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ZINC FASTENS TWO AMYLOID-p PEPTIDE FRAGMENTS

FORMING STABLE DIMER

Binding of metal ions to amyloid-f is an initial step of the peptide transition to pathogenic forms toxic for neurons.
To understand the molecular mechanisms of zinc-mediated amuloid-} aggregation, amuyloid-f peptide carrying
a pathogenic Taiwanese mutation was studied. Spectroscopy showed that zinc ions induce formation of a stable

homodimer with a novel binuclear zinc interaction fold.

Zincions are crucially involved in pathogenesis of
Alzheimer's Disease (AD). This neurodegenerative
disorder is characterised by extracellular
accumulation of amyloid-p peptide (Ap) in
proteinaceous inclusions that have characteristic
supramolecular structure and are abnormally
enriched by Zn, Cu and Fe ions. Ap interacts

Fig. 19: NMR solution structure of the complex
of DTH-AR(1-10) with Zn?*. The representative
conformer of DTH-AR{T-10) zinc-bound complex
is shown. The solvent-accessible molecular
surface is calculated for all atoms and coloured
according ta the interpelated charge distribution
(red negative, blue positive, grey neutral).

2 SNBL 2017-18

with metal fons through its metal-binding
domain, which is located in its N-terminal region
(residues 1-16). Substitutions and modifications
of amino acid residues in this domain critically
affect the properties of A-p, facilitating
dimerisation, oligomerisation and the formation
of insoluble aggregates. These processes are
considered essential for the initiation of
Alzheimer's disease.

Ap  carrying a Taiwanese mutation (D7H)
stands out among all isoforms of AR because
of the enhanced susceptibility of the peptide
to the effect of Zn?* or Cu®' ions promoting
oligomerisation [1]. Based on the molecular
mechanism of formation of zinc-bonded dimers
of different Afj isoforms [2], it was hypothesised
that zinc-dependent aggregation of the metal-
binding domain of Ap with Taiwanese mutation
is determined by the properties of the fragment
containing residues 1-10 (D7H-AB(1-10)), where
the relevant amino acid substitution is located.

In this study, using NMR spectroscopy, mass
spectrometry, EXAFS spectroscopy on BM31
and isothermal titration calorimetry (ITC),
the behaviour of this peptide fragment in
the presence of zinc ions was examined. The
formation of a homodimer with a unigue protein
fold interlocked by two zinc ions (Figure 19) was
observed by NMR. Mast of the known examples
of metal-directed peptide self-assembly are



based on the formation of one or several
mononuclear coordination sites. Examples
of the formation of a binuclear coordination
site with the participation of two zinc ions
are still unknown, except when cysteine
thiol groups are involved in the binding of
zinc atoms.

It has been shown here for the first time
that a site, with a novel topology for the
coordination sphere of zinc ions, is formed
upon theinteraction of zinc with a relatively
short fragment of A-B peptide carrying
Taiwanese mutation D7H. The NMR
structure determined was validated using
extended X-ray absorption fine structure
(EXAFS) spectroscopy, which provides
information on the geometry of the metal
ion chelating environment. EXAFS data
give access to the nature, number, and
distance of the coordinating atoms. The
experimental EXAFS spectrum of the
complex of D7H-AB(1-10) with zinc fits well
to the spectrum, calculated on the basis of
the coordinates of atoms determined by
NMR (Figure 20). The scattering pathways
for the atoms of the first coordination
shell (D1 O, E3 O¢1, H6 Ne2 and H7 Ne2)
reproduce the most intense peak at ~2 A of
the Fourier-transformed EXAFS spectrum
(Figure 20c), while atoms of the histidine
imidazole ring make a major contribution
to the peaks at ~3 A and ~4 A.

