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Paper has connection with emulsion copolymerization of butyl acrylate with water
soluble monomers in the absence of emulsifier. It was measure of kinetics of this reaction
for different conditions and mechanism of this reaction is discussed.
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INTRODUCTION

It is known that latexes can be formed during emulsion polymerization
without an emulsifier [1]. Such polymer emulsions consist of particles
with “pure” surface and obtain some specific properties [2]. However,
emulsion synthesis is complicated by the necessity of achieving of
emulsion colloidal stability, which is achieved during the common
emulsion polymerization by adding of emulsifier. When the latter is
absent, the particles in very diluted systems (with starting monomers’
concentration lower than their water solubility) can be stabilized by
the ionized groups on the surface of macromolecules, which appears
during the initiation of polymerization by ion-radicals formed from
persulfate initiators. For more concentrated latexes such stabilization
is not sufficient. It can be increased when hydrophobic monomers are
copolymerized with ionizing or hydrophilic comonomers [2]. In the
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present work methacrylic acid (MAA) and acrylonitrile (AN) are used
as such comonomers.

RESULTS AND DISCUSSION

Monomers were purified according to the standard procedure in-
volving distillation at decreased pressure in an atmosphere of inert gas
and condensation in vacuum. Twice distilled water was used as
dispersion medium. Polymerization was initiated by ammonium
persulfate (APS), purified by crystallization. The total monomer
concentration was 20%. The concentration of comonomers was
changed by corresponding changes of butyl acrylate (BA) concentra-
tion. Reaction kinetics was studied by dilatometric method. Poly-
merization was carried out in an oxygen-free system in helium
atmosphere. The monomers and aqueous solution of initiator were
deaerated by repeated freezing, vacuumization and defrosting of
evaporated vessel. The mixing of solutions was carried out in the
reaction vessel of dilatometer directly before beginning of the reaction.
The formed emulsions were analyzed by turbidity spectrum method.

Our investigations showed that it is possible to synthesize polymer
emulsions when copolymerization is carried out without an emulsifier,
but only in specially selected conditions and often with low stability.
Instability of the emulsions manifested itself in the formation of
coagulum in the process of synthesis and also in the appearance of
sediment or “clarified” layer in the upper part of the emulsion on
storage. “Clarified” layer in this work means the upper layer of
emulsion with lowered concentration of polymer-monomer particles
(PMP). The formation of the sediment occurred during first twenty
four hours of storage; afterwards its quantity did not change. The
clarified layer, on the contrary, appeared only in few days and
afterwards its volume gradually increased.

These phenomena seem to be caused by the presence of too large
particles in the emulsion and their insufficient stabilization. The ap-
pearance of the sediment while emulsion still exists in the remained
volume points to the existence of particles of various dimensions. The
largest of them form the sediment, and the smallest remain in the
emulsion. The considerable variety of the dimensions of latex particles
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is possible when their formation stage is quite long. This effect is not
observed when emulsifier is present, because in this case the rate of the
formation of PMP is high and after that they grow with equal prob-
ability. This latter process leads to the formation of particles with
similar dimensions. The appearance of the clarified layer without for-
mation of the sediment points to the fact that sometimes in the
polymerization without an emulsifier large particles with similar
dimensions can be obtained. These particles gradually precipitate due
to insufficient stabilization and form two layers with raised and
lowered content of latex particles.

It is shown that synthesis conditions (temperature, initiator
concentration, composition and concentration of monomers) strongly
influence polymerization kinetics and emulsion properties. The ab-
sence of emulsifier leads to the changing of kinetic curves comparing
with classic emulsion polymerization: it is observed that polymeriza-
tion rate grows for a longer time and the achieved degree of conversion
during this growth is greater. When the dependence of polymerization
rate W upon reaction conditions was analyzed, we took into con-
sideration the maximum value of the rate, which was achieved when
the degree of conversion became equal to a certain value x,y.

