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The o/w microemulsion polymerizations and copolymerization of butyl acrylate (BA) with
methacryloyl-terminated poly(oxyethylene) macromonomer (POE-MA) initiated by both water-
soluble (ammonium peroxodisulfate (APS)) and oil-soluble (AIBN) initiators were investigated.
The maximum rate of microemulsion polymerization of butyl acrylate was found to increase with
increasing APS and AIBN concentration and the increase was more pronounced in runs with APS.
The dependence of the rate vs. conversion is described by a curve with a maximum at ca. 20—40
% conversion. The maximum rate of polymerization was found to increase with increasing APS
concentration and the increase was proportional to the molecular mass of POE macromonomer.
The high radical activity of AIBN was attributed to hoping events. The particle size in the mi-
croemulsion polymerization of BA slightly increases with conversion. However, the addition of POE
macromonomer influences by a complex way the particle size. The addition of POE changes the elec-
trostatic stabilization mechanism to the electro-steric stabilization mechanism. POE macromonomer
or its graft copolymer promotes organized agglomeration and the formation of large number of
particles at medium conversion. At low and high conversion larger particles are formed. The re-
arrangement of reactants and polymer molecules at the beginning and the end of polymerization
and the interaction of hydrophilic BA-graft-POE copolymer molecules with polymer particles are

assumed to be responsible for the dramatic variations in particle size.

A microemulsion is being defined as an op-
tically transparent, isotropic, and thermodynami-
cally stable microdispersion consisting of water, oil
(monomer), and amphiphile(s) (emulsifier, coemulsi-
fier, etc.). These transparent oil-in-water microdisper-
sions are described as small spherical droplets dis-
persed in water. The interfacial layer of these droplets
is formed by emulsifier and coemulsifier. The picture of
the microemulsion structure as discrete droplets is re-
alistic at a low volume fraction of the dispersed phase
(monomer). In fact, this type of microemulsion resem-
bles a swollen micellar solution. As the volume frac-
tion of oil increases, the microemulsion may be con-
verted to miniemulsion. This change depends on the
partitioning of the monomer and coemulsifier between
the three phases (water, interface, and the micelle oil
core) and the formed interface layer. Coemulsifier is
needed to neutralize the excessive hydrophilic char-
acter or a charge of the ionic emulsifier and to asso-
ciate with emulsifier, water, and monomer molecules
to form a condensed surface film of the microdroplet.
The penetration of coemulsifier into the interfacial re-
gion of the microemulsion droplets increases the sur-
face area, the number of microdroplets, and the flu-
idity of condensed surface phase. The high number
of microdroplets favours the micellar model and the
increase in the particle number during the polymer-
ization [1].
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The aggregates formed by association of am-
phiphilic POE oligomers of polymers in the aqueous
solution have attracted widespread interest in recent
years [2]. Block and graft copolymers of POE tend
to aggregate in the aqueous phase in a similar way
as nonionic emulsifiers. The complex formation of an-
ionic emulsifier and POE macromonomer is known
to affect the colloidal parameters of micellar system.
The driving force which leads to such a complex for-
mation is, however, still poorly understood, owing to
the highly system-dependent nature of interactions [3].
The incorporation of a small amount of the nonionic
emulsifier to the ionic micelles results in a large de-
crease in the critical micellar concentration (CMC)
of the mixed emulsifiers. The synergistic lowering of
the CMC on mixing emulsifiers arises from favourable
(attractive) interactions on mixing of the nonionic and
ionic head groups. The presence of the nonionic head
group among the anionic head groups (sulfate) intro-
duces sufficient separation between the sulfate head
groups so that any changes in ionic strength have ef-
fect on the electrostatic interaction. The nature and
extent of the interactions between reactants and reac-
tion product will also by a complex way influence the
size of polymer particles and the rate of polymeriza-
tion.

Up to now there is very little information about the
coemulsifier properties of amphiphilic poly(oxyethyl-
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ene) macromonomers, the formation of mixed micelles
of SDS and POE macromonomer, the nucleation or
polymerization activity of macromonomer molecules
and mixed micelles, and the effect of homogeneous
nucleation on the microemulsion process. This is a
reason why we intend to follow the effect of POE
macromonomer on the kinetics of microemulsion poly-
merization of hydrophobic butyl acrylate. It is ex-
pected that the water phase polymerization of POE
macromonomer as a coemulsifier will increase both
the critical chain length of precipitated oligomeric
radicals and the homogeneous nucleation. This be-
haviour is expected to be a function of the molecu-
lar mass and concentration of macromonomer and the
partitioning of macromonomer between the aqueous
phase and the micelles or particles. The partitioning
of macromonomer between the particle surface and
its interior is a further parameter which influences the
colloidal and kinetic parameters, as well.

