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An experimental investigation of the kinetics of the free radical copolymerization of methyl methacrylate
(MMA) and p-methylstyrene (PMS) initiated with azobisisobutyronitrile (AIBN) was conducted at
temperatures of 60°C and 80°C. Three levels of initiator concentration and initial monomer composition were
studied. Conversions were measured gravimetrically and by gas chromatography (g.c.) and the weight average
molecular weight (M,,) by low-angle laser light scattering photometry (LALLSP). A kinetic model using free
volume theory seems adequately to account for diffusion-controlled termination and propagation. The model
also accounts for segmental-diffusion control of termination at low conversions and termination by reaction
diffusion at high conversions. Model predictions are in reasonable agreement with published data on
homopolymerization of MMA (ref. 1) as well as with data on copolymerization of these monomers reported
herein. This model should find use in the design, simulation, optimization and control of polymer reactor

systems for the production of MMA/PMS copolymers.
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INTRODUCTION

The objective of the present study was to obtain kinetic
data for MMA/PMS copolymerization and to develop a
computer model for this chemically initiated
copolymerization at low temperatures.

The present model is based on the model of Marten and
Hamielec?, which describes the kinetics of homopolymeri-
zation of MMA and accounts for diffusion-controlled
termination and propagation reactions using free volume
theory. Their model has been modified for
copolymerization and to include segmental-diffusion
control at low conversions® and termination by reaction
diffusion at high conversions®*.

THEORY

Diffusion-controlled termination and propagation

During the initial stages of polymerization, a reduction
in the rate of polymerization due to an increase in the
termination rate constant k, has been reported by North
and Reed® and by Ludwico and Rosen®. At low
conversion, the rate of termination of the macroradical
coils can be governed by segmental diffusion of the coil
ends. The increasing polymer concentration lowers the
thermodynamic quality of the solvent, shrinking the
macroradical coils and thereby increasing the segment
concentration gradient across them?®.

A model to describe this initial increase in k, was
developed by North and Reed’ and by Mahabadi and
O’Driscoll®>. The termination rate constant at low
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conversions is given by:

ﬁz—kﬂ= 1+6c¢ §))]

ko ki
where k,, is the termination rate constant at zero polymer
concentration; k., is the segmental diffusion-controlled
termination rate constant; ¢ is the polymer concentration;
0 is a parameter dependent on macroradical molecular
weight and solvent quality.

As the reaction proceeds and the polymer
concentration increases, there is a transition from
segmental to translational diffusion control (referred to
hereafter as diffusion control). At this point, the
termination rate constant k, is approximately equal to the
translational diffusion-controlled rate constant kr. This
transition corresponds to the onset of the gel effect” and is
associated with a critical conversion Xcgi1;-

For polymerizations below T, the glass transition
temperature of the polymer being synthesized, the
reaction mixture becomes a glass at monomer
conversions less than 1009, and during this transition to a
glassy state, the propagation rate constant and
polymerization rate fall to effectively zero in the normal
time scale?.

A semi-empirical model based on the free volume
theory proposed by Marten and Hamielec?® accounts for
both the onset of the gel effect and the limiting conversion
due to the glassy state transition. This model involves the
determination of a critical conversion Xcgir; Which
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signifies the onset of the gel effect, a relationship relating k,
as a function of free volume and polymer molecular
weight and a similar relatignship for the propagation rate
constant. The derivations of these relationships may be
found elsewhere?.

During a bulk polymerization, the free volume is
assumed to decrease according to®:

% v
Ve =(0.025+ (T = T2+ (0025 + (T~ T2 ()

t

where subscripts m, p represent monomer and polymer,
and:

T is the polymerization temperature;

V is the volume;

¥, is the total volume;

T, is the glass transition temperature;

a is a—ag;

g, is the thermal expansion coefficient for the liquid
state;

, is the thermal expansion coefficient for the glassy
state.

