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ABSTRACT

Neutrons are characterised by a low absorption in many engineering materials. At the
same time the scattering cross section of light elements, such as hydrogen and deuterium,
may be large. These properties make neutron scattering experiments performed under
grazing incidence scattering geometry an excellent tool for the study of solid-liquid
interfaces. In this review we describe the basic concepts of neutron reflection and grazing
incidence scattering experiments as well as experimental procedures and sample cells.
The full power of the method is exemplified on a range of science areas, including
polymers, bio- and ionic liquid lubricants, electrolytes as well as bio-membranes or
magnetic liquids.
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List of Acronyms

NR (specular) neutron reflectivity/reflectometry
SLD scattering length density

0SS off-specular scattering

GISANS grazing incidence small angle neutron scattering
GINSES grazing incidence neutron spin echo spectroscopy
AFM atomic force microscope

MG microgel

IL ionic liquid

NP nano-particle

SAM self assembled monolayer

PS polystyrene

HA hyaluronic acid

PE polyelectrolyte

PDMS polydimethylsiloxane

LCST lower critical solution temperature

OTS octadecyltrichlorosilane

DTS dodecyltrichlorosilane

PNIPAM poly(N-isopropylacrylamide)
PDMAEMA poly(2-(dimethylamino) ethyl methacrylate)

PEM polyelectrolyte multilayer

PSS poly(styrene sulfonate)

PDADMAC  poly(diallyl dimethyl ammonium chloride)
PMAA poly(methacrylic acid)

PMETAC poly-[2-(Methacryloyloxy) ethyl] trimethylammonium chloride
VPTT volume phase transition temperature

VPT volume phase transition

PB polymer brush

FAIL fluorinated anion ionic liquid

PTFE polytetrafluoroethylene

PEEK polyether ether ketone

PC propylene carbonate

1.1 NEUTRON SCATTERING IN MATERIALS RESEARCH

Neutron scattering methods offer unique opportunities for the study of structure
and dynamics in materials. Unlike x-rays, neutrons interact with the core of
atoms via nuclear forces. The neutron has two remarkable characteristics, which
are essential for the study of solid-liquid interfaces. First, the absorption in many
engineering materials is low, resulting in a large penetration power of neutrons,
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FIGURE 1.1  Scattering geometry for NR measurements.

in particular, for silicon and sapphire. Second, the coherent scattering cross
section of deuterium is large, which allows total reflection, for example, from a
silicon-D, O interface.

In this review we explain the principles of neutron reflection (NR) mea-
surements from solid-liquid interfaces and provide experimental details on how
measurements are performed. The strength of the method is shown on a range
of scientific examples.

1.1.1 Reflection and transmission of neutrons at interfaces

NR measurements concern a neutron beam impinging at a glancing angle, «a;,
typically less than 5°, onto an interface. Specular reflection is defined as the
intensity reflected from the interface at an exit angle, af, equal to ;. The
reflected intensity is plotted versus the momentum transfer, Q, = 27” sin(¢),
with 1 and ¢ being the wavelength of the neutrons and the scattering angle
@; +ay, respectively. The scattering geometry for NR measurements is sketched
in Fig. 1.1. As Q. is small a continuum approach may be used to calculate the
NR by defining a neutron index of refraction. The wave numbers of the reflected
and refracted waves are calculated according to:

k; _cosa;

- L _ 2 1.1
" k; cosa; (1.



Material | SLD [107¢ A2

H,O -0.56

D,O 6.4

Silicon 2.1
Sapphire 5.7

TABLE 1.1 Most relevant SLD values for the study of solid-liquid boundaries.

Here k; = 27/A symbolises the wave number of the incident neutron beam
in medium one and k; the wave number inside medium two. 7 denotes the
refractive index. The neutron momentum in medium one and two is related to
the scattering potential in the respective region. Therefore, n can be calculated
from the coherent scattering length b of an isotope and its number density N:

22 22
n:\/l——Nb:\/l——SLD (1.2)
T T

The product Nb is called scattering length density (SLD, see table 1.1 for
important values). Note that the SLDs of H,O and D, O are significantly different
allowing contrast variation experiments, by solvent exchange.

Equation 1.1 allows the definition of a critical angle of total reflection cos @ =
n as well as a critical momentum transfer Q. = 47” sina, = 4VaASLD. For a
silicon-D, 0 interface Q. is 0.15 nm™.

For Q. larger than Q. the reflection coefficients are calculated as Fresnel
coefficients: ) )

Ry = s%nai—ns.ma, (1.3)
sina; +nsina;
This develops into a Q;4 decay of the reflected intensity (/ = R%) for larger O,
values.

Specular NR, is sensitive to changes in the SLD averaged over the coherence
volume of the neutron beam [1]. Assuming Gaussian roughness in the limit of
very large in-plane correlation length across an interface, the SLD profile can be
described by an error function and the reflection coefficients can be calculated

analytically:
2.2
R(Q:) = Rp(Q;)e %7 (1.4)

The decay in NR is steeper than Q~*.

For layered structures, the reflection and transmission at each interface has
to be considered. In 1954, Parratt [2] solved the problem of reflection and
transmission at interfaces by developing a recursion algorithm. Nowadays, most
fitting programs use the optical transfer matrix method [3, 4].

Fig. 1.2 depicts NRs (left panel) as well as the corresponding SLD profiles
(right panel). The black line represents the NR from a bare silicon surface,
while the red, dashed line refers to the same interface but with added Gaussian
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FIGURE 1.2 NR (left) and corresponding SLD profiles for a flat (black, solid line), rough (red,
dashed line) and layered interface (green, dotted line).

roughness. The green, dotted line is a simulation done for a flat Si substrate
with a flat, 25 nm thick, layer of SiO,. The difference in Q, values between
consecutive minima of the Kiessig fringes (for larger O, values) are a measure
of the inverse thickness d = Az—é’z of the SiO; layer.

The spin of the neutron makes it sensitive to the magnetic induction in
materials and the refractive index has to be modified by the Zeemann energy:

12
n=4/1- ;N (bruc £ bmag) (1.5)
The "+" and "-" indicates that the neutron spin is parallel or antiparallel to
the magnetic induction. As a consequence, the measured NR depends on the

. . . . . _ R"’_R‘
magnetisation in a sample and by analysing the spin asymmetry SA = & p=

the magnetic induction in the film can be extracted. The spin of the neutron
may also be at an angle with respect to the magnetisation in a film, which will
result in a partial depolarisation of the beam allowing measurement of the angle
between neutron spin and magnetic induction [5, 6]. Note that, the neutron is not
sensitive to the magnetic induction along the direction of momentum transfer.
In the absence of a magnetic field, the observed sample magnetization can be
attributed to magnetic dipolar interactions between nanoparticles (NPs) in a
magnetic fluid. By applying an external magnetic field, the magnetic response
of the NPs can be observed.

