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Maximilian W. A. Skodaa

aRutherford-Appleton Laboratory, ISIS Facility, Didcot, OX11 0QX, United Kingdom

Abstract

Many interesting physical, chemical and biological phenomena occur at interfaces between nanometre scale
layers of soft condensed matter. Theses often complex systems lend themselves to study by X-ray (XRR)
and neutron reflectivity (NR). The application of these techniques to such systems is extremely wide spread
and provides unique insights into their structure and dynamics. This review presents a snapshot of recent
activity in this research area and identifies trends in the application of XRR and NR to novel, unusual or
highly complex sample systems. Although the majority of research using these techniques is investigating
variations on ’traditional’ systems, supported by progress in instrumentation, advance sample environment
and computational tools, NR and XRR have begun to produce singular insights in areas such as atmospheric
science, real biological systems (cells and bacteria), oil-water interfaces or industrial problems (rheology,
packaging or durability of nano-materials).

1. Introduction

Background. Neutron and X-ray reflectivity (NR
and XRR) are scattering techniques based on inter-
ference. They were developed several decades ago,
and still enjoy much popularity today, especially in
the broad area of materials science: this includes
academic and industrial problems in areas as var-
ied as thin film magnetism, laundry detergents or
bacterial membranes. The reason for this versatility
lies in the unique ability of reflectivity experiments
(NR or XRR) to determine the detailed structure of
buried layered interfaces with nanometre precision.

Interfaces in general, typically introduce some
kind of symmetry breaking in a system, which gives
rise to a whole range of interesting phenomena: in
the area of thin-film magnetism one finds interfa-
cial effects such as exchange bias, exchange spring
magnets, spin Hall effect, oxide heterostructures
and topological insulators [1]. Self-assembly at
interfaces is present in soft-matter and biological
systems, and is increasingly being exploited in
technological applications, such as organic solar
cells, laundry detergents, lubricants, cosmetic
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products, medical implants, drug delivery systems,
food and so on. Sometimes, these interface-induced
phenomena, such as symmetry breaking or (hier-
archical) self-assembly, may give rise to ’emergent’
properties or phenomena [2].

Reflectivity and its limitations. Although
many incremental improvements have been made
over the years, fundamentally and with a few ex-
ceptions (e.g. spin-echo NR [3] or SERGIS [4, 5]),
the type of information that can be gained from
NR or XRR has not qualitatively changed, although
improvements in neutron and X-ray sources, optics
(”Selene”guide [6] or multiple angle-wavelength dis-
persive XRR [7]) and detectors (e.g. PILATUS [8])
have allowed for increases in available flux and thus
in time resolution. Fundamentally, NR and XRR
can determine the structure and composition of
’layered’ systems on flat interfaces. This is achieved
by measuring the reflected intensity as a function of
momentum transfer q. This can be done by vari-
ation of the angle of incidence, the beam energy
(wavelength), or both. Typically, the extracted in-
formation is in the form of scattering length density
(SLD) (or electron density) as a function of distance
from the interface. This density profile includes
layer thicknesses, their refractive index (SLD) and
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interfacial roughness. In many cases, especially
for more complex layer structures, these quantities
are re-parametrised in terms of derived variables,
which are more useful for the respective system
(e.g. molecular density, volume fraction or area per
molecule, solvent penetration, molecular tilt, inter-
penetration of moieties etc.).

There are two main fundamental reasons limit-
ing the applicability of NR and XRR: The first,
which applies to all reciprocal space scattering tech-
niques,concerns the loss of phase information. This
means that real space structural information can-
not be obtained directly from the data (e.g. by
an inverse Fourier transform). The consequence
is that models need to be calculated and then fit-
ted to the experimental data. Although there have
been attempts to devise methods for ’direct inver-
sion’ [9, 10], most of these impose some restrictions
to the sample composition, such as reference lay-
ers, or renders the inversion process mathemati-
cally more complicated than fitting, such that as
a consequence, the uptake of these methods into
the reflectivity community has been very slow. The
second limitation is the requirement of (atomically)
flat and smooth samples. The information content
and ability to extract meaningful quantities from
a reflectivity experiment is greatly reduced if the
sample is non-uniform in the in-plane direction (this
can be roughness, waviness or general inhomogene-
ity). This aspect is somewhat more important for
NR, due to the typically larger illuminated sam-
ple areas. This second requirement for uniform and
smooth samples thus limits the applicability of re-
flectivity techniques to more realistic or technolog-
ically relevant systems – a reflectivity sample will
very often be an idealised version of the system one
wishes to study.

On the other hand, for most soft-matter and bi-
ological systems the achievable NR or XRR reso-
lution is not a problem, as most such layer sys-
tems have a thickness smaller than a few hundred
nanometres, which is easily provided by most X-ray
or neutron reflectometers.

