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Structure and short-time diffusion of concentrated
suspensions consisting of silicone-stabilised PMMA
particles: a quantitative analysis taking polydispersity
effects into account

Joel Diaz Maier and Joachim Wagner *

We characterise structure and dynamics of concentrated suspensions of silicone-stabilised PMMA

particles immersed in index-matching decalin–tetralin mixtures by means of static and quasielastic light

scattering experiments. These particles can reproducibly be prepared via a comparatively easy route and

are thus promising model systems with hard-sphere interaction. We demonstrate the hard-sphere

behaviour of dense suspensions of these systems rigorously taking polydispersity effects into account.

Structure factors S(Q) can in the entire range of volume fractions with liquid-like structure quantitatively

be modelled using a multi-component Percus–Yevick ansatz regarding the particle size distribution and

the form factor assuming a core–shell model with a scattering length density gradient in the PMMA

core. Herewith, hydrodynamic functions H(Q) are in the whole accessible Q-range beyond the second

maximum of H(Q) quantitatively modelled using a rescaled dg-approach for all investigated volume

fractions. With these data, previously provided characterisation of dilute systems is extended: the

excellent agreement of structural and dynamic properties with theoretical predictions for hard spheres

demonstrates the suitability of these particles as a model system for hard spheres.

1 Introduction

Colloidal suspensions have attracted wide interest as highly
defined and tunable model systems for the investigation of
condensed matter. The hard-sphere model is of special interest,
as it describes, despite its simplicity, the most fundamental
properties of dense, simple liquids with a dominating repulsive
interaction potential.1,2 Initiated by the pioneering work of
Pusey and van Megen,3,4 suspensions of sterically stabilised
poly(methyl methacrylate) (PMMA) particles in non-polar sol-
vents are the most commonly used colloidal model systems for
experimental studies of hard spheres, which encompass inves-
tigations of the bulk phase behaviour,3,5 the fluid structure,
both in reciprocal space via scattering experiments6,7 and in real
space via microscopy,8–10 structure-dynamics relations,11–14

crystalline15,16 and glass-like17–22 structures as well as the study
of non-equilibrium phenomena such as sedimentation under
gravity23 or rheological properties.24,25

Synthesis via dispersion polymerisation26 yields particles
which are composed of a solid PMMA core, surrounded by a
shell of stabiliser molecules, whose steric hindrance prevents
the aggregation of particles upon close contact, leading to steep

repulsive forces. The most commonly employed stabiliser is a
poly(12-hydroxystearic acid) (PHSA) comb polymer whose
synthesis is well studied27 but nevertheless considered difficult
and a major obstacle for a reproducible particle synthesis with
the detailed complications being described in depth
elsewhere.28,29

In the pursuit of alternatives, a class of poly(dimethyl-
siloxane) (PDMS)-based stabilisers recently gained attention.
Unlike their PHSA counterpart, these PDMS-stabilisers are
commercially available and can directly be copolymerised with
MMA due to their reactive end-group functionalisation which
considerably simplifies the preparation of suspensions. The
synthesis of these PMMA–PDMS particles and the influence of
varying reaction conditions on the particle size and polydisper-
sity is well documented.30,31 In a recent small-angle neutron
scattering (SANS)-study,29 the particles were confirmed to exhi-
bit a core–shell structure analogue to the well known PMMA–
PHSA colloids. Furthermore, the study revealed several char-
acteristics of the novel dispersions: The size distribution of
submicron-sized particles suitable for scattering experiments is
generally slightly broader and the stabiliser shell is slightly
thicker than for PMMA–PHSA particles of comparable size.
On the other hand, there is an enhanced difference of the
scattering contrast between the core and the shell, which
generally enables a clearer determination of the scattering form
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factor. It is worth mentioning that the shell thickness and thus
the core-to-shell ratio of these particles can to a certain degree
be tuned by employing PDMS-stabilisers with different mole-
cular weight. Particles of this type are already adopted in
multiple studies concerning the gelation of colloid-polymer
mixtures,32–36 the formation of crystalline structures37 or the
particle transport in microfluidic channels.38

In comparison to the established, thoroughly characterised
PMMA–PHSA colloids, studies of PDMS-stabilised particles’
topology and dynamics are rather limited. In this work, we
investigate structure-dynamics relations of these particles in
dense, fluid-like suspensions via static and dynamic light
scattering. By studying concentrated systems, not only infor-
mation on the particle morphology, but also on their local
ordering is attainable from the scattered intensity. Thus, by
comparing experimentally obtained static structure factors with
theoretical predictions, the suitability of PDMS-stabilised
PMMA particles as a hard-sphere model system can be tested.
Dynamic scattering experiments give access to the wavevector-
dependent diffusion of the particles which is influenced both
by potential and solvent-mediated, hydrodynamic interactions.
By investigating the relation between structural and hydro-
dynamic features, it can be assessed if the hard-sphere character
of these particles also manifests itself in the hydrodynamics of the
system.

