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Abstract
Polymeric microspheres with complex architectures find application as station-
ary phases for size exclusion separation, solid supports for surface reactions,
catalysis, and delivery systems. The microparticles are commonly made from
divinylbenzene by precipitation polymerization or template swelling. Upon
combining both methods and applying photopolymerization, we discovered
new morphological features that are not solely explicable by the individual
processes. Firstly, three types of templates were synthesized by precipitation
polymerization: noncrosslinked, slightly crosslinked, and slightly crosslinked
with noncrosslinked polystyrene fractions. All template types were swollen with
divinylbenzene, which was polymerized by photoinitiation, followed by tem-
plate extraction. Changes in particle size were tracked by light microscopy, while
SEM revealed submicron features like hollow cores, toluene-insoluble walls, and
surface grooves from the collapse upon drying of the toluene-swollen corona.
Our investigations indicated that the corona results from chain transfer and
crosslinking of the template during photoinitiation. Higher precrosslinking of
the template reduced the core cavity volume of the extracted particle, whilemore
mobile polystyrene chains led to larger cavities. These architectures are promis-
ing model systems for fundamental studies of particle interactions, aggregation,
and structure formation in the field of colloidal physics.

KEYWORDS
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1 INTRODUCTION

Porous particles are an interesting class of materials
for example in the field of size exclusion chromatog-
raphy (SEC), sorbents, or delivery systems.[1]—[9] Typi-
cally, due to the larger volume demand in such appli-
cations, microspheres with dimensions in the 1–1000
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micrometer range are favored over nanoparticles (approx.
1–100 nm).[10–12] Yet, the internal structural features
enabling such advanced functionalities require the precise
design of the particle nanoarchitecture.[13] A wide range
of preparation methods for polymer particles exists which
allow specific control over the particle size, morphology
and architecture.[2,14–18] On the one hand, the particle size
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F IGURE 1 Comparison of precipitation mechanism versus swelling mechanism. Swelling of polystyrene (PS) particles with (1) styrene
(Sty) or (2) divinylbenzene (DVB) and (3) precipitation of polydivinylbenzene (PDVB) chains on PDVB particles.

can be well tailored by precipitation polymerization[19]
and emulsion polymerization.[20] On the other hand,
a pore architecture can be introduced by suspension
polymerization,[2,17,21] which results in polymer particles
with a broad size dispersion, or by swelling of template
particles with monomer retaining a narrow particle size
distribution.[22] Figure 1 schematically shows the swelling
method and precipitation polymerization technique that
are commonly used to achieve specific particle sizes and
morphologies for polystyrene (PS) and polyvinylbenzene
(PDVB) systems.
Noncrosslinked polymer particles (like PS latex) are

composed of single-chain entities and can be exploited as
soluble template material for swelling with monomer fol-
lowed by polymerization. By this procedure the particle
size can be increased in a well-defined manner and pores
can be introduced after dissolution of the template mate-
rial when swelling with a crosslinking monomer.[1,22,23] In
the literature, the emulsion polymerization technique is
used for the preparation of the PS template with the dis-
advantage of the particle diameter being limited around
1 µm.[24] An extra step is needed to enlarge the parti-
cles after emulsion polymerization by swelling the PS
matrix with additional styrene followed by polymerization
(reaction pathway 1 in Figure 1). If DVB as crosslinking
monomer is added to the noncrosslinked PS template par-
ticles, subsequent polymerization yields a PDVB network
blended with mobile PS polymer chains inside the parti-

cle (pathway 2 in Figure 1). A concurrent phase separation
of the PDVB network and the PS template may result
in porous particles after dissolution of the PS template
with a suitable solvent.[22,23] When performing precipi-
tation polymerization with a crosslinking monomer like
DVB, highly crosslinked particles are formed which do not
swell with the monomer.[18] Further precipitation poly-
merization leads to shell growth by deposition of the newly
formed polymer onto the particle surface (pathway 3 in
Figure 1), whereby the shell is indistinguishable from
the core.[19,25] In addition, various methods are reported
in the literature[4,5,26] to achieve pore formation in fully
crosslinked PDVB particles following pathway 3, yet with
varying degrees of success.
The combination of such particle formation procedures

appears attractive to exploit the advantages of the unique
techniques and unite the architectural features attained
with each method. Yet, such combinations do not neces-
sarily lead to the expected properties which would result
from the sum of the individual procedures, but indeed new
properties may emerge from the interplay of the applied
techniques.[27–31] Consequently, in this articlewe study the
effect of combining precipitation polymerization and parti-
cle swelling on the resulting PDVB particle morphologies.
Three different PDVB particle architectures originating
from PS templates with varying crosslinking degrees are
presented and the role of PS in the formation of grooves
and pores is discussed.
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2 RESULTS AND DISCUSSION