At Xcgi11, the corresponding free volume and weight
average molecular weight of the polymer are denoted as

Veerr and M, respectively and the following relationship
holds*:

K3=M, exp(A/Veer1) )

where K, is a temperature dependent parameter; m is a

constant equal to 0.5; A is an adjustable parameter. Since

equation (3) applies at low conversions, the accumulated

and instantaneous M, of the polymer are effectively the

same and directly related to M, for the macroradicals.
The diffusion controlled k; is given by?:

Myt \" 1 1
kr= k*(—f"‘) exp< - A(—— — )) 4)
T t Mw VF VFcrl

where n is a constant equal to 1.75 and k¥ is the value of &,
when equation (3) is satisfied.

As the polymer concentration increases, the
translational mobility of the chains becomes highly
restricted and eventually the trapped macroradical chains
move via monomer addition by propagation. This
‘reaction diffusion’* may be significant at very high
conversions. A second term, k., is added to the previous
equation for k; to give the overall k,.

87N,
kg = 1000 oD (3)

6 1/3
()
N,

nl3
B

where

D=

and
N, 1is Avogadro’s number;
D s the reaction diffusion coefficient;
d is the reaction radius;
V., is the molar volume;

=

»

is the number of monomer units in one polymer
chain segment;

lo 1is the length of monomer unit;

[M]is the total monomer concentration.

In the homopolymerization of MMA, the fraction of
radicals terminating by disproportionation is given by an
expression after Stickler, Panke and Hamielec'® and 1s of
the form:

=" —expta—b/T) ©

where k. =k, + kyq; kK, are termination rate constants
for disproportionation and combination; a,b are
constants; T is temperature.

A second critical conversion, Xcgir,, during the
polymerization is defined as the point at which the
propagation reactions become diffusion-controlled. The
free volume at this conversion is designated as V., and
the diffusion-controlled , is given by?:

sl i)
pr VF VFcr2

k, is the propagation rate constant;

kyois the chemically-controlled propagation rate
constant;

B is a constant equal to unity.

where

Model development
The reactions considered in the model include:

Initiation.

sy
R.+M,-3R,

where I represents an initiator molecule, R, is a primary
radical and M, and M, represent the monomer molecules
MMA and PMS, respectively. R+ ; is a radical with s
monomer units and monomer ; as the terminal unit. The
rate of initiation R, for isothermal polymerization is given
by:

Ry =2fkg[T]oexp( — kst)/(1 — £x) (8)

where

S is the initiator efficiency;
[I], is the initial initiator concentration;
t is time;
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is the fractional conversion=(N,— N)/N;

x Equation (9) may be rewritten as
N, is the total moles of monomers 1 and 2 at t=0;
N

is the total moles of monomers 1 and 2 at t=t; dx

¢ equal ( ) Pp(G1Pz+Gzl’1)"P1Pz], dt =Pkl —x) (10
quals % ;
G1p1+G,p, Po
where

p, is the density of polymer;
p; is the density of monomer i; dx
G; is the weight fraction of monomer i in the (H?)F o =%o

monomer phase.
Propagation. P zkpoRllé2

0 ktl({2

kll
R, +M;=>R,, 1,1

kll
g S

R.r,l + M2

kZl
R, +M; 3Ry

kZZ
R, .+ M,=R:, 1,2

Chain transfer to monomer.
R+ th’l ‘11+P,
R, +M, %R ,+P,
R, ,+M, %R, +P,

R',.’z + M2lﬁ’zR'l,2 + Pr

P, is a dead polymer chain containing r monomer units.
Chain transfer to PMS via abstraction of methyl
hydrogens is expected to be much greater than chain
transfer to MMA.

Termination.
Diffusion-controlled termination
R, +R SAUP,+P,)
R, +Ry (1= AP, .,
R, +R,, S 2(P,+P)

R, +Ry S(1-2)P,.,

R, ,+R, AP, .,

where 1’ is the fraction of cross-termination occurring by
disproportionation. For PMS, termination by dispropor-
tionation is considered negligible!”.

Rate of polymerization
The rate of copolymerization is given by:

ax_

e R) (1~ ©)

ke
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When composition drift is not significant and
propagation is chemically controlled (ie.
k,= k,,=constant) the ratio of ¢, to ¢(x) reduces to

b0 (KNP
Wf(z«.) H Ri=Rio

where Ryo is the initial rate of initiation.

¢(x) gives the change in k, with conversion and is a
measure of diffusion-controlled termination.

