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n-Butyl methacrylate/styrene/n-butyl acrylate (BMA/ST/BA) high-temperature
starved-feed solution semibatch copolymerization and terpolymerization experiments
with varying monomer feed composition, final polymer content, monomer feed time,
and reaction temperature were carried out. A comprehensive mechanistic terpolymeri-
zation model implemented in PREDICI includes methacrylate depropagation, acrylate
backbiting, chain scission, and macromonomer propagation, as well as penultimate
chain-growth and termination kinetics. The generality of the model was verified by
comparison with terpolymerization data sets from two laboratories that demonstrate
the impact of high-temperature secondary reactions on polymerization rate and poly-
mer molecular weight. VVC 2010 American Institute of Chemical Engineers AIChE J, 57: 227–

238, 2011
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Introduction

Acrylic resins, synthesized from a mixture of monomers
selected from the methacrylate, acrylate, and styrene (ST)
families, are the base polymer components for many auto-
motive coatings due to their excellent chemical and mechan-
ical properties. The low-molecular weight (MW) polymers,
synthesized via high-temperature starved-feed free-radical
solution semibatch terpolymerization,1,2 contain reactive
functionalities that serve as crosslinking sites for polymer
network formation upon application.3,4 The operating condi-
tions, chosen to reduce the amount of initiator required in
the recipe and to keep solution viscosity low, greatly pro-
mote the importance of secondary reactions, such as methac-
rylate depropagation, acrylate branching, chain b-scission,

and macromonomer reactions, that have a strong impact on
polymerization rate and polymer MW. Understanding these
kinetic complexities is the goal of this effort to develop a
generalized model that can be utilized for process develop-
ment and optimization and to develop new coatings recipes
with reduced experimentation.

In radical polymerization, polymer chains grow quickly
through the sequential addition of monomer to the radical
center (denoted by P�

n) with propagation rate coefficient kp.
At higher temperature conditions, the rate of the reverse
reaction, known as depropagation (rate coefficient kdp),
becomes appreciable:

P�
n þM �

kp

kdp
P�
nþ1

This reaction is thermodynamically controlled and the ra-
tio of the forward to reverse rate constants is given by the
equilibrium constant, K ¼ kp/kdp, where K ¼ [M]�1

eq and
[M]eq is the equilibrium monomer concentration at a given
temperature. At a fixed temperature, polymerization will not
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proceed if [M] is below [M]eq. The mechanism becomes im-
portant for homopolymerization of methacrylate monomers
at temperatures [120�C, depending on monomer concentra-
tion,5,6 and has a significant effect on polymerization rate
under the starved-feed high-temperature conditions used to
manufacture acrylic coatings resins.2,7,8 More recently, high-
temperature studies of butyl methacrylate (BMA) semibatch
polymerization indicated that depropagation is not only a
function of temperature but also of the polymer weight frac-
tion in the reaction system,2,9 as would be expected from
thermodynamic considerations.10 ST and acrylates do not
depropagate at appreciable rates under similar reaction con-
ditions, and thus lessen the impact of this mechanism during
copolymerization. Nonetheless, depropagation has an effect
on copolymer composition and polymerization rate when
methacrylates copolymerize with acrylates8 and ST7,11,12

under high-temperature starved-feed conditions. A kinetic
investigation of BMA and ST copolymerization showed that
the Lowry Case 1 model13 is adequate to predict depropaga-
tion in the binary system, i.e., BMA will only depropagate
when another BMA exists in the penultimate position.14 The
modeling of the copolymerization kinetics becomes more
involved if the penultimate unit also affects chain-growth
kinetics, but these complications have also been addressed.15

In free radical polymerization of acrylates, it is now well-
accepted that the propagating secondary butyl acrylate (BA)
radical can undergo backbiting (intramolecular chain transfer
to polymer, Scheme 1a) even at ambient temperature to form
midchain radicals that can then subsequently propagate or
terminate,16–19 or, at higher temperatures, form macromono-
mer via b-scission (Scheme 1b).20–27 At higher temperatures
under starved-feed conditions it was concluded that the ma-
jority of the poly(BA) chains in the system had been termi-
nated by b-scission even in the presence of high initiator
levels, as demonstrated by significant amounts of macromo-
nomer measured by 1H NMR,22 and the mechanisms were
included in mechanistic models developed to represent acry-
late homo-22,23 and copolymerizations8 at higher tempera-
tures. However, as shown in Scheme 1b, a product of chain

b-scission is a polymer chain with an unsaturated endgroup
(i.e., a macromonomer) that, as suggested by Yamada
et al.,21,28,29 may be as reactive as monomer. The importance
of macromonomer propagation (Scheme 1c) under high-tem-
perature starved-feed semibatch conditions has recently been
demonstrated and modeled, with the macromonomer reaction
responsible for the significant increase in polymer weight-
average molecular weight (Mw) with time.30

The addition of comonomer to an acrylate polymerization
complicates the set of mechanisms shown in Scheme 1. The
study on BA/BMA copolymerization8 indicated that backbit-
ing occurs only when an acrylate radical finds an acrylate
unit in its pen-penultimate position, and modeled the system
assuming that b-scission of the resultant midchain radical
occurs 10 times faster with an adjacent methacrylate unit
than with an adjacent acrylate unit, due to the higher stabil-
ity of the resulting tertiary carbon-centered radical. As acry-
late backbiting occurs via a six-membered ring transition
state, the identity of the penultimate unit may affect the rate
of the intramolecular H-atom abstraction through steric
effects. Indeed, our recent work on BA/ST copolymeriza-
tion31 suggested that the rate of backbiting should be
reduced when ST is in the penultimate position, as also sug-
gested by Plessis et al.32 for ST/BA and González et al.33

for BA/MMA (methyl methacrylate) copolymerization; the
latter two studies used 13C NMR to quantify the amount of
acrylate backbiting that occurs during copolymerization.

