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Abstract Following the swelling of single-polymer beads
and the polymerization of single-monomer droplets are un-
conventional methods to study heterophase polymerizations.
However, the focus on the behavior of single-colloidal entities
allowed surprisingly a degree of abstraction which was unat-
tainable so far with conventional investigation strategies. The
experimental results revealed an unexpected behavior of po-
lymerizing droplets and led to the discovery of the importance
of the swelling pressure for any kind of heterophase polymer-
ization process. The action of the swelling pressure is inde-
pendent of any special design of the process and only requires
the coexistence of monomer and polymer in confined reaction
volumes.

Keywords Single droplet polymerization . Heterophase
polymerization . Swelling pressure . Latex particle formation

Introduction

Pressure plays a decisive role in all heterophase polymeriza-
tions in which colloidal dimensions are involved. More pre-
cisely, several pressures must be considered which are the
pressure of the gas phase (PG) or the overall pressure in the
reactor, the Laplace pressure inside the colloidal entities (PL),

and the swelling pressure generated inside the polymerizing
particles (PS). PG can be deliberately chosen by the experi-
menter and controls both the composition of the gas phase and
the amount of gas phase dissolved in the continuous phase
which is mainly important for gaseous monomers. PL depends
inversely on the size of the colloidal objects (droplets and
particles) and particularly determines the stability of the small-
er droplets. PS influences the amount of monomer inside the
particles and hence also the rate of polymerization.

Considering the centennial history of heterophase polymer-
ization (HP), it is quite astonishing that a comprehensive
treatment of how PG, PL, and PS concertedly determine the
polymerization scene is missing.

We want to fill this gap and discuss the interrelation of PG,
PL, and PS as well as their influence on HP on the base of
experimental data backuped by thermodynamic consider-
ations. Because these pressures influence not only heterophase
polymerization in general but also certain aspects in very
specific ways, we necessarily had to combine very different
experimental results in one script. In order to ease the discus-
sion, we will consider cases where the assumption of a het-
erogeneous system prior to polymerization is undisputed.
Under such condition, starting with a monomer emulsion
and ending with a polymer dispersion, HP can be essentially
described as transition between different colloidal states con-
trolled by polymerization. The key issue in this context is the
role of monomer droplets, and hence, we are presenting main-
ly, but not exclusively, experimental data where the initiation
of the polymerization takes place inside the monomer drop-
lets. To study the role of monomer droplets, we developed an
experimental procedure to follow the behavior of a single
polymerizing droplet. However, it was exactly this rather
strange experimental approach to study heterophase polymer-
ization, where under technical conditions, typically, a myriad
of droplets participate in the reaction, which allowed us to get
surprising experimental results and new insights.
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We are discussing the influence of pressure effects on
colloidal heterophase polymerizations which can be con-
trolled by the experimenter to different degrees. The gas phase
pressure can be controlled to a great extent, the swelling
pressure less, and the Laplace pressure the least. To get deeper
knowledge about the interrelation between these pressures on
the one hand and with the polymerization kinetics on the other
hand is important for better understanding the mechanism of
heterophase polymerizations.

Experimental information

Hydrophobically initiated emulsion polymerization

Materials

Styrene (99 % purity, Sigma-Aldrich) was distilled in darkness
under reduced pressure (14 mbar, 40 °C) to remove inhibitors
and stored in a refrigerator before use. Sodium dodecyl sulfate
(SDS) (purity≥99 % for electrophoresis, ROTH) and
bis-(2,4,6-trimethylbenzoyl-phenylphosphine oxide) (Irgacure
819) (Ciba Specialty Chemicals) were used as received.

Polymerization

All photoinitiated polymerizations were carried out at 25 °C
between two standard fluorescent tubes (Osram L 18 W, light
color 840, Lumilux, cool white); for details, see [1, 2] in
borosilicate glass vials with Rotaflo® stopcock with a
Teflon-coated magnetic stirring bar at a stirring rate of
500 rpm. The standard recipe for the emulsion polymerization
was as follows: 20 g of water, 4.5 g of styrene, 0.6 g of SDS,
and 0.02 g of initiator (0.048 mmol). If not otherwise stated,
the polymerization time was fixed to 20 h.

The reaction mixtures for the hydrophobically initiated
emulsion polymerization (HIEP) were degassed, and the glass
vials were placed in the middle between two fluorescent tubes
on a multipoint magnetic stirrer plate. At the end of the poly-
merization after a predetermined reaction time, the vials were
removed from the light source and the coagulumwas separated
from the latex by filtration through glass frits of pore size 1.

The polymerization data presented here were reproduced
several times so that the discussed effects are statistically
secured.

Anisotropic particles

Synthesis of polystyrene seed particles

Polystyrene (PS) latex particles were synthesized by the soap-
free emulsion polymerization. DI water (190 g) was bubbled
with nitrogen gas for 30 min before adding styrene monomer

(20 g). The polymerization was started with the addition of
ammonium peroxodisulfate (APS) solution (0.2 g in 10 g of
water) at 70 °C and carried out for 22 h. The residual mono-
mers, electrolyte, and water-soluble oligomers were removed
by centrifugation (10,000 rpm, 20 min) and washed thrice
with DI water. The linear PS particles were further used as
seed in the preparation of cross-linked PS seed.

Synthesis of cross-linked polystyrene seed particles

Of linear PS seed particles, 5.0 mL (20 % w/v) dispersed in a
1 % w/v poly(vinyl alcohol) (PVAl) aqueous solution was
mixed with a 20 vol.% monomer emulsion which was made
in a 1 % w/v PVAl aqueous solution by homogenizing at
8000 rpm for 1min. Themonomer solution consisted of styrene
(St), divinylbenzene (DVB), and 2, 2′-azobis (2,4-
dimethylvaleronitrile) (V-65) initiator (0.5 wt.%). To study the
effect of seed cross-link density on final anisotropic morphol-
ogy, DVB was varied from 0, 1, and 5 to 10 vol.% based on
total monomer. The volume ratio of the monomer solution to
the seed particles was 4:1. The mixture was swollen with PS
seed particles at RT for 20 h. Consequently, Fremy’s salt
(10−4 mol/L) was added and polymerization was performed at
70 °C for 8 h in an oil bath.

