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Expansion of charged colloids after centrifugation:
formation and crystallisation of long-range repulsive
glasses†

Marjolein N. van der Linden,* Djamel El Masri,‡ Marjolein Dijkstra and Alfons van
Blaaderen*

We studied long-range repulsive glasses formed in suspensions of sterically stabilised charged colloidal

poly(methyl methacrylate) particles (s ¼ 2.23 mm) with low polydispersity (4%) in the low-polar solvent

cyclohexyl bromide (3r ¼ 7.92). Particle interactions were described by a long-range repulsive Yukawa

potential. Glasses were obtained upon compression of the suspensions by centrifugation from a body-

centred-cubic crystalline structure at low initial volume fraction (h z 0.02) to a close-packed amorphous

structure (h z 0.64). Subsequent expansion of the sediment in gravity resulted in long-range repulsive

glassy structures with volume fractions h ¼ 0.16–0.64. The presence of small clusters (mostly dumbbells;

clustered fraction fcl $ 0.12) formed by centrifugation prevented the glasses from crystallising for

several weeks, while the sediment was still expanding. We used confocal microscopy to obtain three-

dimensional datasets of the system and quantitatively analysed the structure of the glasses. The

structure of the glasses was found to be remarkably similar to that of hard-sphere glasses, for which

experimental data were obtained by centrifugal compression of silica spheres with a hard potential,

despite the much longer-range interaction potential. After more than ten weeks the clustered fraction

decreased due to spontaneous dissociation of the clusters, and finally bulk crystallisation of the glasses

was observed into face-centred-cubic crystals with a volume fraction of around 0.22.
1. Introduction

Colloidal systems are excellent model systems to study the
behaviour of liquids, crystals, glasses and gels.1 Experimental
research on colloidal glasses has mainly been carried out using
hard-sphere model systems.2–10 Despite an increasing amount
of research, the precise nature of the glass transition remains an
unsolved problem.11,12 Hard spheres exhibit a glass transition at
a volume fraction h z 0.56–0.58, which was rst found in
systems of poly(methyl methacrylate) (PMMA) particles
suspended in a decalin–carbon disulphide mixture,8 and later
investigated quantitatively by dynamic light scattering2,3,9 and in
3D real-space studies.5,6,10 In early studies agreement with
mode-coupling theory (MCT) was found for colloidal hard
spheres,3 but more recent work by Brambilla et al. showed that
the MCT description breaks down at high volume fractions.9

These authors used dynamic light scattering experiments and
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Monte Carlo simulations to probe the dynamics in concentrated
suspensions of colloidal hard spheres over a very large range
(seven decades) of structural relaxation times sa. They found
that the volume-fraction dependence of sa is well described by
MCT up to the MCT glass transition volume fraction, but
divergence of sa was found at a higher volume fraction than
predicted by MCT.

The last decade has also seen an interesting development in
the measurement of structure in glassy systems. Structural
details of supercooled liquids and glasses, mostly in colloidal
hard-sphere systems, were explored in experiments or simula-
tions using methods based on bond order parameters,13–16

Voronoi construction17,18 and/or cluster-based analysis.13,17

Novel reciprocal space methods have also been developed to
elucidate the structure in colloidal and molecular glass-
formers.19,20

Few experimental studies exist that focus on the glass tran-
sition in systems of charged colloidal spheres with a signicant
double layer compared to the particle size. In these systems the
glass transition typically occurs at much lower volume fractions
than for hard spheres. For example, in early work by Sirota et al.,
X-ray scattering revealed a glass phase for h > 0.20 in a system of
monodisperse charge-stabilised polystyrene colloidal spheres
suspended in a methanol–water mixture.21 Later, Härtl et al.
found a glass transition at h ¼ 0.22 in a suspension of colloids
This journal is ª The Royal Society of Chemistry 2013
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made of polymerised peruorobutylacrylate in a glycerol–water
mixture.22 Beck et al. applied static and dynamic light scattering
to study a system of surface-functionalised silica colloids sus-
pended in a glycerol–water mixture, for which a glass transition
was found at h ¼ 0.18.23

In recent studies the effect of so or long-range repulsive
interactions on the colloidal glass transition has been further
explored. The Maret group investigated a 2D glass-forming
binary mixture of super-paramagnetic particles with long-range
dipolar interactions.24,25 It should be noted that in 2D the glass
transition can only be achieved when polydispersity is intro-
duced. Mattsson et al. used dynamic light scattering to inves-
tigate a glass-forming system of microgel particles,26 which have
a so, but short-range, interaction potential due to their
deformable core. Klix et al. explored the effect of competing
interactions on the glass transition in a system of PMMA
particles with both long-range electrostatic repulsions and
short-range depletion attractions.27 By varying the interactions
they found a gel state and two different glassy states. For the
above-mentioned PMMA model system repulsive interactions
are available that are sufficiently long-range to give rise to a
body-centred-cubic crystalline phase at low volume fractions
(<0.05); this can be achieved even for micrometre-sized
colloids.28–31 As far as we know glassy systems with such long-
range repulsions have not yet been studied in real space.

This work is a quantitative 3D real-space study on the
structure of long-range repulsive glasses formed in suspensions
of sterically stabilised and charged colloidal particles with a
double layer of the same size or larger than the particle size.
More specically, we employed a centrifugal compression
technique that dates back to Hachisu and Takano, who used it
to speed up the equilibration time to achieve a sedimentation
equilibrium for charged polystyrene particles in water under
normal gravity conditions.32 First, the system was compressed
to a metastable state by centrifugation and subsequently the
sediment expanded towards an equilibrium state. These
authors used charged particle systems with added salt to ach-
ieve thin double layers compared to the particle size, thus
approximating a hard-sphere potential. The method was
extended by Van Duijneveldt et al. to charged silica particles
with a longer double layer that were dispersed in a refractive-
index-matching mixture of toluene and ethanol.33 Those
authors centrifuged a dispersion of silica particles with a
diameter of 700 nm into an amorphous glassy state (500g, 30
min; with g the gravitational acceleration) and had the system
expand over several weeks. The original system crystallised into
a face-centred-cubic (fcc) crystal at a volume fraction of 0.155.
Aer a few hours of expansion, crystallisation was observed in
the top of the sediment, while most of the sediment remained
glassy. Even aer several weeks, during which the top crystalline
part grew to 2.3 mm in size (initial sediment length 1.7 cm), the
bottom part remained amorphous. The crystal grown during the
expansion was randomly stacked.

In the research presented in this paper we are extending
these experiments on compressed particle systems to long-
range repulsive systems in which even for micrometre-sized
particles double layers can be still signicantly larger than the
This journal is ª The Royal Society of Chemistry 2013
particle size; body-centred-cubic (bcc) crystals are observed as
the equilibrium phase if the next-nearest-neighbour interac-
tions become sufficiently important.28 The sterically stabilised
PMMA particles that we used are similar to those of several
other studies; cyclohexyl bromide is a common (co)solvent as
this solvent almost index-matches the particles.28–30,34–37 We
intended to study the glass transition for long-range repulsive
systems, which has hardly been investigated experimentally,
and wanted to compare the long-range repulsive glasses with
hard-sphere glasses also made by sedimentation in a similar
way as presented before.10 We expected the amorphous sedi-
ment to expand and crystallise or form re-entrant liquid phases,
which were observed on several occasions before for this model
system at intermediate volume fractions and low salt concen-
trations.30,31 Such re-entrant melting behaviour was likely the
result of a reduction of the particle charge with increasing
volume fraction,34,36 causing the particles to enter a regime of
interparticle interaction parameters for which there is no crystal
phase at intermediate volume fractions; this has been recently
explored theoretically (up to a volume fraction of 0.30).38