1.1.2 Off-specular and grazing incidence small angle scattering

Off-specular (OSS) and grazing incidence small angle neutron scattering (GISANS)
summarises scattering which is not specular, but still at small Q, and is sensitive
to correlations in the plane of interfaces. The scattering geometry is sketched in
Fig. 1.3. The specularly reflected intensity is indicated in red. OSS, indicated in
green, refers to intensity reflected in the scattering plane at different a; and ¢ .
All intensity scattered out of the scattering plane is GISANS, indicated by light
blue dots and in yellow.

Fig. 1.4 depicts scattering patterns taken for a micellar solution in a crystalline
fce phase in contact with single crystalline silicon. For more details on the sample
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FIGURE 1.3 Scattering geometry for OSS and GISANS experiments from the solid-liquid bound-
ary.
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FIGURE 1.4 Scattering patterns for a micellar crystal in contact with a silicon wafer. The panel
on the left hand side depicts the GISANS pattern from the cubic close packed structure. The panel
on the right hand side depicts the NR and OSS. Fig. reproduced from Ref. [7] with permission from
Springer.
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we refer to literature [8]. The left panel in Fig. 1.4 depicts a raw detector image
taken for one specific @; and A. The sample’s horizon is indicated by the orange
line and the positions of the direct and reflected beams are marked. From the
positions of the Bragg spots the cubic dense packing (fcc structure) is revealed.
Note, the micellar crystal is not textured (two-dimensional powder) in the plane
of the interface. The right panel in Fig. 1.4 shows a NR scan done at constant
A and scanning «@; and a . The specular intensity is marked by the green line
and the data from the left and right panels intersect along the black lines. The
Q ranges, O, and Q,, in the plane of the interface are significantly different. In
the right panel the Bragg peaks are smeared out. From the width of the peak
along Qy, the size of the crystallites can be extracted, while GISANS reveals the
crystalline structure [9]. Note, the faint intensity visible at positions of GISANS
Bragg peaks in the OSS results from the relaxed resolution (white ellipse, Fig.
1.4. left panel) for the NR measurements. The combination of GISANS and
OSS allows length scales from about 1 nm to 100 nm and about 10 nm to several
tens of um to be addressed in the direction of the interface, respectively. A more
detailed description of OSS and GISANS can be found in Refs. [10] and [11],
respectively.

1.1.3 Inelastic scattering

Compared to x-rays, the energy of neutrons with A wavelength is low. This
makes the neutron an excellent probe for the study of low energy excitations,
such as phonons, magnons, rotational tunneling or diffusive processes. The spin
of the neutron together with a nuclear moment can lead to so called incoherent
scattering. This scattering does not provide structural information but rather
probes the particle self-correlation function over time and allows the extraction
of diffusion constants from the Fourier transform of the line shape of the intensity
of scattered neutrons plotted versus energy, so called quasi-elastic scattering. For
details on quasi-elastic neutron scattering we refer to literature [12, 13].

Alternatively, neutron spin echo spectroscopy (NSE) probes the coherent
scattering signal derived from the Van Hove correlation function of the SLD at
two times according to [14]:

1
Scoh(Q’ T) = V <SLD(Q’ TO)SLD,(Q? T+ T))-r,ensemble (16)

The reference time 7 is an arbitrary time that is also a matter of the ensemble
averaging (indicated by the angle brackets). Furthermore, we assume the full
inversion symmetry of the expression in terms of 7 vs. —7 and Q vs. —Q, that
usually is fulfilled in all practical cases. The scattering function of the NSE
experiment is normalized to the static scattering in order to focus on the bare
time dependence:

Scon(Q, T)

_— 1.7
Scoh(Q90) ( )

Snse(Q,7) =



Then, the measured function starts at unity for 7 = 0, and decays monotonically
with a typical relaxation time Tyax(Q). From the Q-dependence, different
underlying motions are distinguished. Examples are simple diffusion (tpejax o
Q‘2) and membranes in a hydrodynamic medium (Tyejax Q‘3) [15].

Compared to structural analysis, neutron spectroscopy typically results in
reduced neutron beam intensities and longer counting times. This makes studies
of interface dynamics rare and challenging, as the sample volumes are small.
Resonant wave field enhancement in a thin film [16] under investigation or at an
interface [17] may help to overcome these limitations.

1.2 MEASURING NEUTRON REFLECTION FROM SOLID-LIQUID BOUND-
ARIES

At large facilities, neutrons are produced either by fission or spallation. Both
methods provide high energy neutrons which are moderated to match their ener-
gies suitable for the study of interfaces. Fission typically provides a continuous
flux of neutrons, while spallation normally results in pulsed beams, which has
implications for the instrumentation.

1.2.1 Angle dispersive and time of flight reflectometry

Elastic neutron scattering experiments rely on the measurement of the scattered
intensity versus momentum transfer Q, depending on the scattering angle and
wavelength. For angle dispersive NR, a monochromatic neutron beam is used
and Q is scanned by changing the incident and exit beam angles. To measure
the specular NR, the method requires counting each Q. value separately. Al-
ternatively, a pulsed beam may be used and the wavelength may be determined
by evaluating the time of flight (TOF) of the neutrons from the source to the
detector. In this mode, a range of Q. values can be measured simultaneously for
one incident beam angle. For most cases, TOF measurements allow faster data
acquisition, as the spectrum of the neutron moderator compensates for the steep
decrease in NR at larger Q values.

1.2.2 Liquids cells for interface scattering

Compared to synchrotron x-ray facilities, neutron sources provide a much lower
brilliance. To optimise the incident neutron flux, relatively large samples are
required. For interface studies, the beam impinges onto the sample under a
shallow angle resulting in a large interface area intercepting the neutron beam.
As an example, a beam of 0.5 mm width impinging onto a sample at an angle of
1° results in a beam footprint on the interface of about 3 cm.

To enable the investigation of solid-liquid interfaces dedicated equipment
is required, which allows the transmission of a neutron beam through a solid
substrate and reflection from a liquid boundary. The neutrons are typically
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transmitted through a silicon or sapphire crystal of rectangular shape and a
thickness of about 1 cm, to ensure the same path length for all neutrons. The
surface area of the crystals is typically 25 - 100 cm?, which requires sophisticated
polishing procedures to achieve the required surface roughness of less than 1 nm.
Some more details on a specific solid-liquid cell for NR studies can be found in
Ref. [18].

As alarge dynamic range needs to be measured in NR, a particular challenge
is background, which may arise from the crystal as well as from the liquid sam-
ple. Typically, liquids contain significant amounts of hydrogen, which scatters
strongly incoherently, leading to an enhanced background for the reflectometry
measurement. To overcome this challenge, a low background liquid cell with
reduced liquid thickness that minimises incoherent scattering from the liquid
sample has been developed [19].

