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We report on high pressure small angle x-ray scattering on suspensions of colloidal crystallites
in water. The crystallites made out of charge-stabilized poly-acrylate particles exhibit a complex
pressure dependence which is based on the specific pressure properties of the suspending medium
water. The dominant effect is a compression of the crystallites caused by the compression of the water.
In addition, we find indications that also the electrostatic properties of the system, i.e. the particle
charge and the dissociation of ions, might play a role for the pressure dependence of the samples. The
data further suggest that crystallites in a metastable state induced by shear-induced melting can relax
to a similar structural state upon the application of pressure and dilution with water. X-ray cross corre-
lation analysis of the two-dimensional scattering patterns indicates a pressure-dependent increase of
the orientational order of the crystallites correlated with growth of these in the suspension. This study
underlines the potential of pressure as a very relevant parameter to understand colloidal crystallite
systems in aqueous suspension. C 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941563]

I. INTRODUCTION

Colloidal suspensions serve as model systems to
study structure formation processes. Due to the possibility
to tailor their properties within the chemical synthesis,
colloidal particles of different size, shape, interaction
potential, and surface modification can be prepared. Their
structural properties are frequently studied by scattering
techniques.1–5 In particular, large efforts have been undertaken
to investigate in detail the effect of external perturbations
such as temperature,4 electrolyte concentration,3,6 shear,7,8

electric,9,10 and magnetic fields11,12 on the phase diagram
and phase transitions of concentrated colloidal suspensions.
The influence of high hydrostatic pressure on these systems
is, however, largely unexplored, mainly due to the involved
experimental requirements needed for high pressure studies.

Pressure is one of the fundamental thermodynamic
parameters which, in contrast to temperature or chemical
potential, affects only the volumetric properties of a sample
system. Following Le Chatelier’s principle, the application
of pressure on a system leads to a reduction of its volume.
Pressure-induced changes are, in general, reversible when
pressure is released.

Scattering techniques, using hard x-rays or neutrons,
offer an excellent possibility to study matter under high
pressure due to the high transmission of radiation through the

a)martin.schroer@desy.de
b)Present address: Institut für Physikalische Chemie, University of Hamburg,

Grindelallee 117, 20146 Hamburg, Germany

high absorbing, pressure-sealing windows. These methods are
especially powerful to investigate pressure-induced structural
changes in soft matter systems. In situ scattering studies
uncovered the unfolding behavior of proteins in aqueous
solutions,13–17 phase transitions in lipid and model membrane
systems,18–20 as well as structural changes in polymers21,22 and
bio-fibers.23,24 The solvent in most of these studies is water as,
in particular, all biological-relevant substances are dissolved
therein. Water itself has several properties that are susceptible
to pressure, such as the change of its density25 and the
dielectric constant,26 pressure-induced electrostriction,27 and
the change of the pH value.28 Moreover, at pressures close to
2000 bars, the collapse of the second hydration shell in water
has been reported, which results in a steep and monotonic
increase in the coordination number of water molecules.29,30

All these effects give rise to a rich phase behavior of aqueous
soft matter samples under high pressure.

For concentrated colloidal suspensions, only a few
pressure-assisted studies have been reported so far. These deal
mainly with colloids in apolar solvents.31–33 To our knowledge,
only one study, performed by Okubo in the late 1980s,
describes high-pressure effects on charge-stabilized colloidal
crystallite suspensions in water.34 In contrast, several small
angle scattering studies recently reported on high pressure
effects in concentrated aqueous protein solutions.35–39 These
protein solutions are often modeled as suspensions of small
nanoparticles which provides a coarse view of the interactions
between the complex macromolecules. In those studies a
complex pressure dependence based on the change of the
water structure was found.

0021-9606/2016/144(8)/084903/9/$30.00 144, 084903-1 © 2016 AIP Publishing LLC
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Despite their importance as model systems as well as
for possible applications such as photonic crystals,40 little
is known on the effect of pressure on colloidal crystallites
in aqueous suspension. Therefore, we performed high
pressure small angle x-ray scattering (SAXS) measurements
on aqueous suspensions of charge-stabilized poly-acrylate
colloids. We used concentrated suspensions of colloidal
crystallites which we expect to be more pressure susceptible
than dilute suspensions. Based on the SAXS results a complex
interplay between the compression of water with increasing
pressure and possible changes of the electrostatic interactions
is found. It is this delicate balance between different pressure
effects on the solvent and the colloidal crystallites that allows
to tune its properties by pressure application. Moreover, it
is suggested that for colloidal crystallites, which are in a
metastable state due to shear-induced melting within the
sample preparation process, the application of pressure and
the dilution with water can lead to a similar structural
state. In addition, we applied the recently developed x-ray
cross correlation analysis (XCCA) to investigate the effect of
pressure on the orientational order of the colloidal crystallites.
Here, a pressure-induced increase of the orientational order
correlated with growth of the crystallites was observed.

