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Summary: High temperature starved feed semibatch solution polymerization is used

to produce acrylic resins for automotive coatings. These operating conditions

promote secondary reactions that have a strong impact on polymerization rate

and polymer molecular weight (MW). This study experimentally investigates high

temperature semibatch copolymerization of butyl methacrylate and styrene, a

system subject to the combined effect of depropagation and penultimate propa-

gation kinetics. A mechanistic model including these complexities is constructed in

Predic1. With the termination rate coefficient fit to the semibatch results and all

other coefficients taken from independent experiments, the model provides good

predictions of monomer conversion and MW. Various representations of copolymer

termination kinetics from the literature are compared to the values fit from

experiment.
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Introduction

Acrylic resins for automotive coatings are

synthesized from a mixture of monomers

selected from the methacrylate, acrylate

and styrene families. In order to meet

environmental regulations as well as to

control polymer composition and molecu-

lar weight (MW), the polymer is manufac-

tured under higher temperature and lower

monomer concentration conditions to

reduce the amount of solvent in the

reaction mixture.[1] These conditions, how-

ever, promote the occurrence of secondary

reactions that have a significant impact on

the polymerization rate and polymer struc-

ture. High temperature homopolymeriza-

tions of butyl methacrylate (BMA) and

butyl acrylate (BA) and their copolymer-

ization have been previously studied.[1–3]

This work will look at copolymerization of

BMA and styrene (ST) under similar high

temperature starved-feed conditions.

Free radical copolymerization of meth-

acrylate and styrene has been studied

extensively in the past, typically at tem-

peratures <80 8C. It was first demonstrated

by Mayo and Lewis[4] that, assuming the

selectivity of the free radical is controlled

by the identity of the last monomer unit,

copolymer composition can be expressed as

a function of the relative monomer con-

centrations and reactivity ratios; propaga-

tion in a two monomer system is described

by four addition reactions. It was later

shown that this representation is incapable

of simultaneously representing the copoly-

mer composition and average propagation

rate coefficient (kp) for the methyl metha-

crylate/styrene system.[5,6] The penultimate

propagation model, which also considers

the effect of the penultimate unit on

the radical reactivity, is required to repre-

sent rate. Earlier studies of methacrylate

and ST copolymerization have focused on

penultimate propagation kinetics at lower

temperatures.[5–8] We recently carried out

kinetic studies for copolymerization of
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BMA and ST in the temperature range

of 50–150 8C,[9] determining that penulti-

mate propagation kinetics have a strong

effect on the copolymer-averaged propaga-

tion rate coefficient over the entire tempera-

ture range, and that the monomer and

radical reactivity ratios are constant (within

experimental error) over this temperature

interval.

Methacrylates are also known to

undergo significant depropagation at ele-

vated temperatures.[10] The study of high

temperature semibatch homopolymeriza-

tion of BMA has shown the importance of

depropagation effect on polymerization

rate and polymer MW.[1] A strong effect

of depropagation on the copolymer com-

position was also observed for the copoly-

merization of BMA and BA under starved

feed conditions.[3] To better understand the

behavior of depropagation in copolymer-

ization, a set of equations has been derived

to represent the combined effect of depro-

pagation and penultimate propagation

kinetics on copolymer composition and

copolymer-averaged propagation rate coef-

ficient.[11] Low conversion experiments for

copolymerization of BMA and ST at high

temperatures and low monomer concentra-

tions confirm the adequacy of the Lowry

Case 1 model to describe depropagation in

this binary system;[9] i.e., BMA will only

depropagate when another BMA is located

in the penultimate position.

In this work, a mechanistic model

accounting for these kinetic complexities

is formulated, and model predictions are

compared to a set of BMA/ST semibatch

copolymerizations with varying monomer

compositions. With proper treatment of

copolymerization termination kinetics, the

model provides a good representation of

the experimental data set.

Experimental Section

Styrene inhibited with 10–15 ppm of

4-tert-butylcatechol and BMA with 10–55

ppm of methyl ether hydroquinone were

purchased from Sigma Aldrich at 99%

purity and used as received. TBPA (tert-

butyl peroxyacetate) in 75 wt% mineral

spirits solution and mixed xylene isomer

with boiling point 136–140 8C were also

purchased from Sigma Aldrich and used as

received.

