Composition | Copolymer Composition Triad Fractions

f1 F1

(mol frac of AN) (mol frac of AN) A111 At12+211 A212 A121 A122+221 Az22
0.95 0.82
0.9 0.67 0.45 0.44 0.11 0.06 0.4 0.53
0.85 0.6 0.27 0.47 0.26 0.11 0.45 0.44
0.8 0.52 0.21 0.47 0.32 0.17 0.45 0.38
0.75 047 0.17 0.47 0.36 0.17 0.53 0.3
0.7 0.41 0.13 0.41 0.46 0.25 0.52 0.23
0.6 0.32 0.09 0.34 0.57 0.41 0.46 0.13
0.5 0.18 0.06 0.26 0.68 0.52 0.41 0.07

5.7.1.1  Additive vs. Multiplicative Error Structure

In the article by Brar et al. (1998) analysis of the composition data is conducted using the KT
and EVM (multiplicative error) method to obtain reactivity ratio point estimates, refer to Table
5.14. Similar to Mukherjee et al. (1998) the estimates obtained by Brar et al. (1998) were used to
obtain predicted values for triad fractions. These model predictions were then said to be in good
agreement with the ‘experimentally’ determined triad fractions, by evaluating the correlation
coefficient value R. As discussed in Case III and IV a more statistically accurate method for
determining whether the two different data sources are highly correlated, is to determine if there
is good agreement between the reactivity ratio estimates obtained by using each data set

independently in the EVM MATLAB program. The point estimates obtained by the analysis of



Chapter 5. Estimation of Reactivity Ratios from Instantaneous Data

108

the different data sets and error structure implemented in the EVM MATLAB program can be

seen in Table 5.13.

Table 5.13: Point estimates published by Brar et al. (1998) and the estimates obtained by EVM MATLAB
analysis.

Curreht work

Data Source

Error
Structure

Estimation Method

Composition EVM Additive .
Current work Composition EVM Multiplicative | 0.356 | 4.4471
Current work Triad fractions EVM Additive 0.209 [ 3.5189
Current work Triad fractions EVM Multiplicative | 0.217 | 3.7125

The exact JCRs obtained by the EVM MATLAB program for the different data types and the
point estimates published by Brar et al. (1998) can be seen in Figure 5.21.
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Figure 5.21: Exact JCRs for EVM (additive and multiplicative error) analysis of Brar et al. (1998) triad
fractions and composition data for the AN/PMA BULK system at room temperature.

Figure 5.21 shows the exact JCR from the EVM analysis of composition data to be larger than
the exact JCR from the EVM analysis of triad fractions data, regardless of error structure. That
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is, the above diagram is further testimony to the fact that the use of triad fractions data results in

less uncertainty in the reactivity ratio parameter estimates, regardless of error structure.

The overlapping of the exact JCRs in Figure 5.21 also indicates good agreement between the
estimated reactivity ratios from the different data sources. Furthermore, as expected the exact
JCRs for an imposed multiplicative error structure on the composition data or triad fractions
analysis, fall within the respective exact JCRs for an imposed additive error structure; indicating

a well behaved system.

The point estimates published by Brar et al. (1998) do not fall within any of the exact JCRs, with
the exception of the contour obtained from analyzing the composition data set with an imposed
additive error structure. However, the error structure of composition data is generally considered
to be more closely represented by a multiplicative error structure. Therefore, the point estimates
published by Brar et al. (1998) are not in agreement with the analysis conducted here, for either
composition or triad fractions data. Despite this Brar et al. (1998) refers to the EVM copolymer
composition method that this EVM MATLAB model was developed from. Similar to the
previous case, the EVM program was rerun with the same error levels as stated in the paper, in
order to try to replicate the published results. Once again the exact JCRs using the error levels, as
indicated by Brar et al. (1998), do not contain the point estimates published in the paper, refer to
Figure 5.22.
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Figure 5.22: Exact JCRs for EVM (multiplicative error) analysis of Brar et al. (1998) composition data set for
the AN/PMA BULK system at room temperature.

Similar to the previous case study (Case IV) it can be presumed that the EVM method used by
Brar et al. (1998) is not the indicated research group’s method, as the program that this analysis
was based upon originated from a FORTRAN coding that the research group in question
developed.

5.7.2 Diagnostic Checking

Similar to the other case studies, diagnostic checking was performed to ensure the fit of the
model to the experiment results. The reactivity ratio estimates, obtained from EVM analysis of
Brar et al. (1998) triad fractions and composition data (imposed multiplicative error), were used
in the triad fractions equations to compare the ‘predicted’ triad fractions with the published
‘experimental’ triad fractions. Figures 5.23 a) - d) show the predicted triad fractions obtained
from the equations, when using the EVM reactivity ratio estimates of the triad fractions and
composition data (multiplicative error) analysis. While Figure 5.23 e) shows the copolymer
composition predicted from the Mayo-Lewis equation, using the same reactivity ratio estimates

as those used to predict the triad fractions.
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A Experiment value - Calculated from EVM reactivity ratio estimates (triads data)

o Calculated from EVM reactivity ratio estimates (composition data)
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Figure 5.23: a) - d) Predicted triad fractions using the EVM (multiplicative error) reactivity ratio estimates,
obtained from analyzing triad fractions and composition data, in the triad fractions equations and the
published ‘experimental’ triad fractions. e) Predicted copolymer composition using the EVM (multiplicative
error) reactivity ratio estimates, obtained from analyzing triad fractions and composition data, in the Mayo-
Lewis equation and the published copolymer composition measurements.

As can be seen from Figures 5.23 a) — d) the predicted triad fractions obtained from using the
EVM reactivity ratio estimates (triad fractions data analysis) are in fairly good agreement with
the ‘experimental’ triad fractions results, except Ajz;. While the predicted triad fractions,
obtained from using the EVM reactivity ratio estimates (composition data analysis), are not as
good at predicting the ‘experimental’ triad fractions results. Furthermore, looking at the triad
fraction Az, specifically, both of the trend lines of ‘predicted’ triads (i.e., both data sources) are
not in agreement with the ‘experimental’ triad trend. In fact, the trends are opposite. The
difference in the model triad fraction predictions to the ‘experimental’ results indicate that the
experiment was either poorly designed for parameter estimation or large experimental errors are
present. Therefore, it is of the utmost importance that residual analysis of the triad fraction A;y;

is considered along with the residuals of the other triad fractions, as seen in Figure 5.24 a) - d).
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Figure 5.24 a) - d): Residual analysis for each predicted triad fraction.

It can be seen from Figures 5.24 a) — d) that the residuals are random except for the triad
fraction, Ajy;, which appears to have a linear trend. The explanation for this is similar to that
presented in Maxwell et al. (1993) STY-MMA case study (refer to Section 5.4.2). Basically, the
true measurement variable that would have been recorded by Brar et al. (1998) would have been

the NMR normalized peak areas and then certain equations would have been used to transform
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these peak areas into triad fractions. The triad fractions were the only data reported in the article
and no mention of the equation and tacticity parameter values used to transform the data were
given. Therefore, it is believed that the trend in the triad fractions residuals could be related to
the issue of transformation of the true measured response variable (peak areas) into triad
fractions, similar to that seen in the diagnostic testing of Maxwell et al. (1993) STY-MMA case
study. As a result, the equations used to transform peak areas into triad fractions require further

study and in particular the effect it can have on the accuracy of the parameter estimates.

5.7.3 Triad Fractions and Composition Data vs. Triad Fractions Data

Once again the use of the amalgamated data set of both data sources (composition and triad
fractions data) in the EVM MATLAB program is shown to result in an insignificant
improvement in the uncertainty of the parameter estimates, compared to using only the triad
fractions data in the analysis. Figure 5.25 thus shows the exact JCR of the system using
combined triad fractions and composition data, compared to the exact JCR when only triad

fractions data is analyzed (both with imposed multiplicative error structures).
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Figure 5.25: Exact JCRs for EVM (multiplicative error) analysis of Brar et al. (1998) triad fractions and
composition data vs. only triad fractions data for the AN/PMA BULK system at room temperature.
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Figure 5.25 shows a shift in the exact JCR when the combined data set is used. The shift is due to
the reduced data set for the combined case, as at certain feed points there were no values
recorded for one of the data sources and thus the feed point had to be eliminated (thus reducing
the total number of data points analyzed). Furthermore, there appears to be insignificant change
to the level of uncertainty when the combined composition and triad fractions data is used,
compared to the uncertainty of simply using the triad fractions data. Subsequently, the effort to
obtain the copolymer composition data is unwarranted for parameter estimation experiments;

rather the collection of triad fractions data is a better statistical data set.
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5.8 Case Study VI: Styrene/Acrylonitrile

A number of groups have published work on the styrene (STY) - acrylonitrile (AN) system for
both bulk and solvent copolymerization. Here we analyzed data from the groups of Hill et al.
(1989) and (1992) and Klumperman and Kraeger (1994).

Hill et al. (1989) analyzed the STY/AN bulk copolymerization system at 60°C and then later
again in 1992 adding this time the toluene solvent and acetonitrile solvent systems. Klumperman
and Kraeger (1994) also analyzed the potential solvent effect at 60°C of STY/AN in toluene,
butanone and N, N’-dimethylformamide (DMF), whilst also providing data for the bulk system.
However, as Klumperman and Kraeger (1994) published only reactivity ratio estimates for the
penultimate model case and not the terminal model, only the toluene and bulk data is used from
the Klumperman and Kraeger (1994) paper, so as to be able to compare against the results
obtained using the Hill et al. groups data sets. Consequently, as there are three data sets available
for the bulk system and two data sets for the toluene solvent system, sensitivity of the reactivity
ratio estimates to data sets and thus experimental design is also able to be analyzed to some

extent.

5.8.1 Using Triad Fractions or Composition Data?

In order to illustrate the use of triad fractions data in comparison to copolymer composition data
the Hill et al. (1989 and 1992) and Klumperman and Kraeger (1994) cases were analyzed using
the EVM MATLAB program. The data sets for the Hill et al. systems can be seen in Tables 5.14
to 5.17, while the Klumperman and Kraeger (1994) data sets can be seen in Table 5.18 and 5.19.

The parameter estimation was conducted using either copolymer composition data or the triad
fractions data from the different groups. As in the prior case studies, both the additive error

structure and multiplicative error structure were considered.
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Table 5.14: Data set of Hill et al. (1989) styrene/acrylonitrile in bulk at 60°C.

Feed Composition | Copolymer Composition Triad Fractions
fl F1

(mol frac of STY) (mol frac of STY) A A112+211 Az12 Az22 Az21+122 Ai21
0.023 0.248 0 0.07 0.93 0.51 0.42 0.08
0.047 0.323 0 0.06 0.94 0.37 0.5 0.13
0.072 0.36 0 0.06 0.94 0.27 0.5 0.23
0.104 0406 0 0.15 0.85 0.11 0.55 0.34
0.221 0.476 0 0.27 0.73 0 0.37 0.63
0.314 0.51 0.02 0.34 0.64 0.01 0.29 0.69
0.416 0.542 0.06 0.42 0.52 0 0.22 0.78
0.53 0.582 0.07 0.51 0.42 0 0.17 0.83
0.631 0.627 0.12 0.56 032 0 0.12 0.88
0.696 0.649 0.16 0.59 0.25 0 0.08 0.92
0.802 0.705 0.3 0.55 0.15 0 0.06 0.94
0.839 0772 044 0.5 0.06 0 0 1
0.939 0.829 0.61 0.37 0.02 0 0 1

Table 5.15: Data set of Hill et al. (1992) styrene/acrylonitrile in bulk at 60°C.

Feed Composition | Copolymer Composition Triad Fractions
fl F1

(mol frac of STY) (mol frac of STY) A1t Al1z+211 Az12 Az22 Ax21+122 A1
0.023 0.248 0 0.07 0.93 0.41 0.5 0.09
0.047 0.323 0 0.06 0.94 0.24 0.55 0.21
0.072 0.36 0 0.06 0.94 0.12 0.57 0.31
0.104 0.406 0 0.15 0.85 0.11 0.55 0.34
0.221 0.476 0 0.27 0.73 0 0.37 0.63
0.314 0.51 0.02 0.34 0.64 0.01 0.29 0.69
0.416 0.542 0.06 0.42 0.52 0 0.22 0.78
0.53 0.582 0.07 0.51 0.42 0 0.17 0.83
0.631 0.627 0.12 0.56 0.32 0 0.12 0.88
0.696 0.649 0.16 0.59 0.25 0 0.08 0.92
0.802 0.705 0.3 0.55 0.15 . 0 0.06 0.94
0.889 0.772 0.44 0.5 0.06 0 0 1
0.939 0.829 0.61 0.37 0.02 0 0 1

Table 5.16: Data set of Hill et al. (1992) styrene/acrylonitrile in toluene at 60°C.

