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SYNOPSIS

Polymerizations of partially neutralized methacrylic acid (MAA ) were performed in both
solution and emulsion systems. Polymerizations of MAA in solution were performed at an
overall degree of neutralization ranging between 0 and 1. The rate of polymerization of the
acid is found to decrease as the degree of neutralization increases due to increased electro-
static repulsion of the dissociated acid species (anions). The degree of neutralization of
the unreacted monomer increases as the conversion increases. A kinetic model based on a
copolymerization mechanism is used to describe the reaction behavior. Partially neutralized
methacrylic acid was also polymerized with styrene in a seeded emulsion system. The
reaction rates of both the acid and styrene decrease as the overall degree of neutralization
increases. A previously developed emulsion copolymerization kinetic model is extended to
account for reaction of the anions and used to investigate the overall “terpolymerization”

of the acid, anions, and styrene.

INTRODUCTION

Carboxylic acid monomers such as methacrylic acid
(MAA), acrylic acid (AA), and itaconic acid (IA)
are used in a large number of commercial latex
products including paper coatings, textile coatings,
and adhesives. These monomers are completely sol-
uble in water. Therefore, even in an emulsion po-
lymerization, they react to a significant extent in
the aqueous phase. A kinetic model to describe
emulsion copolymerization of carboxylated styrene
systems was developed by Shoaf and Poehlein.!
Formation of many of the commercial products using
these monomer systems requires strict control of
the pH of the reacting system to attain the desired
properties in the final product. Often small amounts
of base, such as sodium hydroxide, are added that
partially neutralize the acid, thus forming anionic
species. Partial neutralization of a carboxylic acid
monomer such as AA or MAA reduces the overall
reactivity of the monomer due to electrostatic effects
of the anions. The reduced reactivity of the partially
dissociated monomer has been clearly shown by
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Katchalsky and Blauer,? Pinner,®> and Kabanov
et al.

Mechanisms for polymerization of methacrylic
acid in solution for both the unneutralized and par-
tially neutralized cases are examined in this work.
Kinetic models are used to describe the reaction be-
havior of both the undissociated acid and the anion.
Effects of the degree of neutralization on the par-
tition behavior and reaction rates are also examined
for the MAA-styrene emulsion system. A kinetic
model describing the emulsion polymerization be-
havior of the acid, anion, and styrene in both the
particle and aqueous phases is developed and used
to investigate the reaction mechanism for this com-
plicated “terpolymerization” system.

THEORY

Polymerization of Carboxylic Acids

Free-radical solution polymerization of AA and
MAA has been studied by several workers including
Katchalsky and Blauer,? Pinner,® Blauer,® Galper-
ina et al.,® Gromov et al.,” and Mishra and Bhadani.?
Kinetic information such as reaction rates, propa-
gation and termination constants, activation ener-
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gies plus various effects of solvents and acid disso-
ciation on these parameters have been determined
through these studies. A variety of initiator systems
as well as solvent species were used.

Galperina et al.® and Gromov et al.” studied the
effect of solvent on radical polymerization of AA,
MAA, and fluoracrylic acid. The solvents were water,
formamide, and dimethylsulphoxide (DMSO). The
initial rates of polymerization were proportional to
the first power of the monomer concentration and
the one-half power of the initiator concentration.
The rate, therefore, could be described by the basic
kinetic equation for free-radical polymerization.

1/2
2fkd[1]) (M) (1)

B = kp(ka

k, is the propagation constant, k; is the termination
constant, k, is the initiator decomposition constant,
f is the initiator efficiency factor, and [ M] and [!]
are the monomer and initiator concentrations, re-
spectively. Values for &, k,, and activation energies
were reported for a range of temperatures. The re-
actions in water were carried out at low pH (2.2 and
below ) so that very little of the acid was dissociated.
The monomer concentrations ranged from about 2
to 8 wt %.

The dependence of rate on pH, as reported by
Plochocka,® is illustrated in Figure 1. The rate of
polymerization decreases sharply up to pH 6 to 7.
This decrease in rate is not surprising since the de-
gree of neutralization (and thus the concentration
of anions) increases sharply between pH 4 and 5.
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Figure 1 Relative rates of polymerization vs. pH ad-
justed by an addition of NaOH for MAA (1) and AA (2)
at 60°C. Curve 1: Rymin X 10° = 0.115 mol/L/s, [MAA]
= 0.92 mol/L, [AIBN] = 5 X 10" mol/L; curve 2: Rypin
X 10% = 0.43 mol/L/s [AA] = 1.2 mol/L, [AIBN] = 5
X 107% mol /L. (Replotted from Plochocka®).

The rate then slowly increases to a maximum at a
pH of 11 to 12. The increase in rate between a pH
of 7 and 12 may be a result of cation binding by the
carboxylate radical, which may decrease the elec-
trostatic repulsion with an anionic monomer.®

Katchalsky and Blauer? developed general rate
expressions for the homopolymerization of carbox-
ylic acids. They noticed that at pH > 5.5 the poly-
merization rate approached zero, so they assumed
that the dissociated species did not react. They pro-
posed that the rate of reaction for a partially neu-
tralized carboxylic acid system was proportional to
the concentration of undissociated species as given
by

_d[Mtot] -k (_fﬁ
- Rpl11

1/2
1/2 _
L km) [T [ Meoe] (1 — ) (2)

where [ M, ] (mol/L) is the total concentration of
monomer, k,; is the propagation constant (L/mol
s), k1 is the termination constant (L /mol s), fis
the initiator efficiency factor, k&, is the initiator de-
composition constant, [I] is the concentration of
initiator, and « is the fraction of dissociation of the
acid monomer.

Pinner? reported that the absence of polymeriza-
tion at a pH of 5.5 was probably due to inactivation
of H,0,, the initiator used by Katchalsky and Blauer
in their studies. Pinner showed that reaction occurs
at pH as high as 13 is persulfate is used despite the
ionization of the monomer. Blauer,® in a later article,
stated that his original assertion that ionized mono-
mer is unable to propagate polymerization was in
error. He performed runs using AIBN as initiator
and obtained polymerization at a pH as high as 12.
Blauer® then asserted that the dependence of rate
of MAA polymerization on the pH suggests that both
un-ionized and ionized monomers and radicals do
copolymerize.

Thus the acid (M,) and anion (M) species do
polymerize, but they exhibit very different reactiv-
ities. Therefore, Pinner?® proposed that the reaction
mechanism is best described by the following set of
copolymerization reactions:

Initiation

k;
I— 2R*
R* + M, 2% M,.
kic
R* + Mo — M-

R* + impurities = inactive product



Propagation

kpan

Mg+ M, M,-
Rpca
Mc*+MA —-‘)MA*

kpac

MA* + MC I Mc:

kpCC

Mc* + MC —> MC*
Termination

ke

Mg+ M, = dead polymer
keac

My + Mc- 2% dead polymer
&

Mes + Mc+ =% dead polymer

He used the rate equation based on chemical con-
trolled termination to predict the reaction rate.

—d([M]s+ [M]c)
dt
_ (ra[M13 + 2[M]a[M]c + re[M]E)RI®

T r3oL[MIE + 2¢rarmbadc[M]a[M)c
+ réo2[M]3V?