1.2.2.1 Electric fields

The application of electric fields requires that the active interface under investi-
gation should in principle act as an electrode. While silicon has semiconductive
properties it is experimentally easier to provide a reproducible applied potential
using the gold films commonly used in NR; a consequence of this is that the
cell design should allow a small portion of the gold coated silicon block to be
exposed outside the liquid enclosure. This has led to the use of O-ring or gasket
designs, not unlike those in conventional liquid cells. The cell design used for
the electroresponsive interfacial self assembly of ionic liquids (IL) is depicted
in Fig. 1.5 [20].

To provide a uniform electric field across the cell, and perpendicular to the
interface, the gasket should seal against a counterelectrode opposite the working
electrode (gold surface). A convenient material for this purpose is conductive
glass since it is relatively inert, but also provides the opportunity for visual
inspection of the cell, for example to detect bubbles or deterioration of the gold
surface. It also assists when filling the cell since the wetting of the liquid can
be followed, and for liquids with differences in refractive index it is possible to
observe "plug flow" replacement of the liquid contents. It is recommended that
a C-V Current-Voltage experiment is performed either before or after (or both) to
ensure that the system is inside the electrochemical window expected. To avoid
embarrassing incidents such as the "in operando study of the electroplating of
glass with gold" it is advisable to monitor the current using the potentiostat
employed to apply the variable electrical potential.

1.2.2.2 Confinement

The study of soft matter films under mechanical confinement was originally
made possible by the development of the Surface Force Apparatus [21] and the
Atomic Force Microscope (AFM)[22, 23]. While these techniques procure accu-
rate interaction forces at different separations, their ability to provide structural
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FIGURE 1.5 Electroresponsive NR cell. Reproduced from ref. [20] with permission from the
Royal Society of Chemistry.

Parts: A, I: aluminium outer shell. B: PTFE seat for C: gold coated Si block. D: PTFE gasket. E:
counterelectrode (glass). F: Kalrez gasket. G. PTFE spacer unit. H: PEEK recessed plate. Features:
1: water cooling. 2: exposed corner of block for wire attachment. 3: truncation of gasket (wire
accommodation). 4: extension of counterelectrode for wire attachment. 5-9: Liquid channels for
filling/liquid exchange. 10-12: syringe ports. 13: locator bolts for beam mounting. 14: Window
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information is limited. Further insights beyond the measurement of forces and re-
solving near-interface structures has been a challenge until recent developments.
One of the main difficulties of combining surface force measurements with other
information has been to achieve a reproducible confinement within the limits
of the employed technique (geometry, sensing probe, etc.). A breakthrough in
this direction was the development by Cosgrove and collaborators [24, 25, 26]
of a confinement device operated in NR. This setup required two quartz plates
between which the sample was placed, while the pressure was controlled by a hy-
draulic ram. A number of variations of the confinement cell has been proposed
since then [27, 28]. However, these setups were bounded by several aspects
that limited an improvement of the distance between the plates: the long range
waviness of the plates, the proneness to misalignment of the opposing surfaces
and the presence of dust. A new improvement was recently achieved thanks to
a design by de Vos et al. [29], where the applied pressure can be set between 1
to 10 bar. In the new setup (see Fig. 1.6), one of the rigid plates was replaced
by a flexible membrane (Melinex® 401, DuPont, Teijin Films), characterized by
a flat surface, excellent mechanical properties and high chemical homogeneity
(SLD = 2.53 - 10°° A~2). Under pressure, the membrane is able to adapt to
the long-range waviness of the opposite surface and bend around any deposited
dust, thus improving control of the separation between the surfaces and the con-
finement of the sample. The improved version of the confinement cell has been
successfully used for a number of investigations trying to elucidate the structure
of soft matter systems under confinement: poly-electrolyte multilayers [30, 31],
polymer brushes (PBs) [32, 33, 34] and mucins films [35]. Also, the modified
device has been tested for GISANS experiments and different geometries at the
Institute Laue Langevin (Grenoble, France) in preparation for a new development
of the confinement cell that will implement shear. Despite the achievements, the
limitations of the device have been shown in recent experiments [35] where low
confinement pressures are required. In the same way as the AFM requires dif-
ferent types of cantilevers to explore a variety of samples, the new confinement
cell will need a number of membranes with different mechanical properties to
explore confinement at different pressure ranges.

1.2.2.3 Rheology

To enable investigations of the solid-liquid interface when a deformation or
shear is applied to a liquid, rheometers have been adapted to the needs of
NR measurements [36]. As large areas are probed, a cone-plate geometry is
preferable to ensure a constant shear rate across the interface. For volatile
liquids or solvents, a solvent trap may be used.

A sketch of a rheology adapter is shown in Fig. 1.7. The key modification to
the rheometer is at the base plate (non rotating surface). To allow the neutron
beam to impinge on the liquid interface, a thick and large silicon substrate is
clamped to an aluminum holder. This holder is designed to fit the standard
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FIGURE 1.6 Sketch of the confinement cell developed for NR experiments.
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FIGURE 1.7 Sketch of the geometry for combined NR and rheology experiments.

fixation of the base plate of the rheometer and attached to the water or nitrogen
cooled base. For additional temperature regulation, a Peltier element is located
directly under the silicon crystal. An advantage of this design is that the solid
substrate can be changed easily in order to allow different materials and surface
terminations. In combined rheology and reflectometry measurements, Q, is par-
allel to the shear gradient. Off-specular and GISANS probe in-plane structures
along or perpendicular to the flow by using a center or off-center beam geometry,
respectively.

Most rheometers can apply both continuous or oscillatory shear to probe
viscoelastic properties. In the oscillatory mode, a periodic stress is applied to a
sample and cyclic neutron experiments can be performed by registering the time
the neutron scatters from the sample together with the stress state. This approach
allows a histogram of the neutron events with respect to the stress applied to the
sample, with time resolution down to ms [37].

1.3 THE SOLID-LIQUID BOUNDARY INVESTIGATED BY NEUTRON
SCATTERING

NR can be applied to a wide range of solid-liquid boundaries. In this chapter we
review some recent results.
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1.3.1 Hydrodynamics and lubrication

1.3.1.1 Depletion

With improving experimental sensitivity a debate on the nature of the solid-liquid
boundary emerged and, in particular, whether a liquid in contact with certain
solids may locally change its density. Such boundary effects are of high relevance
for interfacial water, which plays a key role in biological processes [38] as well
as for the design of microfluidic devices [39]. The study of different model
hydrophobic surfaces in contact with water has lead to controversial results on
whether a density depleted layer of water exists [40]. To quantify potential
depletion effects, the so called depletion distance was defined:

daepl = / (1 - &) dz (1.8)

Phbulk

with p the density of the liquid. NR provides a direct measure of densities and
the depletion distance. From a NR study on a spin coated polystyrene (PS)-
D, 0 interface, a depletion distance of 2.6 A was extracted [41]. However, a
reproduction experiment with a freshly prepared PS surface (never exposed to
air) by a different group did not confirm the presence of a depleted layer [42].
It may be concluded that a depleted layer, if present at all, might occur on a
submolecular level.

