
Introduction

Polymer colloids are of high interest in various
domains especially in the biomedical field, as can be
evidenced from the huge number of publications [1, 4].
For many years, polystyrene latexes have been
prepared and widely used. Only a few studies have
been dedicated to the elaboration of PMMA particles
as colloidal supports in the biomedical domain,
especially small-sized latexes bearing reactive com-
pounds. Such work has been devoted to carboxylic-
free PMMA latexes prepared via solvent evaporation
process [5] and by free-radical polymerization in
suspension [3], dispersion [6], emulsion [7] and micro-
emulsion [8]. Among the heterogeneous free-radical
polymerization procedures, emulsion polymerization
proved the most appropriate forproducing small and
monodisperse particles [9]. Emulsion polymerization
can be schematically divided into at least two stages:
particle nucleation and particle growth [10]. The
former starts with the decomposition of the initiator
and practically cannot be separated from the growth

stage. Methyl methacrylate has a much higher solubil-
ity in water than styrene; thus, homogeneous and
coagulative nucleation mechanisms are expected to
occur at least if polymerization is emulsifier-free or at
surfactant concentrations below the CMC. The parti-
cles formed during the nucleation period can subse-
quently grow either by aggregation (if they are unstable
and undergo limited aggregation, their number de-
creases) and monomer consumption or only via
monomer consumption (if they are stable and their
number remains constant).

As a part of a long-term program devoted to the
study of immobilization of a recombinant enzyme
(cutinase from Fusarium solani pisi) onto a model
polymer colloid, the aim of this preliminary work is to
report on the elaboration of recipes to synthesize low-
sized, monodisperse PMMA latexes containing carbox-
ylic surface groups. Thus, emulsion polymerization of
methyl methacrylate (MMA) is conducted using 4,4¢-
azobis(4-cyanopentanoic) acid as initiator to provide
carboxylic groups and sodium dodecyl sulfate to adjust
particle size.
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Abstract Narrowly size-distributed
poly (methyl methacrylate)
(PMMA) latexes with diameters
between 80–120 nm bearing
carboxylic groups were prepared via
emulsion polymerization using
4,4¢-azobis(4-cyanopentanoic) acid
(ACPA) as initiator and sodium
dodecyl sulfate (SDS) as surfactant.
Polymerization conversion and
kinetics were followed gravimetri-
cally. All final latexes were charac-
terized with respect to particle size
and size distribution as well as

electrophoretic mobility. The influ-
ence of SDS concentration on the
preparation of low-size, monodis-
perse particles was systematically
investigated.
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Experimental

Materials

Methyl methacrylate (Aldrich, 99%) was purified by distillation
under reduced pressure before use. 4,4¢-Azobis (4-cyanopentanoic)
acid (Aldrich-Sigma, 75%) was recrystallized from a methanol/
pentane mixture 1:1 (v/v). Sodium hydrogen carbonate (Merck,
p.a.) and sodium dodecyl sulfate (Fluka Chemika, p.a.) were used
as received. In all polymerization procedures deionized and
degassed water was used.

Preparation of PMMA nanospheres

A reactor of 250 ml volume equipped with a glass anchor-type
stirrer running with 300 rpm, a condenser and nitrogen inlet and
outlet was used. The polymerization recipes are summarized in
Table 1. Polymerizations were performed in aqueous buffer
solution of NaHCO3 (10

)2 M, pH�8) at 70 �C for at least 4 hours.
Conversion data were determined gravimetrically and used to
investigate polymerization kinetics.

Particle characterization

The hydrodynamic particle size (radius and diameter Rh and Dp,
respectively) and the polydispersity index (Ip) characterizing the
width of the particle size distribution of the latexes were obtained
by quasi-elastic light scattering using both a Zetasizer from
Malvern Instruments (3000-HS model) operating at 90 � scattering
angle and a Brookhaven autocorrelator (BI-2030 AT). The samples
were diluted with 10)3 M NaCl solution and the temperature was
well controlled during measurements. In addition, the shape and
size distribution of latex particles were also examined by scanning
electron microscopy (Hitachi S2400). Electrophoretic mobility (le)
of the latex particles was measured as a function of pH using a
Zetasizer from Malvern Instruments (3000-HS).