Preparation of anisotropic particles

Anisotropic (ANI) particles were synthesized via the seeded
polymerization with cross-linked polystyrene (CPS) seed par-
ticles [3]. A 20 % w/v CPS dispersion (5.0 mL) was prepared
in a 1 % w/v PVAl aqueous solution. A 20 vol.% monomer
emulsion which composed of MMA and V-65 initiator
(0.5 wt.%) was homogenized in a 1 %w/v PVAl aqueous at
8000 rpm for 1 min, and then mixed with CPS dispersion. In
this case, the volume ratio of the monomer solution to the CPS
particles was 4:1. The mixture was swollen with CPS seed
particles at RT for 20 h. Thereafter, Fremy’s salt (10−4 mol/L)
was charged before the seeded polymerization at 70 °C for 8 h.
The anisotropic composite particles were cleaned by sedimen-
tation and washed thrice with DI water.

Identification of anisotropic phase

ANI particles were dispersed in glacial acetic acid (g-AA)
(1 mg/mL) which was a selective solvent for poly (methyl
methacrylate) (PMMA) at room temperature for 24 h. The
dispersed ANI particles were allowed to sediment for 24 h;
dissolved and undissolved components were separated. Dis-
solved components were then characterized using SEC and
ATR-FTIR. Undissolved components were washed, dried,
and characterized.
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Observation of polymerizing droplets

A digital microscope (Keyence VHXwith VH-Z100 objective)
was used in dual function to start the photopolymerization with
the microscope light and to monitor the polymerizing droplets.
A particular advantage of the Keyence microscope is the long
distance between object and objective which allows the obser-
vation inside cuvettes in combination with changing the illu-
mination angle. The latter features allows to the observation of
scattered light even from objects whose size is below the
detection limit of optical microscopy. All experiments were
carried out in closed optical cuvettes at ambient conditions
without stirring. The droplets were generated by shaking the
cuvettes gently. Then, the cuvette was placed in the holder (cf.
Fig. 6) and the objective focused on a region in the aqueous
phase where suited droplets were spotted. Snapshots were
taken at predetermined time intervals and automatically
stored. The cuvette was filled with 1 mL of organic phase
(pure styrene or styrene plus 10 wt.% DVB, or pure DVB, or
ethyl benzene) and 2 mL of water. If applied, the Irgacure819
amount was 4.5 mg dissolved in 1 mL of the organic phase.
Some experiments were carried out with 20 mg of SDS
dissolved in 2 mL of water.

Polymerization with poly(vinyl alcohol) stabilizer

Poly(vinyl alcohol) (PVAl, typeM05/140 with 86–89mol%OH
groups) a gift from Wacker-Chemie was used as received. Po-
tassium peroxodisulfate (KPS) and 2,2 ′-azobis(2-
methylpropionamidine) dihydrochloride (V-50) both from Sig-
ma-Aldrich, dibenzoyl peroxide (BPO), 2,2′-azobis(2.4-dimethyl
valeronitrile) (V-65), 2,2′-azobis[2-methyl-N-(2-hydroxyethyl)
propionamide] (VA-086), and 4,4′-azobis(4-cyanopentanoic ac-
id) (V-501), all from Wako, were used as received.

The oil-soluble initiators were dissolved in styrene monomer
(0.01 g of each in 2 mL) before the addition of 8 mL aqueous
solution of PVAl (1 wt.% PVAl). The water-soluble initiators
were dissolved in the PVAl solution before addition of 2 mL of
styrene. Emulsification was carried out at 8000 rpm for 1 min
with an ultra turrax mixer (T25, Jahnke and Kunkel) before the
25-mL glass vial was closed with a rubber stopper and the
mixture deaerated by purging nitrogen via two syringe needles
for 20 min while magnetically stirred. Then, the vials were
placed in an oil bath at the reaction temperature of 70 °C on a
heatable magnetic stirrer plate (400 rpm) for 7 h.

For the photoinitiated polymerizations with Irgacure819
with and without PVAl as stabilizer, 0.02 g of initiator was
dissolved in 4.5 g styrene. Then, the monomer-initiator solu-
tion was mixed with either 20 mL of water or 20 mL aqueous
PVAl solution (1 wt.%) T in 25-mL glass vial (magnetic
stirring 400 rpm) sealed with rubber stopper and degassed
for 20 min by purging nitrogen through two syringe needles.
The polymerization was conducted at room temperature by

placing the glass vials between two standard fluorescent tubes
(Osram L 18W, light color 840, Lumilux, cool white) for 20 h.

Characterization

The solids content (FG) was determinedwith a HR 73 halogen
moisture analyzer (Mettler Toledo, Giessen). With FG, the
monomer conversion to latex (XL) is calculated as described
in [1, 2]. XL is a measure only of the amount of monomer
converted into latex and does not consider the amount of
polymer that is present in the reaction mixture as coagulum.
Coagulum is the entire polymer that does not pass through the
glass frit of pore size 1.

The intensity-weighted average particle size (D) was mea-
sured by dynamic light scattering with NICOMP particle sizer
(model 380 PSS, Santa Barbara, California). Molecular
weight distributions (MWD) were determined by size exclu-
sion chromatography (SEC) on the basis of polystyrene stan-
dards (PSS; Mainz). For experimental details, see [1, 2].

Scanning electron microscopy (SEM) was performed ac-
cording to standard procedures with a high-resolution scan-
ning electron microscope operating at an acceleration voltage
of 3 kV (LEO1550 Gemini, Carl Zeiss AG, Germany).

Experimental results

Gas phase pressure

Recently, we reported the influence of the composition of the
gas phase on the kinetics of a special variant of heterophase
polymerization for which we coined the name hydrophobically
initiated emulsion polymerization (HIEP) [1, 2, 4]. The char-
acteristic feature of HIEP is a kind of mishmash between
emulsion and suspension polymerization that is the use of a
typically emulsion polymerization stabilizer such as sodium
dodecyl sulfate in combination with an initiation reaction
which is confined inside the monomer droplets. This strict
requirement is realized by using either initiator-free initiation
mechanisms such as photo-initiation and thermal self-initiation
or extremely hydrophobic initiators. In order to avoid thermal
mixing effects and side reactions, we carried out polymeriza-
tion at ambient temperature with Irgacure 819 as very efficient
photoinitiator with solubility in water <10−7M [5] which might
be considered in comparison with styrene as super-hydropho-
bic. However, as discussed below, the choice of the initiation
system basically has no effect on the experimental results.