The paper is organized as follows. Section II gives an
overview of possible effects of high pressure on colloidal
suspensions of nanoparticles dispersed in water. Section III
describes sample preparation details, the experimental
techniques as well as details of data analysis. The following
Section IV contains the results and discussion of the SAXS
and the XCCA data. The paper ends with a conclusion in
Section V.

II. EFFECTS OF HIGH PRESSURE

Applying high pressure forces a sample into the smallest
accessible volume. One effect of pressure for aqueous colloidal
suspensions is the change of the volume fraction Φ due to
the compression of water.25 By increasing pressure, water
gets compressed thus reducing the suspension’s volume
by a factor of (1 − κT(p)∆p), where κT(p) is the pressure-
dependent compressibility of water, and ∆p is the pressure
difference between pressure p and ambient pressure. This
results in an enhanced particle concentration. To describe
this pressure-dependent volume fraction Φ(p) we consider a
simple compression model

Φ(p) = Φ0
1

1 − κT(p)∆p
, (1)

wherein Φ0 is the volume fraction at ambient pressure. This
model assumes that the particle volume is not changing with
pressure which is valid for our samples and verified in the
experiment (see Section IV).

For colloidal crystallites suspended in water and
containing water molecules in the unit cell, the compression
of water will result in a reduced lattice constant. The relation
between the volume fraction of spherical particles of average
volume



Vsph

�
, i.e., the fraction of space occupied by the

particles within the crystal lattice, and the lattice constant in

case of a cubic system with lattice constant a reads

Φcryst(p) = N ·


Vsph

�

a3 . (2)

Here, N denotes the number of particles within the unit cell.
In case of a face-centered cubic (fcc) unit cell one obtains
N = 4. The index “cryst” indicates that Φcryst refers to the
volume fraction within the crystallites and not to the whole
suspension.

For aqueous suspensions, additional effects exist beyond
the change of the suspension’s density. These pressure effects
are based on the electrostatic properties of water and of
the charge-stabilized particles. Applying pressure on colloids
in water can result in an effective change of the particle
interaction strength and thus in a pressure-induced modulation
of the particle spacing. The pair interaction potential between
charge-stabilized colloidal particles is often well described
by a hard sphere repulsion and the repulsive part of the
Derjaguin-Landau-Verwey-Overbeek (DLVO) pair potential41

which reads

urepuls(r) = e2

4πϵ0ϵ r(p) ·
Z2

eff(p)(
1 + 0.5 σ

λD(p)
)2 ·

exp
(
− r−σ
λD(p)

)
r

. (3)

Here, r denotes the interparticle distance, e the elementary
charge, σ the particle diameter, ϵ0 the vacuum permittivity,
and ϵ r(p) the pressure-dependent dielectric constant of water.
The effective charge Zeff(p) of the particles can be as
well pressure-dependent. The Debye screening length λD(p)
=


(ϵ0ϵ r(p)kBT)(e2 

i niz2
i )−1 characterizes the strength of

the decay of the electrostatic interaction. T and kB denote the
absolute temperature and Boltzmann’s constant, respectively.
The screening length depends on the number density ni of all
ion species i and their valence charge zi (counter-ions, added
co-ions as well as the contribution of dissolved and dissociated
carbon-dioxide42) and in particular on the pressure. The
validity of Eq. (3) and the underlying assumptions involved
for the poly-acrylate samples used here was demonstrated
by recent SAXS and x-ray photon correlation spectroscopy
measurements.43

In order to understand the effects of hydrostatic
pressure on charge-stabilized colloids two aspects have to
be considered. First, the dielectric constant ϵ r(p) of water
increases with increasing pressure.26 Following Eq. (3), this
change affects the Debye screening length λD(p) and results
in an initially steeper decay of the pair interaction potential
with increasing pressure that is similar to an increase of
the ion concentration within the solvent.31,34 Second, the
effective charge Zeff(p) might increase if the pressure is
enhanced resulting in an opposite behavior to the change
of the dielectric constant. This effect is based on the fact that
water molecules are packed more densely close to charged
surfaces.44,45 This electrostriction effect leads to an increased
local water density and thus reduces effectively the volume.27

A dissociation of counter-ions from the surface of colloids
and thus an increase of the effective number of charges
can lead to an increased repulsion between the colloidal
particles and hence to an increase of the average interparticle
distance. Thus in total, in case of crystallites made out of
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charge-stabilized colloids, Φcryst will therefore decrease,
whereas the total volume fraction Φ of all colloidal
particles within the suspension will increase with increasing
compression of water.