However, instead we observed that a signicant fraction of the
particles ( fcl $ 0.12) formed clusters during compression by
centrifugation. These clusters mainly consisted of two particles
(so-called dumbbells), but nonetheless completely frustrated
crystallisation. Only when, aer 81 days of expansion, the
repulsive interactions became stronger than the attractions and
the particle clusters disappeared, did the system suddenly fully
crystallise. Finally, it is relevant to mention that although it was
found that a pairwise-additive interaction potential could
describe the particle interactions at a range of volume fractions
for parameters close to those studied here,29 other studies
strongly indicate that a pair interaction alone does not give a
good description.35,37,39,40

This paper is organised as follows. In Section 2 we describe
the model system, experimental procedure and data analysis, in
Section 3 we discuss the results, and in Section 4 we present our
conclusions.
2. Experimental methods
2.1. Model system

We used poly(methyl methacrylate) spheres (PMMA; density
dPMMA ¼ 1.19 g cm�3; dielectric constant 3r ¼ 2.6; refractive
index nD

25 ¼ 1.492),41 sterically stabilised by a covalently
bonded layer of a gra copolymer consisting of poly-
(12-hydroxystearic acid) (PHSA) graed onto a PMMA
backbone.42 The particles were synthesised by dispersion poly-
merisation43,44 and labelled with the uorescent dye 7-nitro-
benzo-2-oxa-1,3-diazol (NBD), by covalent incorporation into
PMMA.43 The average diameter s of the particles was 2.23 mm
and the polydispersity 4%, as determined by scanning electron
microscopy (SEM). To determine the average diameter and size
polydispersity from the SEM images we measured �100 parti-
cles using the program iTEM (Olympus So Imaging Solutions
GmbH). The particles were suspended in cyclohexyl bromide
(CHB; Acros Organics; density dCHB ¼ 1.336 g cm�3;41 dielectric
constant 3r ¼ 7.92;45 refractive index nD

25 ¼ 1.4935 (ref. 41 and
Soft Matter, 2013, 9, 11618–11633 | 11619
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45)), which nearly matched the refractive index of the PMMA
particles (nD

25 ¼ 1.492). This solvent is known to decompose in
time, a process which generates H+ and Br� ions (see ref. 31 and
Chapter 2 of ref. 41). To reduce the ionic strength, we cleaned
the solvent before use,46 by bringing it into contact rst with
activated alumina (Al2O3; 58 Å, �150 mesh, Sigma-Aldrich) and
then with molecular sieves (4 Å, 10–18 mesh, Acros Organics).
The conductivity of CHB aer the cleaning steps was 5.2 pS
cm�1 (Scientica 627 conductivity meter). We measured the
electrophoretic mobility of the particles at a volume fraction h¼
0.031 (according to the method described in ref. 36) and from
this we calculated an average charge number Z ¼ 609 � 22 per
particle. In Section 3.4 we will discuss the system parameters
further.

The pair interaction in a system of charged colloidal particles
is commonly described by a hard-core repulsive Yukawa
(screened Coulomb) potential:29,47–49

buijðrÞ ¼ b3ij
exp
�� k

�
r� sij

��
r=sij

r$ sij

N r\sij

;

8><
>: (1)

with sij ¼ (si + sj)/2 and the contact value of the potential
between two colloids i and j:

b3ij ¼ ZiZj

ð1þ ksi=2Þ
�
1þ ksj=2

� lB
sij

; (2)

where r is the centre-to-centre distance between particles i and j,
Zi (Zj) and si (sj) are the charge number and diameter of colloid i
(j), b ¼ 1/(kBT), with kB the Boltzmann constant, and T the
absolute temperature. The Bjerrum length is given by

lB ¼ e2

4p3r30kBT
; (3)

with e the elementary charge, 3r the relative dielectric constant
of the solvent and 30 the dielectric permittivity of vacuum. The
Bjerrum length represents the distance at which the electro-
static interaction energy between two monovalent ions is equal
to the thermal energy kBT. The inverse Debye screening length is
given by

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8plBcs

p
; (4)

with cs the concentration of the monovalent salt. The Debye
screening length k�1 indicates the thickness of the electrical
double layer surrounding a colloidal particle and is a measure
for the interaction range between two colloids. When the
refractive index of the solvent closely matches that of the
particles, as is the case in our experimental system, the Van der
Waals interactions are much smaller than kBT and can be
neglected.

For monodisperse systems, for which sij ¼ s, the contact
value of the potential between two colloids simplies to

b3 ¼ Z2

ð1þ ks=2Þ2
lB

s
: (5)

The electrostatic surface potential j0 for an isolated particle
can be approximated at low j0 by50
11620 | Soft Matter, 2013, 9, 11618–11633
bej0 ¼
Z

1þ ks=2

2lB

s
: (6)

Combining eqn (5) and (6) yields the relation between b3

and j0:

b3 ¼ ðbej0Þ2
4

s

lB
: (7)

The hard-sphere system that we used for comparison con-
sisted of 1.37 mm core–shell silica particles (determined by
static light scattering (SLS); polydispersityz 3%) with a 434 nm
core labelled with the uorescent dye uorescein isothiocyanate
(FITC),10 suspended in a mixture of dimethyl sulphoxide
(DMSO) and deionised water (8.2% water by weight); the
refractive index closely matched that of the particles. We
compared the radial distribution function g(r) for experimen-
tally obtained glassy structures to the g(r) for computer-gener-
ated glassy structures; we found very good agreement, with an
effective hard-sphere diameter only 3.6% larger than the
diameter obtained from SLS. The double layer was thus thin
compared to the particle diameter and we assumed the inter-
actions could be described by a hard-sphere potential, similar to
ref. 10.
2.2. Compression by centrifugation and confocal
microscopy

We prepared PMMA suspensions with an initial volume fraction
hz 0.02, which were transferred to a borosilicate glass capillary
with inner dimensions 5 cm � 1.0 mm � 0.10 mm (x � y � z;
VitroCom), mounted on a microscope glass slide. The suspen-
sion occupied approximately two-thirds of the capillary. The
remaining part was lled with deionised water (milli-Q water,
resistivity ¼ 18.2 MU cm, Millipore), which acted as a sink for
ions from the suspension, thus keeping the ionic strength low
and the Debye screening length large. Both ends of the capillary
were sealed with UV-curing optical adhesive (Norland no. 68).

We centrifuged the samples for 15–110 minutes at 15–107g
(Eppendorf Centrifuge 5810), keeping the water phase on top.
During centrifugation the particles were compressed on the
water–CHB interface (PMMA has a lower density than CHB),
where they formed a sediment; a schematic overview of the
sample is shown in Fig. 1. The centrifugal eld was directed
along the long axis of the capillaries. Aer centrifugation the
capillaries were stored vertically, with gravity pointing along the
long axis.

We used confocal microscopy (Nikon C1 confocal micro-
scope) with a 100� NA 1.4 oil immersion objective, in uores-
cence mode with 488 nm excitation, to obtain
three-dimensional stacks of images (typical stack: 256 � 256 �
129–184 pixels (x � y � z); the pixel size was in most cases 0.25
or 0.33 mm in xy and 0.27 or 0.39 mm in z; �1.7 frames per
second). Stacks were taken at several distances from the water–
CHB interface, and at least 15 mm from the walls of the capillary
to avoid wall-induced effects. During the measurements the
capillaries were also kept in a vertical position, on a microscope
frame tilted 90 degrees with respect to gravity.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Schematic overview of the sample after centrifugation (not drawn to
scale). The glass capillary contained a water phase on top of a suspension of
PMMA particles in CHB. The centrifugal field was pointing down (direction indi-
cated by the arrow next to g), but the particles sedimented upwards (creamed)
and were compressed on the water–CHB interface by the centrifugal field, where
they formed a sediment. After centrifugation the capillaries were stored vertically,
with gravity pointing down (direction indicated by the arrow next to g).
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The hard-sphere silica system underwent a similar proce-
dure.We constructed sample cells with inner dimensions�2 cm
� 6 mm � 150–180 mm, by glueing three strips of glass cut from
a coverslip (thickness 130–160 mm, no. 1 coverslip, Menzel) in a
U-shape onto amicroscope glass slide using 2-component epoxy
adhesive (Bison), and sticking a second coverslip on top. The
glue was le to harden for at least 24 hours. The sample cells
were lled from a Pasteur pipette with the suspension of silica
in DMSO–water (h z 0.10) and centrifuged for at least 10
minutes at 9–2012g (Hettich Rotina 46 S centrifuge). Aer
centrifugation, the open end was sealed with epoxy adhesive.
We used a Leica TCS NT confocal microscope to image the
samples (typical stack: 512 � 512 � 100 pixels (x � y � z); pixel
size was 0.10 mm in xy and 0.20 mm in z; image stacks were taken
at least 20 mm from the sample cell wall).

