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On tuning microgel character and softness of
cross-linked polystyrene particles†

Jochen Schneider,a Malte Wiemann,a Anna Rabea and Eckhard Bartsch*ab

Polystyrene (PS) microgel colloids have often been used successfully to model hard sphere behaviour

even though the term ‘‘gel’’ invokes inevitably the notion of a more or less soft, deformable object. Here

we systematically study the effect of reducing the cross-link density from 1 : 10 (1 cross-link per 10

monomers) to 1 : 100 on particle interactions and ‘‘softness’’. We report on the synthesis and purification

of 1 : 10, 1 : 25, 1 : 50, 1 : 75 and 1 : 100 cross-linked PS particles and their characterization in terms of

single particle properties, as well as the behaviour of concentrated dispersions. We are able to tune

particle softness in the range between soft PNiPAM-microgels and hard PMMA particles while still

allowing the mapping of the microgels onto hard sphere behavior with respect to phase diagram and

static structure factors. This is mainly due to a rather homogeneous radial distribution of cross-links in

contrast to PNiPAM microgels where the cross-link density decreases radially. We find that up to a

cross-link density of 1 : 50 particle form factors are perfectly described by a homogeneous sphere model

whereas 1 : 75 and 1 : 100 cross-linked spheres are slightly better described as fuzzy spheres. However

the fuzziness is rather small compared to typical PNiPAM microgels so that a hard sphere mapping still

holds even for these low cross-link densities. Finally, by varying the reaction conditions – changing from

batch to semibatch emulsion polymerization and varying the feed rate or by adjusting the monomer to

initiator ratio we can tune the fuzziness or significantly alter the inner structure to a more open, star-like

architecture.

1 Introduction

Colloidal suspensions are frequently used to investigate the
physical principles of condensed matter systems. Among the
phenomena being researched are for example the glass
transition1–4 and particle crystallisation.5–9 Of special interest are
so-called hard sphere like or nearly hard sphere like particles which
provide an easy theoretical treatment and easy computer simulations
compared to systems with more complex interactions.10 The most
common systems under study are suspensions of sterically stabilised
poly-(methylmethacrylate) (PMMA) particles, as a suspension
medium, usually a mixture of organic solvents, is used to match
the refractive index and the density of the particles to allow
measurements using light scattering11–13 and microscopy14–17

while avoiding sedimentation. The major drawback of these
systems lies within the usage of solvent mixtures. On the one
hand it can be hard to keep the composition of the dispersion

media constant over time, e.g. due to non-uniform evaporation
of the individual solvents. On the other hand the common
solvents added to provide density matching of PMMA particles
also induce a degree of charging, which is difficult to screen out
in organic solvents.18

In a different approach spherical particles of cross-linked
polymer chains are used. These so called microgels19 swell in a
good solvent, which leads to an easier matching of both refractive
index and density. The most common microgels are prepared
from N-isopropylacrylamide cross-linked with N,N0-methylenebis-
acrylamide (PNiPAM) – well known for its temperature dependent
swelling in water.20,21 Besides the currently very popular PNIPAM
microgels, PMMA22,23 or polystyrene (PS)7,24–28-based microgels are
also frequently used as colloidal model systems. While the swelling
of the microgel particles provides advantages in terms of refractive
index and density matching it may also introduce a certain amount
of softness to the system. This typically leads to deviations from the
hard sphere behaviour. For example if the structure of a PNiPAM
microgel suspension is mapped onto hard spheres, the mapping
fails at volume fractions above 0.35.29 In addition, the phase
diagram of PNiPAM-microgels as well as of PMMA-microgels shows
a fluid-crystal coexistence region, which is smaller than the one
expected for hard spheres.21,22 A notable exception are PS core–
PNIPAM shell particles which expose hard sphere behaviour in
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rheological experiments after appropriate mapping.30,31 Never-
theless in the case of PS it could been shown that microgels can
be synthesised, where their structural properties25,32 and
dynamic properties32,33 are in good agreement with hard sphere
like systems.

If one aims at controlling the particle softness, the key para-
meters are the swelling ratio of the particles and the homo-
geneity of cross-linking. In the case of PNiPAM-microgels the
reactivity of the cross-linking agent is much higher than the
reactivity of the NiPAM monomer. This leads to the formation
of a highly cross-linked, dense core and a corona of gradually
decreasing density (a so called fuzzy sphere).34 Thus the outer
areas of these microgels behave more like a soft polymer coil
than a solid sphere. If the reactivities of the cross-linking agent
and the monomer are similar, a more homogeneous cross-
linking is achieved. In the case of PS microgels homogeneously
cross-linked microgels of low polydispersity can be prepared if
1,3-diisopropenylbenzene (DIPB) is used to form the polymer
network,35 leading to less soft particles than e.g. PNiPAM-
microgels.

For this reason PS microgels have been widely used as effective
hard spheres to study e.g. glass transition,24–27,36 crystallisation
kinetics7,28,37–39 or collective33 and single40 particle diffusion. While
the assumption of hard sphere behaviour of the PS microgels is
supported by many studies7,36,39,40 systematic differences between
particles of different cross-linking ratios can be observed in
mixtures of PS microgels and free non-absorbing polymers.41

Here it has been observed that the addition of a free PS polymer
to 1 : 50 cross-linked PS microgel particles shifts the glass
transition to much higher values26 than that observed for a
comparable PMMA colloid–PS free polymer system.42 In contrast,
increasing the cross-link density to 1 : 10 yields a shift which is
comparable to that of the PMMA system.41 In this context it is not
yet clear, whether these deviations may be attributed to an intrinsic
softness of the microgel particles or to interactions between the
polymer and the microgel network. In microgel systems particle
softness often plays an important role in the particle interactions
and the physical behaviour of the dispersions.21,43 Thus, a
systematic investigation of particle interactions in the absence
of a polymer is necessary to clarify the role of softness effects in
mixtures of PS microgels and a free non-absorbing polymer.

Therefore we studied systematically the effect of varying the
cross-link density on the static properties of PS microgels and
compared their behaviour with the known one of hard sphere
systems. For this purpose we prepared a series of PS microgels
with different amounts of cross-linking agents. These particles
were prepared via semibatch emulsion polymerisation according
to ref. 44. All systems under study showed a low enough poly-
dispersity to undergo a first order freezing transition. Rheological
measurements were used to probe particle softness. The static
structure factor of samples located below the freezing point was
determined from static light scattering (SLS) data to check whether
softness effects influence the structure of the dispersions.
To evaluate the structural properties of our PS microgels in
comparison to hard sphere like PMMA particles and soft sphere
like PNiPAM microgels we characterised the polydispersity and

particle shape of the unswollen particles by means of transmission
electron microscopy (TEM) and SLS. Furthermore the internal
structure of the swollen particles was analysed by means of SLS
and the obtained particle form factors were comparatively fitted by
the homogeneous sphere and the fuzzy sphere model.

Since styrene and DIPB usually form homogeneously cross-
linked particles, we also varied the reaction conditions to
evaluate whether this allows a specific control of the inner
structure of the particles. Therefore we prepared particles via
batch emulsion polymerisation and semibatch emulsion poly-
merisation using different feeding rates to study the influence
of the polymerisation technique on the incorporation of DIPB,
i.e. the fuzziness of the particles.