NR and XRR are often viewed as complemen-
tary, because the fundamentals of the interaction
are different: while X-rays interact with the elec-
tron shell of atoms and the scattering cross sec-
tion is largely proportional to the atomic number
Z, neutrons interact with the nuclei and their scat-
tering cross sections are isotope specific. This pro-
vides both advantages and limitations for each of
the techniques: neutrons, lacking charge, interact

Figure 1: XRR and NR profiles, model data fits, and the
scattering length density profiles of these fits described for
(A) the POPE monolayer and for (B) the CLIC1 interac-
tion with the POPE monolayer. Reprinted (adapted) with
permission from [11]. Copyright (2017) American Chemical

Society.

only weakly with matter, which makes them very
penetrating and non-destructive and well-suited
for measuring buried interfaces. The isotope de-
pendent scattering cross section makes it possible
to produce scattering contrast between chemically
equivalent atoms or molecules. This is most notably
exploited for materials containing hydrogen, which
can be substituted for deuterium. The nuclear in-
teraction however, also gives rise to an incoherent
scattering cross section, which in some cases can
severely limit the dynamic range. X-ray reflectivity
measurements on the other hand do not usually suf-
fer from high incoherent backgrounds, thus provid-
ing a larger dynamic range and also – in part due to
the higher flux synchrotron sources available – bet-
ter signal-to-noise. But X-rays are also ionising and
can lead to sample damage, while higher absorption
cross sections can limit the penetration depth of the
X-ray beam, though this can usually be mitigated
by using higher X-ray energies. The recent paper by
Hossain et al. [11] illustrates some of the differences
in dynamic range and isotopic/elemental sensitiv-
ity between XRR and NR. Fig.1 demonstrates that
even a laboratory X-ray source yields an order of
magnitude higher dynamic range, which allows the
full first interference fringe of the monolayer sample
to be visible.

Despite (or perhaps due to) the above mentioned
limitations new research using XRR and NR usually
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develops along two avenues:

(a) increase in complexity
(b) increase in time resolution

The main sections of this article will be developed
along these lines.

Scope and structure. Reviews on applications
using neutron and X-ray reflectivity have been pe-
riodically published. Many of these focus on one
technique and/or on a specific subset of scientific
problems, for instance the recent reviews by Frag-
neto et al. [12] and Junghans et al. [13] describing
advances in the study of biological membranes us-
ing neutron scattering. The article by Penfold and
Thomas [14] provides a good broad overview over
neutron reflectivity and small-angle scattering ap-
plied to polymer and surfactant systems, while the
article by Narayanan et al. [15] reviews both neu-
tron and X-ray scattering, but has a strong focus on
bulk samples and small-angle scattering. The broad
field of polymers and surfactants at interfaces using
NR is reviewed for instance by Braun et al. [16].
The benefits and limitations of using in-situ XRR
for the study of protein adsorption is discussed in
an article by Richter and Kuzmenko [17].

Given the breadth of applications of NR and
XRR and the wealth of literature, it is impossible to
do justice to all the published work, so the present
article reviews an inevitably subjective selection of
recent (approximately last 3 years) applications of
XRR and NR in the areas soft matter and biology.
In particular this article focuses on systems, which
have not traditionally been studied by reflectivity
measurements. It attempts to identify step changes
in the capabilities of these techniques and emerging
trends by considering advances in instrumentation,
experimental complexity and data analysis. This is
presented against the background of some inherent
limitations of each technique and also in the light of
the advent of new neutron and X-ray sources, such
as the European Spallation Source (ESS), the SNS
second target station or free electron lasers. We will
endeavour to identify as yet unexplored potential
of using NR and XRR for the study of soft mat-
ter and biological systems. The article is divided
into two major sections: the first is reviewing re-
cent advances in instrumentation (including sample
environment and in-situ techniques). In the second
part some recent research is selected to illustrate
the potential future trajectory of NR and XRR in
the areas of soft matter and biological systems.

2. Technique developments

X-ray reflectivity. While the incident flux pro-
vided by 3rd generation synchrotrons is typically
one or more orders of magnitude higher than at
comparable neutron sources, for the technique of
reflectivity this advantage becomes somewhat di-
minished by the fact that most X-ray reflectometers
use a monochromatic beam1. This means that mea-
surements have to be performed in angle-dispersive
mode, usually by changing the sample and detector
angles. The requirement for movement of the sam-
ple can become the limiting factor for fast measure-
ments. Recently, several approaches have been pre-
sented, which circumvent this problem by different
means: Mocuta and co-workers [21] present an ap-
proach for fast (order of 10 s) reflectivity measure-
ments up to high momentum transfer values (close
to 0.1 nm−1) by using an area detector an a syn-
chronised movement of sample and detector. Using
a bespoke data processing procedure, the area de-
tector data is converted to a three-dimensional data
set, from which not only the specular signal can be
extracted, but also in-plane information obtained
from grazing-incidence small-angle X-ray scatter-
ing (GISAXS) signal recorded. This approach uses
fast-reading and low-noise area detectors and syn-
chronous motor movements. At high-intensity X-
ray sources, the total acquisition time limits are
fixed by the combination of the maximal motor
speeds and the desired area detector acquisition
speed (limiting exposure time per frame).

Lippmann and co-workers [22] use a fast rotat-
ing, slightly tilted sample reflecting to a stationary
mounted position sensitive detector.The shortest
measurements, covering momentum transfer values
up to 0.55 Å−1, are 2 s or less, even down to a quar-
ter of a second. While the spatial resolution mainly
depends on the beam properties and the detector
pixel size, the shortest achievable acquisition time
depends on the speed of the rotation table, the pho-
ton flux, and the sample detector distance.

