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interface is studied by specular neutron reflectivity. The reflectivity data clearly show that the suspensions
develop a damped, oscillatory concentration profile in the normal direction to the interface. The wavelengths
of these oscillations agree well with those independently determined by direct force measurements in the

slit-geometry. The reflectivity data further demonstrate that the oscillatory structure persists over several
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Introduction

Interactions between colloidal particles and water-solid interfaces
are relevant in a broad range of applications, particularly, in
material science, food processing, medicine, or environmental
engineering." ® Several aspects in these processes remain poorly
understood, and therefore this topic continues to represent an
active research field. A well investigated situation concerns the
interaction between charged particles and an oppositely charged
interface.>® In this case, particles deposit rapidly to the substrate
due to attractive double layer forces, and form irreversibly bound
saturated monolayers with a liquid-like structure.” These lateral
structures were analyzed in terms of the random sequential
adsorption (RSA) model in detail.>® The situation, when the
particles are like-charged as the substrate, is less well investigated.
At lower salt concentrations, particles will not deposit to the surface
due to repulsive double layer forces, but deposition may occur at
higher salt levels.>® In the latter situation, thick and porous layers
may form due to ripening.

Direct force measurements have recently revealed that con-
centrated colloidal particle suspensions self-organize when
sandwiched between like-charged interfaces, thereby forming
layered structures with a characteristic oscillatory profile that
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layers and that the first particle layer is separated from the interface by a particle-free region.

develops normal to the interface."”'" The wavelength /. char-

acterizing the spacing within this profile scales as
Ao gy P @)

where ¢, is the volume fraction of the particles in the bulk
suspension. This dependence occurs since the repulsive double
layers around the colloidal particles form a close-packed liquid-
like structure. Similar type of ordering was also observed by
small angle X-ray scattering in narrow slits for hard spheres and
charged particles.*>*? This structuring has been independently
confirmed in the bulk phase by scattering experiments through
the appearance of a structural peak.'®'"'*13

Numerous theoretical studies suggest that similar layered
structures should also form near isolated interfaces in hard-sphere
or charged colloidal suspensions.'®™® However, the experimental
evidence is scarce. We are only aware of two X-ray reflectivity studies
addressing this issue.”®*" While these studies indeed suggest
the formation of layered structures, variations in the particle
concentration were not reported, and for the isolated interface the
important question concerning the concentration dependence of
the wavelength as suggested by eqn (1) remains open.

The present study addresses this question by means of
neutron reflectivity. While neutron reflectivity is an established
tool to study adsorption of polymers and surfactants to water—
solid interfaces,>* >’ we are only aware of three neutron reflectivity
studies of similar surface layering, albeit in completely different
systems, namely in solutions of block copolymer micelles*®**® and
of proteins.*® Here, we exploit the potential of neutron reflectivity to
probe layered structures in aqueous suspensions of negatively
charged silica nanoparticles near a like-charged water-silica inter-
face. This technique is indeed well suited to study this system, and
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reveals the formation of layered structures near this interface.
Quantitative analysis of such reflectivity curves permits to estimate
the actual concentration profile with good confidence. In particular,
we find that the wavelength extracted from reflectivity profiles indeed
follows the dependence suggested by eqn (1).

Experimental
Materials

Silica particles were purchased as an aqueous suspension
(Ludox HS40, Sigma-Aldrich). The mass fraction of the particles
was determined by drying overnight at 110 °C to constant
weight, whereby the value provided by the manufacturer of
0.40 could be confirmed. The particle size distribution was
determined with dried suspensions with transmission electron
microscopy (TEM, Tecnai G2, FEI) and atomic force microscopy
(AFM, MFP-3D, Asylum Research). Both methods give consis-
tently an average diameter of 130 4+ 2 A and a polydispersity
expressed as the coefficient of variation of 0.17 + 0.03. The
density of the silica suspension was measured by weighing an
object of known mass and volume in the suspension (Easy Dyne
K20, Kriiss), and the density of the particles was extracted to be
2.29 g mL~" by assuming ideal mixing. The particle suspen-
sions were further analyzed at a concentration of 10 mg L™" in
1.0 mM Nacl solution by dynamic and electrophoretic light
scattering (Zetasizer Nano ZS, Malvern). From the second
cumulant method and the Stokes-Einstein relation one finds
a hydrodynamic diameter of 163 + 7 A, and by invoking the
Henry model an electrokinetic potential of —69 mV. When the
hydrodynamic diameter is calculated from ratio of the sixth and
fifth moments of the size distribution obtained by micro-
scopy,®* one finds a hydrodynamic diameter of 138 A, which
is reasonable agreement with the value measured by dynamic
light scattering reported above. A batch of silica particles,
which was also labeled as HS40, was characterized earlier
with TEM by Zeng et al.®* and Ludwig et al.** These authors
systematically find somewhat larger particle size and lower
densities, from which we conclude that the particle batch used
here is similar, but not identical, to the one described by these
authors.