2.1 Preparation of crosslinked particles
with grafted polystyrene chains
(PDVB-gPS) from non-crosslinked seed
templates (tPSnc)

A common route in precipitation polymerization to form a
shell by changing themonomer and continuing the growth
in a one-pot reaction, asmentioned above,was investigated
here for the formation of a porous shell. Model experi-
ments with toluene as a standard porogen did not yield
discernible SEC separation behavior under our conditions
(see Figures S1 to S11). Furthermore, using noncrosslinked
PS as template material in such a precipitation polymer-
ization in an attempt to generate a porous shell on a highly
crosslinked core led to either agglomeration of the particles
or the shell material remained in solution after the reac-
tion. Thus, this route was deemed unsuitable to prepare
porous shells (see also Figure S12). Following this unsuc-
cessful attempt, we conceived three different strategies
based on the combination of precipitation polymerization
with template swelling.
As a first route, the above-described swelling method

from the literature was implemented by swelling a non-
crosslinked PS template particlewithDVB, polymerize this
crosslinker monomer, and remove the PS template by dis-
solution from the resulting PDVB network (Figure 2). In
the literature,[24] this swelling process is performed with a
noncrosslinked PS template, an excess of a monomer mix-
ture (monomer mass : PS particle mass of 2:1 for an equal
monomer mixture of Sty:DVB = 1:1), and the plasticizer
dibutyl phthalate as swelling aid. The obtained spheri-
cal particles featured a diameter of 7.4 µm and a porous
structure with a pore diameter average of 49 nm, when
starting from a template with PS chains of molar mass
Mn = 4.1 × 103 g mol−1 and Mw = 9.0 × 103 g mol−1. With
the aim of obtaining larger pores, the literature procedure
was adapted by reducing the amount of DVB monomer
with respect to PS template to 0.2:1 and completely exclud-
ing the styrene monomer. Since the lower monomer ratio
requires less swelling of the template, the experiment was
performed without the swelling aid. The morphological
evolutionwith each subsequent process stepswas followed
by analysis of the particles after each process step. The
particle dimensions were measured by light microscopy
(LM), and, except for DVB swelling, scanning electron
microscopy (SEM) was employed to investigate the sur-
face morphology and inner pore structure after microtome
sectioning.
In Figure 2A, the swelling procedure is schematically

shown comprising. (1) Swelling of the template particle

with a crosslinkable monomer and initiator, (2) photoini-
tiated polymerization of the monomer, and (3) extraction
of the template polymer with a suitable solvent. Here,
THF was chosen as solvent for these experiments. Non-
crosslinked PS particles (in the following indicated as
tPSnc) from precipitation polymerization in ethanol served
as templates (Figure 2B,E). Compared to the literature,[24]
the preliminary swelling step with styrene to enlarge the
particles is not necessary, since PS particles made by pre-
cipitation polymerization already have dimensions above
3 µm and a narrow size distribution below 10%. Poly-N-
vinylpyrrolidone (PNVP) was employed as a stabilizing
agent during the PS template synthesis and is apparently
associated with the particles. This results in a hydrophilic
surface. For the PNVP attachment to the particle two sce-
narios can be envisioned which may also coexist. Firstly,
the PNVP chains may be entangled with the PS phase, or
secondly, due to chain transfer reactions occurring at the
PNVP backbone during the styrene precipitation polymer-
ization, PS side chains are grafted onto the PNVP structure.
Throughout this work, the resulting PNVP-rich phase is
generally referred to as PNVP-co-PS. In our experiments
we found that thermally induced polymerization with the
DVB-swollen tPSnc particles at 75◦C leads to a broadening
of the particle size distribution due to coalescence of the
template particles. LM pictures and PSD diagrams of par-
ticles both from photoinitiated and temperature-initiated
polymerizations are provided in Figure S13. Thus, for the
preparation of the particle systems presented in this work,
photoinitiation at room temperature was generally chosen
to avoid temperature-induced coalescence. A photo of the
setup for the photoinitiated polymerization is provided in
Figure S17.
Comparison of the size distribution before and after

