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Abstract
Using microfluidics, we were able to synthesize monodisperse water-in-monomer emulsions with styrene and divinylbenzene
(DVB) as monomers. When polymerizing and drying these emulsions, we found that the structure of the resulting macroporous
polymer strongly depends on the type of initiator. With the oil-soluble azobisisobutyronitrile (AIBN), an open-cell structure with
spherical pores was obtained. However, with the water-soluble potassium peroxydisulfate (KPS), a closed-cell structure with
rhombic dodecahedron-shaped pores and thick, layered pore walls was formed. In the latter case, a yet unexplained mechanism
counteracts the capillary pressure arising from surface minimization: the surface area of a rhombic dodecahedron is ~ 10% larger
than that of a sphere. In our previous work, we suggested that the underlying mechanism may be osmotic transport of DVB from
the plateau borders to the films. We argued that this transport also explains the layered pore walls, i.e., the formation of two outer
poly-DVB-rich layers and one inner polystyrene-rich layer. In order to prove or disprove this mechanism, we carried out
additional experiments. However, none of those experiments corroborated our hypothesis of osmotic transport! This study
provides clear experimental evidence that our previously suggested mechanism via which spherical droplets become polyhedral
pores is incorrect. We will describe (a) the rationale behind the additional experiments, (b) our expectations, and (c) our findings.
Last but not least, we will discuss all of this in the light of the proposed osmotic transport.

Keywords Macroporous polystyrene .Microfluidics . Emulsion templating . Osmotic transport . Pore deformation

Introduction

Macroporous polymers (also called polymer foams) are solid
materials that are composed of a continuous polymer phase
and a dispersed gas phase with pore dimensions in the sub-
millimeter range. They are typically used for thermal/acoustic
insulation or packaging but are also employed in more spe-
cialized applications such as filtering or tissue engineering

thanks to their adjustable density, their mechanical and chem-
ical stability, and their high surface area [1–4]. Their proper-
ties depend on the type of polymer, on the volume of the
dispersed phase, and on the foam morphology. Please note
that the foam morphology is characterized by the pore size,
the pore size distribution, the pore structure, and the connec-
tivity of the pores. If macroporous polymers are synthesized in
the conventional, large-scale industrial way, i.e., via foaming
of a fluid polymer melt with physical or chemical blowing
agents, polydisperse materials are obtained [1, 2].

An increasing number of investigations deal with monodis-
perse macroporous polymers, i.e., materials with equal-
volume pores. These materials are interesting since it is be-
lieved that their properties can be directly linked to particular
pore sizes, which means that tailor-made materials can be
produced. One way to produce monodisperse macroporous
polymers is the use of microfluidics which allows liquid
monodisperse foam and emulsion templates to be generated
and then solidified [5–10]. In the case of emulsions, the dis-
persed phase has to be removed after the solidification of the
continuous phase. Costantini et al. [11] used an oil-in-water
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emulsion to produce monodisperse, hydrophilic scaffolds
based on dextran-methacrylate monomers. A hydrophobic
counterpart was synthesized by Quell et al. [12–15] who used
a water-in-styrene/divinylbenzene (DVB) emulsion to pro-
duce monodisperse macroporous polystyrene (PS)/poly-
DVB. The mass ratio between styrene and DVB was 1:1.
Since the water droplets have a higher density than the con-
tinuous styrene/DVB phase, they sediment to the bottom of
the vessel where they form a hexagonally close-packed struc-
ture arranged like a face-centered cubic (FCC) crystal. Note
that polydisperse macroporous PS/poly-DVB synthesized via
emulsion templating has been known for many years [16–21].

The morphology of the monodisperse macroporous PS/
poly-DVB reported by Quell et al. [12–15] mainly depends
on the type of initiator used. It was found that the pores, just
like the initial water droplets, remain spherical, in the case of
the oil-soluble initiator azobisisobutyronitrile (AIBN), while
they become rhombic dodecahedron-shaped (hexagonal pore
cross-sections in the hexagonal plane) in the case of the water-
soluble initiator potassium peroxydisulfate (KPS).
Furthermore, with AIBN the spherical pores are interconnect-
ed (see Fig. 1, upper row).