2 Theoretical background
2.1 Scattering of polydisperse particles

Consider a multicomponent system consisting of n distinct
species of isotropically interacting, spherical particles, where
the composition is specified by the number fraction xa = Na/N,
which is the ratio of the number of particles Na of species a
to the total number of particles N. For such a system, the
wavevector-dependent mean intensity,

IðQÞ /
Xn
a;b¼1
ðxaxbÞ1=2baðQÞbbðQÞSabðQÞ; (1)

probed in a static scattering experiment, is proportional to the
weighted sum of the scattering amplitudes ba(Q), describing
the scattering function of a single particle of species a, and the
partial structure factors Sab(Q), representing interparticle
correlations.39 The scattering amplitude

baðQÞ ¼ 4p
ð1
0

raðrÞr2
sinðQrÞ
Qr

dr (2)

is given by the Fourier–Bessel transform of the scattering
contrast ra(r), which for light scattering is proportional to the
difference between the refractive index of the particle and the
refractive index of the surrounding medium. The partial struc-
ture factors can in principle be retrieved from computer simu-
lations or by employing integral equation schemes. For hard
spheres, an analytical solution for Sab(Q) for an arbitrary
number of components can be obtained by solving the

multicomponent Ornstein–Zernike equation employing the
Percus–Yevick closure.40–43

In the absence of particle interactions, with Sab(Q) = dab,
where dab denotes the Kronecker symbol, eqn (1) reduces to

b2ðQÞ ¼
Xn
a¼1

xaba
2ðQÞ; (3)

the squared scattering amplitude averaged over the size dis-
tribution. Similar to a monodisperse system, formally, the
factorisation I(Q) p P(Q)SM(Q) into the normalised average

form factor PðQÞ ¼ b2ðQÞ
.
b2ð0Þ and the measurable structure

factor,

SMðQÞ ¼ b2ðQÞ
h i�1Xn

a;b¼1
ðxaxbÞ1=2baðQÞbbðQÞSabðQÞ (4)

can be employed for polydisperse suspensions. This structure
factor is experimentally accessible by dividing the scattered
intensity of a concentrated suspension by the intensity of a
diluted system, weighted by the concentration ratio of the two
samples. Within this procedure, special care has to be taken
that the particle morphology in the concentrated sample is the
same as in the diluted state. SM(Q) is influenced not only by the
interparticle correlations but also by the scattering properties
on a single particle level, which also means that samples with
the same particle interactions but different form factors yield
disparate measurable structure factors. A measure for the
overall local ordering of the suspension, irrespective of the
individual particle sizes and shapes, is the total structure
factor,

StotðQÞ ¼
Xn
a;b¼1
ðxaxbÞ1=2SabðQÞ; (5)

which is independent of the scattering amplitudes.
For the particle size distribution, a reasonable choice for

polymeric colloids is given by the Schulz–Flory distribution,
originally derived to describe the molecular weight distribution
of polymers,44,45

cðRÞ ¼ 1

GðZ þ 1Þ
Z þ 1

R0

� �Zþ1
RZ exp �Z þ 1

R0
R

� �
(6)

as the probability density function (pdf) of the total particle
radius R, where G(x) denotes the Gamma function. R0 = hRi is
the mean radius and the parameter Z is related to the poly-
dispersity p of the suspension as p2 = (hR2i � hRi2)/hRi2 = 1/(Z +
1). We discretise the pdf to a more tractable n-component
mixture, where the radii and number fractions for the resulting
histogram are chosen such that the first 2n � 1 moments of the
discrete and the continuous distribution match. This is essen-
tially the application of an n-point Gaussian quadrature rule to
integrate over the size distribution. For the Schulz–Flory dis-
tribution in particular, the roots of the generalised Laguerre
polynomials can be employed.46,47 Because of the rather small
wavevector range accessible in static light scattering experiments,
only a small number of nodes is necessary for convergence.
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2.2 Short-time dynamics and hydrodynamic function

Photon correlation spectroscopy probes dynamical properties
by analysing the time-dependent fluctuations of the scattered
intensity I(Q,t). The normalised measurable intermediate scat-
tering function (ISF) FM(Q,t) = SM(Q,t)/SM(Q,0) is accessible
from the intensity correlation function g2(Q,t) accessed in a
homodyne dynamic scattering experiment. For ergodic systems,
g2(Q,t) is connected to FM(Q,t) by the Siegert relation,48

g2ðQ; tÞ ¼
hIðQ; 0ÞIðQ; tÞit
hIðQ; 0Þit2

¼ 1þ bðQÞFM
2ðQ; tÞ; (7)

where the factor b(Q) depends on the coherence properties of the
radiation and the detector’s aperture. The angular brackets h. . .it
denote a time average. Similar to eqn (4), SM(Q,t) is related to the
scattering amplitudes ba(Q) and the partial ISFs Sab(Q,t):