In HIEP, different kinetic scenarios take place in parallel in
dependence on the droplet size which already has been
discussed [4]. Provided the droplets are stable, then the final
particle size distribution (PSD) should somehow reflect the
initial droplet size distribution (DSD). However, this quite
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straightforward assumption is possibly too simple because the
experimental data show that both the portion of emulsion and
suspension polymerization products and the resulting PSD
changes drastically in dependence on the gas phase composi-
tion, under otherwise identical conditions [1].

Here, we report experimental results showing the strong
influence of PG on styrene HIEP. The data depicted in Fig. 1
reveal that with increasing gas phase pressure (here air) the latex
conversion decreases and the average particle size increases.
Decreasing latex conversion indicates that the portion of emul-
sion polymerization is reduced which leads eventually to a drop
in the overall rate of polymerization (cf. discussion in [4]).

The comparison of the droplet and the particle size distri-
bution for the polymerization atPG=0.7 bar (Fig. 2) with quite
a high portion of suspension polymerization shows a shift of
the maximum by about a factor of ten towards lower sizes.

Even considering the lower overall conversion at this air
pressure and the size-dependent polymerization rate due to
the “negative segregation effect” as discussed in [4] cannot
solely explain this shift.

Clearly, there is a certain influence of the increasing oxy-
gen content on the rate of polymerization particularly for
initiation in the droplets due to the higher solubility of air in
organic solvents than in water [6]. However, this kinetically
restricted view does not explain the enormous difference in
the average particle size by more than a factor of ten and the
increasing portion of emulsion polymerization in the overall
kinetics with decreasing pressure. In other words, it is not
possible only with the inhibition effect of air to explain the
experimentally observed inverse relation between latex con-
version and average particle size (mentally combining graph
“a” and “b” of Fig. 1).

Fig. 1 Correlation between gas
phase (air) pressure (PG) and latex
conversion (graph a) and average
latex particle size (graph b) for
HIEP of styrene after
polymerization time of 20 h

Fig. 2 Comparison of droplet
size distribution (light
microscopy image b and graph d)
and latex particle size distribution
(SEM micrograph a and graph c)
for polymerization at gas phase
pressure PG=0.7 bar; the lines are
Gauss fits of the histograms
obtained from enumerating the
corresponding images with
average 2.5 μm and standard
deviation 1.4 μm for graph c and
average 20.1 μm and standard
deviation 7.6 μm for graph d;
number of counted particles are
100 and 830 for the particles
(graph c) and the droplets (graph
d), respectively
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Swelling of polymer particles

Swelling is particularly important when the formation of latex
particles takes place outside the monomer phase as typically
considered to be the case in classical emulsion polymerization.
In this case, it is assumed since Harkins that the role of the
monomer drops is “to act as a storehouse of monomer from
which its molecules diffuse into the aqueous phase and from
this into either soap micelles or polymer monomer latex parti-
cles” [7]. This point of view has not much changed over the
decades. Also, in recent texts on emulsion polymerization
kinetics, the question how the monomer enters the particles
plays rather an inferior role. The comforting assumption is that
it is just there, where it is expected to be— in the monomer
swollen latex particles. Exemplarily, “Interval 2 is characterised
by a constant number of particles (the polymerisation locus)
and the presence of monomer droplets. The monomer-swollen
particles grow and the monomer concentration within these
particles is kept constant by monomer diffusing through the
water phase from the monomer droplets” [8].

Frequently, the Morton-Kaizerman-Altier equation [9] is
used as thermodynamic justification to swelling and for state-
ments of the kind as given above. However, experimental
evidence has been presented that both the MKA equation is
not complete [10, 11] and the assumption of homogeneously
swollen particles may not be the typical case under polymer-
ization conditions (cf. below and discussion in [12]).

If we consider styrene polymerization the growth of an
average chain, even assuming quite a high degree of polymer-
ization of 104 takes place in less than a minute. According to
the above statement, the corresponding amount of monomer
should be replaced within this period of time. Interestingly, if
swelling of latex particles is studied [9, 10] or if swelling is
necessary as separate step during the synthesis of special latex
particles [3, 13–17], the time for which swelling is allowed is
typically in the order of 24 h. The clear experimental control
whether this time is sufficient or too long or too short is quite
challenging for particles with colloidal dimensions. The same
holds, of course on a different time scale, for the question
whether the monomer consumed during the characteristic
propagation time can be replace by fresh monomer in the
entire particle volume more or less instantaneously. In order
to approach the issue and to illustrate the problem, we carried
out the kind of model experiments (cf. Fig. 3) with polysty-
rene beads under the two extreme conditions of “swelling” in
a pure solvent (S1) and when a water layer separates the bead
from the solvent (S2). For the visual observation and the sake
of illustration only, polystyrene beads have been used with a
diameter of about 2 mm and instead of styrene as swelling
agent a solvent with equally good solvency was used (either
toluene or ethyl benzene). The behavior of the bead in pure
solvent was investigated in two variants. In the first set of
experiments, the bead was allowed to freely move in the pool

of the solvent (S1a) whereas it was fixed in place in the second
variant (S1b). For studying the interaction of the bead with the
solvent in the presence of a separating water layer, the bead
was fixed in place in the water phase.

Despite the fact that these swelling experiments are only a
very rough approximation to the situation during heterophase
polymerization, they nevertheless lead to interesting conclu-
sions. Firstly, the direct contact between pure swelling agent
and the polymer accelerates swelling enormously. The highly
swollen state for the PS bead as depicted in Fig. 3 is observed
for S1a after 1 min, for S1b after 5 min, and for S2 after 1416 h
(or 59 days) of swelling time. Secondly, the constant supply of
pure swelling agent to the particle is another important

Fig. 3 Illustration of the swelling behavior of polystyrene beads (size
about 2 mm) under different conditions with respect to the contact with
swelling agent; the images below the x-axis show the bead immediately
after insertion in the setup and the images above at the time as indicated
by the squares in the graph; S1a, bead can freely move in a pool of
toluene; S1b, bead is fixed in place in a pool of toluene; S2, bead is fixed
in place in a pool of water (containing SDS at concentration above the
critical micelle concentration) at a position about 1 cm below an ethyl
benzene layer; the circle in the images for S1a indicates the changes
within 1 min
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prerequisite for as fast as possible swelling. Comparing S1a and
S1b shows that the freely moving bead which permanently
seeks the contact with pure solvent (following the greatest
difference in the chemical potential of the swelling agent) dis-
solves or decomposes much faster than the resting bead. The
bead under condition S1a shows already after 1 min a uniform
increase of the transparency over the entire volume and the
interface has changed from smooth to very bumpy. Contrary,
the bead fixed in place (S1b) is surrounded by an almost
stagnant layer of polymer solution which prevents rapid pene-
tration of swelling agent into the whole volume. The formation
of the polymer solution shell is clearly to be seen (Fig. 3).

