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Hydrophobic polymer particles in aqueous dispersions can
be stabilized by either adsorbed surfactants or hydrophilic groups
covalently attached to the polymers during the preparation. In
either case the size and the morphology of the particles develop
during the heterophase polymerization as a result of kinetic and
thermodynamic competition or constraints. Thermodynamics
tries to minimize the free energy under the given conditions,
which in turn requires a certain mobility of the polymer chains
in order to find the optimum arrangement. However, this can
be hindered if the chains grow too rapidly to high molecular
weights. The main contribution to the free energy of a colloidal
dispersion is the surface free energy (∆Gsurf ) γAP) of the
hydrophobic polymer chains in contact with water, governed
by the interfacial tension (γ) and the overall surface area of the
particles (AP). Surfactants are mobile enough to ensure minimum
surface free energy and solid sphere morphology of the particles
throughout the entire polymerization. The situation might be
completely different if hydrophilic groups attached to the
polymer molecules exclusively can contribute to lower the
interfacial tension between polymer and water. In such a case
the mobility of the stabilizing, hydrophilic groups is governed
by the longer and possibly still growing hydrophobic tails. Thus,
one might expect for surfactant-free heterophase polymerizations
under particular conditions deviations from the solid sphere
morphology of the particles.

Indeed, such particles have been observed almost 30 years
ago in transmission electron microscopy (TEM) images of

samples collected during emulsifier-free emulsion polymeriza-
tion of styrene.1-4 A brief review of the formation of anomalous
particles by “classical” emulsifier-free emulsion polymerization
with peroxodisulfate as initiator can be found in ref 5. In
addition, a detailed analysis of the experimental data was
presented as well as an experimentally verified method to control
the occurrence of this phenomenon by the addition of hydro-
philic chain transfer agents such as thiomalic acid. Also for
hydrophilic initiators other than peroxodisulfate such as poly-
(ethylene glycol)-azoinitiators, the formation of particles with
less electron dense regions, which appear as voids on the TEM
pictures, has been observed.6,7 The application of poly(ethylene
glycol) macromonomers during surfactant-free styrene emulsion
polymerization as described in ref 8 also caused the generation
of particles with voids in the course of the polymerization.

Anomalous particle morphologies were also observed in
oligostyrene dispersions as described in refs 5 and 7. These
oligomers were prepared by anionic polymerization, have a well-
defined chemical structure, and contain one hydrophilic sulfonate
end group per molecule. They can be dispersed in water and
subsequently swollen with organic water-miscible solvents such
as acetone, THF, and dioxane. Upon swelling, the morphology
of the dispersed particles changes drastically and, depending
on the chain length of the oligomers, either vesicles or porous
particles are formed.7 With X-ray absorption microscopy it has
been proven that the anomalous morphologies are not drying
artifacts during TEM sample preparation but do really exist in
the dispersed state.7 Some examples of the morphologies
obtained with polystyrene latex particles and oligostyrene
particles are combined in Figure 1.

There is another class of polymers that could also be
considered in this context. Block copolymers prepared by
controlled polymerization techniques under homogeneous po-
lymerization conditions self-assemble in selective solvents and
can form a huge variety of morphologies depending on the
nature of the blocks, the ratio of the block lengths, the overall
molecular weight, and the solvent properties.11-21 In the context
of polymer colloid chemistry these systems belong to the class
of secondary polymer dispersions22 as spherical block copolymer* E-mail: klaus.tauer@mpikg-golm.mpg.de.
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micelles are analogous to latex particles. More specifically, they
are self-stabilizing or surfactant-free polymer dispersions, as the
soluble blocks are in fact covalently attached steric or electros-
teric stabilizers. Interestingly, the aqueous heterophase co-
polymerization of styrene and acrylic acid is one of the oldest
attempts to prepare block copolymers.23 Eisenberg and co-
workers studied the morphology of amphiphilic block copoly-
mers after transferring them from solution in an organic solvent
into an aqueous continuous phase.13-15 Very recently, they also
found bowl-shaped particles made of random amphiphilic
copolymers of poly(styrene-co-methacrylic acid)24 when a
solution in dioxane was quenched with water. The TEM images
of these particles resemble those of the polystyrene particles
shown in Figure 1A.