2.3. Data analysis

We obtained the positions of the particles using algorithms
similar to those described in ref. 51 and 52. For subsequent data
analysis we used all particles contained in a rectangular box
with boundaries half a particle diameter from the edges of the
image stack.

From the particle coordinates we calculated the radial
distribution function g(r), which describes the average posi-
tional order in the system. The radial distribution function gives
the probability of nding a particle at a distance r from a given
particle relative to the same probability in an uncorrelated
conguration, or ideal gas, with the same number density. The
quantity 4pr2rg(r)dr is the number of particles found in a
spherical shell of radius r and thickness dr around a given
particle, where r is the average number density in the system.53

We calculated the normalised probability distribution of pair
distances for our system and corrected for the nite size of the
This journal is ª The Royal Society of Chemistry 2013
box by dividing by the normalised probability distribution of
pair distances which was calculated for an uncorrelated (ideal
gas) conguration contained in a box of the same spatial
dimensions (see also ref. 29).

The local bond-orientational order was examined as follows.
For each particle i we dened a set of 2l + 1 bond-orientational
order parameters54,55

qlmðiÞ ¼ 1

NbðiÞ
XNbðiÞ

j¼1

Ylm

�
qij ;fij

�
; (8)

where Nb(i) is the number of neighbours of particle i, qij and fij

are the inclination and azimuth angles of the bond rij ¼ ri � rj
(where ri (rj) denotes the position of particle i (j)) connecting the
centres of particle i and its neighbour j, and Ylm(qij, fij) are the
spherical harmonics (with m ¼ �l, �l + 1, ., l � 1, l). The sum
runs over all neighbours of particle i. The neighbours of particle
i were dened as all particles within a certain cut-off distance rc
from particle i.

We used these sets of bond-orientational order parameters
to calculate three different rotational invariants: ŵl, �ql and �wl, as
described below.

The local bond-orientational order parameter ŵl was calcu-
lated in the following way:54

ŵlðiÞ ¼

X
m1þm2þm3¼0

�
l l l

m1 m2 m3

�
qlm1

ðiÞqlm2
ðiÞqlm3

ðiÞ
 Xl

m¼�l

jqlmðiÞj2
!3=2

; (9)

where qlm(i) is dened in eqn (8) and the coefficient in the
numerator is a Wigner 3j symbol;56 the integers m1, m2 and m3

run from �l to + l, provided m1 + m2 + m3 ¼ 0. ŵl is one of the
order parameters dened by Steinhardt et al. (denoted by them
as Ŵ l).54 For hard-sphere glasses, the distribution of ŵ6 was
reported in ref. 10 (denoted in ref. 10 as W6), enabling us to
compare the structure of our long-range repulsive glasses to
that of hard-sphere glasses.

Due to thermal uctuations, the distributions of the Stein-
hardt order parameters can be rather broad, making it difficult
to determine the type of local environment for each individual
particle. Instead, we followed the method of Lechner and Del-
lago.55 They averaged the sets of bond-orientational order
parameters from eqn (8) over the central particle and its nearest
neighbours. The distributions of these averaged order param-
eters are much narrower than those of the Steinhardt order
parameters, and very suitable to distinguish between disor-
dered and crystalline particle environments, as well as, in the
latter case, to determine the type of crystalline environment.

So, we averaged each of the members of the set from eqn (8)
over the central particle and its neighbours, to obtain for each
particle i a set of averaged bond-orientational order parameters

qlmðiÞ ¼
1

NbðiÞ þ 1

XNbðiÞ

j¼0

qlmð jÞ; (10)

where the sum runs over all neighbours of particle i plus
particle i itself. From these sets of averaged bond-orientational
Soft Matter, 2013, 9, 11618–11633 | 11621
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order parameters, we obtained the averaged local bond-orien-
tational order parameters55

qlðiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p

2l þ 1

Xl

m¼�l

jqlmðiÞj2
vuut (11)

and

wlðiÞ ¼

X
m1þm2þm3¼0

�
l l l

m1 m2 m3

�
qlm1

ðiÞqlm2
ðiÞqlm3

ðiÞ
 Xl

m¼�l

jqlmðiÞj2
!3=2

; (12)

where �qlm(i) is dened in eqn (10) and the coefficient and sum in
the numerator are the same as in eqn (9).

Finally, we looked at the fraction of crystalline particles in
the system. Crystalline particles were identied by calculating
the correlation between the sets of bond-orientational order
parameters for each pair of neighbouring particles, given by

clðijÞ ¼

Xl

m¼�l

qlmðiÞq*lmðjÞ Xl

m¼�l

jqlmðiÞj2
�1=2

 Xl

m¼�l

jqlmðjÞj2
!1=2

; (13)

where q*lm(j) is the complex conjugate of qlm(j), and qlm(i) and
qlm(j) are dened in eqn (8). A neighbour j to particle i was
dened as a connected neighbour if cl(ij) exceeded a threshold
value cc. Particles with more than a certain number nc of
connected neighbours were dened as crystalline particles.57

The crystalline fraction is then fX¼ NX/N, with NX the number of
crystalline particles and N the total number of particles in a
certain volume of the sample. For our analysis we chose l ¼ 6, rc
¼ 1.5r�1/3 (with r¼N/V the number density of the particles, and
r�1/3 the characteristic interparticle distance), cc ¼ 0.6 and
nc ¼ 8.

Instead of using a cut-off distance, which is always arbitrary,
to dene the nearest neighbours of a particle, it is possible to
use the Voronoi construction to dene neighbours. To this end,
the Voronoi cell for each particle is calculated, containing all
points in space that are closer to that particle than to any other
particle. Particles that share a Voronoi face can now be dened
as nearest neighbours. This method was used in ref. 10 for hard-
sphere glasses to calculate the ŵ6 distribution (as mentioned
above). The distribution of the number of faces per Voronoi cell
P(nn) (which is the same as the number of neighbours per
particle) and the distribution of number of edges per Voronoi
face P(ne) were also calculated. We employed the Voronoi
construction to dene neighbours for some of our datasets in
order to compare with ref. 10.

The Steinhardt bond order parameters (in our case, ŵl,
dened in eqn (9)) depend on the arrangement of the nearest
neighbours of the central particle, i.e. the rst-neighbour-shell
particles. In our analysis, we calculated ŵl for particles that were
at least a distance rc from the box boundaries, thus ensuring
that we did not miss out some of the neighbours. When we used
the Voronoi construction to dene neighbours, we included
only the ŵl values of particles that were fully surrounded by
11622 | Soft Matter, 2013, 9, 11618–11633
neighbours, i.e. particles that did not share a Voronoi face with
the box boundary. The averaged bond order parameters (�ql, �wl),
as well as the crystallinity calculated through the bond order
correlation method, depend also on the position of the second-
neighbour-shell particles. Therefore, �ql, �wl and the crystallinity
were only calculated for particles that were at least a distance 2rc
from the box boundaries. In the Voronoi case, we included only
the values of particles whose neighbours were fully surrounded
by neighbours.