Mechanistic modeling provides a means to study the effect
of secondary reactions (such as depropagation, backbiting,
and scission) on copolymerization kinetics and also is a criti-
cal component of larger-scale process models used to predict
the influence of operating conditions on reaction rate and
polymer properties, guide the selection and optimization of
standard operating conditions for existing and new polymer
grades, and guide process development from laboratory to
pilot-plant to full-scale production. The secondary kinetic
steps introduce greater complexities to the modeling of mul-
ticomponent polymerizations. The terpolymerization models
of BA/MMA/VAc (vinyl acetate) developed by Penlidis

Scheme 1. Acrylate intramolecular chain transfer (a), chain scission (b), and macromonomer addition (c).
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et al.34,35 and Keramopoulos et al.36 are limited to low tem-
peratures (50 and 70�C) and none of the side reactions dis-
cussed above were included. Depropagation is included in
the modeling of higher-temperature (115 and 140�C) free
radical terpolymerization of BA/MMA/a-methyl ST,37,38 but
the acrylate side reactions were not considered, as the model
focused only on terpolymer composition.

In this work, a comprehensive BMA/BA/ST terpolymeri-
zation mechanistic model, including the secondary reactions
mentioned above, as well as penultimate chain-growth and
chain-termination kinetics, is formulated to represent high-
temperature solution acrylic terpolymerization. The model
was developed and implemented in the commercial software
PREDICI,39 and, via comparison with an extensive set of
copolymerization and terpolymerization experiments, is used
to demonstrate the importance of secondary reactions on po-
lymerization rate (e.g., monomer concentrations) and poly-
mer MW profiles under starved-feed high-temperature semi-
batch conditions.

Experimental

Materials

BMA (99% purity) inhibited with 10 ppm of monomethyl
ether hydroquinone, ST (99% purity) inhibited with 10–15
ppm of 4-tert-butylcatechol, and BA (99% purity) with 10–
55 ppm monomethyl ether hydroquinone as inhibitor were
obtained from Sigma Aldrich and used as received. tert-butyl
peroxyacetate (TBPA) was provided as a solution of 75 wt
% initiator in mineral spirits by Arkema, and a xylene iso-
meric mixture with boiling point range between 136 and
140�C was obtained from Sigma-Aldrich and used as
received.

Semibatch solution polymerization

Semibatch solution polymerizations were carried out as
described previously.1 Initiator and monomer feed rates to
the 1 l agitated reactor and reactor temperature were auto-
matically controlled. The reactor was charged with xylene
solvent and brought up to the desired reaction temperature
(e.g., 138�C) under nitrogen blanket. Once at temperature,
monomer and initiator solutions were continuously fed at a
fixed rate over the complete reaction period, with initiator
fed for an extra 15 min to drive the polymerization to com-
pletion; the total amounts added were adjusted to achieve
the desired polymer content and initiator level for a particu-
lar recipe. The experiments are described according to final
polymer content (monomer/(monomer þ solvent) on a
weight basis), mass ratio of the two monomers in the feed,
and the amount of initiator added relative to monomer on a
weight basis. Samples of approximately 1–2 ml were drawn
from the reactor at specified times into ice-cold 4-methoxy-
phenol (1 g l�1) xylene solution to terminate the reaction.

It should be noted that two different experimental data
sets were used. The primary set of data discussed was
obtained in our lab, with experiments generally conducted
with 70 wt % final polymer content, a monomer feeding
time of 6 h, and an initiator level of 2 wt % relative to
monomer. Additional data were provided by a DuPont labo-
ratory, with experiments conducted at various temperatures

and polymer content using the same experimental procedure,
but with a monomer feeding time of 3 h and initiator level
of 1.5 mol % relative to monomer.

Characterization of polymer products

The residual monomer concentrations in the samples were
determined using a Varian CP-3800 gas chromatograph (GC)
setup, as detailed before.11 Calibration standards were con-
structed by mixing measured quantities of ST, BMA, and
BA monomers into a known mass of acetone, and a linear
calibration curve was constructed by plotting peak area vs.
monomer concentration. Size-exclusion chromatography
(SEC), used to determine the MW of the polymer samples,
was performed using a Waters 2960 separation module with
a Waters 410 differential refractometer (RI detector) and a
Wyatt Technology Light Scattering detector (LS detector).
Tetrahydrofuran (THF) was used as the eluent at a flow rate
of 1 ml min�1, and Styragel packed columns HR 0.5, HR 1,
HR 3, and HR 4 (Waters Division Millipore) were used. Cal-
ibration for the RI detector was established using eight linear
narrow PDI polystyrene standards over a MW range from
890 to 3.55 � 105 g mol�1, with copolymer MW values cal-
culated by universal calibration using known Mark-Houwink
parameters (poly(ST): K ¼ 1.14 � 10�4 ml g�1 and a ¼
0.71640; poly(BMA): K ¼ 1.48 � 10�4 ml g�1 and a ¼
0.66414; poly(BA): K ¼ 1.22 � 10�4 ml g�1 and a ¼
0.7041). The output signal of the LS detector provides the
absolute molar mass without the need for calibration stand-
ards but with knowledge of the dn/dc values [poly(ST): dn/
dc ¼ 0.18014; poly(BMA): dn/dc ¼ 0.08014; poly(BA): dn/
dc ¼ 0.07041; all values in ml g�1]. For both detectors, co-
polymer and terpolymer MWs are calculated as a composi-
tion weighted average of the homopolymer values, a meth-
odology verified in previous work.14,40,42,43 MW averages
calculated using the two detectors are within 15%,11,12 and
the weight-average MW values (Mw) reported in this work
are from the LS detector. Experiments conducted at identical
conditions for this semibatch system show good reproduci-
bility; relative error in monomer concentration profiles typi-
cally is within 10%, and MW data are within 15%.44