SMðQ; tÞ ¼ b2ðQÞ
h i�1Xn

a;b¼1
ðxaxbÞ1=2baðQÞbbðQÞSabðQ; tÞ: (8)

In the short-time regime, for correlation times larger than the
momentum relaxation time but smaller than the structural relaxa-
tion time, the particles exhibit simple translational Brownian
motion and the normalised ISF is characterised by the expo-
nential form

FM(Q,t) = exp[�Deff(Q)Q2t], (9)

with an effective, collective diffusion coefficient Deff(Q), which
for polydisperse samples can be written as

DeffðQÞ ¼ D0ðQÞ
HMðQÞ
SMðQÞ

; (10)

and is also called extended de Gennes relation.39,49 Here, D0ðQÞ
denotes the mean Stokes–Einstein diffusion coefficient, which
can be expressed as a weighted average of the diffusion
coefficients of the single species,

D0ðQÞ ¼ b2ðQÞ
h i�1Xn

a¼1
xaba

2ðQÞD0;a; (11)

with

D0;a ¼
kBT

6pZ0Rh;a
; (12)

where kB indicates Boltzmann’s constant, T the temperature, Z0

the viscosity of the surrounding medium and Rh,a the hydro-
dynamic radius of the particles of species a. The measurable
hydrodynamic function

HMðQÞ ¼ b2ðQÞ
h i�1Xn

a;b¼1
ðxaxbÞ1=2baðQÞbbðQÞHabðQÞ; (13)

is experimentally accessible if Deff(Q), D0ðQÞ and SM(Q) are
known from static and dynamic scattering experiments. HM(Q)
is related to the partial hydrodynamic functions Hab(Q) whose
calculation however, remains a computationally challenging
task. For monodisperse systems, the hydrodynamic function
H(Q) can be calculated with the semi-analytical dg-scheme

proposed by Beenakker and Mazur,50,51 which gives a satisfactory
approximation for the wavevector-dependent short-time diffusion
of hard spheres, but can in principle be employed for any
interaction potential, as the scheme only depends on the structure
factor of the system as an external input.52 H(Q) can be decom-
posed into the sum of a wavevector-independent self part and a
wavevector-dependent distinct part according to

HðQÞ ¼ Ds

D0
þHdðQÞ; (14)

where the self part contains the short-time self diffusion coeffi-
cient Ds. Within the dg-scheme, the distinct part of the hydro-
dynamic function can be calculated from the static structure
factor S(Q) with the relation

HdðxÞ ¼ 3

2p

ð1
0

sinx0

x0

� �
1þ jSg0ðx

0Þ
� ��1

�
ð1
�1
ð1� m2Þ S x� x0j jð Þ � 1½ �dmdx0;

(15)

where j is the volume fraction, x = 2QR is a reduced wavevector
with the particle radius R and m = x̂�x̂0 is the cosine of the angle
enclosed by the unit vectors x̂ and x̂0. The calculation of the
function Sg0

(x) is described ref. 52. Although the self part of H(Q)
can in principle also be calculated employing the dg-scheme, the
method can be significantly improved if instead more accurate,
semi-empirical expressions for Ds are used or if Ds is directly fitted
to experimental data or simulation results.53,54 It has been shown
that the combination of the dg-approach with a more elaborate
description of Ds produces hydrodynamic functions in satisfactory
agreement with computer simulations.55

3 Experimental section
3.1 Materials

Dodecane, methyl methacrylate (MMA), 2,20-azobis(2-methyl-
propionitrile) (AIBN), 1-octanethiol and 1,2,3,4-tetrahydro-
naphthalene (tetralin) were purchased from Sigma-Aldrich,
monomethacryloxypropyl-terminated poly(dimethylsiloxane)
(PDMS-MA) (10 000 g mol�1) from ABCR and decahydro-
naphthalene (decalin, cis/trans-mixture) from Carl Roth. Tetra-
lin and decalin were thoroughly filtered through 0.2 mm syringe
filters to remove dust particles, other than that, all chemicals
were used as received.