EXPERIMENTAL

Commercially available butyl acrylate (BA) was
purified by the conventional method and then distilled
under vacuum before use (see for example [1, 4]). The
initiators ammonium peroxodisulfate (APS) and 2,2'-
azobisisobutyronitrile (AIBN), and a reagent-grade
sodium dodecyl sulfate (SDS) were used as supplied
(Fluka). Methacryloyl-terminated poly(oxyethylene)
macromonomers (POE-MA, NOF Corp.) with {Mn}
= 1000 (POE—MAloo()), 1740 (POE-MA1740), and
4250 (POE-MA 4250) were used. Twice distilled water
was used as a polymerization medium.

The batch polymerizations were run at 60°C. In
all runs recipe comprises 100 g water, 20 g SDS, and
0.025 g NaHCOg3. Concentrations of APS varied from
1.6 x 1073 mol dm~3 to0 9.6 x 1073 mol dm~3, [BA]
from 0.61 mol dm~3 to 1.22 mol dm~3, and [POE-
MA] from 0.003 mol dm~2 to 0.015 mol dm~3 [AIBN]
was 0.005 mol dm~3 The polymerization technique,
the measurements of viscosity and conductivity, con-
version determination (dilatometric and gravimetric
techniques), and particle size measurements were the
same as described earlier [5—7].

RESULTS AND DISCUSSION
Polymerization Rate

Variations of the copolymerization rate of BA
and POE-MA with the (macro)monomer concentra-
tion and conversion are expressed in Fig. 1. The rate
vs. conversion dependence shows two distinct nonsta-
tionary regions. The position of the maximum rate
for different POE-MA macromonomers is located in
the conversion range 20—40 %. The appearance of
a maximum rate at medium conversions is a result
of two opposite contributions [1, 8]; 1. The depletion
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Fig. 1. Variation of the polymerization rate of the microemul-
sion polymerization of butyl acrylate in the presence of
POE-MA macromonomers initiated by APS with con-
version. Recipe: 100 g water, 10 g BA, 20 g SDS, 0.025
g NaHCOj3, temperature 60°C. [APS] = 0.0016 mol
dm~3, {Mm,poE-MA} = 1081, [POE-MA] = 0.0029 mol
dm—3 (A), [APS] = 0.0049 mol dm™3, {Mm,POE~MA}
= 1081, [POE-MA] = 0.0029 mol dm~3 (A), [APS] =
0.0049 mol dm~3, {Mm por.Ma} = 1740, [POE-MA]
= 0.0018 mol dm—3 (®), [APS] = 0.0049 mol dm~3,
{Mm poE-MA} = 1740, [POE-MA] = 0.0022 mol dm~3

(0).

of monomer droplets (beyond ca. 20—40 % conver-
sion) leads to the decrease of monomer concentra-
tion at reaction loci. This is a reason why the mi-
croemulsion polymerization proceeds under monomer-
starved conditions already at medium conversion.
However, the maximum rate in the microemulsion
polymerization of BA is shifted to lower conversion
(ca. 10—20 %) [7—9]. In the miniemulsion polymer-
ization the monomer-starved conditions are opera-
tive beyond ca. 40 % conversion and in the classi-
cal emulsion polymerization beyond ca. 60 % con-
version, respectively. 2. The nucleation of particles
proceeds throughout the polymerization which pro-
nounces more the decrease of monomer concentration
at reaction loci. This is not the case of emulsion poly-
merization where the nucleation period is suppressed
to very low conversion interval, ca. up to 5 % con-
version. The initial increase in the rate with conver-
sion is ascribed to the increase of the particle number
and the decrease in the rate is mainly attributed to
the decrease of monomer concentration at the reac-
tion loci.

The polymerization is found to be relatively fast.
Besides, the conversion ws. time data indicated that
the conversion ca. 100 % is reached during 10—15
min. In all cases the colloidal stable polymer latexes
were formed.