The situation becomes even more complicated if the water is supersaturated
with gas, which may condense at the hydrophobic substrate [43]. Indeed such
condensation was detected experimentally in the form of nano-bubbles [44]
which were imaged by AFM [45, 46]. However, it was debated that the nano-
bubbles were actually created by the AFM tip, which needs almost direct contact
with the surface under investigation but X-ray reflectivity measurements provided
controversial results [47, 48] as well. Over time, nano-bubbles were detected
with less invasive techniques like infrared [49] and optical [50] spectrocsopy. It
is currently accepted that nano-bubbles may be produced locally at a solid-liquid
interface [51] but their time and space average and relevance for microfluidics
and cell biology is still debated [52]. Due to the large SLD of D,O and the
reported size of 50-10000 nm of the nanobubbles they may be well studied with
NR, GISANS and OSS but no evidence of time or space averaged nano-bubbles
was found following existing protocols for nano-bubble creation [53].

1.3.1.2 Hydrodynamic boundary condition

A density difference in a liquid close to a solid substrate affects the local viscosity
and the flow profile close to an interface. Similar to a depletion distance one
may define the slip length as the distance in front or beyond a solid interface at
which the velocity profile of the liquid extrapolates to zero. If one assumes a
depleted layer as the only reason for the interface anomaly the slip length can be
directly related to the depletion distance dgep) [54] and is accessible to NR.
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NR experiments were performed on hexadecane in contact to a silicon in-
terface with different coatings tuning the surface energy [55, 56]. No changes
in the density of the liquid were found close to the interface for shear rates up
to 500 s~!. In contrast to previous surface force apparatus measurements [57],
much smaller values for the slip length were found. In addition, a decreasing
slip length was reported for increasing surface energies, which contradicts the
earlier findings. Thus it seems that density depletion may not explain interface
anomalies in the hydrodynamic boundary condition.

Surface anomalies in the hydrodynamic boundary condition might be related
to the conformity of lateral correlations with characteristic distances of the liquid
molecules. Interestingly, a significant difference in slip length was reported for
PS sliding past octadecyl-(OTS) or dodecyl-trichlorosilane (DTS) self assembled
monolayers (SAM) during dewetting. This is a surprising result as OTS and
DTS are almost identical molecules only differing in the length of the carbon
backbone. However, it was shown that OTS may grow with a pseudorotational
epitaxy and form an extremely well ordered SAM [58]. From a combined x-ray
and NR study, it turned out that a well ordered SAM allows the phenyl rings of
PS to enter and anchor leading to the reduced surface slip [59].

1.3.1.3 Boundary lubricant properties of ionic liquids

ILs have been proposed as potential next generation lubricants [60] since they
fulfil many criteria: They form load supporting self-assembly films at interfaces
and are (generally) chemically robust with low vapour pressure and high thermal
stability [61]. An additional attractive characteristic is that they provide the
potential for control of friction using electric fields, due to their inherently ionic
nature - so called "tribotronics" [62]. The area of electroactive friction has been
recently reviewed by Spikes [63]. The use of ILs in this context is rather recent,
and has been well demonstrated at the nanotribology level using AFM in both
pure ILs and with additives [64]. Briefly, an interface interrupts the bulk structure
of ILs, and the interfacial structuring can be thought of as akin to adsorption.
When ILs are dissolved for example in a polar oil, then the interfacial structure
is equivalent to adsorption. When this interface is also an electrode then the
application of electrical potentials to the surface results in the exchange of ions
between the interfacial layer and the bulk e.g. the composition of the interfacial
layer is controlled by the electrical bias, and in turn the frictional properties of a
contact can be controlled [64]. Since the ions are relatively large compared to
the area of surface charge sites, the ordering of the IL layers in response to the
surface charge can extend several ionic layers away from the interface [65].

NR with its ability to resolve structure/composition perpendicular to the in-
terface thus provides a unique opportunity to study the interfacial, and near
interfacial ordering of ILs, particularly as additives for example to a polar sol-
vent or model oil where there is contrast between the oil and the IL. In the pure
IL, the contrast is generally poor since the interfacial species also comprise the
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bulk liquid - however if the anion and cation have significantly different SLDs
then they can be distinguished [66]. As an additive to a model oil the IL tri-
hexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate in octane
was used and NR [67] with multiple contrasts to study the interface on an ox-
idized silicon block. It was possible to observe a thin adsorbed layer with a
temperature dependent thickness of the order of 10 A and containing around
22 mol% solvent. In contrast, gold surfaces have been used to study the elec-
troresponsiveness of the adsorbed IL layer. From a tribological perspective,
fluorinated anion ILs (FAILs) need to be avoided and here we address anions
based around orthoborate anions [68], with either phosphonium or imidazolium
cations. The solution conditions are matched to gold by considering the SLDs
of the dissolved ions and their concentration and then mixing deuterated and
undeuterated solvent.

The interfacial film consisting predominantly of IL provides a contrast layer
and a reflectance profile consisting of Kiessig fringes. The application of a
potential within the electrochemical window changes the composition and thick-
ness of the IL interfacial layer, which in turn modifies the contrast of the layer
since the anions and cations have rather different SLDs. As an example, the
IL PBMB has an SLD of 0.5 x 10°® A2 whereas the cation has an SLD of
-0.4 x 107 A2 and the anion an SLD of 2.68 x 10° A~2 [69]. Changes
in the SLD can thus be clearly related to changes in the relative numbers of
anions and cations in the layer (see Fig. 1.8). Acetone as a polar solvent did
not produce dramatic electroresponsivity but proved the principles and estab-
lished the methodology [20]. Propylenecarbonate proved a better solvent and the
deuterated version is available commercially. It was first used to demonstrate the
concentration dependence both of the layer properties and their electrorespon-
siveness [69]. The electroresponsiveness was much greater than in acetone and
at higher concentrations (20% w/w) there were many more ions in the interfacial
film than at lower concentrations. As the field was applied, the SLD of the
layer changed dramatically (at negative potentials a thin layer dominated by the
cation SLD) and at positive potentials a much thicker but more diffuse layer was
observed with an SLD more influenced by the anion. AFM was used in the same
study to demonstrate that the frictional properties change systematically with
the ion composition inferred from the NR. When the cation, which has inherent
self-assembly properties, was at the interface, the friction was lower, and as
its relative abundance in the interfacial film reduced, the friction of the layer
increased. This knowledge can be used to design responsive friction systems.