(3)

where 6% = Rua/kjas, 0& = kcc/kRicc, & = Ruc/
(Reaskece) V'? = cross termination coefficient, and R;
=2fkg[I].

The basic assumption for chemical controlled
termination is that the termination reactions are
dependent only on the nature of the end unit of the
active radical chain. However, there is a great deal
of uncertainty concerning the appropriate value for
¢, which represents the relative tendency for two
different types of radical chain ends to terminate.

Atherton and North!® later showed that many
free-radical polymerization termination reactions
are diffusion controlled, and the termination rate is
independent of the nature of the active radical chain
end. This approach utilizes a diffusion-controlled
termination constant, k.4c, which depends on the
monomer feed composition instead of using a con-
stant ¢ factor.

My« + My

k
Mys+ Mc- -5 dead polymer
Mc. + M-

k.ac is a function of the copolymer composition and
for the ideal case, eq. (4) may be used.

kiac = Fakiaa + Fokice (4)
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where F; is the fraction of monomer i in the copol-
ymer being formed.

The reaction rate equation developed by Atherton
and North' is given by

_ (ralMA1? + 2{Ma][Mc] + re[M.]*) R}

P RYE(ralMal/kpas) + (relMcl/kpcc) ]
(5)

where r, and r¢ are the reactivity ratios of the un-
dissociated species, and dissociated species as de-
termined from @ and e values reported in the lit-
erature; ' [M,] and [ M(] are the concentrations of
undissociated and dissociated species; and k&, L, 1S an
average termination constant.

The partially neutralized solution polymerization
of MAA with the copolymerization reaction mech-
anism based on diffusion-controlled termination is
the subject of the present study. The copolymeriza-
tion of partially neutralized MAA, however, is
unique because the undissociated and dissociated
species are in dynamic equilibrium.

Any monomer unit along the polymer backbone
may change from M, to Mz and vice versa after
polymerization. Such changes result from the equi-
librium that exists between the undissociated and
dissociated carboxyl groups of the monomer and
polymer. When the monomer is combined into a
polymer chain, the carboxyl group becomes less
likely to release the H* ion and thus becomes a
somewhat weaker acid relative to the single mono-
mer molecule. Thus, the monomer and polymer ex-
hibit different dissociation constants, and the “av-
erage” dissociation constant for the system changes
as the relative amounts of monomer and polymer
change. The net result is that after an M, monomer
unit reacts it may be converted to an My and then
back to an M, again due to the dynamic equilibrium
process between the substituent carboxyl groups in
the system. Therefore, the copolymer composition
cannot be predicted in the conventional sense.

This equilibrium process is further complicated
since the actual degree of neutralization of the un-
reacted monomer changes throughout the polymer-
ization. This phenomenon occurs because the dis-
sociation constant given by eq. (6) for the polymer
differs from that of the acid:

_IH)(47]
Ko™ TIHAL ®)

where [ H "] is the concentration of hydronium ions,
[A[]is the concentration of dissociated monomer i
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molecules, and [ HA,] is the concentration of undis-
sociated monomer i molecules. The p K, value for
MAA and polyMAA are 4.36 and 7.0, respectively.?
Because the p K, values of the monomer and polymer
differ by 2 to 3 units, the monomer may be consid-
ered to be a strong acid relative to the polymer.
Hence, any dissociated monomer that reacts and
becomes part of a polymer chain will develop a more
basic character relative to the unreacted monomer
molecules, so it may lose the Na™ ion (assuming
sodium hydroxide is the base used to neutralize a
portion of the acid) and become reassociated with
an H* ion. This equilibrium process will result in
the dissociation of an additional monomer molecule.
The net effect is that adding a base such as sodium
hydroxide (NaOH) to a mixture of acid monomer
and acid polymer tends to neutralize the acid mono-
mer first. Since the amount of monomer decreases
in a reacting system, but the amount of base is con-
stant the effective degree of neutralization of the
unreacted monomer will increase as the conversion
increases. [ Example: Add 1.0 mol of acid, 0.25 mol
base (DNgverat = 0.25). After 0.75 mol of acid has
reacted, the 0.25 mol of remaining acid will be com-
pletely neutralized (extreme case) resulting in
DNactual = 10]

This changing DN of the unreacted monomer can
greatly affect the reaction rates and copolymer com-
positions over the reaction period in a manner much
different from the case where the DN of the un-
reacted monomer is assumed to remain the same.
This assertion was confirmed experimentally by
running a MAA reaction with an initial DN of about
0.59. The pH was allowed to change naturally (from
4.5 to 5.4) over the reaction period. The same re-
action was then repeated, but trifluoroacetic acid
was added throughout the reaction so as to maintain
a constant pH (and thus constant DN of unreacted
monomer) at the initial value of 4.5. Results from
these runs shown in Figure 2 confirm that the re-
action rate depends strongly on the DN of the system
throughout the reaction period. The reaction with
constant pH is much faster because the fraction of
unreacted acid molecules that ionize does not in-
crease during the reaction.

The following section describes a method for pre-
dicting the actual DN of the unreacted monomer
over the entire conversion period. Equilibrium
expressions for both the monomer (1) and polymer
(2) are given by

_[H"][AT]

K, = 7
+ T T [HA] (7)
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Figure2 Comparison of reaction rates of 7.0 wt % MAA
at initial DN of 0.59 with constant pH (pH control) and
with naturally changing pH (no pH control).

" _
K, - 1 114:] (8)
[HA:]
(This analysis assumes that an average K, value
may be used for the polymer. Actually, this value
depends on the chain length and chain conformation
of the polymer such that a distribution of K, values
corresponding to the distribution of polymer chain
lengths and chain conformations better describes
the actual system.) The ratio of the K, values
gives

Ky x(y—2) 9)
Ka (Ma_x‘Y)Z

2

Here, x is the moles of dissociated monomer, y is
the moles of reacted monomer, z is the moles of dis-
sociated polymer, and M, is the initial moles of
monomer charged.

The total moles of dissociated species is

[AT]1+ [Az] =x+2=(DNg)M, (10)

where, DN, is the overall degree of neutralization,
not the DN of the unreacted monomer.
Solving for z and substituting in eq. (9) gives

K., _ x[y — (DNo) My + x] (11)
K, (My—x—y)[(DNg) M, — x]

2



The value of x for any given value of y (obtained
from the conversion) may be obtained by taking the
positive root of this quadratic equation. The actual
degree of neutralization of the unreacted monomer
may then be obtained as a function of the moles of
reacted monomer by

X

DN(y) = — (12)
My—-y

Emulsion Copolymerization Model with

Aqueous-Phase Polymerization

An emulsion copolymerization model that accounts
for polymerization in both the particle and aqueous
phases was developed by Shoaf and Poehlein.! The
particle-phase reaction rates were modeled using a
development presented by Nomura et al.!* These
equations are reproduced below:

[1/(1+ A)[(kpan[Mal, + Roas[Mgl,) N,

RpA = NA
(13)
R,
_[A/(1 + A)1(kppa[Malp + kper[Mg]p) nu N,
N,
(14)
where
A ziézkpAA_ri[MB]p (15)

ng, kpBB ra [MA]p

An expression for predicting the aqueous-phase
free-radical concentration was also developed.