Bl PRINCIPAL PUBLICATION AND AUTHORS

A Binuclear Zinc Interaction Fold Discovered in the
Homodimer of Alzheimer’s Amyloid-p Fragment
with Taiwanese Mutation DTH, V.I. Polshakov (a,b),
A.B. Mantsuzov (b), S.A. Kozin (a),

A.A. Adzhubei {g), 5.5. Zhokhou (b),

W. Van Beek (c), A.A. Kulikova (a),

B RrerereNces
[1] W-T. Chen et al, PLoS One 7, e35807 (2012).
[2] AN. Istrate et al,, Sci. Rep. 6, 21734 (2016).
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Fig. 20: Experimental and best-fitted
simulated EXAFS spectra of Zn®* in
complex with D7H-AB(1-10). a) The

Zn2* coordination used for calculations.

b) k3-weighted experimental (black) and
least-squares fitted (red) EXAFS spectra.

c) the corresponding phase-shift-corrected
Fourier transforms.
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ELASTIC PROPERTIES REVEALED BY THERMAL

DIFFUSE SCATTERING

The full elasticity tensor can be obtained in a single crystal diffraction experiment through
measurement of thermal diffuse scattering. Both the elastic properties and the erystal structure are

determined by this new approach.

Elastic moduli give important insights into the
mechanical behaviour of crystalline materials.
Accurate measurements of the elasticity tensor -
which contains the full set of elastic moduli - are of
principalinterestin materials science, geophysics
and condensed matter physics. Applications
include superconductors, low dimensional spin
systems and an improved understanding of
seismological wave propagation, which, in turn,
allows for decisive conclusions on composition,
temperature and pressure of the Earth’s interior.

The two most commonly used experimental
techniques to determine the elastic tensor
are ultrasound measurements and Brillouin
scattering. While the former haos strong
limitations on small crystals and experiments
under extreme conditions, the latter is difficult
for opaque materials. Alternatively, information
on the elasticity tensor can be obtained from
inelgstic scattering experiments. Now, it has
been shown that the full elasticity tensor can be
determined by high-precision measurements of
thermal diffuse scattering from a single crystal,
thus opening new perspectives in a range of
scientific fields.

Thermal diffuse scattering arises from the
vibrations of atoms around their equilibrium
positions. In a scattering experiment these
vibrations result in intensities in between Bragg
reflections and are the fingerprints of the lattice
dynamics. In the vicinity of Bragg reflections, the
scattering intensities are dominated by acoustic

phonons that correspond to elastic waves.
These waves propagate with the speed of sound
that can take different values depending on the
composition, the crystal symmetry, direction
and external influences such as temperature
and pressure. The full information is given by
the elasticity tensor, which can be extracted by a
careful analysis of the scattering intensities.

High-quality single crystals of magnesium
oxide and calcite are investigated as benchmark
systems. The experimental setup is illustrated in
Figure 91. Scattering intensities were collected
at beamlines 1D29 and BMO1A. The sample
wos rotated with angular steps of 0.1° with

Beam stop

Sample

Ewald sphere

Fig. 91: Diffraction geometry for a diffuse scattering experiment in transmission
[1]. Theincoming monachromatic X-rays with wave vector k; are scattered by the
sample and diffracted onto the Ewald sphere. The area detector records the planar

projection of the Ewald sphere.
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Calcite Magnesium oxide
TDS Us TDs
T=170K (T=120K)-KT=90K) T=90K T=120K

G 156 155.1 S 300 306.1 305.4
5 57.0 57.69 En, 151 157.2 156.9
Cis 21.2 21.51 Cyz 89 94.07 94.26
Cys 87.6 87.12
C 35.7 34.42
(2 48.0 47.80

Table 1: Elastic maduli of caleite and magnesium oxide determined from thermal diffuse scattering (TDS)
and ultrasound measurements (US). VYalues are given in GPa.

Fig. 92: Measured (left
panel) and calculated
(right panel) thermal

diffuse scattering from
calcite (T = 170 K) far
momentum transfers

qe=[0.03, 0.15].
Theirmages show a
cross-section of the
reciprocal space in

Cartesian coordinates,

in the neighbourhood of
_ the Bragg peak
[1.0,76] with g, = 0.
The scattering intensity
is shown on alinear
colour scale from

black (zero) to white

(maximum intensity).

exposure times adapted to the weak diffuse
scattering. Measurements were taken at various
temperatures. Details of the experimental setup
and the underlying theory can be found elsewhere
[1, 2]

The data treatment required a novel analysis
technique and the development of a specialised
software package, which comprises the precise
reconstruction of reciprocal space and careful
selection of regions in reciprocal space to
be treated. The software simultaneously fits
approximately 107 individugl intensity points
by taking into account the exact scattering
geometry and symmetry of the crystal.