The formation of emulsion became more probable with increasing
reaction temperature. For example, when [APS] = 410 ?mole/l, the
emulsion appears when the temperature is not below 70°C. Otherwise
during the reaction polymer precipitates. When the temperature in-
creases, the reaction rate and the number of latex particles also in-
crease while the dimensions of particles and the amount of coagulum
decrease. Therefore, the emulsion stability improves and the amount
of sediment during storage decreases. Effective activation energy in
the absence of emulsifier (96 KJ/mole) is greater than in presence of
emulsifier — Neonol AF9-12C (78 KJ/mole) [3]. The increase of
reaction temperature, on the one hand, promotes the formation of
radicals (due to the acceleration of initiator decomposition), which
leads to more frequent penetration of charged oligomer radicals
*RSO, into PMP’s. This increases particle charge, improves their
stability, and decreases the dimensions of the particles. On the other
hand, the temperature increase leads to an increase of the number of
oligomer radicals in the water phase. Therefore, the probability of their
bimolecular termination with the formation of associations of water-
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soluble surface-active oligomers also increases. These oligomers
possess micelle-forming properties and promote nucleation [2]. The
chain growth rate increases simultaneously, which leads to the growth
of probability of oligomer reaching the critical chain length #n., when
they became insoluble and form PMP. As a result, the temperature
influence on the polymerization rate is larger than in the presence of
emulsifier, and the effective activation energy increases.

When the initiator concentration increases, the considerable growth
of polymerization rate is observed. The number of latex particles in
the emulsion N in the beginning increases too, but when initiator
concentration became large, N begins to decrease. On the contrary, the
mean radius of particles 7° in the beginning decreases rapidly, and
after that slowly increases. The conversion degree corresponding to the
maximum rate increases with the increase of initiator concentration
(Fig. 1). The emulsion quality also changes: the coagulum amount
increases along with the amount of sediment; the clarified layer
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FIGURE 1 Rate of emulsion copolymerization of BA with AN (4%) and MAA (14%)
without emulsifier (1), degree of conversion corresponding to the maximum rate value
(2), number of latex particles in emulsion (3) and their mean radius (4) versus
concentration of initiator, 85°C.
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decreases on storage. When APS concentrations are relatively small,
the clarified layer is formed, but there appears no sediment and co-
agulum; when APS concentrations are large, there exists coagulum
and sediment, but no clarified layer.

When initiation rate is low, the amount of radicals in water phase is
small, because their interaction is improbable. As a result at the initial
stage of polymerization the majority of radicals grows to critical di-
mensions and forms PMP’s according to homogeneous nucleation
mechanism. As the quantity of latex particles grows, they start to cap-
ture a considerable part of emerging radicals and the formation of new
PMP’s ceases. The “old” particles continue to grow, and after the
end of the polymerization they reach considerable dimensions. When
initiator concentration increases (and, therefore, the amount of rad-
icals in water phase increases too), the probability of bimolecular ter-
mination grows, which leads to the formation and accumulation of
short watersoluble oligomeric surface-active compounds (SAC), play-
ing the part of emulsifier. These oligomers form micelles, which after
some time turn into PMP’s. Thus, when APS concentration is high,
the formation of one latex particle large amount of initial radicals
is consumed. When homogeneous nucleation mechanism is taking
place at low concentration of APS, PMP is formed in the beginn-
ing of the reaction from each of the initial radicals. Because of that,
with the growth of [APS] the number of latex particles begins also to
grow, but when the termination of radicals in water phase became sub-
stantial, the number of latex particles starts to decrease. In our ex-
periments (85°C) this effect is observed when [APS] > (1 —1.5) 1072
mole/l. The transition from one mechanism of PMP formation to
another must influence the parameters of reaction kinetics, in
particular, the kinetic order towards initiator »n; Indeed, we found
the “fracture” on the curve of logarithmic dependence of polymeriza-
tion rate upon initiator concentration in the point corresponding to
[APS] = 10™*mole/l (Fig.2). The »; value is changing from 0.59
([APS] < 10~2mole/l) to 0.38 ([APS] > 10”?mole/l).

When the initiation rates are high, the effectiveness of oligomer
radicals in the process of latex particle formation decreases and the
stage of nucleation is prolonged. This effect moves the time of reaching
the maximum polymerization rate to the greater degree of conversion.
There exist “old” large PMP’s and “young” small PMP’s in emulsion.
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FIGURE 2 Rate of emulsion copolymerization of BA with AN (4%) and MAA (14%)
without emulsifier as a function of initiator concentration, 85°C.