The combination of NR with vibrational sum frequency spectroscopy has
rarely been attempted, since both are extremely demanding techniques, but
when this is done the combined chemical and orientational message is very
powerful [70, 69]. It was shown that the chain length of an imidazolium IL
strongly affected the structure of the interface layer, with C10 chains forming
centro-symmetrical bilayer structures at the interface which shorter chains were
incapable of. Furthermore, it was possible to observe the changes in the orien-



16

@ 4o | . O s
10° % 0.4 4 &% 7
| 4.0
107
10% 35
10° o
@ 3.0
@ 10* °
10° E 2.5
10«6 . ]
7 _| 2.0
10 o ov —ov
s _|| o -sv I
10 A 4025V 15 | ey
10-9 —lz==nolL layer = = =no IL layer
J J T 1.0 r T T T
0.05 0.10 0.15 T ! T I
4 -120 -80 -40 ]
Q,(A") z(A)

FIGURE 1.8 Panel a: Effect of applied potential on NR for 20% w/w [P6,6,6,14][BMB] in PC
("gold matched bulk". Note that 20% is a sufficiently high concentration that a perfect match cannot
be achieved even using pure deuterated PC). The symbols are experimental data, lines are best-fits
to the data. The curves are offset to facilitate comparison and the error bars reflect the standard
deviation. The dashed line indicates the expected reflectivity in the absence of an interfacial IL
layer. Inset: Asymmetry plots AR = [Ry (Qz) — Ro(Qz)]/[Rv (Qz) + Rp(Q)], indicating the
change in reflectivity upon applying a potential, compared to the data at 0 V. Panel b: SLD profiles
obtained from the fits to a single layer model. z=0 corresponds to the gold-solution interface. At
negative potentials the SLD of the layer decreases since the cation has a lower SLD, indicating a
consolidation of cations in the layer. At positive potentials there is a clear change in the structure
with broadening as well as a reduction in SLD, indicating a change in the interfacial structure as
well as a higher anion content. Reproduced from ref. [69] with permission from the Royal Society
of Chemistry.
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tation of the (positively charged) imidazolium ring at the interface as the surface
potential was adjusted.

Finally, as a molten salt, contamination by water is a significant problem,
and this is predicted to affect the nanotribological response of the interface,
depending on the location of the water molecules, which of course adapts to the
(voltage dependent) IL ordering [71]. Because of this, all the electroresponsive
experiments were prepared in a glove box with RH < 10% and the samples dried
in a vacuum oven prior to use. However, to mimic the effect of water, D,O
can be added to the solutions to see how this affects both the water content
and the interfacial ordering/layering. As the only species with an SLD greater
than that of the gold and the gold matched bulk, its presence and location
could clearly be identified in the SLD profile. Interestingly, the presence of
water appears to favour the formation of discrete layering and assist the so
called crowding structure predicted for pure (dry) ILs [65]. This information
explains the tribological observations - water reduces the lubricating ability (the
friction coefficient increases), but the electoresponsivity becomes much more
pronounced with much lower friction for the well defined cationic layers at
negative potentials.

1.3.1.4 Biolubricants

Efficient mechanisms of lubrication in the human body are essential to maintain
health for decades of lifetime. A prominent example is joint movement, where
increased friction and wear can lead to osteoarthritis, the most common muscu-
loskeletal disease in many developed countries [72]. With friction coefficients
of about 0.001 to 0.01 for operational conditions ranging from resting state to
rapid motion and low to high applied load, lubrication in natural joints far out-
performs typical artificial systems [73, 74, 75]. It is, therefore, of high interest to
elucidate the mechanisms of joint lubrication on a molecular scale, also in view
of bio-inspired improved technical solutions.

In mammalian joints, the gap in between the opposing bone ends is filled with
the synovial fluid, mainly composed of hyaluronic acid (HA), aggrecan, lubricin,
and phospholipids [74, 76]. The bone ends themselves are coated with cartilage,
which in turn is covered with a layer of phospholipids, glycosaminoglycans (such
as HA) and proteins [77]. It is widely assumed that this layer, interacting with
the synovial fluid, is the main source of highly effective lubrication.

NR measurements on confined lipid bilayer stacks indicate that, even at
pressures up to 5 bar, the bilayers are separated by a thin water layer. This
supports the relevance of lipid hydration in joint lubrication [78]. The thickness
of the lipid layer increases with pressure and the lipids seem to adopt a more
closely packed state. Combined NR, infrared spectroscopy and ellipsometry
studies show that both HA and polyelectrolytes (PE) - serving as polymeric
analogues for HA - adsorb onto the headgroups of oligolamellar lipid bilayers
and induce significant swelling of the film [79, 80]. The interlamellar distance of



18

the bilayers is well described by the interplay of associated Coulomb repulsion
and attractive van der Waals forces [80]. Compared to measurements in pure
D,0, HA and PE exposure stabilizes the lipid films with respect to temperature
increase and mechanical stress [79, 81, 82]. It is suspected that PE and HA
penetrate and interconnect the lipid layers so that a hydrogel is formed which
protects the cartilage and prevents osteoarthritis. Also, a phase transition of the
lipid layers from their gel state Pg to their fluid state L, has been observed for
increasing shear [81].

Lubricin is a linear molecule consisting of a heavily glycosylated mucin-like
core flanked by a 2-somatomedin B (SMB) domain at the N terminus and a
haemopexin (PEX) domain at the C terminus. NR studies indicate that it binds
to silicon substrates via its end domains yielding a mucin-like loop structure
at larger distance from the interface [83]. If calcium ion content is increased
from zero to concentrations higher than those in the synovial fluid of healthy
joints, the water content of the mucin regime is strongly reduced. Concomitantly,
the interfacial layer thickness significantly increases and the films roughen as
observed in AFM measurements. Combined NR and atomic force spectroscopy
measurements on mechanically confined mucin films prove their almost complete
compression and dehydration at 1 bar [84]. The importance of calcium ion
content has also been demonstrated for surface-grafted HA, where increased
ion concentrations induced a strong collapse of the HA chains, resulting in an
enhanced polymer density close to the interface [85].

As shown by selected examples, NR can provide detailed insight in the struc-
ture and composition of lubricating films in biorelevant systems. However, the
relative importance of the various compounds, potential synergistic effects, and
the detailed mechanisms of wear reduction are still a major field of research [86].
In future NR studies, deuteration of selected molecules can help to discriminate
the contribution of individual species to synergistic behavior.