Determination of the elastic modul from
thermal

diffuse scattering measured at a

[ PRINCIPAL PUBLICATION AND AUTHORS

Full elasticity tensor from thermal diffuse
scattering, B. Wehinger (o,b), A. Mirone (c),
M. Krisch (c) and A, Bosak (c), Physical Review

Letters 118, 035502 (2017);

B Rererences

Urmiversity of Geneva (Switzerlond)

doi: 10.1703/PhysRevlett. 118.035502.
(o) Department of Quantum Matter Physics,

single temperature is demonstrated for a small
calcite single crystal. Experimental scattering
intensities and calculated thermal diffuse
scattering intensities from the fitted elastic
moduli are compared in Figure 92. Remarkably,
the results agree within about 1% with values
determined by ultrasound measurements (see
Table 1).

Absolute values of the elastic moduli can be
obtained if measurements are taken at slightly
different temperatures. This strategy further
allows separation of the inelastic contribution
from elastic scattering that may arise from
disorder or imperfect surfaces. This is shown for
magnesium oxide (see Table 1), for whichaccurate
values in absolute units were obtained by fitting
scattering intensities at two temperatures.

The new method is model-free and can be applied
to very small and opague crystals of arbitrary
shape and symmetry. This implies a broad
applicability in material science, geophysics and
in the study of sound wave anomalies due to
fundamental interactions in condensed matter
physics. It is possible to measure the elastic
properties together with the crystal structure
in the same experiment. This is g great benefit
for measurements at extreme conditions, such
as high pressures, where it is often difficult to
reproduce the exact experimental conditions.

Paul Scherrer Institute, Wilhigen (Switzerland)

() ESRF

(b)) Laboratory for Neutron Scattering and Imaging,

[1] B. Wehinger, PhD thesis, Universite de Grenoble (2013), http:/ /tel.archives-ouvertes.fr/t2l-00961602.
[2] A, Bosak et ai, Journal of Physics. 0, Applied Physics 48(50), 50400 {20175).

SNBL 2017-18



HIGHLIGHTS

Understanding the Structure of Layered Cuprate Thin Films

H. H. Sgnsteby, J. E. Bratvold, K. Weibye, H. Fjellvag, O. Nilsen
University of Oslo, Department of Chemistry, Norway

Perovskite-related layered cuprates are considered the basis of conventional high-Tc
superconductors. These strongly correlated materials have been studied for
decades, but much still remains to be understood about the unusual interplay
between their structure and properties. Epitaxial thin films of layered complex
cuprates where the weakly coupled copper planes are oriented in the substrate
surface plane are especially interesting. This is due to the simplified deconvolution of
directionally dependent properties.

One of the strategies is to study the mother system of this material type: Perovskite
MCuOsx. LaCuOs« is considered one of the most promising systems in this respect.
It exhibits a large versatility in oxygen off-stoichiometry and could help shed light on
the role played by the mixture of Cu® and Cu?* that is found in most high-Tc
superconductors. Copper valence in LaCuOsx can be varied from only Cu?* in
insulating orthorhombic LaCuOzs (i.e. La2Cu20s) all the way to only Cus* in metallic
tetragonal LaCuOs. A metallic monoclinic phase exists for the interval 0.1 < x < 0.5.
(Figure 1). Studying the structure and properties of the intermediary valence
compounds could help explain some of the strong correlation in these material types.

Figure 1: The three different structures of LaCuOsx found at different understoichometries of oxygen.

Unfortunately, layered cuprates are not the most straightforward type of material to
deposit as thin films, especially by chemical methods. Copper oxides are notorious
for catalytic decomposition of metal-organic precursors, which are used in techniques
like CVD. This results in loss of compositional control during the growth phase.