We used a distance criterion to identify particles that were
part of a cluster: particles that had at least one neighbour at a
distance r < rcl were dened as clustered particles. The clustered
fraction is then fcl ¼ Ncl/N, with Ncl the number of clustered
particles, i.e. particles part of a cluster, and N the total number
of particles in a certain volume of the sample. We chose rcl
between the main peak of the g(r) and the small peak at smaller
distance close to the main peak, which resulted in rcl ¼ 1.1s.
With increasing volume fraction the probability to nd two non-
clustered particles separated by a distance r < rcl increases. For
denser systems, it was therefore not possible to nd the clus-
tered fraction via this distance analysis procedure, and we did
not plot fcl for congurations with h > 0.30, a value chosen
somewhat arbitrarily.
3. Results and discussion

We imaged the samples with confocalmicroscopy, obtaining�20
three-dimensional datasets along the entire height of the sedi-
ment (typical spacing between datasets was 100 mm). We centri-
fuged samples at different speeds (15–107g) and followed them a
few days to a week. We found no qualitative dependence of the
resulting structures on the centrifugation speed. Two samples
(centrifuged at 15g for 110 minutes and at 42g for 40 minutes)
were followed during a much longer time period (2–3 months).
Both samples had not fully sedimented aer centrifugation was
stopped and showed similar behaviour in time, including particle
clustering. Below, we describe the behaviour of one of these
samples (centrifuged at 15g), which we analysed in detail.

Section 3.1 gives an overview of the expansion and contrac-
tion of the sediment in time and the resulting volume fraction
proles of the sediment. In Section 3.2 we describe the forma-
tion and crystallisation of long-range repulsive glassy structures
and show the correlation between the presence of glassy
structures and clustered particles. In Section 3.3 the structural
analysis of the glassy parts is described in detail and the
structure is compared to that of hard-sphere glasses. In Section
3.4 we report on the structural analysis of the crystalline parts
and the crystal symmetries that were identied. Finally, in
Section 3.5, we describe additional experiments we performed
to investigate the mechanism of clustering and declustering
and we discuss a possible origin of the attractions responsible
for cluster formation.
3.1. Expansion and contraction of the sediment

The sample was imaged directly aer centrifugation (t ¼ 0 days
aer compression by centrifugation) and subsequently aer 1,
This journal is ª The Royal Society of Chemistry 2013
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2, 4, 7, 14, 21, 35, 49, 64 and 81 days. We calculated the volume
fraction h in each of the datasets from the number of particles N
found by the tracking routine, the average particle diameter s
and the volume of the box V in which the particles were con-
tained, through h ¼ Nps3/(6V). The le part of Fig. 2 shows the
volume fraction proles (volume fraction h versus distance x
from the water–CHB interface) for different times t. We show
the results of six different measurement days.

A centrifugal eld or (aer centrifugation) gravity caused the
particles to migrate towards the water–CHB interface, which
was located at x ¼ 0 mm. Directly aer centrifugation (t ¼
0 days), the particles that were furthest from the interface were
still moving towards the interface, because, as was mentioned
above, the sample had not been fully compressed during
centrifugation; this caused the total height of the sediment to
decrease. Here, the total height of the sediment is the distance
from the interface beyond which virtually no particles can be
found. In Fig. 2 the total height of the sediment at t ¼ 0 days is
beyond the scale of the graph. Aer 2 days the total height
reached a value slightly less than 2 mm (Fig. 2, le, second
panel from top), aer which it started to increase. Meanwhile,
the dense part of the sediment, close to the interface, which had
been compressed by the centrifugal eld, started to expand and
Fig. 2 Volume fraction h (left), and crystalline fraction fX and clustered fraction fc
waiting times (t ¼ 0–81 days). Black squares and black crosses indicate respectively
position of these spots changed in time due to expansion and contraction of the sedi
(crosses). At the top of the figure we indicate the position of the water–CHB interface
particles.

This journal is ª The Royal Society of Chemistry 2013
particles migrated away from the interface. These particles had
been forced into a close-packed and amorphous conguration
by the centrifugal eld. Without the presence of this eld, the
dense part of the sediment expanded due to the repulsive
interactions between the charged particles. This effect caused
the total height of the sediment to reach amaximum value at t¼
7 days. For t ¼ 7–64 days, the total height slowly decreased
again. Presumably, this was due to an increasing concentration
of background ions and thus decreasing Debye screening
length, most likely caused by the slow decomposition of the
solvent CHB, a process which generates ions (H+ and Br�, as
mentioned above). Apparently, the uptake of ions by the water
phase was not sufficient to keep the ionic strength constant. See
below (Section 3.4) for estimates of the decrease of (ks)�1 as a
result of the increase in ionic strength, which was initially low
enough to allow parts of the system to crystallise with bcc
symmetry.

This sequence of events is consistent with the values for the
maximum volume fraction found in the sediment. The
maximum volume fraction was h ¼ 0.64 at t ¼ 0 days, and
reached a temporary minimum at t ¼ 14 days, h ¼ 0.24
(not shown), expansion of the dense part of the sediment being
the dominant effect. Aer that it increased slowly and
l (right) plotted versus the distance from the water–CHB interface x for different
an initially (at t ¼ 0 days) glassy and initially crystalline spot in the sediment; the
ment. The configurations correspond to data points in Fig. 3b (squares) and Fig. 3c
(at x¼ 0mm), the direction of gravity (g) and the direction of sedimentation of the

Soft Matter, 2013, 9, 11618–11633 | 11623
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continuously to h¼ 0.25 at t¼ 64, presumably due to a decrease
in screening length. In time the volume fraction prole at-
tened out to an almost horizontal line at t ¼ 81 days (Fig. 2, le,
bottom panel).

At t ¼ 81 days we found an increased total height and a
decreased maximum volume fraction (h ¼ 0.23). On this
measurement day we observed large particle-free droplets
(�5 to 40 mm, possibly containing water or air) in the CHB phase
close to the water–CHB interface. Since the droplets contained
no particles, they pushed the particles away from the interface,
increasing the height of the sediment. The decreased volume
fraction suggests that the Debye screening length also
increased.
Fig. 3 (a) Number of particles, number of crystalline particles and number of
clustered particles in the entire sediment as a function of waiting time t. (b)
Volume fraction h, crystalline fraction fX and clustered fraction fcl as a function of
waiting time t for an initially (at t ¼ 0 days) glassy spot in the sediment (black
squares in Fig. 2). The inset shows fX at a different scale. (c) The same, but for an
initially crystalline spot (black crosses in Fig. 2).
3.2. Formation and crystallisation of glassy structures

For each dataset, we calculated the crystalline fraction fX and
the clustered fraction fcl (the fraction of particles that was part
of a cluster), using the methods described in Section 2.3. The
right part of Fig. 2 shows the crystalline fraction fX and clustered
fraction fcl versus distance x from the water–CHB interface for
different times aer centrifugation was stopped. In addition,
Fig. 3a shows the number of particles, number of crystalline
particles and number of clustered particles in the entire sedi-
ment, obtained by integrating the volume fraction proles in
Fig. 2 over the volume of the suspension in the capillary and
dividing by the volume of a single particle v ¼ ps3/6.

We expect the number of particles in the system to stay
constant. This was indeed the case for t ¼ 4–64 days, as indi-
cated by the dashed black line through the green diamonds in
Fig. 3a. For t < 4 days not all particles were correctly identied by
the tracking routine due to the high densities of the system
close to the water–CHB interface. For t¼ 81 days, the number of
particles was overestimated due to the presence of particle-free
droplets of water in the CHB phase, as mentioned above.