1.3.2 Polymer interfaces

1.3.2.1 Polymer Brushes

Polymer decorated surfaces are getting increasingly important in many current
technologies [87]. Due to its atomic resolution, non-invasive nature and the
possibility to enhance the contrast between different components of interfacial
films or solvent and layer by isotopic replacement, NR is a powerful tool for
the structural investigation of complex interfaces. Therefore, the monomer
density profiles of end-tethered chains in solution were mainly revealed by
NR on PS brushes, first on physisorbed diblock copolymers [88, 89] and later
on (PS) brushes chemically grown from the surface by atomic transfer radical
polymerization [90, 91, 92]. PS was also used to unravel the monomer density
profile in star polymers [93] and even the chain-end distribution by appropriate
monomer labelling [94], both in deuterated tolouene as solvent.
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Another polymer used is polydimethylsiloxane (PDMS), either irreversibly
adsorbed (pseudo brush) [95] or one-end-tethered [96] onto solid substrates.
More recently, polymers undergoing a lower critical solution temperature (LCST)
like poly(N-isopropylacrylamide) (PNIPAM) were studied as candidates for
stimuli-responsive brushes, and their monomer density profiles were extracted
by NR [97, 98, 99, 100, 101] as a function of temperature in water.

Another advantage of neutrons is that many engineering materials are trans-
parent to neutrons allowing for complex sample environment making in situ or
in operando measurements possible. This enables e.g. structural investigations
of polymer brushes (PBs) under shear load. These have been mainly performed
by NR measurements on PS brushes. Initially, these studies focused on in sifu
shear in pure solvents [102, 103, 104, 105, 106, 107], where no change of the
grafted layer was observed. Later, in sifu sheared PS brushes in contact with
a semi-dilute PS solution [108] showed a reproducible retraction of the brush
from the bulk liquid under shear in line with a loss of entanglement.

Another sample environment frequently used in NR investigations of PBs
are pressure cells. The studies using these include brushes solved in super-
critical carbon dioxide under pressure [109], and the temperature and pressure
dependence of a poly 2-(dimethylamino) ethyl methacrylate (PDMAEMA) brush
which also exhibits a LCST when exposed to water [110].

Brush structures under confinement became recently accessible by NR in the
case of two brushes in close contact using a polymer membrane (see section
1.2.2.2) [32, 33] or a floating brush [111, 112].

1.3.2.2 Polyelectrolyte Multilayers

Polyelectrolyte multilayers (PEMs [113]) are thin films made of successive ad-
sorption of oppositely charged polyelectrolytes by dipping, spraying or spin-
coating from aqueous solutions.

NR is well suited for investigations of the structure of PEMs at air-solid [114]
and solid-liquid interfaces [115, 116]. Especially the isotopic labeling of at least
one of the polyions reveals that neighbouring, oppositely charged, layers in PEMs
are blended, and that the interdigitation of adjacent bilayers can be tuned during
preparation from complete intermixing to well determined layer-wise structure
[117].

NR is also used to shed light on the build-up process. For instance mix-
ing short protonated poly(styrene sulfonate) (PSS) and long deuterated PSS in
the polyanion adsorption solution and using poly(diallyl dimethyl ammonium
chloride (PDADMAC) as polycation results in PEMs with an adsorption time
dependent SLD. Short polyanions adsorb faster and are exchanged against their
longer counterparts during the adsorption process. This result is in agreement
with the higher mobility of the short chains and lower loss in entropy for longer
chains after adsorption [118]. Also a homogeneous counterion distribution
across the PEM was found [119]. Quantifying the solvent volume ratio from
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the refined SLD and swelling behaviour of the PEMs gives information about
residual water and voids as well as about possible deuterium/proton exchange
[120, 121]. Moreover, the swelling ability depends on a variety of prepara-
tion conditions ranging from polycations and polyanions used, their molecular
weight, type and strength of salt added, pH and temperature, hydrophobicity of
the outermost layer and thermal post treatment of the PEMs [116, 122].

The combination of isotopic labeling and high spatial resolution allows NR to
quantify slow diffusion processes across PEM along the interface normal, study-
ing either superposition of several repeating units or a single interface between
deuterated and non-deuterated layer stacks [123, 124]. Both approaches show
that refining the SLD, using analytic functions that solve Ficks 2"¢ law, links the
time evolution of the interfacial width between deuterated and non-deuterated
layers, with the diffusion constant along the surface normal. Subsequent studies
investigated the impact of polyion chain length, incorporated branched polyions
as diffusion barriers, initial conformation of the polyion layers and the impact
of high ionic strength on the vertical diffusion constant. Thereby the diffusion
coefficient in PEMs can be altered over a wide range (D = 10722...107 8 m3s71)
in PDADMAC/PSS-PEMs [125, 126, 127]. Similar diffusion coeflicients were
found in PEMs made from PDMAEMA and poly(methacrylic acid) (PMAA).
A systematic investigation of these PEMs revealed that the diffusion constant
scales exponentially with the (monovalent) salt concentration of the annealing
solution (D ~ ¢MNaClly [128].

Due to reversible swelling and deswelling of most PEMs, for the sake of bet-
ter contrast, lower background and less sample environment requirement, most
of these studies are carried out at the (dry) air-solid interface, but in principle
they can also be carried out at the solid-liquid interface.

1.3.2.3 Polymer brush - composites

Combining PBs and PEMs to coat interfaces has the potential to keep the
advantages of the PBs mechanical stability of covalent grafted brushes while
maintaining the flexibility to functionalize them with PEMs or nano-carriers
to design multiresponsive coatings. Consequently mutual interactions between
the compartments and compounds have to be considered. Thus, adsorption
of PDADMAC/PSS-PEMs onto the temperature-dependent PNIPAM-PBs shifts
and broadens the volume phase transition (VPT), although it does not completely
extinguish the thermal response, as revealed by NR [129]. NR serves also to
determine the amount and distribution of residual water in these composites and
the uptake can be selectively tailored [130]. The technique is also successfully
applied to investigate the spatial distribution of incorporated gold nano-particles
(AuNP) in PNIPAM-PBs and gives valuable input to explain (non-)reversible
optical response, while cycling around the VPT temperature (VPTT) [101]. It
was shown that the actual distribution of negatively charged AuNP, embedded
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in the cationic poly-[2-(Methacryloyloxy) ethyl] trimethylammonium chloride
(PMETAC) brushes, can be varied by changing the electrostatic interaction via
e.g. pH or salt during adsorption [131].