Feed Composition | Copolymer Composition Triad Fractions
fl F1
(mol frac of STY) (mol frac of STY) Ay Ajrzeon Asz Ay Agrri122 Ain
0.035 0.135 0 0.034 0.966 0.665 0.283 0.052
0.035 0.135 0 0.05 0.95 0.707 0.261 0.033
0.072 0.275 0 0.08 0.92 0.364 0.536 0.1
0.125 0.375 0 0.11 0.89 0.144 0.534 0.322
0.212 0.44 0.015 0.225 0.76 0.08 0.42 0.5
0.212 0.44 0.03 0.24 0.73 0.07 0.43 0.5
0.276 0.485 0.022 0.3 0.678 0.034 0.358 0.608
0.364 0.52 0.029 0.385 0.586 0.038 0.258 0.703
0.364 0.52 0.024 0.385 0.591 0.021 0.284 0.695
0.463 0.55 0.057 0.463 0.48 0.009 0.201 0.79
0.596 0.6 0.11 0.552 0.337 0 0.141 0.85%
0.596 0.6 0.114 0.551 0.335 0.011 0.133 0.856
0.696 0.645 0.193 0.574 0.233 0 0.086 0.914
0.808 0.7 0.297 0.564 0.138 0 0.052 0.948
0.9 0.78 0.496 0.439 0.065 0 0 1
0.9 0.78 0.473 0.477 0.05 0 0.033 0.967
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Table 5.17: Data set of Hill et al. (1992) styrene/acrylonitrile in acetonitrile at 60°C.

120

Feed Composition | Copolymer Composition Triad Fractions
f1 F1
(mol frac of STY) (mol frac of STY) A A112+211 Az A222 A221+122 Ain
0.035 0.27 0 0.05 0.95 0.37 0.52 0.11
0.047 0.3 0 0.07 0.28 0.28 0.57 0.15
0.72 0.365 0 0.09 0.91 0.23 0.56 0.21
0.125 0419 0 0.17 0.83 0.09 0.5 041
0.212 0475 0 0.25 0.75 0.09 0.42 048
0.276 0.5 0.02 0.32 0.66 0.06 0.33 0.61
0.364 0.542 0.03 0.37 0.6 0.05 0.27 0.68
0.462 0.577 0.06 0.48 0.46 0.01 0.22 0.78
0.596 0.629 0.12 0.58 0.3 0.01 0.12 0.87
0.696 0.674 0.21 0.59 0.2 0 0.08 0.92
0.808 0.74 0.35 0.54 0.12 0 0.04 0.97
0.9 0.84 0.6 0.38 0.02 0 0.03 0.97
Table 5.18: Data set of Klumperman and Kraeger (1994) styrene/acrylonitrile in bulk at 60°C.
Feed Composition | Copolymer Composition Triad Fractions
f1 F1
(mol frac of STY) (mol frac of STY) A111 Al12+211 A212 A2z A221+122 A121
0.0151 0.138 0 0 1 0.74 0.24 0.02
0.0155 0.147 0 0 1 0.75 0.23 0.02
0.0531 0.318 0 0.06 0.94 0.24 0.62 0.14
0.1037 0.393 0.02 0.14 0.85 0.11 0.56 0.38
0.1095 0.371 0 0.09 0.91 0.13 0.57 0.3
0.2214 0.466 0.02 0.27 0.71 0.05 0.39 0.56
0.5861 0.598 0.13 0.55 0.32 0 0.13 0.87
0.6198 0.632 0.18 0.54 0.28 0 0.12 0.88
0.8006 0.693 0.29 0.58 0.13 0 0.08 0.92
0.9392 0.832 0.62 0.34 0.04 0 0.05 0.95

Table 5.19: Data set of Klumperman and Kraeger (1994) styrene/acrylonitrile in toluene at 60°C.

Feed Composition

Copolymer Composition

Triad Fractions
f1 F1
(mol frac of STY) (mol frac of STY) A111 A112+211 A212 A2 A221+122 Ai121
0.0151 0.092 0 0 1 0.84 0.15 0.01
0.0152 0.092 0 0.03 0.97 0.83 0.16 0.01
0.0377 0.233 0 0.03 0.97 0.52 0.45 0.03
0.1101 0.366 0 0.09 0.91 0.16 0.57 0.27
0.111 0.361 0 0.08 0.92 0.19 0.57 0.24
0.1899 0.434 0.01 0.23 0.76 0.07 0.46 047
0.3241 0.496 0.03 0.35 0.62 0.03 0.31 0.66
0.5009 0.566 0.07 0.5 0.43 0.01 0.18 0.81
0.5727 0.591 0.11 0.53 0.36 0 0.15 0.85
0.5763 0.594 0.1 0.55 0.35 0.01 0.14 0.85
0.7555 0.67 0.24 0.58 0.18 0 0.08 0.92
0.9334 0.818 0.61 0.36 0.03 0 0.03 0.97
0.9349 0.827 0.62 0.36 0.03 0 0.03 0.97
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5.5.1.1 Additive Error Structure

The point estimates published by Hill et al. (1989 and 1992) can be seen in Table 5.20, along
with the point estimates found using the EVM MATLAB analysis of the data sets. The
Klumperman and Kraeger (1994) article did not publish reactivity ratio estimates for the terminal
model, as they only considered the penultimate model. Consequently, analysis of the
Klumperman and Kraeger (1994) data was performed to determine the sensitivity of the

parameter estimates to the data set and subsequent experimental design (refer to Table 5.21).

Table 5.20: Point estimates published by Hill et al. (1989 & 1992) and the EVM estimates (additive error).

Estimation Method

Hill et al. (1989) triad

Bulk 60 . EVM 0.4814 | 0.1034
work fractions
Current Bulk 60 Hill et al. (1989) EVM 0.3503 | 0.0576
work composition

Hill et al. (1992) triad
fractions

Current

work Bulk 60

EVM 0.4817

Current Toluene 60 Hill et al. (1'992) triad
work fractions

Current | 71 ene 60 Hill et al. (1992) EVM 0.3646 | 0.1112
work composition

Current

Hill et al. (1992) triad

Acetonitrile 60 . EVM 0.4816
work fractions
Current | Cetonitrile 60 Hill et al. (1992) EVM 0.2802 | 0.0582
work composition

Table 5.21: EVM (additive error) point estimates from analyzing Klumperman & Kraeger (1994) data.

Solvent Temp (°C) Data Source Estimation Method r r;
Bulk 60 Triad fractions EVM 0.5133 | 0.1069
Bulk 60 Composition EVM 0.3551 | 0.0755

Toluene 60 Triad fractions EVM 0.4973 | 0.1191

Toluene 60 Composition EVM 0.3394 [ 0.0968

A clearer picture of the estimates can be seen when the data is grouped together by system (i.e.,
bulk, toluene solvent, and acetonitrile solvent) and the exact JCRs shown (refer to Figures 5.26-

5.28). Note here that in the figures if the data set used in the analysis is taken from Hill et al.
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(1989), Hill et al. (1992) or Klumperman and Kraeger (1994) it is referred to in the figure as
(Hill, 1989), (Hill, 1992) or (Klumperman, 1994) , respectively.
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Figure 5.26: Exact JCRs for EVM (additive error) analysis of Hill et al. (1989), Hill et al. (1992) and
Klumperman & Kraeger (1994) triad and composition data for the STY/AN BULK system at 60°C.

Figure 5.26 shows a relatively well behaved system, when an additive error structure is imposed
to both composition and triad fractions data sets. That is, the EVM exact JCRs obtained from
analysis of both the Hill et al. (1989 and 1992) and Klumperman and Kraeger (1994) data sets,
overlap significantly. Furthermore, both of the composition data exact JCRs contain the

respective literature NLLS point estimate by Hill et al. (1989).

Now considering the triad fractions data analysis, when an additive error structure is imposed,
the exact JCRs from the different literature groups can be seen to also overlap significantly for
this bulk copolymerization system (refer to Figure 5.26). Therefore, confidence in the point
estimates is warranted as the parameter estimates do not appear to be significantly influenced by
different data sets (i.e., consistent results from independent analysis). Most interesting is the fact
that the exact JCR obtained from analyzing the triad fractions data (Hill et al., 1992) is slightly
shifted in a SW direction away from the exact JCR obtained from analyzing the triad fractions

data (Hill et al., 1989); mimicking the same trend in the literature groups NLLS estimates.
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However, the shift in the contour is less pronounced than that seen in the shift in the NLLS point
estimates. This is of particular importance as it indicates that EVM is more robust and consistent
at estimating reactivity ratio estimates than NLLS (i.e., consistent estimates obtained despite
using different data sets); and thus another reason for EVM to be the parameter estimation

method of choice for reactivity ratio estimation problems.

Not surprisingly, the exact JCRs (seen in Figure 5.26) obtained from analysis of the Klumperman
and Kraeger (1994) triad fractions and composition data sets result in larger contours than those
obtained from the analysis of Hill et al. (1989 and 1992) data sets. The reason for the larger
contours, and thus more uncertainty in the parameter estimates, is due to the fact that the
Klumperman and Kraeger (1994) data set had less data points than the Hill et al. (1989 and 1992)
data sets. That is, there is less information supplied to the EVM routine in the Klumperman and

Kraeger (1994) analysis and subsequently more uncertainty in the parameter estimates.

In Figure 5.27 the exact JCRs are shown for the toluene solvent STY-AN system. The exact
JCRs are obtained from EVM analysis of Hill et al. (1992) and Klumperman and Kraeger (1994)

data sets for both triad fractions and composition.
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Figure 5.27: Exact JCRs for EVM (additive error) analysis of Hill et al. (1992) and Klumperman & Kraeger
(1994) triad and composition data for the STY/AN TOLUENE solvent system at 60°C.



Chapter 5. Estimation of Reactivity Ratios from Instantaneous Data 124

Similar to the previous figure, Figure 5.27 shows that exact JCRs obtained from analyzing triad
fractions data overlap considerably with the exact JCRs obtained from analyzing composition
data; thus indicating good agreement between the two data sources when an additive error
structure is imposed. Furthermore, the contours and point estimates appear to be robust to
changes in the data set used. That is, using different literature group data sets yields very similar

exact JCRs for the respective triad fractions or composition data analysis.

In Figure 5.28 however, the exact JCRs obtained from the analysis of the STY/AN acetonitrile
solvent system composition and triad fractions data sets are seen to be quite different to the
previous results. That is, the exact JCR obtained from analysis of triad fractions data is not
overlapping the exact JCR obtained from the analysis of composition data. Theoretically, one
would expect triad fractions and composition to lead to similar estimates, yet this is not the case.
The cause of the contour separation may be attributed to: 1) the model used by Hill et al. (1992)
to transform the NMR peak areas into triads is not a correct representation of the system (i.e.,
incorrect tacticity parameters or equations); 2) that the use of triad fractions data lacks the ability
to accurately represent reactivity ratio estimates (although unlikely, as in the previous case
studies the contours generally overlapped); or 3) the precipitation of acrylonitrile in the
copolymerization system may be more pronounced in an acetonitrile solvent and thus influencing

the results.
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Figure 5.28: Exact JCRs for EVM (additive error) analysis of Hill et al. (1992) triad and composition data for

the STY/AN ACETONITRILE solvent system at 60°C.
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Some points to be made that are common to all of the STY/AN composition and triad fractions
data EVM parameter estimation analysis (with imposed additive error structures), by referring to
Figures 5.26-5.28, are the following:

- The exact JCR is smaller when using triad fractions data than when composition data is
used, which can be explained from an information content point of view (i.e., more responses per
data point for triad fractions data sets). Consequently, it can be said that the use of triad fractions
data results in less uncertainty in the parameter estimates than when using copolymer
composition data.

- The NLLS estimates provided by the Hill et al. (1989 and 1992) group fall outside the
exact JCRs when the triad fractions data is used. Therefore, one can say that either the point
estimates by the authors are incorrect (due to the use of a statistically incorrect estimation
method not accounting for the error in the feed fraction), or that the triad fractions data does not
give accurate estimates (perhaps due to insufficient sample size).

- The uncertainty in r; (the reactivity ratio estimate of the styrene monomer) is
significantly greater than the uncertainty in r, (reactivity ratio estimate of the acrylonitrile
monomer). This may be attributed to the precipitation of acrylonitrile during the

copolymerization or due to poor experimental design.

5.5.1.2  Multiplicative Error Structure

The analysis of the STY/AN solvent systems when imposing a multiplicative error structure, in
the EVM program, was completed. The point estimates of the new analysis and the estimates
provided by the Hill et al. (1989 and 1992) group can be seen in Table 5.22. While the reactivity
ratio estimates obtained from the analysis of the Klumperman and Kraeger (1994) data set
(imposing a multiplicative error structure) for the STY/AN bulk and toluene solvent systems can
be seen in Table 5.23.
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work

Current ’

EVM (multiplicative error) analysis of the data.

Table 5.22: Point estimates published by Hill et al. (1989 and 1992) and the estimates obtained by

Selvent

Data Source

Hill ot al, (1989) triad
fractions

Estimation Method

Current

Toluene

Hill et al. (1989)
ith

! H1 etal. (

fractions

Hill et al. (1992) triad
fractions

) Current

Toluene

Hill et al. (1992)
com ‘osition

Hill et al. (1992) triad

Acetonitrile 60 : EVM 0477 | 0.1224
work fractions
Current 1\ e tonitrile 60 Hill et al. (1992) EVM 02317 | 0.0627
work composition

Table 5.23: Point estimates obtained by EVM (multiplicative error) analysis of Klumperman and Kraeger

(1994) data.