Thirdly, if the direct contact between the swelling agent and
the polymer bead is held up by water, the uptake is drastically
hindered. A visual change of the bead can be detected only
after several days. The image of S2 shown in Fig. 3 depicts the
highly swollen bead a few hours before liftoff into the ethyl
benzene phase.

An interesting detail revealed by these experiments relates
to the formation of gas bubbles which were observed only in
S1a and S1b but not in S2. In our understanding, this is
reasonable because the gas concentration in the organic phase
is about an order of magnitude higher than in water [6] and the
exothermic heat effect connected with swelling of polystyrene
beads in toluene [18] causing bubble nucleation triggered by
the interface. This is no surprise, but nothing else than classi-
cal heterogeneous nucleation in colloid chemistry [19].

The reason for the enormous difference between swelling
according to S1 and S2 is besides the difference in the chem-
ical potential of the swelling agent in both phases (here, one
has to consider the chemical potential in the continuous phase
and inside the bead) the swelling pressure acting in the latter
case (cf. discussion below).

Anisotropic particles

The swelling pressure can also be used as a synthetic tool for the
fabrication of non-spherical anisotropic polymer particles [3,
13–16]. This is typically a multistep synthesis starting with
ordinary polystyrene particles which are used as seed in a second
polymerization of a styrene divinylbenzene (DVB) mixture.
Ideally, this seeded polymerization should lead to spherical
particles where the linear polystyrene chains of the seed homo-
geneously interpenetrate the poly(styrene-DVB) network formed
during the second polymerization. Then, we used these spherical
semi-interpenetrating network particles as seed in a third poly-
merization of methyl methacrylate (MMA). During swelling and
polymerization, an elastic stress is built up which is relaxed via
budding on a weak region of the seed particles’ interface. The
stress relaxation occurs obviously quite fast, so that the formation
of bulges takes place predominantly only in one direction starting
from just a single, namely, the weakest spot of the swollen
particles during polymerization. Simultaneous relaxation and

subsequent growth in two or three directions can happen, how-
ever, with much lower probability. These bulges are the loci
where most of the second-stage monomer polymerizes and they
keep in contact with the parental seed particles predominantly via
chain entanglements. This scenario is basically confirmed by the
sequence of SEM micrographs put together in Fig. SI-1.

The SEM micrographs of Fig. SI-1 confirm that cross-
linking of the seed particles is crucial for the development of
an anisotropic shape. The final particles prepared with the
uncross-linked seed are almost spherical (micrograph a of
Fig. SI-1). Already, 1 vol% of DVB in the monomer mixture
during the second-stage polymerization triggers the change to
an ellipsoidal shape. These particles (micrograph b of Fig. SI-
1) appear as if they were composed of two equally sized
compartments. Increasing cross-linking density causes devia-
tions from the homogeneous ellipsoidal shape with respect to
both size and alignment of the compartments.

However, the exchange of the aqueous continuous phase
with glacial acetic acid (g-AA) which is a selective solvent for
PMMA causes a drastic change in the morphology of the
remaining particles (Fig. 4) compared with both the final
anisotropic and the seed particles after the second- and third-
stage polymerization, respectively.

The treatment with g-AA removes practically only PMMA
from the composite particles as proven by FT-IR spectroscopy
(data not shown). During the contact with g-AA the PS remains
in the glassy state, and hence, the depicted morphology (Fig. 4)
is the result of the pressure and/or stress acting during the
swelling withMMA and the third-stage polymerization. Follow-
ing the principle of least constraint, the seed particles deform.
Despite the fact thatMMA is a solvent for PS, both polymers are
not compatible and try to phase-separate during the polymeriza-
tion which additionally contributes to the development of the
final morphology of the composite particles.

Comparing the micrographs of the PS seed particles (right
hand side of the micrographs a–d of Fig. SI-1) with the PS-
residual-cores (PS-RCs) put together in Fig. 4 illustrates quite
impressively the consequences of the total pressure or stress
acting on them during swelling and polymerization. Interest-
ingly, the micrograph of the uncross-linked PS-RC (micrograph
a of Fig. 4) also shows strongly deformed structures though one
might think that in these seed particles the pressure acts
isotropically. In addition, these PS-RCs show many indenta-
tions (the darker regions) without any recognizable internal
structures. These smooth regions are obviously the spots where
PMMA domains were anchored in the PS cores. Remarkably,
the uncross-linked PS-RCs possess each at least two quite large
of such areas. Since the corresponding composite particles are
spherical (left hand side of micrograph a of Fig. SI-1), the
conclusion is straightforward that a PMMA shell with variable
thickness surrounds the PS cores. The formation of an outer
PMMA shell is driven by the tendency to decrease the interfa-
cial energy to the continuous water phase [20].
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However, the cross-linked PS-RCs show a significantly
different morphology (micrographs “b – d” of Fig. 4). Firstly,
the shape is elongated thus reflecting the original composite
PS-PMMA particles. Secondly, all PS-RCs exhibit just a
single huge spot where the main part of the PMMA was
attached. The rest of the surface shows quite many but smaller
indentations, compared with the uncross-linked PS-RCs. Ob-
viously, the whole surface of these composite particles is also
PMMA in order tominimize the excess free interaction energy
with water. Thirdly and most amazingly, the PS-RCs clearly
show core-shell morphology for all cross-linking densities.
This is an important result because it contradicts homogenous
swelling. In other words, it is not consistent with the assump-
tion that after the swelling step, the swollen particles possess a
radially homogeneous composition which would be drops of a
styrene –DVB mixture containing dissolved PS. The poly-
merization of the styrene –DVB mixture should under such
conditions lead to a semi-interpenetrating network exhibiting
somehow homogeneous morphology but surely not such clear
core-shell structure independent of the cross-linker content.
This result is much more in accordance with a gradient struc-
ture of the swollen particles similar to that as depicted in Fig. 3
for the case S1b.

