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ABSTRACT: The free-radical solution copolymerization
of isobutyl methacrylate with lauryl methacrylate in the
presence of an inhibitor was studied with thermoanaly-
sis methods. A set of inhibited polymerization experi-
ments was designed. Four different levels of initial in-
hibitor/initiator molar ratios were considered. In situ
polymerization experiments were carried out with differ-
ential scanning calorimetry. Furthermore, to determine
the impact of the polymerization media on the rate of
initiation, the kinetics of the initiator decomposition
were followed with nonisothermal thermoanalysis meth-
ods, and the results were compared with in situ poly-
merization counterparts. The robust M-estimation
method was used to retrieve the kinetic parameters of

the copolymerization system. This estimation method led
to a reasonable prediction error for the dataset with
strong multicollinearity. The model-free isoconversional
method was employed to find the variation of the
Arrhenius activation energy with the conversion. It was
found that robust M-estimation outperformed existing
methods of estimation in terms of statistical precision
and computational speed, while maintaining good
robustness. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci
109: 3302–3314, 2008

Key words: copolymerization; differential scanning calori-
metry (DSC); modeling; radical polymerization; thermogra-
vimetric analysis (TGA)

INTRODUCTION

The interpretation of polymerization kinetics
demands knowledge of reliable kinetic parameters.
They provide the basis for more accurate design of
polymerization reactors and better insight into the
behavior of existing reactors. Recent studies have
shown that the copolymer of isobutyl methacrylate
(i-BMA) and lauryl methacrylate (LMA) is an im-
portant multifunctional oil additive with several
functions, such as viscosity-index improver, pour
point depressant, and sludge dispersant.1 Still, to
the best of our knowledge, the kinetics of this
copolymerization system have not been studied
with thermoanalysis methods. Furthermore, in free-
radical polymerization with thermal initiators, ther-
moanalysis methods help us to find the temperature
at which enough radicals are formed to initiate the
reaction efficiently. Although the literature contains
an abundance of initiator decomposition rates in
various solvents,2 the in situ rate data for polymer-
ization systems are scarce.

Different thermoanalysis methods, such as ther-
mogravimetry (TG), differential thermal analysis,

differential scanning calorimetry (DSC), and thermo-
volumetry, have been used for kinetic studies of
reacting systems.3 The results of these experiments
are usually represented by a curve, the features of
which (peaks, discontinuities, changes in slope, etc.)
can be related to the thermal events in the sample.
Nonisothermal thermoanalysis methods4 have some
advantages over isothermal methods: (1) the de-
pendence of the heat generation rate on temperature
can be determined over a wide temperature range
by a single experiment and (2) the continuous re-
cording of heat and weight losses versus tempera-
ture ensures that no features of the reaction are
overlooked.

DSC has found several applications in the deter-
mination of the reaction kinetics, degree of crystal-
linity, melting point, material purity, and glass-tran-
sition temperature of polymers.3 Although polymer-
ization reactions are highly exothermic, in the case
of complex energetic reactions, kinetic analysis
based on DSC data needs some consideration; the
peaks may be a balance among exothermic and
endothermic events, and so the kinetic evaluations
may be problematic. The application of DSC to the
kinetic study of homopolymerization was developed
by Horie5 as well as other investigators.6,7 The
application of DSC to the kinetic studies of copoly-
merization systems is less clear-cut. Horie success-
fully applied the DSC method to copolymerization
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systems in which the two comonomers have equal
heats of reaction. Thus, the heat of copolymerization
was assumed to be constant and independent of the
monomer composition. It has also been shown that
complex copolymerization kinetics can be accurately
approximated by a simple lumped kinetic model of
enthalpy, provided that one of the comonomers is
not totally consumed before the completion of the
reaction.6 The lumped kinetic model defines a heat
of reaction that is dependent on the initial feed com-
position but does not vary with compositional drift
during the course of polymerization. In fact, in
copolymerization systems, the heat of reaction
varies with the conversion because of compositional
drift, preventing the simple reduction of calorimetric
data to rate data.

To retrieve the kinetic parameters of thermal
reactions, a couple of model-fitting8–18 and model-
free19–25 kinetic methods have been presented in
the literature. The model fitting methods suffer
from the inability to uniquely determine the reac-
tion model. This shortcoming does not allow reli-
able mechanistic conclusions to be made even from
isothermal data. Model-free methods help us to
avoid the problems that originate from the uncer-
tainty of the reaction model and allow us to deter-
mine the dependence of the activation energy on
the conversion.

The robust M-estimator is a widely used statistical
method because of its robustness with respect to
outliers26,27 and low computational effort. Its major
benefit over other techniques is mainly apparent if it
is applied to datasets consisting of blocks of varia-
bles subject to problems such as multicollinearity.
Huber28 introduced the class of M-estimators that
have good efficiency properties over a wide range
of error distributions. It has been shown that for
many types of error distributions, the robust M-esti-
mator outperforms the least square estimator in
terms of efficiency, resulting in smaller prediction
errors.29

THEORETICAL BACKGROUND

Inhibited polymerization

Kinetic modeling of copolymerization systems is
subject to the variability of the rate parameter val-
ues, which are usually both composition- and con-
version-dependent. In general, by the use of the
pseudokinetic rate constant (PKRC) method,30 the ki-
netic treatment of a multicomponent polymerization
can be reduced to that of homopolymerization.31,32

This method can be applied to chain statistics based
on a terminal unit model as well as higher order
Markov chain statistics such as a penultimate unit
model. On the basis of the PKRC method, the inhib-

ited free-radical copolymerization can be adequately
represented by the following kinetic scheme:

Initiation :
I�!kd 2R�

R� þM�!ki P�
1

8><
>: (1-1)

Primary radical inhibition : P�
1 þ Z�!kz P1 þ Z� (1-2)

Propagation : P�
n�1 þM�!kp P�

n (1-3)

Inhibition or retardation : P�
n þ Z�!kz Pn þ Z� (1-4)

Reinitiation : Z� þM�!kzp P�
1 (1-5)

Annihilation reaction : 2Z� �!kzt Z2

Zk þ Z

(
(1-6)

Combination : P�
n þ P�

m �!ktc Pnþm (1-7)

Disproportionation : P�
n þ P�

m �!ktd Pn þ Pm (1-8)

Transfer to solvent : P�
n þ S�!ktr Pn þ P�

1 (1-9)

where I is the initiator, R� is the primary radical, M
is the monomer, Z is the inhibitor, Z� is the inhibitor
radical, S is the solvent, P�

i is the polymer molecule
with length i, and P�

i is the radical with length i.
The pseudokinetic values of the decomposition,

initiation, propagation, inhibition, termination. and
transfer rate parameters are denoted by kd, ki, kp, kz, kt,
and ktr, respectively. ktd is the termination by dispro-
portionation rate parameter, ktc is the termination by
combination rate parameter, kzp is the reinitiation rate
parameter, and kzt is the annihilation rate parameter.
These parameters are functions of conversion due to
compositional drift and can be estimated from the
conversion and/or molecular weight data. In addition
to composition and conversion dependence, the inhi-
bition parameter (kz/kp) varies considerably with the
reactivity and polarity of the propagating radicals.

Methacrylate monomers are highly reactive. To
avoid gel and viscosity effects and solubility prob-
lems in the early stages of polymerization, the inhib-
ited polymerization system is studied. Inhibitors
react with the initiating and propagating radicals,
converting them into either nonradical species or
radicals of very low reactivity to undergo propaga-
tion. The stable free radical 2,2-diphenyl picryl
hydrazyl (DPPH) is a powerful inhibitor for the po-
lymerization of either monomer, but its inhibition ef-
ficiency is highly sensitive to the presence of dis-
solved oxygen.7 In typical polymerization systems,
the monomer concentration is about 104 times the

METHACRYLATE COPOLYMERIZATION SYSTEMS 3303

Journal of Applied Polymer Science DOI 10.1002/app



inhibitor concentration, and the propagation constant
of primary radicals toward the monomer is about
1022 to 1023 times of the reaction with the inhibitor.
Therefore, it is expected that most of the primary
radicals will react with the inhibitor. Some investiga-
tors have used inhibitors in polymerization experi-
ments to establish an initial baseline for thermoanal-
ysis curves. In this study, to get more reliable kinetic
parameters for the polymerization system, the reac-
tions were conducted to low conversion levels. On
the basis of the kinetic scheme in eqs. (1-1)–(1-9), the
population balance for live and dead species can be
written as follows:

d½I�
dt

¼ �kd½R��2 (2-1)

d½M�
dt

¼ �ðki½R�� þ kp½Pn�1
�� þ kzp½Z��Þ½M� (2-2)

d½Z�
dt

¼ �kz½Pn
��½Z� þ 1kzt½Z��2 (2-3)

d½P�
n�

dt
¼ Ri � kz½Pn

��½Z� � 2kt½Pn
��2 þ kzp½Z��½M� (2-4)

d½Z��
dt

¼ kz½Pn
��½Z� � kzp½Z��½M� � 2kzt½Z��2 (2-5)

where [I] is the initiator concentration (mol/L). Para-
meter f in eq. (2-3) changes between 0 and 1. If in
eq. (1-6) annihilation dominates, f is equal to 0, and
if the disproportionation reaction proceeds with the
release of an inhibitor molecule, f is equal to unity.
During the induction period, the steady-state hy-
pothesis for radicals (d[Pn

�]/dt 5 0; d[Z�]/dt 5 0) is a
reasonable assumption, and the inhibition reaction
dominates bimolecular termination:

d½z�
dt

¼ � 1� 1
2

� �
Ri � kzp

Ri

2kzt

� �0:5

½M� (3)

where Ri is the initiation rate (mol/L min) and [M]
is the overall monomer concentration (mol/L). If kzp
ffi 0, the second right-hand term in eq. (3) vanishes,
and during the inhibition period

½Z� ¼ ½Z�0 � 1� 1
2

� �
Rit (4)

where t is the polymerization time. Then, by some
mathematical manipulations of eqs. (2) and (4), the
rate of monomer consumption can be obtained as
follows:

1

1� X

dX

dt
¼ 1

Cz
½Z�0
½I�0

� �
ekdt

2f kd
� t

X

h i (5)

where X is the overall conversion, CZ is the inhibi-
tion parameter, f is the initiator efficiency, and O is a
physical parameter defined as 1/(1 2 f/2), which is
equal to the number of terminated radicals per each
molecule of the inhibitor.

After the inhibition period, the overall copolymer-
ization rate is simply obtained by the PKRC method
in a way similar to that for uninhibited homopoly-
merization:

� lnð1� XÞ ¼ 2
kp

kt
0:5

 !
2f ½I�0
kd

8>>: 9>>;0:5

3 1� exp
�kdðt� sIÞ

2

8>>>:
9>>>;

" #
ð6Þ

where sI is the induction time (min).