Solvent Temp (°C) Data Source Estimation Method r r,
Bulk 60 Triad fractions EVM 0.6204 | 0.1026
Bulk 60 Composition EVM 0.3765 | 0.0772

Toluene 60 Triad fractions EVM 0.5081 0.1352

Toluene 60 Composition EVM 0.407 0.1223

Firstly, in Figure 5.29 the exact JCRs are shown for the Hill et al. (1989) and (1992) triad

fractions and composition data sets, with additive and multiplicative error structures, to illustrate

the impact the imposed error structure may have on the reactivity ratio point estimates and exact

JCR.

By specifically focusing on triad fractions data an interesting trend can be seen when the data
sets of Hill et al. (1989) and Hill et al. (1992) are considered. In Figure 5.29 it can be seen that

when an additive error structure is imposed to the triad fractions data the exact JCRs of the two

data set studies (i.e., Hill 1989 and Hill 1992) overlap. However, when a multiplicative error
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structure is imposed to the triad fractions the exact JCRs of the two data set studies no longer
overlap. In fact, when the multiresponse error structure is imposed to either literature triad
fractions data sets, the exact JCRs shift outside the region of all other exact JCRs. Theoretically,
the exact JCRs from the analysis of triad fractions data with a multiresponse error structure
should be significantly overlapping the exact JCRs of the same triad fractions data set study, but
with an additive error structure; similar to that seen in the composition data study (multiplicative
always falling within the additive error contour for the respective data set). Yet this is not the
case. Consequently, the question becomes whether the multiplicative error is the correct error
structure to implement in triad fractions data EVM analysis or whether some other effect specific
to this STY/AN system, such as the precipitation of acrylonitrile, is more prominent and thus
shifting the JCRs when a multiplicative error structure is imposed? Or alternatively, the triad
fractions exact JCR (multiplicative error) separation from the triad fractions exact JCRs (additive

error) may be the effect of small data sample size, similar to that seen in Case Study I (refer to

Section 5.3).
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Figure 5.29: Exact JCRs for EVM (additive and multiplicative error) analysis of Hill et al. (1989 and 1992)

triad and composition data for the STY/AN BULK system at 60°C.
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Furthermore, by considering Figure 5.30 with the bulk STY/AN studies from Hill et al. (1992)
and Klumperman and Kraeger (1994), it can be seen that the exact JCRs, from the different data
sources do not overlap when multiplicative error structure is implemented, for either composition
or triad fractions data. Compare this with the case when additive error is used the exact JCRs do
in fact overlap (refer to Figure 5.26). Therefore, it becomes apparent that when using a
multiplicative error structure for either triad fractions or composition data, the EVM estimates
are no longer robust and consistent for different data sources. One possible reason for the
inconsistency of estimates, obtained from different data sources, may be the experimental design
and quality of data provided for analysis becomes very important in obtaining statistically
consistent parameter estimates when a multiplicative error structure is imposed (i.e., bad data
results in a more prominent affect to estimates when a multiplicative error structure is imposed).
Another possible explanation is that multiplicative error for either triad fractions or composition
data is not the correct error structure, which can only be disputed once an error structure study is
performed (refer to Section 7.2). Alternatively, the inconsistency could be attributed to issues
specific to this particular system, namely the precipitation of acrylonitrile, which may result in a
more prominent affect to the reactivity ratio point estimates and exact JCR when a multiplicative

error structure is imposed.
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Figure 5.30: Exact JCRs for EVM (multiplicative error) analysis of Hill et al. (1992) and Klumperman and
Kraeger (1994) triad and composition data for the STY/AN BULK system at 60°C.
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The same trends are again seen when considering the toluene solvent STY/AN studies from Hill
et al. (1992) and Klumperman and Kraeger (1994), refer to Figure 5.31. That is, when
considering the composition data set studies, the exact JCRs from different data sources (i.e., Hill
vs. Klumperman) do not overlap when multiplicative error structure is implemented. Similarly,
when considering the triad fractions data set studies, the exact JCRs from different data sources
do not overlap. Thus supporting the fact that in this case study for STY/AN the EVM estimates
obtained from either triad fractions or composition data (when a multiplicative error structure is

imposed) are inconsistent when using different data sets (refer to previous discussion).
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Figure 5.31: Exact JCRs for EVM (multiplicative error) analysis of Hill et al. (1992) and Klumperman and
Kraeger (1994) triad and composition data for the STY/AN TOLUENE solvent system at 60°C.

In contrast to the result seen in Figure 5.30, in Figure 5.31 the exact JCRs obtained from analysis
of the triad fractions data, of either Hill et al. (1992) or Klumperman and Kraeger (1994) data
sources, significantly overlap the exact JCR obtained from analysis of the composition data
provided by Hill et al. (1992). That is, the exact JCR of Hill composition data (multiplicative
error) significantly overlaps with both exact JCRs of Hill triad fractions data (multiplicative
error) and Klumperman triad fractions data (multiplicative error). Consequently, when only

considering the toluene STY/AN system one could suggest that the data provided by
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Klumperman and Kraeger (1994) may not be the best quality data or have a good experimental

design. As theoretically, the exact JCRs obtained from analysis of triad fraction and composition

data should significantly overlap.

In Figures 5.32 and 5.33 the toluene solvent case studies, with both data sets analysis and
different imposed error structures, are considered for each of the literature groups. That is, in
Figure 5.32 the exact JCRs obtained from analyzing Hill et al. (1992) groups triad fractions or

composition data (toluene solvent), with imposed additive and multiplicative error structures, are

shown.
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Figure 5.32: Exact JCRs for EVM (additive and multiplicative error) analysis of Hill et al. (1992) triad and
composition data for the STY/AN TOLUENE solvent system at 60°C.

It can be seen in Figure 5.32 that when the multiplicative error structure is imposed on the
composition data the point estimate shifts quite a considerable amount away from the point
estimate obtained when an additive error structure was imposed on the same data set. However,
when a multiplicative error structure is imposed to triad fractions data the shift is not as
pronounced. Although, it can be said from studying Hill et al. (1992) toluene solvent data that

the error structure does not significantly affect the reactivity ratio estimates when studying either
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composition or triad fractions, as the exact JCRs overlap considerably for the different error

structures.

In Figure 5.33 the same concept is shown for Klumperman and Kraeger (1994) data for the
toluene solvent system. It is most interesting to then compare the Figures 5.32 and 5.33 as it can
be seen in Figure 5.33 that the use of different error structures on the triad fractions data resulted
in the exact JCRs no longer significantly overlapping. However, both the exact JCRs obtained
from analyzing the triad fractions data (additive and multiplicative error) overlap with both the
exact JCRs obtained from analyzing the composition data. Therefore, the estimates obtained

from the different data sets can be said to still be in agreement.
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Figure 5.33: Exact JCRs for EVM (additive and multiplicative error) analysis of Klumperman and Kraeger

(1994) triad and composition data for the STY/AN TOLUENE solvent system at 60°C.
Note that in the case of acetonitrile solvent using triad fractions data, with multiplicative error
structure, neither the exact JCR nor the ellipse JCR could be evaluated even after >300 inner and
outer iterations. Therefore, in Figure 5.34 the exact JCRs for both analysis of triad fractions and
composition data, when an additive error structure was imposed, are shown along with the exact

JCR for the analysis of composition data, when a multiplicative error structure is imposed.
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Figure 5.34: Exact JCRs for EVM (additive and multiplicative error) analysis of Hill et al. (1992) triad and
compeosition data for the STY/AN ACETONITRILE solvent system at 60°C.

It can be seen in Figure 5.34 that once again the exact JCR for triad fractions data (imposed
additive error structure) analysis does not significantly overlap the exact JCRs obtained from

composition data analysis, regardless of error structure imposed.

It is also interesting to note, that regardless of error structure all the exact JCRs for the STY/AN
composition and triad fractions data EVM parameter estimation analysis (Figures 5.26-5.34)
showed that the exact JCR is smaller when using triad fractions data than when composition data
is used. Thus, it can be said that there is less uncertainty in reactivity ratio estimates obtained

from triad fractions data than in those obtained from composition data.

5.8.2 Diagnostic Checking

In order to determine whether the reactivity ratio estimates in fact model the experimental results
accurately the toluene solvent STY/AN system data from Hill et al. (1992) was selected to be
studied in more detail. The EVM (multiplicative error) reactivity ratio estimates, obtained from

analyzing Hill’s triad fractions and composition data, were used in the triad fractions equations
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(Equation 5.1) to compare the ‘predicted’ triad fractions with the recorded ‘experimental’ triad

fractions.

Figures 5.35 a) - d) show the triad fractions predicted from the equations, using the EVM
(multiplicative error) reactivity ratio estimates of the triad fractions and composition data. Note
only the four triad fractions used in the EVM analysis are shown in the diagnostic testing. While
Figure 5.33 e) shows the copolymer composition predicted from the Mayo-Lewis equation, using
the EVM (multiplicative error) reactivity ratio estimates of the triad fractions and composition

data.
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Figure 5.35 a) - d): Predicted triad fractions using the reactivity ratio estimates obtained from EVM
(multiplicative error) analysis of the NMR normalized peak areas in Equation 5.1 and the ‘experimental’

triad fractions

obtained from transforming the measured NMR normalized peak areas. ¢) Predicted

copolymer composition using the EVM (multiplicative error) reactivity ratio estimates, obtained from
analyzing triad fractions and composition data, in the Mayo-Lewis equation and the published copolymer

composition measurements.
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As can be seen from Figures 5.35 a) —d) the predicted triad fractions obtained from using the
EVM (multiplicative error) reactivity ratio estimates from analyzing the triad fractions and
composition data are in agreement with the published ‘experimental’ triad fractions results.
Furthermore, the diagram shows that the copolymer composition can be predicted well with

reactivity ratios that are estimated from either composition data or triad fractions data.

5.8.3 Triad Fractions and Composition Data Combined vs. Triad Fractions Data

The next stage of analysis, as in the previous case study, was to determine whether using all the
information available in the EVM program would result in a further reduction of uncertainty in
the parameter estimates. The following diagrams are the exact JCRs of the solvent systems using
triad fractions and composition data compared to only triad fractions data, imposing a
multiplicative error structure. The data sets selected for this analysis were those published by
Hill et al. (1992) for bulk and toluene solvent system (refer to Figures 5.36 and 5.37
respectively) as the other data sets for STY-AN followed the same trends.
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Figure 5.36: Exact JCR for EVM (multiplicative error) analysis of Hill et al. (1992) triad and composition
data vs. only triad fractions data for the STY/AN BULK system at 60°C.
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Figure 5.37: Exact JCR for EVM (multiplicative error) analysis of Hill et al. (1992) triad and composition
data vs. only triad fractions data for the STY/AN TOLUENE solvent system at 60°C.

Considering Figures 5.36 and 5.37, it can be noted that the decrease in area of the exact JCR,
when the augmented data sets are used (i.e., combining the copolymer and triads data), does not
seem sufficiently significant compared to the exact JCR obtained when using only triad fractions
data. Therefore, this case study once again demonstrates that conducting measurements of

copolymer composition is not needed, provided reliable triad fractions data can be obtained.
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5.9 Summary of Results from Analysis of Case Studies I — VI

The main objective of this chapter was to address the following questions by analyzing
instantaneous data from a variety of copolymerization systems: 1) Are triad fractions/NMR
normalized peak areas based reactivity ratio estimates in agreement with those obtained from
composition data; regardless of error structure; 2) When using triad fractions/NMR normalized
peak areas do the resulting JCRs show less uncertainty in the parameter estimates than those
obtained when using composition data, for either an additive or multiplicative error structure; 3)
When using triad fractions/NMR normalized peak areas and composition data together do the
resulting JCRs show less uncertainty in the parameter estimates than those obtained when using
only triad fractions data; and lastly 4) Does error structure affect the location of the JCR when

studying either composition or triad fractions/NMR normalized peak areas data?

The following Table 5.24 was thus created to summarize the analysis of the instantaneous case
studies, so as to be able to easily identify the results from each study with reference to the aims
of this chapter. However, it is important to realize that each individual case study does deserve
more detailed attention (by referring to the appropriate section), as further discussion can be
found on results that are of interest, yet may only be relevant to that specific system and not

explicitly related to the general objectives of this chapter.

Some general points to be made from Table 5.24 include:

- The use of triad fractions/NMR normalized peak areas data consistently results in less
uncertainty in the parameter estimates, compared to when composition data is used;
regardless of the error structure imposed.

- Using combined data sets (triad fractions and composition) consistently did not
improve the uncertainty in the reactivity ratio estimates, compared to when only triad
fractions data is used.

- The imposed error structure does not significantly affect the reactivity ratio estimates
(i.e., significant to complete overlapping of exact JCRs exists) when composition data

is used.
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- The imposed error structure may influence the reactivity ratio estimates (i.e., separate
exact JCRs obtained from analyzing the data with different imposed error structures)
when triad fractions/NMR normalized peak areas data is used.