Prior to use, the silica suspensions were purified by ultra-
filtration in a stirred cell (Amicon, Millipore) with ultragel
membranes with a molecular mass cut-off of 5 kg mol~* (Amicon,
Millipore) against pure water. The process was terminated when
the conductivity of the filtrate dropped below 20 uS em™*, which
was usually the case after one week. The particle concentrations in
the dialyzed suspensions were also determined by drying, as
described above. Particle suspensions of lower particle concen-
tration were prepared by mixing dialyzed stock suspension and
water by weight. The particle volume fraction was calculated by
assuming ideal mixing.

Neutron reflectivity was carried out with two similar polished
silicon blocks (hereinafter denoted as block A and B) of dimensions
85 mm x 50 mm x 20 mm each (Andrea Holm GmbH, Tann).
The thickness of terminating silica layer was measured for both
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blocks by nulling ellipsometry (Multiskop, Optrel) in air and was
found to be 23 + 1 A. The surface roughness was determined by
topographic imaging with the AFM (MFP-3D, Asylum Research),
and the root mean square (RMS) roughness was determined
as 5.0 A. Purified water (MilliQ, Millipore) was used through-
out. All experiments were carried out at room temperature
20 £ 2 °C.

Neutron reflectivity

The measurements were carried out on the GINA reflectometer
equipped with a solid-liquid cell at the Budapest Neutron
Center, Hungary. A scheme of the experiment is shown in
Fig. 1. The unpolarized monochromatic neutron beam with a
wavelength J, = 4.61 A was obtained using a pyrolitic graphite
monochromator and a cryo-cooled beryllium filter. The beam
was further constrained by two cadmium slits positioned
0.30 m and 1.30 m upstream from the sample (slit 1 and 2).
The beam is impinging the vertically positioned solid-water
interface at an angle of incidence 0 through the Si-block. The
specularly reflected beam is selected by an other slit (slit 3),
passes an evacuated flight tube, and is analyzed with a position
sensitive detector centered at an angle of 26. More details about
the instrument can be found elsewhere.**%*

Prior to each experiment, the silicon block was cleaned by
sonication in ethanol for 20 min, and then followed by an
oxygen treatment in a Pico plasma system (Diener Electronic
GmbH, Ebhausen) at a power of 200 W and a pressure of
0.2 mbar for 10 min. Cleaned blocks were stored in evacuated
desiccator prior to use. The cleaned silicon block was clamped
against a Teflon trough with a volume of about 8 mL and
sandwiched between two aluminum plates in a similar arrange-
ment as described earlier.>® The trough was then filled with the
suspension in question through an inlet port avoiding the
formation of air bubbles. The Si-block was aligned as follows.
The zero angle and the region of interest (ROI) were set on the
2D detector with the primary beam in absence of the sample.
The cell was then mounted on the 0-goniometer. The detector
angle was set to center the ROI to 0.4°. The incident angle and
the transversal position of the Si surface were adjusted relative
to the primary beam until the specularly reflected beam got
centered in the ROIL The actual incident angle was then
redefined to half of the detector angle.