[ Rtot“ ]

_ VCkN,)? + 8By, (Raes Npii/No + 2 f kal I5]) — RN,
4Etw

(16)

This expression could then be used to predict the
rates of reaction of both A and B monomers in the
aqueous phases using

koaa + Ak g
pasa = (p—hL—f—A)[Rtot]aq[A]aq (17)

R

'PBaq

_ (kpAB + Akypp

1+ A )[Rtot]aq[B]aq (18)

The overall emulsion copolymerization model
then takes the form:
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Rptor = Rpap + Rppp + R

PAag

RPBaq ( 19 )

Details of the overall model development and meth-
ods of determining the various parameters in the
rate equations are discussed by Shoaf and Poehlein.’

Possible Approach for Modeling Emulsion
Copolymerization with Carboxylic Acid
Monomers at DN > 0

An extension of the preceding emulsion copolymer-
ization model to account for the dissociated acid
species obtained when the acid has been partially
neutralized is now presented.

DN is defined as moles NaOH /moles acid fed. «,
is the fraction of acid in the particle phase that is
dissociated, and a,q as the fraction of acid in the
aqueous phase that is dissociated. As long as the
value of DN is greater than zero, then the overall
system actually consists of three species: undisso-
ciated acid (A), styrene (B), and dissociated acid
(C). (The « values are not equal to zero if no base
is added. However, they are very small (=~ 107**)
and may be approximated to be zero.) The following
equations may be used to express the reaction rates
in the particles.

N,
Ny

N,
Ny
Ny
Ny
No
Ny

_ N,
RpA = kPAA [MA ]p ng —— N, PBA [MA ]Pn’B

+ ko [Mslone == (20)

N, -
RPB PBB[MB]PnB Np + kPAB[MB]Pn’A

+ koo [Mglonc (21)

N,
Roc = kpec[Mclpnc -

N,
N, + Ry [Mclpna = N,

N,
pgc[MC]pn'B NA (22)

where [ M,], is the concentration of undissociated
acid in the particle, [ Mg], is the concentration of
styrene in the particle, [Mc], is the concentration
of dissociated acid in the particle, N, is the number
of particles / L,q, kp; is the propagation constant for
radical ¢ with monomer j, n; is the average number
of j radicals /particle, and N, is Avogadro’s number.

The dissociated species, C, is treated like a third
monomer in the above rate expressions. Nomura et
al. give expressions for the change in n; with time
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for a copolymer system. Their analysis may be ex-
tended to include the dissociated species, C:

_ —5 _ - -

dn, _ Pelyq ok na k nang nanc

s, = - {1 — T Ry T Ry -
d t Np DAA Vp 'PAB Vp 'PAC Vp

- kdesAﬁA - (kPAB + kmAB) [MB]pﬁA

+ (kpgy t B ) [Malpns

PBA
- (kp,“; + kmAc)[MC]pﬁA
+ (Bpey T Bmea) [Malpne =0 (23)

PCA

where p, is the rate of adsorption of radicals by the
particles, w, is the probability of adsorbed radicals
becoming an A radical, kn; and k., are chain transfer
and termination constants, respectively, and kg 1s
a desorption constant.

Similar equations may be written for d ng/dt and
dn¢/dt. Summation of these equations gives

dii _ d(, + g + Aic)

dt dt
p ni nang ng
=1 _ -4 Aare phe]
- N ZktPAA 2ktPAB 2ktPEB

p vp vp Vp

~ ~ ~ = ~2

nanc nplp nc¢

- 2ktPAc - 2klPBc = 2kipec —

Vp Vp

- ( kdesAﬁA + kdesBﬁB + kdescﬁC) ( 24 )

Nomura et al. note that the termination and de-
sorption terms in eq. (24) are at most equal to p,./
N,. If the rate of desorption is relatively small, p,
~ R;, and w, is less than unity. Therefore, Nomura
et al. state that the last terms (four in this case) in
eq. (23) are dominating. (p./N, ~ 0.01 to 1 and
k,{ M;],7n = 100 based on typical emulsion reaction
systems.) The propagation constants are usually
much greater in magnitude than the chain transfer
rate constants (&, > k,,) so eq. (23) can be simplified
to

~kpys [ Mplpha + kop, [Malpnis

—kp [ Mclpna + koo, [Malpne =0 (25)

Equilibrium between species A and C is described
by

[MA]p
[MC]p

(1 = ap) [Malp,, (26)

aP[MA]Ptm (27)

I

where a, is the degree of neutralization or fraction
of dissociation of acid in the particles, and [ M, ],
= [M4], + [ Mc],is the total amount of acid species
in the particles.

If this same relationship of dissociated and un-
dissociated acid species applies to the radicals (i.e.,
the presence or absence of a radical is assumed not
to affect whether the carboxyl group is dissociated
or undissociated), then

na = (1 — ap)ng, (28)

Rc = ophga,, (29)

where n,4,, = ny + nc is the total number of acid
radicals.

Equation (25) may then be rewritten using the

expressions given by eqs. (26) through (29). Rear-
rangement leads to the following expression:

A=T2
Ny,
- kPAB[MB]P + (kmc - kPCA)aP[MA ]Pm (30)
kPBA[MA ]sz
Then,
0 LI (31)
Mo =754 "
= (1— a) —— 7 (32)
i ®1ya
= (33)
mEIT A
{0 LI (34)
Ne =«
CT®Txa”
Finally,
11—« A o
RPA = (kPAA 1 +Ap pBAI—+—A— + Rpg, ﬁ)

_ N,
X (1— ap)[MA]pmnN—: (35)

A l1—« «a
Rps'_'(kp331+A+kma1_*_Ap+kpcsl+pA)

_N,
X [Malpnj—v—: (36)

1_
R,,C=(k %4k Ry A)

PC1+A P14+ A PEC 1 4+ A

_ N,
X ap[Malp, N_: (37)



Reaction Rate in the Aqueous Phase with DN > 0

The reaction rate in the aqueous phase is given
by

R = _(d{MA]aq + d[Mp].,+ d[MC],,,,)
P dt

— _(d[MAtot]ﬂq + d[MB]aq)

dt
= kpuu[Ma-Jag{ Ma)ag + Ry IMar)ag [ Mplag
+ ko[ Marlagl Mclaq + Rpps [ Mpe]aq [Mp]aq
+ kg [Mp-lag[Malaq + Rope [Mplag[Mclaq
+ Epec[MclagIMclag + kpe, [Mc-]ag[ Malag
+ Ry [Mc]agI Mplag  (38)
where [M;-],4 is the concentration of j radicals in
the aqueous phase.
A steady-state concentration is assumed for each
type of radical.
kpis[Ma)ag[Mplag + kpe [Ma-]ag[Mclag
= Fogs [Mp-]ag[Malaq + Epc, [Mc)ag[Malaq (39)
Rpsa IMp)aql MBYaq T Roge | Mp]aq[ Mc) aq
= kpus [ Ma-]aa[Mplaq + o [Mc]ag[ Mplaq (40)
kpea[McrYaqiMalaq + Rocg [Mc]agl MB]ag
= kpsc[Ma-lagl Mclaq + Bope [Mp-]ag[ Mclaq (41)
In bulk or solution polymerizations the next step

is to set the rate of initiation equal to the rate of
termination.

