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SUMMARY
Using sodium dodecyl sulfate (SDS) as the single surfactant 2- hydroxyethyl

methacrylate (HEMA, extremely water-soluble) was polymerized at 60°C in aqueous
medium to obtain latexes with average particle diameter below 80 nm and the extra-
polated kp value was estimated to be 200±20 (L/mol-s). Values of monomer concen-
tration in particles ([M]) used in this calculation were obtained by interpolating the
literature available partition data of HEMA between the gel phase (i.e., poly(2-hydroxy-
ethyl methacrylate) and the water phase. The [M] values (< 1.00 mol/L) are much lower
than those for the sparely-soluble monomer (3 to 4 mol/L), and the [M] values decrease
with increasing conversion.

INTRODUCTION
It is usually accepted that only monomers with low aqueous (aq.) solubility were

used in emulsion polymerization and the latexes prepared can have quite high solid
contents. On the contrary, the maximum solid contents which can be attained in
emulsion polymerization of certain highly water-soluble monomers are rather limited.
For instance, the high bound is about 11 wt.-% for polyacrylonitrile (1) (compared to
50-60 wt.-% for the usual latex systems), where the acrylonitrile has an aq. solubility of
8.5 wt.-% at 50°C (2).

The preparation of homopolymeric poly(2-hydroxyethyl methacrylate) (PHEMA)
latex with adequately high solid content is not easy at all compared to the hydrogel
preparation, since the monomer exhibits an extremely high aq. solubility (3,4) and the
latex faces coagulation easily.

Reports concerning the polymerization of HEMA in aq. medium did not describe
homopolymerization (5,6). Other reports mentioned the homopolymerization of HEMA
in aq. medium using redox initiator (7-9), or other ways of initiation (10,11), but did not
show the particle size data.

A breakthrough was made in this laboratory (3) that in the presence of surfactants,
HEMA and hydroxypropyl methacrylate (HPMA) were polymerized separately in aq.
medium to obtain polymer latexes with a solid content as high as 10 wt.-%. The
polymerization was conducted using a mixture of ionic surfactant (e.g., sodium dodecyl
sulfate (SDS)) and colloid (e.g., polyvinyl alcohol, PVA) under a comparatively faster
agitation. However, the latex particles prepared had larger diameters (e.g., 120 - 240 nm)
than the plain latex particles (e.g., below 100 nm).
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It is possible to evaluate the kp values for a monomer polymerized through
emulsion polymerization by an approach (12,13) stemming from the analysis of
Stockmayer (14). In that approach, the (kp x ñ) value was plotted against the volume-
average particle diameter (Dv), and the asymptote leveled-off at the lower end (Dv = 50 -
80nm), where ñ (i.e., average radical number per particle) can be considered as 0.5 and,
therefore, the kp value can be estimated. The detailed explanation for this approach is
referred to Ref. 13.

However, there was a restriction on using a single surfactant of SDS in the
emulsion polymerization of HEMA, where no conversion was observed for several hours.
In this study, the restriction was removed by carefully adjusting the reaction conditions
(e.g., keeping the agitation rate low). Besides, the PHEMA latexes prepared by this way
have smaller average diameters, suitable for the analysis of the kp value.

People used to consider that the course of emulsion polymerization proceeds
through three intervals (15,16). The particle number increases with time in Interval I,
where latex particles are being formed, and then remains constant during Intervals II and
III. In Interval II, the monomer concentration in particle ([M]) can be regarded to be
constant (17-19). Monomer droplets exist from the beginning of the polymerization until
the end of Interval II. The transition from Intervals II to III occurs depending on the type
of monomer (15,16). The transition occurs at lower conversions as the water solubility of
the monomer increases and the extent of swelling of the polymer particles increases
(15,20). The fact that HEMA can form homogeneous solution with water in any ratio
discloses a totally different situation from what people usually considered before (3).
Instead, no more monomer droplets form and [M] values are not longer constants during
the emulsion polymerization.

Published reports concerning the AIBN-initiated emulsion polymerization
mechanism of HEMA are not available. Other reports (21,22) mentioned AIBN-initiated
HEMA polymerizations, but the polymerizations were not conducted in emulsion. Others
report (23-26) the emulsion polymerizations of other monomers initiated by oil-soluble
initiators, for which two different mechanisms were proposed for the production of
radicals: (i) radicals formed in monomer-swollen polymer particles desorb to the
continuous phase (23, 24), and (ii) radicals formed in continuous phase dissolve in water
(25). It was stressed (26) that radicals located in the polymer particles might be
terminated easily.