F Neut Slit 1 Slit 2 .
FOmHNeLIOn Suspension Slit3

Source Ao I
8 I
- l—
Monochromator Silicon Block
and Filter
Va

cuum Tube
Detector

Fig. 1 Schematic top-view of the GINA neutron reflectometer setup. The
neutron beam is made monochromatic with a pyrolitic graphite mono-
chromator and a beryllium filter and passes through slits 1 and 2. Then it
impinges the solid—water interface oriented at an incident angle 0. The
specularly reflected beam is selected with the slit 3, and is analyzed with
a position sensitive detector centered at an angle 20. Further details
concerning the instrument are given elsewhere 34%°
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The intensity of specularly reflected neutrons was measured
as a function of the magnitude of the scattering vector g, which
was calculated as™

q= 4_n sin 0 2)
A0

Reflectivity was typically recorded during 8-12 hours for angles of
incidence 0.15-3.3°, which leads to a g-range of 0.007-0.180 A%, At
low angles, only a part of the primary beam hits the sample. The
full beam is only incident at angles above 0,,, = arctan(h/L), where
h = 0.6 mm is the slit width and L = 75 mm is the length of the
illuminated part of the sample. For angles § < 6,, the measured
intensities are corrected by a factor of sin6/sin0,, for the beam
footprint.

The spread Aqg in the scattering vector was estimated from
the relative contributions from the wavelength and the angle of
incidence, namely®”

Ag\® (Ao | (AON’
-
q /10 0
where Ao/, is the relative spread in the wavelength of about
AlolAo = 0.01, and A0 = arctan(k/D) where D = 1000 mm is the
distance between the slits. Depending on the angle of incidence,

we thus have a relative spread Ag/q ranging from 0.01-0.20,
whereby the smallest spread is found for the largest angles.*

Direct force measurements

Forces involving colloidal silica micro-particles were measured
with a closed-loop AFM (MFP-3D, Asylum Research, USA)
mounted on an inverted optical microscope (Olympus IX 73).
The silica micro-particles (Bangs Laboratories Inc., USA) with a
diameter of 5.2 pm were attached to tipless cantilevers with
epoxy glue in air. Particles were also sprinkled over cleaned
quartz substrates and then heat-treated together with the
cantilevers at 1150 °C for 3 hours. This sintering attaches the
particles, but also leads to minor shrinkage to a diameter of
4.4 pm, reduces their surface roughness, and removes the
remaining glue.*® The RMS roughness of similarly prepared
silica particles was 0.7 nm as described previously.** Immediately
prior to force measurements, silica substrates and cantilevers
were thoroughly rinsed with ethanol, subsequently with water,
then dried, and cleaned in air plasma for 20 minutes. To carry out
force measurements in the sphere-sphere geometry, a pair of
particles was centered with the optical microscope. Subsequent
approach-retraction cycles were then measured at a velocity
of 500 nm s '. The deflection signal was converted to force
profiles by subtracting the baseline and the constant compliance
region, and by considering the respective spring constants of
0.2-0.5 N m™'. The spring constant was determined from the
lateral dimensions of the cantilever and its frequency response as
described by Sader et al*° Forces obtained from about 100
repeated approach and retraction curves were averaged, leading
to a force resolution of approximately 2 pN. The resulting force
curves were block averaged further. The sphere-sphere geometry
was used to measure forces in silica suspensions. The same
geometry was used to determine the diffuse layer potential for
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the micro-particle in 1.0 mM Nacl solutions with pH near 6. In the
latter case, the force profile was interpreted within the Poisson-
Boltzmann (PB) model of the electrical double layer.*"** The forces
between the bare silica micro-particles were fitted in the symmetric
geometry, and one obtains a diffuse layer potential of —65 mV.
The calibrated probe particle was then used to measure the
diffuse layer potential of the silicon block in sphere-plane
geometry. The respective force curve was fitted with the PB
model in the asymmetric geometry, whereby the diffuse layer
potential of the probe particle was held fixed. This procedure
yields a diffuse layer potential of the silicon block of —42 mV.
These measurements thus demonstrate that the silicon block is
also negatively charged. More details on similar force measure-
ments can be found elsewhere.*>**

Results and discussion

The present study reports specular neutron reflectivity measure-
ments in aqueous suspensions of silica nanoparticles near a
water-silica interface. This interface was realized with a polished
silicon (Si) block, which spontaneously forms a thin silica (SiO,)
layer on its surface. In pure water, this silica surface acquires
negative charge. Neutron reflectivity shows a clear signature of
an oscillatory concentration profile of the nanoparticles near the
interface. Their wavelength is in good agreement with measure-
ments of the oscillatory forces acting between two silica surfaces
in the same suspensions.

