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Abstract : On the basis of the model proposed by Penboss and coworkers, the rate coefficient
for entry into a latex particle for emulsion copolymerization systems can be represented
as p=pa+ @ k 11 by use of the appropriate combinations of the kinetic parameters of the
comonomers, Average number of radicals per particle (n) is explicitly presented as a func-
tion of the averaged fate parameter () for the zero-one system. Styrene-butadiene(St- Bu)

and styrene-methyl methacrylate (St-MMA) systems are given as an example of calcula-

tion to demonstrate the applicability of this method.

INTRODUCTION

Smith and Ewart! first treated emulsion hom-
opolymerizations quantitatively by assuming that
all free radicals resulting from initiator decomp-
osition entered the latex particles and desorption
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(exit) of free radicals from the latex particles had
no kinetic significance once exit had taken placed.
It has been pointed out™ that desorbed free
radicals may affect the kinetics of emulsion
polymerization, Penboss et al* provided a general
theoretical treatment of free radical entry into
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latex particles, and represented the first-order
rate coefficient for entry into a latex particle(p)
as p=py+akn for the emulsion homopolymeriz
ation systems, where @, is the component arising
from the aqueous phase initiator and « is the fate
parameter expressing the relative importance of
heterotermination and re-entry of the exited free
radicals, Methodologies5 have been described for
deducing values of these rate coefficients from
seeded batch emulsion polymerization kinetic
data, For the emulsion copolymerization sys-
yems, no theory of free radical entry into latex
particles has been proposed. This paper sl'mws
that the entry rate coefficient in emulsion copo-
lymerization is representf;d as pP=p,+a k 1, by
extending the model of Penboss et al.* to emulsion
copolymerization systems. The kinetic equations
for copolymerization sysyems can be reduced to
equations identical to those of homopolymeriz
ation systems by use of the averaged kinetic
parameters of comonomers, Average number of
radicals per particle(n) is explicitly calculated
as a function of the averaged fate parameter (a ).

EXTENSION OF MODEL FOR
EMULSION COPOLYMERIZATION

Destription of Model

We consider emulsion copolymerization systems
where two comonomers, A and B, are copolymeriz
ed, and where new particle generation has been
ceased (ie. after interval T ). The steps involved
in free radical entry into a latex particle are as
follows.*

( i ) The decomposition of initiator,

(ii ) Aqueous-phase propagation of the free
radical resulting from process ( i ) to form oligo-
meric free radicals (denoted by R°), which may
eventually become sufficiently surface active to
undergo entry into the latex particles,

(iii) Homotermination among the free-radical
species formed in processes ( i ) and (ii).

(iv) Entry of oligomeric free radicals into the
latex particles,
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(v) Exit of a free radical species from the
particles into the aqueous phase,

(vi) Exited free radicals (denoted by E°)
subsequently undergoing re-entry into a particle.

(vii) Exited free radicals undergoing heteroter
mination with free radicals arising from processes
(i)or(ii).

Penboss et al.' employed the concept of an
oligomeric free radical, R°, to avoid having to
take each propagation step into account in pro-
cess{ ii ). Processes ( i ) and (ii) can then be
represented as

[ X, R (1)

where R°=R°,+R°gs, R°s and R°g are respec-
tively oligomeric free radical of type A and B.
k; is an effective rate coefficient for the produc-
tion of R°,

Process (iii) is then represented by

ktAA .
R°as+R°s ——> inert products (2a)
. kiap
Res+R°s —> inert products (2b)
k'.BA
R°s+R°s —— inert products (2¢)
kg _
R°s+R°s —> inert products (2d)

where kiag is the reation rate coefficient of R°s
and R°p and similarly for kiaa, kiga, and kgs.
Process (iv) is represented by

ke
RoA+P —25 entry into particle (3a)
ken . . -
R°s+P ——— entry into particle (3b)

where P denotes a polymer latex particle in terms

of molar concentration N=N./ N,, where N;

is the number concentration of latex particle and

Ny is Avogadro’s constant, kex and keg is respe-

ctively the rate coefficient of th entry of free

radical R°s and R°g into the latex particles,
Process ( v ) is represented as

g?-‘a' (Nka iNiasm)