In this study, we utilized the self-limiting nature of the atomic layer deposition (ALD)
technique to overcome these challenges. We showed that careful control of the
copper precursor flux, precursor sublimation temperature and deposition temperature
enables unmatched control of stoichiometry and uniformity in these thin films.
Epitaxial thin films of LaCuOsx (001) were deposited on single crystal substrates of
LaAlOs (100)pc, using commercially available cation precursors (La(thd)s and
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Cu(acac)2). Ozone was used as oxygen source to get strongly a strongly oxidizing
environment.

The thin films are amorphous as deposited by ALD, and a post-deposition annealing
step is necessary to obtain crystalline films. The LaAlOs (100)pc substrates facilitate
oriented crystallization, with the (001)-planes of LaCuOs« oriented parallel to the film
surface.

Different annealing parameters were used to enable control of the oxygen
stoichiometry. Annealing in air at 650 °C for 15 minutes resulted in phase-pure,
oriented, crystalline films. Annealing in oxygen at 900 °C for 10 hours increased the
crystallinity, but from specular diffraction it was not possible distinguish if the two
treatments resulted in different crystal structures.

Diffraction from the three variants of LaCuOs.x is very similar, and all specular
reflections in from (00Il)-planes are close to equal. Observing significant differences is
only possible by moving far out in the reciprocal space. We noted that a (640)
reflection close to the substrate (310)pc would exist for the monoclinic phase, with no
reflections from the orthorhombic phase nearby.

Studying this requires a diffraction setup that covers a relatively large g-range, and
an area detector with sufficient resolution to deconvolute the LaCuOsx (640) and
LaAlOs (310),c reflections. The versatile setup at the Swiss Norwegian Beam Lines
(BM01) offers the possibility to carry out these kinds of experiments. A flexible
goniometer together with the Pilatus 2M detector gives the perfect conditions to study
these small variations.

We identified the substrate (310) reflections, and carried out a high resolution
reciprocal space mapping around this reflection for both air annealed and oxygen
annealed samples (Figure 2). It is immediately clear that the (640)-reflection from the
monoclinic structure only exists for the oxygen-annealed sample.

By using x-ray photoelectron spectroscopy, the oxygen content was crudely
estimated to x = 2.67 for the oxygen annealed sample. Furthermore, 4-point probe
resistivity measurements showed that the air-annealed samples are insulating,
whereas oxygen annealed samples exhibit metallic conductivity.

1 1 1 1 1 Ll 1 1 1 1 1
1.5 1.6 1.7 1.5 1.6 1.7

qp[A7]

Figure 2: Reciprocal space maps around the substrate LaAlO3 (310)c for the oxygen-annealed (left)
and air annealed (right) LaCuOs. films. The substrate peak is pixelated due to overexposure.
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All these observations support our conclusions: Control of the chemistry and
structure of thin films of LaCuOsx can be obtained by careful selection of deposition
parameters and post annealing conditions. The versatility of BMO1 proved an
essential tool in understanding these structures. We believe that the ability to probe
the properties of these different structure types may prove important to understand
the underlying mechanisms behind the properties of layered cuprate systems.

Principal publication and authors

Phase Control in Thin Films of Layered Cuprates, H. H. Sgnsteby®, J. E. Bratvold®,
K. Weibye®, H. Fjellvdg®, O. Nilsen®, Chem. Mater., 8, 1095 (2018),

doi: 10.1021/acs.chemmater.7b05005

(a) University of Oslo, Department of Chemistry, Norway

References
[1] Sensteby et al., Adv. Mater. Interfac. 4, 1600903 (2017)
[2] S@nsteby et al., Chem. Comm. 54, 8253 (2018)
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Structure and interstitial iodide migration in hybrid perovskite
methylammonium lead iodide

J. L. Minns?, P. Zajdel®, D. Chernyshov®, W. van Beek® & M. A. Green?

aSchool of Physical Sciences, Ingram Building, University of Kent, Canterbury, Kent CT2 7NH, UK.
bInstitute of Physics, University of Silesia, ul. Uniwersyteck, 4, 40007 Katowice, Poland.
cSwiss-Norwegian Beam Lines, European Synchrotron Radiation Facility, Polygone Scientifique Louis
Ne’el, 6, Rue Jules Horowitz,38000 Grenoble, France