Kinetic models for thermal analysis

The overall kinetics of a thermal reaction can be
expressed by the following lumped model:

/
dX

dT
¼ Af ðXÞ exp � E

RT

8>: 9>; (7)

where A is the pre-exponential factor (1/min), E is
the activation energy (J/mol), R is the universal gas
constant, 8.314 J/gmole.K, T is the temperature, / is
the rate of heating (/ 5 dT/dt), and f(X) is the con-
version function or reaction model. Integration of eq.
(7) leads to the following integral isoconversional
formulations:

FðXÞ ¼ A

/

ZT
0

exp � E

RT

8>: 9>;� �
dT

� AE

/R
pðxÞ � A

/
IðE;TÞ

(8)

where FðXÞ ¼ RX0 dX
f ðXÞ, x ¼ E

RT, p(x) is the temperature

integral, which cannot be exactly calculated, and
I(E,T) is a defined function of activation energy and
temperatue. Instead, numerical values, series approx-
imations, and other approximate expressions have
been used.33–38 Assuming 2RT < 1, Coats and Red-
fern39 suggested an asymptotic solution for the tem-
perature integral as follows:

ln
f ðXÞ

T2ð1� 2RT=EÞ
� �

¼ ln
AR

/E

� �
� E

R

� �
1

T
(9)

Using different simplifying assumptions, Li and
Tang16,18 proposed another asymptotic solution for
the temperature integral:

ln
f ðXÞð1� 6ðRT=EÞ2Þ

T2ð1� 2RT=EÞ

 !
¼ ln

AR

/E

� �
� E

R

� �
1

T
(10)
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Also, Vyazovkin and coworkers20–25 proposed a non-
linear isoconversional method based on the data of
multiple / values that takes into account the varia-
tion of E with the conversion:

I
�
EX;TX;1

�
/1

¼ I
�
EX;TX;2

�
/2

¼ � � � ¼ I
�
EX;TX;n

�
/n

(11)

where Ex is activation energy as a function of con-
version, and Tx is temperature as a function of con-
version.

The estimation of EX from this set of nonlinear
algebraic equations is equivalent to the solution of
the following minimization problem:

min
Xn
i

Xn
j 6¼i

"
IðEX;TX;iÞ/j

IðEX;TX;jÞ/i

#8<
:

9=
; (12)

Estimation method

When the residual errors are normally distributed, it
is known that the least square methods are optimal
estimators for regression.26,27 In the absence of nor-
mality, particularly when outliers are present in the
data set, other more robust regression estimators
have better properties. If an appropriate weighting
scheme is chosen, M-estimators27,28 behave entirely
robustly to any types of outlying points. If an esti-
mation model is represented by yi 5 g(xi; b) 1 ei, the
general M-estimator minimizes the following objec-
tive function:

Xn
i¼1

CðeiÞ ¼
Xn
i¼1

Cðyi � gðxi;bÞÞ (13)

where function G provides the contribution of each re-
sidual to the objective function. Differentiation of the
objective function with respect to the b coefficients
and setting the partial derivatives to zero yield a sys-
tem of equations for the b coefficients. Here, to model
G(ei), the Tukey bisquare (or biweight) estimator29

with the following objective function is considered:

CðeÞ ¼

�k2
6

(
1�

h
1� e

�k
� �2i3)

for
		e		 � �k

�k2
6

for
		e		 > �k

8>>><
>>>:

(14)

where �k is a tuning constant, the smaller values of
which produce more resistance to outliers. �k is gener-
ally picked to give reasonably high efficiency in the
normal case; in particular, �k 5 4.685r for the bisquare
(where r is the standard deviation of the errors) pro-
duces 95% efficiency when the errors are normal and
still offers protection against outliers. To calculate �k,

an estimate of r is needed. Usually, a robust measure
of spread is used in preference to r. A common
approach is to take r 5 MAR/0.6745, where MAR is
the median absolute of the residual.27

DETAILS OF COMPUTATION

Noise reduction from thermoanalysis data

Thermoanalysis data contain undesirable noise com-
ponents that interfere with accurate extraction and
interpretation of the desired data. These noisy data
are often composed of high-frequency components
that are greatly amplified by differentiation during
data processing. It is assumed that the noise is ran-
dom and normally distributed about the mean. The
signal-to-noise ratio is defined as the ratio of the av-
erage signal magnitude to the root mean square of
noise. Various methods including signal averaging,
smoothing, and filtering in the frequency domain40

are widely used to reduce the noise. Figure 1 shows
the concept of the moving average method in the
framework of smoothing methods. Convolution of a
noisy TG or DSC curve with a filter is achieved by
the filter function (x) being pulled across the TG or
DSC curve. The degree of smoothing is controlled by
the number of points averaged (the width of the
smoothing window). Mathematically, the output TG
or DSC curve, X0 (as an array), is the convolution
product of the original TG curve, X, with x:

X0 ¼ x� X (15)

A few mathematical manipulations are presented;
their selection and tuning are somewhat empirical
and depend on our application. Here, the techniques
of Savitzky and Golay,41 in which elements of x can
be obtained from the coefficients of a least square
polynomial fit, are used.