Model Development

The full methacrylate/acrylate/ST terpolymerization mech-
anistic model is based on our previous methacrylate/acry-
late,8 methacrylate/ST,1 and ST/acrylate31 models. It includes
all of the secondary reactions discussed in the Introduction,
such as methacrylate depropagation, acrylate backbiting, b-
scission of midchain radicals, and macromonomer addition,
as shown in Table 1. The subscript n (or r) denotes the num-
ber of monomeric units in growing chain-end polymer radi-
cals (Pj�

n and Pk�
r ), midchain radicals (Q�

n and Q�
r ), dead poly-

mer chains (Dn and Dr), and macromonomers (Un), whereas
the superscript j or k represents the growing polymer radi-
cals ending with monomer unit j (Mj) or monomer unit k
(Mk). ST self-thermal polymerization is neglected due to the
high initiator level (2 wt % initiator/monomer) and low-
monomer concentration in our system. Inhibition is also not
considered in the model because the inhibitor is present at
levels less than 0.1% of the initiator. The model is
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implemented in the commercial software PREDICI,39 with
all the rate coefficients listed in Table 2 obtained from litera-
ture and previous work.

By considering the penultimate unit of the radicals, there
are 27 propagation reactions for terpolymerization (see
Scheme 2). kPijk

represents the monomer addition rate coeffi-
cient of monomer k to radical ij, and kdp represents the
depropagation rate coefficient of the BMA radical. Pij is the
fraction of radical j with i unit present in the penultimate
position, introduced in order to define the product radical
formed when depropagation occurs. Thus,

P11 ¼ P11�

P11� þ P21� þ P31� P22 ¼ P22�

P32� þ P22� þ P12�

P33 ¼ P33�

P13� þ P23� þ P33� (1)

where Pij� represents all radicals ending in ij, Pij� ¼ P1
n¼1 P

ij�
n .

From these definitions it is clear that P11 þ P21 þ P31

¼ 1; P12 þ P22 þ P31 ¼ 1; and P13 þ P23 þ P33 ¼ 1.
To implement the propagation and depropagation steps in

the terpolymerization model, these probabilities were solved
and expressed as functions of monomer fractions and rate
coefficients. This was done by performing balances on radical
species P11� (Eq. 2), P22� (Eq. 3), P33� (Eq. 4), P32� (Eq. 5),
P23� (Eq. 6), P12� (Eq. 7), P21� (Eq. 8), P13� (Eq. 9), and P31�

(Eq. 10) under the long-chain hypothesis and assuming radi-
cal stationarity, and applying the definitions of probabilities:

P11kp113 M3½ � þ P11kp112 M2½ � þ P21 þ P31ð ÞP11kdep

� P31kp311 M1½ � � P21kp211 M1½ � ¼ 0 (2)

P22kp223 M3½ � þ P22kp221 M1½ � � P32kp322 M2½ � � P12kp122 M2½ � ¼ 0

(3)

P33kp331 M1½ � þ P33kp332 M2½ � � P13kp133 M3½ � � P23kp233 M3½ � ¼ 0

(4)

P2�� � ¼ P33kp332 M2½ � þ P13kp132 M2½ � þ P23kp232 M2½ �
P32kp323 M3½ � þ P32kp321 M1½ � þ P32kp322 M2½ �

� �
P3�� �

(5)

P23kp233 P3�� �
M3½ � þ P23kp231 P3�� �

M1½ � þ P23kp232 P3�� �
M2½ �

¼ P22kp223 P2�� �
M3½ � þ P32kp323 P2�� �

M3½ � þ P12kp123 P2�� �
M3½ �
(6)

P2�� � ¼ P11kp112 M2½ � þ P31kp312 M2½ � þ P21kp212 M2½ �
P12kp123 M3½ � þ P12kp121 M1½ � þ P12kp122 M2½ �

� �
P1�� �

(7)

P21kp213 P1�� �
M3½ � þ P21kp211 P1�� �

M1½ � þ P21kp212 P1�� �
M2½ �

� P21P11kdep P1�� � ¼
P22kp221 P2�� �

M1½ � þ P32kp321 P2�� �
M1½ � þ P12kp121 P2�� �

M1½ �
(8)

P3�� � ¼ P11kp113 M3½ � þ P31kp313 M3½ � þ P21kp213 M3½ �
P13kp133 M3½ � þ P13kp131 M1½ � þ P13kp132 M2½ �

� �
P1�� �
(9)

Table 1. Kinetic Mechanisms of High-Temperature BMA(1)/
ST(2)/BA(3) Terpolymerization

Initiation I �!kd 2fI�

I� þMj �!
kpjjj

Pj�
1

Propagation Pj�
n þMk �!

Pijkpijk
Pk�
nþ1

Chain transfer to solvent Pj�
n þ S �!