Perovskite structures, with the general formula, ABOs, form one of the most important
and commercially exploited family of solids. Hybrid perovskites that contain both
organic and inorganic components are a subset, where the A site is composed of an
organic cation, such as methylammonium (MA), within a post transition metal halide
framework, such as lead iodide. They have emerged since 2009 [1] as simple, low
cost solar cell materials, with power conversion efficiencies that are becoming
competitive with silicon [2-5]. Methylammonium lead iodide (MAPDbI) undergoes a
number of structural phase transitions as a function of temperature, including an
orthorhombic—tetragonal—cubic evolution that is common in perovskites. lon
mobility adds further complexity to the structure, where iodide ions have been shown
to play a key role, but no definitive mechanism has emerged [6]. Mobility of all three
ions, Pb, I and MA, have been extensively studied [7-10], but, as yet, no definitive
mechanism has emerged, although iodide ions have been shown to play a key role
[11]. The complex structural features and intrinsic disorder explains the large number
of anomalies in the literature as to the exact symmetry and structural parameters
[12], which is suggestive of localized symmetry variations that is prevalent in solid
electrolytes.

We show that iodide ions migrate through an interstitial (13) position. This migration is
only possible through a correlated rearrangement of the MA ions. Furthermore, a
substantial local static distortion of the Pb-l octahedra into a pseudocubic
arrangement produces I-I bond distances consistent with the formation neutral I2
defects that could effectively act as electron/hole pairs.

Figure 1. (a) Section of the (100) projection of the nuclear scattering density (yellow) at room
temperature (isosurface level of 0.8 fmA-3) showing main iodide position (12, purple sphere) is
accompanied by two additional scattering densities (labelled 12A). (b) X-ray scattering and (c) nuclear
scattering density map of methylammonium molecules (isosurface level of 1.0 fmA-3), showing C and N
(yellow) and hydrogen scattering (blue) (d) molecular structure extracted from the maxima in the
scattering density maps.

SNBL 2017-18 9
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The maximum entropy method (MEM) is an analysis technique that can be applied to
diffraction data that generates density maps without prior knowledge of symmetry
and unit cell content, and therefore unbiased towards any specific structural model. It
can provide information on subtle local distortions even when this scattering is
extremely weak compared to the bulk diffraction [13,14].

To gain a deeper insight into the structure of MAPDbI we have performed both powder
neutron, single crystal X-ray diffraction, and powder synchrotron X-ray studies. The
structure was solved in 14/m space group with lattice parameters of a=8.8756(1) A
and ¢=12.6517(3) A. The 14/m symmetry is not an isomorphic subgroup of the high
temperature cubic perovskite space group, so not a common perovskite symmetry18.
However, in the case of MAPDI the transition from cubic to tetragonal is first order, so
multiple irreducible representations can be adopted. The principal features of the
MAPDI structure derived from the MEM analysis was found to be considerably more
complex than previous realized (Fig. 1). The nuclear scattering density around the
iodide ion at the (-0.2148(3) -0.2851(3) 0.5) position (I2) at room temperature was
found to be localized with typical levels of thermal distribution (Fig. 1a). However,
additional densities with similarly localized scattering were identified at two positions
in close proximity, demonstrating static disorder of the I2 site, labelled 12A. These
were determined to be at (-0.252(3) —-0.248(3) 0.453) in a pseudocubic arrangement,
and represent a ~0.8 A shift from the known 12 position towards the MA ions and
lying on either side of a mirror plane in the tetragonal space group. The MEM density
maps surrounding the MA ion for single crystal X-ray and powder neutron diffraction
showed similar scattering for the C—N that is best described as a 4 atom tetrahedron
unit.
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Figure 2. (a) Lead (grey spheres) and iodide positions in the room temperature 14/m space group,
showing four crystallographically inequivalent iodide positions within the unit cell at position 11 and 12
(purple) that form the regular perovskite Pbl6 corner shared octahedra and two additional position 12A
(blue sphere) and I3 (green sphere). The methylammonium ions are omitted for clarity. Powder
synchrotron X-ray data shows (b) hysteresis in tetragonal to cubic phase transition, and (c) temperature
dependence of the 11, 12 and 12A iodide ion site occupancy as a function of temperature.