Neutron reflectivity

Measured reflectivity from the bare surface in pure water is
shown in Fig. 2a. In this case, the reflectivity approximately
decreases as ¢ * as expected for a sharp interface. The profile
recorded in an aqueous suspension of the silica particles with a
bulk volume fraction of 0.10 is shown in Fig. 2b. The reflectivity
curve now features a characteristic shoulder near 0.025 A™",
This shoulder is a signature of a decaying oscillatory structure
near the interface, and the corresponding wavelength 4 can be
estimated from the Bragg condition as 1 = 2n/g &~ 250 A. Two
different silicon blocks A and B have been used in the experi-
ments, and as shown in Fig. 2, they both yield identical results
within experimental error. The reflectivity was also measured
after rinsing the cell, which was previously filled with the
particle suspension, with pure water. The observed reflectivity
curve was indistinguishable from the one of the bare substrate
shown in Fig. 2a.

The experimental reflectivity data can be interpreted quan-
titatively by means of the Abele’s matrix method, whereby we
use the algorithm implemented in Motofit.*> The scattering
intensity was corrected for the beam footprint and converted to
the reflectivity by fitting an overall scale factor and by including
a common background. Smearing of the wave vector is
included in the reflectivity calculation as shown in eqn (3).
The bare interface could be well fitted with a silica slab that is
sandwiched between silicon and water, see Fig. 2a. One extracts
the thickness of 24 + 2 A, which is in good agreement with the
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Fig. 2 Reflected intensity expressed in counts of neutrons per second
(cps) versus the magnitude of the scattering vector g in agueous suspen-
sions for two different silicon blocks A and B. Solid lines are best fits as
described in the text. The extracted scattering length density (SLD) profiles
are shown as insets whereby the distance origin is chosen at the silica—
silicon interface. (a) Pure water and (b) aqueous particle suspension of a
bulk volume fraction ¢y, = 0.10.

value obtained by ellipsometry. The roughness of the silica-
silicon and water-silica interfaces is modeled in a standard way
by means of an error function®® with an RMS roughness of 2 A
and 5 A, respectively, whereby the latter has been measured
with the AFM. The scattering length density (SLD) for silicon,
silica, and water of 2.07 x 10°° A2, 3.62 x 10 ° A2, and
~5.59 x 1077 A~? were calculated from the tabulated scattering
lengths, atomic masses, and corresponding densities.***> The
corresponding SLD profile is shown as inset in Fig. 2a.

To model the structuring of the particle suspension near the
interface, we have included into the fitting procedure the
following damped oscillatory profile of the particle volume
fraction

P(x) = Ape < cos(2nx/2) + Py (4)
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where A¢ is the difference between the maximal and bulk
volume fraction, ¢ the correlation length, and x is the distance
from the interface, whereby its origin is taken at the first peak
of the profile. Such exponentially damped oscillatory profile is
expected due to the appearance of complex poles determining
the decay of correlations in hard-sphere and charged particle
fluids.'®® To obtain a quantitative fit of the neutron data, it
was necessary to introduce a particle-free layer containing pure
water of thickness d next to the water-silica interface. Such a
particle-free layer should occur due to electrostatic repulsion
between the charged particles and the like-charged interface
and its existence has further been suggested on theoretical
grounds.”® A smooth transition between this layer and the
profile given in eqn (4) was obtained empirically by means of
an error function with an apparent RMS roughness of /8,
which was centered at x = —//4. The oscillatory profile given
in eqn (4) is then invoked for x > 0. The SLD of the suspension
was calculated from the volume fraction profile and the respec-
tive SLDs of water and silica given above by assuming ideal
mixing.

The parameters were extracted from the least squares-fit of
the experimental data, which is shown in Fig. 2b. The resulting
values are a wavelength of 1 = 252 A, a correlation length of
& =383 A, an amplitude of the oscillatory volume fraction
A¢ = 0.062, and the thickness of the particle free layer of
d =142 A. Note that the fitted wavelength is in good agreement
with the above estimate based on the position of the shoulder
from the Bragg’s condition. The calculate SLD profile is again
shown as inset in Fig. 2b. The extracted volume fraction profile
is further plotted in Fig. 3. This profile resembles the one used
to analyze X-ray reflectivity data in a similar system,*® but
contains a much smaller number of adjustable parameters,
and encompasses the expected asymptotic decay of the concen-
tration profile. We have further attempted to improve the fits
with eqn (4) by introducing a phase shift within the argument
of the cosine function, but the best fit resulted when this shift
was set to zero as given.