Before centrifugation, we checked the sample (h z 0.02),
and found that it was fully crystalline with the crystal phase
being bcc. We discuss the symmetries of the crystalline parts in
more detail in a separate section below (Section 3.4). Aer
centrifugation, we found subsequently (moving through the
sediment away from the interface) a glassy part adjacent to the
interface (with fX < 0.05), a crystalline part and a uid part
(Fig. 2, right). The system stayed like this until t ¼ 64 days.
During this time period no extensive crystallisation took place,
as we can see from the fact that the total number of crystalline
particles hardly changed (Fig. 3a), comprising�25% of the total
number of particles in the sediment (indicated by the dashed
black line through the red circles in Fig. 3a). The number of
clustered particles during the same period decreased, but from t
¼ 21 days only very slowly, reaching a kind of plateau with a
value corresponding to �13% of the total number of particles
(indicated by the dashed black line through the blue triangles in
Fig. 3a). At t ¼ 81 days we found that the number of clustered
particles (�3% of the particles) was much lower than before,
while a signicant part of the sample had crystallised (�88% of
the particles were crystalline) (these numbers were calculated
11624 | Soft Matter, 2013, 9, 11618–11633
using the total number of particles in the sample indicated by
the dashed black line in Fig. 3a).

From the right part of Fig. 2 we see that the clusters were not
evenly distributed across the sediment. In general, fcl was high
in places where fX is low, and vice versa, i.e. the glassy part
contained more clusters than the crystalline part. As mentioned
above, the clustered fraction fcl is not plotted for the denser part
of the sediment (h > 0.30) at t¼ 0 and 2 days, since we could not
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Long-term structural arrest in a glassy part of the sample at t ¼ 21 days
with h ¼ 0.17, fX ¼ 0.01 and fcl ¼ 0.15. Images show the average intensity of a
series of 25 confocal images (42.5 mm � 42.5 mm) taken at the same position in
the sample, but at different points in time. Images were taken with a time step Dt
¼ 120 s. On the right we indicate the clustered particles (blue circles) found by
distance analysis of a three-dimensional dataset, taken at the same xy position in
the sample. The corresponding movie is available in the ESI.†
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use a distance criterion to correctly identify clusters in denser
systems. The slight increase in fcl on the low-density side of the
sediment is not real, but due to particles that were erroneously
found twice by the tracking routine, and therefore can be
ignored.

To quantify the difference between a typical glassy and
typical crystalline conguration, we depicted in Fig. 3b and c in
more detail the behaviour of h, fX and fcl in time for two
particular spots in the sample: one located in the part of the
system that was initially glassy (Fig. 3b and black squares in
Fig. 2), the other from the part of the system that was initially
crystalline (Fig. 3c and black crosses in Fig. 2). From the inte-
grated volume fraction proles we were able to locate approxi-
mately the same spot in the sample for each measurement day.
The spots were located by counting particles starting from the
low-density side of the sediment: on each measurement day
approximately the same number of particles could be found on
the low-density side of the indicated spot. The clustered fraction
in the initially glassy conguration decreased from fcl ¼ 0.45 at
t ¼ 4 days to fcl ¼ 0.15 at t ¼ 64 days, while in the initially
crystalline conguration 0.00 # fcl # 0.02. At t ¼ 81 days, when
the initially glassy conguration had crystallised, fcl had drop-
ped to 0.01. During the rst 64 days the crystalline fraction in
the initially glassy conguration increased very slowly from fX ¼
0.00 to fX¼ 0.02 (as shown in the inset of Fig. 3b), before making
a large jump to fX ¼ 0.98 at t ¼ 81 days. Clearly, the crystalline
congurations contain signicantly fewer clusters (�a few
percent) than the glassy congurations (�tens of percents),
regardless of the initial structure of the crystalline
conguration.

From these observations we conclude that a clustered frac-
tion fcl above a certain threshold value prevented crystallisation.
When the particles were pressed together by the centrifugal
eld, clusters were formed in the dense part of the sediment.
Aer centrifugation, when the sample was kept in gravity, the
dense part of the sediment expanded and subsequently, during
a long time, the number of clusters decreased. Finally, aer 64–
81 days, the clusters almost completely disappeared by spon-
taneous dissociation. In order to elucidate the mechanism of
clustering and the subsequent declustering we investigated this
phenomenon separately, as described in Section 3.5. Up to t ¼
64 days the fcl was sufficiently high to allow only a very small
fraction of the particles to become crystalline. At some point
during the time period t¼ 64–81 days, when fcl dropped below a
threshold value (which must be somewhere between 0.15 and
0.01), crystallisation was no longer frustrated, and almost the
entire system was able to crystallise. The lowest fcl observed for a
glass (structure with fX < 0.05) was 0.12; so, apparently, fcl¼ 0.12
was sufficient to frustrate crystallisation.

At this point it is interesting to compare with the glassy
states found in ref. 27, in a system which bears resemblance to
our system, having long-range electrostatic repulsions, but in
addition short-range depletion interactions. For the system in
ref. 27, when the polymer concentration was zero, and the
interactions purely repulsive, a glassy state existed across the
entire volume fraction range (h¼ 0–0.55). For h > 0.2 sometimes
a crystal was found. Attractions were introduced in the system
This journal is ª The Royal Society of Chemistry 2013
by increasing the polymer concentration, resulting in the
formation of a cluster glassy state at low volume fractions
(roughly for 0.02 < h < 0.12) and a gel state at high volume
fractions. For our system the situation is different: in the
absence of any clusters, we always found a crystalline phase for
h > 0.02. To form the glassy state, the presence of clusters was
essential. This difference in behaviour might be due to differ-
ences in the range or strength of (the repulsive part of) the
interaction potential.

We looked in more detail at the size of the clusters present in
the sample. We calculated the cluster size distributions, and
found that most of the clusters were dumbbells, the fraction in
the glassy parts of the sample increasing from �75% at t ¼ 7
days to �86% at t ¼ 64 days. Only a small number of clusters
consisted of more than four particles, their fraction decreasing
from �3% to �1% during the same period.

Fig. 4 shows a glassy part of the sample at t ¼ 21 days, for
which we indicated the clusters found by our distance criterion.
We recorded a sequence of 25 images with time step Dt ¼ 120 s.
In Fig. 4 (le) the average intensity of the 25 images is shown. It
is clear from the average intensity that the system was dynam-
ically arrested, as the particle positions hardly changed over the
course of 48 minutes. We obtained the locations of the clusters
from a three-dimensional dataset taken at the same xy position;
the clustered particles that are part of clusters for which more
than one member is visible in the image are indicated by blue
circles (Fig. 4, right). The clustered particles can also be recog-
nised in the corresponding movie† from the correlated motion
of the particles. From the motion of the particles one identies
the same clusters as found by the distance criterion we used.
The movie shows that the particles were able to move over small
distances (cage-rattling motion), but almost all remained
conned to the cage formed by their neighbours on the time-
scale of the movie (48 minutes).

In the ESI† we included another movie, which was recorded
for an even longer time frame of 12 hours in a typical sample
that had been centrifuged for 10 minutes at 42g ve hours prior
to the start of the movie. Apart from a few isolated particle
Soft Matter, 2013, 9, 11618–11633 | 11625
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rearrangements and a ‘plug ow’ that caused the structure to
move with respect to the eld of view, there was clearly hardly
any particle mobility. From this we conclude that the samples
were glassy on the timescale of our observation (12 hours).