A further iodide position (13) was observed in the powder neutron diffraction, powder
synchrotron diffraction and single crystal X-ray diffraction that sits in an interstitial site
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in the z~0.25 plane with Pb and MA ions (Fig. 2a). This 15K variation is mirrored in
the composition variation (Fig. 2c) where the 11, 12 and I2A sites were similarly
shifted. There was a slight drop in the composition of 11 sites close to the transition to
the cubic phase, but the largest variation was in the occupancies of the 12 and 12A
ions, where a substantial drop in 12 composition was observed with increases in 12A,
but not to the same extent. The I3 content was difficult to accurately determine with
the short runs of the synchrotron measurements. However, the total composition was
seen to drop slightly, implying the I3 site were being populated, but were diffuse and
thereby not contributing to the Bragg scattering to the same extent as the other
lodide ions.

a b c d

[ Bz
3.30A =274 3.004
eQ ‘o ©0 @ @
\

—,
3.24A ] 2.73A
k 0.8A

Figure 4. (a) Section of the perovskite structure showing two |1 and two 12 position lying in the plane,
(b) lodine 12 moves to the interstitial 13 position leaving (c) 13 surrounded by three roughly equidistant
iodine ions, provoking 12 ions to jump to a I2A position creating (d) bond formation to produce 2
molecules.

From the isolation of these atomic positions and variation of compositions, one can
propose a mechanism for ion migration within the cell. The significant drop in
composition of the 12 site at temperatures above 280 K, compared with the increased
occupancy of the 12A site, implies that 12 are both populating the ion interstitial site,
I3, and well as shifting to the new I2A locations. A 12 to 13 hop (Fig. 3a—c) would
leave the 13 ions surrounded by three iodide ions all approximately 3.2 A apart. Given
the concomitant increase in the population of the both the 12A and I3 sites over the
same temperature regime, the nature of the bonding between these two positions is
important. Polyiodide ions are well known to the form multiple low valent iodide
chains, where the |-l bond lengths are extremely sensitive to the nature of the
bonding and charges on the iodine [15]. Structure of solid 12 is an orthorhombic zig-
zag structure with intramolecular |-I bond lengths of 2.68 A, and intermolecular 12
distances of 3.56 A (ref. 24). 12 confined within frameworks have similar bond
lengths, such as iodine in formate, Zn3(HCOO)6, has a bond length of 2.691 A with a
second weakly interacting molecule at 3.59 A [16]. The two I3—12A bond lengths in
MAPbI are at 2.7(1)A and 2.6(1)A, so from these structural considerations it is
consistent with the static disorder and shift from 12 to 12A is the result of covalent 12
bond formation in MAPDbI to produce a neutral diatomic 12 molecule within the
perovskite framework. This would have extensive implications on the band structure
and charge transfer suggests a redox reaction of 2|-—I2+2e-. The bond distances
between I3 and both orientations of the MA ions are unphysical, which suggests that
the occupancy of I3 can only be achieved with the MA molecule adopting a
perpendicular orientation (Fig. 4b), such that diffusion of the I3 ions from I2 and I1
only occurs with collective motion of the MA ions in a gate opening type mechanism.

SNBL 2017-18 11
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Further studies will be needed to clarify the presence and role of the 12/1- redox
couple and the implied electron/hole formation within hybrid perovskite, as well as the
effect on the electronic and ionic conduction and whether this is related to its solar
conversion properties, such as the long electron-hole diffusion lengths [11] and
lifetimes [12].