2 Experimental section
2.1 Materials

Styrene was obtained from Merck KGaA, dried over CaH2,
distilled under reduced pressure and stored at �18 1C under
an argon atmosphere. CaH2 was obtained from Fluka in 95%
purity and used without further purification. Argon was purchased
from Air Liquide GmbH in 99.9990% purity. Sodium dodecyl
sulfate (SDS) was obtained from VWR International in 98%
purity and further purified twice by recrystallisation from
ethanol. Ethanol was purchased from VWR International
(England), dried over potassium and distilled under reduced
pressure in an argon atmosphere. Sodium bicarbonate (NaHCO3

99% purity), potassium peroxodisulfate (K2S2O8 99% purity), and
1,3-diisopropenylbenzene (DIPB 97% purity) were obtained from
Sigma-Aldrich. DIPB was distilled under reduced pressure and
stored at �18 1C under an argon atmosphere. For all poly-
merizations deionised water was used after filtration through
an ultra filtration unit of 0.02 mm pore size (3�) and degassing.

For the purification of the synthesised particles the following
solvents were used. Methanol was purchased in technical grade
from Riedel-de Haën, and tetrahydrofurane (THF) was purchased
in analytical grade from Acros. Both were distilled under reduced
pressure. Benzene was obtained in analytical grade from Carl
Roth GmbH and used as received, as was cyclohexane (CH), which
was purchased from Merck KGaA, also in analytical grade.

For the characterisation of the synthesised particles 2-ethyl-
naphthalene (2-EN) (99% purity) was purchased from Sigma-
Aldrich and distilled under reduced pressure. Toluene (499.5%
purity) was purchased from Sigma-Aldrich and used as received.
Before application these two solvents were filtered thrice using
PTFE filters from Carl Roth GmbH with a pore size of 0.02 mm.

2.1.1 Particle synthesis. The following is a description of a
typical preparation. An overview of the emulsion polymeriza-
tions performed in this work and their corresponding reaction
parameters can be found in the ESI,† Table S1.

The emulsion polymerisation was carried out under an
argon atmosphere in a three-necked round-bottomed flask
fitted with a teflon-paddle stirrer, a gas inlet and a bubble
counter. SDS and NaHCO3 were weighed in and dissolved in
water (350 g). The solution was then heated to the reaction
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temperature of 72 1C while stirring at 350 rpm. Meanwhile a mixture
of styrene and DIPB of desired composition was prepared. In the
case of semibatch emulsion polymerisation 1 ml of this mixture was
added to the flask. The reaction mixture was stirred for 10 min, and
then K2S2O8, dissolved in preheated water (30 g, 72 1C), was added.
After about 5–10 min, a blue colour appeared, indicating the start of
the polymerisation. Now the remaining mixture of the monomers
was added within 3 h (or 5.5 h respectively). In the case of batch
emulsion polymerisation the styrene–DIPB mixture was added at
once before adding K2S2O8 after 10 min.

After an additional 20 min the reaction mixture turned turbid,
independent of the reaction conditions. The mixture was allowed to
react for 24 h at 72 1C, while a slow stream of argon was maintained.
After cooling down to room temperature, the dispersion was filtered
through a nylon filter (pore size 38� 3 mm) to remove any coagulum
formed during the polymerization. 20 ml of the dispersion were
retained for later analysis, while the remaining material was purified.
Typically yields of 95% were obtained.

2.1.2 Purification. The following procedure describes the
general purification of the microgel particles to remove unreacted
monomers, surfactants and other ionic compounds as well as
polymer chains which are not part of the microgel network. The
exact amount of solvent applied in the different steps was chosen to
adjust the viscosity of the suspensions.

First of all the remaining SDS and ionic components were
removed and the particles were then separated from the aqueous
phase. For this purpose the dispersion was poured into four 1 l
one-necked flasks and frozen at �196 1C to break the dispersion
while slowly rotating the flask. The contents were allowed to warm
up to room temperature. Then they were centrifuged for 1.5 h at
5500 rpm (Multifuge, 3 S-R, Heraeus). The clear supernatants were
discarded and the solids were redispersed in methanol (B400 ml
each). The dispersions were centrifuged (1.5 h, 5500 rpm) again
and the slightly turbid supernatants were removed. This step was
repeated once. The solid was then dried at 50 1C under reduced
pressure (750 mbar). This solid was redispersed in THF (10 ml g�1

powder) by stirring at room temperature for at least one week. The
dispersion was precipitated in methanol (10� the amount of THF),
filtered through filter paper and redispersed in THF (B100 ml).
The precipitation procedure was repeated once. After filtration the
solid was dried at 50 1C for 12 h at 60 mbar. After weighing the
solid it was dispersed in benzene (10 ml g�1 powder) by stirring.
The dispersion was once per week ultrasonicated to remove
aggregates (4 � 15 min, Bandelin, Sonorex Super RK255H). After
three weeks the dispersion was filtered and freeze-dried.

To remove polymer chains that were not incorporated into
the microgel-network the dry powder was dispersed in CH‡
(B150 ml) by stirring at 60 1C for several days and then
centrifuged for 1.5 h at 40 1C. The supernatant was removed
and the steps were repeated twice.

As the particles show a tendency to aggregate during the
centrifugation step in CH the solid residue was redispersed in
THF (B90 ml) and once more precipitated in methanol (1.2 l).
After filtration, drying and weighing, the powder was redispersed
in benzene and treated as described before. After the final freeze-
drying the particles were obtained as a white powder.

2.1.3 Sample preparation. In this work experiments in
three different solvents were performed. Dispersions of the
raw emulsions in water (n20

633nm = 1.332, n20
405nm = 1.344) were

used to characterize the unswollen particles. Dispersions of the
microgel powder in 2-ethylnaphthalene (2-EN, n20

633nm = 1.593)
and toluene (n20

633nm = 1.491, n20
405nm = 1.523) were used to study

the particles in the swollen state. 2-EN and toluene are of
comparable solvent quality and provide identical swelling
behavior within experimental error (a more detailed discussion
of this issue can be found in the ESI†; cf. Rh and Reff in Table S2
(ESI†) which are found to be identical within experimental
error). The use of two different solvents is dictated by the
requirement to have a rather large refractive index difference
between the polymer (n20

633nm = 1.603–1.607 depending on cross-
link density) and solvent when studying particle properties in
very dilute state in order to have sufficient scattering intensity.
In contrast, when studying concentrated suspensions (phase
behavior; structure factor) we need to avoid multiple scattering
effects which require an almost perfect refractive index match.
Besides its close isorefractivity to polystyrene, 2-EN also provides
a good density match and, thus, is commonly used in light
scattering studies of PS microgels.

To determine the radii and form factors of the unswollen
particles in water using SLS and to follow the reaction kinetics
via dynamic light scattering (DLS) a small drop of the raw
dispersion in water was diluted until only a slight turbidity
was visible. To characterise the radii and form factors in the
swollen state 1 mg of the dry powder was dispersed in 3 ml of
toluene.