Results and discussion

Polymerization kinetics

The polymerization kinetics for each recipe given in
Table 1 was followed by gravimetry and the obtained
results are reported in Fig. 1 in which the polymerization
conversions are plotted vs. polymerization time.

The polymerization kinetics were found to be rapid, as
only 30 minutes were needed to reach at least 85%
conversion. However, the final polymerization conver-
sion was in any case between 90–95% irrespective of the

polymerization recipe. Although a detailed kinetic anal-
ysis such as by calorimetry or dilatometry was not carried
out, the particular kinetic behavior can be explained with
both the Trommsdorff and the glass effect. The mono-
mer-swollen PMMA particles are the main loci of
polymerization (monomer consumption) [11] and the
internal viscosity increases rapidly with increasing con-
version after the free monomer phase has disappeared
and the monomer concentration inside the particles
decreases. Consequently, termination becomes more and
more hindered and the number of radicals per particle
increases, thus leading to an acceleration of polymeriza-
tion (Trommsdorff effect). If, however, the conversion
reaches a critical value where the monomer concentra-
tion inside the particles becomes too low and the
viscosity too high, also the propagation reaction becomes
hindered (monomer diffusion ceases). Finally, at the glass
point the monomer conversion practically stops. Inter-
estingly, the glass transition temperature of PMMA
(Tg�100 �C) [12] is higher than the polymerization
temperature (Tpol¼ 70 �C) and the monomer concentra-
tion inside the particles is no longer high enough to lower
Tg below Tpol, and thus polymerization freezes. Under
the particular experimental conditions this conversion is
reached between 90–95% depending on the SDS con-
centration. The assumption that polymerization occurs
essentially inside the particles implies that the active
radicals generated in the homogeneous aqueous phase
are transferred to the particles for which capture
efficiency is almost 100%. Furthermore, the data in
Fig. 1 show that the polymerization rate increases with

Table 1 Latex recipes

Latex M
H2O MACPA

(g)
MMMA

(g)
[SDS]
(g/
100 g)

Pmma§1 125 0.208 21 0.0443
Pmma§2 125 0.208 21 0.0550
Pmma§3 125 0.208 21 0.0733
Pmma§4 125 0.208 21 0.110
Pmma§5 125 0.208 21 0.147

Fig. 1 Conversion– time curves as a function of time for MMA
emulsion polymerizations pmma§1 (j), pmma§3 (m), pmma§4 (+)
and pmma§5 (·) (cf. Table 1)
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the amount of surfactant employed. This may be caused
mainly by two reasons. First, increasing surfactant
concentration leads to smaller particles but larger
particle numbers and hence, to an increase in the rate
of polymerization. Second, the increase in the surfactant
concentration may decrease the duration of the nucle-
ation period in the particular surfactant concentration
range below the CMC (cf. Table 1).

The particle number (Np) calculated from the hydro-
dynamic particle size (Rh) and the PMMA density
(q¼ 1.19 g/cm3) was observed to be constant above
10% conversion, as can be deduced from Fig. 2 reporting
the variation of Rh with %C1/3 (%C is the polymeriza-
tion conversion). Obviously, above a conversion of 10%
a steady state is reached with regard to radical generation
and growth in the aqueous phase, on the one hand, and
oligomer capture by existing particles, on the other.

From this data analysis, it can be concluded that
during particle growth aggregation processes are only of
minor importance, as a result of the high stabilizing effect
of SDS and also to the surface charge density of the
particles induced by the charged initiator used in the
polymerization recipe.

Figure 3 shows a log-log plot of the particle number
(Np) vs. the surfactant concentration [SDS] and reveals
that Np depends almost linearly on the surfactant
concentration (Np»[SDS]0.98).