When an image stack is recorded at a certain position in the
sample, the particles in that location are bleached. This
provided us with a method to establish dynamic arrest in the
system over a longer period of time. At a givenmeasurement day
we could still identify the areas containing particles that were
bleached due to imaging on the previous measurement day,
next to areas that contained brighter particles. For example, in a
confocal image recorded at t ¼ 14 days, we were able to identify
a bleached area that resulted from imaging that had taken place
at least a week before (at t ¼ 7 days), as no imaging of the
sample was done between t ¼ 7 days and t ¼ 14 days, indicating
clearly that the system was dynamically arrested on this time-
scale (7 days).
3.3. Structural analysis of the glasses

Fig. 5 shows the radial distribution function g(r) for three long-
range repulsive glasses (corresponding to the data points in
Fig. 3b at t ¼ 7, 21 and 64 days). For comparison, we also show
the g(r) determined experimentally in a glassy system of silica
spheres which interact as effective hard spheres (see Section
2.1). The radial distribution functions for the long-range
repulsive glasses have been rescaled such that their maxima
Fig. 5 Radial distribution function g(r) for three long-range repulsive glasses
(corresponding to the data points in Fig. 3b; t ¼ 7 days, h ¼ 0.22, fX ¼ 0.00, fcl ¼
0.37; t¼ 21 days, h¼ 0.20, fX ¼ 0.01, fcl ¼ 0.21; t¼ 64 days, h¼ 0.23, fX ¼ 0.02, fcl
¼ 0.15). The g(r) for a hard-sphere glass is also shown for comparison (h¼ 0.64, fX
¼ 0.01). The radial distribution functions for the long-range repulsive glasses have
been rescaled, with a¼ 0.70, 0.67 and 0.70, respectively, for t¼ 7, 21 and 64 days;
for the hard-sphere glass a ¼ 1. For clarity, the three upper curves have been
shifted vertically.

11626 | Soft Matter, 2013, 9, 11618–11633
and minima coincide with those of the hard-sphere glass. For
the hard-sphere glass we found a split second peak, similar to
that found before for hard-sphere glasses.10,58–60 The le and
right subpeaks correspond to different local particle arrange-
ments; both correspond to a pair of particles that are in each
other's second-neighbour shell, but have either three rst
neighbours (le subpeak) or one rst neighbour (right subpeak)
in common.61 Their relative heights vary according to the local
structure, which depends on the system's characteristics, e.g. its
polydispersity and the type of particles.61,62 For the long-range
repulsive glasses, we found a second peak with a shoulder to its
right. The small peak to the le of the main peak, present for
the long-range repulsive glasses, is due to the clustered
particles.

Fig. 6a shows the ŵ6 probability distribution for the three
long-range repulsive glasses and the hard-sphere glass. The
distributions were calculated using the Voronoi construction to
dene the neighbours (see Section 2.3) in order to make a
comparison with the structure of hard-sphere glasses as pub-
lished in ref. 10. The same distributions calculated using a
cut-off of 1.5r�1/3 to dene the neighbours were very similar to
the distributions shown in Fig. 6a; using those instead would
not change the conclusions.

Despite the large difference in volume fraction and particle
interactions between the long-range repulsive and hard-sphere
glasses, the local bond-orientational order is remarkably
similar. The distributions fall on top of each other within error.
The differences in the local bond order between the long-range
repulsive glasses at different waiting times were similar to the
differences between two glasses from the same sample, imaged
at the same day. Also, the difference between the long-range
repulsive glasses and the hard-sphere glass is in the same range.
We nd good correspondence with the ŵ6 distribution for the
hard-sphere glass from the literature.10 In ref. 13 it was found in
a colloidal system with short-range attractions that the ŵ6

distributions for the liquid and gel phases were very similar.
Nevertheless, a cluster-based structural analysis revealed
signicant differences in the local structure. It would therefore
be interesting to explore in future work whether it is possible to
nd structural differences between our glasses by using this
cluster-based method.

In Fig. 6b we plotted the probability distribution P(nn) for the
number of neighbours surrounding a particle. Since we used
here the Voronoi construction to dene the neighbours, this is
the same as the number of faces of the Voronoi cell in which the
particle is contained. Fig. 6c depicts the probability distribution
P(ne) for the number of particles surrounding a bond, which is
the same as the number of edges of the Voronoi face corre-
sponding to this bond. These distributions are again very
similar for the long-range repulsive glasses and the hard-sphere
glass, and also very similar to the same distributions in ref. 10.

Fig. 7 illustrates crystallisation in a long-range repulsive
glass at one particular spot in the sediment, indicated in Fig. 2
by black squares. The congurations at t ¼ 21 and 64 days were
glassy; they correspond to the glasses in Fig. 5 and 6 at the same
waiting times. At t ¼ 81 days the system had crystallised. For
comparison the hard-sphere glass is shown as well. On the le
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 (a) Probability distribution of the bond-orientational order parameter ŵ6,
(b) probability distribution of the number of Voronoi neighbours per particle nn
and (c) probability distribution of the number of edges surrounding a Voronoi
face ne, for three long-range repulsive glasses and a hard-sphere glass (corre-
sponding to the data points in Fig. 3b; for details see Fig. 5).
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the colour of the particles is related to the bond-orientational
order parameter �q6: particles with low �q6 are purple, particles
with high �q6 are red. On the right the particles were given a
colour according to their crystallinity: crystalline particles are
red and drawn at full size, uid particles are cyan and
(for clarity) drawn with a size equal to half their actual diameter.
The �q6 order parameter is a good measure for the local bond
order, it tends to higher values when the local order resembles
bcc or fcc crystalline order and to lower values when the local
This journal is ª The Royal Society of Chemistry 2013
order is glass- or uid-like.57 �q6 includes the averaged bond
order of the central particle and the particles in its rst-neigh-
bour shell (Section 2.3, eqn (11)), thereby directly depending on
the positions of the particles in the second-neighbour shell. To
average out the effect of thermal uctuations,55 it was necessary
to use the �q6 instead of the more local q6 order parameter, which
depends only on the position of the particles in the rst-
neighbour shell. The reconstructions show that each glass
(long-range repulsive and hard-sphere) had regions of high and
low local bond order, and that, as expected, the regions con-
taining crystalline particles had the highest local bond order.
The reconstructions illustrate that the number of crystalline
particles in the long-range repulsive glass very slowly increased
in time until t ¼ 64 days, and that the system at t ¼ 81 days was
almost fully crystalline. The local bond order in the long-range
repulsive glasses closely resembled the local bond order in the
hard-sphere glass, despite the signicant difference in the
volume fractions of these systems.
3.4. Structural analysis of the crystals

The equilibrium phase diagram for colloidal systems interact-
ing through a hard-core repulsive Yukawa pair potential
contains two crystal phases; these are the body-centred-cubic
(bcc) and the face-centred-cubic (fcc) crystal phase.63–65 On going
from low to high volume fraction, it is possible to nd (i) a uid
phase followed by an fcc crystal phase (for small screening
lengths) or (ii) a uid phase, followed by a bcc crystal phase and
then an fcc crystal phase (for larger screening lengths). The
phases are separated by relatively narrow coexistence regions.
In more recent work Yukawa phase diagrams were calculated
under the constant-potential assumption and charge-regulation
conditions,38 instead of for a xed contact value of the interac-
tion potential as before.63–65 Again, the phase diagram contained
uid, bcc and fcc regions, but the crystals were stable in a much
smaller part of the phase diagram. Discharging of the colloids
with increasing volume fraction and decreasing salt concen-
tration gave rise to a re-entrant uid phase at high volume
fraction and a stable uid phase across the entire volume
fraction range at low salt concentration.

For some combinations of Yukawa parameters the difference
in free energy between an fcc crystal and a hexagonal-close-
packed (hcp) crystal is very small,66 and it is not uncommon to
nd a random stacking of close-packed layers under conditions
where the equilibrium crystal phase is fcc.33,67–69 This structure is
referred to as the random-hexagonal-close-packed (rhcp) crystal.