1.3.2.4 Microgels

Microgels (MGs) addressed here are hydrogel particles with a diameter of several
tens of nanometers up to a few micrometers built up of NIPAM or oligo(ethylene
glycol methacrylate) (OEGMA) units. The amount of cross-linker controls the
stiffness of MGs. The charge and hydrophobicity can be adjusted by additional
co-monomers. They show a LCST-like VPT and depending on their composition,
the VPT temperature (VPTT) can be adjusted between 20 and 90 °C. They are
spin-coated on a planar (silicon) substrates which allows control of the MG
number density by the rotation speed. The structure of densely packed layers,
i.e. the thickness, density and roughness is studied by NR against D,O [132].
GISANS allows detailed studies of the internal structure of the MGs. The
scattering curves can be described by the superposition of two functions with
two different characteristic lengths: The Ornstein-Zernicke function contains
the correlation length & (5 - 10 nm) referring to the thermal fluctuation of the
polymer network and the Debye Bueche function addressing the size 2 of frozen
inhomogeneities (10 - 100 nm). While MGs with a rather homogeneous structure
show similar values for £ and &, the difference between the two lengths increases
with increasing heterogeneity. Adsorption of the MGs stretches the network
leading to an increase in &. This flattening is more pronounced for MGs with
lower cross-linker density, i.e. for softer gels [133]. Due to stronger flattening
and stretching softer MGs show reduced dynamics of the polymer network
in comparison to stiffer MGs [134]. The dynamics are measured by grazing
incidence neutron spin echo spectroscopy (GINSES) and allows scanning the
dynamics profile perpendicular to the substrate interface by varying the angle of
incidence [134, 135]. A reduction of dynamics is detected close of the substrate
interface and increases towards the value for MGs in the bulk phase by increasing
the angle of incidence and crossing the angle of total reflection. In contrast to
MGs in bulk solutions, the reduced dynamics at interfaces suppress the critical
slowing down, i.e. divergence of &, close to the VPTT [136].

1.3.3 Colloidal particles

1.3.3.1 Magnetic nano-particles

Colloidal suspensions of magnetic particles with a size of a few nanometers are
called ferrofluids. The particles are typically smaller than the minimum size of a
magnetic domain and are therefore likely to be in a single domain magnetic state
[137, 138]. Due to thermal motion, the magnetic moments of the particles are
randomly aligned in the absence of an external magnetic field, and the fluid as
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a whole exhibits paramagnetic behavior. Usually, the nano-particles (NPs) are
suspended in a carrier fluid such as oil, water, or others and coated with ligands.
This geometry leads to competition between magnetic and steric interactions,
resulting in strong correlations between magnetic and translational degrees of
freedom. By applying an external magnetic field, the individual NPs align
their magnetic moments along the field lines [139], while the dipolar interaction
simultaneously leads to an ordering of their positions in space.

Well-ordered NP ensembles in ferrofluids can be generated by self-assembly.
Self assembly is a method that provides controllable, simple mechanisms for the
arrangement of magnetic NPs into ordered structures, which can be achieved
either through the direct interaction of the building blocks or by using a template
or external magnetic fields [140, 141, 142, 143].

To study the self-assembly of magnetic NP structures on solid surfaces under
the influence of a magnetic field, (polarized) NR is a unique tool to characterize
depth-dependent profiles of the averaged nuclear structure and the magnetiza-
tion. Quantitative analysis of (polarized) NR data in conjunction with model
calculations of the arrangement of NPs in the layers allows characterization of
the dimensions of the core/shell NPs and the arrangement of NPs in the layers
as well as the magnetization depth profile.

Several studies show that a robust, densely packed wetting layer [144] can be
generated by a variety of surface interactions, both chemical [145] and magnetic
[146], and that its properties can be controlled by various parameters such as
particle size and symmetry [147]. The structure of the subsequent layers varies
to a greater extent depending on the solution properties and the characteristics
of the surface interaction [148, 149].

The magnetic field-dependent magnetization of the individual NP layers
depends on two factors, one being the rotational freedom of the layer and the
other being the magnetization of the neighboring layers. For layers where the
NPs can rotate more freely, the easy axis of the NP can easily orient along the
field direction. With denser packing, the free rotation of NPs is hindered, and
the NP ensembles likely form quasi-domain states to minimize energy, resulting
in lower magnetization in these layers [148, 149].

1.3.4 Self assembly and model membranes

Surfactants are amphiphilic molecules, which have a strong tendency to self
assemble for higher concentrations in a solvent. This self assembly can be
well studied with neutron scattering methods and, in particular, small angle
neutron scattering is used to identify the different phases. At a solid interface
the structure and the dynamics of surfactants may change, depending on the
properties, surface energy, roughness or charge state.
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1.3.4.1 Model membranes

NR gives the density profiles of supported, tetethered or floating supported
lipid bilayers (SLBs). The first case is popular because supported SLBs can
easily be constructed from simple and reproducible methods such as vesicle
fusion. Tethered and floating SLBs often require more complicated deposition
methods such as Langmuir-Blodgett [ 150] but also improve the mimicry aspects
of these model cell membranes. The lipid head groups and acyl tail region
of the lipid bilayers can be clearly resolved since there is enough contrast due
to the distinct atomic composition between the tail and head and these are
aligned in layers parallel to the solid-liquid interface. There is even enough
contrast to distinguish, for example, protein penetration in the tail region. The
contrast, however, can be enhanced by the use of deuterated lipids. Besides
providing detailed information on the structure of SLBs themselves as a function
of composition [151, 152, 153], SLBs can be used to characterise the mechanism
of interaction with biomolecules such as peptides and proteins as well as NPs
[154]. Since NR is sensitive to the composition of the lipids in the SLBs, this
technique is very powerful to follow exchange processes and has been applied
to map lipid flip-flop and exchange processes with lipid based nano-assemblies
by using both hydrogenated and deuterated lipids [155, 156, 157]: this is not
only the total exchange but particularly how many lipids are removed versus
deposited as the amount of solvent can be deconvoluted when collecting multiple
solvent contrast data. For example, very recently NR was used to demonstrate
that the spike protein in SARS-CoV2 interacts with high lipoprotein density
(HDL) particles and that affects the HDL’s lipid exchange capacity towards
model membranes|[158].

In 2002, Pabst et al. [159] applied GISANS to follow the lamellar repeating
distance for a multilayer stack of phospholipids at a solid surface as a function
of temperature and compared to the repeating distance obtained by small angle
scattering data from multilamellar vesicles. The authors observed a smooth
swelling from 64 A at room temperature to about 68-69 °C, after which the
diffraction signal was lost due to unbinding from the vesicles, probably due to
the formation of vesicles in solution.