- The reactivity ratio estimates may not agree for the same system, when different data
types are used. That is, the parameter estimates obtained from analyzing triad
fractions/NMR normalized peak areas data is not always in agreement (i.e.,
overlapping exact JCRs) with the estimates obtained from analyzing composition data,

particularly when a multiplicative error structure is imposed.
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5.10 Case Study VII: Acrylonitrile/Styrene/Methyl Methacrylate

There are a multitude of literature sources for the terpolymerization composition data of
acrylonitrile (AN), styrene (STY) and methyl methacrylate (MMA), including: Hocking and
Klimchuk (1996); Shukla and Srivastava (1994); and Brar and Hekmatyar (1999). However,
when terpolymer data is used there are in fact six parameters (reactivity ratios) that are estimated
and thus there is a minimum of six data points required for the analysis (to satisfy the n=p
requirement of parameter estimation, where » is the number of data points and p is the number of
parameters). Consequently, the data sets provided by Hocking and Klimchuk (1996), and Shukla
and Srivastava (1994) were not used independently, due to insufficient number of data points for
the system. Therefore, a recommendation from this work is that future studies need to focus on
well designed multicomponent polymerization experiments with many replicates, so that
parameter estimation from these types of systems can be thoroughly examined (refer to Section
7.2).

In order to analyze the available terpolymer data the EVM MATLAB program had to be updated
to account for the terpolymer equations, based on the differential equations of Alfrey and
Goldfinger (Equations 2.49 and 2.50) at low conversions, seen below for reference

B _ M M1y + Myry s + Mar,r (M nyhs + Myns + M, )

P, M,(M 1,1y + M,1,ry + M, Y M r, + Mir, + M,ry,)

P - M, (M rphy + Moynary + Mar,r (Mo vy + Miry + Myry,)
Py M, (M ryry + Mypary, + Manar, (M ryr, + Miry, + Mory,)

(5.11)

where, M; are the instantaneous mole fractions of monomer i in the feed solution and P; are the

instantaneous mole fractions of monomer i in the polymer phase.

Implementing the EVM procedure and model equations to the terpolymer case required further
adaptation of the EVM program. As discussed previously in Section 3.4 the EVM routine is
based on estimating parameters by minimizing the function ¢. In the copolymerization
experiments this minimization was achieved by a Newton’s method similar to that of Fisher’s
method of scoring, as outlined by Reilly et al. (1993). However, in the terpolymer case this

particular minimization routine had convergence issues; thus a more robust optimization routine
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was selected. The optimization routine chosen is based on the Simplex method and was

implemented into EVM by using the ‘fminunc’ code command (refer to Appendix A).

It is also important to note here that only the implementation of a multiplicative error structure
was considered, due to the EVM variables being composition measurements (which are
generally considered to have a multiplicative error structure). Furthermore, the error associated
with the feed composition was assumed to be +1%, while the terpolymer composition was

assumed to be £5%.

5.10.1 Brar and Hekmatyar (1999) STY-MMA-AN Data Set
Brar and Hekmatyar (1999) provided experimental data for the AN-STY-MMA system at six

different feed composition points and measured terpolymer compositions. The terpolymers were
prepared by photopolymerization using uranyl ion as initiator, whilst maintaining the conversion
to below 10% to avoid significant composition drift. The AN-STY-MMA terpolymer data set
provided by Brar and Hekmatyar (1999) can be seen in Table 5.25.

Table 5.25: Data set of Brar and Hekmatyar (1999) AN/STY/MMA system.

0.63 0.15 0.46 0.40 0.14
042 0.36 0.22 0.37 0.46 0.17
023 0.53 0.24 0.27 0.53 0.20
041 0.16 0.43 0.32 0.29 0.39
0.29 0.08 0.63 0.22 0.15 0.63
0.29 0.44 0.27 0.30 0.48 0.22

Using the EVM program, estimation of the six reactivity ratio parameters was then conducted.
The initial estimates for the EVM procedure were those given by Brar and Hekmatyar (1999),
which were from prior work by Brar et al. (1998), where copolymerization data for different
pairs of the three monomers were analyzed. The reactivity ratio estimates given in the literature
(using copolymerization data) and those obtained from EVM analysis of the terpolymer data can
be seen in Table 5.26.
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Table 5.26: Point estimates published by Brar and Hekmatyar (1999) and the estimates obtained by EVM
MATLAB, where STY =S, MMA =M and AN = A,

Current Work

In order to determine whether the point estimates provided by Brar and Hekmatyar (1999) were
in agreement, the ellipse JCRs of the reactivity ratios in their respective copolymer pairs (i.e. rsa

Vs. rag) were analyzed, refer to Figures 5.38 a) - d).
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Figure 5.38a) — d): Ellipse JCRs for EVM analysis of Brar and Hekmatyar (1999) terpolymer composition
data for the AN/STY/MMA system,

It can be seen in Figure 5.38 d) that the reactivity ratio estimates by Brar and Hekmatyar (1999)
fall outside the ellipse JCR of the respective pair, except the acrylonitrile and methyl
methacrylate interaction pair. It is also interesting to note the varying sizes of the ellipse JCRs
and thus uncertainty in the reactivity ratio estimates for the different monomer pairs. The varying
uncertainty in the pairs may be attributed to poor experimental design and insufficient data. That
is, the terpolymer data set provided by Brar and Hekmatyar (1999) was not extensive, but rather
only met the minimum number of data points required for a six parameter estimation problem
and thus may not have been sufficient for the accurate estimation of all the parameters. As a
result the inclusion of the point estimates from Brar and Hekmatyar (1999) in the ellipse JCR of
the AN-MMA interaction is believed to be due to poor experimental design affecting the
uncertainty in the EVM estimates obtained for the AN-MMA interaction (hence this monomer
pair has the largest contour). Therefore, it is believed that future study of a well designed
terpolymer experiment will show that reactivity ratios from copolymer composition data do not

necessarily accurately represent the terpolymer reaction kinetics.
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5.10.2 Amalgamated STY-MMA-AN Data Set
As stated previously, the STY-MMA-AN data set published in Hocking and Klimchuk (1996)

had insufficient feed points to use in the parameter estimation routine; however when this data is
combined with the Brar and Hekmatyar (1999) STY-MMA-AN data, the resulting amalgamated
data set has 10 experimental points. The amalgamated STY-MMA-AN terpolymer data set can
be seen in Table 5.27.

Table 5.27: Amalgamated data set using the published data from Brar and Hekmatyar (1999) and Hocking
and Klimchuk (1996).

0.63 0.22 0.15 0.46 0.40 0.14
042 0.36 022 0.37 0.46 0.17
0.23 0.53 0.24 0.27 0.53 0.20
041 0.16 043 0.32 0.29 0.39
029 0.08 0.63 0.22 0.15 0.63
0.29 0.44 0.27 0.30 0.48 0.22
0.2805 0.3592 0.3603 0.2920 0.4470 0.2610
0.2026 0.5323 0.2651 0.2720 0.5260 0.2020
0.4344 0.2832 0.2824 0.3860 0.3840 0.2300
0.2028 0.2776 0.5206 0.2300 0.3640 0.4060

Using the EVM program, estimation of the six reactivity ratio parameters was then conducted for
the amalgamated data case. The initial estimates for the EVM procedure were those given by
Brar and Hekmatyar (1999). The reactivity ratio estimates given in the literature (using
copolymerization data) and those obtained from the EVM analysis of the amalgamated
terpolymer data and the previous EVM analysis on the Brar and Hekmatyar (1999) data can be
seen in Table 5.28.

Table 5.28: Point estimates published by Brar and Hekmatyar (1999), and Hocking and Klimchuk (1996),
and the estimates obtained by EVM MATLAB on the amalgamated data set.
Where STY =S, MMA =M and AN = A.

In order to determine whether similar results were obtained from the amalgamated data set and
the original Brar and Hekmatyar (1999) data set, the ellipse JCRs of the reactivity ratios in their

respective copolymer pairs (i.€. rsa VS. ras) were analyzed, refer to Figures 5.39 a) -c).
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Figure 5.39 a) —): Ellipse JCRs for EVM analysis of amalgamated terpolymer composition data for the
AN/STY/MMA system compared to the Ellipse JCRs from EVM analysis of Brar and Hekmatyar (1999)

data.

It can be seen in Figures 5.39 a) — ¢) that the reactivity ratio estimates published by Brar and
Hekmatyar (1999) and by Hocking and Klimchuk (1996) fall outside the ellipse JCR of the

respective pair, except for the acrylonitrile-methyl methacrylate interaction. It is also interesting

to note the effect of incorporating the Hocking and Klimchuk (1996) data results in a shift in the

ellipse JCR for each monomer pair away from the location of the literature point estimates.

Consequently, it is reasonable to suggest that the data by Hocking and Klimchuk (1996) has

large experimental errors in the four feed point data set which distorts the EVM result.



Chapter 6

Estimation of Reactivity Ratios from Cumulative
Data

As stated previously in Chapter two, there are two general models used in the estimation of
copolymer reactivity ratios; the instantaneous and the cumulative models. The most often used is
the instantaneous copolymer composition model, otherwise known as the Mayo-Lewis model.
The main issue in using the instantaneous model is that it assumes that all variables are measured
over an infinitesimal period of time, which is rarely the case. The monomer feed composition is
measured at the beginning of the reaction (time zero), while the copolymer composition is taken
after a very small, yet finite, time period. In order to still apply the model however, the
assumption that the feed composition does not change significantly throughout the reaction is
applied. It is for this reason that the instantaneous model requires that the polymerization
experiment be run at low conversion in order to prevent compésition drift becoming significant.
However, without measuring the feed composition during the experiment one can not truly rely
on the feed composition being constant during the reaction. Furthermore, even stopping the

reaction at low conversions is hard to achieve in some systems.

In order to not be confined by the assumption that the feed composition does not change during
the reaction and thus limited to low conversion data, a model was required that would account
for the feed composition at the end of the reaction, whether directly or indirectly. There are two
main models discussed in the literature that were developed in order to circumvent the problems

that existed with the instantaneous composition model.

149



Chapter 6. Estimation of Reactivity Ratios from Cumulative Data 150

The first and most well known is the Meyer-Lowry Model (1965), sometimes referred to as the
analytically integrated cumulative copolymer composition model. The second is the numerically

integrated cumulative copolymer composition (ODECCC) model.

The triad fractions cumulative model has considerably less discussion in the literature. In this
thesis the cumulative model has been employed and is referred to as the numerically integrated

cumulative copolymer triad fractions (ODECCTF) model.

6.1 Meyer-Lowry Model

The Meyer-Lowry model was developed to obtain reliable estimates of the reactivity ratios from
data with moderate conversion levels. Typically, the experiments run to conversions of
approximately 25% to ensure that the reaction stays within the chemical control regime.
Maintaining the copolymerization in the chemical control regime is important to avoid the issues
of auto-acceleration and other diffusional limitations (and hence potential variation of the

reactivity ratios).

The lack of reliable literature on the application of the Meyer-Lowry model for parameter
estimation is due to the complexity of the model. The antiquated computing power of the past
thus resulted in the frequent misuse of invalid parameter estimation techniques (e.g. graphical
intersection) by researchers. One of the first authors to propose a reliable numerical method for
the Meyer-Lowry model was German and Heikens (1971). The authors introduced the idea of an
error in variables approach, which later Van der Meer et al. (1978) further refined. Patino-Leal
et al. (1980) applied the error in variables model (EVM) very systematically to the Meyer-Lowry

model. However in all these articles, the Meyer-Lowry model used is in the following form:

2

' (Vn*l)%—rzﬂ 6.1
log( M, J= ‘ 1og[M2°M‘]— Salr R Y, ©.1
1 MM, (1_r1)(1_rz) (rl_])MIO ~r, +1

20

20

where M; and M, are the monomer feed concentrations at the end of the reaction and M and

M, are the initial monomer feed concentrations.
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From Equation 6.1, it can be seen that the model is based on the conversion of monomer two
only and thus contains no information regarding the conversion of the other monomer. As a
result, when the reactivity ratios differ greatly, the other monomer may attain a very different
conversion level. It is for this reason that models that use a total conversion as a response are a

better alternative.

Papers that use total conversion as a response in a form of the Meyer-Lowry model (as given by
Equation 2.26) are those of Hautus et al. (1984) and Garcia-Rubio et al. (1985). Equation 2.26 is

considered to be the general Meyer-Lowry model and is written below for reference.

a B y
- -5
f1,0 1"fl,o f1_5
where,
7, 4 1-rnr, 1-r,
l-r, p l-# 4 (1—1‘1)(1——1’2) 2-n-n

The variables seen in Equation 6.2 are defined in this work, by assuming constant volume of the
polymerizing mixture, as functions of molar concentrations (refer to discussion in Section 2.1.1);

X =1_M. [MI,O]

. = (M, ]
! (M, J+[M,0]° (M, J+[M,,]7

ho= M ]+[M,]

The form of Equation 6.2 also suggests that the measured variables be the initial and final feed
concentrations of monomer one. However, this is not typically the case as when a measurement
of the final mole fraction of one of the monomer in the feed is obtained, then the overall mole

fraction conversion cannot be calculated (Rossignoli, 1993). Consequently, a third measurement
is usually the final mole fraction of monomer one in the copolymer, Fl , given by:

[Ml,O]—[Ml]
(M ]+[M,,]-[M,]-[M,]

F = (6.3)

This allows a new equation for the molar conversion, X, as a function of the initial and final feed
composition (fio and fj, respectively) to be derived as:

x, =870

"= F (6.4)
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As a result the Meyer-Lowry equation can then be expressed in terms of the variables measured,

which Rossignoli (1993) termed the mole conversion form, given by:

a B ¥
F7l _fl_flo_ fl 1_fl fl,o“é
f(fm,prl)—————f1 F 1+(fwj (1_]1’0} (fl—dj (6.5)

Papers that include copolymer composition in the Meyer-Lowry model, similar to the above
equation, include Shawki and Hamielec (1979), O’Driscoll et al. (1984), and Plaumann and
Branston (1989).