Observation of polymerizing droplets

The idea of controlling the final properties of polymer parti-
cles by designing properly the size and composition of the
monomer droplets is fascinating but remained to this day, at
least for aqueous heterophase polymerization, an unattainable
dream. It is a common procedure to evaluate heterophase

polymerizations by considering the average properties of
myriads of particles because only in this way, it is possible
to determine overall monomer conversion and molecular
weight distribution. In contrast, particularly, optical microsco-
py allows quite easily the observation of single droplets during
the polymerization process. Of course, to draw meaningful
conclusions, the observation of many different droplets is
necessary, but this is quite a tedious undertaking. Neverthe-
less, we believe that such experiments are of significant rele-
vance for studies of the mechanism of heterophase polymer-
ization. Only the observation of an individual polymerizing
droplet allows the direct study of its behavior whereas tracking
a particular droplet in a real heterophase polymerization is
practically impossible.

Images a and c of Fig. SI-2 elucidate the procedure
employed in this study. Figure SI-2a shows a cuvette before
(C0) and after (Cf) the polymerization and Fig. SI-2c the
cuvette (Cp) placed in the holder in front of the objective (o),
illuminated from behind. The image b of Fig. SI-2 illustrates
typical behavior of individual droplets before (subscript 0) and
after few hours polymerization time (subscript t) for three
different recipes (subscript 1–3). Despite all problems with
such a procedure, the results we obtained so far are extremely
promising and revealed unexpected and completely surprising
behavior of polymerizing droplets. The objection that this
optical method allows only the observation of droplets beyond
a certain size is correct but not relevant and was already
refuted by Galileo Galilei [21]. This “principle of similitude”
as stated by R. C. Tolman “The fundamental entities of which
the physical universe is constructed are of such a nature that
from them a miniature universe could be constructed exactly

Fig. 4 SEM micrographs
illustrating the morphological
features of the PS residual cores
after removal of the PMMA from
the composite particles; a without
cross-linker, b 1, c 5, and d 10 %
DVB in the monomer mixture;
the bars indicate a 2 μm, b
300 nm, c, d 200 nm
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similar in every respect to the present universe.” allows the
conclusion that the experimental observations discussed below
very likely hold for much smaller droplets as well which,
however, cannot be observed with optical microscopy [22, 23].

Considering the increase in density from styrene to poly-
styrene and assuming the droplet stays unchanged without any
interaction (neither delivering nor uptake of monomer to or
from the environment, respectively), the so isolated droplet
must shrink during the polymerization in dependence on the
monomer conversion X. Taking dm=0.9 and dp=1.05 g/cm3

as the monomer and polymer density at room temperature,
respectively, the diameter of the drop should decrease at
complete conversion to 0.95 of its initial size.

The images b1,t – b3,t of Figure SI-2 illustrate exemplarily
some spectacular observations which are both moderate (b2)
and drastic decrease in size (b3), increase in size (b1), corona
formation around the drops (b1), and increasing turbidity of
the continuous phase due to formation of highly mobile fine
particles (b1 – b3, and image a cf). The increasing turbidity
causes blurring of the droplets and clearly indicates ongoing
polymerization also in the continuous phase. It should be
noted that this effect resembles the quite old problem of
“emulsion particle formation in suspension polymerization,”
an also industrially frequently occurring unwanted issue. Al-
so, it is necessary to point out that polymerization takes place
in the bulky monomer phase on top of the water leading to a
high viscous PS in styrene solution or at longer polymeriza-
tion times to glassy PS phase.

The duration of the polymerization is highly variable, but
this is not considered to be critical. Typically, the behavior of
the drop was recorded as long as changes could have been
detected. The longest period of observation with continual
changes lasted about 20 days (cf. Fig. 5) during which periods
with only minimal variations alternate with sudden changes in
shape and size. After about 20 days (exactly 479 h and
38 min), the last image (f of Fig. 5) shows compared with
the initial droplet (image a) many small satellite particles
surrounding the parental drop which, however, grew in size
by the factor of 3.5. The blurred appearance of images b–d
indicates beginning already after 2 days quite massive forma-
tion of fine particles (cf. also image cf of Fig. SI-2). The
diameter of the drop decreases during the first 3 days (from
318 to 274 μm from image a to “c”) and then starts to increase
almost explosively (from 304 to 1125 μm from image d to f).
This particular time dependence of the size of the polymeriz-
ing drops is in our understanding the most surprising results of
this study and a key to shed some light in the mechanism of at
least this kind of heterophase polymerization (HIEP).

The time dependence of the size of the size of a polymer-
izing styrene droplet goes, for all experimental conditions
studied, through a minimum which means the drop experi-
ences first contraction followed by expansion. Figure 6 shows
these two periods for the droplets depicted in Fig. SI-2.

The dotted curves in graphs a and b of Fig. 8 calculated
with Eqs. 1 and 2, respectively, describe kind of theoretical
limits and the comparison with the experimental data leads to
important conclusions. It is necessary to point out that the
diameter ratio in Eq. (1) refers to the start of the polymeriza-
tion and in Eq. (2) to the minimum droplet diameter in the
corresponding diameter-time curves.

First, however, looking at the experimental data for the
three different recipes reveals that the presence of SDS has a
much stronger influence on the change of the droplet size
during both, the contraction and expansion phase, than the
presence or absence of the photoinitiator. We consider this fact
as proof that under both initiating condition, the reaction starts
inside the droplets.

Dt

D0
¼ 1‐Xð Þ þ X

dm
dp

� �1=3

ð1Þ

Dt

D0
¼ 1

1‐ϕm

� �1=3

ð2Þ

The experimental data show quite a different behavior than
the curves given by Eqs. (1) and (2), particularly for the
polymerization in the presence of SDS as stabilizer. Though
the comparison with the experimental data is not easy because
the comparison is made between two different x-axes (the
independent variable is the monomer conversion (X) and the
volume fraction increase (ϕm) in Eqs. (1) and (2), respectively,
while it is the time for the experimental data) some conclusion
can still be drawn. The contraction or shrinking of the droplets
is not only due to the polymerization reaction. The compari-
son with ethyl benzene as unreactive model compound shows
that a certain amount of the oil phase is transferred into the
continuous water phase corresponding to its solubility at least.
However, the much stronger shrinking of the drop in the
presence of SDS is an experimental fact which cannot be
explained alone with solubility or even solubilization by sur-
factants in solution [24]. The general driving force is the
equilibration of the chemical potential which necessarily must
be taken into account (cf. below). Interestingly, from the
shrinking of polymerizing droplets alone, even if they are so
large that one is tempted to assume bulk polymerization
kinetics for which dilatometry is a useful kinetic tool, reliable
conclusion regarding the monomer conversion is not possible.