The interconnections can be explained by the formation of
small, flat films with thicknesses of less than 100 nm in the
liquid state due to the drop deformation under gravity. These
films are further fragilized by the shrinkage of the continuous
phase during the polymerization. This shrinkage ruptures the
continuous phase at its thinnest points [19]. With KPS, how-
ever, hexagonal pore cross-sections without interconnections
and micrometer-thick, three-layered pore walls are created
(see Fig. 1, lower row). The formation of a rhombic
dodecahedron-shaped pore requires a mechanism that works
against surface minimization and the resulting capillary pres-
sure. The reason for this is that the resulting surface is ~ 10%

larger than that of the templating droplets requiring the redis-
tribution of monomer towards the thin films [14]. With both
initiators, the FCC structure remains unchanged after the
emulsion template is transformed into a macroporous poly-
mer, but the shape of the individual pore changes. To synthe-
size macroporous polymers with a tailored morphology, the
mechanism which is responsible for the initiator-dependent
morphology needs to be understood. When KPS is used as
initiator, Quell et al. [13, 14] suggested a mechanism that
relies on two assumptions: Firstly, since the polymerization
starts from the interface, a “skin” around the droplets is
formed at the beginning of the polymerization. Secondly,
since the cross-linker DVB is built faster into the growing
polymer chain [22], the skin is primarily composed of poly-
DVB. The enrichment of DVB within the skin creates a con-
centration difference between the films (two droplets meet)
where DVB is already depleted and the plateau borders (three
droplets meet) where many DVB monomers are not yet poly-
merized. This concentration difference induces osmotic trans-
port of DVB from the plateau borders to the films, which
decreases the volume of the plateau borders and increases
the volume of the films, thus leading to hexagonal pore
cross-sections. The inner layer of the pore wall is formed by
polymerizing the remaining styrene.

If this kind of osmotic transport were the reason for the
deformation of the pores, the following trends should be ob-
served. A systematic increase of the mass fraction of styrene
would lead (1a) to a lower extent of osmotic transport and thus
to increasingly spherical pores and (1b) to a decrease of the
thickness of the outer layers (supposed to be mainly poly-
DVB) and, accordingly, to an increase of the thickness of
the inner layer (supposed to be mainly PS). A systematic in-
crease of the mass fraction of the water-soluble initiator KPS
would cause (2a) the pores to becomemore spherical since the

Fig. 1 A monodisperse water-in-
styrene/DVB emulsion template
(left) is polymerized leading to
monodisperse macroporous PS/
poly-DVB with spherical, inter-
connected pore cross-sections and
porous pore walls if the oil-
soluble initiator AIBN is used
(upper row) or hexagonal, closed
pore cross-sections and layered
pore walls if the water-soluble
initiator KPS is used (lower row).
Note that the pore cross-sections
in this figure as well as in all up-
coming figures are depressions

Colloid Polym Sci



polymerization speed increases and, as a result, osmotic trans-
port (diffusion) of DVB has less time to occur and (2b) a
decrease of the visual difference between the darker outer
layers and the lighter inner layer because the extent of the
separation of styrene and DVB by osmotic transport
decreases.

In this work, we investigate whether these trends are indeed
observed experimentally. For this purpose, a first set of mono-
disperse macroporous PS/poly-DVB samples with styrene
mass fractions of 50, 60, 70, 80, and 90 wt.% (referring to
the total mass of styrene and DVB) and a constant KPS mass
fraction of 2.98 wt.% (referring to the mass of H2O) was
prepared. In a second set of samples, the KPS mass fraction
was varied between 0.37, 0.75, 1.49, 2.98, and 4.96 wt.%
while the styrene mass fraction was kept constant at
50 wt.%. For their initial composition, Quell et al. [12–15]
used a styrene mass fraction of 50 wt.% and a KPS mass
fraction of 2.98 wt.%. For all samples in this paper, their
counterparts, i.e., monodisperse macroporous PS/poly-DVB
polymerized with the oil-soluble initiator AIBN, were also
synthesized. The experimental protocol we follow is exactly
the one used by Quell et al. [13, 14]. We show that the mech-
anism proposed by Quell et al. [13, 14] is not in line with the
results of the experiments. In other words, we prove that os-
motic transport is not responsible for the structural transfor-
mation of spherical droplets into rhombic dodecahedron-
shaped pores.