Semibatch reactions were conducted in

an agitated 1 L LabMax reactor systemwith

reflux condenser and automatic feeding and

temperature control, as described pre-

viously.[3] Addition rates of monomer and

initiator solutions to the reactor were

controlled by monitoring weight loss of

the feed tanks using online balances. The

experimental recipes are the same as used

for BMA/BA copolymerization:[3] The

reactor was charged with 215 g solvent

and brought up to the reaction temperature

of 138 8C. Monomer mixtures (492 g total)

and initiator solution (13.1 g total) were

continuously added at a constant rate over

6 hours with initiator fed for an extra

15 minutes; the total initiator charge was

2 wt% of the monomer charge. With such a

high initiator level, the effect of inhibitor on

rate is negligible.

Molecular weights were measured with a

Waters 2960 separation module attached

to a Waters 410 differential refractometer

(DRI) and a Wyatt Instruments Dawn

EOS 690 nm Laser Photometer multiangle

light scattering (LS) detector using THF

as the eluent at a flowrate of 1 mL min�1.
The DRI detector was calibrated with

10 narrow polydispersity polystyrene (pS)

standards over a broad MW range

(870–355000 Dalton), with values reported

according to this pS calibration. The LS

detector was calibrated by toluene as

recommended by the manufacturer. A

Wyatt Optilab DSP refractometer was used

to measure the refractive index (dn/dc)

values for the polymers in THF, required

to analyze output from the LS detector.

The LS results provide a better measure

of true MW and are compared against

model predictions in this work; MW

values from the two detectors (presented

later) are within 15% of each other. A

Waters CP-3800 gas chromatograph (GC)
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with a flame ionization detector was

employed to measure the free monomer

concentration in the samples, with a

Chrompack capillary column (CP-Sil 8

CB, 30 m in length and 0.25 mm inside

diameter) used for separation.

Model Development

By establishing material balances on the

monomer and initiator, one can qualita-

tively predict the kinetic behavior of a

homopolymerization system in a starved

feed reactor under idealized conditions.[12]

This twomonomer BMA (1)/ST (2) system,

however, requires a more detailed mechan-

istic treatment, including penultimate pro-

pagation kinetics and depropagation. The

commercial software package, Predici1,

which calculates chain-length distributions

using a discrete Galerkin technique with

variable grid and variable order, offers the

capability to implement complex kinetic

schemes, as discussed in the previous BMA/

BA study.[3] New mechanisms to consider

for this work are thermal initiation of

styrene, and the penultimate model for

chain growth.

It is well known that polymerization of

styrene can readily proceed via thermal initia-

tion at higher temperatures (100–200 8C).
The mechanism was first proposed by

Mayo[13,14] and has been further refined

by other researchers.[15] It is generally

accepted that styrene monomer first under-

goes a reversible Diels-Alder dimerization

which leads to the formation of an inter-

mediate product that undergoes molecule

induced homolysis to produce two radicals,

each capable of initiating polymerization.

This mechanism is included in themodel, but

is not an important radical generating

reaction under low monomer concentration

starved feed conditions, due to the high rates

of radical generation from added initiator.

As shown in our kinetic study of BMA/

ST,[9] penultimate propagation kinetics

must be considered. For a binary system,

there are eight monomer addition reactions

when considering the penultimate unit of

the radicals, as shown in Scheme 1. To

reduce the number of species in the model,

two types of chain-end radicals are defined,

indicated as P1�
n and P2�

n with n representing

chain length. Pij represents the fraction of

radical j with i unit present in the

penultimate position, and is introduced to

track the penultimate unit in a terminal

radical. Thus,

P11� ¼ P11P
1�; P22� ¼ P22P

2�

P21� ¼ P21P
1�; P12� ¼ P12P

2� (1)

where Pj� represents all radicals ending in

repeat unit j (Pj� ¼P1
n¼1 P

j�
n ) and Pij�

represents all radicals ending in ij

(Pij� ¼P1
n¼1 P

ij�
n ). From the definitions,

it is clear that P11 þ P21 ¼ 1 and

P22 þ P12 ¼ 1. kpijk is the rate coefficient

for addition of monomer k to radical ij,

leading to the following definitions of

monomer (ri) and radical (si) reactivity

ratios for the implicit penultimate propaga-

tion model:[5]

r1¼kp111=kp112¼kp211=kp212 ; s1 ¼ kp211=kp111
r2¼kp222=kp221¼kp122=kp121 ; s2 ¼ kp122=kp222