The relationship Rp max vs. [APS]* is used to dis-
cuss the termination and nucleation mechanisms. The
reaction order z on [APS] was found to vary as follows
(Table 1)
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Table 1. Variation of Kinetic and Colloidal Parameters in the Microemulsion Polymerization of Butyl Acrylate in the Presence of

POE-MA 081 Macromonomer with APS Concentration

[APS]- 103 Rp,max - 103 D N 10-18
mol dm—3 mol dm—3 s—1 nm dm~—3
a b a b

1.6¢ 4.6 45 (35) 42 0.67 (35) 2.0
3.01 5.3 44 (40) 42 1.09 (40) 2.1
4.9! 6.1 39 (49) 42 1.4 (49) 2.2
9.61 8.0 38 (65) 41 2.06 (65) 2.5
1.62 4.0 44 (34) 41 0.7 (34) 2.2
3.0? 5.0 44 (25) 41 0.63 (25) 2.25
4.92 6.3 43 (20) 41 0.44 (20) 2.35
9.62 8.3 42 (40) 40 0.94 (40) 2.4

a) The value in brackets is conversion/%, [BA] = 0.6 mol dm™—3;
2. [POE-MA]1081 = 0.0087 mol dm~3.

0.46 (without POE-MA [9]) >
> 0.42 ([POE-MA] = 0.0087 mol dm~?) >
> 0.3 ([POE-MA] = 0.0029 mol dm~3)

(1)

For the instantaneous termination of growing rad-
icals by entered primary or oligomer (mobile) radi-
cals the reaction order z = 0.4 was suggested [10].
This is the case of emulsion polymerization where the
radical capture efficiency of large polymer particles is
high. In the stationary rate interval 2 the one half
of particles is active and the other half is inactive.
In the case of polymerization or copolymerization of
hydrophilic monomer(s) the water phase termination
may increase the reaction order to 0.5 (the bimolecu-
lar termination of growing radicals in water). In the
microemulsion polymerization the radical rate coef-
ficient for entry into polymer particles is by several
orders smaller than that for the entry into the classi-
cal — emulsion type polymer particles. This indicates
the initiating radicals are predominantly captured by
the microemulsion droplets. This results from much
larger surface area of micelles (by several orders) com-
pared to that of the polymer particles. We have re-
ported that the molecular masses of polyBA gener-
ated in the microemulsion polymerization were very
large and nearly independent of initiator (APS) con-
centration which was different from —0.6 power de-
pendence on the water-soluble initiator concentration
[10]. The chain transfer to monomer or emulsifier was
suggested to terminate the chain growth within the
polymer particles. This finding supports the previ-
ously reported slight dependence of the My, on potas-
sium peroxodisulfate (KPS) concentration reported by
Guo et al. [11]. The chain transfer events regulate the
molecular mass of polymer. The transferred radicals
re-initiate the chain growth or desorb from the poly-
mer particles. The presence of several polymer chains
in microparticle results from the re-initiation activity
of the transferred monomeric radicals.

It is well known that monomer radicals generated
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b) 90—97 % conversion. 1. [POE-MA);081 = 0.0029 mol dm~3,

by chain transfer tend to diffuse out of the polymer
particles. It was shown [12] that the exit rate of mobile
radicals increases with decreasing latex particle size.
Therefore, the radical desorption from the poly(butyl
acrylate) (PBA) microparticles is fast. These radicals
predominantly re-enter the monomer microdroplets.
The participation of monomer transferred radicals in
the instantaneous termination in particle or water
phase is very low. The existence and importance of
desorption/re-entry events in the microemulsion poly-
merization were proofed in the post-polymerization of
the photoinitiated microemulsion polymerization [13].
The dominant role of chain transfer/exit events, the
large number of monomer-swollen micelles, and the
small radical flux to each particle are responsible for
the very low value of the number of radicals per par-
ticle, much less than 0.5 [1, 8]. This might be the case
with POE graft copolymer where (degradative) chain
transfer to POE units is operative.

The reaction order z is supposed to be a complex
function of the lifetime of growing and desorbed radi-
cals and the (continuous) particle nucleation. For ex-
ample, the rapid desorption and the efficient water-
phase termination should model the bimolecular ter-
mination (a short lifetime) with the reaction order
close to 0.5. The re-entry of transferred radicals pro-
longs the growth events with the termination mode
close to the first-order radical loss process. Further-
more, the accumulation of active polymer particles
increases the rate of polymerization and the reaction
order as well. Thus, the accumulation of surface-active
graft copolymer increases the total emulsifier concen-
tration and so the reaction order.