Ri = Rterm

However, in emulsion polymerization, capture
and desorption of radicals must be taken into ac-
count.

Ri = Rterm + Rcapture - Rdes
Substitution of the appropriate expression leads to

Ri = 2'l_atABc([MA']aq + [MB’]aq + [MC‘]aq)2
+ Ec([MA°]aq + [MB']aq + [MC']aq)Np

ke N,R

N. (42)
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where k. is an average termination constant de-
pendent on DN, and %, is an average capture con-
stant. Since [Ma-]aq,, = [Ma'lag + [Mc+]aq, rear-
rangement gives

[Rtot]aq = ([MA']aqm + [MB']aq)
[—Ech
+ V(k.N,)? + 8k,,, (Ri + kaeaN,71/N4)]
4’_QtABC

(43)

Initial experiments suggest that the partition of
undissociated and dissociated species between the
aqueous and particle phases is not the same. There-
fore, a separate value for the fraction of acid in the
aqueous phase, which is dissociated, denoted by a,q,
may have to be employed. Expressions for [ M-]
and [ M¢+] . are then obtained as follows:

[Ma]aq
[MC']aq =

Substitution of egs. (44) and (45) into eq. (39)
and then rearrangement leads to expressions for
[MA']aqmt and [MB']aq'

(1- aaq)[MA']aqmt (44)
aaq[MA']aqwt (45)

[Rtot]aq
. == 4
[ Malag,, 1+ G (46)
[Rtot]aqG
Mg = == 4
[ B ]aq 14+G ( 7)
where
G = RpasIMplaq + aaq[MAla%c(kpAc — kpe,) (48)

kPBA Qaq [ M, ]alhot

Substitution of these expressions for the total acid
and styrene radical concentrations into eq. (49)
gives a final expression for the rate of reaction in
the aqueous phase, which involves only two mea-
surable parameters ({Myl.,, and [Mgl,,), but
which accounts for the reaction of three different
species (providing that the value for « in each phase
is known).

k k
Ry, = [kp,m(l — ag)? + ('ﬂé + _pcg)asq(l ~ Qaq)
rac  Tca

+ kpcca?aq] [MA']aqm[MA]aqm

k k
+ l: Pas (1~ aaq) + P aaq:l[MA']aqw,[MB]aq
TAB Tcs
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k k
+ [—"B—'i (1 — aaq) + 22 g [[Mp]ag[ Maag,,
rBa sc

+ Bopg [Mplaq[Mplag  (49)

PBB

EXPERIMENTAL

Methacrylic acid and styrene monomers (all > 99%
pure) were used as received. Potassium persulfate,
sodium hydroxide, and sodium dodecyl sulfate were
also used as received. Carboxylated styrene seed
particles (28 nm diameter) were supplied by Dow
Chemical, Midiand, Michigan. High-purity nitrogen
(> 99% ) was employed.

The following procedure was used for all solution
homopolymerizations of the acids. Deionized water
was added to a 1.0-L glass reactor, and it was purged
with nitrogen. The stirrer consisted of a paddle ag-
itator with a 1.5 in. Teflon blade operated at about
600 rpm. Two separate stainless-steel coils were in-
serted into the reactor. Heating and cooling of the
reactor contents was achieved by circulating hot and
cold water through the respective coils. The coils
and probes inserted into the reactor for temperature
measurement and sampling also served as baffles,
which improved mixing in the reactor. The reaction
temperature was measured with a 316 stainless-steel
type-T thermocouple (temperature range —210-
160°C) connected to a time-proportioning digital
temperature controller (OMEGA, Model 149) ac-
curate to within 0.5°C. After the water and seed
were brought to reaction temperature, the acid
monomer was added, and then the initiator solution
was injected. Samples were removed at selected
times and injected into a chilled hydroquinone so-
lution to short-stop the reaction. About 5 g of each
sample were dried for gravimetric conversion anal-
ysis. Partially neutralized runs were conducted by
adding enough sodium hydroxide solution to the re-
actor to obtain the desired initial degree of neutral-
ization. Hydrochloric acid was then added to each

sample vial before drying to reassociate all acid in
the sample. All of the acid would not volatize unless
it was completely undissociated due to the heavy
cations that associated with the anionic acid species.

The standard recipe for each of the seeded emul-
sion copolymerization reactions is given in Table I.

All emulsion polymerization reactions were run
at 85°C in a nitrogen purged, agitated, 1.0-L glass
vessel similar to the reactor used for the solution
polymerizations. The following procedure was used
for each run. Carboxylated, styrene seed latex was
mixed for 24-48 h with an anionic-cationic ion ex-
change resin (Bio-Rex MSZ 501) to remove excess
surfactant. The amount of surfactant removed from
the seed was determined gravimetrically. Deionized
water, “cleaned” seed, and SDS (an amount that
combined with the SDS remaining in the seed latex
to give a concentration of 4.0 mmol/L,,) was added
to the reactor. Nitrogen was bubbled into the reactor
and heating was begun by pumping hot water
through an internal stainless-steel coil. When the
reactor temperature reached approximately 85°C,
styrene was slowly added through a dropping funnel.
The acid monomer was mixed with an appropriated
amount of 2M sodium hydroxide solution, then
slowly added in the same manner. (Since diffusion
of sodium hydroxide into the hydrophobic polymer
particles is negligible, the monomer was partially
neutralized before addition to the reactor.) Fast ad-
dition of either monomer would tend to “shock” the
seed resulting in coagulation. The nitrogen purge
line was pulled to the top level of the emulsion after
the monomer addition to prevent polymer from co-
agulating at the interface of the nitrogen bubbles.
The initiator solution was then injected.

The system was allowed to equilibrate for 1-2
min, and a sample was taken to make sure that ther-
mal polymerization had not occurred. The relatively
short equilibration time was utilized to minimize the
risk of thermal polymerization occurring before ad-
dition of the initiator. Samples of 20-25 mL were
extracted with a syringe at predetermined intervals

TableI Standard Recipe for Carboxylated Emulsion

Batch Copolymerizations

K,S8,04
Sodium dodecyl sulfate (SDS)

Seed (particle diameter ~ 28 nm)
Monomer

(Acid/styrene ratios)
DI water

5.0 mmol/L,,

4.0 mmol/L,,

(CMC = 9.0 mmol/Ly,,)

~ 30 g of solid polymer

(~ 4.0 X 10" particles/L,,)

200 g total

(0/200, 20/180, 40/160, 70/130)

Balance to give 1000 g total reaction mass




throughout the reaction period. The samples were
immediately injected into a chilled hydroquinone
solution and immersed in an ice bath to quench the
reaction. The overall conversion was measured
gravimetrically by adding either HC! or trifluoroac-
etic acid to each sample to reassociate the acid so
that it would completely evaporate, then drying
about 5 g of each sample overnight in an oven, and
performing a mass balance on the dried solids.