swelling with DVB, as analyzed by LM (see Figure S14),
indicated that the average particle size increased by 0.6 µm
from 4.9 to 5.5 µm. When investigating the morphology
before swelling, it was found that the tPSnc particles dis-
play a smooth surface and a uniform inside without pores
(Figure 2B). The stripes seen in the particles cross section
in Figure 2E are cutting artifacts: the PS material is so
soft that it gets deformed and torn at the cutting interface.
After swelling with DVB and polymerization (resulting
in the tPSnc-PDVB particles), a granular particle struc-
ture is observed throughout the cross sections and on the
particle surface (Figure 2C,F). Based on the crosslinking
polymerization of DVB a semipenetrating PDVB network
enclosing noncrosslinked PS chains is expected. Appar-
ently, the formed network leads to a mechanically more
robust particle with fewer cutting artifacts in the cross sec-
tion compared to the tPSnc particles. After removing the
PS template with THF and drying the sample, crosslinked
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F IGURE 2 A, Three-step procedure involving the PS-template-swelling method and photoinitiation to prepare crosslinked particles
with grafted polystyrene chains (PDVB-gPS) with a grooved surface. The green “x”s indicate crosslinks. SEM images of (B) noncrosslinked
polystyrene template particles (tPSnc) produced via precipitation polymerization (FRP: free radical polymerization) with PNVP-rich phases at
the outer particle rim indicated as PNVP-co-PS above the tPSnc particle, (C) PS particles with a semipenetrating network of PDVB inside
(tPSnc-PDVB), and (D) fully crosslinked PDVB particles after extraction of noncrosslinked PS chains (PDVB-gPS) – left: intact sphere (top) and
indented particle (bottom) – right: fractured shell with hollow core visible. E–G, SEM images of particle cross sections.

particles with grafted polystyrene chains (PDVB-gPS) are
obtained. The particle surface is characterized by deep
grooves (Figure 3D), in contrast to the reported pore
structure found in a similar fabrication process.[24] The
top-view SEM images show three distinct particle mor-
phologies, consisting in about 60%–70% of intact spheres,
30%–40% indented particles (both in Figure 2D left), and
5%–10% fractured shells (in Figure 3D right). This clearly
documents the hollow nature of the particles after extrac-
tion. The ubiquitous existence of these threemorphologies
is unambiguously apparent in the two overview SEM
images of Figure S19 and the particle gallery in Figure
S20. The frequency of the different particle morpholo-
gies was determined by analysis of various overview SEM
images with structural details of multiple particles clearly
visible. As the deep indentations seen in Figures S18 to
S20 appear only after the THF extraction step, they must
result from the collapse of the hollow core after drying.
The striking groove morphology found on the particle sur-
face is particularly surprising, as such surface topology is
not described for the particle architectures from similar
preparation methods reported in the literature.[22,24,30,31]

The cross section of a matrix-embedded PDVB-gPS parti-
cle (Figure 2G), however, shows a uniform pore structure
in the core surrounded by a compact shell with few or no
pores at all. For cross sectioning, the fragile particles need
to be embedded in amatrix. The liquid resin used asmatrix
precursor has evidently penetrated the shell and filled the
voids inside the particles. Consequently, after solidifica-
tion and microtoming, details of the particle morphology
entailing pores and a hollow core are hidden by the infused
matrix.
To understand the morphological findings, various

mechanisms discussed in the literature for this kind
of particle preparation may be considered, with one of
the prevalent processes being phase separation during
swelling of the template particles.[30] During swellingwith
DVB and the photo-initiator, the PS chains are partially
solvated, which increases their mobility. Based on pre-
vious literature reports, this leads to a phase separation
of the following three components in the particle: The
PNVP-rich phase (I) will stay at the particle-water interface
due to the hydrophilic character of the PNVP chains,[27,29]
while the similarly hydrophobic DVB (II) and PS (III)
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F IGURE 3 A, Three-step procedure involving the PS-template-swelling method and photoinitiation to prepare PDVB-gPSxl particles
from slightly crosslinked templates (tPSxl). The green “x”s indicate crosslinks. SEM images of (B) slightly crosslinked PS template particles
(tPSxl) produced via precipitation polymerization (FRP: free radical polymerization) with PNVP-rich phases at the outer particle rim
indicated as PNVP-co-PS above the tPSxl particle, (C) PS particles with a semipenetrating network of PDVB inside (tPSxl-PDVB), and (D) fully
crosslinked PDVB particles after extraction of noncrosslinked PS chains (PDVB-gPSxl). E–G, SEM images of particle cross sections.