3.2 Dispersion polymerisation

The particles are synthesised by radical dispersion poly-
merisation following previously reported procedures.29–31

In a round bottom flask, 140 ml dodecane and 3.0 ml PDMS-
MA were degassed with nitrogen for 30 min and afterwards
heated to 80 1C under magnetic stirring. Simultaneously, a
mixture of 15.0 ml MMA, 145 mg AIBN and 175 ml 1-octanethiol
was prepared in a round bottom flask and also degassed with
nitrogen for 30 min at room temperature. To start the reaction,
the monomer solution was added to the stabiliser solution with
a syringe. After 5 min, the initially transparent solution turned
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opaque, indicating the start of the polymerisation. The reaction
was maintained in a nitrogen atmosphere at 80 1C for 4 h. After
cooling down, the dispersion was purified by 4 cycles of
centrifugation and redispersion in fresh decalin.

3.3 Sample preparation

A stock suspension of the particles was refractive-index
matched in a mixture of decalin (n20

D = 1.474) and tetralin
(n20

D = 1.541). This solvent mixture is known to cause a slight
swelling of the particles, induced by the partial diffusion of
the solvent molecules into the particle core.5,56 The final
refractive index of the suspension was adjusted to n20

D = 1.496
after a swelling period of one week after which the optical
transparency persisted for several months even at high particle
concentrations with no indication of polymer degradation due
to the solvent. From the index-matched stock dispersion,
samples of different particle concentrations in the fluid range
were prepared either by concentration via centrifugation or by
dilution with the index-matching solvent directly inside cylind-
rical quartz cuvettes. We additionally prepared from the same
batch one highly concentrated suspension as a metastable
colloidal glass. The fluid-like samples were gently mixed
employing a vortex mixer to ensure sample homogeneity before
the light scattering measurements. The mass density of the
solvent mixture is slightly lower than that of the particles,
however, no significant sedimentation effects and additionally
no signs of crystallisation could be detected over a span of 48 h
for the submicron sized colloids.

3.4 Light scattering

Light scattering experiments were performed with a CGS-3
goniometer supplied by ALV GmbH, Langen (Germany),
employing an ALV/LSE-5004 multiple tau digital correlator, an
avalanche photodiode single-photon detector with an optical
fibre based detection unit and a frequency doubled Nd:YAG-
Laser (wavelength 532 nm) as a light source. The cuvettes were
placed in a temperated index matching vat filled with filtered
toluene. All measurements were conducted at 20 1C, where the
temperature was monitored with a Pt-100 sensor. The tempera-
ture stability of the setup is better than �0.1 K.

For static light scattering experiments, the scattered inten-
sity was recorded at 90 distinct scattering angles for 30 s each,
in a range between 301 and 1501 such that the resulting
scattering vectors Q = (4pn/l)sin(y/2) are equidistantly spaced.
The sample cuvettes were continuously rotated during the
measurement to achieve ensemble averaging through the illu-
mination of many independent scattering volumes. The
recorded mean intensity was corrected for the intensity of the
incident beam, the size of the illuminated sample volume and
for background contributions of the cuvette and the pure
solvent. In dynamic light scattering experiments, the intensity
autocorrelation function g2(Q,t) was measured under the same
conditions at the same scattering angles for 20 min each,
however, without rotation of the sample cell.

4 Results and discussion

To model the scattering function of the particles, we employ an
extended core–shell model, which also takes into account a
possibly inhomogeneous core contrast caused by permeation of
the decalin–tetralin mixture. For simplicity, it is assumed
that this refractive-index gradient can be described by a linear
decay inside the core, while the refractive index of the shell is
assumed to be constant. This coarse-grained description of the
particle is appropriate for the restricted wavevector-range acces-
sible with static light scattering, where, in particular, detailed
features of the surface morphology of the grafted stabiliser
shell cannot be resolved. With these assumptions, the scatter-
ing contrast r(r) in dependence on the distance r from the
particle center is represented by

rðrÞ ¼

r0 þ ðrR � r0Þ
r

Rc
; for Rc � r;

rD; for Rc þ D � r4Rc;

0; for r4Rc þ D;

8>>>><
>>>>:

(16)

where Rc is the core radius, D is the shell thickness and r0, rR

and rD denote the contrast at the center of the core, at the
boundary between core and shell and inside the shell, respec-
tively. A Schulz–Flory function [eqn (6)] is used to model the
size distribution of the particle cores while the stabiliser shell
thickness is assumed to be identical for all particles. The partial
structure factors Sab(Q) are obtained from the analytical
solution of the Percus–Yevick equation for an n-component
mixture of hard spheres in combination with a multicompo-
nent version of the Verlet–Weis correction.57,58 A model for the
scattering cross section, given by eqn (1) as a product of form
factor and measurable structure factor, can then directly be
fitted to experimentally obtained intensities, as demonstrated
in Fig. 1. The model shows excellent agreement with the
experimental data and because of the unique combination of
the features from both structure factor and form factor, the
particle size distribution and the effective hard-sphere volume
fraction can for each sample be accurately determined from the
light scattering experiments, even with the restricted wavevector
range compared to small-angle scattering, employing neutrons or
X-rays as a probe.