The contribution of the water-phase termina-
tion was modelled by the microemulsion copolymer-
ization of hydrophobic BA and amphiphilic POE
macromonomer. It is expected that the increasing
POE-MA concentration increases the extent of water-
phase polymerization and the contribution of bimolec-
ular termination. This behaviour should lead to the
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value of reaction order close to 0.5. The experimen-
tal results show that the reverse is true, i.e. the re-
action order decreases with increasing extent of the
water-phase polymerization. This disfavours the dom-
inant role of the water-phase termination in determin-
ing the reaction order. The presence of high amount
of polymer in the continuous (water/ethanol) phase of
the dispersion copolymerization of styrene and POE-
MA macromonomer favours the importance of water-
phase termination [14]. In the microemulsion system
the formation of graft copolymer in the water phase is
assumed to be much lower while the amphiphilic PBA-
graft-POE oligomeric radicals are efficiently absorbed
by microdroplets. Under such conditions the homo-
geneous nucleation is somewhat suppressed while the
precipitation of long-chain growing radicals from the
aqueous phase is suppressed. The radical capture effi-
ciency of microemulsion droplets and the exit/re-entry
process govern the formation of reaction loci (parti-
cles). Thus the reaction order z is a complex function
of graft copolymer formed (it increases the number of
particles and so the value of z), the degradative chain
transfer to POE chains (it increases the termination
and so decreases the value of z) and the exit and re-
entry of transferred radicals.

Variation of the rate of polymerization with the
concentration and the molecular mass of POE-MA
(Rp,max o< [POE-MAJY) and the BA (Rp max  [BA]?)
concentration is as follows (Tables 2—4)

y/{Mm,POE-MA}1 0.05/1081 < 0.13/1740 <
< 0.29/4250 (2)
and
Z/{Mm.POE-MA}: 1.0/(without POE-MA) >
> —0.3/1081 > —0.6/4259 > —0.7/1740  (3)

The rate of polymerization increases with increas-
ing macromonomer concentration and the increase is
proportional to the molecular mass and concentra-
tion of POE macromonomer. Thus, the most pro-
nounced increase in R, was observed in runs with the
POE-MA 4250. This is attributed to the formation of
surface-active graft copolymer (acts as emulsifier) and
also polymer particles. Furthermore, the partition-
ing of POE-MA macromonomer between the aqueous
phase and the polymer particles is also very impor-
tant. The more hydrophobic POE-MA¢s; prefers the
interior of the micelle or particle while the more hy-
drophilic POE-MA 4250 the aqueous phase or the inter-
face. Thus, a certain fraction of POE-MA is consumed
in the particles due to which the rate of polymeriza-
tion decreases (POE-MA is buried in particles). On
the contrary, the copolymerization of POE-MA in the
aqueous phase or within the particle interface prefer-
entially generates the surface-active graft copolymers
which promote the formation of larger number of par-
ticles. The growth events are disfavoured by the high
segment density around the propagating chain ends
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Table 2. Variation of Kinetic and Colloidal Parameters in the
Microemulsion Polymerization of Butyl Acrylate with
POE-MA10s1 Concentration®

[POE-MA] - 103 Rp,max - 10° D N 10-18
mol dm—3 mol dm—3 s~1! nm dm~—3
0 7.5 44 1.1
2.89 6.1 42 2.2
5.78 6.2 42 2.2
8.67 6.3 41 2.4
14.45 6.5 41 2.3

a) [APS] = 4.9 x 10~3 mol dm~3, [BA] = 0.6 mol dm~3,
conversiongna) = 90—94 %.

Table 3. Variation of Kinetic and Colloidal Parameters in the
Microemulsion Polymerization of Butyl Acrylate with
POE-MA Molecular Mass and Concentration®

[POE-MA]- 103 Rp,max - 103 D N 10718
{Mm} moldm=3 moldm=3s~! nm dm—3
1081 2.89 6.1 42 2.2
1081 8.67 6.3 41 2.35
1740 1.8 6.6 42 2.3
1740 5.4 7.6 41 2.4
4250 0.74 6.4 42 2.2
4250 2.2 8.8 41 2.4

a) [APS] = 4.9 x 10~3 mol dm~3, [BA] = 0.6 mol dm~3,
conversiongna = 90—94 %.