fractions are expected to partition into the inner of the
particle.[28] The localization of the individual phases is
subsequently fixed during polymerization and concurrent
crosslinking of the polymer chains. Thus, the PNVP-rich
phase (I) can be assigned to the outermost section of the
particle. The inner regions of the PDVB-gPS particles are
rather inhomogeneous and show larger voids in the par-
ticle center after THF washing. These voids appear as
large central indentations in the SEM images. Apparently,
the DVB molecules (II) and the PS chains (III) behave
differently during phase separation. Besides their similar
hydrophobicity, the PS chains (III) accumulatemore in the
particle center compared to the formed PDVB network.
This behavior was also found in other studies where PS
particles were swollen with DVB.[30,31] According to the
literature, phase separation effects increase with higher
mobility of the involved species, which is relevant for
the monomeric DVB (II) as well as for the PS chains
(III).[28] DVB is a low-molar-mass liquid before polymer-
ization with high mobility. It enters from outside of the
particles and diffuses through the PS template inwards.
This leads to a concentration gradient with higher con-
centration at the outer region of the core and dropping
towards the center. Yet, it also plasticizes the PS chains
that consequently attain highermobility. Similarly, the ini-

tiator molecules dissolved in the DVB phase enter from
the outside through the particle surface and diffuse into
the PS matrix. Upon initiation by UV irradiation, DVB
molecules react via a free radical chain growthmechanism
to form a PDVB network with significantly reduced trans-
lational mobility, as the network expands. Thus, monomer
addition to the radical sites at the network periphery can
only proceed by reaction diffusion of the monomer to the
network.[32] In this diffusion process, a PS chain localized
next to the reaction center exchanges its position with an
approaching DVB molecule that subsequently adds to the
network, by which it grows. Consequently, by this mech-
anism the PS template is displaced by the newly formed
PDVB material. As the light intensity and potentially also
the initiator concentration is highest at the particle sur-
face and decreasing inwards, PDVB network formation is
expected to predominantly engage from the outer region
of the tPSnc particles and progress towards the center.
This leads to an accumulated PS phase in the core. As
a result, the crosslinking polymerization yields a shell of
a PDVB-rich network around a PS-rich core. In this pro-
cess, the PDVB phase may also grow around single PS
chains, forming a semipenetrating network. After THF
extraction of the mobile PS chains, a hollow core remains
in the particle center. The grooves found on the PDVB-
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gPS particles after solvent extraction with THFmost likely
derive from the drying process of the THF-saturated parti-
cle indicating a highly swollen outer shell. As the PDVB
network is highly crosslinked, it cannot display such a
high swelling ratio. On the other hand, the noncrosslinked
PS chains are expected to completely dissolve in the THF
phase. Yet, a weakly crosslinked network as prerequi-
site for the highly swollen shell must entail longer chain
segments between the crosslinks that can only be pro-
vided by the PS template. The required crosslinks may
have formed as a result of chain transfer reactions at the
PS backbones during the free radical polymerization of
the PDVB network. As this occurs throughout the whole
PS phase, a weakly crosslinked PS network coexists with
noncrosslinked PS chains in the resulting PDVB-gPS par-
ticle. This weakly crosslinked PS network is permanently
jointed with the higher crosslinked PDVB phase. Thus, we
refer to it as a grafted PS network, in short “gPS” for the
particle acronym. In a good solvent like THF, the weakly
crosslinked PS shell and the PNVP-rich outer phase will
swell to a gel corona around the particle. Upon drying the
corona folds down into a convoluted structurewith grooves
on the PDVB-gPS particle surface. The existence of such a
swollen gel corona around the particles in a good solvent
is corroborated by the difficulties of column packing dur-
ing the SEC experiments. The PDVB-gPS particles could be
well loaded into a SEC column when dispersed in a more
polar solvent, like acetone. But upon solvent exchange to
THF as good solvent for PS, the backpressure of the col-
umn increased drastically due to blocking of the interstitial
volume by the THF-swollen corona. Rupturing of the par-
ticles by the applied pressure could be excluded since the
particles were still intact after extraction from the column.
Based on this evidence, the PDVB-gPS particles were con-
sidered not suitable as SEC stationary phase for organic
solvents that swell PS (but this may be different for SEC
in aqueous media). Yet, a further indication for the PS gel
corona becomes evident upon the unsuccessful attempt to
redisperse the dried PDVB-gPS particles in ethanol after
THF extraction and drying, while the tPSnc-PDVBparticles
could be well dispersed in ethanol before the extraction
step. Such behavior can be explained by the coalescence
of the swollen PS gel corona between particles that leads
to agglomeration by chain entanglement upon drying (vis-
ible by the capillary necks between the particles shown in
Figure S18, middle image, bottom row in the Supporting
information).
The above set of experimental results effectively demon-

strates how a complex property profile results from the
combination of the two different procedures, that is, pre-
cipitation polymerization and template swelling. As such,
this method provides access to microparticles with a hol-
low core, a hard shell, and a very soft corona when

suspended in a good solvent for PS, as well as an intricate
surface topography after drying.