Description of the computer program

An interactive computer program was written in
C11, debugged, and executed on a Pentium IV 3.2-

Figure 1 Concept of the moving average method for fil-
tering noisy data (five-point average).
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GHz personal computer. Two options for data entry
were considered: (1) interactive data entry and (2)
reading the data from input data files. To retrieve the
kinetic parameters from thermoanalysis data, a couple
of model-dependent and model-free isoconversional
methods were used. The estimation of kinetic parame-
ters could be based on the complete set of data or
flexible regional analysis. Three execution modes were
available: (1) the model was assigned by the user, (2)
the estimation was performed with all available mod-
els and the best model was selected on the basis of
analysis of variance (ANOVA) tests, and (3) all mod-
els were solved and the results were sorted according
to the correlation coefficient or F-statistic value.

EXPERIMENTAL

Materials

The initiator, 2,20-azobisisobutyronitrile (AIBN; Fluka
Chemica, Seelze, Germany; >98%), was crystallized
three times from a mixture of chloroform and metha-
nol below 408C in subdued light. It was dried in vacuo
at room temperature over P2O5 and stored in a dark
place below 2108C until it was used. The monomers,
i-BMA (Sigma-Aldrich, Munich, Germany; 99%) and
LMA (Fluka; 98%), with 15 ppm methyl ethyl hydro-
quinone were washed three times with 10% NaOH
and then three times with freshly distilled water,
dried over CaCl2, and distilled in vacuo. Copper stea-
rate was used for peroxide breaking in a distillation
chamber, and the middle fraction of the distillate was
collected and dried in vacuo at room temperature over
CaCl2 and was stored at 2108C. The inhibitor DPPH
was used without further purification. Benzene, used
as a polymerization solvent, was distilled under nitro-
gen at reduced pressure. All other solvents and other
reagents over the course of the thermoanalysis experi-
ments and characterization were used as packaged
without further purification.

Methods

DSC

DSC measurements were performed with a Mettler–
Toledo (Zaventem, Belgium) DSC821 connected to a
computer equipped with STAR V 6.0 evaluation soft-
ware to manipulate and transfer the data. DSC was
first calibrated in duplicate for the temperature and
heat flow with the heats of fusion of several metals
and by the measurement of the specific heat of syn-
thetic sapphire over a wide range. The temperature
axis was calibrated for each value of / according to
the calibration procedure of ASTM E 1582 with the
same / values, purge gas, and flow rate used for the
samples. The DSC cell was swept by a constant flow
of nitrogen at 20 mL/min. Isothermal tests were per-

formed at 708C, and nonisothermal tests were per-
formed with / values of 0.5, 1.0, 3.0, and 5.08C/min.

All solution polymerizations were performed in
benzene. For all experiments, an initial initiator con-
centration of 0.15 mol/L was used, whereas the con-
centration ratios of the inhibitor to the initiator were
adjusted to 0.01, 0.05, 0.1, and 0.2. The polymeriza-
tion mixture containing the monomers, solvent, in-
hibitor, and initiator was poured into vials and
placed in a water bath at 158C. Fresh solutions were
prepared just before each set of experimental runs.
Solutions were mixed vigorously with a magnetic
stirrer until the initiator powder dissolved and a
homogeneous solution was achieved. Vials were
flushed with oxygen-free nitrogen for 10 min to
remove the dissolved gases, subjected to three freeze–
pump–thaw cycles to remove residual oxygen, and
stored in a freezer. The DSC samples were prepared
by the removal of a small amount of the frozen solu-
tion and its placement in an aluminum DSC pan,
which was weighed and covered with an aluminum
lid. The pan was sealed with a press and loaded into
the DSC chamber. In the lid, a small hole was made
so that decomposition products could escape. All
sample sizes were less than 10 mg. An empty cov-
ered aluminum sample pan was used as the reference
cell. Inert gas purging was maintained for a sufficient
time to ensure that all residual oxygen was removed
from the system before the reaction. Time was meas-
ured from the instant that the frozen sample pan was
placed in the DSC instrument, and the sample–refer-
ence differential signal was recorded. The presence of
an inhibitor caused an induction period to precede
the onset of reaction. Once the polymerization was
completed, the instrument was cooled, cleaned, and
prepared for additional experiments.

TG

TG measurements were performed with a Mettler TA
3000 TG50 thermobalance. The sample preparation
was the same as that for the DSC experiments. The
temperature axis was calibrated with alumel, mume-
tal, and trafoperm, the Curie points of which were
149.00, 393.66, and 744.008C, respectively. The temper-
ature calibration was performed before every change
in /. The precision normally required implied the
highest possible sensitivity on the temperature axis,
which is usually 48C/cm. About 5 mg of an AIBN
sample was heated from 30 to about 1508C with /
values of 0.5, 1, 3, and 58C/min. In general, a sample
weight resulting in a maximum heat generation of
less than 8 mJ/s was satisfactory. Before the start of
the temperature program, samples were equilibrated
at a temperature below the decomposition tempera-
ture. A nitrogen gas flow rate of 20 mL/min was con-
sidered to sweep away the decomposition products.
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RESULTS AND DISCUSSION

Results of the DSC experiments

Inhibited polymerization

The in situ polymerization experiments were per-
formed at 708C and [z]0/[I]0 values of 0.01, 0.05, 0.1,
and 0.2 (where [z] is the inhibitor concentration). The
relevant DSC curves for f10 5 0.5 (where f10 is the
molar fraction of i-BMA in the feed mixture at time
zero) are shown in Figure 2(a–d), respectively. Isother-
mal measurements have the advantage of complete
separation between the variables of time and tempera-
ture. The selection of an isothermal temperature equal
to 708C was based on the previous experimental stud-
ies for this copolymerization system.1 The end of the
inhibition period was determined by the intersection
of the initial baseline with the tangent line drawn to
the rising initial rate peak. The reaction reached com-
pletion when the DSC curve had fallen asymptotically
to the initial baseline. The distance between the DSC
curves and baseline was taken to be the instantaneous
heat generation rate.