Another method, which is similar to divergent
beam methods for NR, as described in the next sec-
tion, is presented by Joress et al. [23]. It is based on
a polycapillary X-ray optic to produce a converging
fan of radiation, the reflection of which is captured
by an area detector to simultaneously collect the

1There have been successful attempts of energy-dispersive
XRR[18, 19, 20], but this technique has not become main-
stream.
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Figure 2: Schematic diagram of qXRR, from ref [23], illus-
trating the regions of reciprocal space probed by three par-
ticular pixels on the detector, the diffraction geometry, and
its effect on the resolution. The probed regions for each of
three pixels are shown in red, green and blue. Each region is
bound by a set of two arcs with parallel sides corresponding
to the range of incident and exit angles contributing to inten-
sity on that pixel. The light orange features around the [qz ]
vector represent specular features. The wider, dark ellipses
represent less intense diffuse features in reciprocal space. Re-
produced with permission of the International Union of Crys-

tallography.https://journals.iucr.org/

XRR signal over an angular range, rather than a
single angle at a time (Fig. 2. Acquisition times of
the order of 1 s can be achieved over a momentum
transfer range of up to 1.5 Å−1, while reducing the
observable q-range allows a time resolution down to
100 ms.)

Festersen at al. [24] present another interesting
approach, which not only allows for shorter acqui-
sition times, but also overcomes the need for ded-
icated liquid surface diffractometers (with a down-
wards pointing beam). The authors are utilising
the natural curvature of a liquid drop for variation
of the angle of incidence without the need for an
inclined incident beam. With this method it is pos-
sible to probe a single angle at a time (analogous
to classical XRR), or a larger beam (of the order
of micrometres) can be used, that is reflected into
a wider angular range, enabling parallel measure-
ments of a larger range of an XRR curve. Accord-
ing to the authors, their method will enable studies
of liquid interfaces at sources lacking liquid diffrac-
tometers, especially ultra-fast XRR measurements
via pump-probe techniques at free electron lasers.

Finally, a novel approach similar to that em-
ployed on the ”RAINBOWS” reflectometer at the
ILL (see next section) is presented by Tur’yanskii
and co-workers [25]. The authors are using a
diamond prism to decompose the spectrum of a

polychromatic X-ray beam, which again largely
removes the need for angular scanning. The
proof-of-principle measurement shows a reflectivity
curve in the momentum transfer range of 0.05 to
0.2 Å−1 recorded in less than 5 s.

Neutron reflectivity. There have been many in-
cremental improvements in almost all components
of neutron reflectometers – from more efficient neu-
tron guides, and more sophisticated chopper sys-
tems to much improved area detectors. But there
is one feature which is becoming commonplace in
almost all neutron reflectometers: focusing guides.
The focusing can happen perpendicular to the scat-
tering plane, in the scattering plane or both; it
can range from relatively gentle focusing down to
focusing for small sample areas of less than 1×1
cm2. The guide geometry can be either elliptical or
parabolic, depending on the specific requirements
and the position of the guide. Although the con-
cept of neutron focusing is not new, the actual im-
plementation was made possible by the advances in
2D position sensitive detectors providing sufficient
resolution and high count rate capability, as well
as by improved curved guide manufacturing tech-
niques, providing high m-values 2. Improved meth-
ods for processing data obtained from beams, which
are divergent in the scattering plane have also been
published, e.g. by Cubitt et al. [26]. Describing the
details of such guide systems goes beyond the scope
of the present article and only few examples (not a
comprehensive list) of recently upgraded neutron
reflectometers are given: the already mentioned Se-
lene guide system on the AMOR reflectometer at
SINQ [27, 6], D17 at the Institut Laue-Langevin
[28], the MARIA reflectometer at FRMII [29]. Sim-
ilar guides for focusing in the non-scattering plane
are currently underway at the ISIS spallation source
for the INTER, PolRef, OffSpec and SURF reflec-
tometers.3 Following the success of this approach,
the first reflectometer at the ESS, Estia, will have
a focusing guide from small samples, while more
advanced reflectometer designs are already being
proposed, such as the novel reflectometer design of
HERITAGE [30].

One new development stands out, as it employs
refractive optics, i.e. a prism, in order to separate

2The so-called m-value describes a supermirror’s ability
to reflect neutrons.m is the ratio of the mirror’s critical angle

for total reflection to that of nickel m = θmirror
θNi

3R. Dalgliesh, M. Skoda private communication
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spatially a ’white’ neutron beam by wavelength [31].
Once again a position sensitive detector is used to
detect the different neutron wavelengths as a func-
tion of angle. This method has the advantage of
largely removing the need for choppers on a reac-
tor source, thus greatly enhancing the available flux
on the sample and making this techniques ideal for
fast kinetic studies. This ’RAINBOWS’ system is
implemented on the D50 reflectometer at ILL.

But there have also been interesting develop-
ments in methodology, such as the recent paper
by Sakurai et al. [32]. The authors present an
extension to conventional NR, which enables the
visualisation of inhomogeneous buried layers and
interfaces in thin films in other words NR imaging.
Unlike for X-rays, where the beam brilliance and
size allows the XY rastering of a sample on a
reasonable time scale, neutron beams cannot be
collimated or focused down to mm or microns.
Hence, the proposed method is akin to tomography,
whereby the sample is rotated around the surface
normal while measuring a full reflectivity profile
at each step. By using Hadamard encoding, it is
even possible to perform this measurement using a
conventional 3He tube. The collected data have to
be decoded and reconstructed using well-known al-
gorithms and similar to computed tomography, it is
possible to obtain the specimen’s two-dimensional
neutron reflectivity distribution as one image. The
spatial resolution is currently limited to ∼1 mm,
but this is due to the Hadamard mask slot size
and could be further improved by using smaller
slots or high-resolution area detectors. Although
relatively time consuming,4 this method would
be easily applicable on high-flux neutron sources
(e.g. ESS, J-PARC, SNS, ILL) and acquisition
times will be further reduced by using position
sensitive detectors, thus removing the need for the
Hadamard encoding.