Fig. 4 shows additional reflectivity curves at different parti-
cle concentrations, whereby the profiles are displaced for
clarity. With increasing concentration, the shoulder in the
profiles becomes increasingly pronounced, and at a bulk
volume fraction of 0.16 a clear structural peak becomes evident.
At a volume fraction of 0.20, the structural peak becomes very
pronounced, and it is accompanied by a second peak at higher
g-values. At these concentrations, the sample probably starts to
crystallize. Colloidal crystallites were also visually apparent
in the optical microscope. Formation of crystals might be
promoted by the presence of the interface, and induce the
Bragg reflections observed. Except for this highest concen-
tration, the data can be again well fitted with the same model
as discussed above.

As evident from the shift of the shoulder in the reflectivity
spectrum, the oscillation wavelength decreases with increasing
concentration, as shown in Fig. 5a. Indeed, the wavelength
drops in a monotonic fashion from about 340 A at a bulk volume
fraction of about 0.05 to about 220 A at 0.16. As discussed in the
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Fig. 3 Self-organization of the silica nanoparticle suspension in the
normal direction of the silica—water interface. (a) Schematic representa-
tion of the suspension next to the interface. (b) Calculated volume fraction
profile normal to the interface for the conditions given in Fig. 1b.
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Fig. 4 Reflected intensity expressed in counts of neutrons per second
(cps) versus the magnitude of the scattering vector g in agueous suspen-
sions at different bulk volume fractions indicated. The profile corres-
ponding to the lowest volume fraction is plotted on the actual scale,
while for each higher concentration the profiles are always multiplied by a
factor of 10. Solid lines are best fits as described in the text.

introduction, the measured wavelength scales as suggested by
eqn (1). This relation is also shown in Fig. 5a, whereby it appears
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as a straight line in the doubly-logarithmic plot with a slope of
—1/3. The measured wavelength typically exceeds the particle
diameter by a factor of 2-3, which suggests the importance of
electrostatic repulsion in the self-organization of the nano-
particles near the water-solid interface.

The correlation length fluctuates randomly throughout the
entire concentration series with a mean and a standard devia-
tion of ¢ =304 + 60 A. The data can be well interpreted by fixing
this value to the mean. While this value remains roughly
constant, the wavelength decreases with increasing particle
concentration. As a consequence, the ratio £/ thus increases
from about 0.9 to 1.4, which indicates a progressive protrusion
of the oscillatory structure into the bulk.

The thickness of the particle-free layer is shown in Fig. 5b,
and it decreases with increasing particle concentration. This
thickness is roughly corresponds to 1/2. However, the decrease
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Fig. 5 Doubly logarithmic plots of various parameters extracted from
neutron reflectivity versus bulk volume fraction ¢. (a) Wavelength 2
together with data from direct force measurements and best fit according
to egn (1). (b) Thickness of the particle free layer d together with the scaling
law given in egn (5).
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is more pronounced than what might be expected based on
eqn (1), but one rather finds a scaling law

d o ¢, (5)

This dependence is also shown in Fig. 5b. We suspect that this
dependence originates from the electrostatic repulsion of the
nanoparticles from the like-charged interface. The decrease of
its thickness can be then interpreted through the increasing
concentration of the counter-ions and thus an increase in
electrostatic screening. The Debye length, which characterizes
the thickness of the electrical double layer, increases with the
inverse of the square root of the ionic concentrations, and thus
this relation might rationalize the exponent of —1/2.*" Our
observation of the particle-free layer is in line with recent
quartz crystal microbalance (QCM) measurements of suspen-
sions of negatively charged polystyrene nanoparticles.*® That
study concluded that near a water-silica interface a particle-free
layer with a thickness of few particle diameters is present. Such
particle-free layers were also reported in theoretical studies of
charged particle suspensions in contact with a like-charged
wall.™

We further note that the difference between the maximal
and bulk volume A¢ increases with increasing particle concen-
tration, and is comparable to the bulk volume fraction at the
highest concentration investigated.