Finally, for pressures close to 2000 bars, the molecular
structure of the water network starts to change which
results in extrema of the diffusion coefficient46 and shear
viscosity.47 More precisely, a steep and monotonic increase
of the coordination number was reported resulting in a
volume reduction in water, which can be attributed to the
penetration of non-hydrogen bonded water molecules into the
first coordination shell.29,30 This change of the water structure
can have an additional effect on the pair interaction potential
as was shown for concentrated protein solutions.35–39 For
these, the interaction potential becomes more attractive close
to 2000 bars and above which was assumed to be based on
an effective screening of the repulsive interactions due to
structural changes of water.

III. MATERIALS AND METHODS

The colloidal samples consisted of charge-stabilized poly-
acrylate (PA) particles suspended in water. The particles
were synthesized by radical emulsion polymerization.48 A
copolymerization of 1H,1H,5H-octafluoropentylmethacrylate
(ABCR GmbH & Co KG, Germany) and methacryloxy-
methyltrimethylsilan (ABCR GmbH & Co KG, Germany) was
performed at a temperature T = 60 ◦C. To initiate the emulsion
polymerization process, K2S2O8 (Merck KGaA, Germany)
was added, introducing charged sulfate groups. To facilitate
the synthesis, a redoxsystem consisting of NaSO3 (Fluka,
Switzerland) and (NH4)2Fe(SO4)2 (Fluka, Switzerland) has
been used. Further details of the synthesis can be found in
Ref. 43.

Two batches of colloidal particles, called “sample A”
and “sample B” in the following, were synthesized with
different effective charges (ZA = 213 e−, ZB = 124 e−), based
on the deprotonation of surface sulfate groups, determined
using a particle charge detector (BTG Muetek GmbH), and
slightly different particle radii (⟨RA⟩ = (86 ± 1) nm, ⟨RB⟩
= (79 ± 1) nm) and particle size polydispersities (∆RA/ ⟨RA⟩
= 4%, ∆RB/ ⟨RB⟩ = 3%) determined by SAXS (see below).
The suspensions were concentrated and stored for more than
two years in a vessel of 40 ml volume. In this time colloidal
crystallites were formed within the whole vessel that can be
recognized via the diffraction of visible light resulting in a
colored, shiny appearance.

From these two batches pressure-dependent small angle
x-ray scattering patterns were recorded. Therefore, a small
volume of these suspensions was taken with a pipette from
about the upper third part of the stock solution that showed
colloidal crystallites, i.e., no sediments from the ground of the
vessel were used. These specimens were carefully filled into
special sample carriers of 1.8 mm thickness used for the high
pressure setup. In addition, a diluted sample was prepared
from the stock solution of sample A by diluting four fractions
(vol. %) of it with one fraction of deionized water in a test tube.
The so prepared suspension was filled as well in a sample
holder. When filling the suspension, it is very likely that

part of the crystallites was molten by shear forces. Although
samples were used immediately after filling for the SAXS
measurements, the time from filling the sample suspension into
the SAXS holder to the beginning of the experiment was longer
than the time needed for crystallite formation of samples of
the given size and surface charge which is several seconds.49

Due to this procedure we assume all freshly prepared samples
to be homogeneous and to exhibit no sedimentation within
the experimental time, i.e., no height dependence present
of the sample in the actual sample holder. The resulting
volume fractions Φcryst of the crystals were obtained via
Eq. (2) from the lattice constant and gave Φcryst = 0.17 for the
concentrated aged sample A, Φcryst = 0.12 for the diluted
sample A, and Φcryst = 0.07 for sample B. It has to be
noted that besides homogeneous nucleation of the crystallites
in the bulk, these can be also formed by heterogeneous
nucleation on the polyimide windows as was reported for
sample containers of similar dimension than the SAXS sample
holder used here.49 The formation process of such crystallites
is, however, quite complex. Here, we are focussing on the
role of pressure in general on colloidal crystallites and do
not make any detailed analysis between these two types of
crystals.