Table 4. Variation of Kinetic and Colloidal Parameters in
the Microemulsion Polymerization of Butyl Acry-
late with BA and POE-MA Molecular Mass and

Concentration®

[BA] [POE-MA] - 103 Rpmax-102 D N 10718
mol dm~—3 {Mm} moldm~%s~! nm dm—3
06 867 1081 6.3 4 2.4
0.9 8.67 1081 5.5 43 2.1
1.2 8.67 1081 5.7 45 1.9
0.6 5.4 1740 7.6 41 2.5
0.9 5.4 1740 6.3 43 2.1
1.2 5.4 1740 4.7 45 1.8
0.6 2.2 4250 8.8 41 2.5
0.9 2.2 4250 74 44 2
1.2 2.2 4250 5.9 47 1.6

a) [APS] = 4.9 x 10~3 mol dm~3, conversiongna = 90—94 %.

and the bulky macromonomer which hinder the in-
corporation of macromonomer molecules into polymer
chains.

The rate of microemulsion polymerization was
found to increase strongly with increasing BA con-
centration (R, o< [BA]':?) [15]. The strong increase
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in R, with increasing BA concentration is attributed
to the contribution of the kinetics of classical emul-
sion polymerization where the polymerization pro-
ceeds under the monomer-saturated conditions. This
is not the case with POE macromonomer where POE
graft copolymer stabilizes the microemulsion droplets
even at very high BA concentration. Furthermore,
this also results from the participation of less reac-
tive macromonomer in the propagation events. Here,
the macromonomer also participates on the formation
of surface-active graft copolymer and latex particles.
However, the addition of POE-MA leads to the neg-
ative reaction order z, i.e. the rate of polymerization
decreases with increasing BA concentration and the
decrease is proportional to the molecular mass of POE
macromonomer. These data may be discussed in terms
of partitioning of POE macromonomer between the
aqueous phase and the monomer phase and the stabi-
lization of monomer droplets via accumulation of hy-
drophobe in the monomer phase (the monomer droplet
degradation is suppressed). For example, BA serves as
an extraction agent for POE macromonomer because
the amphiphilic POE-MA macromonomer is miscible
with BA. With increasing BA concentration increases
the fraction of POE macromonomer in the monomer
droplets or buried POE segments within the polymer
particles. The presence of POE macromonomer or its
graft copolymer in the monomer droplet decreases the
transfer of monomer from monomer droplets to reac-
tion loci and so the polymerization rate.

Furthermore, the mixing of SDS and POE graft
copolymer leads to the increased aggregation num-
ber of these mixed micelles due to which increases
density of the interfacial layer [16]. This results from
favourable (attractive) interactions between the sul-
fate head groups and the oxyethylene (hydroxyl)
group of the nonionic (POE graft copolymer) emulsi-
fier. POE graft molecules penetrate into the SDS mi-
cellar palisade layer which screens negative charges of
micelle and so promotes formation of the close-packed
interfacial layer. A close-packed particle surface layer
is known to act as a barrier to entering radicals and
slow down the rate of polymerization.

The rate of polymerization of BA and POE
macromonomer initiated by a water-soluble APS was
found to be much larger than that initiated by an
oil-soluble initiator (AIBN, DBP, ...) [8, 9]. Similar
behaviour was observed in the present microemulsion
polymerization of BA with POE-MA initiated by APS
or AIBN (Tables 1 and 5). Initiation of microemul-
sion polymerization by APS is a two-step process. It
starts in the aqueous phase by primary radicals de-
rived from APS. The second step occurs by the en-
try of oligomer radicals or re-entry of desorbed rad-
icals into the monomer microdroplets. In the case of
the oil-soluble initiator (AIBN) the initiating radicals
are formed in two phases: 1. in the monomer-swollen
micelles or particles, formed radicals desorb into the
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Table 5. Variation of Kinetic and Colloidal Parameters in the
Microemulsion Polymerization of Butyl Acrylate Ini-
tiated by AIBN with POE-MA Molecular Mass and

Concentration®
[POE-MA]- 103 Rp,max 103 D N 10718
{Mm} moldm=3 moldm~3s~! nm dm~3
1081 8.67 1.73 40 2.2
1740 5.4 1.88 40 2.1
4520 2.2 2.16 41 2.1

a) [AIBN] = 0.005 mol dm~—3, [BA] = 0.6 mol dm~3,
conversiongna) = 75—385 %.

aqueous phase and 2. in the continuous phase, formed
radicals are generated from the fraction of AIBN dis-
solved in water.