Increasing of dimensional heterogeneity of particles promotes the
formation of coagulum and sediment on emulsion storage. On the
other hand, when [APS] increases, the dimensions of PMP’s decreases
and charged oligomer radicals *RSO; penetrate. PMP’s more often
with the effect of increasing the particle charge. This enhances PMP
stabilization the and reduces the clarified layer.

The different character of dependence of polymerization rate and
latex particles number upon initiator concentration (Fig. 1) points to
the possibility of the simultaneous presence of several radicals in PMP
when initiation rate is high.

The reaction temperature influence the dependence of xpax upon
[APS]. For example, when ¢ = 70°C, the [APS] growth at first leads to
the decreasing of x,.x (in contrast to 1 = 85°C), and after that to the
increasing of xy,x. When temperature is low and [APS]s are relatively
small, the latex particles are formed mainly by homogeneous
mechanism with low rate. When the initiator concentration starts to
grow, at first the acceleration of nucleation by homogeneous mecha-
nism takes place with decreasing of x,,.,, and after that, — the transi-
tion to “micelle” mechanism, leads to decreasing of nucleation rate
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and increasing of xmax. The decrease of x,.x When initiation rates are
very low, as it seems, takes place also when ¢ = 85°C.

The suppression of homogeneous nucleation and strengthening of
the role of micelle mechanism of latex particles formation was ob-
served ([4]) when initiation rate of emulsion polymerization in the
presence of emulsifier was increased. It was proved by the growth of
kinetics order towards emulsifier with the increasing [APS].

Latexes formed during emulsion polymerization without emulsifier
contain considerably smaller number of large particles than in the pre-
sence of emulsifier Neonol [3]. The polymerization rates without emul-
sifier when initiation rate was relatively low ([APS] = 0.4 - 1072 mole/l,
70°C, or [APS] = 4- 10" ?mole/l, 40°C) turned out to be several times
less than in the presence of emulsifier.

Apparently, the equality of polymerization rates when particles
numbers are different is caused by the fact that in the large particles
several radicals simultaneously can grow when initiation rate in high,
because the probability of such phenomenon grows with the increase
of particle dimensions and radical generation rate.

Comonomer (methacrylic acid (MAA) and acrylonitrile (AN))
concentration influence the polymerization without emulsifier. Increas-
ing of [MAA] in monomer systems BA-MAA and BA-AN(4%)-MAA
leads to the growth of polymerization rate and, to an even greater degree,
to of the number of latex particles in emulsion (Fig. 3). (In the presence of
emulsifier both characteristics decrease [3]). Besides, the amounts of the
sediment and coagulum decrease along with the rate of precipitation of
latex particles and clarified layer formation on emulsion storage.
Simultaneously, this increases the degree of conversion corresponding to
the maximum value of the reaction rate (Fig. 3).

It was noted in [3], that in the presence of MAA the probability of
bimolecular termination of oligomer radicals in water phase grows.
This fact is caused by increasing of MAA concentration in water and
by proceeding of copolymerization in water solutions with priority of
MAA molecules participation [5]. As a result the water solubility of
oligomer radicals improves, n., increases and the transition of radicals
from water phase to PMP became hampered as a result of the decrease
of their oil solubility. Simultaneously, the rate of oligomer radicals
growth decreases because of the chain propagation in weakly acid
solutions (pH®6) is low [6]. All these effects increase the living time of
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FIGURE 3 Rate of emulsion copolymerization of BA with AN (4%) and MAA
without emulsifier (4), degree of conversion corresponding to the maximum rate value
(2), rate of copolymerization of bicomponent system BA with MAA (1) and number of
latex particles in formed by this reaction emulsion (3) versus concentration of MAA.
[APS] 102 = 1.5 (1,3) and 4 mole/l (2,4) 1 = 70°C (2,4) and 85°C (1,3).

oligomer radicals in water phase and the contribution of bimolecular
termination and “micelle”” mechanism of PMP formation in the poly-
merization without emulsifier. As a result, the rate of the nucleation
decreases. In addition, the presence of ionized monomer promotes the
modification of particle surface, and improves the better stability of
particles. Thus, the influence of MAA upon kinetics of a process
without an emulsifier is opposite to such influence in the case of emul-
sion polymerization with an emulsifier [3]. Meanwhile the character of
MAA influence on separate elementary reactions remains unchanged,
but the part played by these reactions in polymerization process is
changed.