The onset of diffusion control for the individual
propagation rate constants depends on the reactivity of
the reactions. This model neglects this and assumes that
all propagation reactions become diffusion controlled at
the same Vi, according to equation (7) and thus that the
reactivity ratios do not change. The Meyer-Lowry
equation’!, in conjunction with an iterative search
routine, is used to find the f; value (mole fraction of
monomer 1) corresponding to the conversion at that time.

In summary, this model divides the polymerization into
three intervals and accounts for segmental diffusion
control of termination, translational diffusion control of
termination and translational diffusion control of
propagation.

Interval 1.
(X< Xcriri1)

kt = k!seg = kto(l + 50)
kp =Kpo

Interval 2.
(X >Xcrim1)

k1=kT+ktrd
kp=kpo

Interval 3.
(X>Xcrira)

k1=kT+ktrd

1 1
kP - kpoexp( B B<T/l: - I/Fcr2 >>

Koo =K1 1Ko o(rof 2+ 2f1f5 + raf D)k yof 1y + k11 for2)

where
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Molecular weight development

The instantaneous number and weight-average
molecular weights for linear copolymer chains are given
by:

2
Mn=M0m (11)
2743
szMo({_:r—m'f (12)
where
_ kR, kR
P RIMT kMR
_ kldRp
T_kg[M]2+Cm
K
Co="m
ko
[M]=EM1]+[M2]
where
k =(k21kf11f§+flf2(k21kf12+k12kf21)+k12kf22f%)

(k1 fi+ki2fy)

and M, is the effective molecular weight of the repeat unit

My=MWI1xF)+(MW2(1-F,)) (13)
MW1 and MW?2 are the molecular weights of monomers
1 and 2 and F, is the instantaneous mole fraction of

monomer | bound in the copolymer.
The cumulative molecular weight averages are given by

- dw
M,= /J M. (14)

o1
MW=~J M, dw (15)
w
0

where w is total monomer conversion on a weight basis.

EXPERIMENTAL

The monomers MMA and PMS were supplied by Fisher
Scientific Ltd. and Mobil Chemical Co., respectively. The
inhibitors (hydroquinone in MMA and t-butylcatechol in
PMS) were removed by washing the monomers with 109,
KOH solution, rinsing repeatedly with distilled water and
drying over sodium sulphate. The monomers were then
distilled under vacuum. AIBN initiator (Kodak Chemical
Co.) was recrystallized twice from methanol.

Three initial monomer compositions (f;,=0.21, 0.54,
0.83) and three initiator concentrations ([1],=0.0057,
0.0157, 0.0252moll™ ') were studied. The solutions,
placed in glass ampoules, were degassed by repeated
freezing and thawing in liquid nitrogen under vacuum.

The polymerizations were done in bulk and isothermally
at 60°C and 80°C.

Residual monomer compositions and conversions were
measured by g.c. Gravimetry was used to obtain an
independent measure of conversion for most samples.
Weight-average molecular weights of homogeneous
copolymers were measured by LALLSP (KMX-6). The
refractive index increment (dn/dc) for the copolymer was
measured with a laser differential refractometer (KMX-
16). All measurements were done at room temperature
with ethyl acetate as solvent.

RESULTS AND DISCUSSION

Model parameter estimation

The Meyer-Lowry equation'' expressing total
conversion as a function of residual and initial monomer
compositions was used to calculate the reactivity ratios r,
and r,. The simplified error in variable method!? was used
and the non-linear estimation routine was fed with the
best starting values available for this system (r, =0.405,
r,=0.44)"3. A set of random experiments was conducted
scanning the entire range of comonomer composition at
60°C. The converged estimates of the reactivity ratios
provided an azeotropic composition. Polymerizations at
this azeotropic composition at 60°C and 80°C revealed no
composition drift within experimental error.

The theoretical relationship for 6 in equation (1)
developed by Mahabadi and O’Driscoll® contains
parameters unavailable in the literature for the copolymer
system MMA/PMS. Therefore, the & previously
calculated for MMA bulk polymerization® was chosen as
a starting value for estimation purposes. It was found that,
for the MMA/PMS system, 6 is nearly constant and
insensitive to the levels of temperature, initiator and
copolymer composition. The value for & was 0.031g~".