The noisy DSC curves were smoothed by a
Savitzky–Golay convolution filter. The elements of
the weight vector (x) were obtained from the coeffi-
cients of the least square fit of the noisy data to a
quadratic polynomial that was equal to x 5 [221,
14, 39, 54, 59, 54, 39, 14, 221]. For all DSC curves,
setting the width of the smoothing window to at
most 9 was adequate to remove all undesired noise
components from the DSC curves.

In homopolymerization reactions, the rate of heat
generation (Qgen) is proportional to the rate of mono-
mer consumption with the proportionality constant
(DHp), which is the total enthalpy of homopolymeri-
zation [Qgen 5 DHp 3 Rp, where Rp is the polymer-
ization rate (mol/L min)]. In the case of copolymer-
ization reactions, the situation is more complicated
because instead of a single reaction, multiple ele-
mentary reactions are involved in the propagation
step. The partial contribution of each propagation
reaction to the overall heat generation changes with
conversion because of compositional drift. Thus, the
proportionality coefficient between Qgen and Rp is
not constant and varies with the conversion. To

Figure 2 DSC curves for the copolymerization of i-BMA/LMA at f10 5 0.5 for different levels of [z]0/[I]0: (a) 0.01, (b)
0.05, (c) 0.1, and (d) 0.2. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.
com.]
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remedy this problem, we first simply calculated the
conversion at each reaction time from the corre-
sponding partial areas of the DSC curves. Then, the
overall reaction rate was calculated by numerical dif-
ferentiation of the conversion data. With this calcula-
tion procedure, the variability of the proportionality
coefficient between Qgen and Rp was fully captured,
and the limitations of the lumped method of analysis
were overlooked.

The DSC curves were integrated with the Gauss–
Legendre quadrature method,42 and the extent of
reaction was calculated with X 5 ($TTi

H(t,X)dt)/DHp

and is shown in Figure 3. Here, $TTi
H(t,X)dt is the

partial area under the DSC curve up to a certain
time (the heat that evolved up to a certain time), and
DHp is the total heat of reaction. The results of the
overall conversion were fitted to a polynomial with
stepwise regression, and the rate of polymerization
was subsequently calculated by numerical differen-
tiation and is shown in Figure 4. As can be seen in
this figure, caution must be taken in the assumption
of a stationary state treatment near the end of the in-
hibition period because in such situations the radical
concentration changes rapidly, and the steady-state
assumption fails.

Because the induction period represents the
required time for the consumption of primary radi-
cals, its measurement provides a direct calculation of
the in situ initiation rates. f was previously deter-
mined43 by the mean kinetic chain length approach
and was equal to 0.62. It was assumed that the effi-
ciency of initiation was constant and was not influ-
enced by the presence of the inhibitor. With the data
of the induction period, the relevant kinetic parame-
ters in eq. (5), that is, kd, CZ, and O, were determined

by a robust M-estimation method. The resultant val-
ues are given in Table I. Because weights for lever-
age points were inserted in the estimation process, a
robust procedure for all types of outliers was
obtained. In the setup of the estimator, the addition
of weights for leverage points was not computation-
ally expensive because the estimators only needed to
be scaled and orthogonally equivariant. To better
quantify the sensitivity of the inhibited polymeriza-
tion system toward the value of the stoichiometric
ratio (O), the differential equation [eq. (5)] was
numerically solved for O 5 1.0 (stoichiometric condi-
tion), and the predicted conversion is also shown in
Figure 3. The predicted results for O 5 1.0 followed
the same trend as the experimental conversion data
from the DSC curves, but with a little bit of time lag.
For all concentration ratios of the inhibitor to the ini-
tiator, the predicted conversions with O 5 1.0 were
higher than the conversions from the DSC data. This
was due to the higher values of estimated O; that is,
increased initiator consumption during the inhibition
period led to lower levels of available initiator for
the uninhibited period, and finally a lower polymer-
ization rate was attained. With the inhibitor/initiator
ratio increasing, the differences between the two
aforementioned curves in Figure 3 significantly
increased. For each value of [z]0/[I]0, sI was also cal-
culated with eq. (4) and is given in Table II. The pre-
dicted values of sI were in good agreement with the
corresponding values in the DSC curves.

Figure 3 Conversion-time curves for i-BMA/LMA copo-
lymerization at 708C for different levels of [z]0/[I]0: (a)
0.01, (b) 0.05, (c) 0.1, and (d) 0.2. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 4 Calculated copolymerization rates for different
levels of [z]0/[I]0: (a) 0.01, (b) 0.05, (c) 0.1, and (d) 0.2.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

TABLE I
Kinetic Parameter Estimates for the Inhibition Period

kd (min21) CZ O

0.0021 1873 1.09
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The total enthalpy of polymerization for different
values of [z]0/[I]0 was calculated and is shown in
Figure 5. The average heat of copolymerization was
61.02 kJ/mol. The dependence of the copolymeriza-
tion heat on [z]0/[I]0 did not follow a definite trend.