Materials and methods

Materials

Styrene (99%), divinylbenzene (DVB, technical grade 80%,
remaining 20% is mainly ethylstyrene), potassium
peroxydisulfate (KPS, 99%), and azobisisobutyronitrile
(AIBN, 99%) were purchased from Sigma Aldrich. The sur-
factant Hypermer 2296 was kindly supplied by Croda.
Double-distilled water was used and all chemicals were
employed without further purification.

Sample preparation

The samples were prepared in the samemanner as the samples
in Quell et al. [12–15]. The continuous and the dispersed
phase were prepared by weighing all required components
and blending them together by shaking the container until
the resulting liquids were homogeneous. The emulsion tem-
plates were generated by pushing both liquids through a
microfluidic chip [12, 13] with flow focusing geometry, hy-
drophobic coating, and a constriction of 100 μm× 105 μm
bought from Dolomite. The pressure controllers OB I MkII
(maximum pressure 2 bar) from Elveflow was used to control

the pressures (and thereby the flow rates) of the two phases.
The generation of the emulsion droplets and their diameter
were monitored with a Nikon SMZ-800 N optical microscope
coupled to anOptronis CL600X2 high speed camera. After the
droplets were generated, they sedimented in a round-bottom
flask to form a high internal phase emulsion (HIPE). The
excess continuous phase was removed and the remaining
HIPE was polymerized for 48 h at 70 °C in an oil bath.
Finally, the samples were purified by Soxhlet extraction with
ethanol for 12 h and dried at 60 °C in a drying oven for 72 h.

Sample analysis

The samples were cooled with liquid nitrogen to facilitate
cutting them with a scalpel for scanning electron microscopy
(SEM) analysis. A piece of roughly 5 × 5 × 2 mm was glued
on an Aluminium Specimen Stub from Agar Scientific and
sputtered with gold. All samples were cut and analyzed in a
way that the sample surface runs through a hexagonally close-
packed layer. Next, the piece was put under vacuum and mi-
croscopic pictures were taken at different magnifications with
a CamScan CS 44 microscope coupled to the SEM. From the
SEM pictures, the mean circumference 〈C〉 of the pore cross-
sections, the mean area 〈A〉 of the pore cross-sections, the
mean thickness of the pore walls dpore wall, the mean thickness
of the outer layers douter layer in the pore walls, and the mean
thickness of the inner layer dinner layer in the pore walls were
extracted. The image processing program ImageJwas used to
obtain these values. 〈C〉 and 〈A〉were obtained by encircling at
least 50 pores at a 100-fold magnification to enable ImageJ to
calculate these values. dpore wall, douter layer, and dinner layer were

Fig. 2 Schematic representation of how dpore wall, douter layer, and dinner
layer were determined

Colloid Polym Sci



obtained by measuring the thickness of the pore wall, of the
outer layer, and of the inner layer at one common position
perpendicular to the pore wall at an average of 63 locations
at a 500-fold magnification. A schematic representation of
how dpore wall, douter layer, and dinner layer were determined is
given in Fig. 2. Figure SI-1 shows how the circumferenceC of
each pore cross-section, the area A of each pore cross-section,
the thickness of each pore wall dpore wall, the thickness of each
outer layer douter layer in the pore wall, and the thickness of
each inner layer dinner layer in the pore wall were determined for
two exemplary SEM pictures.

Results and discussion

Section 1: Variation of styrene mass fraction

In the first set of experiments, the styrene mass fraction was
varied, while the KPS mass fraction was kept constant. The
styrene mass fractions (in relation to the total mass of styrene
and DVB) were 50, 60, 70, 80, and 90 wt.%. The KPS mass
fraction (in relation to the total mass of H2O) was 2.98 wt.%.
As mentioned before, the sample with a styrene mass fraction
of 50 wt.% and a KPS mass fraction of 2.98 wt.% was the
original composition investigated by Quell et al. [12–15].
Note that they used mol% instead of wt.% and thus, in their
paper the molar fraction of KPS is 1.28 mol%. Further note
that the diameter of the droplets of the water-in-styrene/DVB
emulsion was always adjusted to be 72μm independent on the
type and mass fraction of initiator and independent on the
styrene mass fraction. A sample with pure styrene was impos-
sible to produce since the monodisperse water-in-styrene
HIPE quickly disintegrated during the heating process to
70 °C for polymerization. Note that samples containing be-
tween 0 wt.% styrene (pure DVB) and 40 wt.% styrene have
morphologies similar to the sample with 50 wt.% styrene and
will not be discussed here. Figure 3 shows the SEM pictures
that were obtained for the macroporous polymers with differ-
ent styrene mass fractions. All samples were cut along the
main plane of the hexagonally close-packed structure ((111)
plane of the FCC crystal), the cuts running through the centers
of neighboring pores within the plane.