The overall termination rate constant, k,, was estimated
as follows:

kl:ktd+k1€

Assuming that 2’ is 0.5, equations (16) and (17) were
derived as shown in the Appendix

%=A¢%+¢,¢z (16)
ke o0 . 2
7(‘7—¢1(1—A)+¢1¢2+¢2 (17)

where

d’x =k21f1/(k21f1 +k12f2)
¢2=k12f2/(k21f1 +k12f2)

¢, was estimated from the initial slope of conversion—
time data. k,, was calculated from the values of f,and k;;
(i = 1,2). ko was obtained from ¢, k,, and Ry,. Values of
k., are listed in Table I. These values show a dependence
on composition, a very small temperature dependence
and negligible dependence on initiator level, and for high
MMA levels approach closely the value recently reported
by Meyerhoff et al.'® (k,=1.2x10°1mol™ ' min~').
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The initial value of C,, defined as C,, was obtained
from equation (12) using values of M, measured by
LALLSP atlow conversions. The C,, was set equal to Cy,¢
up to X = X¢git, since the individual rate constants ky ,
and k;, were not available. This approximation is
reasonable because of the small value of C,,.

The kinetic model based on free volume theory
contains six adjustable parameters A, B, m, n, K3, V.
The values for three of these were set equal to those
suggested by Marten and Hamielec?:

B=10,m=05,n=1.75

The remaining three were estimated from the data.
Fitting only the azeotrope runs from low to moderate
conversion, a simultaneous search for K; and A indicated
A as aconstant of 1.24 for all conditions. It was later found
that this constant value satisfied the remaining runs as
well. With A fixed, a search for ¥, for all conversion—
time data was conducted. Both K; and V., were
independent of initiator concentration with Vg,
exhibiting a very weak dependence on temperature and
K, a very strong dependence on temperature. Values of
these parameters are given in Table 1.

Parameters found for copolymer characterization

The refractive index increment for various copolymer
compositions is given in Table 2.

Kinetic model parameters
For AIBN:
ky=6.32x 10'% exp (— 15460/T)min " (ref. 2)
f=10
Crmo=6.0x107¢ (T =60°C)
=209 %107 (T =80°C)

Tablel Experimental conditions and kinetic parameters estimated for
bulk copolymerization of MMA/PMS

T (1o ke (107%)

Q) (moll™Y) £, (Imol~'min~") Veerz K;(107%
60 0.0157 021 2.1 0.08 1.7
60 0.0252 021 2.1 0.09 1.8
60 0.0157 0.83 1.1 0.09 19
60 0.0157 0.54 2.1 008 22
60 0.0057 021 23 009 19
60 0.0057 0.54 23 0.08 23
80 0.0157 021 2.1 0.11 1.1
80 00157 0.83 12 0.10 1.1
80 0.0252 021 26 0.11 09
80 0.0057 0.23 26 0.11 1.2
80 0.0157 0.54 24 0.09 1.1
80 0.0057 0.54 24 0.09 1.2

Table 2 Refractive index increment for various copolymer
compositions at 25°C in ethyl acetate with A=632.8 nm

Weight fraction of dn/dc
MMA in copolymer (cingem™?)
0.138 0.198
0.159 0.190
0.518 0.165
0.541 0.159
0.661 0.132
0.773 0.142
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kyy=9.72 x 10% exp (—3500/T)1mol ~* min~! (ref. 2)
ky,=6.31 x 10® exp (—3560/T)1mol ~* min~! (ref. 14)
¥, —0.498 +0.020
r,=0.419%0.030

All temperatures in Kelvin.
Parameters used for equation (6) are taken from
Stickler, Panke and Hamielec'®:
a=3.55 b=1460

The free volume was calculated using the following
equation and parameters:

|4 Va
% =(0.025+a,(T-T,) T/E +(0.025 + a, (T — Tw))V'
t t

A
+(0.025 + (T — T,,,,Z))—V%
t

a,=048x1073K ™ (ref. 2)

T, = 114°C (refs. 2 and 15)

A =0y =0y =2.2x1073K ™!