SAXS experiments were performed at the P10 beamline
of PETRA III, DESY, Hamburg.50 High pressure conditions
were generated using a custom-built high pressure sample cell
that employs two flat diamond windows.51 With this sample
cell, a pressure range from 1 bar up to 2600 bars was covered.
An x-ray energy of E = 13 keV (wavelength λ = 0.0954 nm)
was used which results in an x-ray transmission of the
sample cell of about 30%. Two-dimensional scattering patterns
were recorded by a MAXIPIX detector with a pixel size of
55 × 55 µm2 placed at 5 m distance downstream the sample.52

The exposure time per pattern was 0.5 s. The size of the x-ray
beam on the sample was 10 × 10 µm2 using beam-defining
slits. After a pressure increase, a waiting time of 5 min
was applied before the corresponding SAXS patterns were
recorded to allow any kinetic changes within the sample to be
finished. The sample was moved after each pressure increase
to reduce the effect of radiation damage. SAXS measurements
were performed at an ambient temperature of T = 20 ◦C. After
the SAXS measurements, the sample holders were cleaned
with water and dried. Therefore, no measurements on long-
time effects after pressurizing the samples could be carried
out.

In a SAXS experiment, the scattering intensity I(Q⃗) is
recorded as a function of the wave vector transfer whose
modulus is given as Q = 4π

λ
sin(Θ/2). Herein, λ is the x-

ray wavelength and Θ the scattering angle. Using a two-
dimensional detector, the scattering patterns are described in
terms of Q and the azimuthal angle φ, i.e., I(Q⃗) = I(Q, φ). For
the SAXS analysis the two-dimensional scattering patterns
from the suspensions of colloidal crystallites were corrected
for the flatfield and bad pixels of the detector,52 azimuthally
averaged and the background scattering from the whole
sample cell was subtracted. The so-obtained scattering
curves

I(Q) ∝ Ppoly(Q) · S(Q) (4)
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contain the contribution from the polydisperse form factor
Ppoly(Q) of the PA particles, characterizing their size, shape
and polydispersity, and the structure factor S(Q) of the crystal
lattice. The form factor contribution was modeled by that from
polydisperse spheres using a log-normal distribution function
Dlog−norm(R) via53,54

Ppoly(Q) =
 ∞

0 Psph(Q,R) · Dlog−norm(R) · V 2
sph(R) dR ∞

0 Dlog−norm(R) · V 2
sph(R) dR

. (5)

Here, Psph(Q,R) = 9[sin(QR) −QR cos(QR)]2/(QR)6 denotes
the form factor and Vsph(R) = 4/3πR3 the volume of a spherical
particle of radius R. The log-normal distribution function gives
the best refinement of the experimental data and reads

Dlog−norm(R) = 1
√

2πσR
exp

(
− (ln(R) − µ)2

2σ2

)
, (6)

where µ and σ are the parameters describing the shape of the
distribution function. These are related to the average particle

radius ⟨R⟩ and the variance Var(R) via µ = ln
(

⟨R⟩√
⟨R⟩2+Var(R)

)
and σ =


ln(1 + Var(R)

⟨R⟩2 ), respectively. The polydispersity is

given as ∆R/ ⟨R⟩ = 
Var(R)/ ⟨R⟩. The structure factor S(Q)

is obtained by dividing the experimental curves by the refined
form factors.

To study the degree of orientational order of the colloidal
crystallite suspension as a function of pressure, angular cross
correlations from the two-dimensional scattering patterns I(Q⃗)
have been analyzed. The general definition of such an angular
cross correlation function of a two-dimensional scattering
pattern for fixed Q is given as55

C(Q,∆) = ⟨I(Q, φ)I(Q, φ + ∆)⟩φ − ⟨I(Q, φ)⟩2
φ

⟨I(Q, φ)⟩2
φ

, (7)

wherein∆ specifies the angle between two radial cross sections
through the pattern and ⟨·⟩φ denotes the angular average. As
was shown in Refs. 55–59, by performing XCCA information
on the orientational order within the sample can be obtained.
In case of a dominant underlying orientational order, C(Q,∆)
exhibits characteristic oscillations which can be described by
single cosine functions.55,56 For a less characteristic shape of
C(Q,∆), as in case of amorphous systems, the orientational
order can be determined by studying the angular Fourier
transform of the cross correlation function.57–59 For the
present case of colloidal crystallite suspensions, the cross
correlation function can be well described using the single
cosine approach.

IV. RESULTS AND DISCUSSION

A. High pressure SAXS

Figure 1 shows two-dimensional scattering patterns of the
concentrated and diluted sample A at two different pressures,
respectively.