All samples in organic solvents were placed in an ultrasonic
bath (Bandelin, Sonorex Super RK255H) for 4 � 15 min to
dissolve any aggregates formed during the purification steps.
They were placed on a rotating wheel for at least 1 week, leaving
ample time for the particles to swell to their maximum size. To
avoid particle adhesion at the cuvette walls due to solvent
dewetting after sample tumbling, the dispersions were quickly
spun down by centrifugation (5 min at 1800 rpm). In the case of
larger particles (R 4 200 nm) the sonication procedure
described above did not prove to be efficient enough to dissolve
all aggregates. Therefore stock suspensions of those systems
were prepared as described above (F = 0.56–0.66) and addi-
tionally treated for 2 � 15 min in an ultrasonic processor
(UP50H – Compact Lab Homogenizer, 50 cycles at 100%
amplitude). All further samples of those systems were prepared
from the respective stock suspensions by dilution. To ensure
that the harsh ultrasonic treatment did not disintegrate the
microgel network we prepared dilute suspensions from the
stock suspensions prior and after the sonication treatment
and performed form factor measurements of both samples.
In all cases the form factor prior and after sonication did

‡ Depending on temperature, CH can act as a good solvent or a bad solvent for
PS. As the theta temperature of PS microgels is significantly larger than the one of
linear PS chains (460 1C as compared to 35 1C) the particles can be swollen at
higher temperatures to allow the non-connected chains to leave the microgels
and deswollen at lower temperature to ease sedimentation of the microgels while
keeping the non-connected chains in solution.
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only differ in the low q-limit where aggregates influence the
scattering pattern. The position of the form factor minimum
was identical in both cases and therefore an additional swelling
due to a potential breaking of chains caused by the ultrasonica-
tion could be excluded.

2.2 Instrumentation

To perform static light scattering (SLS) measurements of
unswollen and swollen microgel particles, two computer driven
SOFICA goniometers (Société Française d’Instruments de Contrôle
et d’Analyses, modified by SLS-Systemtechnik) with different light
sources were used (JDS Uniphase, He : Ne gas laser, l = 632.8 nm,
5 mW; Laser Components, diode laser, l = 405 nm, 1.5 mW). To
calculate the normalised scattering intensity the laser intensity
was measured with a reference photomultiplier and a toluene
reference sample was used to convert the current detected by the
photomultiplier to the intensity in reciprocal centimetres. This
setup allows measurements over the angular range of 251–1451
in steps of 11. To remove background scattering the intensity was
corrected by subtracting from it the intensity of a measurement
of pure solvent.

To perform DLS a 3D cross-correlation setup from LS
Instruments was used. The light of a diode laser (Coherent,
l = 532 nm, 100 mW) was scattered into two APDs (Perkin-
Elmer, SPCM-AQR-13-FC) mounted on a goniometer able to
measure at positions between 151 and 1501. We determined the
hydrodynamic radii Rh from second order cumulant fits of the
intensity autocorrelation function measured at angles below
the first form factor minimum, i.e. in the range 1.5 o qReff o
3.5 (cf. Table S2 of the ESI†).

The measurements using transmission electron microscopy
(TEM) were performed on a TEM Leo 912 Omega-microscope by
Zeiss. A drop of an aqueous dispersion was spread on a copper
TEM grid coated with a carbon film and then dried in a high
vacuum. The average radius RTEM and the relative standard

deviation sTEM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2h i � Rh i2ð Þ= Rh i

p
of the particles were

determined from the analysis of 100 particles using iTEM
software (Fa. Olympus-SIS). Polydispersity was defined as the
relative standard deviation.

All rheological measurements were performed on a stress
controlled rheometer (Haake MARS II) in frequency sweep
mode in the linear regime covering the frequency range of
o = 0.02–100 rad s�1 with maximum strain at g = 2%. The
samples were tempered to 20.0 � 0.1 1C for 10 min and
measured in a plate–plate geometry (radius 60 mm).

2.2.1 Form factor analysis. P(q) of the unswollen particles
was measured at l = 405 nm and analysed by Mie theory.§45

Polydispersity was taken into account by summing up the form
factors of a Gaussian distribution of radii of the relative
standard deviation sR,Mie. As Mie theory requires the refractive
indices of the particles as the input, this quantity was used
either as a free parameter or set to the value determined via

contrast variation (nP,405nm = 1.64). This value agrees with the
refractive index determined via contrast variation according to
Philipse et al.47 Using it as a free parameter was only possible if
the measured q-range gave access to the first maximum in P(q).
In our setup this is the case for R Z 120 nm. In the case of
smaller particles nP had to be fixed, otherwise polydispersity
effects and small errors due to background correction were
fitted as nP effects.

To increase the accessible q-range, P(q) of the swollen
microgel particles was measured at 405 nm and 632.8 nm.
After subtracting the background scattering the intensities of
the two measurements were normalised on top of each other
and fitted as I(q) = I(0)�P(q). To reduce multiple scattering
effects on the SLS data the samples were further diluted after
each measurement and the measurement was repeated. This
procedure was continued until the form factors normalized to
unit concentration and the derived radii became independent
of the sample concentrations. This condition was typically
achieved for a volume fraction of Phi = 0.005. The form
factor of the swollen particles was either described by the
well-known Rayleigh–Debye–Gans result for homogeneous
spheres:

PðqÞ ¼ 3
sin qRSLSð Þ � qRSLS cos qRSLSð Þ

qRSLSð Þ3

" #2
(1)

or by the fuzzy sphere model of Pedersen:34

PðqÞ ¼ 3
sin qRSLSð Þ � qRSLS cos qRSLSð Þ

qRSLSð Þ3
exp � qssurfð Þ2

2

 !" #2
:

(2)

Again polydispersity was taken into account by summing
up the form factors of a Gaussian distribution of radii where
sR characterises the relative standard deviation of the
distribution.

While the first model assumes a constant radial segment
density within the particles, the latter describes a dense core of
constant density surrounded by a corona of decreasing density.
The radius of a fuzzy sphere is defined as Rfuzzy = RSLS + 2ssurf

and corresponds to the distance from the centre of the particle
to a position where the density has decayed to zero. All
form factors could be fitted with an accuracy of RSLS =
�3 nm, ssurf = �5 nm, Rfuzzy = �10 nm, and sR = �0.02.

2.2.2 Determination of the effective hard sphere radius. To
determine the effective hard sphere radius Reff, we mapped the
volume fraction dependence of the position of the structure
factor maximum qm onto that of hard spheres. The structure
factor S(q) of samples in the range 0.20 r F r 0.47 was
calculated from the scattering intensity I(q)conc of a concen-
trated sample and a sample with F = 0.005 according to

SðqÞ ¼
IðqÞconc

�
cconc

IðqÞF¼0:005
�
cF¼0:005

: (3)

The accuracy of the determination of the maximum of S(q)
varied within �11 and �41, depending on the volume fraction

§ To perform the Mie-calculation the python port by H. Kaiser of the source code
published in ref. 45 was used to determine the radius RMie. The code is part of the
scatterlibproject46 (published under GNU GPL v3).
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and the amount of multiple scattering, where high volume
fractions and a low degree of multiple scattering provided the
highest accuracy.

The position of qmReff was calculated using the Verlet–
Weis-corrected analytical Percus Yevick integral equation.48,49

Polydispersity was taken into account in accordance with ref. 50
and 51.

2.3 Phase behaviour

The phase behaviour of the particles in 2-EN was characterised
as described previously21,25,52 and has been used to determine
the volume swelling ratio QHS = (Rswollen/Runswollen)3.