To determine the variation of kd and kp/kt
0.5 with

the monomer feed composition, similar in situ DSC
polymerization experiments for f10 values of 0.1, 0.3,
0.7, and 0.9 were performed. All experiments were
carried out again at 708C with only [z]0/[I]0 5 0.05.
The relevant DSC curves followed the same trend as
those presented in Figure 2; they are not shown here
for the sake of brevity. For each initial monomer
feed composition, the low conversion copolymeriza-
tion data (<10% conversion) were extracted from the
respective DSC curves and used for the estimation
of the initiation and coupled rate parameters in eq.
(6). Because the sampling time for the DSC experi-
ments was 1 min, a huge set of data points partici-
pated in the estimation process, and much more con-
fidence was attained with respect to other experi-
mental methods such as gravimetry and
densitometry. Furthermore, the propagated errors in
the estimated parameters due to the experimental
errors in sampling, fractionation, and characteriza-
tion were removed.

To determine the compositional variation of kp/
kt
0.5, it was assumed that 2fkd varies linearly with the

monomer feed composition according to the follow-
ing empirical relationship:32

2 fkd ¼ f1ð2 fkdÞ1 þ f2ð2 fkdÞ2 (16)

The estimated values of 2fkd at different monomer
feed compositions were determined by robust M-
estimation and are shown in Figure 6. If we assume
a constant value of f 5 0.62, the values of kd vary
from 2.08 3 1023 to 2.36 3 1023 min21, which is
within the range of values reported in the literature.2

Also, the values of the coupled rate parameter, kp/
kt
0.5, at different monomer feed compositions were

estimated and are shown in Figure 7. The solid line

Figure 5 Overall heat of the copolymerization reaction at
708C at f10 5 0.5 for different levels of [z]0/[I]0. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 6 Variation of 2fkd with the molar fraction of i-
BMA in the monomer phase (f10 5 0.5). [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 7 Variation of the coupled rate parameter, kp/kt
0.5,

with the molar fraction of i-BMA in the monomer phase
(f10 5 0.5). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

TABLE II
sI Values and Limiting Conversions in the Inhibition

Period

[z]0/[I]0 sI (min)
Limiting conversion in
the induction period

0.01 4.59 0.0171
0.05 23.96 0.0179
0.10 50.94 0.0191
0.20 118.87 0.0233
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in this figure shows the prediction of the implicit pe-
nultimate unit model (IPUM) of Fukuda and cow-
orkers44,45 with the reactivity ratios previously
reported by Habibi and Vasheghani-Farahani.43

Joint confidence regions (JCRs) of kd and kp/kt
0.5

for f10 5 0.5 were calculated for 95 and 99% proba-
bility levels and are shown in Figure 8. JCRs are el-
lipsoidal contours of a constant density, defined by
K with probability a, such that (K 2 l)0

P21 (K 2 l)
� v2p, (1 2 a). These ellipsoids are centered at l 5 [kd,
kp/kt

0.5] and have axes of 	
ffiffiffiffiffiffiffiffiffi
v2pki

q
‘i, where ki and li

are eigenvalues and eigenvectors of the variance–
covariance matrix, respectively, and S is the var-
iance–covariance matrix of parameter estimates. The
small area of the JCRs indicates the high precision
attained for kinetic parameters because of the good
capability of the estimation method.

Similarly to f10 5 0.5, for each initial monomer
feed composition, the DSC curves were integrated
by the Gauss–Legendre quadrature method,42 and
the values of the overall heat of polymerization were
calculated and are presented in Table III. In accord-
ance with the results of Figure 7 for kp/kt

0.5, the
overall heat of reaction decreased with the initial i-
BMA molar fraction in the copolymerization system
increasing, and this justified the higher polymeriza-
tion rates for LMA-rich copolymers.

Initiator decomposition

The kinetics of initiator decomposition in the pres-
ence of a solvent were studied with nonisothermal
DSC experiments with four different / values (0.5,
1.0, 3.0, and 5.08C/min). The resultant DSC curves
are shown in Figure 9. Because DSC was first cali-
brated at 108C/min, the nominal temperature read-
out for each / value was corrected with the values
in the operating manual of the Mettler–Toledo
DSC821. Also, the thermal lag correction was calcu-
lated from thermal lag correction (Tlc) 5 G 3 Å 3 Ro

imposed on DSC data. Here, G is the instrument
sensitivity (mw/cm), Å is the peak height (cm), and
Ro is the thermal resistance (K/mw) of DSC. Simi-
larly, the extent of reaction is defined as X 5 ($TTi

H(T)dt)/DHdecomp (decomposition heat of initiator),
where the integral in the numerator is the partial
area under the DSC curve up to a certain tempera-
ture divided by the total.

Figure 8 (—) 95% and (- - -) 99% JCRs for rate parame-
ters estimated by robust M-estimation. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

TABLE III
Variation of DHp with f10

f10 DHp (kJ/mol)

0.1 82.3
0.3 67.5
0.5 60.1
0.7 54.9
0.9 52.7

Figure 9 DSC curves for the decomposition of (—)
unaged and (- - -) aged samples of AIBN at different val-
ues of /: (a) 0.5, (b) 1.0, (c) 3.0, and (d) 5.0. The dark line
shows instantaneous heat release, and the light line shows
cumulative heat release. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

TABLE IV
Arrhenius Parameters for AIBN Decomposition at

Different Values of /

/
(8C/min)

Log A
(1/min) E (kJ/mol)

R2

statistic F statistic

0.50 16.96 128.52 0.998 6,308,375.70
1.00 16.93 128.43 0.996 1,560,475.70
3.00 17.04 129.01 1.000 1,400,745.10
5.00 17.10 129.86 0.997 1,053,628.20