Sample environment and in-situ techniques.
In addition to improvements in reflectometer design
and performance, there have been equally impor-
tant advances in the area of advance sample envi-
ronment equipment and the use of on-beam com-
plementary techniques. Progress in these areas is
crucial for enabling new applications of reflectom-
etry especially in the area of soft-matter and biol-

4It took the authors 42 h to obtain a 31x31 mm2 map (1

mm resolution) and a q-range of up to ∼0.04 Å−1 for each
voxel.

Figure 3: Combined FT-IRRAS and NR set-up on the IN-
TER reflectometer at ISIS.

ogy: relevant, cutting edge problems in these ar-
eas often involve complex, multi-component sys-
tems with thermodynamically sensitive properties
and they require the use of multiple techniques in
order to obtain the full picture. A few examples are
given here: Wirkert et al. [33] demonstrated the use
of a high-pressure cell for in situ X-ray reflectivity
measurements of liquid/solid interfaces at hydro-
static pressures up to 500 MPa (5 kbar). This pres-
sure regime is particularly important for the study
of protein unfolding. Larsen and co-workers [34]
presented a liquid sample cell for X-ray reflectivity
studies with an in situ applied electrical field, which
can be used to study both air-liquid and liquid-
liquid interfaces. It is designed to accept both cop-
per and ITO plate electrodes, the latter being useful
for simultaneous optical studies.

The BioRef II instrument [35], which has now
been implemented as the new ’Spatz’ instrument
at ANSTO, provides a built-in attenuated total re-
flection (ATR) set-up, which can be used to ob-
tain complementary, real-time molecular environ-
ment information, e.g. for studying phase transi-
tions in lipid multilayer films. Similarly, but for
the air-water interface, the recent Fourier Trans-
form Infra-Red Reflection Absorption Spectroscopy
(FT-IRRAS) add-on to the INTER reflectometer
[36] at the ISIS spallation neutron source provides
complementary information about surface monolay-
ers and is able to monitor non-deuterated molecular
species, which are not observable in the NR signal
(Fig. 3).

Toolan and co-workers [37] have demonstrated
the combination of NR with a Love wave Surface
Acoustic Wave (SAW) device. By combining these
techniques it is possible to determine not only the
structure of the interface, but also the amount of
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void space within the thin film, which can be dif-
ficult to assess using neutron reflectivity measure-
ments alone.

Many of the systems studied by reflectivity also
lend themselves to be studied also by other meth-
ods, such as Quartz Crystal Microbalance (QCM-
D), ATR-FTIR or ellipsometry. These laboratory
based techniques are important for several reasons:
they are readily available in many research institu-
tions and thus allow for high sample throughput,
as opposed to the limited time available at large
scale facilities to perform NR or XRR. In addition
these techniques provide additional and sometimes
complementary information about the sample (e.g.
molecular environment spectroscopic information in
the case of ATR-FTIR). Some measurements, e.g.
QCM-D or ellipsometry can also deliver a higher
time resolution than NR or XRR. Much of the pre-
characterisation of samples ahead of the scattering
experiment is done on these bench-top instruments.
However the substrates used for NR (or XRR) ex-
periments often differ from those used in the QCM
or the ATR spectrometer, which can sometimes
lead to different and unexpected behaviour. Thus
it makes sense to combine these techniques and be
able to monitor QCM-D and/or ATR signals in-
situ, during the reflectivity experiment. Such ar-
rangements are now routinely being used at differ-
ent facilities. In-line QCM-D for instance is now
routinely being used for solid-liquid experiments on
the INTER reflectometer at ISIS.

The application of electric fields in parallel with
reflectivity measurements, either for electrochem-
istry in solution [34, 38] or in vacuum [39, 40] has
also become routine. Similarly, the study of poly-
mer systems under confinement, by combining a hy-
drostatic pressure cell with NR, is still delivering
useful insights (e.g. [41]), even though the tech-
nique is not new.

3. Recent applications

Section 2 has set the stage by describing some
new developments in reflectivity instrumentation
and sample environment. While advances in in-
strumentation mostly lead to the ability to perform
measurements faster and/or over a larger q-range,
which is useful when studying one-way kinetics,
progress in sample environment including on-beam
complementary techniques, is allowing researchers
to tackle more complex samples.

Complexity. Neutron Reflectivity is particu-
larly well suited for the study of layered structures
at the solid-liquid interface, which makes it use-
ful for biophysical systems. In their report from
2015 Junghans et al. [13] discuss the potential of
NR for the structure determination in soft material
systems, from simple supported lipid membranes in
static and dynamic conditions to the adherence of
complex endothelial cells under liquid shear stress.
More recently, Böhm an co-workers [42] have em-
ployed a similar experimental arrangement in order
to elucidate how epithelial cells adhere to a silicon
substrate. Their data suggest a three-layer interfa-
cial organization consisting of a dense protein layer
with a thickness of 9±2 nm, followed by a highly
hydrated 24±4 nm thick layer and finally a third
layer with an ”average thickness of 54±18 nm, and
a huge variance, well beyond resolution effects, is as-
sociated with the composite membrane.” Although
the data presented is of low resolution (some mea-
surements with ∆q/q = 0.1 over a limited q-range

with a maximum of only 0.03 to 0.12 Å−1, these
experiments demonstrate the possibility of apply-
ing (neutron) reflectivity to highly complex, real
systems.