2.2 Crosslinked particles with grafted
polystyrene chains (PDVB-gPSxl) from
slightly crosslinked seed templates (tPSxl)

In an attempt to suppress the gel corona formation, the
above-described procedure was modified by introducing a
low crosslink density in the PS template particles. While a
higher crosslink density in the template would be advan-
tageous to suppress such a gel corona more effectively,
it would hamper sufficient swelling with DVB. Thus, a
weak crosslink density with around 5% network junctions
connecting the linear PS chain segments was targeted.
For the successful synthesis of the tPSxl template par-

ticles, a maximum volume ratio of 4:96 v/v DVB:Sty was
employed for precipitation polymerization of styrene in
ethanol. Higher DVB ratios resulted in excessive parti-
cle agglomeration. The resulting, slightly crosslinked tPSxl
template particles were subjected to the same swelling
process as presented above for the tPSnc particles. The
schematic mechanism and SEM images illustrating the
particle morphologies resulting from the different reaction
stages are shown in Figure 3.
The slightly crosslinked template particles tPSxl in

Figure 3B show a much more irregular shape compared
to the noncrosslinked tPSnc templates. The tPSxl sur-
face exhibits an irregular topography with corrugations
leaning to a raspberry-like appearance. The microtome
cutting (Figure 3E) reveals a rather compact particle and
only a slight hint of a porous structure, but as above
for tPSnc particles, potential filling of the pores with the
matrix material cannot be excluded. The diameter of the
tPSxl-PDVB particles increased by about 0.4 µm after
swelling of the tPSxl particles with DVB and polymeriza-
tion. Light microscope data on particle size distribution
and swelling can be found in Figure S15. Compared to the
noncrosslinked tPSnc particles, the size increase observed
here after swelling is smaller due to the precrosslink-
ing of the tPSxl template. The dimensions and the size
distribution are retained between swelling and photopoly-
merization, as it was previously observed with the tPSnc
particles. The tPSxl-PDVB particle topography appears flat-
tened out in the SEM images (Figure 3C) after swelling
and subsequent polymerization, yet, they are more irreg-
ular than the spherical tPSnc-PDVB particles in the first
approach above (Figure 2C). The SEM cross sections in
Figure 3F show a uniform particle morphology without
any differences between phases. Again, some indication
of a pore structure may be perceived, but particle pen-
etration with the matrix material during the microtome
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F IGURE 4 Schematics of (A-I) the procedure for tPSxl template modification by further swelling with styrene and subsequent thermally
initiated free radical polymerization (FRP) to form tPSxl+nc templates and (A-II) the three-step procedure involving the PS-template-swelling
method and photoinitiation to prepare PDVB-gPSxl+nc particles from tPSxl+nc templates. The green “x”s indicate crosslinks. SEM images of (B)
slightly crosslinked PS template particles (tPSxl+nc) produced via precipitation polymerization (by FRP) with PNVP-rich phases at the outer
particle rim indicated as PNVP-co-PS above the tPSxl+nc particle, (C) PS particles with a semipenetrating network of PDVB inside
(tPSxl+nc-PDVB), and (D) fully crosslinked PDVB particles after extraction of mobile PS chains (PDVB-gPSxl+nc). E–G, SEM images of
respective particle cross sections.

embedding step may have occurred. The removal of the PS
template with THF results in PDVB-gPSxl particles with a
grooved surface and a granular inner particle structure and
a central void (Figure 3D,G). It is important to note that
the cross-sectional SEM investigations were performed
on a dried sample that was microtome-sectioned with-
out matrix embedding. In contrast to the samples above,
the present particles were mechanically robust enough
to be sectioned without matrix. Compared to the PDVB-
gPS particles from the first approach (Figure 2D), the
surface grooves of the PDVB-gPSxl sample are much less
pronounced. The particles are covered by a diffuse layer
and the interstitial space is filled with a homogeneous
phase interconnecting the individual spheres. In the SEM
overview images, no characteristic indentations are visible
for the PDVB-gPSxl particles in contrast to the deep inden-
tations frequently observed for the PDVB-gPS particles
above. However, in the cross-section images of Figure 4G
smaller, granule-filled voids are found in the PDVB-gPSxl