Individual monomer conversions were obtained
by gas chromatography (GC) using a Varian 3300
gas chromatograph with a 12-ft stainless-steel col-
umn packed with Gas Chrom 254, 80-100 mesh
packing. ( The packed column was supplied by All-
tech Associates, Inc. in Deerfield, Illinois.) The col-
umn was operated at 220°C. The 5.0-mL reaction
sample was diluted in a mixture of SDS solution,
“uncleaned” seed, an internal standard solution, and
a small amount of triflouroacetic acid to reassociate
all of the unreacted monomer so that it would com-
pletely volatize in the column. The SDS solution
and seed were added to help disperse the styrene
homogeneously throughout the GC samples. Styrene
is essentially insoluble (0.5 g/L) in water.

pH measurements were made using a Fisher dig-
ital pH meter with a combination electrode. A tem-
perature probe was also immersed into the sample
to account for temperature effects on the pH.

RESULTS AND DISCUSSION

Monomer Partitioning in Acid-Styrene-Water
Mixtures-—No Particles

Reaction in the aqueous phase can be significant in
emulsion polymerization systems that contain one
or more water-soluble monomers. Accurate predic-
tion of the partition of monomers between the
aqueous, particle, and droplet phases is necessary
for determining reaction rates, copolymer compo-
sitions, and surface properties of the latex particles.
A model for predicting the partition of monomers
between the various phases has been developed for
an emulsion copolymer system.’®* The model was
limited to unneutralized systems where only two
species, undissociated acid and styrene are present.
Therefore, further study was needed to understand
the effects of partially neutralizing the acid on its
partition behavior.

The effect of degree of neutralization (DN) on
the acid partition was investigated by adding dif-
ferent levels of sodium hydroxide solution to acid-
styrene-water mixtures. Figure 3 reveals that the
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MAA/STYRENE/WATER MIXTURES

[ACID]org /[ACID]ag

pC

O=MAA, 4% OF TOTAL MONOMER
A=MAA, 25% OF TOTAL MONOMER
® = MAA, 35% OF TOTAL MONOMER

0 0z 04 06 08 1
DEGREE OF NEUTRALIZATION

Figure 3 Effect of degree of neutralization on the par-
tition coefficient for MAA in an MAA-styrene-water
mixture at various acid levels (25°C).

partition coeflicient of MAA decreases significantly
with increasing DN. The dissociated (anionic) form
of the acid monomer exhibits a negative charge
making it more polar than the undissociated form.
The increased polarity of the dissociated monomer
causes it to be more attracted to the polar water
molecules in the aqueous phase as opposed to the
relatively nonpolar styrene molecules in the organic
phase. Thus as the fraction of dissociated monomer
increases, the overall fraction of monomer, which
partitions into the organic phase, decreases. The
partition coefficient for MAA is also dependent on
acid level at low DN, but it becomes relatively in-
dependent of acid level as DN approaches 1.0.
Addition of sodium hydroxide to increase DN
changes the overall ionic strength of the solution.
A simple experiment was performed to examine the
effects of increasing DN without changing the over-
all ionic strength. Mixtures of acid, styrene, water,
and sodium hydroxide were made as previously de-
scribed over a range of DN from 0 to 1. The aqueous
phase was separated, and titrations were performed
to determine the concentration of acid in each phase.
However, sodium chloride was also added in an
amount that would yield an ionic strength in solution
equivalent to that obtained at a DN of 1. [ Example:
If 1.0 mole of acid is used, then to obtain a DN of
0.25 while maintaining a constant ionic strength
equivalent to that obtained at a DN of 1, 0.25 mol
of sodium hydroxide (NaOH) and 0.75 mol of so-
dium chloride (NaCl) are added to the mixture.]
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MAA/STY MIXTURES

[C)=10NIC STRENGTH CHANGES WITH DN
/A\=10NIC STRENGTH CONSTANT

MONOMER/WATER = 0.26

PC = [ACIDJorg /JACID]aq

Figure 4 Comparison of the partition coeflicient of
MAA between water and styrene for increasing ionic
strength and constant ionic strength at DN between 0 and
1. The monomer /water ratio is 0.26, and MAA represents
25% of the total monomer. (T = 25°C).

Results for MAA at constant ionic strength (Fig.
4) revealed that the partition coefficient is higher
for the case where the ionic strength is maintained
constant than the case when the ionic strength de-
creases with decreasing DN. The difference in the
partition coefficients measured for the two curves
reflects the relative difference in the ionic strengths
of the solutions over the full range of DN. The dif-
ference is large at a DN of 0, while there is no dif-
ference at a DN of 1. MAA monomer forms aggre-
gates in solution due to hydrogen bonding between
the monomer molecules.’® Increasing the ionic
strength may tend to disrupt these hydrogen-bonded
aggregates thus forming a greater number of single
molecules that more easily partition into the organic
phase.

These preliminary studies show that the DN, the
acid level, and the ionic strength of the solution all
significantly affect the partition of MAA between
styrene and water at various DN, Therefore, the ad-
dition of bases and /or buffers to regulate pH or other
desired product properties in a multiphase reaction
system such as an emulsion can significantly change
the partitioning of carboxylic acids between the or-
ganic and aqueous phases.

Solution Polymerization Studies

Solution polymerizations of MAA were carried out
under each of the conditions listed in Table II.

Table II Conditions Used for Solution
Polymerizations of Both MAA and
AA ([I], = 0.001M).

Concentration Acid Temperature
(wt %) DN °C)

2.0 0.0 85
4.0 0.0 85
7.0 0.0 85

10.0 0.0 85
7.0 0.25 85
7.0 0.50 85
7.0 0.75 85
7.0 1.00 85
7.0 0.0 70
7.0 0.0 80
7.0 0.0 90
7.0 0.0 96-98

Conversion-time curves for the natural pH (DN
= 0) reactions of MAA at 85°C over a range of con-
centrations from 2.0 to 10.0 wt % are shown in Figure
5. The basic free-radical solution polymerization
equation, which has been shown to apply to many
simple solution systems, was used to examine the
experimental data.

R - dM | (2fka[1])'? M) (50)
p = T T T T o172
dt (2k)Y
1
= 089
=)
178}
a4
£
= 0.6
o
[
—
z
& 0.4
S [O= 2.0 WT% MAA
< A= 4.0 WT7% MAA
ot @=7.0 WT% MAA
B g2 U= 10.0 WT% MAA
NATURAL pH {APPROX.=2.2), TEMP=85C
O T T

‘ 5 10 15 20
TIME (MINUTES)

Figure5 Conversion-time curves for the MAA solution
polymerization at various initial monomer concentrations
(85°C).



Integration of eq. (50), assuming that only [M]
varies, results in

[M]

(2fka[I])'?

1
" (2k,)172

k, t=Kt (51)

Reaction samples were obtained over time, and
monomer conversions were measured gravimetri-
cally. [I] can be calculated as a function of time
through

(1] = [1]oexp (—kqt) (52)

It remained essentially constant over the short re-
action period (< 20 min) required for nearly com-
pletely conversion of MAA and AA. (i.e. []]
= 0.92[I], after 20 min). A value of k; of 6.89 X 107°
was obtained from the literature.!” A value of 1.0
was used for the initiator efficiency factor f.