Increasing of the probability of oligomer radicals termination in
water phase under MAA influence in the presence of emulsifier leads
to a decrease of N and W and growth of 7 [3]. Without an emulsifier
the number of particles depends less on the existence of bimolecular
termination (which lowers the PMP’s formation rate and increases
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Xmax), than on the efficiency of particle stabilization. If all PMPs are
formed by homogeneous nucleation mechanism, then particles are
stabilized only through the existence of ionizing hydrophilic groups on
their surface. The increase of the bimolecular termination leads to the
formation of water-soluble surface-active oligomer, which can play the
part of emulsifier, solvate the growing particles, preventing their
flocculation, and increasing, thus, the number of the particles and
polymerization rate. The observed decrease of coagulum, sediment
amount and clarified layer on emulsion storage is explained by
reinforcement of PMP stabilization and by the decrease of their
dimensions.

AN also increases emulsion stability. Nevertheless, increasing of its
concentration in the system BA-MAA (14%)-AN lowers the rate of
polymerization without emulsifier, although the number of latex
particles grows (Fig. 4). When emulsifier is present, AN decreases
both the rate and the number of particles [3]. Increasing of N, as in the
case of MAA, is connected with improving of latex particle stabiliza-
tion. In the present case it is caused by copolymerization with hydro-
philic monomer having polar — CN groups. AN increases the number
of latex particles in emulsion to a smaller degree than MAA.
For example, when BA is copolymerized with AN(14%) without
emulsifier, the emulsion is formed, 1 cm® of which contains 0.2 107"
particles with mean radius 270nm (JAPS] = 1.5 102 mole/l, 85°C);
when BA is copolymerized with the same amount of MAA -
N =1.210", 7 = 160 nm.

It was noted earlier that MAA increases the dimensions of latex
particles formed in the presence of emulsifier, but decreases them when
emulsifier is absent. This effect in the BA-MAA system in shown in
Figure 5. When third comonomer AN is included in the system, 7
continues to diminish, which lowers the probability of existence of
several radicals in the particles. Furthermore, MAA and AN can in-
fluence the effective constant of propagation reaction in PMP. As a
result the rate of polymerization without emulsifier decreases, in spite
of growth of N (in the case of AN), or increases, but not so quickly
as N (in the case of MAA).

We succeeded in obtaining stable emulsions (during polymerization
without emulsifier), in which no sediment or clarified layer is formed
during storage, only when temperature was high (80 — 85 C), interval
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FIGURE 4 Rate of emuision copolymerization of BA with MAA (14%) and AN
without emulsifier (1) and number of latex particles in emulsion (2) as a function of AN
concentration. [APS] = 1.5 1072 mole/l, 85°C.
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FIGURE 5 Dimensions of latex particles in emulsions formed while copolymerization
without emulsifier of BA with MAA versus MAA concentration (1) and while
copolymerization of BA with MAA (14%) and AN ~ versus AN concentration (2).
IAPS] = 1.5107 > mole/l, 85°C.
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of APS concentrations was narrow ((1 —2) 10"?mole/l) and AN and
MAA were present in the system simultaneously. When [APS] was
< 1072 mole/l, there was no clarified layer formation after a few days;
when [APS] was > 21072 mole/l, there was no clarified layer, but the
sediment was formed. In the presence of only one of mentioned
comonomers in the interval of concentrations 0 — 14% clarified layer
was formed, but its volume and rate of formation decreased along with
increases of comonomer concentration. When BA was copolymerized
with MAA (14%) ([APS] = 1.510"2mole/l, 85°C), clarified layer
appeared after 10 days of emulsion storage at room temperature.

In the case of partial change of BA to third comonomer — AN this
period of time increased and when [AN] was equal to 1%, clarified
layer appeared after 15 days; when AN was equal to 2% — after 25
days. When AN concentration was equal to 4% or more, emulsion
stayes stable through the entire period of observation (3 months).
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