It would be best however, if the measurements taken for reactivity ratio estimation problems
were the same regardless of whether the Mayo-Lewis or the Meyer-Lowry model is applied.
That is, the measurements typically recorded are the initial feed concentration, in terms of

monomer one mole fraction (f7); the final mole fraction of monomer one incorporated in the
copolymer (—ﬁ':) and the weight fraction conversion (X,). The Meyer-Lowry model can be

expressed in terms of these three measured variables, fi9, X, and Fl by using a model outlined

by Rossignoli (1993) as the mass conversion form, given by (refer to Section 2.1.1):

— o ,
Fa —_ — in_Fan 1_Xn~f;0—}71Xn (§—j1,0x1_Xn)
ffis X, F) =X, 1{]{1’0(1_)(")}( %) Mé—éX,,—ﬂwEXJ (6.6)

where X, is given in terms of X,, by:

MVVlflo +(1_’fl0)MW2

X =x T o
MW,F, +(1- F)MW,

(6.7)

In this thesis, the form of the Meyer-Lowry model used is the mass conversion form seen

above.

6.1.1 Parameter Estimation Technique: EVM or NLLS?

The Meyer-Lowry model is nonlinear in the parameters and subsequently requires a nonlinear
parameter estimation technique. In this research, the non linear least squares (NLLS) and error in

variables (EVM) techniques were considered for application to the Meyer-Lowry model. As is



Chapter 6. Estimation of Reactivity Ratios from Cumulative Data 153

well known, if NLLS is used, then one of the variables must be considered as the dependent

variable and the model cast into the NLLS form. The mole conversion case (i.e. f (fio, ﬁ,E)) can
not be used with the NLLS estimation technique, as the _F_; and f; variables both have

considerable error (Rossignoli, 1993). That is, regardless of whether fl or f; was selected as the
dependent variable, the assumption that the independent variables have insignificant error would
be violated. Similarly, the mass conversion case (i.e. f (fy, XW,FI)) would be difficult to use with

the NLLS parameter estimation technique, as the model can not be easily cast into an explicit
NLLS form. Consequently, in this research EVM was the only parameter estimation method

used to obtain reactivity ratio values from the mass conversion form of the Meyer-Lowry model.

It is also important to note that in this chapter the initial feed composition, f;9, and final
copolymer composition, Fl, were assumed to have multiplicative errors of £1% and £5%,

respectively, unless otherwise stated in the study. The assumed weight fraction conversion error
level was based on the fact that it is measured by gravimetry analysis, similar to initial feed

composition, and thus has a similar error structure and assumed 1% level.

Furthermore, for the sake of simplicity and similar to previous chapters, the exact shape, 95%
probability joint confidence region is called the exact JCR, while the ellipse shape, 95%
probability joint confidence region is called the ellipse JCR. Also, in the cases where the Meyer-
Lowry model is used, only the ellipse JCR could be evaluated as the exact JCR would not

converge.

6.1.2 EVM Using the Mass Conversion Form of the Meyer-Lowry Model

Applying EVM to the mass conversion form of the Meyer-Lowry model is identical to the
explanation given in Section 3.5 for the Mayo-Lewis model. Subsequently, only highlights will

be given here.

The first step is to take the natural logarithm of the EVM variables (i.e. f74, XW,FI) to account for

the multiplicative error structure of the data. Then the main EVM function and the partial
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derivatives with respect to the parameters and variables are developed. As the derivatives are
much more complicated and lengthy, they are not listed here (but can be found in BFCalc and
ZCalc, in the respective EVM MATLAB program, refer to Appendix A). The main EVM

functions used in the program were the following:

« B ¥

— _ _5
f(fw,Xw,E)=X,,—1+(ﬁ] ( Sl J [(f‘” )j 69)

fio ) \(U=Fi0)) U fi-6
where, f=du=BX, x, = x, M+ (= 11 ) MW, (6.9-6.10)

X, MW, F, +(1- F)MW,
and a=ly p=ti o 1T s 1Th 601604

1—r2’ l—rl’ 4 (l—rl)(l—rz)’ 2-n-r, ' '

A number of case studies were run using this Meyer-Lowry mass conversion form model to
obtain reactivity ratio estimates. Some case studies selected were used to demonstrate the Meyer-
Lowry reactivity ratio estimates agreement to the instantaneous Mayo-Lewis estimates for low
conversion data. Others show that for moderate conversion data where composition drift is

significant, the Mayo-Lewis reactivity ratio estimates deviate from those obtained using the

Meyer-Lowry model.

6.1.3 Case Study I: STY- MMA System
O’Driscoll et al. (1984) studied the styrene (STY) / methyl methacrylate (MMA) system at 60°C

and presented experimental data for final copolymer composition, initial feed composition and
weight fraction conversion (refer to Table 6.1). Rossignoli (1993) also studied the STY/MMA

system using simulated data (refer to Table 6.2).

Table 6.1: O’Driscoll et al. (1984) data set for STY/MMA bulk system at 60°C.

Initial Feed Composition | Conversion Copolymer Composition Copolymer Composition
(Mole frac STY) (wt %) (wt % STY) (Mole frac STY)
0.6 4.5 55.1 0.5413
0.6 4.7 574 0.5644
0.6 26.1 56.2 0.5523
0.6 273 59 0.5805
0.6 49.6 59.5 0.5855
0.6 55.6 583 0.5734
0.6 70 59.6 0.5865
0.35 4.6 404 0.3946
0.35 24.1 42.1 04115
0.35 69.6 40.6 0.3966
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Table 6.2: Rossignoli (1993) simulated data set for STY/MMA system.

Initial Feed Composition Conversion Copolymer Composition
(Mole frac STY) wt %) (Mole frac STY)
0.111004 9.9724 0.1894
0.219854 9.9093 0.2955
0.328317 9.994 0.3874
0.443518 10.0678 0.4517
0.553271 10.0253 0.5550
0.666121 10.0439 0.5769
0.765762 9.9397 0.6832
0.871357 9.9057 0.7970

It can be seen from the data sets that Rossignoli (1993) kept the conversion to a moderately low
level (<11%), while O’Driscoll et al. (1984) carried out copolymerization to moderately high
conversions (<70%). However, both authors used the same form of the Meyer-Lowry model as
was used in this research, namely the mass conversion form, to evaluate reactivity ratio
estimates. The point estimates published by O’Driscoll et al. (1984) and the estimates obtained
from this research, using different models, can be seen in Table 6.3. Similarly the point estimates
published by Rossignoli (1993) and the estimates obtained from this research can be seen in
Table 6.4.

Table 6.3: Point estimates by O’Driscoll et al. (1984) and the estimates obtained by EVM MATLAB analysis
of the data for the Meyer-Lowry and Mayo-Lewis models.

Model Estimation Method r r;

EVM [ 04955 | 04814
Current work Meyer-Lowry EVM 0.4281 0.4183

Current work

Table 6.4: Point estimates by Rossignoli (1993) and the estimates obtained by EVM MATLAB analysis of the
simulated data for the Meyer-Lowry and Mayo-Lewis models.

rrent work 042726 | 0.44847
Current work Meyer-Lowry EVM 0.40801 | 0.42938

The JCRs for the different models are given in Figure 6.1 for the O’Driscoll et al. (1984) data
set. The point estimates indicate good agreement between the analysis completed by this research
and those published by O’Driscoll et al. (1984).
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Figure 6.1: JCRs for the application of EVM parameter estimation to the Meyer-Lowry model and Mayo-
Lewis model for the O’Driscoll et al. (1984) STY-MMA bulk system at 60°C.

From Figure 6.1 it can be seen that the Meyer Lowry model point estimates obtained by both
O’Diriscoll et al. (1984) and the current work, fall within the Mayo-Lewis model’s ellipse JCR.
There is a degree of overlap of the JCRs when using the Mayo-Lewis and Meyer-Lowry models,
though not as significant as was anticipated. That is, the reactivity ratios are similar and thus the
deviation of the Meyer-Lowry model’s result from the Mayo-Lewis model’s result was
anticipated to be minimal (due to insignificant composition drift) and hence the overlap of the
JCRs was anticipated to be more significant. However, only two initial feed composition points

were analyzed and thus the small sample may have biased the resuits.

Figure 6.2 is the JCRs for the different models for the simulated Rossignoli (1993) STY-MMA
copolymerization data set. From the figure it can be seen that the Mayo-Lewis and Meyer-Lowry
models’ results are in very good agreement, as there is significant overlap of their respective
JCR. As discussed above, the overlap of the JCRs was expected given the reactivity ratios values
being very similar. Further analysis of the figure also shows that the point estimates by

Rossignoli (1993) lie within both the Mayo-Lewis and Meyer-Lowry JCRs.
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Figure 6.2: JCRs for the application of EVM parameter estimation to the Meyer-Lowry model and Mayo-
Lewis model for the Rossignoli (1993) STY-MMA simulated data set.

Another observation from the previous figures is that the size of the confidence contours appears
to be independent of whether the Mayo-Lewis model or the Meyer-Lowry model is used in the
EVM analysis. This is counterintuitive, as given that the Meyer-Lowry model contains more
information than the Mayo-Lewis model (three variables instead of two) the size of the
confidence contour would be expected to be smaller. As this is not the case, it suggests that while
it may be necessary to use the Meyer-Lowry model (due to high conversion data or significant
composition drift), the additional information does not contribute to higher confidence in the

point estimates.

6.1.4 Case Study II: Acrylic Acid- Acrylamide System

Bourdais (1955) and Cabaness et al. (1971) studied the acrylic acid (AAcid) / acrylamide (AM)
copolymerization system at low conversion for 25°C and 60°C, respectively (refer to Table 6.5).
Similarly, Shawki and Hamielec (1979) studied the system at 40°C and presented experimental
data at high conversion (refer to Table 6.6).
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Table 6.5: Experimental data for AAcid/AM system (low conversion).

- . Copolymer
Reference Temperature (°C) FeedlC(:/mlzs‘ltfon Cor:vvte‘;smn ConfomZiﬁon
(Mole % AAcid) Wt %) (Mole % AAcid)|
12.5 7 18.3
25 10 32.7
37.5 6 46.6
Bourdais 25 50 6 60.7
62.5 5 71.2
75 2 81.7
87.5 3 90.1
80 3.92 87.49
66.7 2.54 76.88
Cabaness et al. 60 50 43 64,51
35.1 10.7 49.97
20 4.46 33.46

Table 6.6: Experimental data by Shawki and Hamielec (1979) for AAcid/AM system (high conversion).

Initial lj‘e.ed Conversion Copolyl.n.er
Composition Wt %) Composition
(Mole % AAcid) W% (Mole % AAcid)

164 12.8
24.1 11.5
8 38 11.7
50.9 11.1
583 10.3
68.9 9.6
234 21.7
31.8 20.4
472 21
15 52.1 19.4
60.2 18.6
71.1 18
19.7 28.8
27.6 27.3
38.1 26.4
20 49 26.6
583 25.6
62.1 23.9
22.8 33.5
M 334
449 323
2 51.2 31.3
63.8 30.9
66.1 29.7

Bourdais (1955) and Cabaness et al. (1971) both used graphical methods to estimate r; and r;
from the copolymer composition equation; while Shawki and Hamielec (1979) used a nonlinear
regression method. The point estimates published by the authors and the estimates obtained from

this research using the different model forms can be seen in Table 6.7.
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Table 6.7: Point estimates of reactivity ratio values from literature data of Bourdais (1955), Cabaness et al.
(1971) and Shawki and Hamielec (1979).

Values reported by Values obta.lined by Values obtained by
Reference original authors Mayo-Lewis model Meyer-Lowry model
(current work) (current work)

Bourdais (1955) 1 143 1.4089 1.417
I, 0.6 0.6383 0.6227
Cabaness et al. 9] 1.473 1.5816 1.608
(1971) I 0.48 0.4469 0.4346
Shawki and I 1.45 1.3243 1.4608
Hamielec (1979) I, 0.57 0.6918 0.5715

The resulting JCRs for the different models and low conversion data sets are given in Figure 6.3.
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Figure 6.3: JCRs for the application of EVM parameter estimation to the Meyer-Lowry model and Mayo-
Lewis model for the low conversion AAcid/AM data sets.

From Figure 6.3 it can be seen that the Mayo-Lewis and Meyer-Lowry models’ results are in
very good agreement, due to the large area of overlap of their confidence regions. The similarity
in point estimates from the different models was anticipated as the conversion level, in both data

sets, was kept below 11% (thus minimizing potential composition drift effect).

Furthermore, in Figure 6.3 there appears to be a significant separation of the JCRs when the
different data sets are used. That is when using the Bourdais (1955) data set the JCRs obtained,
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from using either the Meyer-Lowry model or the Mayo-Lewis model, are quite separate from the
JCRs obtained when using the Cabaness et al. (1971) data set. The separation of the author’s

JCRs can be attributed to the difference in copolymerization temperature.