The concentrated sample A taken from the stock solution
exhibits a mainly isotropic scattering pattern at ambient
pressure (p = 1 bar, Figure 1(a)). Clearly visible is an intense
scattering ring at Q ≈ 0.03 nm−1 from strong interparticle
correlations. At Q ≈ 0.04 nm−1 six Bragg reflections are
present. These are located close to 0◦, 60◦, 120◦, 180◦, 240◦,
and 300◦ (counting clockwise from the positive ordinate).
For larger wave vector transfers more isotropic scattering
annuli are present that stem from the form factor of
the individual particles. The Bragg reflections indicate the
presence of oriented crystallites within the suspension at
ambient conditions before pressurizing the sample whereas
most crystallites seem to be arranged randomly giving rise to
the isotropic scattering ring. These findings suggest that this

FIG. 1. SAXS patterns for the two
types of sample A: concentrated at (a)
p = 1 bar and (b) p = 2500 bars and
diluted at (c) p = 1 bar and (d) p
= 2000 bars. Intensity I (Q) is shown on
a logarithmic scale. The volume frac-
tion Φcryst refers to 1 bar. The central
part of the patterns is blocked by a
beamstop. The stripes between the four
quadrants of the MAXIPIX detector in-
dicate zero photon counts and thus ap-
pear dark in the image. For the con-
centrated sample A at 1 bar the scat-
tering pattern is isotropic except of the
six Bragg reflections at Q ≈ 0.04 nm−1

separated by 60◦ with the first reflec-
tion between the two top quadrants of
the detector. In contrast, at 2500 bars,
a clear sixfold symmetry is present. For
dilute sample A, several Bragg reflec-
tions are visible at both pressures.
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FIG. 2. SAXS intensity I (Q) of two
types of sample A for different pres-
sures p: (a) concentrated and (b) di-
luted. Solid lines are refinements of
a form factor of polydisperse spheres.
The curves are shifted vertically for
clarity.

sample is in a metastable structural state likely due to the
shear melting and not fully recrystallization.

Upon increasing the pressure to p = 2500 bars
(Figure 1(b)), the scattering pattern becomes more textured
and exhibits more pronounced Bragg reflections. A clear six-
fold symmetry is observed at Q ≈ 0.03 nm−1. This indicates
that the crystallites become more oriented with respect to
each other when the pressure is increased resulting in effective
larger crystallites.

When sample A is diluted to Φcryst = 0.12, the SAXS
pattern changes and exhibits intense scattering rings with the
most prominent one located at Q ≈ 0.025 nm−1 (p = 1 bar,
Figure 1(c)). This indicates an expansion of the crystalline
lattice. The rings are decorated with intense Bragg reflections
indicating the presence of oriented crystallites. These might
stem from both homogeneous nucleation in the bulk as well
as from wall-assisted, heterogeneous nucleation.49 Notable,
no isotropic ring is present. Increasing the pressure to
p = 2000 bars (Figure 1(d)), the Bragg reflections become
more pronounced. This indicates an increase in the fraction of
oriented crystallites in the suspension.

In order to analyze the pressure effect on the crystallite
structure in more detail, the azimuthally averaged SAXS
curves I(Q) for both types of sample A are shown in Figure 2
for different pressures. The solid lines show the results of a
particle form factor fit (see Eq. (5)) modeling the Q-range
around the second minimum of the scattering curves from
Q = 0.07 to 0.12 nm−1 which is only weakly affected by
modulations of the structure factor S(Q). For small Q the
contribution of the structure factor strongly affects the signal,
whereas at large Q the scattering intensity is low. The overall
scattering signal, however, is of such high quality that the form
factor can be extracted directly from the SAXS intensities of
the suspensions for all pressures studied. From the fits, an
average radius ⟨R⟩ = (86 ± 1) nm and a polydispersity of
∆R/ ⟨R⟩ = 4% are obtained for both concentrations of sample
A. Both values do not change with pressure, i.e., there is
no structural change of the individual nanoparticles on these
length scales, as can be also seen from the constant positions
of the scattering curves’ minima in Fig. 2. For sample B, the
average radius is ⟨R⟩ = (79 ± 1) nm and ∆R/ ⟨R⟩ = 3%. There
is no pressure dependence of the particle form factor within

the error bars showing that the particles are not compressible
under the studied conditions which is in agreement with the
assumption made in Section II.

Looking in more detail at I(Q) one can observe several
Bragg reflections below Q = 0.1 nm−1 (Figure 2). With
increasing pressure the position, amplitude, and width of
these peaks are changing, pointing to structural changes in the
samples. Dividing the scattering curves by the refined form
factors allows to access the structure factor S(Q) and thus to
study the pressure induced changes more clearly.