Fig. 2 provides a more detailed depiction of the core–shell
morphology of the particles. The radius of the PMMA core is
independent of the effective volume fraction jeff and takes a
mean value of (248� 3) nm for this particular sample. From the
model fit, the polydispersity of the cores is determined to be
approximately 7%. Unlike the particle cores, the thickness of
the monodisperse shell is surprisingly observed to be affected
by the particle concentration. At lower concentrations, the
thickness has a limiting plateau value of (37 � 5) nm, which
is nearly independent of the volume fraction up to a critical
value of jeff E 0.5, after which the shell begins to shrink.
In a highly concentrated glass-like suspension at jeff = 0.59, the
thickness is reduced to only (25 � 2) nm. It is possible that the
crowded environment in such dense particle suspensions
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favours a more coiled conformation of the PDMS polymer
chains. For a more detailed understanding of this behaviour,
further investigations are required. As can be seen from the
visual representation of the particle contrast at the top of Fig. 2,
the effect is rather small when comparing the change in the
shell thickness to the change of the total radius of the particles.
In terms of the mean volume of a single particle, however,
this still implies a decrease to about 88% of its initial volume,
so the relationship between the particle number density and
the volume fraction is noticeably nonlinear. For particles with
even smaller cores in comparison to the shell, this effect is
likely to be more prominent, especially when studying highly
concentrated suspensions.

An upper bound for the shell thickness can be estimated
from the fully elongated contour length of the PDMS-
stabiliser.29 If the functionalised stabiliser is approximated
by a simple PDMS chain, where each repetition unit has a
projected length of approximately 0.32 nm (taken from hexam-
ethyldisiloxane in the gas phase59) and a molar mass of
74 g mol�1, the total molecular weight of 10 000 g mol�1

corresponds to a maximum possible length of 46 nm. The shell
thickness estimated from the model fits is therefore realistic.

The extracted form factor P(Q) of a dilute sample is depicted
in Fig. 3, together with the corresponding radial profile of the
scattering contrast. The form factor displays a somewhat
uncommonly encountered shape, where the peak of the first
local maximum exceeds the zero-wavevector limit. This is a
result of the contrast matching procedure, where the refractive

index of the decalin–tetralin solvent mixture is chosen to
minimise the overall scattering of the suspension. This leads
for the core–shell particles to a refractive index of the surround-
ing medium which lies between the index of the PDMS shell
and the PMMA core, with a greatly reduced forward scattering
contribution. The additional swelling causes a gradient of the
refractive index inside the core, but does not qualitatively
change the scattering pattern of the form factor. The relation
between the different contrast contributions is better visualised
in the contrast profile at the bottom of Fig. 3. It shows that the
contrast of the shell to the suspending medium is similar in
magnitude to the contrast between the core center and sus-
pending medium, however, with opposite sign. Further, it
reveals the extent of solvent permeation inside the PMMA core,
where the contrast at the boundary between core and shell is
almost halfway between the contrast of the core center and of
the pure suspending medium.

Fig. 4 exemplarily displays the measurable structure factor
SM(Q) of a concentrated suspension. SM(Q) is for polydisperse
systems influenced by both the partial structure factors and the
scattering amplitudes of all present species. A visualisation of
SM(Q) is therefore mainly useful for the assessment of the fit

Fig. 2 Top: A false-color representation of the scattering contrast of the
investigated particles to get an idea of the core-to-shell ratio in a dilute
(left) and a concentrated sample (right). The dashed line indicates the
contour of the particle in the dilute state. Bottom: The mean radius of the
particle cores Rcore and the thickness of the shell Dshell in dependence of
the effective volume fraction jeff. The solid lines are a guide to the eye.

Fig. 1 Mean intensity I(Q) of the investigated PMMA–PDMS particles,
obtained by static light scattering, for effective hard-sphere volume
fractions in a range from 0.24 o jeff o 0.59, as indicated in the legend.
The solid lines are the result of a least squares fit of the combined hard-
sphere/core–shell model described in the text. For clarity of presentation,
the curves are scaled by an arbitrary factor.
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quality when comparing the experimental data and the theore-
tical prediction. A good agreement between the experimental
data and the employed model is obvious and as such, the
liquid-like suspension can be well described by an effective,
polydisperse hard-sphere model within the Percus–Yevick the-
ory. For comparison, the polydispersity-averaged total structure
factor Stot(Q) and the structure factor of a corresponding
monodisperse suspension with the same volume fraction are
also shown. In the region around the main peak, SM(Q) and
Stot(Q) behave very similarly, so for this particular model
particle, the measurable structure factor provides a decent
estimate of the ordering on length scales corresponding to
the particle contact distance. The monodisperse structure
factor overestimates the ordering as it neglects any polydisper-
sity effects which generally diminish the peak height. Beyond
the first maximum, Stot(Q) shows considerably stronger oscilla-
tions than SM(Q). The pronounced dampening of the oscilla-
tions in SM(Q) results mostly from the influence of the
core–shell scattering amplitudes, the dampening resulting from

the polydispersity on the other hand is much weaker, as is evident
when comparing Stot(Q) to its monodisperse equivalent.