Knowledge of QHS is crucial for the calculation of the
dispersion volume fraction F according to

F ¼
mmicrogel

�
rPS

mmicrogel

�
rPS þmsolvent=rsolvent

� QHS ¼ Fu � QHS (4)

Here rPS = 1.05 g cm�3 denotes the mass density of polystyrene
and rPS = 0.992 g cm�3 is the mass density of 2-EN. As the
suspensions were prepared from polymer powder, the volume
fraction Fu, which would apply to unswollen particles (e.g. in a
non-solvent like water), can be calculated from the polymer and
solvent masses m and their respective mass densities r very
precisely. To determine the unknown QHS we studied the phase
behaviour, i.e. the fluid-crystal coexistence region, in the good
solvent 2-EN. For a number of samples we monitored the
volume fraction of the crystalline phase by measuring its
height. As we used round arch cuvettes we prepared a calibra-
tion line to convert height to volume by measuring the height of
samples containing a known volume of water. Plotting the
amount of crystals as a function of Fu allowed the determina-
tion of the volume fraction Ff,u at freezing and Fm,u at melting.
From this the swelling ratio QHS was obtained using QHS =
Ff,HS/Ff,u, where Ff,HS = 0.494 is the freezing volume fraction of
monodisperse hard spheres.5 Then, by multiplying Fu by QHS as
indicated in eqn (4) a mapping of the PS microgels onto an
effective HS system was performed.

2.4 Determination of the interaction exponent

The softness of particles in a suspension can be related to their
elastic plateau modulus (see ref. 43, 53 and references cited
there):

GP = G0(o)|tan d(o)-minpFm. (5)

Here tan d = G00/G0 with G0 and G00 being storage and loss
modulus, respectively.

If hydrodynamic interactions and structural changes of
the particles in the suspension with F are neglected and
the interaction potential U(r) of the particles is modelled as
U(r) p r�n, the interaction exponent n can be calculated as
n = 3(m � 1). To obtain the plateau moduli, samples of the
particles in 2-EN with volume fractions ranging from F = 0.60–0.66
were prepared. An alternative way to determine n uses the
observation that the width of the fluid-crystal coexistence

region shrinks monotonously with increasing softness, i.e.
decreasing n.21,22

3 Results and discussion
3.1 Influence of cross-link density on particle interactions

To investigate the influence of cross-link density on phase
behaviour, rheological and structural properties we synthesised
particles of approximately 150 nm, 180 nm and 270 nm radius
in the swollen state. The systems are referred to as P150-x,
P180-x, and P270-x where x indicates the cross-linking ratio 1 : x
(i.e. one cross-link per x styrene units if 100% cross-link
efficiency is assumed). In analogy to previous work25,27,44 the
particles investigated in this section were synthesised via
semibatch emulsion polymerisation and a feeding duration of
3 h was applied. The influence of the reaction conditions on
particle properties will be discussed in Section 3.2. Radii of
150 nm and 180 nm have been commonly used in this
group25,27,44 and can be easily accessed by emulsion poly-
merisation. We also prepared larger particles to get access to
a larger range in the qR of the particle form factor P(q). This
allowed a more detailed study of the inner structure of the
particles. Here 270 nm currently marks the upper limit which
can be accessed for all cross-link densities under study. In
addition, this range of particle sizes allows us to check for a
systematic variation of the swelling ratio QHS and other system
characteristics with particle size – an issue raised in previous
work.54 To evaluate the influence of cross-link density we varied
x from 10 to 100 including 25, 50 and 75.

As the focus of this section lies on the thermodynamic
properties, the volume fraction F is the key parameter for this
work. Thus, we used the first order freezing point to define our
F-scale. This is illustrated in Fig. 1 where the phase diagram of
the system P270-50 is shown as an example.

All systems exhibit a fluid phase, a coexistence region, a
crystalline phase and a glass phase as known from other hard
sphere systems. Within the coexistence region the amount of
crystals increases with the volume fraction, while the size of the
crystallites decreases if the volume fraction is increased beyond
Fm E 0.55 towards the glass transition point. From a linear
extrapolation of the amount of crystals within the coexistence
region as a function of volume fraction the freezing and
melting points Ff,u and Fm,u could be obtained. Here Fu

denotes the volume fraction of the unswollen particles. The
particle swelling ratio QHS can now be determined by mapping
Ff,u to the well established value of 0.494 for monodisperse
hard spheres.

As shown in Fig. 1 the width of the phase diagram of P270-50
is in good agreement with the one expected for monodisperse
hard spheres and the hard sphere value of Fm = 0.545 is obtained.
Usually in the case of PNiPAM21 or PMMA microgels22 narrower
coexistence regions are found. To our knowledge a similar good
agreement between hard spheres and microgels was only found
by Eckert et al.55 for PNiPAM microgels exhibiting a swelling ratio
of QHS E 17.
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They did not quote their cross-link density, but they pointed
out that their particles are strongly cross-linked compared to
the ones prepared by Senff et al.,21 i.e. they used more than
1.4 mol% of the cross-linking agent resulting in a cross-link
density of 1 :r144. Unfortunately no further details about the
cross-link density were given in ref. 55.

Having a closer look at the other systems studied here, some
of them show a slightly lower Fm than 0.545 if Ff is mapped to
0.494. The exact values can be found in Table S3 of the ESI.†
Usually this smaller coexistence region is interpreted by means
of a softness effect and the values of the interaction parameter
n can be determined independently from rheology data by
using available correlation plots of the relative width of the
coexistence region, i.e. Dr = (Fm � Ff)/Ff, versus n. For example
Paulin et al.22 and later Senff et al.21 could map their narrow
coexistence region onto the one of soft spheres. They also
showed that the interaction parameters n determined from
the phase diagram agrees with the ones measured by rheology.
Based on their observations we also tried to determine n from
the phase diagram data. However, we did not find a systematic
variation of this n with cross-link density or swelling ratio.

This is reflected in the variation of Fm with particle size which
is reported in Table S3 of the ESI.† For the P150-xx series one
finds as expected a systematic increase of the swelling ratio QHS

with increasing cross-link density which is accompanied by a
concomitant systematic decrease of Fm. This indicates an
increasing softness of particle interactions as this is known
from computer simulations to lead to a decrease of the width of
the fluid-crystal coexistence region.56 However, this correlation
is not observed for the P180-xx and the P270-xx series. The
reason for this may be the unsystematic variation of size
polydispersity within the corresponding particle series. Poly-
dispersity tends to increase the width of the coexistence region57

and, thus, may counteract the narrowing due to particle softness.
In contrast, for the P150-xx series the polydispersity seems to
increase more systematically with decreasing cross-link density
(cf. sR,TEM in Table S2 of the ESI†). Thus, here the polydispersity
effect counteracts the effect of softness but the latter dominates –
leading to only a moderate decrease of Fm with decreasing cross-
link density. Thus, in the case of the here studied microgel
systems reliable values of n could only be obtained from rheology
data as discussed below.

With respect to the dependence of the swelling ratio on
particle size, one observes a somewhat systematic decrease of
QHS only for the highest cross-link density: from 2.26 (P150-10)
to 2.36 (P180-10) to 3.05 (P270-10) as given in Table S3 of the
ESI.† As this variation is almost of the same magnitude as the
experimental error in QHS and there is only an unsystematic
variation of QHS with particle size for smaller cross-link densities,
the particle size seems not to be a significant control parameter
for particle softness. As already suggested in the introduction (and
demonstrated in the course of this section) we assume that our PS
microgels are less soft than the ones studied by Senff et al. or
Paulin et al. Thus softness has only a small effect on the phase
diagram. In addition, the effect of polydispersity seems to be of
similar magnitude to the influence of particle softness and
interferes with the determination of the interaction parameter
from the phase diagram. As to our knowledge no predictions of
the phase behaviour of polydisperse soft spheres exist, we there-
fore decided to use the simple hard sphere mapping of Ff and
probe particle softness via rheological measurements of concen-
trated microgel suspensions.