Direct force measurements

An independent confirmation of the proposed oscillatory order-
ing can be made with direct force measurements. Forces acting
across the same silica suspensions sandwiched between sur-
faces of two silica micro-particles were measured with the AFM
in the sphere-sphere geometry. Fig. 6 shows the measured
forces F are shown versus the displacement distance D, whereby
the offset was chosen such that the piezo displacement D is
zero at the first maximum in the force profile. Their oscillatory
profile reveals a similar type of layering as suggested by the
neutron reflectivity experiments, and reflects the layering of the
colloidal particles sandwiched in between the two interfaces.
We further note that the approach and retraction force profiles
are identical within experimental error, which confirms that this
force originates from the structuring of the particle suspension,
and that these structures relax rapidly on the time scale of the
force experiment.

The forces clearly show a damped oscillatory structure, and
at larger displacements they can be well fitted with the relation

F(D) = Ae /< cos(2nD/1) (6)

where A is the amplitude of the force. Representative fits are
also shown in Fig. 6. The dependence suggested by eqn (6) is
well obeyed at larger distances, but discrepancies are observed
at smaller separations, especially at higher concentrations.
Fig. 5a compares the wavelengths obtained from the direct
force measurements with the AFM with the ones extracted from
the neutron reflectivity. Within experimental noise, the values
obtained with these two entirely independent techniques are in
excellent agreement. The correlation length extracted from the
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the displacement is defined to be zero at the first maximum of the force.
The solid line is best fit with egn (6) starting with the second maximum. The
wavelength extracted from such profiles is shown in Fig. 4a. Volume
fraction of (a) 0.025 and (b) 0.076.

force curves shows no clear trends with the concentration, and
scatters around a mean value with a standard deviation of
& =250 £ 50 A. This number is somewhat smaller, but within
the error bar of the one found by neutron reflectivity of
& =304 £ 60 A, see above. The amplitude of the force increases
with increasing particle concentration. This increase is in
qualitative agreement with the observed trend in the peak
volume fraction. Note that the use of the piezo displacement
instead of the absolute separation distance does not affect the
determination of the parameters 4 and &. This choice was made
due to difficulties in locating the precise contact point of the
two surfaces in the particle suspensions.

Very similar oscillatory force profiles were reported by von
Klitzing and coworkers.'®*>%® These authors have measured
forces in the sphere-plane geometry in suspensions of similar
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silica nanoparticles. As explained in the experimental part,
however, the batch of the particles used was probably different
from the present one. Nevertheless, the reported wavelengths
and correlation lengths were very similar to the ones reported
here. The fact that layering can lead to oscillatory forces has
further been established theoretically for hard spheres and
charged colloidal particles,'>*” as well as experimentally in
other systems, such as polyelectrolytes or micelles.**>°

The agreement between these parameters obtained from
direct force measurements and neutron reflectivity clearly
demonstrate the existence of the proposed oscillatory structures,
be it between two surfaces or near an isolated one. While the
silica surfaces of the microparticles are surely similar to the
silica layer of the silicon block used in the neutron experiments,
they may not be identical. However, it was shown earlier that the
same wavelength dependence was observed when the confine-
ment was achieved with an air-water interface, and provided the
interface is negatively charged, the influence of the type of
interface is probably minor.'**>>

Conclusions

Neutron reflectivity provides clear evidence that suspensions of
colloidal silica nanoparticles show a damped, oscillatory
concentration profile normal to a planar silica-water interface.
The wavelength of these oscillations decreases with increasing
concentration, and typically exceeds the particle diameter by a
factor of 2-3. The measured wavelengths obtained by neutron
reflectivity agree very well with the one determined by direct
force measurements with the AFM in the slit-geometry, which
suggest that in both geometries the self-organization of the
nanoparticles is governed by the same principles. The reflectivity
further indicates that the oscillatory structure persists through
few layers into the bulk and that its onset is separated from the
interface by a particle free gap, whose width is about half
the wavelength. The present study thus demonstrates that the
oscillatory concentration profile for an isolated surface has the
same characteristics as for the slit-geometry. Such oscillatory
profiles further reflect the liquid-like structuring in the bulk
suspension. On the other hand, the particle-free gap seems to be
specific to the nature of the surface. We hope that the present
experimental results can be soon confronted with detailed
theoretical models, and thus provide a better understanding of
structuring of colloidal suspensions near interfaces.
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