Later, in 2015, similar methodology was used by Jaksch et al. [160] to study
the effect of ibuprofen addition to phospholipid multilayers on a solid surface.
The data showed that as the ibuprofen concentration increased up to 25 mol%, the
disorder in the lamellar phase increases, which is evident through the appearance
of Debye-Scherrer rings probably due to tilted lamellar formation. Above 34.5
mol%, a hexagonal structure starts to appear coexisting with the lamellar phase
until only a hexagonal lattice is retained above 50 mol%. NR and GISANS
has lately been combined with GINSES to characterise both the structure and
dynamics of multilayer stacks [161, 162, 163]. For example, it was found
that increasing the NaCl concentration changes not only the water-headgroup
interface and the interlamellar distance but also the inter-plane viscosity. Using
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FIGURE 1.9 GISANS patterns for a crystalline micellar structure in contact with silicon surfaces
with different surface energy. Texture is more pronounced at the hydrophilic surface (see center
panels) and decays with increasing distance from the substrate (left to right). Fig. reproduced from
Ref. [164] with permission from the International Union of Crystallography.

this new knowledge, the dynamic behaviour of membranes can be understood
and modelled in terms of inter-plane viscosity, which strongly supports the
existence of a thermally excited mode in phospholipid membranes for close
to physiological conditions. Caselli et al. [154] combined NR, GISANS and
fluorescence microscopy to characterise the interaction of NPs with membranes
of different topology. 2D symmetric or 3D symmetric membrane topology was
modelled by the use of either (planar) multilayers of phospholipid-based lamella
liquid crystals or (curved) monoolein-based cubic liquid crystalline phase. The
authors found that the interaction mechanism for the NPs depended dramatically
on the membrane topology.

There are several review articles on the study of model membranes, for recent
examples the reader is encouraged to read Ref. [150].

1.3.4.2 Self assembly of polymer micelles

Three block polymers, consisting of polyethylene-oxide and polypropylene-
oxide, may form micelles above a critical concentration solved in water. These
micelles may self-assemble in different phases [165]. Similar to shear [166] an
interface imposes anisotropy and texture may develop in the case when crys-
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talline structures are formed [167]. The degree of texture depends on the affinity
of the micelle corona to the coating of the substrate [8]. Further it was shown
with NR that the addition of magnetic NP to the crystalline micellar solution
may result in a micro shear effect, if a magnetic field is applied, which leads to
the alignment of crystallites [168]. The depth dependence of the structure can
be directly extracted from a single GISANS measurement by using the time of
flight method, as the penetration depth of neutrons into the liquid depends on
the wavelength for a given incident beam angle. It turns out that texture is most
pronounced directly at the interface and decays with increasing distance from
it, approaching a bulk powder structure [164]. Moreover, a clear difference in
texture is seen depending on the surface energy of the substrate (see Fig. 1.9).
By combining GISANS, NR and OSS, as shown in Fig. 1.4, a wide range of
length scales can be investigated. This allows study of the formation of structure
by measuring the texture and crystallite size. First, small crystallites form at an
interface. These grow until they touch each other, which results in the alignment
of their crystal axis and decrease of crystallite size [9]. Moreover, it turns out
that a memory effect is present whether the crystalline phase is entered from
low or high temperatures. During heating, micelles cubically dense pack at the
interface, while during cooling hexagonal dense packing is reported [169]. For
highly textured crystals it turns out that additional shear reduces the layering,
which is different from bulk, where texture is introduced by the application of
shear. After the cessation of shear the crystalline structure relaxes. This process
is slower and less pronounced at interfaces where the micelles have the tendency
to form well defined layers without shear and may stick [170].

1.3.4.3 Dynamics in bicontinuous polymer systems

The molecular dynamics of a bicontinuous microemulsion adjacent to a planar
hydrophilic silicon surface was studied with GINSES. In a GINSES experiment,
the evanescent wave with a scattering depth A probes the dynamical contrast of
structures with a length A next to the substrate (typically a few 100 A), while the
scattering vector Q probes the structural length [ = % (typically a few 10 A).
Most experiments are conducted when the two length scales A and [ are very
different, and then the separation of length scales applies [171]. This means that
the dynamics at length [ is probed, while the depth A is highlighted.

At the surface, the microemulsion forms lamellar order [172]. Due to an
increasing number of perforations with increasing depth, the microemulsion is
slowly adapted to the bicontinuous sponge structure in the bulk (Fig. 1.10, inset).
The selected scattering vector Q = 0.08 A~! aims at independent membrane
motions on length scales of ~ 80 A. The measured relaxation time as a function of
the scattering depth A displays a transition from the faster near surface relaxations
to the slower bulk relaxations (see Fig. 1.10) [173]. The continuous red line was
motivated by structural measurements of the lamellar order with increasing
scattering depth. In this way, a continuous interpolation of relaxation times is
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FIGURE 1.10 The relaxation times extracted from GINSES on a bicontinuous bulk microemulsion
as a function of the scattering depth. By the evanescent wave (also indicated by the green shaded
region) the near surface lamellar structure is highlighted to a different degree, according to the
scattering depth. The NSE intensity is collected at Q = 0.08 A~!, i.e. beyond the correlation peak
from the microemulsion, in order to focus on surfactent membrane fluctuations.

achieved. The faster near-surface motions are subject to the volume conservation
of water or oil between the substrate and the first membrane or between the perfect
lamellae. This scenario is also connected to the lubrication effect that describes
a facilitated flow of lamellae along the planar substrate [174].

The near-surface dynamics of microemulsions was also studied for dispersed
clay platelets [175]. Here, the maximum length scale of membrane fluctuations
was given by the platelet diameter. This study then motivated the rheological
study where clay platelets of different diameter were dispersed in either water or
microemulsion [176]. In the flow field, the platelets are oriented along the flow
direction. The aqueous dispersion displayed a strong growth of viscosities with
increasing platelet diameter that reflects a stronger rigidity (and an additional
criticality that cannot be discussed here). In a microemulsion, the trend is
opposed due to the length scale cutoff of the membrane fluctuations (and more
obviously the lubrication effect). The achieved high viscosities are interesting for
food applications, while the low viscosities are interesting when fluids need to be
pumped in tubes. The same publication [176] also addressed the flow of crude
oils with dispersed clay, where strongly decreased viscosities were achieved at
low temperatures. The lamellar arrangement of domains of the complex fluid
"crude oil" is the explanation for that favorable behavior.
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1.4 CONCLUSIONS AND OUTLOOK

NR is a powerful method for the study of solid-liquid boundaries. This is a
consequence of the penetration power of neutrons for many engineering materi-
als, as e.g. silicon, and the large scattering cross section of light elements. NR
measurements provide direct access to the depth profile of isotopes as well as the
magnetic induction across interfaces. Moreover, contrast variation experiments,
utilising hydrogen/deuterium exchange, provide unique information about the
conformation and concentration of components in liquids and polymers. As
a consequence specular NR experiments became a standard and widely used
method for the study of solid-liquid boundaries. OSS and GISANS provide
unique information about correlations in the plane of an interface over length
scales from nm to tens of yum. Energy resolved experiments even allow the
investigation of fluctuations at the interface. However, these methods are less
common, as neutron beams typically are not of very high brilliance. This sce-
nario is currently changing as more and more dedicated instrumentation and
new experimental approaches become available. Even more, with the Euro-
pean Spallation Source becoming available soon a significant improvement in
performance of neutron instrumentation can be expected and grazing incidence
scattering studies of solid-liquid boundaries may become even wider spread.
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