If a power law potential U(r) p r�n is assumed, the inter-
action parameter n can be determined from the plateau-
modulus GP as described in Section 2.4 and ref. 43 and 53. In
Fig. 2a n is plotted as a function of cross-link density 1 : x.

In this representation a decay of n as a function of cross-link
density can be observed. The accessible n values vary between
n E 100 (1 : 10), which is not too far from the typical values of
hard sphere like PMMA particles,53 and n E 27 (1 : 100), which
is above the upper limit reported for PNiPAM microgels.29

Thus, in general PS microgels exhibit larger n values than
PNiPAM microgels and bridge the gap between soft and hard
spheres. Stieger et al.29 for example reported n = 22 and 9.5 in the
case of 1 : 34- and 1 : 141-cross-linked particles (i.e. 5.5 mol%
and 1.4 mol% cross-linking agents respectively). The authors
attributed the small interaction parameters to the fuzzy corona

Fig. 1 Phase diagram of the 1 : 50 cross-linked particles P270-50 in 2-EN.
(a) Pictures of the different phases; (b) crystal fraction determined from the
pictures. The solid line corresponds to the linear extrapolation, defining the
coexistence region. The bottom abscissa gives the volume fraction of
the unswollen particles, the top one results from mapping Fu at freezing to
0.494 using QHS = 5.5. The dashed lines give the rescaled volume fractions
of the freezing and melting points.
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of their particles. In the case of PNiPAM microgels the amount of
cross-linking agent mainly influences the size of the highly cross-
linked core and has only a minor influence on the corona.
Therefore the cross-link density of PNiPAM-particles provides
only a minor contribution to particle softness. However, in our
PS microgels a more homogeneous network formation can be
assumed leading to an easier control of n via cross-link density.
Nevertheless a more detailed look at the size dependence of n
and a comparison between different cross-link densities reveals
that the cross-link density cannot be the only parameter con-
trolling n as we find some spread of values n for a given cross-
link density (cf. Table S3 of the ESI†). For the higher cross-link
densities (1 : 10 and 1 : 25) there seems to be a systematic
decrease of n (increase of softness) upon increasing the particle
size at constant cross-link density. Due to the limited database
we cannot decide whether there is a clear trend for increased
softness upon increasing the particle size, e.g. due to a less
efficient cross-linker incorporation, or whether the observed
variations are caused by small statistic variations in cross-
linking agent incorporation during the semibatch emulsion
polymerisation. An interesting result is, however, observed upon
plotting the interaction parameter n versus the swelling ratio in
Fig. 2b. In the log–log representation one finds a linear depen-
dence of n on QHS

�1, indicating a power law behaviour. This
result implies that the true control parameter for particle soft-
ness is not the nominal cross-link density or the particle size but
instead the swelling ratio QHS obtained by mapping the observed
fluid-crystal coexistence onto the hard sphere phase diagram.
This finding has an important practical advantage. QHS is the key
parameter for setting the volume fraction scale for mapping the

PS microgels onto the hard sphere system. So far QHS has to be
determined from analysis of the fluid-crystal coexistence. Due to
the necessity to follow the sedimenting fluid-crystal phase
boundary until the long-time linear dependence is clearly expressed
and the slow sedimentation of the nearly buoyancy matched
microgels, this procedure typically needs up to 3–4 months. The
clear n p QHS

�1 relation now allows us to determine QHS via n by
the much faster rheology experiments. This relation is valid for all
systems except the one with QHS E 13 corresponding to P270-75. As
will be shown later the deviation of P270-75 from the simple QHS

�1

scaling is most likely caused by differences in the inner structure of
this system as compared to the others, resulting in a different
swelling to softness relation.

Looking at the absolute values of n it has to be pointed out
that all systems studied in this work fulfil the criterion n Z 18.
For inverse power potentials U(r) p r�n Lange et al.58 demon-
strated that a hard sphere mapping can be performed by
rescaling the particle number density at freezing to the theore-
tical values for hard spheres as long as n Z 18. By computer
simulation they could show that after this mapping, pressure,
diffusion coefficients, viscosity and short-range order agree
with the known hard sphere behaviour. To cross-check the
hard sphere mapping and to examine this prediction experi-
mentally, we probed the structure of our particles in the fluid
phase by means of SLS and structure factor analysis and
compared it with predictions for hard spheres.50,51 We deter-
mined S(q) in the range of 0.20 r F r 0.47 and compared
the experimental S(q) with calculated values for polydisperse
hard spheres. To calculate S(q) we set the volume fraction to
F = QHSFu and varied sR in the range determined by TEM and
SLS of the unswollen particles in water to properly adjust the
height of the structure factor maximum. The absolute values
of sR determined by TEM and SLS can be found in the ESI†
(Table S2). The effective hard sphere radius Reff was chosen to
get a good description of the measured S(q) at all volume
fractions. As shown in Fig. 3a the measured structure factor
agrees well with the calculated one up to the first order freezing
point. The system P150-50 depicted in Fig. 3a showed the best
agreement between the measured and calculated S(q).

All other systems showed multiple scattering effects, influ-
encing the shape of S(q) and the absolute peak height. Never-
theless we were still able to determine the maximum of S(q), as
in this region single scattering is dominating the scattering
pattern.

As shown in Fig. 3b the position of the structure factor
maximum qm can be superimposed onto the one of the mono-
disperse hard spheres. It is also possible to take polydispersity
into account but the influence of polydispersity on qm is
smaller than the experimental uncertainties of the qm determi-
nation. Plots like Fig. 3b for polydisperse hard spheres are
shown in the ESI† (Fig. 2).

Our S(q) calculations were performed under the assumption
that P(q) is independent of F, i.e. in contrast to PNiPAM micro-
gels, no deswelling, overlapping or deformation of the particles
could be observed when the volume fraction was increased,
even when they are only weekly cross-linked. In addition, the

Fig. 2 Interaction parameter n derived from rheological measurements
under the assumption of an interaction potential U(r) p r�n. (a) Plotted
against the cross-link density 1 : x; (b) log–log plot against the swelling
ratio QHS determined from the phase diagram. The straight line depicts a
scaling behaviour of n p QHS

�1.
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F-independence of P(q) in PS microgel systems was recently
demonstrated by Burger et al.59 Their SANS-studies of 1 : 50-
cross-linked particles verified that P(q) is constant, even in the
glassy state.