P >E°, (4a)
> i

P L0 (NkB JNUUB) N EQB (4b)
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where E°, and E°g respectively denotes an exited
free radical of type A and B. ks and kg are res-
pectively the rate coefficients for exit of type A
and B free radicals. Njap is the relative number
of latex particles containing i chains with free
radical A and j chains of B.
Exit may affect entry in two ways:
through process (vi)

E°A+P krA, entry into particle (5a)
E°z+P ir_n;, entry into particle (5b)

and through process (vii)

kht A

E°a+R°,4 _i, inert products (6a)
E°a+R°5 Kntas inert products (6b)
E°g+R°4 _ﬂ inert products (6¢)
E°s+R°g @) inert products (6d)

where k.x and kg are respectively the entry rate
coefficient of exited free radical of type A and
B into the latex particle, and kp;ag is the heteroter
mination reaction rate coefficient between E°,

and R°g and similarly for kyeaa, Kntsa, and Kness.

Dervation of Entry Rate Coefficient o
The total rate coefficient of entry of free rad-
icals into a latex particle is given by

P=kea[ R°a]+kes[R 5l +kea[ E°4]
+kep[ E°B] (7)

The mutual aqueous-phase termination between
two exited species (E°5+E°g — inert products)
has been ignored in the above treatment.

The time evolutions of the concentrations of

R° and E° are given by

d[R°] /dt=Kk[ T J—keaa[R°4] [ROA]
—keas[R°a] [R°8] —kwa[R°s][R°4]
—kes[R°s][R°8] — keaN[R°a]
—kesN[R°s] —kniaa[E°4][R°]
—Xneas[ E°a][R°8] — kna[E°s][R°4]
—kness[E°s][R°8] (8)
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d[E°]/ dt=33(NkaiNias+NkgjN1ass)
—keaN[E°a] —kgN[E°5]
—kniaa[E°a][R°A] —knias[E°a][R8]
—Knsa[E°s][R°A]—knes[E°al[R°51(9)

We define the following averaged rate coefficients:
ke=kea[R°4]/ [R°]+kes[R°:]/ [R°]  (10)
ke=kea[E°al/ [E°]+kes[E°s]/[E°]  (11)
kr=kiaa[R°a]?/ [R°) +keas[R°a1[R%]/

[ReJP+kwalRo] [R°4]1/[R°]
+kes[R°s][R°s] / [R°J? (12)

kni=knaalE°a][R°a]/ [E°][R°]
+knuasl E°a][R°8]/ [E°][R°]
+knpalE°s][R°a]/ [E°][R°]
+knes[ E°s][R°s] / [E°][R°] (13)

where

(E°]=[E°4]+[E°s] and [R° ]=[R°s]+[R°s],

Using the averaged rate coefficients defined
above and substituting the following eqs. (14)~
(17)%% to egs. (7), (8) and (9) gives eqs.(18),
(19) and (20).

Py= (i+)! (kpsaCma)! (kpasCwmz)’ (14)
ilj! (kppaCma + kparCumz)"
§P1<s-n=1, for s=0,1,2,- (15)
k=ksP,,+ksPao (16)
ﬁ=§]§-(i+j)N1MB (17)
P=ke[R°]+k [E°] (18)
d[R°]/dt=k[ T ]—keN[R°]* —kn[E°][R"]

(19)
d[E°]/dt=N k n—kN[E°]—kn[E°][R°]
(20)

These eqs(18), (19) and (20) are the same
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expressions as the equations for homopolymeriz
ation systems derived by Penboss et al.*

Penboss et al.! treated similar equations as the
eqs. (18), (19) and (20) in the case of emulsion
homopolymerization, and showed that the entry
rate coefficient for an emulsion homopolymeriz
ation system may be written in the form: p=p,
+ ak n, We can also express the rate coefficient
for an emulsion copolymerization system as

p=P4a kn (21)