(2)

Methacrylates undergo significant

reversible propagation at temperatures

higher than 120 8C,[16] the mechanism

having a strong impact on both polymer-

ization rate and polymer MW.[1] The

implementation of depropagation in copo-

lymerization has been addressed in detail in

the BMA/BA study with regard to terminal

propagation kinetics.[3] The depropagation

rate coefficient kdep is expressed as the

Macromol. Symp. 2006, 243, 24–3426

Scheme 1.

Penultimate propagation kinetic scheme for binary

copolymerization.
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product of the equilibrium monomer con-

centration [M]eq and the propagation rate

coefficient.

K ¼ kp111=kdep ¼ 1= M½ �eq;
kdep ¼ M½ �eqkp111

(3)

with [M]eq a function of temperature T and

polymer mass fraction in the reactor, xwp:

M½ �eq ¼ ð1:76� 106 � 1:37� 106xwpÞ
expð�6145=TÞ

(4)

From our kinetic studies, BMA follows

Lowry Case 1 depropagation for the

copolymerization of BMA and ST at high

temperatures and low monomer concentra-

tions:[9] i.e., depropagation only occurs for

the radicals ending with methacrylate unit

in both penultimate and terminal positions.

When combined with penultimate propa-

gation kinetics, Lowry Case 1 depropaga-

tion is represented by Equation (5):

P1�
nþ1 �!

P11kdep
P1�
n þM1 (5)

The probabilities, also required for the

penultimate propagation model (Scheme 1),

are calculated by applying the long chain

hypothesis and steady state assumption to

the radical balances:[11]

kdepP
2
11 � ðkp211 M1½ �

þ kp112 M2½ � þ kdepÞP11 þ kp211 M1½ � ¼ 0

(6)

P22 ¼ kp122 ½M2�
kp221 ½M1� þ kp122 ½M2� (7)

The other reaction steps are as described

for the BMA/BA study.[3] Based upon the

narrow MWDs obtained experimentally

(polydispersities of 1.6 to 2.0), reactions

involving dead polymer chains (long-chain

branching; reaction of terminal double

bonds) are negligible. Tables 1 and 2 sum-

marize all of the mechanisms and kinetic

coefficients used in the model, as implemen-

ted in Predici.

Results and Discussion

Experiments were performed at 138 8C,
with a final polymer content of 70 wt% in

xylene solution. Monomer compositions

(mass ratio) were 100/0, 75/25, 50/50,

25/75, and 0/100 for the set of 5 experi-

ments. 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 policy. Under these conditions

the monomer and polymer compositions

remain relatively constant throughout

the reactions (Figure 2), illustrating the

effectiveness of the starved-feed policy

in controlling composition. As instanta-

neous conversion is kept high, the copoly-

mer composition matches monomer molar

feed composition almost exactly, while the

monomer composition in the reactor is

controlled by the system reactivity ratios.

With r1¼ 0.42 and r2¼ 0.61, the BMA/ST

system has an azeotrope composition

at fBMA¼ 0.4 (¼ [BMA]/{[ST]þ [BMA]}).

Thus BMA is preferentially incorporated

into the copolymer at low BMA fraction

( fBMA is less than the BMA fraction in the

feed), while at high BMA fraction the ST is

preferentially incorporated into the poly-

mer so that fBMA is greater than the BMA

fraction fed.

Macromol. Symp. 2006, 243, 24–34 27

Table 1.
Kinetic mechanisms of high-temperature butyl
methacrylate (1)/styrene (2) copolymerization.

Initiation
I �!kd 2fI�

I� þMk �!
kpkkk

Pk�1
Styrene self-initiation

2M2
ki�! �DA

DAþM2 �!ki P2�1 þ P2�2
Propagation

Pj�n þMk �!
Pijkpijk

Pk�nþ1
Chain transfer to monomer

Pj�n þMk �!
kmon
trjk

Pk�1 þ Dn

Chain transfer to solvent
Pj�n þ S �!