In the case of the softer PNiPAM-microgels a similar mapping
could only be achieved up to FE 0.35,29 while for larger volume
fractions F and Reff had to be replaced by concentration depen-
dent values to allow the hard sphere mapping. Again, as recently
shown by Nägele et al.,60 only the particles used by Eckert et al.55

allowed a similar mapping of S(q) up to Ff in the case of
PNiPAM-microgels. Nevertheless there is still one difference
between the findings of Eckert et al. and our results. As their
particles showed a hydrodynamic radius larger than Reff in our
case Rh E Reff. Furthermore Reff agrees well with the swollen
radii calculated by multiplying the unswollen radii in water
(i.e. the average of RTEM and RMie) by QHS

1/3 (i.e. the swelling
ratio in one dimension). The detailed comparison of all radii
measured for our systems lies beyond the scope of this paper but
the interested reader may find further information in Section 2
of the ESI.†

Thus, in general PS microgels show a much smaller degree
of softness and a more hard sphere like structure than most
microgel systems known from the literature. This is most likely
caused by differences in the inner structure between our
particles and e.g. PNiPAM microgels. As mentioned before,
typical microgels show a distinct density gradient with a
densely cross-linked inner core and a fuzzy corona of decaying
polymer density. This difference in the inner structure results
from differences between the reactivity of the monomer and the
cross-linking agent, leading to a higher incorporation of the
highly reactive cross-linking agent in the core of the particles.
As demonstrated by Antonietti et al.35 styrene and the cross-
linking agent DIPB used in this work are of similar reactivity
leading to a more homogeneous cross-link density. To assess
the validity of this statement for our particles the form factors
P(q) of 1 : 50 and 1 : 75 PS microgels in the good solvent toluene
are reported and analysed in Fig. 4 as limiting cases. The full
set of P(q) measurements and corresponding fits can be found
in the ESI† (Fig. 2).

The 1 : 50-cross-linked particles can be well described as
polydisperse homogeneous spheres (HSs). As depicted in
Fig. 4a only small deviations around the form factor minimum
can be observed, which are caused by experimental uncertainties
of the background correction. It has to be noted that all systems
of higher cross-link density are also well described as HSs
but the radii determined from the HS fits are systematically
smaller than the effective radii determined from the structure
factor measurements. Here the discrepancy between Reff and R
increases with decreasing cross-link density. For the PNiPAM-
particles studied by Eckert et al.55 a fit with the fuzzy sphere
model (eqn (2)) was required to achieve a good description of
P(q) and a good agreement between Rfuzzy and the effective hard
sphere radius Reff was found. Thus the effective hard sphere
radius is defined by the outer corona of their fuzzy spheres.
Assuming a similar behaviour for our PS microgels it is possible
to calculate a fuzzy sphere fit to our data while keeping Rfuzzy =
Reff = const. Such a fit is shown in Fig. 4a.

The differences between the homogeneous sphere form
factor and the corresponding fuzzy sphere descriptions with
respect to the experimental data differ only slightly in the high
q-regime. Within the experimental error this difference is
indistinguishable. This indicates that even if our particles may
not be perfect homogeneous spheres the intrinsic fuzziness will
be rather small.

Only if the cross-link density is further decreased, deviations
from the HS model can be observed at larger q-values as shown
in Fig. 4b. The experimental form factor decays faster than the
one predicted by the HS model. This decay is usually attributed
to a radial decrease in density. In fact the fuzzy sphere model
provides a good description of this decay, at least in the case of
the smaller particles.

Due to the similar reactivity of styrene and DIPB the fuzzi-
ness of the particles is much smaller than that usually observed
for similarly cross-linked PNiPAM-microgels. There the particle
density usually decreases over a distance of approximately 2/3
of the particle size.29,34,55 As the cross-linking of the outer

Fig. 3 (a) Structure factor of the 1 : 50 cross-linked particles P150-50. The
rescaled volume fractions F are given in the key of the figure. Open
symbols correspond to experimental S(q), solid lines are calculated S(q)
using the Verlet–Weis-corrected Percus Yevick integral equation of poly-
disperse spheres (sR = 0.08, Reff = 147 nm). For easier comparison S(q) was
shifted along the ordinate by adding the value quoted on the right side of
the figure. For clarity reasons only every fourth experimental data point is
shown. (b) Mapping of the position of the S(q)-maximum in units of qmReff

onto the values of monodisperse hard spheres (dashed line). The mapping
on polydisperse hard spheres can be found in the ESI† (online). The colour
depicts the particle size while the symbols represent the cross-link density
1 : x. The experimental errors of qm determination are caused by multiple
scattering effects which can result in an artificial maximum in S(q) over-
lapping with the maximum S(qm).
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corona of the particle stiffens the network a more hard sphere
like behaviour can be expected for the PS microgels. For this
reason softness plays a minor role in PS microgels leading to
larger n values. This allows the mapping of their structure and phase
diagram onto the one of the hard spheres, as demonstrated above.

In the case of the larger 1 : 75-cross-linked particles (P270-75)
no form factor minimum can be observed and P(q) exhibits a
shoulder at q E 0.027 nm�1 instead of a distinct maximum.
Furthermore a maximum at q E 0.04 nm�1 can be noticed. The
fuzzy sphere model is only able to describe the experimental
P(q) up to q E 0.027 nm�1 and misses the maximum at
q E 0.04 nm�1. Moreover the fit provides an unreasonable
high polydispersity of sR = 0.16.

Such high polydispersities should prohibit crystallisation
but these particles actually crystallise and therefore have to
exhibit a much lower polydispersity. Based on the poor descrip-
tion of the experimental P(q) and the model calculation it is
obvious that the assumption of a dense core and a fuzzy corona
does not hold for P270-75 and the underlying inner architecture
must be more complex.

As pointed out by Clara-Rahola et al.,61 highly swollen PNiPAM
microgels are better described as star polymers or dendrimers
than as fuzzy spheres. Furthermore Willner et al.62 could show
that the form factor of large stars show features of the spherical
superstructure of the stars. In their particular system of star-like
polymers they found the signature of the theoretical second
maximum of P(q) of the surrounding homogeneous sphere in
the form factor of a 128 arm star. This structural interpretation

can be transferred to P270-75. As shown in Fig. 4b the position
of the shoulder at q E 0.027 nm�1 as well as the maximum at q E
0.04 nm�1 are in agreement with the first and second maximum
of a homogeneous sphere of RSLS = 228 nm. Thus we conclude
that these particles are better described by an open, eventually
star-like or dendrimer-like, structure than by a fuzzy sphere. This
assumption is supported by the large swelling ratio determined
from the phase diagram of these particles. Going back to Fig. 2b
this also explains why P270-75 does not satisfy the QHS

�1 scaling.
The change in the inner structure leads to a change in the relation
between softness and swelling behaviour.

3.2 Influence of reaction conditions on the inner structure

To understand the origin of the structural difference between
P270-75 and the other systems one has to have a closer look at
the reaction conditions chosen to prepare our particles. We
have to point out that in some cases (especially in the case of
larger particles) particle size was adjusted by increasing the
amount of styrene/DIPB added, while in other cases the SDS
content was used to control particle size. This was necessary, as
the variation of the amount of SDS used in the syntheses alone
did not provide particles of low polydispersity for all targeted
sizes. In this context one has to keep in mind that the increased
amount of the styrene/DIPB mixture changes the initiator to
monomer ratio which may also influence polymerisation
kinetics. To evaluate whether the open structure of P270-75
is solely obtained by the targeted cross-link density of 1 : 75
or whether the applied reaction conditions play a role, we
prepared a series of particles similar to P270-75. As reaction
conditions we used batch emulsion polymerisation, our standard
semibatch emulsion polymerisation based on a feeding duration
of 3 h and a slower semibatch emulsion polymerisation where the
monomer–cross-linking agent mixture was added within 5.5 h. To
be in better agreement with the original recipe24 18 g of styrene
were used in these syntheses. Each synthesis was carried out
twice. Once to follow the reaction kinetics and once more to study
the inner structure of the particles in the swollen and the
unswollen state. In this way we ensured that the sample extraction
to follow particle growth did not interfere with the formation of
the inner structure studied later on. In Table 1 the details of the
synthesis and the characterisation of the inner structure are
summarised. For easier comparison the data of P270-75 (feed
3 h, 20 g styrene) were also added to Table 1.