This report presents how the [M] data varied with conversion for the HEMA
system by interpolating the literature data concerning the partition of monomer between
the gel phase and the water phase. In addition, we have corrected the latex particle
diameters utilizing the volume swelling data of the polymer in both water and a mixture
of water and monomer.

EXPERIMENTAL
Materials

HEMA (from TCI, with a minimum purity of 95.0%) was purified by distillation
under reduced pressure. Water was from a Reverse Osmosis System (Ultra-pure Water
System, Model DI-S3, Kintech Co.) with a conductivity of 2 µmho. Other chemicals
were reagent grade and used as received. Sodium dodecyl sulfate (SDS) was from Riedel-
de Haen. 2,2'-Azobis-(isobutyronitrile) (AIBN) was from Wako.

Polymerization and latex characterization
Polymerization recipes are shown in Table 1. Polymerizations were conducted at

60°C, in 250 -cm3 four-neck, round-bottom flasks in a constant temperature bath, with a
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mechanical stirring rate of 100 rpm.
The conversion of monomer to polymer
was determined gravimetrically, where 2
to 3 cm3 of the latex was injected into a
solution containing 10 cm3 of methanol
(as a coagulation agent) and 10 to 15 drops
of a 3 wt-% 4-methoxyphenol-water solution
(as a shortstop). The methanol and water
were then removed by drying in oven
at 80 °C until a constant weight was
obtained. (It took about 40 hours or
more.) The polymerization rate was
determined from the slope of the
conversion-time curve in constant rate
region. The particle size was determined
with a Photal DLS 3000/3100 dynamic
light scattering (DLS) spectrophotometer.
Note that since the particles are highly swollen, a correction for particle size was made by
dividing the linear swelling ratio (ls/l0), where ls is the linear dimension of the swollen
sample and l0 is the corresponding dimension of the dry sample. The (ls/l0) 

3 data at the %
conversions of 10, 70 and 100, respectively, are adopted as 2.25, 1.95 and 1.68 for the
PHEMA (3). The number-average, volume-average, and weight-average diameters (i.e.,
Dn, Dv, and Dw, respectively), and the particle number per L of aq. phase or particle
concentration (N) are defined as usual (27).

The product of kp and ñ was calculated using Eq. 1 as follows:
Rp = kp N ñ [M]/Av (1)

where Rp is the rate of polymerization, Av is Avogadro's number, and [M] is the
monomer concentration in particles and was computed according to the partition data of
monomer between the particles and the water phase.

RESULTS AND DISCUSSION

Stirring rate- sensitive polymerizations
The stirring rate has a great effect on the emulsion polymerizations of HEMA. In

the previous report (3), the emulsion polymerization of either HEMA or HPMA was
carried out by using a mixture of anionic surfactant (SDS) and colloid (PVA), under a
fast agitation (i.e., 240 rpm), where the higher stirring rate favors the stability of the latex.
However, the latex was not stable (i.e., forming hydrogel) when the stirring rate was set
at a lower level. In the meantime, if a single surfactant of SDS was used instead of the
surfactant mixture, no progress in reaction was observed under the stirring rate of 240
rpm.

In a test-run later, using a single surfactant of SDS, however, the polymerization
was found flourishing when the agitation was shut down for a while. The lower stirring
rate seemed to favor the initiation. Therefore, we set the agitation rate at 100 rpm to
facilitate the polymerization.

The aqueous solution polymerization of HEMA, which can be regarded as one of
the steps in the homogeneous nucleation, may be suppressed by increasing the stirring
rate. But it is not allowed to perform the emulsion polymerization without stirring since it
may lead to gel formation.
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Polymerizations using SDS as the
sole surfactant

The content of SDS surfactant was
ranged from 0.30 to 0.50g in recipe
series A (Table 1), where the critical
micelle concentration (CMC) is equivalent
to 0.47g of SDS in 185g of water.