While the pictures on the left in Fig. 3 focus on the shape of
the pores, the ones in the middle and especially on the right
showmagnifications which put in evidence the layering of the
pore walls. All samples show pores which are clearly de-
formed with respect to the spherical pore shape of the liquid
template. The pore cross-sections of the three samples with
50, 60, and 70 wt.% styrene all have a more or less hexagonal
shape. For 50wt.% styrene, this was already reported byQuell
et al. [12–15].When increasing the styrene mass fraction from
50 to 90 wt.%, the pore cross-sections start to lose their hex-
agonal shape and develop into very distorted shapes. This is

especially the case when the styrene mass fraction is increased
from 70 to 80 wt.%. The cross-sections of the samples with 80
and 90 wt.% styrene do not resemble any simple geometrical
shape and their surface is even larger than that of the hexag-
onal cross-sections. In order to quantify how strongly the
pores are deformed away from the original spherical pore,
we define a dimensionless “shape-factor S”

S ¼ 1

2 � ffiffiffi

π
p � Ch i

ffiffiffiffiffiffiffi

Ah ip

where 〈C〉 is the average circumference of the pore cross-
sections in the (111)-plane and 〈A〉 their average area. 〈C〉
and 〈A〉 were determined in the manner described in the
Materials and methods section. The pre-factor is chosen
such that S = 1 if the pore cross-section is circular (see
Fig. 4, top left). If the circumference increases in relation to
the area, i.e., if the shape becomes less circular, S increases.
For example, S = 1.05 if the pore cross-section is a perfect
hexagon (see Fig. 4, middle left). Thanks to the normalization,
S is independent of the actual pore size and can be used to
compare different samples. The idea for a shape-factor stems
from the science of foams where a similar factor is used for
three-dimensional pores [23–27]. Here, we only analyze the
pore cross-sections, but this analysis can be taken as represen-
tative for the 3D pore shape. The development of S as function
of the styrene mass fraction together with the values of S for
three exemplary shapes can be seen in Fig. 4.

As could already be seen visually in Fig. 3, all pore shapes
are distorted away from a circular shape as S > 1 for all sam-
ples. For 50 and 60 wt.%, the shape of the pores is close to
hexagonal. However, S increases significantly when the sty-
rene mass fraction is increased. Thus, the observations of the
shape changes are in contrast to what is supposed to happen if
osmotic transport was the reason for the structural transforma-
tion. We recall that an increase of the styrene mass fraction
was supposed to lead to more spherical pores if osmotic trans-
port took place. Thus, if osmotic transport were the reason for
the structural transformation, S should decrease towards 1.00
with increasing styrene mass fraction. This is clearly not the
case! Note that S = 1.05 for an ideal hexagon, while S is rough-
ly 1.10 for the samples with styrene mass fractions of 50 and
60 wt.%. This can be explained by the fact that the circumfer-
enceC of the pores is not made up of six perfect straight edges
as can be seen in Fig. 3. In fact, the edges are somewhat
“crumpled”, which increases the overall circumference C of
a pore, while its area A stays roughly the same. When the oil-
soluble initiator AIBN is used instead of KPS, the pores are
spherical independently of the styrene mass fraction (see se-
lected samples in Supporting Information, Fig. SI-2). The re-
sults presented above already give a strong indication that the
mechanism responsible for the structural deformation is not an
osmotic transport. In the following, we took a closer look at
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the thicknesses of the outer and inner layers as well as the ratio
between them. Based on the idea of an osmotic transport, it
was thought that the thickness of the outer layers (supposed to
bemainly poly-DVB) should decrease and the thickness of the
inner layer (supposed to be mainly PS) should increase when
the styrene mass fraction is increased. Themicrographs in Fig.
3 (middle) and (right) as well as the graph in Fig. 5 (top) show
how the thicknesses of the pore walls and their layers depend
on the styrene mass fraction. Their thicknesses were deter-
mined in the manner described in the Materials and
methods section.