Dynamic light scattering experiments give access to the
diffusional properties of the system. To analyse the short-time
diffusion of the particles, the effective short-time diffusion
coefficient Deff(Q) is obtained from the measurable intermedi-
ate scattering function SM(Q,t) using the cumulant method. In
Fig. 5, Deff(Q), normalised to the apparent Stokes–Einstein

diffusion coefficient D0ðQÞ, is displayed together with the
experimental structure factor from Fig. 4. In accordance to
the de Gennes relation [eqn (10)], Deff(Q) and SM(Q) show an
alternating progression: The collective diffusion is decelerated
on length scales with stable configurations, precisely where the
local maxima of the structure factor occur.

The inverse relation, however, is not exact for this particular
system, as the diffusion of the particles is not only influenced
by their local interaction potential but also by indirect, hydro-
dynamic interactions mediated by diffusion-induced flow pat-
terns in the suspending medium. With both Deff(Q) and SM(Q)
known from independent experiments, the measurable hydro-
dynamic function HM(Q) is accessible. An exemplary visualisa-
tion of the resulting hydrodynamic function of a concentrated
suspension is displayed in Fig. 6. It is possible to fully resolve
the oscillating HM(Q) up to the second maximum and as
expected for a hard-sphere system, the hydrodynamic interac-
tions slow down the dynamics on all investigated length scales.
The theoretical description of hydrodynamics in strongly inter-
acting colloidal suspensions is still a very challenging task. We
avoid a real multicomponent treatment of the hydrodynamic

Fig. 4 Measurable structure factor SM(Q), exemplarily for a sample with
an effective volume fraction of jeff = 0.50 and a mean radius of R = 282 nm.
The solid line is the SM(Q) corresponding to the model fit to the intensities in
Fig. 1, the dashed line represents the total structure factor Stot(Q) with the
same partial structure factors and the dash-dotted line describes a mono-
disperse structure factor with the same radius and volume fraction.

Fig. 3 Top: Extracted form factor P(Q) of a dilute suspension of the
investigated particles. The solid line is the form factor contribution of the
employed model function which was fitted to the intensities in Fig. 1. From
the extended wavevector-range, the characteristic scattering pattern of an
index-matched core–shell particle is clearly visible. Bottom: Radial profile
of the scattering contrast r(r) in dependence on the distance r from the
particle center, normalised to r(0). The dotted line is a guide to the eye for
the location of the solvent background rsolv.(r) = 0.
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interactions and prefer an effective one-component approach,
which involves the dg-scheme proposed by Beenakker and
Mazur.50,51 We choose the size-averaged total structure factor
Stot(Q) to serve as the structure factor of a hypothetical

monodisperse system in hope that most of the polydispersity
effects can be accounted for by the pre-averaging of this S(Q).
This input is then used to calculate the distinct part of the
hydrodynamic function Hd(Q) according to eqn (15). The self

Fig. 6 Measurable hydrodynamic function HM(Q) of a suspension with an
effective hard-sphere volume fraction of jeff = 0.50. The shaded area
indicates the uncertainty of the experimental data. The dashed line is the
theoretical prediction according to the original dg-theory while the solid
line is the rescaled modification [eqn (17)].

Fig. 7 The scaling parameters A and a from the rescaled dg-scheme
introduced in the text in dependence on the effective volume fraction
jeff. The dashed lines are linear least-squares fits, their fit parameters are
indicated in the legend.

Fig. 5 Comparison between the normalised effective diffusion coefficient

Deff ðQÞ=D0ðQÞ and the measurable structure factor SM(Q), for a suspension
with effective volume fraction jeff = 0.50. The shaded area indicates the
uncertainty of the experimental data. The dashed horizontal line is a guide
to the eye for both SM(Q - N) = 1 and the location of the reduced self-

diffusion coefficient Ds=D0ðQ!1Þ � 0:21.