The polymerization rates do not
increase all the way with increasing the
SDS content, but show some minor
fluctuations with a maximum at 0.35g of
SDS, as shown in Table 2. The conversion-
time curves are shown in Fig. 1. The particle
number per L of aq. phase (N) data show a
maximum at the SDS contents below the
CMC, as shown in Fig. 2. It may be
considered that emulsion polymerization is
dominated by the homogeneous nucleation
mechanism(28,29), and the initiation is
hindered in the presence of micelles when
the surfactant concentration is above the
CMC.

As the homogeneous nucleation
mechanism is concerned, it is elucidated
that the initiation takes place in aq. solution,
the growing chains precipitate out when they
grow to a critical chain length, then a re-
dispersion step follows to fulfill the forma-
tion of precursor particles. The character-
istic behavior was deeply recognized in the
preliminary test that the process is sensitive
to the contents and types of surfactants, and
the stirring rate used, where the higher
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stirring rate may hinder the chains from preci-
pitating in the precipitation step and thereafter
the following step to have nucleation.

Surfactant-free emulsion polymeriza-
tion (i.e., aqueous solution polymerization) of
HEMA showed that the polymerization rate
was not negligible if no agitation was applied,
and it formed gel easily. However, the
polymerization rate was slow when it was
conducted with a stirring rate of 100 rpm
or higher. On the other hand, in the
presence of surfactant (i,e., emulsion
polymerization), the polymer chains
formed in aqueous phase were preci-
pitated out and might be redispersed again
by the help of surfactant molecules, and the
polymerization sustained even when the
stirring of 100 rpm or higher was applied.
Furthermore, it is hard to decide quanti-
tatively the contribution of the aqueous
solution polymerization in this case.

Another fact shows that the coagulative
mechanism (30-32) also occurs during the
emulsion polymerization. As shown in Fig. 3,
the particle number per L of aq. phase (N)
decreases rapidly at higher conversion (>60%).

Effect of AIBN content
It has been pointed out that the use of

potassium persulfate (a water-soluble initiator)
may lead to either hydrogel formation or no
initiation (3).

In this study, an oil soluble initiator
(AIBN) was used in emulsion polymerization.
Although AIBN is only slightly soluble in
water, the polymerization proceeds well. In
spite of the limited solubility of AIBN (ca.
0.037 wt.-% in water) (33), the polymerization
rate increases slightly with increasing the
AIBN content ([AIBN]). However, with increasing the [AIBN], the average particle
diameter decreases slightly at first until [AIBN]= 0.30g and then increases again, as
shown in Table 3. The degree of data fluctuation for particle diameter is somewhat within
the error range.

Partition of monomer between the particles and the water phase
Data for the partition of HEMA between the gel phase and the water phase have

been presented elsewhere (4). In this study, those data were interpolated and recalculated
to obtain data for monomer concentration in particles ([M]) corresponding to different
conversions for various recipes, as shown in Table 4.
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It is interesting to note that the [M] values are much lower than those for the sparely-
soluble monomers (e.g., 3 to 4 mol/L), and the [M] values decrease with increasing
conversion. The highly swelling nature of the polymer (PHEMA) in water might intrigue
erroneous guess to a much higher expected value, and this was proved to be wrong
according to our calculation.

Variation of (kp x ñ) with particle size
The propagation rate constant (kp) for HEMA is not available in literature. It is

possible to obtain the kp value of HEMA by using the approach (12,13) stemming from
the analysis of Stockmayer (14), but attaining latexes with average particle diameter
located between 50 and 80 nm is a must. This was fulfilled in this study.

The products of kp and ñ are plotted against the volume-average particle diameter
(Dv), and the curve decreases with decreasing the Dv value, as shown in Fig. 4. Note that
the particle diameter data have been corrected by modifying with the swelling data of the
polymer in water (or in medium consisting of water and monomer). The details are
mentioned in the experimental part. Recipes containing surfactant mixtures (i.e., SDS +
PVA) have higher values in both Dv and (kp x ñ), as we found in this laboratory
(Table 5)(34). In this study, we focus on the lower end. The curve levels-off at Dv 's in the
range between 50 and 80 nm, where the (kp x ñ) product reaches a constant value and ñ
can be assumed 0.5. The product was estimated to be 100±10 (L/mol-s) and the kp value
is, therefore, 200±20 (L/mol-s).
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