In contrast, Figure 6.4 shows the effect on the point estimates when using the different models
for high conversion experimental data. It can be seen that not only do the point estimates
obtained from the EVM method differ for the models, but also the confidence regions no longer
overlap. Additionally, Shawki and Hamielec (1979) reactivity ratio point estimates fall within the
Meyer-Lowry model ellipse JCR. This was expected as the authors performed a nonlinear

estimation technique on a similar model form to that used in this thesis.

0.75

s
AAAAAAAA Mﬁ

Al
0.7 AAAAA"‘AAA: AAAAaﬁ"AAA
ﬁMAAMAA AAAAAAAA
awn & A BSS
0.65
06 A A A 4 A A ALLLEMY
. A K r Yl
a & 4 A AS
a 4 A A
Aa st 4 xa R .
0.55 Ak a4 T A &% a2
I\ Biiiaaaa s s b
0.5
0.45
04 X Reported values by Shawki and Hamielec 1
035 a Mayo Lewis Model (Shawki data) - EVIM Exact shape JCR
4 Meyer Lowry Model (Shawki data) - EVM Elliptical shape JCR
0.3 T T T T T T
1 1.2 1.4 1.6,1 1.8 2 22

Figure 6.4: JCRs for the application of EVM parameter estimation to the Meyer-Lowry model and Mayo-
Lewis model for the high conversion AAcid/AM data.

Considering all the previous figures in this case study, it can then be said that the use of the
Meyer-Lowry model does not improve the level of confidence in the reactivity ratio estimates, as
the JCR does not decrease in size. However, if composition drift is occurring in the system, in
high conversion experiments in particular, then the location of the point estimates can be
significantly affected by the choice of model used (i.e., applying either the Mayo-Lewis or
Meyer-Lowry model).
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6.2 Numerically Integrated Cumulative Copolymer Composition
(ODECCC) Model

There have been many articles published on the issues and problems with using the analytical
solution of the integrated copolymer equation (i.e., Meyer-Lowry model). As Hautus et al.
(1985) discussed, there are two potential problems when applying the Meyer-Lowry model; the
forbidden region and the dangerous region. The forbidden region identified by Hautus et al.
(1985) can be present when using the mole conversion form of the Meyer-Lowry model, which
is when f; is one of the measured variables. The region occurs when the values of f;9 and f; result
in the last quotient of the Meyer-Lowry equation to be negative. These values of f;y and f; that
force the quotient to be negative are not physically possible; however they may occur in the
iterative estimation scheme as intermediate estimates of the true values of these variables. Of
course this forbidden region only occurs for the mole conversion case and not the mass
conversion case, which is another reason why the mass conversion form is preferable if the

Meyer-Lowry model is to be implemented.

The second region Hautus et al. (1985) discussed is the dangerous region, which refers to the
issue when 7; or r; approach one and thus force the a or B term in the Meyer-Lowry equation to
approach infinity. Hautus et al. (1985) demonstrated the solution to this problem is to take the
limit of the model for r;— 1 at the problem region. However, taking the limit of the model is not
simple and can involve a great deal of computational time. Furthermore, if »; and 7, approach
one then the Hautus et al. (1985) transformations are not applicable and rather the use of some ad
hoc method is suggested by the authors. As the likelihood of either reactivity ratio being close to
one is highly probable, a model without the need for a transformation or ad hoc method is
desired. Subsequently, with the improvement in computational capability, the route of the
numerically integrated cumulative copolymer composition model (ODECCC) was taken. For

reference, ODE stands for ordinary differential equation (model).

The numerically integrated model is based on an equation that relates the cumulative copolymer
composition to the initial feed composition and conversion, by:

Fl__:fio—fi(l_Xn) (6.15)
X

n
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where f; is given by numerically solving the following ordinary differential equation:

& _L-h (6.16)
dx, 1-X,
and F is from the instantaneous Mayo-Lewis model written below for reference as,
2
rf o+
L= > l-f; ﬁfZ > (6.17)
nfy F2f ks

In order to solve the ordinary differential equation (Equation 6.16) the initial condition f; = f

when X, = 0 is required.

The objective function used in the EVM analysis of the ODECCC model is thus:

1{F)=F- Lo o) (618)

n

where X, is related to the measured variable X, by Equation 6.7.

The variable used in the EVM analysis is only the cumulative copolymer composition, —1:"; ,as X,

and f)¢ are unable to be classified as independent as they are used in the solution of the ordinary
differential equation. In any case, it is reasonable that X, and f;yo be considered as perfectly

known as the error associated with the variables measurements (typically from gravimetry

analysis) is insignificant compared to the F, , which is typically from NMR analysis.

The case studies analyzed with the EVM parameter estimation technique, using the ODECCC
model, were those same cases analyzed with the Meyer-Lowry model plus an additional case
study. That is, the styrene and methyl methacrylate copolymerization data given by Rossignoli
(1993) and O’Driscoll et al. (1984) is Case I; and the acrylic acid and acrylamide
copolymerization data given by Bourdais (1955), Cabaness et al. (1971) and Shawki and
Hamielec (1979) is Case II. Case Study III was selected as an additional example as the system

produced unusual joint confidence regions of the estimated reactivity ratios.
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6.2.1 Case Study I: STY- MMA System

As outlined in Section 6.1.3 O’Driscoll et al. (1984) presented moderately high conversion
experimental data, while Rossignoli (1993) created a simulated moderate-low conversion data set
(see Table 6.1 and 6.2, respectively). The point estimates published by O’Driscoll et al. (1984)
and Rossignoli (1993), when using the Meyer-Lowry model, can be seen in Table 6.8 along with
the estimates obtained from the EVM numerically integrated cumulative copolymer composition
(ODECCC) analysis.

Table 6.8: Point estimates of reactivity ratios using data from O’Driscoll et al. (1984) and Rossignoli (1993).

| Meyer-Lowry
ODECCC

Current work

Cﬁrrent work
Current work ODECCC 0.3986

The JCRs for the different models are given in Figures 6.5 and 6.6 for the O’Driscoll et al.
(1984) and Rossignoli (1993) data sets, respectively. It can be seen from Figure 6.5 that the size
of the JCR appears to be slightly larger for the ODECCC model than that of the Meyer-Lowry
case. This is understandable given that the Meyer-Lowry model contains more information than
the ODECCC model (three EVM variables instead of one) and O’Driscoll et al. (1984) data is
recorded up to conversions of 70% (i.e., if there is any difference in the models ability in
tracking composition drift, it would be more pronounced for higher conversion problems). While
in Figure 6.5 the JCRs appear to be in very good agreement, which was expected given the total

conversion was maintained below 11%.

Further analysis of the figures also shows that all point estimates fall within both the Meyer-
Lowry and ODECCC JCRs. The similarity in point estimates and significant overlap of the
contours from the different models demonstrates that the ODECCC model is in good agreement

with the Meyer-Lowry model results.
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Figure 6.5: JCRs for the application of the EVM parameter estimation to the ODECCC model for the STY-
MMA copolymerization data set given by O’Driscoll et al. (1984).
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Figure 6.6: JCRs for the application of the EVM parameter estimation to the ODECCC model for the STY-
MMA copolymerization data set given by Rossignoli (1993).
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6.2.2 Case Study II: Acrylic Acid- Acrylamide System

The acrylic acid (AAcid)/ acrylamide (AM) copolymerization system has been studied by many
authors including Bourdais (1955), Cabaness et al. (1971), and Shawki and Hamielec (1979).
While each of the named authors conducted the experiments at different temperatures and level
of conversion, all provided measurements for the copolymer composition, weight fraction
conversion and initial feed composition (refer to Table 6.5 and 6.6). Bourdais (1955) and
Cabaness et al. (1971) both used graphical methods to estimate r; and r, from the Mayo-Lewis
equation; Shawki and Hamielec (1979) used a nonlinear regression method on the Meyer-Lowry

model.

The ODECCC model was used for the three data sets in the EVM MATLAB routine and found
the exact JCRs for each of the parameter estimates (obtained from analyzing the different data
sets). The exact JCRs, along with point estimates and the ellipse JCRs, found using the Meyer-
Lowry model EVM MATLAB routine, for the different data sets, can be seen in Figures 6.7 to
6.9. The exact JCR could not be found for either the Meyer-Lowry model case or the ODECCC

model case, when the Cabaness, 1971 data set was used.
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Figure 6.7: JCRs for the application of EVM parameter estimation to the ODECCC model for the AAcid-AM
copolymerization at 25°C, data set given by Bourdais (1955).
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copolymerization at 40°C, data set given by Cabaness et al. (1971).
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Figure 6.9: JCRs for the application of EVM parameter estimation to the ODECCC model for the AAcid-AM
copolymerization at 60°C, data set given by Shawki and Hamielec (1979).

Figures 6.7 and 6.9 show that for both the Bourdais (1955) low conversion data set and Shawki

and Hamielec (1979) high conversion data set, the Meyer-Lowry model is in very good

agreement with the ODECCC model. On the other hand, Figure 6.8 shows that for Cabaness et
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al. (1971) low conversion data set the Meyer-Lowry model appears to result in a smaller

confidence contour than the ODECCC model, which may be due to poor experimental design.

In all the figures however the point estimates, given by the authors, lie within both the Meyer-
Lowry and ODECCC JCRs for the respective data sets and thus indicates good agreement
between the two models. Therefore, reliable reactivity ratio estimates can be obtained for both
low and moderate conversion experiments by using the ODECCC model, which avoids the

difficulties associated with the use of the Meyer-Lowry model.

6.2.3 Case Study III: N-vinyl pyrrolidone (NVP)/ MMA System

Once it had been shown that the ODECCC model and the Meyer Lowry model gave parameter
estimates that were in agreement, an additional case study, with a relatively extensive data set,
was analyzed. The selected case study was the N-vinyl pyrrolid-2-one (M;)/methyl methacrylate
(M,) system in solvent DMSO for moderate to high conversion data. The data set can be seen in

Table 6.9 and was provided by Czerwinski (1998).

Table 6.9: Experimental data by Czerwinski (1998) for N-vinyl pyrrolidone/MMA DMSO solvent system
(moderate - high conversion).

Initial Feed Composition Copolymer Composition Conversion
(Mole frac NVP) (Mole frac NVP) (wt %)
(fn (3] Xw)
0.2 (s 163
0.4 i S 63.2
0.55 nio 189
0.65 2278 242
0.75 o 411
0.85 2650 435
0.9 ros 229
0.94 L 406
0.98 8§§§ 38.5

The data was used in the ODECCC and Mayo-Lewis models to show the deviation in the

estimates for moderate to high conversion data problems. The point estimates from the two
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models can be seen in Table 6.10, along with the estimates recorded by Czerwinski (1998). The
selected error level for the variables in the EVM routine was 10% due to the fact that Czerwinski

indicated large error margins in the parameter estimates published.

Table 6.10: Point estimates by Czerwinski (1998) and the estimates obtained by EVM MATLAB analysis of
the data for different models.

Current work Mayo-Lewis EVM . 4.0934
Current work ODECCC EVM 0.008 4.24

Furthermore, the JCRs obtained from the use of the ODECCC and Mayo-Lewis models in EVM

are shown in Figure 6.10.
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Figure 6.10: JCRs for the application of EVM parameter estimation to the ODECCC model and Mayo-Lewis
model for the Czerwinski (1998) NVP-MMA copolymerization data set.

It can be seen that the estimates provided by Czerwinski do not agree with those obtained from
EVM for either the ODECCC or Mayo-Lewis models. Furthermore, there is some separation of
the JCRs from the different models, which was expected given the data was collected for
moderate to high conversion levels where composition drift may occur. It is also interesting to
note that the models JCRs overlap into the negative region, thus indicating the large degree of

uncertainty in the estimation of NVP.
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6.3 Numerically Integrated Cumulative Copolymer Triad Fractions
(ODECCTF) Model

There have been very few articles published on the cumulative triad fractions model. The model

used here relates the cumulative triad fractions,;l._

iji

to the instantaneous triad fractions 4;; and

conversion by:

d(X, 4i) _
ax, %

n

(6.19)

where i, j and k are the six combinations of monomers 1 and 2. The equation above can be re-

written as:

d(diy ) _ 4, - 4i, (6.20)
ax X

n n

where Ay is given by the instantaneous triad fraction equations. For reference, the monomer one

centered triads are written as:
_ n R . _ 2n 1> L £
s “1o11+112 ’ 212 T
W A2+ Sy WA+ S WA+ S
(6.21-6.23)

while the monomer two centered triads are found by simply interchanging the subscripts.

111

Also, it is important to note here that only four out of the six triads are used in the analysis in
order to avoid the issues of colinearity, as discussed by Burke (1994). In this work the triads

eliminated were Aj;; and Aj;1, unless otherwise indicated in the case study.

Before Equation 6.20 can be numerically solved the feed composition, f;, is required, and thus
Equation 6.16 (re-written below for convenience) must also be numerically solved.

4 _Soh (6.24)
dX, 1-X,

where F; is given by the instantaneous Mayo-Lewis model (Equation 6.17) and the weight

fraction conversion is related to the molar conversion by Equation 6.7.
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In order to then solve the cumulative triads ordinary differential equation (Equation 6.20), the
initial condition had to be approximated by Zﬂ—z 0 when X, = 0. Additionally, the values of the

feed, f;, had to evaluated from the ordinary differential equation (Equation 6.24) using the initial
condition f; = f;9 when X,, = 0.