Cs;jkpjjj
I� þ Dn

Termination
by combination:

Pj�n þ Pk�r �!
ktcjk

Dnþr
by disproportionation:

Pj�n þ Pk�r �!
ktdjk

Dn þ Dr

Depropagation
P1�nþ1 �!

P11kdep
P1�n þM1
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As monomer and polymer compositions

remain constant throughout each experi-

ment, a Mayo-Lewis plot can be con-

structed from the data set. Figure 3 com-

pares the experimental data to the

theoretical predictions by the Mayo-Lewis

model[4] (Equation 8) and the Lowry Case 1

depropagation model[11] (Equation 9) with

0.5 mol/L in total monomer concentration

([M]tot¼ [BMA]þ [ST]), a value chosen

based upon the experimental results shown

in Figure 1.

F1 ¼ r1f
2
1 þ f1f2

r1f 21 þ 2f1f2 þ r2f 22
(8)

F1

1� F1
¼ d½M1�

d½M2�

¼
½M1�

P2
i;j¼1

kpij1Pij½Pj�� � kdep11P11½P1��

½M2�
P2
i;j¼1

kpij2Pij½Pj��

(9)

As in Figure 2, F1 is the mole fraction of

repeat unit 1 (BMA) in the copolymer.

Radical concentrations ½P1��and ½P2��are
related by Equation (10) and probabilities

Pij are defined byEquations (1), (6) and (7).

½P1�� ¼ ðkp221P22 þ kp121P12Þ½M1�
ðkp212P21 þ kp112P11Þ½M2�

� �

� ½P2�� (10)

The composition data are consistent

with the previous findings[9] that BMA

follows Lowry Case 1 depropagation in

copolymerization with ST. However, the

effects of depropagation on ST/BMA

semibatch copolymerization are smaller

than those observed for BA/BMA under

identical conditions.[3] This difference

results from the alternating tendency of

ST/BMA system; with rBMA¼ 0.42, the

occurrence of BMA diads is much less

than for the BA/BMA system (rBMA¼ 1.6).

Although all other rate coefficients are

taken from literature, copolymerization kt
values are not available and must be

estimated from the experimental data.

Due to the lower polymer MWs and high

operating temperatures, system viscosity

Macromol. Symp. 2006, 243, 24–3428

Table 2.
Kinetic rate coefficients and model parameters for styrene/butyl methacrylate copolymerization.

Rate expression Value at 138 8C Ref.

Initiation kd s�1ð Þ ¼ 6:78� 10�15 exp �17714=Tð Þ 1.32� 10�3 17
f¼ 0.515 0.515 1

Styrene self-initiation k1ðL �mol�1 � s�1Þ ¼ 3:5� 10�7 3:50� 10�7 18

kiðL �mol�1 � s�1Þ ¼ 1:633� 106 expð�12020=TÞ 3:25� 10�7 19

kf L2 �mol�2 � s�1� � ¼ 2:19� 105 exp �13800=Tð Þ 5:73� 10�10 20

k�1ðs�1Þ ¼ k1ki=kf –

Propagation kp111 L �mol�1 � s�1ð Þ ¼ 3:80� 106 exp �2754:2=Tð Þ 4:69� 103 21

kp222 L �mol�1 � s�1ð Þ ¼ 4:266� 107 exp �3910=Tð Þ 3:16� 103 22

r1 ¼ 0:42; r2 ¼ 0:61; s1 ¼ 0:62; s2 ¼ 0:44 – 9
Termination kt11 L �mol�1 � s�1ð Þ ¼ 7:08� 109 exp �2243=Tð Þ 3.03� 107 31

kt22 L �mol�1 � s�1ð Þ ¼ 3:18� 109 exp �958=Tð Þ 3.09� 108 23
ktd11=kt ¼ 0:65 ; ktd22=kt ¼ 0:01 ; ktd12=kt ¼ 0:33 –