Fig. 8 Selected measurable hydrodynamic functions HM(Q) for effective
hard-sphere volume fractions in a range from 0.24 o jeff o 0.59, as
indicated in the legend. The solid lines are results from the rescaled dg-
theory described in the text. The shaded areas indicate the uncertainty of
the experimental data. The horizontal dashed line is an estimate for the self
part of H(Q) for the glassy sample.
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part Ds/D0 is determined by a least-squares fit to the experi-
mental data. The resulting prediction for HM(Q) is displayed in
Fig. 6 as the dotted line and already shows a remarkably good
agreement with the experiment. The general shape and espe-
cially the location of the main peak Qm is reflected accurately,
however, its amplitude is overestimated for this sample with
jeff = 0.50 and, although much more subtly, there is a slight
phase mismatch of the oscillation beyond the second max-
imum, which is more noticeable at lower effective volume
fractions. As a further improvement, we decided to employ an
empirical rescaling of the original dg-H(Q). Similar rescaling
procedures have previously been employed in conjunction with
dg-theory, for example for studying solvent-permeable particles
like microgels.60,61 The rescaled hydrodynamic function in our
approach reads as

Hresc:ðQÞ ¼
Ds

D0
þ AH

dg
d ðQ

	Þ; (17)

with Q* = a(Q � Qm) + Qm. Besides the reduced self-diffusion
coefficient Ds/D0 as an adjustable parameter, two additional
parameters are introduced: The factor A adjusts the height of
the distinct part Hd(Q) and the factor a scales the spatial
frequency about Qm so that the location of the principal peak
remains constant. These two parameters are also determined

with a least-squares fit to the experimental HM(Q), so in total,
three adjustable parameters are fitted simultaneously in our
approach. The resulting curve is displayed in Fig. 6 as the solid
line. The agreement of this rescaled dg-approach with the
experimental data is excellent up until the second maximum.
For larger Q, the deviation between experiment and theory is
difficult to assess because of the high experimental uncertainty.

The volume-fraction dependence of the scaling parameters
A and a of the rescaled dg-approach is displayed in Fig. 7. Both
scaling factors can be parameterised, within experimental
uncertainty, as a linear function. The two factors show oppos-
ing trends: a, which scales H(Q) along the Q-axis, increases with
higher volume fraction, whereas A, which scales the amplitude
of H(Q), decreases with rising jeff, with a much steeper slope.
There exists a crossover region around jeff E 0.45 where both
scaling factors are very similar and incidentally also close to
unity. Thus, in this regime, the original dg-theory in conjunc-
tion with a fitted self-diffusion coefficient is already accurate
without any rescaling. For volume fractions smaller than that,
the height of the principal peak is underestimated by the
original theory, while for larger jeff the peak height is over-
estimated instead. This is in accordance to results of a compar-
ison between dg-theory and accelerated Stokesian dynamics
simulations,54 where the same trends are observed.

Fig. 9 Experimentally obtained characteristic properties in dependence on the effective hard-sphere volume fraction jeff with theoretical predictions
from eqn (18). Top left: Principle peak height of the structure factor S(Qm), together with the theoretical predictions for monodisperse (dashed lines) and
polydisperse (dashed-dotted lines) hard spheres. Bottom left: Hydrodynamic function H(Qm) at the structure factor main peak, together with the
monodisperse prediction (dashed lines). Top right: Reduced effective diffusion coefficient Deff(Qm)/D0, together with the monodisperse (dashed lines)
and polydisperse (dashed-dotted lines) predictions, which are a combination of the theoretical curves from S(Qm) and H(Qm). Bottom right: Reduced self
diffusion coefficient Ds/D0, together with the monodisperse prediction (dashed lines).
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Fig. 8 exemplarily shows selected extracted hydrodynamic
functions together with the theoretical prediction from the
introduced rescaled dg-scheme. The theory describes the
experimental data well for all investigated volume fractions
within experimental accuracy, which supports the success of
the employed rescaling approach. In the glassy state at
jeff = 0.59, practically no Q-dependence of the hydrodynamic
function except a small maximum coinciding with the max-
imum of S(Q) is observed. An estimate for the self part of H(Q)
is indicated by a dashed line.

From the experimental structure factors and hydrodynamic
functions, the principal peak values S(Qm), H(Qm) and Deff(Qm)
can be extracted as characteristic properties, which, together
with the reduced self-diffusion coefficient Ds/D0, can be readily
compared to semi-empirical expressions from the litera-
ture:54,62

SðQmÞ ¼ 1þ 0:644j
1� j=2
ð1� jÞ3; (18a)

H(Qm) = 1 � 1.35j, (18b)

DeffðQmÞ ¼ D0
HðQmÞ
SðQmÞ

; (18c)

Ds

D0
¼ 1� 1:8315jð1þ 0:1195j� 0:70j2Þ: (18d)