Here P, is the component arising from the
aqueous- phase initiator and « is the fate para-
meter for an emulsion copolymerization system,
Eq.(21) is useful for obtaining the capture effi-
ciency which is the value of 25 / (2kq [ T ]/ No¢),
where kg is the initiator decomposition rate
coefficient, Ballard et al.’ defined the entry rate
coefficient (©)as

p=patrs (22)

where p, and pp are respectively the entry rate
coefficient of type A and B. g, and pp can be
expressed as

Pa=pPoatankan Py (23a)
©#s=Pop+agkpnPy (23b)

By combining eqs(22) and (23) and then
comparing with eq.(21), Za and @ can be explicitly
represented as

Pa= Pop~+Pon (24)
and
P apkaP+apkpPy (25)
kAP10+kBP01

In an emulsion hompolymerization of monomer
A, Po,=1, and a=a, from eq.(25).

DISCUSSIONS
The average number of radicals per paritcle

is needed to calculate the rate of emulsion co-
polymerization, The number of particles contai-
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ning n radicals (Ny,) fulfills the extended Smit-
h-Ewart equation for a copolymer system:

dNp / dt=p(Np,—Np) +k[ (n+1)Np,, —nNy ]

+e[(n+42) (n+1)Np;—n(n—1)Ny] (26)
where k=kaP,; +kgPy (27)
C=caaPy+casPutcesPe (28)

Cag 1s the rate coefficient for bimolecular ter-
mination of two growing chains, one with an
active A and the other an active B terminal unit,
and similarly for caa, cgg and cga.

For the zero-one system, eq.(26) can be written
as

dN, / dt=—pN,+(p+k)N, (29a)

dN, / dt=pN,— (p+k)N, (29b)

During interval [, when the concentrations
of monomers within the particles are essentially
constant, n is derived as

=P (30)
2p+k

From eqs.(21) and (30), n can be explicitly
represented as

D= —(2m4+1—a)+[(2m+1—a)*+8am]*®
Ja

(31)

where m=p2, / k and 1=,
In the special case of the limit a=+1,eq(31)
can be written as

1=0.5[ —m+(m*+2m)*] (32)

Nomura et al, treated the similar equation as
the eq.(32).”

Average number of radicals of type A, na, and
type B, ng, can be found from the following

relations:
ﬁA= PmH ( 33 )
hp=P,,;n (34)

749



Sang-Bo Park, Byung-Kyu Kim, and Young-Jo Shin

Log?t

-3 1 . i 1 1

-3 -2 =1 0 1 2 3

Log,i’

Fig. 1. Average number of racdicals per particle (n)
as a function of the parameter m at some specific
fate parameters (@):(1)-+1, (2) +0.5, (3) —0.5,
(4) —1 using the kinetic parameters in Table 1.

Log.d
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Fig. 2. Average number of radicals per paricle(nn)
and radical number fractions (n) and (ng) as
a function of the parameter m for St-Bu system
(A/B).
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Fig. 3. Average number of radicals per particle
(1) and radical number fractions {ns and ng)
as a function of the parameter m for St-MMA
system (A / B).

Table 1. Rate Coefficients Used in Calculation

Monomer
A B B

St Bu MMA
kakp(s™) 0.0015 0.001 0.001
ap,ag 0 +1 -1
kpag,kppa(L mols™) 4448 48.1

49 1076
CpmaCue(mol.L™) 3 2

4 3

The theoretical value of n obtained from eq
(32) is plotted against the corresponding value
of m on Fig. 1. 1=0.5 in Fig. 1 is the value which
was derived by Smith and Ewart! in the case of
emulsion homopolymerization. Fig. 2 and Fig.
3 show examples of the plot of n, Tis, fgvs. m for
St-Bu system and St-MMA system, respectively.
Values of the kinetic parameters used in calcul-
ations are reported in Table 1 N
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