Looking at Fig. 5 (top), one can see that the thickness of the
whole pore wall, of the outer layer, and of the inner layer all
decrease when the styrene mass fraction is increased. We at-
tribute this to the fact that the circumference of the pore cross-
sections increases at the same time and thus the pore walls are
thinned out. We will discuss this in more detail later in con-
nection with Fig. 5 (bottom). From Fig. 5 (top), it can be
estimated that the ratio of the outer layer to the whole pore
wall and the ratio of the inner layer to the whole pore wall
roughly stays constant. It is interesting to note that the stan-
dard deviations of the thicknesses of the outer layers are

Fig. 3 SEM pictures of PS/poly-
DVB foams obtained via poly-
merization of monodisperse wa-
ter-in-styrene/DVB emulsions
with a KPS mass fraction of
2.98 wt.% and styrene mass frac-
tions of 50 wt.%, 60 wt.%,
70 wt.%, 80 wt.%, and 90 wt.%
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considerably lower than that of the inner layers and of the
whole pore wall. In other words, the values of dpore wall and
dinner layer vary significantly within one sample, while the
values of douter layer remain roughly the same. The variation
of dinner layer is visible in Fig. 3 (right) where the inner layer
changes its thickness along the pore wall: while the inner layer
is relatively thick close to the struts (former plateau borders), it
becomes very thin or even vanishes completely in the pore
walls. Therefore, the deviation of the mean thickness of the
inner layer is higher than that of the outer layer which always
has more or less the same value independent of its location.
The ratio between the thickness of the outer layer to the inner
layer is depicted in Fig. 5 (middle). Within the margin of error,
this ratio stays constant which is a further argument against an
osmotic transport being the reason for the structural deforma-
tion. We recall that the thickness of the outer layers (supposed
to be mainly poly-DVB) was expected to decrease, while the
thickness of the inner layer (supposed to be mainly PS) was
expected to increase when the styrene mass fraction increases.
Fig. 5 (middle) shows that this is clearly not the case!

As already mentioned, we attribute the overall decrease
of the thickness of the whole pore wall, of the outer layer,
and of the inner layer to the increase of the circumference
of the pores when the styrene mass fraction is increased.
In Fig. 5 (bottom), we multiplied the normalized thick-
nesses d/d0 of the whole pore wall, of the outer layer,
and of the inner layer by the squared normalized shape
factor S/S0 and plotted this value vs. the styrene mass
fraction. The normalizing values were the thicknesses d0
and the shape factor S0, respectively, at a styrene mass
fraction of 50 wt.%. The thicknesses d and the shape
factor S were normalized to end up at one common value
for the whole pore wall, the outer layer, and the inner
layer, respectively. The results shown in Fig. 5 (bottom)
indicate that the total volume of the pore wall, of the outer
layer, and of the inner layer stay roughly the same with
increasing styrene mass fraction. The normalized shape

factor S/S0 is squared because the volumes of the pore
wall, of the outer layer, and of the inner layer are the most
crucial values. The volume is given by the thickness of

Fig. 5 (Top) Pore wall thicknesses dpore wall, outer layer thicknesses douter
layer, and inner layer thicknesses dinner layer as function of the styrene mass
fraction for a KPSmass fraction of 2.98wt.%. (Middle) Ratio of douter layer
to dinner layer as function of the styrene mass fraction for a KPS mass
fraction of 2.98 wt.%. (Bottom) Normalized thicknesses d/d0 of the whole
pore wall, of the outer layer, and of the inner layer multiplied by the
squared normalized shape factor S/S0 as function of the styrene mass
fraction for a KPS mass fraction of 2.98 wt.%. The normalizing values
were the thicknesses d0 and the shape factor S0, respectively, at a styrene
mass fraction of 50 wt.%. Note that in the top and bottom graphs, the data
for douter layer and dinner layer are slightly shifted to the left and right,
respectively, for the sake of clarity.