Cs;jkpjjj
S� þ Dn

S� þMj �!
kpjjj

Pj�
1

Termination
By combination Pij�

n þ Pkl�
r �!

ktcij;kl
Dnþr

By disproportionation Pij�
n þ Pkl�

r �!
ktdij;kl

Dn þ Dr

Depropagation P1�
nþ1 �!P11kdp

P1�
n þM1

Intramolecular chain
transfer (backbiting)

P3�
n ����!P33P33kbb

Q333�
n;SCB

P3�
n ��������!0:6�P31P13kbb

Q313�
n;SCB

P3�
n ��������!0:6�P32P23kbb

Q323�
n;SCB

b-scission
Q333�

n;SCB
�!ks Un�2 þ P3�

2 ;

Q333�
n;SCB

����!P23 fSTks
P2�
n�3 þU3

Q333�
n;SCB

�!P33ks
P3�
n�3 þ U3;

Q333�
n;SCB

����!P13 fBMAks
P1�
n�3 þ U3

Q313�
n;SCB

�!fBMAks
Un�2 þ P1�

2 ;

Q313�
n;SCB

�!P33ks
P3�
n�3 þ U3

Q313�
n;SCB

����!P13 fBMAks
P1�
n�3 þ U3;

Q313�
n;SCB

����!P23 fSTks
P2�
n�3 þU3

Q323�
n;SCB

�!fSTks Un�2 þ P2�
2 ;

Q323�
n;SCB

�!P33ks
P3�
n�3 þ U3

Q323�
n;SCB

����!P13 fBMAks
P1�
n�3 þ U3;

Q323�
n;SCB

�!P23 fSTks
P2�
n�3 þ U3

Chain branching* Q�
n þMj �!

ktp=r3 j
Pj�
nþ1

Termination of tertiary radicals*
By combination Q�

n þQ�
r �!

ktc;qq
Dnþr

Q�
n þ Pj�

r �!ktc;pq Dnþr

By disproportionation Q�
n þ Q�

r �!
ktd;qq

Dn þDr

Q�
n þ Pj�

r �!ktd;pq Dn þDr

Long-chain branching†
Pj�
n þ Dr ��������!

ktr;pol�F3�
kpjjj
kp333

�r

Dn þ Q�
r;LCB

I� þ Dr ������!
kI
�
tr;pol�F3�r

Q�
r;LCB

Macromonomer propagation P1�
n þ Ur ����!0:55�kp111

Q�
nþr;LCB

P2�
n þUr ��������!

0:55�kp222=r21
Q�

nþr;LCB

P3�
n þ Ur �!0:55�kp333

Q�
nþr;LCB

*These reactions occur for both Q�
SCB and Q�

LCB.
†F3 represents the BA mole fraction in the polymer chain; long-chain
branching reactions involving macromonomer (Ur instead of Dr) are also
allowed to occur.
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P31kp313 P1�� �
M3½ � þ P31kp311 P1�� �

M1½ � þ P31kp312 P1�� �
M2½ �

¼ P33kp331 P3�� �
M1½ � þ P13kp131 P3�� �

M1½ � þ P23kp231 P3�� �
M1½ �

þ P31P11kdep P1�� �
(10)

Adding Eqs 5–6, Eqs 7–8 and making some rearrange-
ments, the following set of equations can be obtained:

P22kp223 M3½ � þ P32kp323 M3½ � þ P12kp123 M3½ �� �
•Y

� P23kp233 M3½ � þ P23kp231 M1½ � þ P23kp232 M2½ �� � ¼ 0
(11)

Table 2. Model Rate Coefficients and Parameters (1 5 BMA; 2 5 ST; and 3 5 BA)

Rate Expression Reference

Initiation kd s�1ð Þ ¼ 6:78� 1015 expð�17714=TÞ; f ¼ 0.50 45

Propagation kp111 L �mol�1 � s�1
� � ¼ 3:80� 106 expð�2754:2=TÞ 46

kp222 L �mol�1 � s�1
� � ¼ 4:266� 107 expð�3910=TÞ 47

kp333 L �mol�1 � s�1
� � ¼ 1:8� 107 expð�2074=TÞ 48

r13 ¼ 0:8268 expð282:1=TÞ; r31 ¼ 1:5815 expð�564:8=TÞ 49
r12 ¼ 0:42; r21 ¼ 0:61; r23 ¼ 0:877; r32 ¼ 0:241 50