Ty = — 114°C

Tgmz = — 123°C (ref. 14)
p,=0973—-0.001164 x T(°C)gem 2 (ref. 2)
p,=09261—0.000918 x T(°C) gcm 3 (ref. 14)

pp=111g cm ™3 (average of two homopolymer
densities) (refs. 2 and 15)

Limiting conversions for two sets of data were used to
estimate values of a, and Tg,,. These were then used
throughout without further adjustment.

Parameters for equation (5) were obtained from
Stickler* for MMA homopolymerization as the
appropriate values for the copolymer are not available.

ng= 10, lo=25

Comparison of predicted and measured conversion—time
curves

The fits of the experimentally measured data with
model predictions are shown in Figures 1, 2, 3 and 4 for
copolymerization of MMA/PMS. The model reasonably
predicts data at various temperatures, initiator
concentrations and initial comonomer compositions.

In Figure 5 the data of Balke' for the bulk
homopolymerization of MMA at various temperatures is
plotted with the model predictions. At high temperatures,
the model appears adequate. However at the lowest
temperature, the model is only fair in its prediction of the
data. ’

Composition drift

Figures 6 and 7 show the change in residual monomer
composition with conversion for temperatures of 60°C
and 80°C. Agreement is within experimental error with
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Figure | Measured (O, T=80°C, [1],=0.0157mol17; ¥, T=80°C,
[1],=0.0057 moli™}; @, T=60°C, [[],=0.0157 mol 1~ *; @, T=60°C;
{13, =0.0057 mol 17!} and predicted conversion vs. time at f,,=0.54

1.0

0.8

Conversion
[e]
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o
>

0.2

0.0 I L L 1 | 1
0 2 4 6 8 10 12 14
Time (Hours)
Figure 2 Measured (O, T=80°C; @, T=60°C) and predicted
conversion vs. time at [1],=00157 mol 17, f,,=0.83

good fits at both low and high conversions. These data fits
indicate that the assumption used to impose diffusional
limitation on the individual propagation constants is
consistent with observations. The application of the
integrated copolymer composition equation in this model
implies that the reactivity ratios are independent of
conversion. However, under diffusion-controlled pro-
pagation, the rate constants of the individual propagation
reactions are determined by the diffusion of the monomer
and one would therefore expect that those rate constants
dependent on the diffusion of the same monomer, ie., k;;,
k;, i#j, would be approximately equal under these

conditions, This implies that the reactivity ratios do
change with conversion such thatr;r, =1as x—1. To test
the sensitivity of the data to this hypothesis, the
differential form of the Meyer-Lowry equation was
solved with r; and r, changing with conversion. It was
shown that the data at very high conversions were not
sufficiently accurate to either prove or disprove this
hypothesis.

Molecular weight/conversion curves

Figures 8 and 9 show measured M, by LALLSP plotted
versus conversion for the azeotrope data at temperatures
0f60°C and 80°C. Each plot represents a different initiator
concentration. The model predictions agree with

100

080

060

Conversion

0.40

0.20

0.00 1 1 ! | 1
o} 10 20 30 40 50 60
Time {Hours)
Figure 3 Measured 0, [11,=00252 mol 17 ; [ B
[11o=00157mol1"!; W, [1]o=00057moll~!) and predicted
conversion vs. time at T=280°C, f,,=0.21

1.00

080

Q60
kS
]
H
>
5
o
040!
020
0.00 | 1 1 1 1 |
(o] 10 20 30 40 50 60 70
Time (Hours)

Figure 4 Measured O, [11,=0.0252 mol1™; o,
[11,=00157mol1"'; W, [I],=00057moll"!) and predicted
conversion vs. time at T=60°C, f,,=0.21
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100
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0.00 1 1 1 L
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Time (Hours)
Figure 5 Measured (W, T=50°C; @, T=70°C; O, T=90°C) and
predicted conversion vs. time at [1],=0.0252mol17%, f;,=1.0

0.80H—

0.601

040

Residua)l MMA mole fraction
®
°
°
[}

020

0.00 | 1 I |
0.00 0.20 0.40 060 0.80 1.00

Conversion
Figure 6 Measured (O, f,,=0.83; @, f,,=0.54; B, f,,=0.21) and

predicted residual MMA mole fraction vs. conversion at T=60°C,
[11o=0.0157mol 1!

measured data within experimental error except at
intermediate conversions, where experimental values
increase more rapidly with conversion.