The objective function used in the EVM analysis of the ODECCTF model is thus,
#(d,, )= 4, (meas) — 4, (calc) (6.25)

where Z; (calc) is the solution obtained from Equation 6.20.

The variables used in the EVM analysis are the four cumulative triad fractions (as two are
eliminated to avoid issues of colinearity). The weight fraction conversion, X,, and initial feed
composition, fj9, are not classified as independent as they are used in the solution of the ordinary
differential equations. As discussed in Section 6.2, it is reasonable that these variables be

considered as perfectly known as the errors associated with the f;y and X, measurements

(typically from gravimetry analysis) are insignificant compared to A, which is from C>NMR

yi 2

analysis.

Selected literature cases were analyzed with the EVM parameter estimation technique using the
above numerically ODECCTF model and the instantaneous triad fractions model in order to be
able to compare the results. In these studies the triad fractions and feed composition variables (in

the instantaneous model) assumed error levels of 10% and multiplicative error structure.

6.3.1 Case Study I: STY- MMA System

Maxwell et al. (1993) presented low conversion experimental data for initial feed composition;
weight fraction conversion; and NMR normalized peak areas, which were converted to triad
fractions (refer to Table 5.5). The point estimates published by Maxwell et al. (1993), when
using the instantaneous model, can be seen in Table 6.11 along with the estimates obtained from

the EVM numerically integrated cumulative copolymer triad fractions (ODECCTF) analysis.
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Table 6.11: Point estimates of reactivity ratios using triad fractions data from Maxwell et al. (1993).

Estimation Method

Current work EVM 06512 | 03683
Current work Cumulative (ODECCTF) EVM 0.7402 0.3192

The JCRs for the different models and the literature values given by Maxwell et al. (1993) can be
seen in Figure 6.11. The exact JCR could not be found for the ODECCTF case as the

information matrix (G in the program) was diagonal, thus the ellipse JCR is shown.
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Figure 6.11: JCRs for the application of the EVM parameter estimation to the instantaneous triad fractions
model and ODECCTTF model, for the Maxwell et al. (1993) STY-MMA copolymerization data set.

Given that the data was measured at low conversions where composition drift is considered
insignificant, one would anticipate that the JCR of the cumulative model (which accounts for
composition drift) would overlap the JCR of the instantaneous model. It can be seen in Figure
6.11 that the ODECCTF JCR indeed overlaps the instantaneous model’s JCR. In fact, it can be
seen that the size of the ODECCTF model JCR is considerably smaller than that obtained from
the instantaneous model; as more process information was input to the model. That is, the
ODECCTF has four responses (triad fractions) and two other variables measurements considered

to be perfectly known (conversion and initial feed composition), while the instantaneous triad
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fractions model only has five responses (all considered to have error) thus resulting in less

certainty in the reactivity ratio estimates.

Furthermore, it can also be seen in Figure 6.11 that the literature point estimates, found using a
NLLS parameter estimation method by Maxwell et al. (1993), are not contained within either
JCR. This is not unexpected as the NLLS estimation method for all instantaneous triad fractions
cases in Chapter 5 did not agree with the EVM estimate and thus it is believed that applying this
estimation procedure is statistically incorrect (due to assumptions required to apply model to

triad fractions data).

However, it can be said that the STY-MMA copolymerization is a well behaved system that
shows the analysis of triad fractions data using EVM yields reactivity ratio estimates, from either

an instantaneous model or cumulative model, that are in good agreement.

6.3.2 Case Study II: STY- AN System

Hill et al. (1989) presented low conversion experimental data for styrene- acrylonitrile
copolymerization (refer to Table 5.14). The point estimates published by Hill et al. (1989), when
using the instantaneous models can be seen in Table 6.12 along with the estimates obtained from
the EVM numerically integrated cumulative copolymer composition (ODECCC) and
numerically integrated cumulative copolymer triad fractions (ODECCTF) analysis.

Table 6.12: Point estimates of reactivity ratios using data from Hill et al. (1989).

Estimation
Method

Composition
Composition

antaneous | wis)
nstantaneous (Mayo Lewis)
Cumulative (ODECCC) EVM . 0.0473

Current work

111 (1989) Instantan . 5. | . v4r
Current work Triad fractions Instantaneous EVM . 0.0841
Current work Triad fractions Cumulative (ODECCTF) EVM . 0.0795

The JCRs for the different models are given in Figure 6.12. The exact JCR could not be found
for the ODECCTF case as the information matrix (G in the program) was diagonal.
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Figure 6.12: JCRs for the application of the EVM parameter estimation to the ODECCC and ODECCTF
models for the Hill et al. (1989) STY-AN copolymerization data sets.

The first point to note from Figure 6.12 is the uncertainty in the triad fractions instantaneous and
cumulative models is less than the uncertainty of the cumulative copolymer composition model
and hence less than the instantaneous copolymer composition model. The multiple responses of
triad fractions, for both instantaneous and cumulative models, contribute to the improvement in

estimation certainty.

Perhaps most interesting is the fact that the triad fractions JCRs of the instantaneous and
cumulative model do not overlap. Given that the data was measured at low conversions where
composition drift is considered insignificant, one would anticipate that the JCR of the cumulative
model (which accounts for composition drift) would be at least overlapping the JCR of the
instantaneous model, similar to the previous STY-MMA case study (Section 6.3.1). However,
this is not the case for the triad fractions models; nor do they contain the literature point

estimates found using the NLLS parameter estimation method as reported by Hill et al. (1989).

Consequently, two potential hypotheses were analyzed in order to account for the difference in

the cumulative and instantaneous estimates. The hypotheses focused on the potential correlation
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between triads and the fact that the ODECCTF model considers the feed composition to be
perfectly known, while the instantaneous model includes it as a random variable. Cases were
thus re-run to: include covariance in the instantaneous and cumulative models; assume f; is
perfectly known in the instantaneous model; combine the effects of adding covariance to the
triads and assuming f; to be perfectly known. Covariance of the triads was calculated via
Equation 5.10, where the correlation coefficient was selected as 0.2 and the variance of the triads
was 10%. Figure 6.13 illustrates the effects that the above changes had on the location of the

point estimates and JCRs.

0.1
» Triad fraction data, Instantaneous
model - EVM
0.095
% Triad fraction data, Cummulative
model (ODECCTF) - EVM
0.09
+ Triad fraction data, Instantaneous
model - EVM (f1 not variable)
N
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a Triad fraction data, Instantaneous
model - EVM (covariance amongst
triads)
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- Triad fraction data, Instantaneous
model - EVM (covariance amongst
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0.075
&+ Triad fraction data, Cummulative
model (ODECCTF) - EW
(covariance amongst triads)
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Figure 6.13: JCRs for the application of the EVM parameter estimation to the ODECCTF model for the Hill
et al. (1989) STY-AN copolymerization data sets.

It can be seen when the feed composition variable, f;, is assumed to be perfectly known (i.e. f;
not a random variable) for the instantaneous model that the point estimates are in better
agreement as the random variables used in the models are then the same. That is, when the
instantaneous model for triad fractions data was adjusted to only represent the four triad fractions
as random variables, this allowed the instantaneous model to have the same comparison basis as
the cumulative model. It is therefore a recommendation from this work that the numerical
difficulty of incorporating the feed composition and weight fraction conversion as random

variables in the ODECCTF EVM program be investigated in greater detail.
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Furthermore, when covariance amongst the triads is inputted to the EVM covariance matrix, V,
the JCRs are touching; indicating the possibility of triad fractions data having correlation
between the measurements. However, there is still separation of the JCRs and thus the next stage

of analysis was to perform diagnostic checking.

6.3.2.1  Diagnostic Checking
Diagnostic checking is performed here in order to be able to determine whether the reactivity
ratio estimates, obtained from using either the instantaneous or cumulative models in EVM, give

similar triad fractions and copolymer composition predictions, despite having different values.

Firstly, using the estimated reactivity ratios from the cumulative model and the instantaneous
model (with f; assumed to be perfectly known), copolymer compositions at varying feed
compositions were calculated using the Mayo-Lewis equation. Consequently, two predicted
copolymer composition curves from the instantaneous and cumulative triad reactivity ratio
estimates can be seen in Figure 6.14, along with the experimental values. Furthermore, the
estimates of the ‘true’ values of the triad fractions, calculated in the EVM routine, for the
ODECCTF and instantaneous triad fractions (f; assumed perfectly known) models were also

plotted against the experimental values (refer to Figures 6.15-6.18).
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Figure 6.14: Predicted copolymer composition curves using the Mayo-Lewis equation and reactivity ratio
estimates obtained from analyzing triad fractions data with the ODECCTF model and the instantaneous (f;
assumed perfectly known) triad model.
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Figure 6.15: ‘True’ value estimate of A;;,.5;; triad fraction from the ODECCTF model and the Instantaneous

triad fractions model (f; assumed perfectly known) EVM analysis.
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Figure 6.16: ‘True’ value estimate of A,;, triad fraction from the ODECCTF model and the Instantaneous

triad fractions model (f; assumed perfectly known) EVM analysis.
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Figure 6.17: ‘True’ value estimate of A;y;.y; triad fraction from the ODECCTF model and the Instantaneous
triad fractions model (f; assumed perfectly known) EVM analysis.
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Figure 6.18: ‘True’ value estimate of A, triad fraction from the ODECCTF model and the Instantaneous
triad fractions model (f; assumed perfectly known) EVM analysis.

As can be seen from Figures 6.14 to 6.18, there does not appear to be a significant difference
between the two models’ precision at predicting the copolymer composition and triad fractions,

despite the fact that the models’ reactivity ratio JCRs do not overlap.
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There are issues in using the JCRs for multiresponse problems and thus the potential for
incorrect conclusions to be drawn from analyzing the contours, as discussed in detail in Polic
(2001). Whilst it is common to use the parameter estimates JCR to determine the quality of the
estimates, a limitation of the exact JCR when multiple responses are used, is that the confidence
level of the exact JCR obtained can be significantly different than expected when the sample size
is small (Polic, 2001). The difference can be up to 70% as observed in Polic (2001) case studies
and can be even greater when the ellipse JCR is used. The JCRs can then fail at accurately
representing the uncertainty present in the parameter estimates for multiresponse - small sample

size problems.

Consequently, the JCRs seen in Figure 6.13 are believed to be misrepresenting the true nature of
the reactivity ratio estimates from the different models, due to the problem being multiresponse
and the data set being small (11 data points used). The fact that the estimates of the ‘true’ value
triad fractions are almost identical for the instantaneous and cumulative models supports this
idea of a lack of sensitivity. Thus, it is impossible to distinguish between the parameter estimates
from the different models. A better alternative to comparing the JCRs would be to use Markov
Chain Monte Carlo methods. In fact, generally cases that involve model discrimination or where
model parameter estimates are to be compared, Markov Chain Monte Carlo methods, such as the

Metropolis-Hastings method, should be used.



Chapter 7

Conclusions and Recommendations

The work conducted in this thesis was motivated by questions raised by previous researchers,
focusing on the use of different data sources and models ability to accurately estimate reactivity
ratios. Accurate reactivity ratio estimates are important due to the use of these values in both

representing the copolymer system and discriminating between mechanistic models.

In Chapter 4, a literature update showed the abundant use of reactivity ratio estimates in current
research publications, despite the fact that the estimates are obtained via statistically incorrect
linear techniques. The first stage in this work was then to re-demonstrate that applying linear
parameter estimation techniques to a nonlinear problem, do not provide accurate estimates for all
systems and thus caution should be heeded before using these simple methods. Infact some
nonlinear methods also have issues; namely model assumptions ignoring error in certain
variables and an inability to transform the copolymerization equations into the desired model
form. It is for this reason that the error in variables model was selected as the parameter
estimation method for this work, as it is adaptable to nonlinear multiple response problems and it

accounts for the measurement error in all variables.

The objectives of the case studies in Chapters 5 and 6 were then to determine: the potential
improvement in reactivity ratio estimates using triad fractions data in place of and in addition to
composition data for the instantaneous model; and the potential benefit in using cumulative
models over the full conversion range. As a side project estimation of reactivity ratios from
terpolymer composition data was also attempted. The conclusions drawn from analysis of the

case studies can be seen in the following summarized points.

179
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7.1 Concluding Remarks

Statements 1 — 4, 6 and 8 are summarized points made from Chapter 5, (Instantaneous
Copolymer Data Case Studies). Statements 5 and 7 are concluding remarks from Chapter 4
(Literature Update and Case Studies). Where as, remarks 9 and 10 are resulting from analysis of

Chapter 6, (Cumulative Copolymer Data Case Studies).

1) Improvement in reactivity ratio estimates from instantaneous triad fractions data
Improvement in reactivity ratio estimation using triad fractions data in place of composition data
was seen in all case studies by a reduction in the size of the joint confidence region, regardless of

error structure.

2) Agreement of reactivity ratio estimates from different data sources
Generally, reactivity ratio estimates from instantaneous triad fractions and composition data
analysis agree when an additive error structure is imposed to the respective cases; but disagree
when a multiplicative error structure is imposed. That is, the reactivity ratio estimates joint
confidence regions (JCR) from triad fractions data and composition data analysis, imposing
additive error structures to both cases, would overlap significantly; whilst the multiplicative
cases would generally have JCR that were separate. In some cases all the contours overlapped,

indicating an extremely well behaved system.