Figure 3 depicts the static structure factor S(Q) of both
types of sample A for different pressures. We limit our S(Q)
analysis here to the Q-range from 0.02 to 0.05 nm−1 where
three pronounced Bragg reflections are present. The first and
third ones both exhibit a shoulder each. For larger Q, peaks are
present as well of, however, smaller amplitude. The observed
structure factor is best described with that of a face-centered
cubic (fcc) phase, which is common for colloidal crystals.2,4,34

Here, the first peak and the shoulder arise from the (1,1,1) and
(2,0,0) reflections, respectively, the second from the (2,2,0)
reflection, and the third one and the corresponding shoulder
from the (1,3,1) and (2,2,2) reflections, respectively. Similar
reflections are present for sample B. These structure factors
are different from that of colloids in the liquid phase43 but
are similar to those reported for colloidal particles having
been sedimented by centrifugation and crystallized.60 It has to
be noted that also for the concentrated sample A at ambient
pressure showing the most amorphous structure the reflections
can be best described by the fcc structure. However, due to the
likely metastable state of this sample, additional contributions
from similar cubic structures might be present as well.

For the concentrated sample A (Figure 3(a)), a pressure
increase from 1 bar to 500 bars leads to an increase of
the peak heights. For higher pressures, the peak intensity
decreases slightly. There is a change of the peak widths which
become more narrow. These pressure induced changes can
arise from both changes of the crystallite structure as well as
from changes of the crystallite orientation. Determining the
average linear crystallite dimension from this width,61 one
finds an increase of it from ∼1.8 µm to ∼3.3 µm from 1 bar to
1000 bars. For higher pressures it slightly drops to a value of
∼3.0 µm. For increasing pressure below 1000 bars, the peak
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FIG. 3. Structure factor S(Q) for the
two types of sample A at different pres-
sures: (a) concentrated and (b) diluted.
The positions of the Bragg reflections
are indicated by arrows for S(Q) at
2000 bars. Curves were shifted verti-
cally for clarity.

positions shift to smaller Q-values. This would indicate that
the lattice constant increases with increasing pressure which
differs from the behavior of the other two samples and will be
discussed below.

For the diluted sample A (Figure 3(b)), increasing
pressure leads to a continuous shift of the Bragg peaks to
larger Q. This shows a decrease of the lattice constant a of
the crystallite as a function of pressure. The height of the
Bragg peaks increases and their width decreases, indicating
an increase of the crystallite size from ∼2.5 µm to ∼3.5 µm.
Similar findings hold for sample B.

With increasing pressure the peak positions and thus the
lattice constant a of the fcc structure changes as can already
be seen in Figure 3. Figure 4 depicts the pressure-dependent
lattice constant a for all three samples determined from the
peak positions. The positions were obtained by fitting the
peaks by Gaussians.

The concentrated sample A has a lattice constant of
a = (394 ± 6) nm at ambient pressure. Dilution of the sample
with water leads to an increase of it to a = (440 ± 8) nm,
which indicates that the crystallites’ unit cell gets swollen
by additional water molecules. Addition of water to the
suspension might affect the interparticle interaction between
the colloidal particles and thus enhance the interparticle
separation as well.

When applying pressure, the lattice constant of these
two samples exhibits a different pressure response. For the
dilute sample A increasing pressure leads to a decrease of the
lattice constant. In order to test whether or not this is caused
by the pressure-induced compression of water the simple
compression model is used. The solid lines show the pressure-
dependent lattice constant employing Eqs. (1) and (2). Within
the experimental errors, the data follow this curve. This shows
that for the dilute sample A the next neighbor distance inside
the colloidal crystallites decreases with increasing pressure
when the water density increases.

In contrast, the lattice constant of the concentrated
sample A shows a more complex behavior. For pressures
up to 1000 bars, a increases and thus does not follow the
compression model. For higher pressures, the lattice constant
is nearly constant and is similar to that of the diluted sample.

The SAXS data taken for the concentrated sample A under
ambient pressure indicate the non-equilibrium, anomalous
state of the sample. Instead of strong Bragg peaks a rather
isotropic ring of scattering is observed accompanied by a
small, compressed lattice constant of a = (394 ± 6) nm. Due
to potential shear melting of the crystallites by injecting the
sample into the SAXS sample holder, possibly a metastable
state has been formed which did not happen for the other two
samples. This structural states exhibits similarities to those
found in crystallized sediments of colloidal particles due to
centrifugation.60 Addition of water leads to an increase of
the lattice constant. A similar effect is present when applying
pressure to the concentrated sample. The average crystallite
size for both sample A specimens is of similar order and
increases with pressure. For pressures close to 1000 bars, the
lattice constant for both samples has the same value indicating
that a similar final state is reached. This finding resembles the

FIG. 4. Lattice constant a as a function of pressure for all samples studied.
Solid lines indicate the simple compression model.
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expansion of sedimented and crystallized charged particles
reported previously.60 Our results indicate that application of
pressure and dilution of the sample can counter-balance the
effects of the shear-induced formation of a metastable state in
this sample.