In contrast to the above top down approach of
studying live cells by NR, Clifton and co-workers
describe the formation of realistic (asymmetric,
Gram negative) bacterial membrane models [43].
These models are constructed from the bottom up
using Langmuir-Blodgett and Langmuir-Schaefer
deposition techniques and their structure and qual-
ity is determined by NR. That these bacterial mem-
brane models are well controlled and good mimics
for real bacteria is demonstrated by the fact that
they exhibit many aspects of published in-vivo be-
haviour. The authors present a model system in
which an asymmetric bilayer floats above a phos-
phatidylcholine self-assembled monolayer (SAM),
which itself is attached to a smooth gold surface.
The asymmetric bilayer has a phospholipd (DPPC)
inner and a rough lipopolysaccharide (LPS) outer
leaflet. The presented system thus provides a ro-
bust platform for antibiotic development, which ac-
cessible for study not only by NR, but also by other
techniques such as surface plasmon resonance, in-
frared spectroscopy, atomic force microscopy, and
FRET.

There are many recent studies (which cannot
all be cited here) which employ such models, e.g.:
Michel et al. [44] study differences in the inter-
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action of active versus inactive plasticin (an an-
timicrobial peptide) with such membrane mimics.
Dupuy et al. [45] compare two different models
of the Gram negative outer membrane as well as
Gram positive and eukaryotic mimics to study the
mechanism of colistin (an antibiotic of last resort)
interaction. The authors’ findings suggest that col-
istin induces domains in the Gram negative inner
membrane, which could lead to permeation through
the domain boundaries, while for the Gram nega-
tive outer membrane, colistin remains in the head-
group region, thus displacing divalent cations, lead-
ing to outer membrane perturbation. Gram posi-
tive membrane models on the other hand are only
slightly perturbed.

Also using NR, combined with ex situ
ATR/FTIR, Paracini et al. [46]· emphasise
the importance of the physical state of the lipid
matrix with regard to its interaction with antibi-
otics (it this case Polymyxin B). Employing a
previously developed highly complex outer mem-
brane model, the authors show that Polymyxin
B insertion is dependent on the phase transition
of LPS from the gel to the liquid crystalline
state - only a tightly packed model was able to
reproduce the temperature dependent disruption
of the asymmetric lipid bilayer by PmB previously
observed in vivo.

Other complex constructs are for instance models
of the stratum corneum (SC), the outermost layer
of the skin. Such model systems are of obvious
interest for many reasons, such as development of
transdermal drug delivery systems to personal care
products. Mueller and co-workers [47] have recently
developed an improved preparation method for a
new stratum corneum (SC) model system, which
more closely resembles natural SC compared to the
more commonly used multilayer models. Their new
model is particularly geared towards exploitation by
XRR or NR: a reduction in thickness provides the
opportunity to study the effects of drugs and/or hy-
drophilic penetration enhancers on the structure of
SC in full detail. Indeed the same author has stud-
ied the effect of urea and taurine as hydrophilic pen-
etration enhancers on stratum corneum lipid mod-
els [48] using – among other techniques – simultane-
ous infrared (attenuated total reflection, ATR) and
neutron reflectivity.

Polymer thin films also lend themselves to be-
ing studied by reflectivity techniques. This research
area is of course extremely broad, not least because
of their use for a wide range of technological ap-

plications, such as optoelectronics, drug delivery or
packaging. As a consequence there is a wide va-
riety of research being published, the exploration
of which goes beyond the scope of the present re-
view. Only the combination of reflectivity measure-
ments of polymer films exposed to (water) vapour
will be singled out, since it involves additional sam-
ple environment equipment for humidity control.
Such humidity controlled sample environments are
also important for research in other areas (e.g. for
studying lung surfactant or ionic liquids) and as
a consequence have become more widely available
for use in scattering experiments. Recent examples
are studies of PEDOT:PSS swelling. PEDOT:PSS
is a hygroscopic conducting polymer mixture, with
potential uses in solar cells, flexible optoelectronics
and wearable devices. As such it is important to
understand and potentially control this material’s
mechanical stability and electrical charge transport
in presence of water vapor. Sarkar et al. [49] report
the swelling kinetics and evolution of the electrical
charge transport in PEDOT:PSS thin films, whose
structural changes (largely thickness increase) were
determined by in situ XRR. The authors observe
a swelling induced microscopic rearrangement of
the conducting PEDOT-rich cores in the PSS ma-
trix, which strongly influences the electrical charge
transport of the polymer film.

In contrast, Bießmann and co-workers [50] study
humidity-induced changes of PEDOT:PSS elec-
trodes by NR under high humidity conditions. The
authors observe significant decrease in film swelling
and water uptake when Zonyl is used as an additive
(as compared to the pristine PEDOT:PSS film).
This effect is further enhanced when the films are
post-treated with ethylene glycol. This reduction
of the water uptake is clearly beneficial when using
PEDOT:PSS electrodes in organic electronic appli-
cations.

Another polymeric thin film system under hu-
mid conditions is investigated by Ederth and Ek-
bald [51]. The authors focus on hydrogels (highly
water-soluble polymer networks), which are used in
a multitude of biomedical and technological appli-
cations (e.g. where biocompatibility is required,
such as implants, wound dressings or drug deliv-
ery systems, but also in bio- and other sensors). A
combination of ex situ ATR-FTIR, contact angle
and NR is used to characterise thickness increase
and water uptake of these hydrogel films at vary-
ing relative humidities and on different substrates
(gold and silica). The results show that polymer
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Figure 4: Off-specular NR of (a,b) lipid-only and (c,d) lipid–nanogel layers at 250◦C (a,c) and 40◦C (b,d). Inset: Proposed
structural and morphological features of the mixed lipid–nanogel layer. Figure not to scale, but highlighting the main features.