The observed expansion of the droplets at a certain stage of
polymerization (monomer conversion) appears even more
mysterious than the super-shrinkage. Also here, the effect is
the much stronger in the presence of SDS. The assumption
that swelling with monomer contributes to this effect is quite
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reasonable because there is a monomer phase on top of the
aqueous phase and the monomer conversion is surely neither
there nor in all other drops the same as in the particular drop
under observation. Consequently, redistribution of the mono-
mer can happen driven by the requirement to equilibrate the
chemical potential. So, swelling with monomer is possible but
rather unlikely the main reason for expansion because (1) the
polymerization also takes place in the bulk monomer phase,
(2) the final state of the expansion leads to high ϕm values
(greater than 0.8 or even greater than 0.9 in the presence of
SDS), and (3) the enlargement is quite fast compared with the
swelling of the beads (cf. above). Another argument against
the assumption that swelling with monomer causes the expan-
sion is the corona formation (cf. micrograph b1,t of Fig. SI-2

and micrograph f of Fig. 5) which, however, has not always
been observed. Corona formation actually indicates the oppo-
site process that is, instead of uptake the release of matter
which is detected due to enhanced scattering.

For the surfactant-free polymerizations in the presence of
photoinitiator, five repeats have been evaluated with respect to
the polymer content in the upper monomer phase and the
properties of the turbid water or latex phase. Despite the fact
that the polymerization time varied between about 50 and
120 h, the solids content in the monomer phase was almost
constant (29.3±3.3 %) with a slight tendency to increase with
duration of the polymerization (from about 26 to 35 %). In
contrast, the solids content of the water phase is clearly below
1 % but the average particle size grows exponentially with

Fig. 5 Time sequence of images showing characteristic features of a polymerizing styrene droplet during surfactant-free polymerization but with
photoinitiator; a after placing the cuvette in the holder, b after 48 h, c after 72 h, d after 120 h, e after 240 h, f after 458 h; the bars indicate 50 μm

Fig. 6 Relative change of the drop diameter (Dt/D0) during the phase of
contraction (a) and expansion (b) of polymerizing styrene droplets for
various polymerization conditions; open circles initiator- and surfactant-
free polymerization, triangles up surfactant-free but with photoinitiator,
open squares initiator-free but with SDS; D0 means the initial drop
diameter for each phase and Dt the diameter at given time; the dotted

line (upper x-axes) is the curve for contraction caused by only polymer-
ization in dependence onmonomer conversion, X, (cf. Eq. 1, graph a) and
expansion for volume fraction increase, ϕm, (cf. Eq. 2, graph b); the grey
circles in graph a are experimental data obtained for ethyl benzene
droplets
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time from 380 to 710 nm. SEM images of the latex phase
reveal a few particles in the size range above 5 μm but the
absolute majority of the particles are in the size range below
500 nm (Fig. 7). The molecular weight of the polymer gener-
ated in the particles inside the aqueous phase is by more than a
factor of ten higher than that of the polymer originating from
the bulk phase.

For us, the most exciting question is how these small
particles are generated and stabilized because the polymeriza-
tion is carried out in the cuvette without stirring (remember,
the droplets were generated just by gently shaking of the
cuvette), surfactant-free, and in the presence of the super-
hydrophobic Irgacure 819 restricting initiation to the mono-
mer phase.

Variation of the initiation site

The polymerization results presented so far clearly show that
the size of the polymer particles (at least of the vast majority of
the particles) is much smaller than that of the monomer
droplets (cf. Figs. 2 and 7). This is even the case when the
polymerization is started exclusively inside the monomer
droplets either initiator-free via self-photoinitiation of styrene
(which needs at least two styrene molecules in close contact
[2]) or with the superhydrophobic Irgacure 819. Also, this
effect is not changed in principle when the polymerization is
carried out with or without stirring and in the presence or
absence of emulsifier (SDS) or micelles. The experimental
results provided strong hints that the larger drops are some-
how the source for the smaller particles. This, within the
common frame of mechanistic ideas of heterophase polymer-
izations, quite weird working hypothesis should be backed up
by a series of heterophase polymerizations with poly(vinyl
alcohol) as sole stabilizer and nine very different thermal
initiators ranging from ionic or nonionic completely water-
soluble such as ammonium peroxodisulfate or V50, to mainly
or practically exclusively oil-soluble initiators such as BPO
and V65, respectively. SEM micrographs showing typical
features for the hydrophobic and hydrophilic initiators are
put together in Figs. 8 and 9, respectively.

Quite surprisingly, the SEM micrographs show on the one
hand remarkably similar features for all initiators, regardless
the very different solubility inwater, but on the other hand also
a distinct dependence of the results on this property of the
initiators. All polymer dispersions contain particles of signif-
icantly different size (at least two distinctly different size
classes), thereby the surface of the larger particles is covered
by the smaller ones. The proportion of smaller particles ap-
parently depends on the water solubility of the initiator in a
way that it is larger the higher the initiators’ solubility in water.
The size of the smaller particles seems to depend also on the
type of initiator. The size range of the latex particles is for
BPO between 50 and 200 nm, for V65 between 150 and
300 nm, for VA-086 between 100 and 700 nm, for KPS
between 150 and 400 nm, for V50 between 100 and
300 nm, and for V501 between 150 and 500 nm.

Notably, the morphology of the covered structures resem-
bles that of “heterocoagulates” obtained by blending of dif-
ferent colloids [25, 26] for which later names such as
“supraparticles” or “colloidosomes” have been coined [27,
28]. The use of emulsion droplets as templates for the assem-
bly of preformed colloidal particles is a typical strategy to
fabricate these structures [27–29].

Discussion

Summary of experimental facts

Up to this point, we have presented quite diverse experimental
results between which at glance only hardly a connection can
be established. Before, however, trying to bring all the exper-
imental facts together and to construct a uniform mechanistic
picture, it seems to be advisable to sum up the crucial results.