"¢—¢—9
—[+
—0O0—9—0
—[+

Figure 5. (a) Relative positions of 12 molecule (green and blue sphere) compared to the perovskite
framework. Methylammonium ions are omitted for clarity, and (b) cooperative arrangements of the
orientation of the methylammonium ions as a result of occupation of I3 sites. (=) and (+) represents
single and shared orientations of MA molecule, respectively.
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Very long-lived photogenerated high-spin phase of a multi-stable spin-
crossover molecular material

Teresa Delgado?, Antoine Tissot?, Laure Guénée®, Andreas Hauser?, Francisco
Javier Valverde-Mufioz?, Maksym Seredyuk?, José Antonio Real*, Sébastien Pillete,
El-Eulmi Bendeif® and Céline Besnard*®

a. Département de Chimie Physique, Université de Genéve, 1211 Genéve, Switzerland.

b. Institut des Matériaux Poreux de Paris, FRE 2000 CNRS, Ecole Normale Supérieure, Ecole
Supérieure de Physique et de Chimie Industrielle de Paris, PSL Research University, 75005 Paris,
France.

c. Laboratoire de Cristallographie, Université de Geneve, 1211 Genéve, Switzerland.

d. Departament de Quimica Inorgéanica, Institut de Ciencia Molecular (ICMol), Universitat de Valencia,
Valencia, Spain
e. Université de Lorraine, CNRS, CRM2, Nancy, France

Spin crossover compounds are switchable materials that can be triggered by various
external stimuli (temperature, pressure, light and analytes).This makes them good
candidates for applications such as spintronic, sensors...[1-2] In the pseudo-
octahedral SCO iron(Il) complexes, the switch between the HS tg*eg? and the LS
t%e, induces a variation in the Fe-ligand bond lengths that can be as large as 0.2 A.
The spin transition can then be directly followed through the structural changes.

It is possible to achieve a quantitative LS—HS conversion in Fe!' SCO complexes by
irradiating the sample in the UV-Vis or near-IR regions at low temperature through
the “Light-Induced Excited Spin State Trapping” (LIESST) effect [3]. The lifetime of
the photogenerated metastable HS state is inversely proportional to the thermal SCO
temperature, T12, at which the molar HS and LS fractions are equal to 0.5. The
kinetic stability of the photogenerated HS state can be roughly estimated following a
precise protocol which determines the characteristic temperature TLiesst at which the
photogenerated HS state relaxes to the LS state within a few minutes after irradiation
at 10K [4]. In pure SCO compounds TLiessT values are usually in the interval 20 - 100
K.

[Fe(n-Bu-im)stren](PFs)2, (n-Bu-im)s(tren) = n-butyl imidazoltris(2-ethylamino)amine)
has a complex spin crossover behavior previously studied by magnetic
measurements [5]. Two different thermal spin transitions have been observed
depending on the sweeping rate of the temperature. At 4 K/min, the SCO between
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the HS and the LS phase (called LS41) is characterized by an average critical
temperature of 122 K with a hysteresis loop of 14 K, while for a slower scan rate of
0.1 K/min the SCO between the HS phase and a different LS phase (called LS2) is
characterized by an average critical temperature of 156 K and a hysteresis loop of 41
K. Besides the usual HS to LS FeNe coordination sphere rearrangements, the HS
and LS+ structures only differ by moderate structural modifications. The HS and LS2
structures, on the other hand, strongly differ from each other in the orientation of
several butyl groups and of the counter anions

We investigated the LIESST behavior of this compounds using absorption
spectroscopy and magnetometry. As expected, the HS->LS relaxation after
irradiation of the LS2 phase (irradiation at 10 K) is faster than the HS—->LS relaxation
after irradiation of the LS1 phase (irradiation at 10 K). However, during our
measurements, we noticed an unusual behaviour for the LS1 phase. Irradiations at
temperatures above 70 K of the LS1 phase lead to unexpected long HS—>LS1
relaxation times as shown in Figure 1. This was not observed for the LS2 phase for
which irradiating at higher temperature does not significantly change the relaxation
time for a given relaxation temperature.

a) b) time /s
10— —e— i 10 K, relax 80 K 10
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Figure 1. Evolution of the normalized photo-induced HS fraction as a function of time at 80K for the HS
to LS+ relaxation after irradiation of the LS+ phase at various temperatures. a) Optical spectroscopy data
b) Magnetic data. All the experiments start from a quantitative population of the HS state by irradiation at
the indicated temperature followed by a relaxation at 80 K

In order to understand the different relaxation behaviors for the LIESST HS state
generated below and above 70 K from the LS+ phase, structural investigations were
performed using single crystal X-ray diffraction. The butyl chains of the ligands, which
adopt different conformations in the already characterized LS+, LS2 and HS states,
were closely examined.