s13 ¼ 0:43; s31 ¼ 1:98; s23 ¼ 0:11; s32 ¼ 0:9; s12 ¼ 0:44; s21 ¼ 0:62 50

Termination kt11 L �mol�1 � s�1
� � ¼ 1:1� 109 expð�1241=TÞ 51

kt22 L �mol�1 � s�1
� � ¼ 3:18� 109 expð�958=TÞ 52

kt33 L �mol�1 � s�1
� � ¼ 3:89� 109 expð�1010=TÞ 53

k0:5t;ter ¼ ðk0:5t11
P11� þ k0:5t12;12

P12� þ k0:5t13;13
P13� þ k0:5t22

P22� þ k0:5t21;21
P21�

þ k0:5t23;23
P23� þ k0:5t33

P33� þ k0:5t31;31
P31� þ k0:5t32;32

P32�Þ=ðP1� þ P2� þ P3�Þ

1

ktij;ij ¼ ðktii � ktijÞ0:5
ktd11

�
kt;terpo ¼ 0:65; ktd33

�
kt;terpo ¼ 0:05

ktd22
�
kt;terpo ¼ 0:01; ktd12

�
kt;terpo ¼ 0:33

ktd13
�
kt;terpo ¼ 0:35; ktd23

�
kt;terpo ¼ 0:03

1,31

Transfer to solvent Cs;1 ¼ 25 expð�4590=TÞ 9

Cs;2 ¼ 56 expð�4590=TÞ 1
Cs;3 ¼ 96 expð�4443=TÞ 30,54

Depropagation M½ �eq¼ kdp
kp111

¼ 1:76� 106 � 1:37� 106xwp
� �

expð�6240=TÞ 9

Backbiting kbb s�1ð Þ ¼ 7:41� 107 expð�3933=TÞ 54

Scission ks s�1ð Þ ¼ 3:3� 109 expð�7989=TÞ 30
fST ¼ 50; fBMA ¼ 10 8,31

Chain branching ktp ¼ 1:2� 106 expð�3440=TÞ 54

Termination of tertiary radicals kt;qq ¼ 5:3� 109 expð�2357=TÞ 53
kt;pq ¼ ðkt;qq � kt;terpoÞ0:5

Long chain branching ktr;pol=kp333 ¼ 1� 10�4 30
kI

�
tr;pol=kp333 ¼ 0:01 30

Scheme 2. Terpolymerization chain growth with penultimate kinetics and depropagation.
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with Y ¼ P33kp332 M2½ � þ P13kp132 M2½ � þ P23kp232 M2½ �
P32kp323 M3½ � þ P32kp321 M1½ � þ P32kp322 M2½ � ; and

P22kp221 M1½ � þ P32kp321 M1½ � þ P12kp121 M1½ �� � � V
� P21kp213 M3½ � þ P21kp211 M1½ � þ P21kp212 M2½ � � P21P11kdep
� �

¼ 0 (12)

with V ¼ P11kp112 M2½ � þ P31kp312 M2½ � þ P21kp212 M2½ �
P12kp123 M3½ � þ P12kp121 M1½ � þ P12kp122 M2½ � :

Equations 5, 7, and 9 can be rewritten in terms of radical
molar fraction (fi ¼ ½Pi��P3

i¼1
½Pi��

):

Y � f3 � f2 ¼ 0 (13)

V � f1 � f2 ¼ 0 (14)

K � f1 � f3 ¼ 0 (15)

with K ¼ P11kp113 M3½ � þ P31kp313 M3½ � þ P21k213 M3½ �
P13kp133 M3½ � þ P13kp131 M1½ � þ P13kp132 M2½ � ; and

f1 þ f2 þ f3 ¼ 1 (16)

Equations 2–4, Eqs. 11–16, and the definitions of proba-
bilities are solved simultaneously in PREDICI as a set of
implicit equations.

The decomposition pathways of initiator TBPA in xylene at
high temperatures are detailed elsewhere,45,55,56 and the initia-
tor efficiency f, representing the fraction of radicals successful
in initiating polymerization, is set at 0.5 as in our previous
work.8,9,11,12,30,31 The value of f has only a small effect on pre-
dictions of residual monomer concentration for semibatch
operation, but can influence MW predictions;12 thus the value
is coupled to the chain transfer to solvent constant, as dis-
cussed in previous work.1 The termination coefficient kt is
assumed to be independent of conversion and weight-fraction
polymer under these higher-temperature and low viscosity con-
ditions, as in our previous articles.1,2,8,9,11,12 The single rate
coefficient (kt,ter), however, varies with composition and is cal-
culated according to a penultimate copolymerization
model,1,57,58 here extended to the three monomer system:

k0:5t;ter ¼ ðk0:5
t11
P11� þ k0:5t12;12

P12� þ k0:5t13;13
P13� þ k0:5t22

P22� þ k0:5t21;21
P21�

þ k0:5t23;23
P23� þ k0:5t33

P33� þ k0:5t31;31
P31� þ k0:5t32;32

P32�Þ=
ðP1� þ P2� þ P3�Þ (17)

The termination rate coefficients of BA secondary and
midchain radicals were recently updated by Nikitin et al.53

based on an extensive experimental data set, with a geomet-
ric mean used to estimate the rate coefficient for termination
between a chain-end and midchain radical. Midchain radical
termination is important for any acrylate-rich recipe, as the
fraction of these radicals can become quite high due to their
lower reactivity.19,30,53 Chain transfer to monomer is not
considered due to the low concentrations of free monomer
relative to solvent and the dominance of other chain-transfer
events in the system. The chain transfer rate coefficient of
BA radicals to solvent (xylene) used in this work is slightly
lower than that recently estimated by Nikitin et al.,53 a dif-

ference attributable to the mixed xylene and ethylbenzene
solvent used in that study.

As shown in Table 1, there are two kinds of midchain rad-
icals, one formed by acrylate backbiting (Q�

SCB) and the
other (Q�

LCB) by macromonomer propagation or long-chain
branching mechanisms. As discussed in the Introduction,
backbiting only occurs when BA is located in the pen-penul-
timate position and when BA is also the radical unit at the
chain end. It is assumed that the rate of backbiting is
reduced by a factor of 0.6 when ST or BMA is in the penul-
timate position, based upon our previous modeling of BA/ST
copolymerization31 and other literature.32,33

Long-chain branching is also assumed to occur only
through intermolecular H-atom abstraction from a BA unit
on the polymer chain. The rate coefficient for LCB in a BA
homopolymerization is based on literature estimates summar-
ized in a previous study,30 with the ability of BMA and ST
radicals to abstract H-atoms assumed proportional to their kp
values relative to BA. In a similar fashion, the addition rate
of macromonomer to ST radical and BMA radical can be
reasonably written as 0:55� kp222=r21 and 0:55� kp111, as
the macromonomer can be considered as a long-chain ver-
sion of a methacrylate; kmac/kp333 was previously estimated
as 0.55 for BA homopolymerization at 138�C.30 The mid-
chain radicals formed by LCB or by macromonomer addi-
tion, Q�

LCB, can also undergo monomer addition and termina-
tion, with the same rate coefficients as for midchain radicals
formed by backbiting. However, the b-scission of Q�

LCB (as
well as macromonomer addition to the midchain radicals)
can be reasonably ignored, based on our previous study.31

The set of mechanisms in Table 1 is implemented in PRE-
DICI, which automatically generates the reaction terms and
species balances required to model the system, also taking
into account the semibatch feeds. The simulations are run
assuming isothermal conditions, as temperature control in
the experimental system was excellent. Monomer, polymer,
and solvent densities used in the model are as reported pre-
viously.11,12,30

Results and Discussion

ST/BMA/BA copolymerization and terpolymerization
with varying composition

BMA/ST Copolymerization. BMA/ST semibatch experi-
ments were run with monomer mass feed ratios of 100/0,
75/25, 25/75, and 0/100; the free monomer ([ST] and
[BMA]) concentration profiles are plotted in Figure 1. The
BMA/ST 50/50 system was detailed in Ref. 11 and is not
shown here for the clarity of the figure. Table 3 lists the ex-
perimental and simulated final polymer weight-average Mw

values. The unreacted ST and BMA monomer levels in the
semibatch reactor, shown in Figure 1, are low throughout the
course of these reactions, a characteristic of starved feed pol-
icy. Two sets of simulation results are shown, with (heavier
lines) and without (lighter lines) methacrylate depropagation.
The model including methacrylate depropagation provides
good predictions for both [BMA] and [ST] levels, and Mw

predictions are also reasonable. The model captures the
observed increase in copolymer Mw with increasing ST con-
tent, but not the dip in Mw observed for the experiment with
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75 wt % BMA in the feed relative to BMA homopolymeri-
zation. We have no explanation for this experimental finding,
which was carefully checked. For all other conditions, simu-
lation values are within 10% of experiment.

Without depropagation, simulated [BMA] levels are sig-
nificantly lower than experimental for BMA homopolymeri-
zation. This mismatch decreases with the increasing fraction
of ST in the system; the two simulation curves with and
without methacrylate depropagation for ST/BMA 75/25 sys-
tem are difficult to distinguish as they coincide almost
exactly. As ST level in the copolymer increases, the proba-
bility of BMA diads at the growing chain end decreases

significantly, especially because ST monomer prefers to be
added to a methacrylate radical based on the monomer reac-
tivity ratio (r12 ¼ 0.42). Nonetheless, depropagation is an
important mechanism to consider in methacrylate-rich
recipes.

ST/BA Copolymerization. Figure 2 shows free monomer
([BA] and [ST]) and polymer Mw profiles for ST/BA semi-
batch experiments with monomer mass feed ratios of 75/25
and 25/75. BA homopolymerization and BA/ST 50/50 sys-
tems were detailed in Refs. 30 and 31, and are not shown
here for the clarity of the figure. Simulation results with
(heavier lines) and without (lighter lines) acrylate backbiting
are shown. (Simulations without backbiting also means that
no chain scission and macromonomer reactions are included
in the model, as both of these mechanisms arise from the
formation of midchain radicals.) The separate effects of
chain scission and macromonomer reactions on polymeriza-
tion rate and Mw were detailed in our previous articles.30,31

Simulations with the full model, including backbiting, can
represent the experimental monomer concentration and Mw

profiles well. If these mechanisms are turned off so that no
midchain radicals are formed, the faster polymerization rates

Figure 1. Monomer concentration ([BMA] and [ST]) ex-
perimental profiles (symbols) and model pre-
dictions (heavier lines for simulations with
methacrylate depropagation, and lighter lines
without) for ST/BMA semibatch copolymer-
izations at 138�C: BMA homopolymerization
(n, —); BMA/ST 75/25 (*, - - -); BMA/ST 25/
75 (~, ���); ST homopolymerization (l, —).

Specified monomer mass ratios in the feed are for reactions
with 70 wt % final polymer content and 2 wt % initiator
relative to monomer.

Table 3. Experimental and Simulated Final Polymer
Weight-Average MW (Mw) Values for ST/BMA Semibatch

Copolymerizations at 138�C

BMA in the
Feed (wt %)

Experimental
Mw (g mol�1)

Simulated Mw (g mol�1)

With
Depropagation

Without
Depropagation

100 14,630 13,590 14,220
75 11,440 15,074 15,385
50 15,461 16,130 16,190
25 16,530 16,930 16,940

Figure 2. Monomer concentration ([BA] and [ST]), and
weight-average molecular weight (Mw) experi-
mental profiles (symbols) and model predic-
tions (heavier lines for simulations with back-
biting, and lighter lines without) for ST/BA
semibatch copolymerizations at 138�C: ST/
BA 75/25 (D, ���); ST/BA 25/75 (n, —).

Specified monomer mass ratios in the feed are for reactions
with 70 wt% final polymer content and 2 wt% initiator rela-
tive to monomer.
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of secondary radicals lead to very low predicted free mono-
mer levels for the system with high BA level (75%) in the
recipe. The Mw level as well as the significant increase
observed over time also cannot be matched by the simpler
model, as no secondary acrylate reactions, including chain
scission and macromonomer incorporation, are available.31

The importance of these reactions decreases with the increas-
ing fraction of ST in the recipe; the two simulation cases for
the BA/ST 25/75 recipe almost overlap, both in free mono-
mer and Mw predictions. These simulations demonstrate that
the backbiting/scission/macromer side reactions are impor-
tant for any recipe with high acrylate content.