According to the overall data at various values of /, log
A 5 16.95 min21 and E 5 128.57 kJ/mol.
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Assuming first-order decomposition

ln
1

DHdecomp

dHðTÞ
dT

� �
¼ lnA� E

R

8>: 9>; 1

T

þ ln
DHdecomp �HðTÞ

DHdecomp

8>>: 9>>; ð17Þ

where dH(t)/dt is the rate of heat evolution. The
greatest advantage of DSC is providing a direct mea-
sure of the instantaneous rate of reaction rather than
the conversion. The conversion is readily calculated
from integration of the rate data. This procedure is
inherently more accurate than evaluating rates from
numerical differentiation of the conversion data. A
high value of / may allow some of the sample to melt
before it decomposes, whereas with a low value of /,
the entire reaction occurs below the melting tempera-
ture. On the other hand, the use of low values of /
allow us to narrow the temperature range of a noniso-
thermal experiment, and this may help us to conduct
the isothermal and nonisothermal experiments over
comparable ranges of temperatures and reduce the
quantitative difference between the dependences of E
on the extent of the reaction derived from isothermal
and nonisothermal experiments.

With the corrected thermoanalysis data, the Arrhe-
nius parameters of initiator decomposition were cal-
culated by robust M-estimation, and the results are
given in Table IV. The F statistics in Table IV refer
to the values of the F test in statistical tables with
95% confidence. With / increasing, the values of F
statistics of estimation decrease. Thus, more reliable
kinetic parameters can be obtained from thermoanal-
ysis experiments at lower / values.

To verify the accuracy of the decomposition rate
parameters in Table IV, isothermal aging experi-
ments were designed. For each sample, an aging
time equal to 60 min was considered, and it was
assumed that the aging time was equal to the half-
life of the initiator (t1/2). Then, the corresponding
aging temperature was calculated from t1/2 5 0.693/
kd with the estimated kinetic parameters in Table IV.
The samples were aged isothermally at that tempera-
ture and quenched immediately to a temperature at

least 508C below the aging temperature. Therefore,
no significant reaction occurred during the subse-
quent holding time. The aged samples were sub-
jected to DSC under the same temperature program
used for the unaged sample, and the TG curves
were recorded and compared with that of the
unaged one in Figure 9. On an equal weight basis,
the peak area of an aged sample should be one half
that of an unaged sample. The verification analysis
is given in Table V. Again, with / increasing, the
absolute error of estimation increased. The average
value of DHdecomp in the presence of a solvent was
also calculated to be 228.23 kJ/mol.

Results of the TG experiments

Similarly to DSC, the noisy TG curves were
smoothed by a Savitzky–Golay convolution filter and
are shown in Figure 10. The observed spikes around
1058C for / values of 0.5 and 18C/min may be due
to domination of the buoyancy effect in TG instru-
mentation. The fractional conversion (X) is defined

TABLE V
Results of Aging Experiments for the Confirmation of DSC Results

/ (8C/min)
Aging

temperature (8C)

Heat release (J/g)

Absolute error (%)Unaged sample Aged sample

0.50 82.54 6.97 3.53 1.17
1.00 82.81 7.12 3.75 5.31
3.00 83.78 7.07 3.76 6.36
5.00 84.81 6.82 3.65 7.03

DHdecomp 5 228.23 kJ/mol; absolute error (%) 5 (unaged sample 2 2 3 aged sample)
3 100/unaged sample.

Figure 10 Smoothed TG curves for the decomposition of
AIBN in the temperature range of 40–1208C: (a) / 5 0.58C/
min, (b) / 5 18C/min, (c) / 5 38C/min, and (d) / 5 58C/
min. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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as follows:

X ¼ We

W0 �Wf
¼ W0 �Wr �Wf

W0 �Wf
¼ 1� Wr

W0 �Wf
(18)

where W0 is the initial weight, We is the evolved gas
weight, Wr is the reactive weight, and Wf is the final
nonreactive weight. The effect of different / values
on the maximum decomposition rate is also shown
in Figure 11. With / increasing, the maximum
decomposition rate increased, and the locus of the
maximum rate shifted to higher temperatures. These
experimental data were used to test several phenom-
enological kinetic models.

The estimated parameter values along with the
statistics of estimation for the models of Coats and
Redfern39 and Li and Tang18 are given in Table VI.
The estimated values of A and E show global over-
prediction with respect to their DSC counterparts in
Table IV. The order of the F statistic values for DSC-
based estimates is 102 times higher than that of the
TG-based estimates. Both methods use Arrhenius in-
tegral approximation. Although the values of the F
statistics for the Li–Tang model18 are larger than
those of the Coats–Redfern model,39 no significant
differences between the results were obtained. The
calculated values of kd from both DSC and TG

experiments were higher than the resultant values
from the inhibition polymerization experiments in
Table I, possibly because of the cage recombination
effect in the polymerization media.

An ANOVA for the model of Li and Tang18 was
performed with 432 extracted data points. The
results in Table VII indicate that the sum of squares
of the residual was smaller than the sum of squares
of the estimation, and this indicated the adequacy of
the model and goodness of fit attained with robust
M-estimators.

The dependence of E on the extent of reaction was
found by the implementation of nonlinear numerical
optimization of the model of Vyazovkin25 [eq. (12)].
The resultant values are shown in Figure 12. The av-
erage value of E is 140.10 kJ/mol, and its variation
with conversion is significant. If we observe a strong
dependence of E on conversion, different model-fit-
ting methods yield different values of E. The isocon-
versional method predicts a lower degree of decom-
position for long periods of time in comparison with
any of the model-fitting methods. The model of Vya-
zovkin removes the systematic errors due to the
approximation of the temperature integral. As a
result, the model-free method predicts a lower
decomposition rate for long periods of time in
comparison with any of the standard model-fitting
methods.