Jiang et al.25 reported recently that also small molecular
weight polyimide (molecular weight of about 3600 g/mol) with
two carboxylate end groups form particles with multiple
morphologies when their THF solutions were precipitated by
water with basic pH. Besides vesicles and porous spheres, these
authors also observed dimpled beads or bowl-shaped aggregates.

These examples suggest that there might be a general rule or
universal mechanism determining the formation of particles with
such structures that deviate from the solid sphere morphology,
by both the direct and the indirect preparation via emulsion
polymerization or precipitation from solution, respectively.
Clearly, both routes allow the fabrication of similar morphol-
ogies. The key for understanding this behavior is that throughout
the preparation the system tries to minimize the interfacial free
energy. For surfactant-free systemsγ depends solely on the
fraction of the hydrophilic groups per unit mass of polymer in
contact with the continuous phase (at a given composition of
the continuous phase), andAP depends mainly on the number
of particles at given mass of polymer. Consequently,∆Gsurf

depends on characteristic properties of both the polymer
molecules and the colloidal particles, i.e., the number-average
molecular weight (Mn) and the average particle diameter (D),
respectively.

This dependence can be expressed by the rationP/nSM between
the number of polymer chains per particle (nP ) mpNA/Mn) and
the maximum number of chains if the particle surface is
completely saturated with hydrophilic end groups (nSM ) πD2/
aS). Heremp is the mass of an average particle,NA is Avogadro’s
number, andaS is the surface area covered per hydrophilic end
group at saturation of the particle surface. Values forMn andD
are easily accessible by standard experimental techniques. For
aS good estimates can be obtained from micellization data of
surfactants with the corresponding hydrophilic group. IfnP >
nSM, then the number of polymer chains per particle is too high
for a solid spherical particle, and hence, a larger interfacial area
can be stabilized than given by the sphere with the average
particular diameter. AsnP/nSM > 1 means also that hydrophilic
chain ends are buried inside the particles, they may gather in a
particular spot and form the indentations or voids which for
energetic reasons try to have contact with water instead with
the hydrophobic polymer. The contrast in the X-ray absorption
microscopy image (cf. Figure 1D) proves that the less dense
regions are really filled with water, and hence, the continuous
phase penetrates the particles. One might consider these particles
as more or less draining because the chains are stiff and water
is a good solvent for the ionic groups in the hydrophilic regions.
The data in Figure 2 confirm that the rationP/nSM is a good
indicator of whether the occurrence of non-solid-sphere mor-
phologies can be expected as in all samples withnP e nSM only
solid-sphere-like particles have been observed. In this case the
number of chains per particle is low enough that all hydrophilic
end groups can occupy sites at the particle-water interface.

Finally, both routes to prepare colloidal particles with non-
solid-sphere morphologiess either the direct by hetero-
phase polymerization or the indirect by dissolution and pre-
cipitation s possess essential common features. In either case
the particles are highly swollen after formation, and hence, the
chains are mobile enough to take up the morphology corre-
sponding to the minimum free energy. The anomalous mor-
phologies are determined on the molecular scale by the fraction
of hydrophobic and hydrophilic groups and on the particle scale
by the geometric size. With increasing conversion and water
content during the direct and indirect route, respectively, the
chain mobility decreases until at a certain point the morphology
freezes.

Figure 1. TEM images (A-C) and X-ray absorption microscopy image
(D) of polystyrene particles showing various morphological features:
(A) polystyrene particles prepared by surfactant-free emulsion polym-
erization with potassium peroxodisulfate as initiator;5,9 (B) polystyrene
particles prepared by surfactant-free emulsion polymerization with poly-
(ethylene glycol)-azoinitiator;6,10 (C) oligostyrene particles dispersed
in water and swollen with THF (one sulfonate end group, average
number of styrene units 5);5,7 (D) oligostyrene particles dispersed in
water and swollen with THF (one sulfonate end group, average number
of styrene units 12);5,7 the largest particle has a diameter of about 1.2
µm.

Figure 2. Change ofnP/nSM during surfactant-free emulsion polym-
erization of styrene (for conditions and detailed prescription see refs 5
and 9); foraS a value of 0.56 nm2 was used corresponding to alkyl
sulfates according to ref 26; the open symbols represent samples where
bowl-shaped particles have been observed on TEM images as shown
in Figure 1A for the sample after 120 min of run t4-1*; regarding the
peculiarity with run t4-1* compared with runs t4-2 and t4-3 see ref
27.
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