Fig. 4 (Left) Exemplary values of the shape factor S for different shapes
and (right) shape factor S as function of the styrene mass fraction for a
KPS mass fraction of 2.98 wt.%.
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the wall or layer, respectively, multiplied by the surface
area of the pore. As the shape factor S is measured in 2D,
it has to be squared to resemble the surface area. One can
see that the values in Fig. 5 (bottom) remain more or less
constant and close to one, thus supporting our explanation
that the pore wall is thinned out when the circumference
of the pore cross-sections is increased as the total amount
of material is finite. The large error bars are due to the
fact that when calculating the values, the errors of four
parameters (d, d0, S, and S0) have to be taken into account
which drastically increases the overall error. From these

measurements we can conclude that the mechanism which
creates the visible layers seems to be identical for all
formulations, the only parameter which changes is the
total surface area of the pores which increases with in-
creasing styrene mass fraction.

Section 2: Variation of KPS mass fraction

In the second set of experiments, the KPS mass fraction was
varied, while the styrene mass fraction was kept constant at
50 wt.%. The KPS mass fractions were 0.37, 0.75, 1.49, 2.98,

Fig. 6 SEM pictures of PS/poly-
DVB foams obtained via poly-
merization of monodisperse wa-
ter-in-styrene/DVB emulsions
with a styrene mass fraction of
50 wt.% and KPS mass fractions
of 0.37 wt.%, 0.75 wt.%,
1.49 wt.%, 2.98 wt.%, and
4.96 wt.%
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and 4.96 wt.%. The highest mass fraction reflects the maxi-
mum solubility of KPS in water [28]. Going back to the idea
of osmotic transport, the pores should become more spherical
if the KPS mass fraction is increased since osmotic transport
(diffusion) would have less time to occur. On the other hand, if
the KPS mass fraction is decreased from the reference formu-
lation, we expected that the pore cross-sections remain hexa-
gons. The SEM pictures in Fig. 6 (left) and the graph in Fig. 7
depict the development of the general pore shapes and the
associated shape-factors S as function of the KPS mass
fraction.

These results are again not in line with the idea of osmotic
transport since the pores have a hexagonal shape independently
on the KPS mass fraction (Fig. 6 (left)). The shape-factor S
slightly increases when the KPS mass fraction is increased
(Fig. 7). Again, the reason for this is the crumpled nature of the
edges of the pores. For small KPSmass fractions (0.37 wt.% and
0.75 wt.%), the edges are nearly perfectly straight and thus the
pores resemble ideal hexagons with S-values close to 1.05. For
higher KPS mass fractions, on the other hand, the edges are
crumpled which increases S to 1.10. Figure 6 (middle) and
(right) further show that at small KPS mass fractions the pores
are filled with many small particles, while for high KPS mass
fractions the pores are empty. We attribute this observation to
two competing polymerization processes. The first one is the
polymerization of the continuous phase which starts at the wa-
ter-styrene/DVB interface. The second one is the polymerization
of monomers that are dissolved in water. Even if the solubility of
styrene and DVB in water is small, it is not zero [29, 30] and
thus, polymer particles can form in the dispersed phase via emul-
sion polymerization. If the KPS mass fraction is small, the poly-
merization of the continuous phase is slow and the polymeriza-
tion of polymer particles in the dispersed phase has a longer
timespan to occur. If the KPS mass fraction is high, on the other
hand, the polymerization of the continuous phase is fast and
hence, only a small number of polymer particles are formed
(visible on pore wall surface).

Fig. 8 (Top) Pore wall thicknesses dpore wall, outer layer thicknesses douter
layer, and inner layer thicknesses dinner layer as function of the KPS mass
fraction for a styrene mass fraction of 50 wt.%. (Middle) Ratio of douter
layer to dinner layer as function of the KPS mass fraction for a styrene mass
fraction of 50 wt.%. (Bottom) Normalized thicknesses d/d0 of the whole
pore wall, of the outer layer, and of the inner layer multiplied by the
squared normalized shape factor S/S0 as function of the KPS mass frac-
tion for a styrene mass fraction of 50 wt.%. The normalizing values were
the thicknesses d0 and the shape factor S0, respectively, at a KPS mass
fraction of 2.98 wt.%. Note that in the top and bottom graphs, the data for
douter layer and dinner layer are slightly shifted to the left and right, respec-
tively, for the sake of clarity