The phase behaviour is determined by system parameters Z
and (ks)�1, and we can extract rough estimates for the system
parameters from the observed phase behaviour.

We used the bond order parameter �w6 to distinguish
between particles that are in an fcc or hcp environment and
particles that are in a bcc environment (similar to ref. 55). In an
ideal crystal with only one type of lattice site, �w6 will have the
same value as ŵ6, which is negative for fcc and hcp crystals
(�0.0131 and �0.0124, respectively), and positive for bcc crys-
tals (0.0131).54 On this basis we assumed that crystalline parti-
cles which had �w6 < 0 were in an fcc, hcp or intermediate
Soft Matter, 2013, 9, 11618–11633 | 11627
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Fig. 7 3D reconstructions showing crystallisation in an initially glassy part of the sample at t ¼ 21, 64 and 81 days and a hard-sphere glass (long-range repulsive
configurations corresponding to the data points in Fig. 3b; t ¼ 81 days, h ¼ 0.22, fX ¼ 0.98, fcl ¼ 0.01; for details of the glassy configurations see Fig. 5). (a)–(d) Colour
according to local bond order parameter �q6; purple¼ low �q6, red¼ high �q6. (e)–(h) Same configurations as (a)–(d) but now red particles are crystalline, cyan particles are
non-crystalline. For clarity, the diameter of the non-crystalline particles is equal to half the actual diameter.
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environment and crystalline particles which had �w6 > 0 were in a
bcc environment. In the following we will refer to fcc, hcp and
in-between particles simply as fcc. The �w6 distributions that we
calculated for our crystalline systems indeed showed peaks
close to one or both of these values, representing the most
crystalline particles in the system. As mentioned above, we used
�w6 instead of ŵ6 to reduce the effect of thermal uctuations.
11628 | Soft Matter, 2013, 9, 11618–11633
Up to t ¼ 7 days the crystalline particles were predominantly
bcc (Fig. 8a). At t¼ 14 and 21 days we found amixture of bcc and
fcc regions (Fig. 8b). The crystalline regions adjacent to the bulk
glass phase (on the le side of the proles in Fig. 2) or
surrounding crystal defects, tended to contain more bcc parti-
cles. From t ¼ 35 to 81 days the crystalline particles were
predominantly fcc (Fig. 8c), except in a small region close to the
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3sm51752g


Fig. 8 Crystalline configurations from Fig. 3c at (a) t ¼ 2 days (h ¼ 0.18, fX ¼ 0.91, fcl ¼ 0.04), (b) t ¼ 14 days (h ¼ 0.13, fX ¼ 0.97, fcl ¼ 0.004) and (c) t ¼ 35 days (h ¼
0.17, fX ¼ 0.97, fcl ¼ 0.02). For the crystalline particles, the colour indicates the value of bond order parameter �w6; bcc-like particles are orange and fcc-like particles are
blue; non-crystalline particles are grey and reduced in size (to half the actual diameter).
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bulk glass phase, where the majority of crystalline particles was
bcc-like.

At each point in time aer centrifugation the sample dis-
played uid–crystal coexistence close to one end of the sedi-
ment (furthest from the water–CHB interface). In Fig. 9 we
plotted the volume fraction at the uid–crystal boundary (the
freezing volume fraction hf). We le out the data points for t < 2
days, because the particles were then still migrating towards the
interface. We also indicated the crystalline environment of the
majority of particles found close to the uid interface. We found
a uid–bcc transition for t # 14 days and a uid–fcc transition
for t $ 35 days.

The sample was crystalline across a broad volume fraction
range (from hf up to h ¼ 0.16–0.21, where the system was
glassy). For all waiting times the structure of the crystalline
regions (bcc, mixed or fcc) was quite homogeneous across
almost the entire crystalline part of the sediment. A systematic
dependence of the crystal symmetry on the local volume frac-
tion was not found. Most inhomogeneous with regard to crystal
symmetry was the sample at t ¼ 14 days, for which we found a
uid–bcc coexistence, but at higher volume fraction a mixture
of bcc and fcc regions (Fig. 8).
Fig. 9 Freezing volume fraction hf as a function of time t.

This journal is ª The Royal Society of Chemistry 2013
Somewhere between t ¼ 14 and 35 days the system changed
from having a uid–bcc to having a uid–fcc transition, and
therefore must have passed a triple point where the three
phases (uid, bcc and fcc) coexisted. We estimated the volume
fraction of this triple point to be htz 0.05 and to occur around t
¼ 21 days. The triple point of hard-core repulsive Yukawa
systems can be well mapped onto the triple point of Yukawa
systems.65,70 The value ht is determined by a unique combina-
tion of particle surface potential j0 (or charge number Z) and
Debye screening length (ks)�1. We calculate at the triple point:
(ks)�1 z 0.3 and bej0 z 2, corresponding to a charge number
of Z z 8 � 102.65,70 The increase of hf in time and the change
from uid–bcc to uid–fcc coexistence indicate a change of the
particle interactions. When we assume a constant (ks)�1 z 0.3,
the surface potential bej0 has to change from �7 to �1 in order
to access the range of freezing volume fractions hf ¼ 0.02–0.11;
the corresponding charge numbers would be Zz 3� 103 to 4�
102. When we assume the surface potential bej0 z 2 to be
constant, the screening length (ks)�1 has to vary between �0.8
and �0.1. These limiting values for bej0 and (ks)�1 were
calculated from the t to the uid–bcc phase boundary, given in
ref. 65 (see also ref. 70). In reality, presumably a combination of
these two effects occurred.

We can use the results from ref. 38 to narrow down the
estimate for (ks)�1 in our system. Interactions are determined
by b3 and (ks)�1 (eqn (1)). For our system, bej0 ¼ 2 and lB/s ¼
0.0032, so, from eqn (7), b3 ¼ 3.1 � 102. In ref. 38, with lB/s ¼
0.005, b3¼ 3.1� 102 corresponds to bej0 ¼ 2.5. In Fig. 3b and c
of ref. 38 the constant-potential and charge-regulated phase
diagrams are plotted for bej0 ¼ 2 and bej0 ¼ 3; the phase
diagram for bej0 ¼ 2.5, which would correspond to our system,
is the intermediate between these two. The constant-potential
phase diagram shows that for h ¼ 0.3 the maximum (ks)�1 at
which the crystal still exists is �0.6 and �1.0, for bej0 ¼ 2 and
3, respectively. For the charge-regulated phase diagram these
values for the maximum (ks)�1 at which the crystal still exists
are higher. This means that even for the highest (ks)�1 we
estimated for our system ((ks)�1 ¼ 0.8) no re-entrant melting is
Soft Matter, 2013, 9, 11618–11633 | 11629
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yet expected. However, for high bej0 and/or high h the inter-
actions are better described by an effective screening length.
When we consider the phase diagram for bej0 ¼ 2 plotted in
terms of the effective screening length, as depicted in Fig. 5 of
ref. 38, we see that for h ¼ 0.3 the maximum effective screening
length at which the crystal still exists is �0.4 for bej0 ¼ 2
(the plot for bej0 ¼ 3 is not shown, but the value for the
effective screening length is presumably slightly larger than for
bej0 ¼ 2). As we did not observe re-entrant melting in our
system, this nding indicates an upper limit for (ks)�1. We
conclude that the lowest hf ¼ 0.02 was at least partly due to a
higher bej0 on the colloids. Below (Section 3.5) we argue that
the assumption of a decreasing (ks)�1 is necessary in order to
Fig. 10 Confocal images of PMMA particles (s¼ 2.23 mm) in CHB forming strings un
sample after switching off the E-field: small strings persisted for a certain time before
lengths five and four particles, respectively (indicated by the white rectangles in imag
after switching off the E-field, as indicated by the white arrows. A second particle (th
series (d) the string divided into two dumbbells 81 seconds after the field was turn

11630 | Soft Matter, 2013, 9, 11618–11633
account for the spontaneous cluster dissociation that was
observed.