Based on the assumption that in the microemulsion
polymerization the water phase termination is negligi-
ble, all radicals generated enter the monomer-swollen
micelles (or microemulsion droplets) and the fraction
of radicals which entered the monomer-swollen poly-
mer particles is negligible, we can establish the fol-
lowing steady-state balance equation for each type of
initiator

APSIZ

d[R‘]lw/dt =0= 2kd1'fl‘[APS]w+kdes'¢w'N;1/NA_
"ke,Rl Nd : [R‘]lw * ¢W/NA (4)

AIBN;:

d[R*]zw/dt =0= dez'fz'[AIBN]W-I-kdes'd)w-N;z/NA—
—ke 2 Na:[R*]ow - ®w/Na + Kdes,AIBN - @w - Na/Na+
+Kdes AIBN - ¢w Npa/Na (5)

where the left-hand side represents the variation of
free radicals in the aqueous phase, which is equal to
zero for the pseudo-steady state assumption. The first
term of the right-hand side accounts for the generation
of primary radicals (*SO3™) by initiator (APS) decom-
position, the second one for the desorption of trans-
ferred monomeric radicals from the polymer particles
and the third for the capture of radicals by the mi-
croemulsion droplets. In the microemulsion polymer-
ization initiated by AIBN the right-hand side contains
two more terms; the fourth accounts for the desorp-
tion of primary radicals derived from AIBN from the
microemulsion (the cage) droplets and the last term
for the desorption of primary radicals derived from
AIBN from the monomer-swollen polymer (the cage)
particles. The number of microemulsion droplets (Ng)
is much larger than the number of polymer particles
(Np) and therefore the last term for AIBN system can
be neglected. kq is the rate constant for thermal de-
composition of the initiator, fis the initiator efficiency,
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[APS] or [AIBN] is the initiator concentration, kqes is
the rate coefficient for desorption of transferred radi-
cals from polymer particles, kqes,AIBN iS the rate coef-
ficient for desorption of primary radicals derived from
AIBN from micelles or polymer particles, ¢, is the
volume fraction of water in the aqueous system, N, is
the number of active particles (containing one or more
growing radicals), [R*],, is the total concentration of
radicals in the aqueous phase, Na is Avogadro’s con-
stant, ke r is the radical rate coefficient for entry into
the micelles (microemulsion droplets), the subscript 1
denotes APS and 2 AIBN, respectively.
Based on the experimental results, we can write

d[R*]Iw > d[R*]2w (6)
or
del fl [APS]W - ke,Rl Nd [R*]lw : ¢w/NA >
> 2kq2 fg [AIBN]W — ke,Rg Ny [R*JQW . ¢W/NA+
+Kdes,AIBN - ¢w Na/Na (7)

The initiating radicals are effectively absorbed by the
microemulsion droplets and therefore the terms ke g1
Na - [R*]1w - dw/Na and ke gz - Na - [R*]zw - $/Na do
not much affect the radical concentration in water. We
can neglect the contribution of terms kges - dw -N;l /Na
and Kges - @w - N5 /Na due to the fact that in both sys-
tems the same number of particles were generated [8,
9]. The term 2kq1 f1 [APS], > ka2 f2 [AIBN],
is modelled due to the very low water solubility of
AIBN. However, the rates of polymerization for APS
or AIBN do not parallel the difference in water solubil-
ity of APS and AIBN. The Rp max,s (APS) were only
several times larger than the Rj max,s (AIBN), which
indicates that the term Kkdes,oAi1BN ¢w Na/Na domi-
nates the formation of single radicals. The high initia-
tion efficiency of AIBN is directly connected with the
escape of AIBN-derived radicals from the microemul-
sion droplets. The hoping of hydrophobic fragments
(single radicals) from the monomer droplet to other
droplet within the droplet or particle clusters or the
transfer of single radicals from one droplet to another
droplet through interface (or channels opening) be-
tween droplets during collisions might occur [17]. Un-
der such conditions the concentration of single radicals
and/or the reaction loci is increased and so the rate
of polymerization.