Transfer to solvent Cs;1 ¼ 5:55 expð�4590=TÞ 7.87� 10�5 1
Cs;2 1.00� 10�4 24

Transfer to monomer kmontr11
ðL �mol�1 � s�1Þ ¼ 1:56� 102 exp �2621=Tð Þ 0.27 1

kmontr22
L �mol�1 � s�1ð Þ ¼ 2:31� 106 expð�6377=TÞ 0.427 20

kmontrij
ði 6¼ jÞ ¼ kmontrjj

kpij
kpjj

– 3

Depropagation kdep=kp111 ¼ M½ �eq¼ ð1:76� 106 � 1:37� 106xwpÞ expð�6145=TÞ – 3

Density rBMA kg � L�1� � ¼ 0:91545� 9:64� 10�4Tð�CÞ 0.782 9

rST kg � L�1� � ¼ 0:9193� 6:65� 10�4Tð�CÞ 0.827

rpolðkg � L�1Þ ¼ 1:19� 8:07� 10�4Tð�CÞ 1.08
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remains low throughout the semibatch

process such that the termination rate

coefficient remains under segmental diffu-

sion control and does not appreciably

change with monomer conversion.[1,3]

Thus, kt can be considered as a constant

for each experiment, but will vary as a

function of ST content in the recipe.

The Predici package has a nonlinear

parameter estimation toolkit to fit kinetic

parameters from experimental results.

Based on the mechanistic model summar-

ized in Table 1, BMA and ST concentration

profiles were used to estimate copolymer-

ization kt as a single constant for each

experiment. (MW profiles, which are also

affected by transfer and mode of termina-

tion, were not used in the fit of kt.) The

values were estimated first by assuming

terminal propagation kinetics (s1¼ s2¼ 1),

and then using the model with penultimate

propagation kinetics. Figure 4 shows the

estimated kt values vs BMA monomer

fraction for the set of experiments, as well

as BMA and ST homopolymerization kt
values extrapolated from literature data.[23]

The estimated kt values for homopolymer-

ization are very close to these literature

values, validating the model and set of

kinetic coefficients as well as the parameter

estimation approach. The copolymeriza-

tion kt estimates assuming penultimate

propagation kinetics are much smaller than

the corresponding terminal ones, a beha-

vior also observed by Fukuda et al.[5] for

methyl methacrylate/ST copolymerization

at 40 8C. Whereas the kt values for copo-

lymerization estimated assuming terminal

kinetics are unreasonably high, the values

estimated using penultimate propagation

kinetics fall between the homopolymeriza-

tion values for ST and BMA, as would be

Macromol. Symp. 2006, 243, 24–34 29

Figure 1.

Butyl methacrylate (top) and styrene (bottom) concentration profiles for semibatch experiments of: ST

homopolymerization (~); BMA homopolymerization (�); BMA/ST 75/25 copolymerization (&); BMA/ST

50/50 copolymerization (~); BMA/ST 25/75 copolymerization (^).
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Figure 2.

Monomer fraction (top) and cumulative copolymer composition (bottom) in the semibatch reactions, as

determined from GC measurement of residual monomer and calculated by mass balance for the feed ratios

(wt%): BMA/ST 75/25 (&); BMA/ST 50/50 (~); BMA/ST 25/75 (^). Horizontal lines indicate the monomer feed

ratio converted to a molar basis.

Figure 3.

BMA polymer composition vs monomer composition in the semibatch reactions at 138 8C: experiment (&);

Mayo-Lewis model (–—); Lowry Case 1 model with [M]tot¼ 0.5 mol/L (- - -).
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expected for this diffusion-controlled rate

coefficient. The results in Figure 4 demon-

strate the importance of penultimate

kinetics for this system, as also shown by

kp measurements.[9]

Figure 5 compares experimental data to

the penultimate model predictions using

the estimated kt values. The model provides

good predictions for both [BMA] and [ST],

and the weight-average polymer MW (Mw)

predictions are also reasonable. As it is

more difficult to visually compare model vs.

experimental MW results, Table 3 sum-

marizes the final Mw values from the DRI

and LS detectors and from the model. The

polydispersities (Mw/Mn), both experimen-

tal and simulated, range from 1.6 to 2.0. The

model captures the general increase in

copolymer Mw with increasing styrene

content, but not the strong dip in Mw

observed for the experiment with 75 wt%

BMA in the feed relative to BMA homo-

polymerization. We have no explanation

for this experimental finding, which was

carefully checked. For all other conditions,

simulation values are within 15% of

experiment.