Sample B, which was also stored for more than two
years, does show strong Bragg reflections already at ambient
pressures indicating the presence of colloidal crystals. We do
not observe an anomalous pressure behavior similar to the one
of the concentrated sample A as this sample follows the simple
compression model. This indicates that subtle changes of the
interaction potential and particle concentration can affect the
presence of metastable states of colloidal crystallites.

For dilute sample A and sample B the pressure-induced
change is reversible. For the concentrated sample A this
measurement could not be performed due to limited beamtime.

A possible reason for the anomalous pressure effect in
sample A could be the insertion of water molecules into the
crystallites unit cell. This might lead to a swelling of the
crystallite and an increase of the lattice constant. An increase
of the effective particle charge Zeff by deprotonation of surface
sulfate groups with pressure up to 1000 bars might take place
in addition that may lead to electrostriction of the water
molecules in proximity of the particles’ surface.27 Such a
pressure-induced increase of the particle charge enhances the
Coulomb repulsion and thus could lead to larger interparticle
separation and consequently a larger lattice constant as well
as increase of ordering between the colloidal particles. We
note furthermore that the mixing with water changes the
effect of pressure on the colloidal crystallites significantly.
This points towards a complex dependence on the properties
of the solvent. Dilution by the addition of water besides
simply swelling the sample may change the dissociation
equilibrium of surface sulfate groups such that all of them
are already deprotonated. Increasing pressure thus would not
change the surface charge but only lead to a compression
of the solvent. It is evident that additional theoretical
models are needed to confirm this possible mechanism
beyond the effect of the pressure-induced compression of
water.

It remains to repeat that the pressure-dependence of
colloidal crystallites can be well described by the simple
compression model. Increasing pressure leads to a decrease
of the lattice constant as the water gets compressed. This was
demonstrated for the dilute sample A and sample B. Thus, it is
possible to fine-tune the lattice spacing of colloidal crystallites
by application of pressure in the kbar-range.

B. High pressure XCCA

Information on the pressure dependence of the colloidal
crystallites beyond the static structure factor can be obtained
by analyzing the angular correlation functions C(Q,∆).
This is demonstrated for sample A (concentrated) which
shows the strongest change of the SAXS patterns. Figure 5
shows C(Q,∆) for different pressures from p = 1 bar to
p = 2000 bars. The correlation functions were calculated for
Q at the first peak of the structure factor consisting of the
(1,1,1) and (2,0,0) reflections.

FIG. 5. Angular correlation functions C(Q,∆) for sample A (concentrated)
at different pressures. C(Q,∆) were determined at the vicinity of the first
peak of the structure factor S(Q). Fits to C(Q,∆) using single cosine func-
tions are shown as well. The cross correlation analysis was performed for
Q = 0.028 nm−1 (1 bar, 250 bars), and Q = 0.026 nm−1 (750 bars, 2000 bars)
with an increment of ∆Q = 0.001 nm−1. Different Q had to be chosen as the
peak positions shift with pressure.

For p = 1 bar, the angular correlation function indicates
a weak underlying four-fold orientational order which can
be described by a single cosine function. Thus, although the
two-dimensional scattering pattern looks isotropic for this
Q-value (Figure 1(a)) the cross correlation analysis reveals an
underlying weak four-fold order. Note that it has been checked
that this four-fold symmetry is not due the quadrant structure
of the detector but results from the sample.

Increasing the pressure to p = 250 bars, the form of
C(Q,∆) changes to that of six-fold order. In addition, the
amplitude of C(Q,∆) increases. Between 250 bars to 750 bars,
the amplitude increases even more and the six-fold symmetry
becomes more pronounced. For pressures as high as p = 2000
bars, the six-fold symmetry persists with similar strength.