As shown in Fig. 5 the feeding of the monomer–cross-linker
mixture results in the expected slower particle growth as
compared to a batch emulsion polymerization. While in batch
emulsion polymerisation the finite size of the particles is
reached after B200 min, the feeding of the mixture over a
period of 3 h increases this time up to B270 min.

If the feeding rate is decreased even further, the particles
require even more time to reach their final size (B330 min).
Fig. 5 shows similar initial slopes of the two semibatch emul-
sion polymerisations up to approximately 200–250 min. Only
after that period a slowing down of the reaction in the case of
the slower feeding rate can be observed.

Fig. 4 Form factors of particles of different cross-link densities in the
good solvent toluene. Symbols: experimental P(q), solid lines: homo-
geneous sphere model, dashed lines: fuzzy sphere model. For easier
comparison P(q) is multiplied by the factors quoted on the right side of
the figure. (a) 1 : 50 cross-linked particles (homogeneous sphere: P180-50:
RSLS = 150 nm, sR = 0.06; P270-50: RSLS = 237 nm, sR = 0.04; fuzzy sphere:
P180-50: R = 151 nm, ssurf = 7 nm, Rfuzzy = Reff = 165 nm, sR = 0.06; P270-
50: R = 237 nm, ssurf = 14 nm, Rfuzzy = Reff = 265 nm, sR = 0.04). (b) 1 : 75-
cross-linked particles (homogeneous sphere: P180-75: RSLS = 130 nm,
sR = 0.08; P270-75: RSLS = 228 nm, monodisperse; fuzzy sphere: P180-75:
R = 131 nm, ssurf = 20 nm, Rfuzzy = 171 nm, sR = 0.07; P270-75: R = 172 nm,
ssurf = 40 nm, Rfuzzy = 252 nm, sR = 0.16).
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Looking at the absolute values of Rh a small increase in size
with decreasing feeding rate can be noticed but these variations
are within the accuracy of a repeat synthesis. As our feeding
rates are rather high we do not observe the typical decrease in
particle size known from semibatch polymerisations under
starved feed conditions.63

The form factors of swollen particles prepared in the manner
described above are given in Fig. 6, while their radii and poly-
dispersity in the unswollen state are found in Table 1. The radii
determined by TEM- and Mie-analysis are in good agreement. Again
the variation of the radii between the different batches lies within
the variations of a repeated synthesis. The polydispersities deter-
mined by TEM and SLS differ up to 3% providing a reasonable
match within the experimental uncertainties of these two methods.

While the characteristics of the four particle systems are
similar in the unswollen state, the situation changes when they

are purified and dispersed in the good solvent toluene. As shown
in Fig. 6 the form factors of the three batches show systematic
differences depending on the reaction conditions but none of
the systems show a similar form factor like P270-75.

Changing from batch synthesis to a feed time of 3 h and
further on to a feed time of 5.5 h the position of the minimum
in P(q) shifts to higher q-values and fitting the HS model to the
experimental P(q) leads to increasing deviations between
experiment and model description. If the fuzzy sphere model
is applied to fit the experimental data, the determined overall
size of these three systems is identical within the experimental
uncertainties (Rfuzzy = 200 nm), while the fuzziness ssurf

increases with decreasing feeding rate. The three systems are
slightly smaller than P270-75 (Rfuzzy E 252 nm) indicating a less
pronounced swelling.

In the case of the particles prepared via batch emulsion
polymerisation it is difficult to distinguish between the homo-
geneous sphere and the fuzzy sphere fit but the size determined
from both models already differs by 11 nm. As discussed in
Section 3.1 this indicates that our light scattering experiments
are not able to reliably resolve such a small degree of fuzziness.

The increase in fuzziness may either be attributed to a
reduced incorporation of the cross-linking agent in the particles
in the outer corona or the cross-linking reaction of the already
incorporated DIPB is reduced, if the monomer–cross-linker
mixture is fed to the reaction. At this point we can only speculate
about the detailed reasons for this behaviour.

The increasing fuzziness due to a gradient in the DIPB incorpora-
tion is actually counterintuitive as in emulsion copolymerisations a
change from batch to semibatch conditions in general increases
the homogeneous incorporation of both comonomers.63,64 For
example, in the case of PNiPAM-microgels, changing from batch
to semibatch emulsion polymerisation reduces the fuzziness of
the particles as the depletion of the more reactive cross-linker is
lowered by continuously feeding the monomer–cross-linker-
mixture to the reaction.65

Table 1 Weighed-in quantities and results of the characterisation of the
unswollen particles in water according to TEM and Mie-analysis of the SLS-
data, as well as the results of the analysis of the form factors of the swollen
particles according to the fuzzy sphere model. The reaction conditions
state whether the particles were prepared in a batch emulsion poly-
merisation or semibatch emulsion polymerisation. In the latter case the
time is given during which the monomer–cross-linking agent mixture was
added to the reaction

Reaction conditions Batch Feed 3 h Feed 5.5 h Feed 3 h
Cross-linking density 1 : 75 1 : 75 1 : 75 1 : 75

Styrene/g (mmol) 18.00 18.00 18.00 20.00
(172.9) (172.9) (172.9) (192.1)

DIPB/g (mmol) 0.1824 0.1824 0.1826 0.2058
(1.153) (1.153) (1.154) (1.300)

K2S2O8/g (mmol) 0.1304 0.1302 0.1316 0.1306
(0.4824) (0.4817) (0.4869) (0.4832)

SDS/g (mmol) 0.1997 0.2011 0.2000 0.2116
(0.6924) (0.6973) (0.6935) (0.7337)

NaHCO3/g (mmol) 0.0952 0.0907 0.0901 0.0899
(1.13) (1.08) (1.07) (1.07)

Water/g 380 380 380 380
RTEM/nm 106 111 115 104
RMie/nm 107 111 109 104
sR,TEM 0.04 0.06 0.06 0.05
sR,Mie 0.05 0.06 0.06 0.08
Rfuzzy(ssurf)/nm 196 (6) 196 (14) 203 (24) 252 (40)

Fig. 5 Hydrodynamic radii of three different syntheses of 1 : 75 cross-
linked PS microgels either via batch emulsion polymerisation or semibatch
emulsion polymerisation. In the latter case the monomer–cross-linking
agent mixture was added during the first 3 h or 5.5 h of the synthesis. The
radii are normalised by the value derived from a measurement of a sample
taken 24 h after quenching the reaction. Rh quoted in the key of the figure
corresponds to this value.