CONCLUSIONS

The solution copolymerization kinetics of i-BMA/
LMA have been studied by the design of a set of
in situ inhibited polymerization experiments with
DSC. The kinetic parameters of copolymerization
have been retrieved with a robust M-estimation
method. This has indicated that robust M-estimation
can outperform existing methods of estimation in
terms of statistical precision and computational
speed, while keeping good robustness properties.
The major conclusions are as follows:

• In comparison with the classical methods of ex-
perimental kinetics, only small amounts of a
sample are needed; the propagated errors in the
estimated parameters due to sampling, fractiona-
tion, and characterization are removed; and the
rate parameters as well as the heat of reaction
can be obtained from a single run. Thus, thermo-

TABLE VI
Results of Robust M-Estimation for AIBN Decomposition Using

Nonisothermal TG Data

Kinetic model log A (1/min) E (kJ/mol) Correlation coefficient F statistic

Coats–Redfern 19.09 142.57 20.986 15,261
Li–Tang 18.60 139.75 20.953 17,141

Figure 11 Effect of / on the thermal decomposition rate
of AIBN: (a) / 5 0.58C/min, (b) / 5 18C/min, (c) / 5 38C/
min, and (d) / 5 58C/min. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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analysis methods are likely to become an inter-
esting alternative for the kinetic study of poly-
merization systems.

• The calculation procedure allows us to fully cap-
ture the variability of the instantaneous copoly-
merization heat with the conversion and skip the
limitations of lumped methods of analysis.

• The dependence of the coupled rate parameter,
kp/kt

0.5, on the monomer feed composition is
well represented by IPUM of Fukuda and cow-
orkers.44,45 The small areas of JCRs for kd and
kp/kt

0.5 show reasonable precision for estimated
kinetic parameters. The high values of F statistics
indicate the robustness of the M-estimation
method.

• The calculated values of kd from both DSC and
TG experiments are higher than the resultant

value from inhibition polymerization experi-
ments, possibly because of the presence of a
cage recombination effect in the polymerization
media.

• The isoconversional method allows us to consider
the variation of E with the conversion and pre-
dicts a lower degree of decomposition for long
periods of time in comparison with any of the
model-fitting methods. The use of a model-free
isoconversional approach is recommended as a
trustworthy way of obtaining reliable and consist-
ent Arrhenius kinetics from thermoanalysis data.

NOMENCLATURE

Symbols

A pre-exponential factor (1/min)
CZ inhibition parameter kz/kp)
E activation energy (J/mol)
f initiator efficiency
f(X) conversion function
fi molar fraction of monomer i in the feed

mixture
f10 molar fraction of i-BMA in the feed mix-

ture at time zero
[I] initiator concentration (mol/L)
kd decomposition rate parameter of the initia-

tor (1/min)
ki initiation rate parameter (L/mol min)
kp propagation rate parameter (L/mol min)
kt termination rate parameter (L/mol min)
ktc termination by combination rate parameter

(L/mol min)
ktd termination by disproportionation rate

parameter (L/mol min)
ktr transfer to solvent rate parameter (L/mol

min)
kz inhibition rate parameter (L/mol min)

Figure 12 Variation of the activation energy with the con-
version for the thermal decomposition of AIBN. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

TABLE VII
ANOVA Table of M-Estimation for the Model of Li and Tang

Model Sum of squares
Degree of
freedom Mean square Fcal

Estimation 3428.27 1 3428.27 17,141
Residual 86.60 432 0.20
Total 3514.87 433

SSE ¼PN
i¼1

ðXiÞexp �
PN
i¼1

ðXiÞexp
� �

=N

� �2

SSR ¼PN
i¼1

½ðXiÞpred � ðXiÞexp�2

MSE 5 SSE/p
MSR 5 SSR/(N-p)
Fcal 5 MSE/MSR
MSE 5 mean square of the estimation; MSR 5 mean square of the residual; N 5

number of data points; SSE 5 sum of squares of the estimation; SSR 5 sum of squares
of the residual.

P, degree of freedom in the estimation model.
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kzp reinitiation rate parameter (L/mol min)
kzt annihilation rate parameter (L/mol min)
li eigenvector of the variance–covariance

matrix of parameter estimates
[M] overall monomer concentration (mol/L)
N number of data points
p(x) temperature integral
Qgen heat generation (J/min)
Ri initiation rate (mol/L min)
Ro thermal resistance (K/mw)
Rp polymerization rate (mol/L min)
t polymerization time (min)
t1/2 half-life of the initiator (min)
W0 initial weight
We evolved gas weight
Wf final nonreactive weight
Wr reactive weight
X fractional or overall conversion
X original data in thermogravimetric curves
X0 output data from thermogravimetric curves
[z] inhibitor concentration (mol/L)

Greek symbols

Å peak height (cm)
a probability level
G function providing the contribution of

each residual to the objective function
DHp total heat of polymerization (J/mol)
ki eigenvalue of the variance-covariance ma-

trix of parameter estimates
�k tuning parameter for the estimator
G instrument sensitivity (mw/cm)
q density of the polymerization system
r standard deviation of the errors
S variance-covariance matrix of parameter

estimates
r2 variance of estimation
sI induction time (min)
/ heating rate (8C/min)
x array of weights in a Savitzky–Golay con-

volution filter
O stoichiometric ratio
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