From ref. [52].

growth proceeds at different rates and that the are
structural differences on the two types of substrate.

Finally, NR (here also making use of off-specular
information) is also being used to characterise
even more complex architectures, where lipids
under certain conditions can form not only planar
bilayers, but can self-assemble into interesting
three-dimensional structures. Dabkowska et al.
[52] present a comprehensive study of the prop-
erties of mixed lipid layers, which are composed
of glycerol monooleate and diglycerol monooleate
with poly(N-isopropylacrylamide) nanogels, and
can form films of reverse cubic phases that are
capable of responding to temperature stimulus
(Fig. 4). Such lipid-polymer (thermally) respon-
sive layers provide the basis for the creation of new
nanostructured materials with tunable properties.

Using simultaneous XRR, X-ray fluorescence
near total reflection (XFNTR) and grazing inci-
dence diffraction (GID) complemented by MD sim-
ulations, Uysal and co-workers [53]· were able to
elucidate details of the solvent extraction (SX) of
chlorometalates from chloride solutions. The stud-
ied system is a highly concentrated solution, where
ion-ion correlations and the competition between
the co-ions are coupled with hydration effects and
are all important in determining adsorption be-
haviour. For such complex systems with competing
interactions only a combination of probes is able
to disentangle the individual processes and provide

useful insights. Another example of a related study
employing a combination of NR and XRR is pre-
sented by Scoppola et al. [54]. Here, ion transfer
during SX is investigated by determining the struc-
ture (distributions of both extractant molecules and
ions) at the liquid-liquid interface. Once again it is
the combination of different contrasts in scattering
and electron density which enables the determina-
tion of the potential energy across a composite liq-
uid interface for this type of a complex system.

Using the cell developed by Wirkert et al. [33],
Nowak et al. [55] have studied the structure of solid-
supported lipid multilayers exposed to increased hy-
drostatic pressure in situ by XRR at the solid–liquid
interface. The authors determined the layer vertical
structure up to a maximum pressure of 4500 bar.
The multilayers showed phase transitions from the
fluid into different gel phases. They could also show
that a pressure increase can control the transition
between bi- and multilayers in situ. This switching
was found to be reversible up to pressures of 750
bar, after which the initial bilayer structure could
not be recovered.

Another recent example of XRR at the solid-
liquid interface is presented by Zhou et al. [56, 57].
Using a previously developed XRR solid-liquid cell
by Briscoe et al. [58] (which was initially used for
the characterisation of nanofilms on mica), the au-
thors try to further the understanding of graphene
surface structure in aqueous media. They observed
a thin diffuse adlayer, which they attributed to
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the formation of air bubbles on the graphene film
under water. While this layer diminished after
prolonged submersion in water, an additional, ca.
1 nm thick, layer atop graphene appeared after
soaking. The authors conjecture this second layer
to be due to adsorbed ion and they discuss the
possible formation of a silanol layer.

Fast kinetic studies. As outlined in the in-
troduction, the second avenue for developments in
X-ray and neutron reflectivity is that of faster mea-
surements, in order to allow the study of a variety of
time-dependent phenomena (e.g. adsorption kinet-
ics, oxidation reactions, polymer swelling, electro-
chemical reactions, layer growth and many more).
This section attempts to illustrate current trends
and recent achievements in time-resolved reflectiv-
ity experiments by presenting a selection of recent
examples.

Owing to the accessibility of the interface, time-
resolved measurements at interfaces (solid or liquid)
facing air or vacuum are typically easier to execute.
An overview over recent advances in resolving ki-
netic and dynamic processes at the air-water in-
terface using NR can be found in ref.[59]. More
recently, kinetic measurements of the ageing (ni-
trate radical oxidation) of a monolayer model for
marine aerosols (galactocerebrosides (GCB)) have
been combined with in-situ IRRAS [60]· (Fig. 3).
The additional real-time spectroscopic information
was used to determine the fate of individual molec-
ular species in binary mixtures (palmitoleic acid
(POA) and GCB), which would not be possible with
NR alone. The authors used a partially deuter-
ated GCB molecule (a sphingolipid), where only the
saturated chain was deuterated. The combination
of NR (sensitive only to deuterated material) and
IRRAS (sensitive to both hydrogenous and deuter-
ated species) it was possible to determine that ni-
trate radical oxidation was unable fully to remove
a cerebroside monolayer from the surface on atmo-
spherically relevant timescales, leaving its saturated
tail at the interface. The oxidation reaction was
recorded by NR with a 20 s time resolution over a
q-range of 0.01 to 0.08 Å−1.

Also at the air-water interface, Yano et al. [61]·
conducted time-resolved X-ray reflectivity measure-
ments to investigate the early stage of protein ad-
sorption and deformation at an air-water interface.
The data collection time was 1.0 s. Such investi-
gations are important because as proteins adsorb
at an air-water interface, they may lose their bio-

logical activity because of subsequent denaturation,
making this phenomenon important for several bi-
ological and chemical processes. The authors used
three globular proteins (lysozyme, myoglobin, and
bovine serum albumin (BSA)) and observed that
the proteins adsorbed at the air-water interface ini-
tially possessed a thinner conformation than their
native structures. The degree of unfolding for each
protein was found to be inconsistent with the order
of protein structural rigidity. The results however
confirm earlier studies showing that protein unfold-
ing only takes place if the kinetics of adsorption are
similar to, or slower than, the kinetics of unfolding.