Gromov et al.” assumed that the reaction rate
given by eq. (50) applied to both AA and MAA so-
lution polymerizations. (Chapiro and Dulieu’® and
Shoaf,'® however, showed that the mechanism for
reaction of AA is more complicated than the simple
solution polymerization scheme.) The value of k,
should then be independent of monomer concentra-
tion. Gromov does not specifically state the actual
monomer concentrations utilized in their experi-
ments. However, similar work performed with Gal-
perina et al.® involved reactions of AA at concen-
trations of 3.0-4.0 wt %. The values for k, based on
the Gromov et al. data were obtained by fitting an
Arrhenius expression to the data (which were given
for temperature ranges of 0-60°C) and extrapolating
to 85°C, the temperature of the reactions performed
in this work. These experiments as well as the Gro-
mov et al. were performed at natural pH (approxi-
mately 2.2-2.4).

Plots of In[ M ],/ [ M] versus time should be linear
with a slope K based on the relationship given by
eq. (51). Values of k,/k}’? can be obtained from
this slope. Gromov et al.” reported values of k, for
MAA (0.12 X 10® L /mol s) from experiments uti-
lizing the method of alternating illumination. The
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values were relatively constant over a range of tem-
peratures from 0 to 60°C, and these values were as-
sumed to apply also at 85°C so that propagation
constants could be calculated directly from
k,/k}’? ratios. Values of k,/k!/? and k, (L/mol s)
obtained from the experimental data as well as those
predicted from the Gromov’s et al. data are listed
in Table III for the range of monomer concentrations
investigated.

The In[M],/[ M] versus time plots for MAA are
shown in Figure 6. Plots of the MAA data results
in relatively straight lines as predicted by the as-
sumed first-order kinetic model given by eq. (51).
Figure 7 plots k, values as a function of initial
monomer weight percent for MAA. The data for
MAA agree fairly well (within experimental error)
with the &, values predicted from the Gromov’s et
al. data.

Solution Polymerizations: Experimental and
Model Results with DN > 0

The initial rates of MAA polymerizations in solution
were measured over a range of DN from 0 to 1 to
check the reproducibility of the results reported by
Kabanov et al.* The results are shown in Figure 8
for MAA. The rates of reaction decreased with in-
creasing DN as expected.

Additional unseeded solution polymerizations of
MAA at DN between 0 and 1 were conducted to
determine to what extent the DN of the unreacted
monomer changed over the conversion period. The
pH of these reactions was measured throughout the
reaction period by inserting a pH probe and tem-
perature probe into the reactor. The DN of the un-
reacted monomer could then be calculated with eq.
(53) and the concentration of hydrogen ions as de-
termined from the pH measurements.

DN - K,/[H']  107%/1077H
1+ K,/[H'] 1+ 10 P%/107H

(563)

Equation (12) is based on the assumption that a
single value of K,; may be used. The value of K,

Table III k,/k}’® and k, Values for MAA and AA at 85°C

wt % k,/R? (L/mol s)*/? Bpesper (L/mol 5) Fptromer (Li/m01 8)
2.0 4.37 15,200 15,900
4.0 5.24 18,200 15,900
7.0 4.89 16,900 15,900
10.0 4.34 15,000 15,900
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Figure 6 In[M,]/[M]-time relationship for 2.0, 4.0,
7.0, and 10.0 wt % MAA solution polymerizations at 85°C
and natural pH.

has a large effect on the value of DN predicted from
eq. (11) as revealed by Figure 9. The actual DN of
the unreacted monomer does increase with conver-
sion as expected (Fig. 10), but the best fit of the
experimental DN-conversion data required some
modification of K,, from the average value of 1.0
X 1077 as reported by Molyneux.'? The correct value
of K, for the polymer is uncertain since there are
actually many values depending on the lengths and

MAA PROPAGATION CONSTANT - T=85°C
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Figure 7 Dependence of k, on initial monomer weight
percent for MAA solution polymerization at 85°C.
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Figure 8 Initial rates of reaction as a function of DN
for 7.0 wt % MAA in solution at 85°C.

conformations of the polymer chains. Therefore, K,
was adjusted in the model to give the best fit of the
data. A single value of 3.5 X 107° resulted in con-
sistent fits of the DN versus conversion plots for
the full range of initial DN values examined.

The next step was to predict the reaction rate of
MAA at various DN accounting for the fact that the
DN of the unreacted monomer does change with
conversion. Kabanov et al.? report a value of 670 L./
mol s for the propagation constant (kpcc) of the
MAA anion and 2.1E8 L/ mol s for the termination

EFFECT OF Ka2 ON DN(CONV) — MAA
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Figure9 Effect of K, on the predicted DN as a function
of conversion with an overall DN of 0.5.
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Figure 10 Comparison of predicted DN as a function
of conversion with experimental values (K, of 3.5 X 107°).

constant at 23°C. A value for k,cc at 85°C was ob-
tained by fitting experimental conversion data of
MAA obtained at a DN of 1.0 using the basic solution
polymerization equation since at a DN of 1.0, only
one reaction species, the anions, will be present in
the system. The best fit was obtained with a k,cc of
5000 LL/mol s (Fig. 11). (The k, value was assumed
not to change significantly with temperature. Values

0.30

0.25 1

0.20

0.15

CONVERSION

0.10 4

0054 O

D= EXPER.
&= EXPER. ~ (REPEAT)

1

0 20 4]0 60 80
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Figure 11 Fit of conversion-time data for the MAA
anion at 85°C using the solution polymerization equation,
a value of k, of 2.1 X 108 (L. /mol s) as reported by Ploch-
ocka® and an adjustable propagation constant, k.. The
best fit was obtained with a k&, of 5000 (L /mol s).
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of k, reported by Kabanov et al.* for the unneutral-
ized MAA polymerization were constant over a tem-
perature range of 20-60°C.)

The copolymer model was modified to account
for the changing DN with conversion by using eq.
(12). The results of the model using a K,, value of
3.5 X 107° are shown in Figure 12. The predicted
conversion-time results slightly underestimate the
experimental data for all initial DN values.

A further adjustment of K,, was then made in
order to obtain a better fit to the conversion-time
data. Figure 13 shows that a good fit of the reaction
data is obtained for all initial DN values if a value
of K, of 8.0 X 107 is used. The predicted DN was
recalculated using the adjusted K, value and com-
pared to the measured values as exhibited in Figure
14. The predicted values are close to the observed
values, but in each case the observed values are
slightly underestimated.

Therefore, good fits of both DN-conversion data
and conversion-time data can be obtained using a
solution copolymerization model that accounts for
the change in DN of the unreacted monomer with
conversion for a wide range of initial DN values.
However, some discrepancy between the values of
K,, that give consistent fits of both types of data,
simultaneously, still remains.