There have been various models pub-

lished in the literature to represent copo-

lymerization kt. The Walling equation[25]

stresses the importance of the terminal unit,

as might be expected for a chemically

controlled rate coefficient:

kt ¼ kt1p
2
1 þ 2kt12p1p2 þ kt2p

2
2 (11)

where p1 (¼1� p2) is the fraction of total

radicals that end in monomer 1 calculated

from Equation (10), and kt12 refers to the

cross termination rate coefficient, calcu-

lated as the geometric mean of the homo-

polymerization values. The Atherton and

North diffusion model[26] (Equation 12)

and Ma’s modified diffusion model[27]

(Equation 13) emphasize the role of the

whole chain composition:

kt ¼ Finst
1 kt1 þ Finst

2 kt2 (12)

k�1t ¼ Finst
1 k�1t1

þ Finst
2 k�1t2

(13)

Finally, Fukuda and Buback’s penulti-

mate termination model[28,29] assumes that

copolymerization kt depends on the con-

formational characteristics of the last por-

tion of the polymer chain, as represented by

terminal and penultimate units:

k0:5t ¼ k0:5t11;11
p11 þ k0:5t21;21

p21 þ k0:5t22;22
p22

þ k0:5t12;12
p12 (14)

Macromol. Symp. 2006, 243, 24–34 31

Figure 4.

Termination rate coefficients for BMA/ST copolymerization vs BMA monomer fraction, estimated by assuming

terminal propagation (~) and penultimate propagation (^) kinetics. Error bar indicates estimated confidence

intervals from parameter fitting. Homopolymerization kt values from the literature (&) are also shown.
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pij is the fraction of total radicals with

repeat units ij at the chain end

(p11þ p12þ p21þ p22¼ 1) and ktij;ij refers

to the cross termination rate coefficient

between penultimate radicals. Buback

et al.[30] used experimental kt data for

acrylate/methacrylate copolymerizations

measured by the single-pulse laser poly-

merization technique to fit ktij;ij(i 6¼ j).

It was also shown that the data were

reasonably represented by a simplified

model:[30]

logkt ¼ f1 logkt1 þ f2 logkt2 (15)

Macromol. Symp. 2006, 243, 24–3432

Figure 5.

[BMA], [ST] and weight-average MW model predictions (lines) compared to experimental results (points): BMA

homopolymerization (–—,�); ST homopolymerization (–— - - –—,~); BMA/ST 75/25 copolymerization (–— –—,&);

BMA/ST 50/50 copolymerization (- - -,~); BMA/ST 25/75 (–— - –—, ^).
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With the exception of the Walling

representation, all of these models assume

copolymerization kt is not a function of

radical type, but is a function of monomer

or polymer composition and homopoly-

merization kt values. In the absence of

experimental copolymerization kt data

for ST/BMA, we examined the ability of

the various models to represent the kt
values estimated from our experiments, as

shown in Figure 6. The data are best

represented by the Buback simplified model

(Equation 15) and also reasonably well by

Ma’s model (Equation 13). While the kt
estimates are not of sufficient accuracy to

validate either model, the analysis show the

importance of penultimate propagation

kinetics for the system and suggests that a

relatively simple copolymerization termi-

nation model may be adopted for modeling

purposes.

Conclusion

A mechanistic model based on implicit

penultimate propagation kinetics was for-

mulated for BMA/ST high temperature

copolymerization. BMA follows Lowry

Case 1 depropagation kinetics, with depro-

pagation having only a slight effect on

copolymer composition under the semi-

batch conditions. The model, with only one

parameter fit, provides a good representa-

tion to the experimental data set. Out of

several copolymerization kt models pub-

lished in the literature, two were able to

reasonably represent this system. Future

work will extend the copolymerization

study to the ternary system consisting of

acrylates, methacrylates and styrene.
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Table 3.
Experimental and model predictions of final polymer weight-average MWs.

wt % BMA in the feed DRI Mw (g �mol�1) LS Mw (g �mol�1) Simulation Mw (g �mol�1)

100 12300 14700 13400
75 11500 9800 15200
50 15500 13400 16600
25 17700 15700 17400
0 20600 20400 17400

Figure 6.

Termination rate coefficients for BMA/ST copolymerization vs BMA monomer fraction at 138 8C: estimated

values (~); Walling equation (–—); Atherton and North model (–— –—); Buback simplified model (- - -); Ma model

(–— - –—).
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