Reflectivity at the solid-air interface (in the area
of soft-matter) is often applied to polymer thin films
and in particular to the study of organic solar cell
materials. The need for renewable energy sources
is driving research aimed at improving the power
conversion efficiency of organic solar cells, usually
based on bulk heterojunctions. Both the funda-
mental understanding of the structure-function re-
lationship and the improvement of stability under
operational conditions are being targeted. Pont and
co-workers [62] have studied the combined effects
of illumination and thermal annealing on the mor-
phological stability and photodimerization in poly-
mer/fullerene thin films using NR. They performed
kinetic measurements (at a single angle of 1◦), cov-
ering a momentum transfer range of 0.01 to 0.09
Å−1, with 30 s time resolution, employing an en-
closed hot stage with a steady N2 gas purge, and
a white LED light source for in-situ illumination.
While the authors did not find significant morpho-
logical changes with this system upon annealing up
to 100 ◦C regardless of light exposure, they did ob-
serve that prior illumination resulted in improved
stability upon high temperature annealing.

Although time-resolved studies at the solid (or
liquid) to air interface are generally more readily
accessible, time dependent processes at the solid-
liquid interface are of great importance in the ar-
eas of soft-matter and biology. Recent success-
ful attempts to increase the complexity of lipid
bilayer and related systems have been described
in the previous subsection. Because of the im-
portance of such model systems and the success
in their structural determination using reflectivity,
there are also studies aimed at understanding mech-
anisms involved in the formation of these bilay-
ers. Koutsioubas at al. [63] have followed the for-
mation of POPC (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine) lipid bilayers on silica by vesicle
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fusion. NR measurements in the q-range of 0.02
to 0.15 Å−1 lasted 14 min, which allowed several
frames to be recorded for a process taking a total
of about 4 h. The authors found a clear indication
of stacked bilayer structure during the intermediate
phase of bilayer formation. The key finding is the
partial coverage of the surface by stacked bilayers
at the intermediate stage of the process and also the
observed desorption of lipid vesicles as the bilayer
reaches completion.

Using a combination of an in-situ rheometer and
NR, it is possible to obtain the structure of sur-
factants (e.g. [64]) or solvated polymer brushes
(e.g. [65, 66]), under constant shear flow. But
even beyond that, an experiment by Adlmann and
co-workers [67]· demonstrates the feasibility of sub-
millisecond time resolution for the in-depth study of
reversible processes – e.g. oscillatory shear. Indeed,
the authors suggest that other reversible phenom-
ena such as magnetic relaxation, the dynamics of
nematic crystals, piezoelectric behaviour and me-
chanical hysteresis can be probed on time scales
from picoseconds to seconds. In this example, the
authors also use so-called event-mode data acqui-
sition, in which experimental metadata is stored
alongside each neutron count. This method re-
moves the need for pre-defined time intervals; in
addition, data corresponding to a specific external
parameter, e.g. shear rate can be co-added over
many experimental cycles. Event mode data acqui-
sition is being routinely used at many facilities.

A very interesting study of ion exchange at a solid
interface is presented by Lee et al. [68]··. The au-
thors present in situ time-resolved X-ray reflectivity
(TXR) while utilising the resonant anomalous scat-
tering phenomenon to obtain element-specific infor-
mation through the variation in XRR contrast as a
function of photon energy. Such real-time observa-
tions of ion exchange at the molecular-scale eluci-
date exchange reaction pathways, which are impor-
tant for a broad range of chemical and transport
phenomena. Specifically, the authors report tem-
poral variation in the distribution of Rb+ species
at the muscovite (001)-water interface during ex-
change with Na+. Their TXR measurements at 25
◦C reveal that Rb+ desorption occurs over several
tens of seconds during which thermodynamically
stable inner-sphere Rb+ slowly transforms to a less
stable outer-sphere Rb+.

Finally, an XRR investigation of the electric
double layer structure of an ionic liquid (DEME-
TFSI) modulated by an applied potential was

presented by Voegeli and co-workers [69]. The
authors combined time-resolved XRR with cyclic
voltametry, measuring XRR at short intervals of 2
and 0.3 s respectively. By comparing the double
layer structure with the accumulated charge, the
authors found evidence for structural relaxation
processes that occur on a slower time scale than
the accumulation of the charge at the electric
double layer.

Data fitting and simulations. In addition to
the already described advances in instrumentation,
sample environment and the complexity of the stud-
ied systems, there are also attempts being made
in terms of reflectivity data analysis, which go be-
yond the well-established formalisms (e.g. Parratt
[70] + Névot-Croce [71] for interfacial roughness),
which usually require several simplifying assump-
tions about the structure of the sample under study,
thus applying a certain bias for the extraction and
interpretation of information from the experimental
data.