1. The pressure in the reaction vial has a strong influence on
the latex conversion and final particle size during HIEP.
The lower the pressure is, the higher the latex conversion
and the smaller the latex particle size.

Fig. 7 SEM micrograph of the
particles in the latex phase as
generated during the surfactant-
free photoinitiated styrene
polymerization (cf. micrograph
b2t of Fig. SI-2); the bar in
micrographs a and b indicates 3
and 1 μm, respectively
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2. The uptake of solvent by PS beads is fastest for free
moving beads which are in direct contact with the solvent.
It is significantly slower for a non-moving bead also in
direct contact with the solvent. In this case, a solvent layer
wraps the bead and a solvent gradient with decreasing
solvent fraction establishes towards the center of the bead.
The uptake of monomer is significantly, by orders of
magnitude, delayed when the PS bead is surrounded by
an aqueous surfactant solution and the solvent has to

diffuse from a distant reservoir through the water phase
to the bead.

3. Swelling of polystyrene seed particles with styrene mono-
mer containing as low as 1 % of DVB cross-linker leads
after seeded polymerization to core- shell particles which
indicates inhomogeneous swelling.

4. Themicroscopic observation of single polymerizing droplets
with a size in the upper μm-range reveals the release of
much smaller particles/droplets which further polymerize

Fig. 8 SEM micrographs of PS
particles from heterophase
polymerization with PVAl
stabilizer and hydrophobic
initiators V65 (micrographs a, c)
and BPO (micrographs b, d); the
bar indicates 20 μm (mcirograph
a), 2 μm (micrographs b and c),
300 nm (micrograph d)

Fig. 9 SEM micrographs of PS
particles from heterophase
polymerization with PVAl
stabilizer and hydrophilic
initiators KPS (micrograph a),
VA-086 (micrograph b), V501
(micrograph c), and V50
(micrograph d); the bar indicates
2 μm (micrographs a, b, d) and
3 μm (micrograph c)
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and cause the formation of a common latex phase. In addi-
tion, shortly after starting the polymerization, the drop de-
creases in size but later, at higher conversion, the size in-
creases again above its initial value. The increase is some-
times accompanied by corona formation or even complete
disappearance of the drop (explosion). The observed effects
are independent of the particular initiator and stabilizer.

5. Styrene emulsion polymerization with PVAl as sole sta-
bilizer leads to formation of particles with colloidosome-
like morphology independent of the nature of the initiator.
However, the proportion of the smaller and larger particles
in the dispersion increases and decreases, respectively,
with increasing hydrophilicity of the initiator.

Thermodynamic backup of the experimental findings

Let’s consider firstly the very classical case of batch ab initio
emulsion polymerization of moderately hydrophobic mono-
mers which are solvents for their polymers with radical for-
mation inside the droplets. An analysis of the stability of the
monomer drops in the course of the polymerization, starting
from the initial monomer emulsion and ending with the final
polymer dispersion, is possible by means of Eq. (3) consider-
ing the chemical potential of a monomer emulsion in compar-
ison to the bulk monomer as reference state (Δμm(Dd=∞)).
Remember,Δμ is an expression for the “chemical force” and
a powerful thermodynamic function to characterize the direc-
tion of a chemical transformation and the properties of an
equilibrium state. For the following analysis, we assume that
the droplets are efficiently stabilized against coagulation/
coalescence by a proper surfactant or stabilizer. The main
driving force for possible instability of the droplet size distri-
bution is Ostwald ripening and its suppression contributes
greatly to the stability of both the initial and polymerizing
monomer emulsion.

Δμm

RT
¼ μm Ddð Þ−μm Dd ¼ ∞ð Þ

RT

¼ c1
Dd

−x0p
D0d

Dd

� �3

−c2x20p
D0d

Dd

� �6

ð3Þ

c1 ¼ 4σvm
RT

ð3aÞ

c2 ¼ cp
vm
RT

ð3bÞ

Dd is the droplet size (independent variable), D0d and x0p
are the size and the polymer fraction at given conditions
(particular independent parameters), and c1 and c2 are con-
stants defined by Eq. (3a) and (3b), respectively. The swelling
pressure, PS, is a function of the polymer fraction inside the

particles (xP), and cp is a constant resulting from fitting exper-
imental swelling pressure data to the polymer fraction. For PS-
gels swollen with chloro-benzene, the experimental PS data
can be fitted with a quadratic relation PS ¼ cpx2p [30].

The first two terms on the right hand side of Eq. (3) describe
the stability of emulsion droplets as discussed by Kabalnov and
Webster [31–33], and the third term is the necessary consider-
ation of a swelling pressure as discussed in [10, 11]. The
concentration of monomer inside a latex particle corresponds
to a situation which is known as confined swelling causing the
development of a swelling pressure [34]. A latex particle be-
haves with respect to swelling, regardless the polymer is cross-
linked or not, absolutely comparable with a polymer gel inside
mechanical confinement. In the latex, the confinement is creat-
ed by the interfacial tension between the particle and the con-
tinuous phase. It is important to note that the swelling pressure
is the larger the lower the monomer fraction inside the particles
and that the force connected with it can reach substantial values
and can be used to perform real volume work [35].

The graph of Fig. 10 summarizes the contribution of each of
the right hand side (rhs) terms of Eq. (3). The first rhs-term is the
contribution of the Laplace pressure to the chemical potential of
a pure droplet. If x0p=0 and the c1>0, this term alone describes
the stability behavior of the non-polymerizing monomer emul-
sion. Since Δμm is for all Dd greater than zero and the first

derivative with respect to Dd, 1
RT

dμm
dDd

¼ ‐ c1
D2

d
always negative,

this situation is thermodynamically (and kinetically) unstable. If
the mechanical comminution is switched off, the monomer
emulsion will quickly phase separate. Now, including the sec-
ond rhs-term of Eq. (3), a situation is considered quite a short
period of time after initiation of the polymerization where the
polymerizing droplet contains already polymer chains long
enough to be insoluble in the continuous phase. For this scenar-
io, the curve describing the dependence of Δμ/RT on the drop
size has changed considerably showing that for certain values of

Dd and x0p the thermodynamic stability criteria (Δμm<0 and 1
RT

dμm
dDd

> 0 ) are met. In addition, there is a range indicating

metastability or kinetic stability (Δμm>0 and 1
RT

dμm
dDd

> 0 ) of

the monomer emulsion. It is important to emphasize that the
value of x0p imparting stability to a drop against Ostwald
ripening depends on the drop size. It is typically larger for
smaller drops. Note, in miniemulsions prepared for polymeri-
zation, x0p corresponds to the concentration of the hydrophobe.