Acid-Styrene Emulsion Copolymerization:
Experimental and Model Results with DN > 0

One objective of this study was to determine if par-
tially neutralizing the acid exhibited the same effects

MAA CONV/TIME DN>0 Ka2=3.53E-6

CONVERSION

02- x7

A = DNoiriat = .28
V= DNigiw = 61

I""/
:ﬁx X = DNiniriet =. 85
0 ¥ T T T Ll T
0 25 50 % 100 125 150 175
TIME (MIN)

Figure 12 Comparison of solution copolymerization
reaction model results to experimental data for MAA at
various DN (K, = 3.5 X 107%).
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Figure 13 Comparison of solution copolymerization
reaction model results to experimental data for MAA at
various DN (K,, = 8.0 X 107%).

on the reaction rate in an emulsion “terpolymeriza-
tion” between the acid, anion, and styrene as ob-
served with the solution polymerizations. Experi-
mental methods were developed to address this issue.
Initial MAA-styrene emulsion polymerizations were
performed at a DN of 0.25. The experimental con-
version profiles for both acid (including the undis-
sociated and dissociated species) and styrene at a
DN of 0.25 are contrasted to conversion profiles at

DN/CONV Ka2=8.0E—6 MODEL/EXPER

+ ++ + + t * #
[ ]

. E’D

DN

0.2

Ke poymer = 8.06-6
LINE~MODEL, PTS.~EXPER.

0 0.2 0].4 (;.6 XB 1
CONVERSION

Figure 14 Comparison of predicted DN as a function
of conversion with experimental values (K, of 8.0 X 107%).
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Figure 15 Experimental conversion profiles for MAA-
styrene at overall DN values of 0.0 and 0.25 (T = 85°C).

a DN of 0.0 in Figure 15. The rate of reaction of
MAA was slower at a DN of 0.25 as expected due to
the slower rate of reaction of the anions as a result
of their increased electrostatic repulsion. However,
the rate of reaction of styrene was also slower in
both cases for the run at elevated DN.

Figure 16 shows that as the DN increases, the
fraction of monomer that partitions into the organic
phase decreases. Since the aqueous-phase oligomeric
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Figure 16 Partition of MAA into the aqueous and sty-
rene phase as a function of DN.



radicals are comprised to a large extent of acid and
anion molecules, the rate of entry of these radicals
may be slower than when the acid is partially neu-
tralized. The increased polarity due to the negative
charge of the anion increases the attraction of the
neutralized acid to the polar water molecules in the
aqueous phase. The anionic species, therefore, are
less likely to partition into the organic phase than
the undissociated species. This result suggests that
the concentration of free radicals inside the polymer
particles (n2) is lower at a DN of 0.25 than at a DN
of 0.0 perhaps due to a slower entry rate into the
particles of oligomers that contain anionic species.
Consequently, a lower concentration of free radicals
in the particles (lower ) will result in a slower rate
of reaction of styrene in the particles as observed.

Another factor contributing to the decrease in re-
action rate of styrene is that the cross-propagation
constant for reaction of styrene with the acid anion
is lower than the cross-propagation constant for re-
action with the undissociated acid for the MAA-
styrene system. The values of the cross-propagation
constants for reaction with the anion were calculated
from reactivity ratios for styrene and the anion based
on @-e values reported for the MAA-styrene sys-
tem.”' The concentration of anions in the organic
phase, however, is relatively small based on the par-
tition data obtained at high DN values.

The emulsion copolymerization model was mod-
ified to account for the formation and reaction of
the dissociated acid, a third reacting monomeric
species, due to partial neutralization of the acid with
sodium hydroxide. The formation of a third reacting
species complicates the reaction mechanism. Mod-
ifications of the equations in the kinetic model to
account for reaction of all three species, styrene,
acid, and the anion, were developed earlier.

Application of the model depends on several pa-
rameters that are directly affected by the presence
of the dissociated acid. These parameters include
the partition coefficients, radical capture and de-
sorption coefficients, termination and propagation
constants, and the DN of each phase. Accurate pre-
diction of the values for these parameters cannot be
made without a long series of experimental studies
to determine the effects of overall DN over a range
of monomer/water ratios for each monomer system.
Nevertheless, initial estimates can be made for each
of these parameters based on previous work per-
formed in this study.

The degree of neutralization changes with con-
version due to the changing equilibrium between the
monomer and polymer, and also due to the varying
partition of monomer into the particles depending
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on the relative concentrations of styrene, acid, and
anions. Some progress on predicting the changing
DN with conversion was discussed earlier for the
solution polymerization of MAA. However, the ad-
dition of polymer particles and partition of mono-
mers between the various phases greatly complicates
the equilibrium between undissociated and disso-
ciated species. Fortunately, this complication can
be circumvented by measuring the pH of the reaction
mixture over the conversion period and calculating
the DN of the unreacted aqueous-phase monomer
directly from the pH measurement using the equi-
librium expression given by eq. (53).

This approach limits the predictive capabilities
of the model because the DN-conversion profile must
be known a priori. However, it allows the other as-
pects of the model to be investigated without having
to quantitatively predict the DN of the unreacted
monomer in a complex system containing particles
with monomer and polymer present in both aqueous
and particle phases. Results of calculated DN as de-
termined from pH measurements over the conver-
sion period are presented in Figures 17 and 18 for
runs with an overall DN of 0.25 and 0.50 based on
the ratio of sodium hydroxide and acid monomer
initially added to the system. The initial DN values
at zero conversion exceed the overall DN values of
0.25 and 0.50 in part due to disproportional partition
of the monomer and sodium hydroxide into the or-
ganic phase. As much as 30-40% of the MAA par-
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Figure 17 Change in DN over the conversion period
as determined from pH measurements for the reaction of
MAA-styrene at an acid (including neutralized acid)/
styrene ratio of 40/160 with an initial DN of 0.25 based
on total moles base/total moles acid (T = 85°C).
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Figure 18 Change in DN over the conversion period
as determined from pH measurements for the reaction of
MAA-styrene at an acid (including neutralized acid)/
styrene ratio of 40/160 with an initial DN of 0.50 based
on total moles base/total moles acid (T = 85°C).

titions into the particles and droplets. But when
styrene, water, and sodium hydroxide were mixed
and allowed to separate in a separatory funnel for
about 2 h, only about 2.0% of the sodium hydroxide
was found to distribute into the styrene phase.
Therefore, a significant amount of MAA partitions
into the organic phase whereas almost all of the so-
dium hydroxide remains in the aqueous phase. Thus

the initial measured DN values are higher than if
all the acid and base were in the same phase.

A thermodynamic partition model*® was utilized
in making initial estimates of the concentrations of
the acid and styrene in each phase. The fraction of
acid in the organic phase was then determined as a
function of DN from experimental data reported in
Figure 16. This organic fraction was distributed
evenly between the particles and droplets in the
model. Then adjustments in the amount of styrene
in the particles were made to compensate for the
difference in the original amount of acid estimated
to be in the organic phase based on the partition
model calculations and the amount based on the ex-
perimental partition data in Figure 16 at various
DN. This approach provided a method for account-
ing for the dependence of acid partition on DN.

An estimate for the average desorption coefficient,
kdes, was made based on the typical range of values
calculated for the unneutralized MAA-styrene sys-
tem. Though the actual value changed as the relative
amounts of each monomer changed, typical values
were about 2.0 (1/s) for this system. The addition
of the anion as a third reacting species made cal-
culation of kg difficult, especially since values for
chain transfer and cross-transfer constants are un-
known for the anion or any similar dissociated mo-
nomeric acid. Therefore, a constant value of 2.0
(1/s) was utilized in the model of the partially neu-
tralized MAA-styrene system.