The six-fold symmetry at the first maximum for pressures
from 250 bars can be understood by the presence of the (1,1,1)
reflection. This Bragg reflection refers to lattice planes having
six-fold symmetry. The reason for the presence of weak four-
fold order at ambient pressure for the first maximum of S(Q)
is not so obvious. This sample exhibits a more amorphous
structure in comparison to the diluted one. The four-fold order
might stem from contributions of (2,0,0) reflection at this
Q-value whereas no six-fold order from the (1,1,1) reflections
can be seen. However, additional cubic structures might
be present which could give a similar weak signal. This
weak four-fold order thus again supports the finding that
this sample has been in a metastable state before pressure
was applied. Note that for the (2,2,2) reflection a six-fold
symmetry can be found which underlines again the dominance
of the fcc structure ((Fig. 1(a)), XCCA data not shown). As
the amplitude of the angular correlation functions C(Q,∆) is
small at 1 bar, the colloidal crystallites are eventually more
randomly distributed within the suspension. This changes
with increasing pressure, as the six-fold symmetry of the
scattering patterns increases. For the other reflections, the
XCCA signal is in general weaker but also shows an increase
of orientational order with pressure (data not shown). This
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reflects a higher preferred orientational order between the
crystallites, i.e., these show a non-random orientational order.
Thus, the XCCA data suggest a pressure induced effect similar
to an increase of crystallite alignment starting from 250 bars
and continuing up to 750 bars and thus accompanying the
sample changes into a different structural state. For higher
pressures, the orientational order does not change any more.

The observed orientational order for concentrated sample
A exhibits a similar pressure dependence as the previously
discussed lattice constant and of the average crystallite size,
i.e., a pronounced change within a pressure range from 1 to
750 — 1000 bars and only a weak change for higher pressures.
The sample that was in a less-ordered state before becomes
more ordered by application of pressure. This hints to a
common pressure-dependent mechanism that affects both the
interparticle interaction and the orientational order between
different crystallites. This possibly leads to a slightly pressure-
induced growth of crystallites favoring orientational order.
Overall, the findings indicate a pressure-induced change of
the crystallite structure from a metastable to a stable state.

V. CONCLUSION

The effect of high hydrostatic pressure on colloidal
crystallite suspensions made from poly-acrylate particles
was studied for the first time by SAXS. As these charge-
stabilized particles are suspended in water, a complex pressure
dependence of the crystalline properties and the orientational
order within these samples is observed. This was shown for the
fcc structure based on the changes of the structure factor peak
and the lattice constant as pressure was applied and points
to a delicate interplay between water compression, swelling,
and changes of the electrostatic properties of the colloidal
crystallites.

For the dilute sample A and sample B the water
compression seems to be the dominant mechanism as the
results can be explained very well in terms of the simple
compression model introduced. Increasing pressure thus
reduces the crystallites’ lattice constant and allows to tune
their properties. In contrast, the most concentrated sample
(concentrated sample A) deviates from this simple model
and shows for pressure up to p = 1000 bars the opposite
effect indicating the presence of a metastable state. For this
particular sample being most likely in a metastable state
induced by shear-induced melting, the addition of water and
the application of pressure seem to result in a similar final
structural state. These structural changes are similar to the
expansion and crystallization of charged colloidal spheres.60

Future studies might focus on colloidal samples sedimented
by gentle centrifugation to avoid the long-time storage.

As discovered by the XCCA technique, application
of pressure can increase the orientational order between
the colloidal crystallites. This was demonstrated for the
concentrated sample A which showed that XCCA is more
sensitive to structural changes than the conventional SAXS
analysis. The observed increase of the preferential ordering
from a mostly random configuration sets in the same pressure
range as the pressure-induced expansion of the lattice constant
and crystallite growth hinting to a common mechanism.

One possible explanation for the anomalous findings of
the concentrated sample A that is likely to have been in a
metastable state is a pressure-induced swelling and a change
of the effective particle charge resulting in an increased
lattice constant. As was pointed out, changes of the ionic
properties might be favored by pressure differences. Similar
mixing sample A with water might induce changes in the
suspension’s ionic properties. The pressure response for the
concentrated sample at p = 1000 bars could be understood by
an increase of the effective particle charge with pressure due to
electrostriction of water up to 1000 bars. For higher pressures,
all ionizable groups on the particle surface might be ionized
and, thus, a further increase of pressure will not change it,
leaving the compression of water the dominant contribution.
In addition to these effects, the changes of the molecular
water structure setting in at 2000 bars might affect the
colloidal crystallite suspension as well. For a complex pressure
mechanism based on the systems’ electrostatic properties more
elaborate models are needed.

Our study shows that high pressure has a complex
influence on charge stabilized colloidal systems that depends
on the solution’s properties. The most dominant effect is the
pressure-induced decrease of the lattice constant that is due to
the compression of the solvent. Based on this finding, it should
be possible to fine-tune the crystallite structure by pressure
and the suspension’s characteristics. These manipulations
might be of relevance for applications in photonic crystals
based on colloidal crystals. As the wavelength acceptance of
these depends on the lattice constant,62,63 pressure application
might be a tool to manipulate it in a desired way. Contrary,
the wavelength acceptance of these crystals might be used
for pressure detection and thus colloidal crystals might be
employed as pressure sensors.
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