The third rhs-term considers the swelling pressure and is
particularly important for higher x0p values, in general corre-
sponding to higher monomer conversion. The addition of the
swelling pressure term changes the Δμm –Dd curve both
qualitatively and quantitatively. The curve shows distinct re-
gions indicating instability and stability of the monomer –
polymer emulsion. Interestingly, the stability region is shifted
towards lower Dd values.
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The important result of this thermodynamic consideration
is that polymer formation inside polymerizing droplets can
cause increasing stability of the droplets because the polymer
molecules are lyophobic. However, ongoing polymerization
which leads to increasing polymer content in the polymerizing
droplets shifts the start of the thermodynamically stable region
(minimum in curve c of Fig. 10) towards lower Dd values.

A unified mechanistic picture

The seemingly mismatched experimental data presented in the
former section can, nevertheless, be combined into a unified
mechanism of polymerization in monomer emulsion. Each of

the individual experimental results described is in a particular
way influenced by a pressure operating in the reaction system.
The action of the pressures during the different polymeriza-
tions is the common ground which allows a unified consider-
ation. Besides the overall pressure which in a certain range can
be controlled by the experimenter, the pressures dictated by
the colloidal nature of the reaction system— the Laplace and
the swelling pressure— are important. The importance of PL
and PS on the changes in the course of the reaction changes
primarily in dependence on the composition of the droplets.
Figure 11 summarizes our findings.

The essential implications for a general mechanism of
heterophase polymerization are as follows:

Fig. 10 Correlation between the
excess chemical potential (Δμm/
RT) and the drop size (Dd)
calculated with Eq. (3)
considering a only the first rhs-
term, b the first and the second
rhs-term, and c all three rhs-terms;
for this set of data, x0p=0.1 and
D0d=100 nm

Fig. 11 Schematic representation
of heterophase polymerization
inside monomer emulsion
droplets based on experimental
findings; the middle part sketches
the transition from a single
monomer droplet to many
polymer particles in the final
dispersion; the equations on the
right hand side show the
contributions to the chemical
potential of the droplets in the
various states of the
polymerization and the
corresponding graphs on the left
hand side illustrate the excess
chemical potential in dependence
on the droplet size
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1. Initiating polymerization inside the monomer drops which
essentially happens or can happen with any kind of initiating
system (however, it happens more frequently, for higher sol-
ubility of the initiator in the monomer phase) causes a stabi-
lization of the droplet against Ostwald ripening because the
insolubility of the polymer in the aqueous phase counteracts
the Laplace pressure.
2. The increasing polymer fraction inside the droplets leads to
a rising swelling pressure which causes a volume increase of
the particles. The swelling pressure can be so strong that tiny
droplets are expelled, and hence, it is a crucial contribution to
the formation of the latex particle phase. At this stage of the
investigation, we have only, more or less vague, experimental
hints that a conversion greater than 30% is needed, at least for
the polymerizations described in [3].
3. The fate of the expelled droplets depends strongly on the
stabilizing condition (properties and concentration of the sta-
bilizer) applied in the particular polymerization procedure.
4. Another consequence of the swelling pressure is that it
counteracts homogeneous swelling. In fact, it assists at the
formation of a monomer gradient in swollen polymer particles

and the formation of core-shell type particles during subse-
quent polymerization.
5. Quite importantly, with respect to generalization is the
fact that these ideas are independent of the particular
polymerization conditions (initiating and stabilizer sys-
tem, temperature, stirring, etc.) as demonstrated experi-
mentally. However, the proportion of both the small and
the large particle fraction varies with the specific poly-
merization conditions.
6. Most importantly, with respect to a verification of the
strength of the swelling pressure are the experimental obser-
vation of an exploding particle during the polymerization (cf.
a1– a3 of Fig. 12), the internal structure of the larger particles
which resemble rather that of expanded polymer particles than
homogeneously filled solid polymer particles (cf. b1– b3 of
Fig. 12), and the outer morphology of the final particles
showing in some lucky cases perforated and/or broken shells
(cf. c1– c3 of Fig. 12).
7. Closing the circle with respect to the data of Fig. 1, the
lower the pressure inside the reactor the stronger is the action
of the swelling pressure.

Fig. 12 Light microscopy images (a1– a3) and SEM micrographs (b1–
b3, c1–c3) of the coagulum phase proving the strength of the swelling
pressure which can cause destruction of the common solid sphere mor-
phology; a1, a2, a3 series of images illustrating the burst of a polymer-
izing droplet, the period of time between a1–a2 and a2–a3 is 5 and
30 min, respectively; the bars indicate 50 μm; b1, b2, b3 micrographs

showing the internal morphology of coagulum beads, the bars indicate for
b1, b2, and b3 2 and 1 μm, respectively; c1, c2, c3 series of magnification
presenting perforated and broken shell-like morphology of pieces of
coagulum, the bars represent 20 μm, 2 μm, and 200 nm in c1, c2, and
c3, respectively
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In this contribution, we are discussing experiments on
heterophase polymerizations not in the common way of ana-
lyzing polymerization kinetics (conversion–time curves, rate
of polymerization) or time-dependent changes of latex prop-
erties (particle size and particle size distribution or molecular
weight and molecular weight distribution) but by studying the
behavior of single droplets during polymerization, the swell-
ing of single polymer beads, and the morphology of the
coagulum. This strategy allowed us not to focus on the spe-
cific influence of recipe components, reaction conditions, and
reactor design but to find out general factors influencing any
kind of heterophase polymerization. The colloidal nature of
the reaction system in combination with the polymer forma-
tion inside confined volumes is the most important aspect. The
whole process is governed by the interaction of the overall
pressure in the gas phase, the Laplace pressure in the colloidal
entities, and the swelling pressure in the polymerizing drop-
lets. This is, to the best of our knowledge, the first compre-
hensive discussion of the role of colloidal pressures on the
course of heterophase polymerization and a new and alternate
possibility to understand the process.
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