particle cores (compare also Figure S7). No embedding pro-
cedure prior to microtome cutting was applied to these
PDVB-gPSxl samples, so matrix infusion is excluded, and
the internal particle morphology can be observed more
clearly. More examples of the particles with voids are
provided in Figure S22.
The phase separation mechanisms for the PDVB-gPS

particles above also apply for the explanation of the mor-
phological features obtainedwith the PDVB-gPSxl particles
here. Yet, as major difference, the precrosslinking of the
tPSxl templates substantially reduces PS chain mobility
and thus affects the details of the PS phase separation upon
PDVB network formation. Consequently, less PS mate-
rial accumulates in the particle center and results in a
smaller void volume after THF extraction. As discussed
for the PDVB-gPS particles above, radical chain transfer
takes place during the DVB polymerization step. This now
generates additional crosslinks in the precrosslinked tPSxl
template. The gel corona with a higher crosslinking degree
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swells less in THF and forms less distinct surface folds
upon drying compared to the PDVB-gPS sample. The dried
corona acts like a diffuse layer that covers up smaller sur-
face details and forms interconnecting necks between the
particles. More PS chain segments remain bound to the
PDVB-gPSxl particles after washing with THF because of
the higher crosslink density compared to the PDVB-gPS
particles. The participation of remaining free PS chains in
the formation of the diffuse surface layer can be excluded,
since Soxhlet extraction over 2 days was employed for the
washing process. Ergo, the PDVB-gPSxl system is not suit-
able as SEC stationary phase for PS solvents (like THF),
as the soft, swollen corona fills the interstitial volume and
blocks the SEC column. By employing template PS par-
ticles that are lightly crosslinked, the resulting particle
morphology from this second approach are characterized
by a rather smooth surface and less free volume in the
core. Thus, they are very distinct from the particles of the
first approach starting from noncrosslinked PS templates.
These experimental findings document that the resulting
PDVB particle morphology may be tailored by tuning the
crosslinking density in the PS template.

2.3 Crosslinked particles with grafted
polystyrene chains (PDVB-gPSxl+nc) from
slightly crosslinked seed templates
containing additional mobile chains
(tPSxl+nc)

Since the two approaches above provide very different
particle structures, we further investigated a third strat-
egy that combines the crosslinked PS templates with
mobile PS chains. The process started with swelling the
slightly crosslinked tPSxl template particles from the sec-
ond approach with styrene followed by thermally initiated
free radical polymerization (Figure 4A-I). This introduces
noncrosslinked PS chains into the PSxl matrix. The result-
ing composite PSxl+nc template particles were subjected to
DVB swelling (Figure 4A-II). While retaining the absolute
number of crosslinks compared to the tPSxl templates from
the second approach, now additional mobile PS chains are
incorporated into the particle. This should lead to more
free volume in the particle after THF extraction of the
mobile PS chains.
In Figure 4B–G, the SEM images show different stages

of the process leading to the PDVB-gPSxl+nc particles from
the third strategy.
The SEM images of the tPSxl+nc template particles show

less corrugations (Figure 4B) than the tPSxl templates
(Figure 3B). Further swelling with DVB and subsequent
polymerization smoothens those corrugations even more
(Figure 4C). The cross-sections of both particle types

show homogeneous bulk particles without voids or pores
(Figure 4E,F). However, as indicated for the tPSnc and
tPSnc-PDVB particles, matrix embedding for microtome
sectioning might cause filling of potentially existing gran-
ular or porous structures, so that they are indiscernible
here. An overall size increase of about 0.2 µm can be
observed in light microscopy during DVB swelling (see
Figure S16) with the particle dimensions being retained
during polymerization. After the template extraction step,
the PDVB-gPSxl+nc particles possess a grooved surface
(Figure 4D) similar to the topography of the PDVB-gPSxl
particles, yet the surface features are less distinctive than
for the PDVB-gPS samples from the first strategy. Conse-
quently, the introduction of additional mobile PS chains
in the template did not significantly affect the swelling
behavior of the gel corona. Apparently, the primary param-
eter influencing corona swelling is the absolute number of
crosslinks in the template particle, here provided by the
tPSxl system. Due to the existence of a swellable corona,
also these PDVB-gPSxl+nc particles are not suitable as SEC
stationary phase with a PS solvent. In the dry state, the
corona interconnects and covers the PDVB-gPSxl+nc par-
ticles, comparable to the PDVB-gPSxl particles from the
second strategy above. The SEM image with the parti-
cle cross section (Figure 4G) reveals a large cavity with
micrometer dimensions in the particle center reminiscent
of the smaller, granule-filled voids found in the PDVB-
gPSxl particles (Figure 3G). The wall of the voids is formed
by distinctive granules with diameters below 100 nm
(Figure S28), resulting in a porous structure, yet with
more free volume compared to PDVB-gPSxl. The gallery
in Figure S24 shows a collection of cross-sectional SEM
images with the voids. In the cross section of Figure 4G,
a porous region of about 0.6 µm thickness is visible at
the outer shell of the PDVB-gPSxl+nc particles. The 0.9 µm
thick region in between the center void and the outer
porous shell is densewithout pores. The void volume of the
PDVB-gPSxl+nc particles is larger than then one of PDVB-
gPSxl particles and can be explained by the dissolution
of the additional mobile PS chains in the template. This
observation is based on the SEM images of Figure S26.
From the comparison of the morphological findings for