The expressions are accurate at least up to the freezing transi-
tion of monodisperse hard spheres at j = 0.494. The compar-
ison between these theoretical predictions and experimental
values [Fig. 9] therefore provides valuable insight into the
influence of the particle polydispersity on these properties.
As presumed, S(Qm) is overestimated by the expression for
monodisperse spheres. It can instead be well described by the
predictions of the multicomponent Percus–Yevick theory for
hard spheres, as established previously. Altogether, all investi-
gated properties follow closely the expected hard-sphere beha-
vior. As a surprising observation, both H(Qm) and Ds/D0 are well
described by the predictions for monodisperse systems over the
whole volume fraction range. The hydrodynamic interactions in
this investigated system are therefore practically undisturbed
by the moderate polydispersity. The effective diffusion coeffi-
cient Deff(Qm) results from the combination of potential and
hydrodynamic interactions. Looking at the two possible theo-
retical descriptions, depending on whether the monodisperse
or the multicomponent expression for S(Qm) is used for the
structural part, it is evident that the polydispersity only causes
minimal deviations in the volume-fraction dependence of the
diffusion coefficient. Variations in H(Qm) on the other hand
would have a much more pronounced effect.

5 Conclusions

Colloidal PMMA particles grafted with PDMS-stabilisers are a
promising alternative for established PMMA–PHSA particles.
With the combination of MMA as monomer and PDMS which is
commercially available with defined molecular weight and thus

chain length, in a dispersion polymerisation reaction, particles
with tunable size of PMMA-core and PDMS-shell are accessible
in a reproducible way with acceptable polydispersity.

Self-organisation of these PMMA–PDMS particles leads to
liquid-like ordered colloidal suspensions whose structural and
dynamic properties are investigated employing static and
dynamic light scattering. Start values for the topological para-
meters of the particles are determined via static light scattering
experiments with highly-diluted suspensions with neglectable
particle interactions and thus uncorrelated particles. The scat-
tering function of single particles or form factor can be
described employing a core–shell model with a gradient of
scattering length density in the PMMA-core induced by swelling
in the index-matched suspending medium. With the form
factor, regarding the size-distribution of the ensemble, the
scattered intensity resulting from liquid-like ordered systems
can quantitatively be described in the whole range of volume
fractions up to the glass transition employing a Percus–Yevick
ansatz for polydisperse hard spheres. Hence, the structure of
self-organised systems can quantitatively be described employ-
ing hard-sphere interactions.

Since dynamic properties are even more sensitive to particle
interactions, we investigated collective diffusion by means of
dynamic light scattering experiments. Hydrodynamic functions
are determined from the intermediate scattering functions,
structure factors and polydispersity-weighted Einstein diffusion
coefficients. The determined hydrodynamic functions can in
the whole range of volume fractions investigated accurately be
modeled using a rescaled dg-scheme based on hard-sphere
interactions. Using a polydisperse Percus–Yevick ansatz, not
only the principal peak of the hydrodynamic function, but also
beyond its second maximum can for the first time quantita-
tively be described within experimental uncertainties. Also the
amplitudes S(Qm) and H(Qm) of structure factor and hydrody-
namic function as well as the reduced short-time self diffusion
coefficient Ds/D0 are in excellent agreement to predictions for
hard-sphere systems. Hence, in addition to the structure, also
the dynamic properties can quantitatively be described using a
hard-sphere model. In conclusion, the PMMA–PDMS system is
not only a comparatively easy accessible, but also a highly
suitable hard-sphere model system.

Small-angle X-ray and neutron scattering experiments with
practically no limitation with respect to Qmax are promising
experiments giving access to the shell structure with enlarged
spatial resolution. Since optical index matching is not manda-
tory for these techniques, apolar suspending media leading to
higher contrast can facilitate such experiments. Herewith,
additional insights to the mechanism of sterical stabilisation
and shrinking of the shell thickness at high volume fractions
can be expected. Static and dynamic X-ray scattering experi-
ments such as X-ray photon correlation spectroscopy (XPCS)
would also enable the investigation of systems with comparable
size of core diameter and shell thickness, where the validity of a
simple hard-sphere description is still an open question.

Further investigations on dynamics of glassy systems and
rheological properties of liquid-like structured and glassy
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systems are promising remaining tasks. A certain degree of
polydispersity is needed to stabilise metastable glassy systems
in order to prevent crystallisation. Since for these systems with
still acceptable polydispersity, structural and dynamic proper-
ties can quantitatively be modeled by theoretical approaches
regarding their size distribution, they are promising, compara-
tively easy accessible systems to systematically investigate
structure-dynamics relations in colloidal glasses combining
theory such as the mode coupling scheme and experiment.
The availability of accurate experimental data can stimulate the
development of theoretic approaches for glass dynamics and
hydrodynamics rigorously taking polydispersity at high volume
fractions into account which would also improve the prediction
of macroscopic, rheological properties.
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2015, 11, 2821–2843.

62 M. Heinen, A. J. Banchio and G. Nägele, J. Chem. Phys., 2011,
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