We note that close to the bulk glass phase we observed bcc
crystals for samples with a uid–fcc coexistence (for t ¼ 35–81
days, as mentioned above). However, for (ks)�1 below that of
the triple point, bcc crystals do not exist across the entire
volume fraction range.38,65 The observation of bcc crystals
(close to the bulk glass phase) and a uid–fcc transition in the
same sample could be explained by slightly changing the
particle interactions as a function of distance from the water–
CHB interface and/or a stabilisation of the bcc crystals with
respect to fcc crystals by the adjacent amorphous bulk glass
phase.
der an AC electric field. (a) PMMA strings after 10 minutes of waiting time. (b) The
breaking. Series (c) and (d) show the breaking process for two different strings of
e (b)). In series (c) the top particle of the string separated from the rest 45 seconds
e bottom one) in the string separated after more than 2 minutes of observation. In
ed off. The corresponding movies are available in the ESI.†

This journal is ª The Royal Society of Chemistry 2013
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3.5. Origin of the attractions

To understand the origin of the cluster formation and the
subsequent disappearance of the clusters better, we performed
additional experiments. Instead of concentrating the system by
centrifugation, we used an external electric eld to bring
particles into contact and observed the system aer switching
off the eld.

When an electric eld is applied to a colloidal suspension in
which the dielectric constant of the particles is different from
that of the suspending medium (here: at 1 MHz, 3r ¼ 2.6 for
PMMA, 3r ¼ 7.92 for CHB), the particles acquire a dipole
moment, causing them to align in strings parallel to the E-eld.
The total interaction between particles is a sum of the hard-core
repulsive Yukawa interaction and an induced long-range
dipolar interaction.28,30,52,71–73

Upon application of an AC external electric eld (root-mean-
square amplitude Erms ¼ 0.4 V mm�1, frequency f ¼ 1 MHz) to a
suspension of our PMMA particles in CHB (h z 0.02), the
particles assembled into strings parallel to the E-eld direction
(see Fig. 10a). We note that at some places inside the strings a
small separation can be seen between two particles within the
same string (Fig. 10a), due to the strong repulsive electrostatic
force between particles. Aer a waiting time of 10 minutes,
during which the E-eld was on, we switched off the eld and
followed the breaking up of strings using confocal microscopy.
Fig. 10c and d show this process for two different strings
(lengths of ve and four particles, respectively), located at
different places in the sample, as indicated by the white rect-
angles in Fig. 10b. In the rst series (Fig. 10c) the top particle of
a string of ve particles separated from the remaining four
particles 45 seconds aer switching off the E-eld. A second
particle (the bottom one) in the string separated aer more than
2 minutes of observation. In the second series (Fig. 10d) a string
of four particles divided into two dumbbells 81 seconds aer
the eld was turned off. We could not follow the separation of
the particles in the remaining dumbbells because the particles
moved out of the plane of observation. Aer a long waiting time
(one day in this case), all clusters had disappeared and only
single particles were observed in the sample.

We seek the origin of the attractive interactions between the
particles in the attractions between PMMA chains that also keep
an uncross-linked particle together (mostly Van der Waals
attractions). We think these attractions come into play when
PMMA chains are brought into direct contact as the particles are
pressed together by the centrifugal or electric eld and are thus
responsible for cluster formation in our systems.

The E-eld experiments described in this section demon-
strate that pressing particles together results in the formation of
clusters and that, with time, the clusters spontaneously disso-
ciate. The difference in timescale on which the clusters disap-
pear (minutes to hours for the E-eld versus several months for
the centrifugation experiments) could be due to many different
parameters, such as the force with which the particles were
pressed together, the duration of the compression, the details of
the particle interactions at close contact and further away, and
the volume fraction (h ¼ 0.02 versus up to h ¼ 0.64).
This journal is ª The Royal Society of Chemistry 2013
The centrifugal eld exerts a force of approximately 1 �
10�13 N on each particle (calculated from: particle volume �
effective density � acceleration ¼ ps3/6 � (dCHB � dPMMA) �
15g, with s ¼ 2.23 mm, dCHB ¼ 1.336 g cm�3, dPMMA ¼ 1.19 g
cm�3 and g ¼ 9.8 m s�2). Apparently, this eld is sufficiently
strong to push the particles not only through the double layer
but also through the steric stabilising layer. The former is
understandable as the force from the long-range repulsive
potential at a distance of 10 nm between the surfaces of the two
spheres is 1� 10�12 N for interaction parameters of (ks)�1¼ 1.0
and bej0 ¼ 2.0, and several layers of particles are pressing down
on the densest part of the sediment where the clusters are
formed. With time, as the ionic strength increases and the
double layer becomes more compressed, the repulsive potential
becomes steeper and the resulting forces become strong
enough to break up the clusters. For a double-layer thickness of
(ks)�1 ¼ 0.1 the repulsive forces at the same surface-to-surface
interparticle distance of 10 nm, which is approximately twice
the thickness of the steric stabilising layer, have increased to
6 � 10�12 N. We note that assuming a constant (ks)�1 and
decreasing j0 to account for the observed range of freezing
volume fractions would result in a decreasing force with time
and would not explain the cluster dissociation.
4. Conclusions

Compression by centrifugation of a dilute suspension (h z
0.02) of charged PMMA colloids in CHB resulted in the forma-
tion of long-range repulsive glasses at volume fractions h $

0.16. Crystallisation of the long-range repulsive glasses was
prevented by the presence of small clusters (mostly dumbbells),
which were formed during the centrifugation step. Spontaneous
dissociation of the clusters brought the number of clustered
particles down. For more than two months, the number of
crystalline particles in the system (�25% of the total number of
particles) did not change, while the number of clustered parti-
cles decreased but settled at �13%. Only aer t ¼ 81 days we
found extensive crystallisation in the formerly glassy parts of the
system, with �88% of the total number of particles crystalline
and �3% clustered.

A clustered fraction fcl of 0.12 was sufficiently high to
completely frustrate crystallisation in our system. In previous
work74 we used computer simulations to investigate the effect of
size polydispersity in systems with bej0 z 2 and (ks)�1 ¼ 0.1–
0.4, comparable to the system used in the present work. We
found that a polydispersity s of 0.13 frustrated crystallisation in
parts of the system; for s ¼ 0.15 this effect was stronger,
resulting in a lower overall crystalline fraction. The non-crys-
talline parts were found to be glassy, judged from the very slow
dynamics that they exhibited. We calculated the polydispersity
separately for the crystalline and glassy parts; interestingly, the
glassy parts had a higher polydispersity than the crystalline
parts. This is similar to the results in the current work: the
glassy parts have a higher fcl than the crystalline parts. The
difference is that in ref. 74 crystallisation was frustrated by size
polydispersity, while in the current work it is due to the pres-
ence of small clusters.
Soft Matter, 2013, 9, 11618–11633 | 11631
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The system parameters changed in time causing the system
to pass the uid-bcc-fcc triple point around t ¼ 21 days with ht

z 0.05. From this we obtained rough estimates for the Debye
screening length (ks)�1 z 0.3 and surface potential bej0 z 2
(charge number Z z 8 � 102). To account for the observed
range of freezing volume fractions hf ¼ 0.02–0.11, we must
assume that either the screening length or the surface potential
(or both) have changed for the waiting period of 81 days.

Finally, it is truly surprising that we did not nd any signif-
icant changes in the structure of the glass, despite the large
range of volume fractions and changing system parameters. We
compared to hard-sphere data, and found good agreement
between the local bond-orientational orders in the long-range
repulsive glasses and the hard-sphere glass.
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