the PDVB-gPSxl+nc particles (third strategy) and the PDVB-
gPSxl particles (second strategy), it becomes apparent that
the void volume in particle cores can be directly controlled
via the inclusion ofmobile PS chains in slightly crosslinked
templates.

3 CONCLUSION

In this work, we merged precipitation polymerization
with particle swelling and photopolymerization methods
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into three distinct strategies, yielding intricate colloid
architectures. The first approach utilized noncrosslinked
polystyrene template particles, leading to PDVB-gPS
particles with remarkable surface grooves and a hollow
core. This is not expected when swelling a noncrosslinked
template PS particle prepared by precipitation polymer-
ization. The second strategy involved slightly crosslinked
PS templates, resulting in shallower grooves and reduced
core voids due to template crosslinking. The third strategy
introduced mobile PS chains within slightly crosslinked
PS templates, increasing the hollow core volume in
the final microspheres. These findings demonstrate
the ability to tailor void sizes in two opposing ways,
highlighting the versatility of our approach. While SEM
analysis allowed the detailed observation of various
morphological features, we found that embedding the
particles into a matrix for microtome cutting may have
obscured some internal morphology for nonextracted
particles. As a result, we refrained from embedding
and instead used compact dried films of the extracted
particles for sectioning. Consequently, more nanoscopic
details of the morphology could be successfully visualized
by SEM.
The unique combination of preparation methods for the

microspheres with a soft corona, a robust shell, and a hol-
low core provides access to various applications such as
size exclusion separation, surface reactions, catalysis, and
delivery systems. Furthermore, these advanced colloidal
architectures, achievable through tailored templating and
swelling, hold promise as model systems for studying par-
ticle interactions, aggregation, and structure formation in
the field of colloidal physics. As this work is a proof of
concept with a limited set of parameter variations, future
research could provide further insights to gain an extended
control over the nanoarchitecture, potentially expanding
to other templating methods.

4 EXPERIMENTAL SECTION

4.1 Chemicals

AIBN (azobis(isobutyronitril), 98.0%, Fluka Analytical),
ACN (acetonitrile, 99.9%, Chemsolute), BAPO (Bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide, also known as
Irgacure 819, Acrylat Shop), DVB (divinylbenzene, stab.,
60.0%–65.0%, 34.0%–39.0% ethylvinyl benzene, Merck),
ethanol (absolute, 99.98%, VWR chemicals), Methocel
(K100, methyl cellulose), PNVP (polyvinylpyrrolidone,
Mw = 40 000 g mol−1, Alfa Aesar), styrene (stab.,
99%, Alfa Aesar) and water. All chemicals were used as
received.

4.2 PS template particles

4.2.1 Noncrosslinked PSnc template

Adapted from literature,[33] noncrosslinked PS particles
were prepared as follows: styrene (8.3v% of the total reac-
tion volume), PNVP (Mw = 40 000 g mol−1, 25 mol% wrt.
monomer content) and AIBN (3 mol% wrt. to monomer
content) were dissolved in ethanol (absolute, 91.7v% of the
total reaction volume) in a round bottom flask. In a pre-
heated oil bath, the reaction was carried out at 75◦C for
20 hours at a stirring speed of 130 rpm. For purification,
the particles were centrifuged and the supernatant liquid
was replaced by fresh ethanol. This step was repeated at
least 5 times before the particles were dried under ambient
conditions for 24 hours.