As discussed previously, the acrylate backbiting rate with
ST in the penultimate position was reduced by a factor of
0.6 compared with the BA homopolymerization case.31

Table 4 quantifies the effect of this adjustment by comparing
model predictions to experimental values of the level of qua-
ternary carbons found in the final polymers (C4%), a struc-

ture that results from acrylate backbiting (see Scheme 1).
The results shown are for copolymers produced with a ST/
BA 33/67 recipe and final polymer content of 70 wt % at
140 and 160�C. kbb represents the backbiting rate of BA rad-
icals with BA as adjacent unit, and kbb0 is the backbiting rate
of BA radicals with ST as adjacent unit. As shown in Table
4, the experimental C4% value increases with increased tem-
perature, due to the higher activation energy for backbiting
compared with chain growth. (The combined effect of b-
scission and macromer addition reactions on C4% is very
small.30) The experimental results are represented well by
the model that assumes ST reduces the rate coefficient for
backbiting, whereas simulated C4% values are too high by a
factor of 2 without this adjustment. This subtle effect can
only be observed by examining the resultant polymer struc-
ture by 13C NMR, as the small adjustment in kbb0 has no
observable impact on free monomer or MW profiles.

BMA/ST/BA Terpolymerization. The copolymerization
results presented were chosen to show the importance of ac-
rylate and methacrylate side reactions on these high-tempera-
ture starved-feed reaction systems. These reactions have
been included in the full terpolymerization model, as well as
penultimate propagation and termination kinetics. Figure 3
shows the monomer ([BMA], [ST], and [BA]) concentration
and Mw profiles for BMA/ST/BA semibatch experiments at
138�C with monomer mass feed ratios of 70/15/15, 50/25/
25, 33/33/33, and 15/15/70. Note that all of the rate coeffi-
cients used in the terpolymerization model were taken from
our previous copolymerization work and literature. The
excellent agreement between model and experimental

Table 4. Experimental and Simulated Quarternary Carbon
Levels (C4%) of Polymers Produced via ST/BA 33/67

Semibatch Copolymerizations with Final Polymer Content
70 wt % at 140 and 160�C

Temperature
(�C)

Experimental
C4%

Simulated C4%

kbb0/kbb ¼ 0.6 kbb0/kbb ¼ 1.0

140 3.34 4.03 8.54
160 5.68 5.98 9.89

Simulated values compare the effect of reducing the backbiting rate coeffi-
cient when styrene is in the penultimate position (kbb0/kbb ¼ 0.6) to simula-
tions performed with no reduction in the rate coefficient (kbb0/kbb ¼ 1.0).

Figure 3. Monomer concentration ([BMA], [BA], and [ST]) and weight-average molecular weight (Mw) experimental
profiles (symbols) and model predictions (lines) for BMA/ST/BA semibatch terpolymerizations at 138�C:
BMA/ST/BA 70/15/15 (n, —); BMA/ST/BA 50/25/25 (~, - - -); BMA/ST/BA 33/33/33 (D, ���); BMA/ST/BA 15/
15/70 (*, -�-).
Specified monomer mass ratios in the feed are for reactions with 70 wt % final polymer content, monomer feeding time 6 h, and 2 wt %
initiator relative to monomer.
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profiles is an indication that we have achieved a good under-
standing of this complex terpolymerization system. The one
exception is the Mw prediction for the 70/15/15 recipe with
high BMA content; as observed for the BMA/ST copolymer
system, the model consistently overpredicts MW by 20–30%
for this condition.

As a characteristic of starved feed policy, the monomer
and polymer compositions of BMA and BA (and thus also
ST) remain constant throughout the reactions (Figure 4). The
terpolymer compositions are well-controlled by the monomer
feed ratios as seen by the perfect match of the composition
data. At low BMA feed compositions, BMA is preferentially
incorporated into the terpolymer, as governed by the reactiv-
ity ratios. The free monomer fraction of BA in the reactor is
always higher than that in the feed composition for all
experiments. In all cases, the relative amounts of monomer
in the system naturally adjust to a steady-state level (well-
predicted by the model, see Figure 3) that keeps the terpoly-
mer composition on target, an inherent feature of semibatch
starved-feed operation.

The necessity of considering penultimate chain-growth
kinetics (see Scheme 2) for the terpolymerization system
was verified by a pulsed-laser polymerization study.50 It is
also useful to consider the impact of these mechanisms on
semibatch operation. For the 33/33/33 experiment shown in
Figure 3, experimental monomer concentrations ([BMA] ¼
0.099, [ST] ¼ 0.123, [BA] ¼ 0.167, all values in mol l�1) at
the end of the 6 h monomer feed are well-predicted by the
full model ([BMA] ¼ 0.096, [ST] ¼ 0.090, [BA] ¼ 0.150).
If penultimate chain-growth kinetics are not considered (s1

¼ s2 ¼ s3 ¼ 1.0), reaction rate increases such that the pre-
dicted monomer concentrations are low by more than 25%
([BMA] ¼ 0.069, [ST] ¼ 0.063, [BA] ¼ 0.109). More
importantly, the predicted Mw value without considering pe-
nultimate effects is significantly higher at 13.4 kg mol�1

compared with the experimental value of 9.7 kg mol�1,
which is well-matched by the full model prediction of 9.9 kg
mol�1. Clearly, penultimate effects in this acrylic terpolyme-
rization system must be accounted for.