Figures 10,11 and 12 are plots of M, and M,, measured
by size exclusion chromatography (s.e.c.) for homopoly-
merization of MMA.. All data were taken from Balke and
Hamielec!. Also shown are M, and M,, predicted by the
kinetic model. There is good agreement with M,, but with
M, agreement is only fair at moderate to high
conversions. Soh and Sundberg!® have included chain
length dependence of k, in their model and obtained good
fits to both M, and M,, suggesting that a chain-length
dependent termination constant may be appropriate.
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SUMMARY

An experimental study of the kinetics of the free radical
copolymerization of MMA/PMS was conducted. A
kinetic model using free volume theory and which
accounts for segmental-diffusion controlled termination
at low conversions and reaction diffusion at high
conversions seems reasonably to predict kinetic data (x,
M,, M, vs. time) on copolymerization of MMA/PMS as
well as published data on the homopolymerization of
MMA' and should find use in the design, optimization
and control of polymer reactor systems for the production
of MMA/PMS copolymers.
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o]
—_— °
0.80—
[ =4
2
o
2
@
g 0.60}—
<2i L2 hd [ 2 K J
=
°
3040 *
o
@
0.20
0.00 . 1 1 T
0.00 0.20 040 0.60 0.80 1.00
Conversion

Figure 7 Measured (O, f10=083; @, fi0=0.54; B, f,,=021) and
predicted residual MMA mole fraction vs. conversion at T =80°C,
[1]o=0.0157mol1™*
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12.1

9.1

M, < 0.1E-4

6.1

3.1

0.1 1 1 ] 1
0.0 0.2 04 06 08 1.0
Conversion
Figure 8 Measured (O, T=60°C; @, T=280°C) and predicted weight
average molecular weights vs. conversion at [1],=00157 moll™’,
J10=0.54
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Figure 9 Measured (O, T=60°C; @, T=80°C) and predicted weight
average molecular weights vs. conversion at [1],=0.0057 moll~’,

J10=0.54

6l

M, and M, (*0.1E-04)

1 _ 1
0.00 0.20 0.40 0.60 0.80 1.00
Conversion

Figure 10 Measured (O, My,; @, M,) and predicted number and
weight  average molecular  weights vs. conversion at
[11,=00252mol 17!, T=50°C, f;,=1.0
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APPENDIX

Based on the kinetic scheme outlined in the model
development section, the rate expression for dead
polymer is given by

1 dN,
V dt

—ka[MI[R]+ (2085, £ [Ris]
-2 'z [R; J[R; . 1]

+0 —A')'; [R; R 1+ 4R 1 3[R, .]

s=1

+4[R; ] Z [R;:J+5 : 'Z [R.1[R, 2]>k (20)

where N, is the number of g moles of dead polymer in
volume V and

[R:]=[R; ]+[R; ]
Assuming A'=1/2 and taking
¢y =kay fillkz fi+ k12 f2)=[R 1 J/[R]
$2=ki2 follkz1 f1 + k12 fo)=[Re,1/[R]

(R]=[R]+[R-]

(Ril= Y ([R] i=12
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we obtain
dN
ke IMILR + (RIRY
L61 S [RIR; ]
1 r—1
#3910 T [RIR 1430, 02[RIIR]
1 r—1
#3010 lRIRT 4303 3 (RIR;- Je - @0
s=1
Now,
[R1=0 Fegyt? +#) @)

where v and B represent the effective values for
copolymerization. In addition, the rate of polymerization
R, is expressed as

R, =k[M][R] (23)

The substitution of equation (22) into equation (21),
following algebraic manipulation, results in

Ak =¢-'Rp(rf+ﬂ'(";ﬁ' L

a o ooy MU= 2T+ 03

+¢102) +Cnt xlq{l¢2+¢ ¢2}) (24)

kp[M]

Simplification of equation (24) provides an expression
analagous to that for homopolymerization

14N, =¢"Ry(v'+ B')[(T, .; £) xrf’ + t’] (25)

V dt
where
7= szM]z[{W 1+ @14, k] +Cn
p= kg[w[{ — g%+ 63 +616,0k]
and

ke =(@31 =)+ ¢ ¢, + Pk
ka= (A1 +¢10,)k,