Fig. 6 Comparison of the form factors of the three different batches of
1 : 75 cross-linked particles in the good solvent toluene. For easier com-
parison P(q) was multiplied by the factors quoted on the right side of the
figure. The reaction conditions and feeding durations are given in the key
of the figure. Solid lines correspond to fits according to the homogeneous
sphere model (diamonds: RSLS = 185 nm, sR = 0.06; circles: RSLS = 169 nm,
sR = 0.07; triangles: RSLS = 156 nm, sR = 0.09). Dashed lines correspond to fits
according to the fuzzy sphere model (diamonds: R = 184 nm, ssurf = 6 nm,
Rfuzzy = 196 nm, sR = 0.05; circles: R = 168 nm, ssurf = 14 nm, Rfuzzy = 196 nm,
sR = 0.07; triangles: R = 155 nm, ssurf = 24 nm, Rfuzzy = 203 nm, sR = 0.09).
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The second effect, i.e. an increase in fuzziness due to a lowered
cross-linking efficiency of the already incroporated DIPB, may also
be observed, if the second double bond of DIPB does not react
immediately but requires an additional initiation and propagation
step. In this case newly formed radicals have to diffuse into the
particles to initiate the cross-linking step and even a kind of post-
cross-linking after the particles reached their final size may take
place. If particle growth is slowed down due to the feeding of the
monomer–cross-linker mixture the amount of initiator available to
start the post-cross-linking will be reduced. This would also lead to
a reduced cross-linking efficiency.

If the lack of post-cross-linking is the key to the fuzziness of
the semibatch particles one has to have a more detailed look at
the initiator which initiates the polymerisation.

The amount of initiator available at a given particle size
differs if the growth rate is changed. Based on the decomposition
rate of the initiator suggested by Chern et al.66 (1.1 � 10�4 s�1) it
can be estimated that in the case of the batch emulsion
polymerisation B73% of the initiator are consumed when the
particles reach their final size. In the case of the semibatch
emulsion polymerisation this value increases to B81% and
B89%, respectively. Thus there is less initiator available when
the particles reach their final size in the case of the semibatch
emulsion polymerisation compared to the faster batch emulsion
polymerisation, concomitantly leading to less radicals for post-
cross-linking.

Comparing the form factor of P270-75 with the ones of the
three systems shown here also indicates that the initiator in
fact plays a role in cross-linking efficiency. The open inner
structure and large swelling ratio of P270-75 indicates a lower
cross-link density than the three systems prepared from 18 g of
styrene, while its feeding rate was similar to the system where
the monomer–cross-linker mixture was added within 3 h. Thus
the feeding rate alone cannot cause the structural differences.
On the other hand the number ratio between the initiator and
the comonomers (i.e. styrene plus DIPB) is 0.0025 in the case of
P270-75 in comparison to 0.0028 in the case of the three 18 g
batches. An additional hint to the importance of a reduced
initial initiator to monomer ratio for the final inner structure
can be taken from the data of the 1 : 10 cross-linked systems.
P270-10 (initiator to comonomer ratio of 0.0020) shows a larger
swelling ratio (QHS = 3.05) than the two other 1 : 10-cross-linked
systems (0.0028, QHS = 2.28 and QHS = 2.36).

Of course so far this hypothesis of an influence of the
initiator to comonomer ratio is only indicated by indirect
evidence based on the relation between the inner structure of
our particles and the reaction conditions. To prove our assump-
tions direct measurements of the cross-link efficiency e.g. by
NMR-spectroscopy of PS microgels with a labelled cross-linking
agent would provide additional insights, e.g. information about
the number of unreacted double-bonds depending on reaction
conditions and the amounts of monomer and initiator used
during the reaction. In addition, resolving the inner structure
in more detail using small angle neutron scattering and analyzing
the obtained form factors using more involved model functions
which include blob scattering67 or contributions from network

fluctuations68 would be helpful as well. As this work mainly
focusses on the influence of cross-linking density and its influ-
ence on the thermodynamic behaviour of PS microgels such
investigations will be addressed in future work.

4 Conclusions

The thermodynamic properties and inner structure of PS microgels
of different size and cross-link density were studied. Their suit-
ability as hard sphere model systems was investigated by probing
phase diagrams, rheological properties, structure factors and form
factors. Furthermore we demonstrated the influence of the reaction
conditions on the inner structure of the particles.

Analysing the volume fraction dependence of the plateau
modulus in the solid state in terms of a power law we find
interaction exponents n ranging from 99 for 1 : 10 cross-linked
particles down to 27 for a cross-link density of 1 : 100. Thus, the
particle softness of PS microgels is located between soft
PNiPAM-microgels and hard PMMA particles. We observe a
simple linear dependence of n on the inverse of the volume
swelling ratio QHS, the latter being determined by mapping the
experimental phase diagram of the particles onto that of hard
spheres. This implies that QHS is the main control parameter
for particle softness, irrespective of nominal cross-link density
or particle size. Furthermore, the measured structure factors
S(q) (up to the first order freezing point) could be mapped onto
those of polydisperse hard spheres. Therefore we adjusted the
volume fraction scale using QHS. This is consistent with com-
puter simulation results by Lange et al., which indicate that
such a mapping works as long as n Z 18. Form factor analysis
revealed that the similar reactivities of styrene and the
employed cross-linking agent 1,3-diisopropenylbenzene result
in homogeneously cross-linked particles with a low degree of
fuzziness. In general particles with a higher cross-link density
than 1 : 75 could be described as homogeneous spheres. We
could also demonstrate that it is possible to tune the fuzziness
of the particles by varying the reaction conditions. The most
homogeneously cross-linked particles were provided by batch
emulsion polymerization, while in a semi-batch process, i.e.
feeding the monomer–cross-linker into the reaction vessel, a
small fuzzy corona can be introduced. In the latter case the
thickness of the corona increases upon decreasing the feed
rate. Nevertheless, even for the smallest cross-linking density
the fuzziness is much smaller than that usually observed for
PNiPAM-microgels. We identified this behaviour as the reason
for the nearly hard sphere like behaviour of our systems. Thus,
PS microgels are a versatile tool to model hard sphere systems.
A reduction of the cross-link density down to 1 : 100 while
maintaining the hard sphere character will allow access to
large sphere sizes useful for crystallization and optical micro-
scopy studies. Here the simultaneous buoyancy and refractive
index match can be achieved without application of special
solvent mixtures which often introduce unwanted side effects.

The small deviations from true hard spheres also indicate
that the differences between microgels of varying cross-link
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densities in colloid–polymer mixtures are not related to the
intrinsic softness of our particles. Thus these deviations are
most likely caused by interactions between the free polymer
and the microgel network.
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2015, 11, 2821–2843.

61 J. Clara-Rahola, A. Fernandez-Nieves, B. Sierra-Martin,
a. B. South, L. A. Lyon, J. Kohlbrecher and A. Fernandez
Barbero, J. Chem. Phys., 2012, 136, 214903.

62 L. Willner, O. Jucknischke, D. Richter, J. Roovers, L.-L.
Zhou, P. M. Toporowski, L. J. Fetters, J. S. Huang, M. Y.
Lin and N. Hadjichristidis, Macromolecules, 1994, 27,
3821–3829.

63 B. Li and B. W. Brooks, Polym. Int., 1992, 29, 41–46.
64 C. Chern, Prog. Polym. Sci., 2006, 31, 443–486.
65 S. Meyer and W. Richtering, Macromolecules, 2005, 2,

1517–1519.
66 C.-S. Chern and C.-H. Lin, Polymer, 2000, 41, 4473–4481.
67 S. Gupta, M. Camargo and J. Stellbrink, et al., Nanoscale,

2015, 7, 13924.
68 D. W. Holley, M. Ruppel, J. W. Mays, V. S. Urban and

D. Baskaran, Polymer, 2014, 55, 58.

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 2

/1
5/

20
26

 7
:0

7:
32

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sm02007k