BMA/ST/BA 33/33/33 with Varying Final Polymer Levels.
The ability to predict polymer MWs for recipes run with dif-
fering final polymer content is a major requirement for a
generalized model. We have shown that our ST/methacrylate
model can capture the observed change in Mw values found
experimentally.1 Here, the full model will be tested by com-
paring with BMA/ST/BA 33/33/33 terpolymerization experi-
ments conducted with different final polymer contents. Fig-
ure 5 shows polymer weight- and number-average Mw and
Mn values and polymer content for BMA/ST/BA 33/33/33
semibatch terpolymerizations conducted at 140�C and a
monomer feeding time of 3 h with two different final poly-
mer levels (70 wt % and 30 wt %). The faster monomer
feed rate (corresponding to higher final polymer content)
leads to significantly higher polymer Mw, as shown in Figure
5. The model successfully captures this effect as well as the
polydispersity (Mn and Mw profiles) of the resultant polymer.

In addition, the effect of monomer feeding time on Mw

can be seen by comparing the 33/33/33 BMA/ST/BA MW
profiles in Figure 3 (6 h feed time) and Figure 5 (3 h feed
time). The final Mw value with the shorter feed time (Figure

Figure 4. Monomer fraction (left two plots; fBMA and fBA) and cumulative terpolymer composition (right two plots;
FBMA and FBA) in the semibatch reactions, as determined from GC measurement of residual monomer
and calculated by mass balance for the feed ratios (wt %): BMA/ST/BA 70/15/15 (n); BMA/ST/BA 50/25/
25 (~); BMA/ST/BA 33/33/33 (~); BMA/ST/BA 15/15/70 (*).

Horizontal lines indicate the monomer feed ratio converted to a molar basis.
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5) is almost twice that obtained with the 6 h feed time (Fig-
ure 3). This difference, well-captured by the model, is
related to the higher free monomer levels that occur when
monomer feed time is shortened. Monomer levels are also
the principal factor why higher final polymer content lead to
higher Mw values for identical feed times.

BMA/ST/BA 33/33/33 with varying reaction temperature

The generality of the model is also demonstrated by com-
paring to experimental data obtained at different reaction
temperatures. Figure 6 shows polymer Mw and Mn values
and polymer content for BMA/ST/BA 33/33/33 semibatch
terpolymerizations conducted at 140 and 160�C with a final
polymer content of 70 wt % and monomer feed time of 3 h.
Lower polymer MWs are obtained at the higher reaction
temperature. Depropagation9 and acrylate side reactions30,53

increase in importance with increasing temperature. How-
ever, in this case, the decrease in Mw can be primarily attrib-
uted to transfer to solvent instead of any secondary reactions,
as the effects of depropagation and acrylate backbiting are
significantly suppressed with the 33/33/33 recipe. The simu-

lated final Mw values calculated without including transfer to
solvent are 26 kg mol�1 at 140�C and 30 kg mol�1 at
160�C, much higher than the experimental values shown in
Figure 6.

Conclusions

n-Butyl methacrylate/styrene/n-butyl acrylate (BMA/ST/
BA) high-temperature starved-feed solution semibatch
copolymerization and terpolymerization experiments with
varying monomer feed compositions, final polymer contents,
monomer feed times, and reaction temperatures were carried
out. A generalized comprehensive mechanistic terpolymeri-
zation model of the system implemented in PREDICI
includes methacrylate depropagation, acrylate backbiting,
chain scission, and macromonomer propagation, as well as
considers the effect of penultimate units on propagation and
termination kinetics. The impact of these secondary reactions
on monomer concentration and MW was shown to be quite
dependent on polymer composition: methacrylate depropaga-
tion has a large effect on results for recipes containing sig-
nificant methacrylate fractions, and the backbiting/scission/

Figure 5. Weight- and number-average molecular
weight (Mw and Mn) and polymer content (wt
%) experimental profiles (n, 70 wt % final
polymer content; ~, 30 wt %) and model pre-
dictions (solid line, 70 wt %; dashed line, 30
wt %) for BMA/ST/BA 33/33/33 semibatch
terpolymerizations at 140�C and monomer
feed time of 3 h with different final polymer
contents.

Figure 6. Weight- and number-average molecular
weight (Mw and Mn) and polymer content (wt
%) experimental profiles (n, 140�C; D, 160�C)
and model predictions (solid lines, 140�C;
dashed lines, 160�C) for BMA/ST/BA 33/33/33
semibatch terpolymerizations at different
temperatures with 70% final polymer content
and 1.5 mol % initiator relative to monomer.
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macromer side reactions are of considerable importance if
the acrylate content is high. The backbiting rate coefficient
is slightly affected by the identity of the penultimate unit on
the chain, as shown by 13C NMR measure of quarternary
carbons in the polymer chain. However, it is necessary to
include all of these reactions to completely cover the range
of temperatures and compositions typically used to produce
acrylic resins. The generality of the terpolymerization mech-
anistic model was verified against data obtained under a
range of polymerization conditions at two laboratories and
provides an exclusive insight into the kinetic complexity of
methacrylate/ST/acrylate terpolymerization at high tempera-
tures. Although mainly tested against semibatch operation
conditions, the mechanistic set can be used to represent any
solution styrene/methacrylate/acrylate terpolymerization sys-
tem at elevated temperatures that does not exhibit a strong
gel effect.
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