An estimate of the average capture coefficient,
k., was also made based on the typical range of val-

Table IV Values for Parameters Used in Seeded Emulsion Copolymerization Simulation

of MAA and Styrene with DN > 0 (T = 85°C)

Parameter Monomer Value Source
k, (L/mol s) MAA 15900 Experiment, 5
k, (L/mol s) Anion 670 9
k, (L/mol s) Styrene 900 17
k. (L/mol s) MAA 0.1 X 10% 7,18
k, (L/mol s) Anion 2.1 X 10® 9
k. (L/mol s) Styrene 2.5 x 10% 17
TaB MAA-Styrene 0.55 19, 20
Taa Styrene-MAA 0.25 19, 20
Tac MAA-Anion 0.68 11 (Q-e scheme)
Yca Anion-MAA 0.08 11 (Q-e scheme)
r'sc Styrene-Anion 1.30 11 (Q-e scheme)
Ica Anion-Styrene 1.10 11 (Q-e scheme)
Faes (1/8) Assumed constant 2.0
k. (cm®/s) Assumed constant 2.0 X 107 DN = 0.25
k. (cm®/s) Assumed constant 5.0 X 107% DN = 0.50
N, (part/Licactor) Assumed constant 3.0 X 10*® ~~ 4.0 X 10" (part/L,,)




ues calculated for the unneutralized MAA-styrene
system. A value of 2.0 X 10 (¢cm?®/s) was used for
the simulation with DN of 0.25. However, a value
of 5.0 X 107 (¢cm?/s) produced a better fit of the
data for the run with a DN of 0.50. This lower value
of k, for the run at DN of 0.50 is consistent with the
expected decrease in rate of radical entry into the
particles with increased concentration of anions.

Reactivity ratios were estimated using @ and e
values reported by Alfrey et al.!’ for the acid and
anion and by Brandrup and Immergut!” for styrene.
The reactivity ratios for MAA and styrene were ad-
justed to correspond to the same values used in the
model at a DN of 0.0.

An average termination constant for both the
particle and aqueous phases was calculated based
on the fraction of each monomer in each phase.
Propagation constants were based on values re-
ported in the literature. An overall listing of the ki-
netic parameters used in the model with DN greater
than zero is displayed in Table IV.

Simulations with the initial version of the model,
which assumed the DN to be the same in all three
phases, resulted in predicted reaction rates of MAA
that were too high relative to styrene. The model
predicted that at a 40 /160 acid (including neutral-
ized acid) /styrene ratio the MAA reached high con-
versions before the styrene for both the DN of 0.25
and 0.50 cases. However, the data in Figures 19 and

MAA/STY DN=0.25 MODEL AND EXPER.
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Figure 19 Comparison of experimental data and model
predictions for the conversion profiles of MAA and styrene
at an acid (including neutralized acid)/styrene ratio of
40/160 and an initial DN of 0.25 (T = 85°C).
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Figure 20 Comparison of experimental data and model
predictions for the conversion profiles of MAA and styrene
at an acid (including neutralized acid)/styrene ratio of
40/160 and an initial DN of 0.50 (T = 85°C).

20 reveal that for overall DN values of 0.25 and 0.50,
styrene reaches high conversions before MAA. The
model was then modified so that only copolymeriza-
tions of the undissociated acid and styrene occurred
inside the particles, and terpolymerization of all
three species occurred only in the aqueous phase
(i.e., it was assumed that the concentration of anions
inside the particles was negligible). Results from
these simulations also shown in Figures 19 and 20
reveal that the model predicts not only the proper
trends for the acid and styrene conversion profiles,
but the fits of the data are also reasonably good,
especially for the case with a DN of 0.50.

The accuracy of the reaction model for partially
neutralized systems is limited by the assumptions
that must be made in accounting for the many effects
of the dissociated species on a large number of im-
portant parameters. Much additional work is needed
in order to quantitatively determine the effects of
these anions on the kinetics of the reaction system.
Nevertheless, this portion of the study establishes
some important directions for further work related
to kinetic modeling of partially neutralized acid-
styrene emulsion polymer systems.

CONCLUSIONS

Simple first-order solution polymerization kinetics
may be used to describe the reaction of MAA in
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water. Partially neutralizing the acid slows the re-
action rate in both solution and emulsion systems.
The slower rates are attributed to the increased
electrostatic repulsion of the dissociated acid (an-
ions). The degree of neutralization of unreacted
monomer increases in a solution polymerization
throughout the course of a batch reaction due to the
different acid strengths of acid monomer and acid
polymer.

Partial neutralization of these acids also results
in a decreased partitioning of acid into the organic
phase. This decreased tendency of partially neu-
tralized acid species to enter the organic phase
probably leads to a lower rate of capture of oligo-
meric radicals and thus a lower average number of
radicals per particle resulting in the decreased rate
of reaction of styrene, which was observed experi-
mentally.

A model has been developed to predict both the
change in degree of neutralization and polymeriza-
tion rates throughout the course of a partially neu-
tralized MAA solution polymerization. An emulsion
copolymerization model developed for acid-styrene
systems was extended to the case where the acid is
partially neutralized. Comparison of model and ex-
perimental results suggests that very little of the
dissociated acid reacts inside the particles.

Funding for this work was provided by Dow Chemical,
Midland, Michigan and the National Science Foundation
under Grant No. CBT-8717926.

NOMENCLATURE

A parameter relating the relative reactivities
of monomer : and monomer j

CMC critical micelle concentration (mol/L,,)

DN degree of neutralization (moles base/
moles acid)

f initiator efficiency factor

F; instantaneous fraction monomer i in co-
polymer

[1] initiator concentration (mol/L)

k. average radical capture coefficient (cm?/
s)

ky initiator decomposition rate coefficient

~ (1/s)

Rges average radical desorption coefficient
(1/s)

Ries volume independent desorption coefficient
(ecm?/s)

Roij chain transfer to monomer (L /mol s)

kp propagation constant (I./mol s)

kp,; propagation constant of monomer ¢ with
monomer j (L/mol s)

k. termination constant (L /mol s)

Ez,-,- average termination constant of radical ¢
with radical j (L/mol s)

Ru termination constant in the aqueous phase
(L./mol s)

K, acid dissociation constant (monomer)

K, acid dissociation constant (polymer)

[M] concentration of monomer (mol /L)

n average number of free radicals per par-
ticle

N, Avogadro’s number (6.02 X 10% /mol)

N, concentration of polymer particles (no./
Laq)

r; reactivity ratio = ky;/ ky;

R; rate of initiation (mol/L,g s)

R, rate of polymerization (mol/L,, s)

SDS sodium dodecyl sulfate (anionic surfac-
tant)

T temperature (°C)

t time (s)

x moles of dissociated acid monomer

v moles of reacted acid monomer

z moles of dissociated acid polymer

Greek Symbols

o fraction of dissociated acid monomer
8 fraction of dissociated radicals
¢ cross-termination coefficient = k;/ (k.:k;;)

Subscripts

aqueous phase

monomer A (acid)

monomer B (styrene)

monomer C (anion)

droplet phase

initiator

monomer

initial condition

polymer or particle phase

polymer or copolymer
or tot total

water or aqueous phase

monomeric species

polymeric species

o]
e}
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