Fig. 7 (Left) Exemplary values of the shape factor S for different shapes
and (right) shape factor S as function of the KPS mass fraction for a
styrene mass fraction of 50 wt.%.
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Note that the solubility of ammonium peroxydisulfate (APS)
inwater [31] is a factor of 12.4 times higher than that of KPS.We
thus used APS to synthesize monodisperse water-in-styrene/
DVB emulsions where the APS mass fraction was varied be-
tween a minimum of 0.32 wt.% and a maximum of
39.44 wt.% (see Fig. SI-3 in Supporting Information). We con-
ducted this set of experiments to test whether the pore cross-
sections kept their hexagonal shape when the initiator mass frac-
tion was increased to much higher values than the reference
formulation with a similar initiator. Even when the APS mass
fraction was raised up to 19.72 wt.%, the pore cross-sections
were still hexagonal. However, the pores became increasingly
polydisperse when the APS mass fraction was raised to high
levels. At the highest APSmass fraction of 39.44wt.%, the pores
became interconnected to our surprise. Note that we assumed
that the difference in reactivity between KPS and APS is negli-
gible small, but did not conduct experiments on this matter.
When the oil-soluble initiator AIBN is used instead of KPS,
the pores are spherical independent on the AIBN mass fraction
(see selected samples in Fig. SI-2 in Supporting Information).

From the SEM pictures in Fig. 6 (middle) and (right) the
graph in Fig. 8 (top), conclusions on the development of the
thickness of the pore walls, of the outer layers, and of the inner
layers can be drawn. As was the case in section 1, all thick-
nesses (see Fig. 8 (top)) and especially the ratio between the
thickness of the outer layer to that of the inner layer (see Fig. 8
(middle)) stay roughly the same. In addition, the thickness of
the outer layer again has a small standard deviation for each
sample, while the thicknesses of the whole pore wall and of
the inner layer have a high standard deviation. In other words,
the determined thicknesses and their ratios are approximately
the same for all shown samples, i.e., they are roughly inde-
pendent on the KPSmass fraction. Looking at Fig. 8 (bottom),
one can see that d/d0 multiplied by S/S0 again results in con-
stant values that are around 0.5. The exception to this are the
values at a KPS mass fraction of 2.98 wt.% which are 1 since
the normalizing thicknesses d0 and the normalizing shape fac-
tor S0 also stem from this KPS mass fraction. Since the whole
pore wall, the outer layer, and the inner layer were all consid-
erably thicker at a KPS mass fraction of 2.98 wt.% than at the
other four mass fractions (see Fig. 8 (top)), the product of d/d0
multiplied by S/S0 is smaller than 1 for these samples and not
close to 1 as in Fig. 5 (bottom). However, since the values of
d/d0 multiplied by S/S0 in these four samples are close to each
other, this means that the total volume of the whole pore wall,
of the outer layer, and the inner layer in these samples does not
change significantly when the KPS mass fraction is varied.

Conclusion

In this paper we showed via two sets of experiments that
osmotic transport as described by Quell et al. [14] cannot be

the reason for the transformation of spherical droplets into
rhombic dodecahedron-shaped pores (hexagonal pore cross-
sections). (1) If osmotic transport were the reason for the
transformation, the pores would become more spherical with
increasing styrene mass fraction. However, when the styrene
mass fraction was increased from 50 wt.% to 90 wt.%, the
pores became even more deformed meaning that the surface-
to-volume ratio increased. Furthermore, based on the hypoth-
esis of osmotic transport, the outer layer of the pore wall was
supposed to become thinner and the inner layer thicker with
increasing styrene mass fraction. However, the thickness of
both the outer and the inner layers remained constant. (2) If
osmotic transport were the reason for the transformation, the
pores would become more spherical with increasing KPS
mass fraction. However, when the KPS mass fraction was
increased from 2.98 to 4.96 wt.%, the pore cross-sections
remained hexagonal. When the KPS mass fraction was de-
creased to 0.37 wt.%, the pore cross-sections remained hex-
agonal as well. With low KPS mass fractions, the edges of the
pores were very straight and the pores were filled with small
particles. With higher KPS mass fractions, the edges of the
pores become “crumpled” and the pores were empty. When
the KPS mass fraction was varied, the ratio of the outer to the
inner layers of the pore wall stayed constant. In all cases, the
counterparts that were polymerized with the oil-soluble initi-
ator AIBN resulted in porous polymers with spherical and
interconnected pores without any layering of the pore walls.
After disproving the preexisting hypothesis, our current focus
lies on identifying and proving the actual mechanism that is
responsible for the structural transformation.
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