3) Error structure effect on location of point estimate
It is known that the imposed error structure affects the size of the joint confidence region and
thus uncertainty in the parameter estimates; the multiplicative error structure giving the smaller
confidence contour than the additive counterpart. However, when considering triad fractions data
there was discrepancy in the estimates obtained from employing an additive or a multiplicative
error structure. Therefore, it can be said that the selected error structure for triad fractions data
significantly affects the location of the reactivity ratio point estimates and thus requires further
attention. On the other hand, the error structure used for composition data does not significantly
affect the location of the reactivity ratio point estimates; only the size of the joint confidence

region.
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4) No improvement in reactivity ratio estimates from combined instantaneous triad
fractions and composition data

The combination of using triad fractions and composition data in the parameter estimation

routine, did not offer any remarkable improvement in the reactivity ratio estimates over the

single source data set result. Consequently, it is recommended that if triad fractions data is able

to be obtained then it should be used to estimate reactivity ratios; provided that the error structure

of the triad fractions variables are known.

5) Instantaneous copolymer composition curve
Reactivity ratio point estimates for a particular system, sampled from the EVM joint confidence
region, can be used to create a 95% confidence band on the instantaneous copolymer
composition curve. That is, at a particular feed composition one can be certain at the 95%
confidence level that the corresponding copolymer composition measurement will fall within the
band for that copolymer system. This is particularly useful as a quick reference guide for the

anticipated copolymer composition in an industry that concentrates on select copolymer systems.

It has also been shown that visual inspection of the predicted instantaneous copolymer
composition curves is not a valid model discrimination technique for the penultimate and
terminal models. That is, visually comparing experimental copolymer composition data, at
varying feeds, to predicted values from the different models, is not a statistically valid
discrimination technique (particularly when no error bars are present). Unless the model
predictions have a quantifiable deviation from the measured data which is beyond the extent of
typical measurement errors, discrimination between the models is not possible. If model
discrimination is desired, then careful experimental design is required and specific statistical
techniques used. There are numerous articles detailing model discrimination techniques, one
being by Burke (1994) who gives a detailed discussion of model discrimination techniques

specifically for copolymerization studies.

6) Data accuracy and experiment design
Data accuracy and experiment design can greatly affect the parameter estimates obtained from

copolymer composition data and subsequently the conclusions drawn from analyzing the



Chapter 7. Conclusions and Recommendations 182

estimates. It has been shown in a number of case studies, when multiple data sets are available
for the same copolymerization system, that the data set used can significantly affect the location
and size of the reactivity ratio estimate’s joint confidence region. The data accuracy and
experimental design can thus affect the conclusions drawn from reactivity ratio joint confidence
regions. For example, the variation in the reactivity ratio joint confidence regions when using
different solvents may be considered to be a possible solvent effect. However, the solvent effect
can not be statistically proven unless the error levels are known, the experiment is optimally
designed for parameter estimation and specific feed regions, which ensure that the precipitation
of monomers (e.g. polyAN) will not affect the copolymerization, are used. All these factors
affect the data set, which is used in the estimation of the reactivity ratios joint confidence region,
which is in turn used to draw conclusions, such as a potential solvent effect. Therefore,
copolymerization experiments with many replicates and good experimental design, as discussed

in Burke (1994), are preferable for parameter estimation.

7) Parameter estimation methods
Linear and non linear least squares parameter estimates may agree with EVM estimates on
occasion for particular copolymerization systems; however this is not always the case.
Furthermore, even when the linear parameter estimates fall within the joint confidence contour
obtained from EVM, they may not be representing the system very well. For example, in the
NAS-DMA copolymerization system (refer to Section 4.3.5) case study the linear estimates
provided by the research group calculated rpva to be slightly greater than rnas, thus suggesting
that the copolymer would have a lower mole fraction of NAS than the initial feed composition.
However, from inspection of the raw data it was seen that the copolymer formed was slightly
richer in NAS than the feed concentration. Consequently, the data suggested that ryas should be
slightly greater than rpma, Which was in agreement with the EVM result. Thus despite the fact
that both point estimates fell within the same contour, the EVM model was more accurately
representing the copolymer situation. Furthermore, nonlinear least squares (NLLS) estimates
published in the literature for triad fractions case studies generally did not agree with the EVM
estimates obtained from analyzing the same data set, regardless of which error structure was

imposed in EVM. The discrepancy between the two non linear estimates was attributed to the
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assumption in NLLS that the error in the feed composition measurement was insignificant and

the small data sample size.

8) Estimating reactivity ratios from terpolymer composition data
Reactivity ratio estimation from terpolymer composition data proved to be unsuccessful with the
original EVM estimation program as the routine was unable to converge. The program was
sucessfuly updated by changing the optimization routine from a Newton search method to a more

robust Simplex method.

9) Composition cumulative and instantaneous models for the full conversion range
At low conversion the instantaneous composition model reactivity ratio estimates agree with
those obtained from the cumulative Meyer Lowry and the numerically integrated (ODECCC)
models, as expected. While at moderate-high conversions the instantaneous model’s estimates
deviate from the cumulative models and in general the joint confidence regions do not overlap.
However, the use of the cumulative models does not in general decrease the size of the joint
confidence region and thus the uncertainty in the parameter estimates at low conversion.
Consequently, the case studies showed that there is no improvement in the reactivity ratio
estimates for cumulative models, unless composition drift is occurring. Thus at moderate-high
conversion levels, the cumulative model should be used to account for the variation in the feed
composition by including conversion as a random variable; while at low conversion any of the

models can be used.

10) Triad fractions cumulative and instantaneous models for low conversion data
The triad fractions data case studies showed that at low conversion the instantaneous and
cumulative numerically integrated (ODECCTF) models reactivity ratio estimates agree. In the
first case study this was shown by the fact that the joint confidence regions obtained from the
different models, overlapped considerably. However, the second case study did not show this
same confidence contour overlap. Consequently, the estimates underwent diagnostic testing and
from this it was evident that the reactivity ratio estimates from the instantaneous and cumulative
models were in agreement, despite the fact that the confidence contours were separated. This

result was understandable as the joint confidence regions can misrepresent the true nature of the
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parameter estimates, as discussed by Polic (2001). It was therefore recognized that when the
parameter estimates are to be used for model comparison or discrimination, it is better to use the

Markov Chain Monte Carlo methods, such as the Metropolis Hasting technique.

7.2 Recommendations for Future Work

1) Error structure study
An error structure study is required to determine the true error structure, either additive or
multiplicative, of triad fractions/C"*-NMR normalized peak areas data. It is important because it
can be seen in Chapter 5 that the error structure can influence the location and uncertainty in the
parameter estimates in many systems, including ‘well behaved’ systems. Furthermore, if the true
error structure of copolymerization data is infact additive, then the cumulative case studies
analysis will need to be rerun using an additive error structure, as only the multiplicative error
structure was considered. The error structure study of triad fractions is also required in order to

determine whether there is correlation amongst the triads or with feed composition.

The error structure study would involve running an experiment containing many replicates, to
place emphasis on the variance component analysis of measurement. The analysis would begin
by imposing an additive structure in the EVM routine. Once the estimates of the ‘true’ variables
were obtained from EVM, the variables residuals are then plotted against the variables estimated
‘true’ value. If a fan-like trend is present in the plot then this would indicate that the log of the
variables is required and thus a multiplicative error structure is more appropriate; on the other
hand if there is no trend present then an additive error structure is sufficient. The correlation
amongst triads or with feed composition could also be determined by considering the residual

plots of the variables.

2) Assume the errors to be normally distributed
In order to calculate the covarianve matrix, V in the error in variables model algorithm the
variance of each variable was input. In order to input an assumed value of the variance of the
variable a simple calculation was made based on the assumption that the variables were

identically and uniformally distributed. Typically however it is a better method to calculate the
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variance assuming the variables are normally distributed. Yet for the purpose of this study the
complexity to evaluate the variance given the variable has a normal distribution was too great
and really should only be considered when the true error structure of the data is known.
Consequently, after the error structure study is performed, the covariance matrix should be

evaluated assuming a normally distributed error for the random variables.

3) Future updates for the MATLAB EVM code
The coding of the error in variables model and the subsequent joint confidence region calculation
files in MATLAB for the different scenarios (i.e. composition data, triad fractions data,
instantaneous model, cumulative model, etc.) could be improved by further work on the
following areas:

e In cases where the JCEllipse file in MATLAB program could not be solved, due to the
information G matrix being diagonal, the information was put into an Excel spreadsheet
and the elliptical shaped joint confidence region was obtained through use of the equation
for a contour that is approximate in shape and confidence level. Thus, work is required on
developing the MATLAB code in the EVMDriver file to create an ‘if statement’ that
suggests when the information matrix is diagonal that the appropriate form of the
equation be used. Or rather than finding the joint confidence regions, the Markov Chain
Monte Carlo methods should be implemented.

o Include the tacticity as a parameter in the study of C'>-NMR normalized peak areas.
When using C">-NMR normalized peak areas, there is a requirement to know the tacticity
values for the system in order to translate the data into triad fractions form. However,
these values are not necessarily constant and thus should be considered as parameters in
the EVM MATLAB routine.

e In the cumulative models EVM routine for the ODECCC (cumulative composition) and
ODECCTF (cumulative triad fractions) the feed composition and weight fraction
conversion were assumed to be perfectly known. It would be preferred that these
variables be included as random variables in the estimation routine. However, a detailed
study of this is required as the variables are used as initial values in the solution of
ordinary differential equations as well as being variables that are estimated in the iterative

EVM scheme.
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4) Simulate, or design experiment for moderate conversion triad fractions data
Moderate conversion triad fractions data is required via either simulation or experimental
analysis, in order to see if there is a composition drift effect on the reactivity ratio estimates
obtained from triad fractions data. That is, whether the cumulative triad fractions model should
be used over the instantaneous model at high conversions, or when composition drift is believed
to be occurring. This work should be conducted once a better understanding of the dynamics of
the triad fractions system at low conversion is obtained through analysis of the error structure

study.

5) Program the triad fractions data problem to use all response variables.
In order to deal with colinearity issues, which are caused by the normalization of the responses
and can lead to singularities, two response variables are currently being eliminated. This can
sometimes lead to problems, if done arbitrarily (as is the case in this work). A potentially more
balanced and robust method of eliminating these singularities has been described in a paper by
Box, in which all of the responses are retained in the analysis. Since the singularities are the
result of linear equality constraints, they may also be dealt with the use of Langrange multipliers.
While these approaches may be slightly more numerically intensive, they are also more elegant

and complete.

6) Design and run experiment for terpolymer or multicomponent composition data
It was noticed that there was a lack of experimental data in the literature for multicomponent
polymer composition data with the required minimum number of data points (i.. minimum
number of data points = number of parametes to be estimated, which is six in this case).
Therefore, a well designed multicomponent polymer experiment is required with many replicates
so as to be able to accurately test the current EVM procedure on this type of data/model. In 1993,
Burke et al. revisited the design of experiments for copolymer reactivity ratio estimation and
extended the Tidwell-Mortimer criteria for constrained designs. A similar study will be very
timely and of practical use for a terpolymerization case: (1) Deriving optimal feed points for
estimation of reactivity ratios, (ii) Minimum number of feed points needed for parameter

identifiability, and (iii) Constraint design in view of limitations over certain feed ranges.
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7) Design and run experiment for full conversion range, measuring feed composition
and total molar conversion

By considering the ordinary differential equation (Equation 6.16) it can be seen that the variation
of the feed composition can be monitored with respect to total molar conversion. The reason this
equation is not used solely in the solution of cumulative problems is due to the fact that typically
measurement of the final copolymer composition is recorded rather than directly measuring the
final feed composition. That is using the Equation 6.16 solely as the solution to cumulative
problems requires the measurement of initial and final feed composition and total molar
conversion. As a result the reactivity ratio estimation over the full conversion range (the
cumulative composition model) could be simplified to the solution of only one ordinary

differential expression.
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Appendix A

MATLAB Program Guide for Copolymer

Reactivity Ratio Estimation

The programs used to estimate the reactivity ratios using an error in all variables model for
copolymer systems using either instantaneous triad fractions and/or copolymer composition data
sets. The parameter estimation work conducted in this thesis was carried out in MATLAB
Version 6.5 Release 13. MATLAB is available from the following address:

The MathWorks Inc.

3 Apple Hill Drive

Natick, MA 01760-2098

Web: www.mathworks.com

Phone: (508) 647 7000

Fax: (508) 647 7001

The parameter estimation MATLAB files estimate, using EVM, the copolymer reactivity ratios

for copolymer composition data or triad fractions/normalized NMR peak area data with either

the instantaneous or the cumulative copolymer models.
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The programs are in separate MATLAB folders depending on whether the analysis uses an
additive or multiplicative error structure and the data set used (composition and/or triad
fractions). However, in order for the program files to run correctly, the following files need to be
present in the same folder for the reactivity ratio estimation using EVM,;

Datafile.txt

BFCalc.m

ZCalc.m

INNER.m

EVM.m

EVMDriver.m

JCExact.m

JCEllipse.m

The MATLAB program can be obtained on CD from either Prof T. A. Duever or Prof. A.
Penlidis at the following address:

Department of Chemical Engineering

University of Waterloo

Waterloo, Ontario

CANADA N2L 3Gl