In the past XRR and NR data analysis was per-
formed by fitting a slab model, which represents
the individual layers in the sample, to the experi-
mental data sets. This approach is still quite pop-
ular today owing to its relative simplicity and ease
of software implementation (e.g. via the optical
matrix method). For more complex sample sys-
tems that consist for instance of spatially intermix-
ing sub-molecular groups, such an approach cannot
yield meaningful physical parameters and thus lim-
its the information that can be extracted. Models
of the occupied volume across the entire interface
(structure-based composition-space models) on the
other hand provide the possibility to build more
detailed molecular models, to directly parameterise
relevant structural features and also to include ad-
ditional information about the chemical and physi-
cal properties of the molecular constituents into the
modeling [72, 73]. At the same time, the increased
availability of high power computing and molecu-
lar modeling software has enabled the combination
of reflectivity data fitting with molecular dynam-
ics (MD) simulations (c.f [72, 73, 74, 75]). This
approach – which has been reviewed in recent ar-
ticle by Scoppola and Schneck [76] – is mutually
beneficial to both simulation and experiment: MD
simulations can provide additional checks and im-
pose limits to experimental fitting parameters, thus
avoiding un-physical models; on the other hand
MD-derived structures can be corrected to account
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for real world effects (e.g. lower than optimal cov-
erage and out-of-plane membrane fluctuations).

While current mathematical and computational
approaches can be used to extract physically mean-
ingful information from reflectivity data and pro-
vide accurate estimates for errors (e.g. by using
Bayesian error analysis for parameter estimation
and model selection), it can also be useful to em-
ploy the same techniques in order to inform sample
design and optimal measurement conditions. Very
recently Treece et al. [77]·· have developed a frame-
work based on Bayesian statistics and information
theory aimed at optimising the design of reflectom-
etry experiments, in particular NR, where contrast
variation plays a great role. The authors’ compu-
tational model (which uses a Monte Carlo Markov
chain (MCMC) simulation) is able to make predic-
tions regarding the optimum solvent contrasts nec-
essary, the level of statistical errors (governed by
measurement time) required in a given q-range or
the impact of spin-polarised (magnetic contrast) on
the information content of a given (simulated) data
set.

Other traditional approaches, e.g. with regard to
roughness, are also being questioned: For example,
Fujii and co-workers [78] suggest that spurious re-
sults sometimes obtained in traditional XRR cal-
culations (especially for multilayer samples) may
actually originate from the fact that diffuse scat-
tering was not considered. The authors develop a
new formalism for the reflectivity calculation tak-
ing into account the effect of attenuation in the re-
fracted X-rays by diffuse scattering resulting from
surface roughness. They also compare their new
formalism with measurements of the surface rough-
ness of the same sample by atomic force microscopy
(AFM), high-resolution Rutherford backscattering
spectroscopy (HRBS) and XRR and conclude that
the effective roughness measured by XRR might de-
pend on the angle of incidence.

4. Concluding remarks

A look at the recent evolution of X-ray and neu-
tron reflectivity, with a focus on soft-matter and bi-
ological applications, reveals a strong drive towards
faster and more complex measurements. These de-
velopments have been partly driven by scientific de-
mand; they have been fostered by progress in in-
strumentation (most notably better detectors and
beam optics) and have been supported by advances
in computational methods (e.g. MD and MCMC

simulations). It is interesting to note that both
XRR and NR operate on broadly the same time
scales (i.e. minutes down to seconds for one-way
kinetics, down to milliseconds for cyclic processes)
despite significant differences in flux and brilliance.
There have been several recent demonstrations of
methods for reducing count times for both NR and
XRR, involving focusing, angle multiplexing (diver-
gent beam) or rotating samples, but these new ca-
pabilities have yet to be fully exploited.

It is also noticeable that more experiments are
using combination of techniques, either in separate
sessions or simultaneously, in order to extract struc-
tural details from highly complex sample systems.
It is often this combination of probes which en-
ables the detailed study of complex (layered) sys-
tems with reflectivity.

There have been many developments leading to
an increased sophistication of sample environment
equipment, which can be used on X-ray and neu-
tron reflectometers. These improvements and inno-
vations mirror the drive towards the application of
NR and XRR to more complex and more techno-
logically relevant or realistic sample systems. Ex-
amples of this are high pressure, humidity or elec-
trochemistry set-ups.

In addition, MD simulations have recently be-
come an almost routine tool for extracting and cor-
roborating information from the scattering data,
as well as reflectivity data providing validation for
model systems studied in silico. On the other hand,
simulation tools are commonly used for detailed and
rigorous error analysis and also for informing sam-
ple design by providing a map towards a maximisa-
tion of information content for a given sample sys-
tem. Despite the increased availability of versatile
and user friendly software, data analysis and the ex-
traction of meaningful information from reflectivity
experiments remains one of the big hurdles which
have to be overcome by new users of this technique.

The user base applying X-ray and neutron reflec-
tivity as unique tools for accessing structural in-
formation in layered soft-matter and biological sys-
tems appears to be growing. What is more, the
types of samples being approached are becoming
increasingly complex and are often going beyond
simplified model systems. This last development
combined with an increased ease of use, both in
terms of conducting the experiments and regarding
the data analysis, is opening up the technique to
new user communities.
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valov, L. Girard, J.-F. Dufrêche, G. Ferru, G. Fragneto,
O. Diat, Solvent extraction: Structure of the liquid-
liquid interface containing a diamide ligand, Angew.
Chem. Int. Ed. 55 (32) (2016) 9326–9330. doi:10.1002/
anie.201603395.
URL https://doi.org/10.1002/anie.201603395

[55] B. Nowak, M. Paulus, J. Nase, P. Salmen, P. De-
gen, F. J. Wirkert, V. Honkimäki, M. Tolan,
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