The Colloidal Parameters

In the microemulsion polymerization of BA the
particle size (D) was found to slightly increase with
conversion nearly up to very high conversion. For ex-
ample, in the emulsion polymerization of BA with
the recipe [BA] = 0.6 mol dm~2, [SDS] = 0.53 mol
dm~3 and [APS] = 9.6 x 103 mol dm~3, the par-
ticle diameter increased from 32 nm (10 % conver-
sion) to 35 nm (60 % conversion), and then to 40 nm
(at ca. 100 % conversion). However, the addition of
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POE-MA macromonomer led to a more complex de-
pendence of D on conversion. The dependence of D
vs. conversion is described by a curve with a mini-
mum at ca. 60 % conversion. For example, the ad-
dition of POE-MA g1 (2.9 x 1072 mol dm~3) led at
the beginning of polymerization to the strong increase
in turbidity and the formation of larger particles with
D about 50—60 nm. As the polymerization advanced
the particle size decreased and at ca. 60 % conver-
sion D reached the value 37 nm. Beyond this critical
conversion the particle diameter again increased and
at ca. 100 % conversion D reached 40 nm. This be-
haviour can be discussed in terms of the continuous
formation of graft copolymer and depressed monomer
droplet degradation (the accumulation of hydrophobe
in the monomer droplet) due to which the average
size of polymer particles decreases. On the contrary,
agglomeration events promote the increase in the av-
erage particle size. In the former case the accumula-
tion of hydrophobe (macromonomer, polymer) within
the monomer droplets depresses the monomer droplet
degradation (or the formation of larger number of
smaller monomer droplets) which promotes the nu-
cleation of larger number of latex particles. However,
as soon as the level of BA in the continuous phase
(at higher conversion) decreases the graft copolymer
rich in POE units appears. Under such conditions the
less hydrophobic graft copolymer accumulates [14, 18].
The adsorption of more hydrophilic graft copolymers
(or primary particles) strongly modifies the particle
surface and the colloidal stability (initiate agglomera-
tion events) of latex particles. Furthermore, the latex
particles with very thick shell of POE chains make
the emulsion polymerization mechanism very compli-
cated. In this case, the colloidal stability of latex parti-
cles stabilized by poly(oxyethylene) (POE) type emul-
sifier is dependent on the interparticle interaction via
the extended surface of POE chains (bridging floccu-
lation mechanism) [19].

The formation of surface-active graft copolymers
by the copolymerization of POE macromonomer and
BA and their interaction with the monomer-swollen
SDS micelles promotes rearranging of reactants due
to which the electrostatic stabilization mechanism is
changed to the electro-steric one. SDS provides la-
tex particles with repulsive force between similarly
charged electric double layers of two approaching par-
ticles (electrostatic stabilization) [20], whereas non-
ionic emulsifier imparts steric stabilization to the in-
teractive particles [21]. Furthermore, the steric stabi-
lization effect provided by POE/styrene graft copoly-
mer alone is not sufficient to prevent latex particles
from flocculation during polymerization [2]. On the
other hand, the electrosterically stabilized latex par-
ticles are stable due to the synergistic effect provided
by SDS and PBA/POE graft copolymer. The strong
interaction between graft copolymer and negatively
charged microdroplets is a reason why the average par-
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ticle size increased after the start of polymerization.
The accumulation of hydrophobe or polymer within
the microdroplets, however, stabilizes the monomer
droplets due to which the average particle size de-
creases. At very high conversion the depletion of more
reactive BA leads to the formation of a POE-rich
graft copolymer which promotes the particle agglom-
eration and formation of large-sized particles. Indeed
the data in Table 1 show that the number of final
particles varies only slightly with APS concentration
at high conversion while the particle size is governed
by agglomeration events. However, at medium con-
version where the particle agglomeration is negligible
(the graft copolymer molecules increase the colloidal
stability of latex particles) the particle size or particle
number varies strongly with increasing APS concen-
tration.