The determined exponent of 0.98 is higher than the
expected exponent (0.6) from the Smith-Ewart theory for
hydrophobicmonomers such as styrene [13]. The different
behavior of styrene and MMA with regard to the
surfactant exponent of the particle number has been
recognized for a long time. For instance, Fitch has
summarized corresponding values which were obtained
under various experimental conditions [14]. For MMA

emulsion polymerization in the presence of SDS higher
values than 0.6 have been obtained: 3 for persulfate as
initiator, 3.87 for Fenton’s reagent as initiator, or 1.08 for
the persulfate/bisulfite/iron (II) redox system [14]. Actu-
ally, no tangible conclusion can be drawn alone from the
exponent of the particle number vs surfactant concentra-
tion scaling law.Muchmore systematic investigations are
needed with regard to polymerization kinetics as well as
conversion, molecular weight distribution, and particle
size distribution in the course of polymerization.

Latex characterization

The various PMMA latexes were characterized in terms
of particle size, size distribution, and electrophoretic
mobility.

Figure 4 shows a SEM picture of a PMMA latex
sample. It is clearly seen that the particles are spherical
and that the size distribution is quite narrow.

The hydrodynamic particle diameter (Dp) and the
polydispersity index (Ip) for the latexes are reported in
Table 2. The low values of the polydispersity index
confirm, on the one hand, the narrow size distribution
and, on the other hand, the shortness of the nucleation
period compared to the particle growth interval as well as
the absence of secondary nucleation (cf. above discussion
regarding Fig. 2).

Fig. 2 Variation of Rh vs. %C1/3 for pmma§1 (n) and pmma§4 (+)
(cf. Table 1 and Table 2)

Fig. 3 Dependence of particle number on SDS concentration (log-log
plot)

62



The electrophoretic mobility of the prepared latexes
was investigated and the particle surface charge was
found, as expected, to be negative over a wide range of
pH values. Table 2 summarizes the electrophoretic
mobility (le) values measured at basic pH and the

estimated surface charge densities (s) by means of the
approximated Eq. (1).

r ¼ legj ð1Þ
Here, g is the solvent viscosity and j the reciprocal

Debye-Hückel layer thickness (at 25 �C, g¼ 0.89 cP,
j¼ 1.04 · 108 m)1 for 1 mMNaCl salt) [15]. The surface
charge density decreases with increasing surfactant
concentration, with decreasing average particle size. This
tendency might be the results of two effects possibly
acting synergistically. First, the coverage of the particle
interface with surfactant molecules decreases with
increasing total surface area despite the increase in
surfactant concentration and second, the number of
initiator end groups per particle decreases with decreas-
ing average particle size due to an increase in the average
molecular weight.

Conclusions

Carboxylic acid groups containing nanosized and mono-
disperse PMMA latex particles can be prepared by
emulsion polymerization using 4,4¢-azobis(4-cyanopen-
tanoic) acid as initiator and sodium dodecyl sulfate as
surfactant. Rate of polymerization, particle size, particle
size distribution, and surface charge density can be
controlled easily by changing the SDS concentration.
Polymerization rate and particle number are found to
increase with increasing surfactant concentration,
whereas average particle size and surface charge density
show the opposite tendency. Such PMMA latex particles
are currently under investigation regarding their suit-
ability as colloidal support for the immobilization of
enzymes.
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Fig. 4 SEM of the final latex particles: pmma§3 (cf. Table 1 and
Table 2)

Table 2 Particle number (Np), diameter (Dp), polydispersity index
(Ip) from light scattering, maximum electrophoretic mobility (le),
and surface charge density (r) calculated from maximal electro-
phoretic mobility for the PMMA latexes

latex Dp

(nm)
Ip Np · 10)16 le · 10)8

(m2/V.s)
r
(lC/cm2)

pmma§1 116 0.015 1.9 )3.315 )0.307
pmma§2 114 0.017 2.1 N.D N.D
pmma§3 103 0.022 – )3.2698 )0.303
pmma§4 89 0.022 4.5 )3.1356 )0.290
pmma§5 82 0.001 5.9 )2.9086 )0.269

N.D. not determined
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