4.2.2 Slightly crosslinked PSxl template

The procedure for PSxl template particles was carried out
in the same way as the procedure for noncrosslinked PS
template particles but with a mixture of styrene and DVB
(Sty:DVB 96:4 v/v) instead of neat styrene.

4.2.3 Combined PSxl+nc template

PSxl template particles were dispersed in a solution con-
sisting of ethanol (absolute, 99v% of total volume), styrene
(4v% of total volume, PS:Sty = 1:1), PNVP (Mw = 40
000 g mol−1, 50 mol% wrt. PS particles) and AIBN (3 mol%
wrt. to monomer) and stirred for 2 hours at room temper-
ature. The reaction was carried out in a preheated oil bath
at 75◦C for 20 hours at a stirring speed of 130 rpm. For
purification, the particles were centrifuged and the super-
natant liquid was replaced by fresh ethanol. This step was
repeated at least 5 times before the particles were dried
under ambient conditions for 24 hours.

4.3 PDVB particles via PS template
particles: PDVB-gPS, PDVB-gPSxl, and
PDVB-gPSxl+nc

PS template particles (see Table 1, 300mg) were evenly dis-
persed in an aqueousMethocel solution (18.6 g L−1, 7.5mL)
before a solution of DVB (65 µL, 60mg; PS:DVB 5:1 wt) and
Irgacure 819 (6 mol% wrt. monomer, 11.5 mg) in ethanol
(1 mL) was added dropwise under fast stirring at 0◦C.
To ensure a stable dispersion, the mixture was stirred for
2 hours under aforementioned conditions and then stored
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TABLE 1 Details about the particle types used in the three different preparation methods to obtain the product particles PDVB-gPS,
PDVB-gPSxl, and PDVB-gPSxl+nc, with the particle diameter of different reaction stages measured using pictures from light microscopy
(template and monomer swollen particle dispersed in the reaction medium) and SEM (dried particles after THF extraction).

Product particle Template particle
Template particle
diameter/±0.1µm

Swollen template
diameter/±0.1µm

Dried particle
diameters after
THF extraction

PDVB-gPS tPSnc 4.9 µm 5.5 µm 2.8–3.1 µm
PDVB-gPSxl tPSxl 3.3 µm 3.7 µm 2.8–3.1 µm
PDVB-gPSxl+nc tPSxl+nc 3.7 µm 3.9 µm 2.6–2.9 µm

overnight at 7◦C without stirring. After the mixture was
irradiated under mild stirring for 1 hour (Nichia UV LED
lampNVSU333A 365 nm, 3.64W;mode: 4.2 V, 3.8 A), it was
slowly stirred under light exclusion at room temperature
for additional 20 hours.
For purification, the particles were centrifuged and the

supernatant liquid was replaced by water. This step was
repeated at least 5 times or until the supernatant liquid
was as viscous as water. The same process was repeated
once eachwith ethanol:water 1:3, 1:1, 3:1 and ethanol before
the particles were dried under ambient conditions for
24 hours.
The template extraction with THF was carried out in a

Soxhlet extractor for 2 days.

4.4 Light microscopy and particle size
analysis

Light microscopy was performed with a Zeiss Axioskop 50
microscope and a bresser MikroCam SP 3.1 camera (Soft-
ware: MikroCamLabII version 3.7.13814.20190120 (64 bit)).
Bright field transillumination was used for all shown LM
pictures. Used objectives were a.) Zeiss Epiplan–Neofluar
50x magnification with NA = 0.75. The resulting images
were processed with ImageJ version 1.52i (running with
Java 1.8.0_271 (64 bit)). Scalingwas donewith amicroscope
slide with a micrometer scale standard.

4.5 Scanning electron microscopy
(SEM)

For SEM measurements of the particles, a drop of the
sample dispersion was dropped onto a silicon wafer and
allowed to dry under ambient conditions. Without further
coating of the sample, it was examined using a LEO Gem-
ini 1530 (Zeiss, Oberkochen, Germany) at a probe current
between 15 and 70 pA at an accelerating voltage of 700 V.
To prepare the cross sections, several drops of the sam-
ple dispersion were dropped onto a cured Epofix (Agar
Scientific, Stansted, UK) substrate. After complete drying,

another layer of Epofix was applied and cured. The resin-
embedded particles were cut into 2 µm thick sections in
an ultramicrotome (UCT 7, Leica, Germany) using a dia-
mondknife (Diatome, Switzerland) and then transferred to
a silicon wafer. SEM examination of the cross sections was
performed in LEOGemini 1530 under the same conditions
as indicated above.
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