Variations in the particle size or the particle
number with initiator type and concentration, the
macromonomer concentration and molecular mass,
and conversion are summarized in Tables 1—5. Ac-
cording to the micellar theory [10], the relation be-
tween the number of particles and the emulsifier, ini-
tiator and monomer concentration, can be expressed
as follows

N o [emulsifier]?, [initiator]?, and [monomer]® (8)

where y = 0.6, z= 0.4, and s is close to zero. The final
particle size and number were found to vary slightly
with APS concentration; i.e. the exponents m and z
from the relationships D « [APS]™ and N « [APS)*
varied with POE-MA type and concentration as fol-
lows

m: 0.05 (without POE-MA [7—9]) > 0 ([POE-MA] =
0.0029 mol dm=3) = 0 ([POE-MA] = 0.0087 mol
dm~?) (9)

2: 0.17 (without POE-MA [7—9]) > 0.12 ([POE-MA]
= 0.0029 mol dm~3) > 0.04 ([POE-MA] = 0.0087
mol dm~3) (10)

The slight variation in the reaction order z results
from the chain-transfer events and particle agglom-
eration (see above). Furthermore, the low radical en-
try rate is assumed to be operative. This is typical
for the sterically stabilized (hairy) particles with the
thick interfacial layer. However, the particle nucleation
is quite strong at ca. 30—40 % conversion where the
exponent z varies in the range 0.6—0.8 ([POE-MA] =
0.0029 mol dm~2). Here, the amphiphilic PBA-graft-
POE copolymers increase the total amount of emulsi-
fier or interfacial area. Besides, the amphiphilic rad-
icals are efficiently absorbed by microdroplets. This
increases the number of nucleated particles and the
rate of polymerization.

The observed reaction order r from the dependence
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of final number polymer particles N, vs. [BA]" varies
as follows (Tables 3 and 4)

—0.44 ({Mm} = 1081, [POE-MA] = 0.0087 mol dm~?)
> —0.5 ({Mm} = 1740, [POE-MA] = 0.0054 mol
dm=3) > —0.7 ({Mm} = 4250, [POE-MA] = 0.0022
mol dm~3) > —1.2 (without POE-MA [15]) (11)

From these data it appears that the addition of
POE macromonomer suppresses the negative effect
of BA on the particle concentration. Thus, the col-
loidal stability (the number of particles) is propor-
tional to the molecular mass or the concentration
of macromonomer. However, the particle size for the
POE-MA¢g; was nearly independent of BA concen-
tration in the range of medium conversion where the
particle diameter varied in the range from 40 nm
to 43 nm. This was not the case in the microemul-
sion polymerization of BA where the particle size in-
creased with increasing BA concentration [15]. These
data support the idea that amphiphilic graft copoly-
mer takes part in the particle nucleation and stabi-
lization.

CONCLUSION

The maximum rate of microemulsion copolymer-
ization of butyl acrylate and POE macromonomer
was found to increase with increasing APS and AIBN
concentration and the increase was more pronounced
in runs with APS. The dependence of the rate on
the macromonomer concentration is described by a
curve with a minimum at a very small amount of
POE macromonomer. The maximum rate of polymer-
ization and the number of particles increased with
increasing macromonomer molecular mass and con-
centration. The rate of microemulsion polymerization
of BA increases with increasing monomer concentra-
tion. The reverse is true in the runs with POE-MA
macromonomer. The formation of surface-active POE
graft copolymers and their penetration into the in-
terfacial layer changes the electrostatic stabilization
mechanism to the electro-steric. The penetration of
POE graft copolymer molecules into the interfacial
layer increases the density of the particle surface layer
which disfavours the radical entry events. The accu-
mulation of hydrophobe (graft copolymer) in the mi-
crodroplets decreases the monomer droplet degrada-
tion and so the rate of polymerization. The presence
of large number of microemulsion droplets depresses
the water-phase polymerization but favours the radi-
cal entry events. The PBA-graft-POE graft copolymer
promotes the formation of large particles at low and
high conversion.

The high concentration of SDS or the high mass ra-
tio SDS/water ensures that the degree of dissociation
of emulsifier is decreased. This favours the penetra-
tion of undissociated emulsifier into the microdroplet
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monomer core. Under such conditions, the monomer
concentration in the microdroplets decreases and the
side reactions (chain transfer) increase. The decreased
monomer concentration at the reaction loci and the
increased desorption of transferred emulsifier radicals
decrease the rate of polymerization. The nucleation
of emulsifier-saturated microdroplets leads to the re-
lease of free emulsifier from particles into aqueous
phase. The released emulsifier stabilizes polymer par-
ticles and/or forms new micelles (microdroplets) for
the continuous particle nucleation.
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