A LS+ structure was obtained at 25 K, which is similar to the one reported at 110 K.
After irradiation of the sample, HS structure of the irradiated sample at 25 K, which
we will call HS1''"™, presented a complete ordering of all the alkyl substituents, in the
same conformation as in the LS1 state. Around 90 K, the LS+ structure is similar to
the one determined at 25 K. However, the metastable HS excited state that we will
call HS12" s different, with one of the butyl chains disordered and another butyl chain
in a different conformation compared to the structure of LS1 or HS1"". We were able
to collect several datasets during the relaxation. The obtained structures are shown
in Figure 2 alongside with the relaxation curve, calculated from the Fe-N distances. In
the photoinduced HS+?'" state, the butyl chain of one ligand is disordered (chain A)
with two randomly distributed orientations (red and violet chains). The other butyl
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chains (B and C) are ordered. After cutting off the laser irradiation, the relaxation
proceeds very slowly for approximately 1 h. During this nucleation time, disorder
grows on chain B (green and orange chains). As the relaxation becomes faster, chain
A orders in one of its initial orientations (red). Chain B also starts to order, flipping its
initial orientation (from the initial orange chain to the final green one). Clearly, this
order/disorder phase transition that takes place in two different butyl groups of the
ligands is directly related with the long relaxation time.
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Figure 2. Relaxation curve obtained by single crystal X-ray diffraction using synchrotron radiation at 90
K after irradiation at the same temperature of the LS+ phase. The HS fraction curve (black) is derived
from the crystallographic Fe-N distances. The structure of the complex is shown at three different
relaxation times on this curve, with displacement ellipsoids depicted at 40 percent probability level. An
order/disorder phase transition takes place in two different butyl groups of the ligand, chain A and B
during the relaxation from HS1'™ to LS4. For each chain, two different positions of the butyl group are
observed, represented with different colors. The occupancy factor defines the proportion of the chain
being in the given position. The evolutions with time of the occupancy factors for chain A and chain B
are shown below the relaxation curve.

In Figure 3, a structural diagram of the different HS and LS states is presented. This
system is a very nice example of how multistability can influence the spin crossover
properties. Obtaining long relaxation times at higher temperature is a necessary step
for practical applications of spin crossover compounds. A lot of work has therefore
been dedicated to increase the so-called Tiiesst. Our compound has a Tuesst of 80
K, which is quite low, while the best designed systems are reaching Triesst of 130 K
[6]. However, by using the multistability of the system, we obtained long relaxation
times of the order of a few hours at temperatures higher than the TrLesst, by
irradiation at temperatures above 70 K. Following the structural changes during the
relaxation was a key to understand the LIESST behavior of this system since we
could show that this phenomenon can be explained by the rearrangements of side
alkyl chains, far away from the spin crossover centres. Multistability is not so rare in
spin crossover compounds and this shows that it can indeed be exploited to design
systems with interesting photo-induced behaviours.
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Alkyl chain possible conformations
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Figure 3. Simplified structural diagram of [Fe(n-Bu-im)stren](PFe)2; (n-Bu-im)s(tren) = n-butyl
imidazoltris(2-ethylamino)amine). The different conformations that the alkyl chains can adopt are shown
on the right. For each phase of the phase diagram, three colored disks indicate the positions adopted by
chain A, B and C. Two-colored disks indicate that the chain is disordered over both positions. For the
quenched phases, a small disorder on chain B is sometimes observed, depending on the temperature,
but only the main conformation of the chain has been indicated.
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Effect of the active-site structure on the activity of copper mordenite in the
conversion of methane into methanol

V. L. Sushkevich?, D. Palagin? and J. A. van Bokhoven2®

(a) Paul Scherrer Institut, Villigen (Switzerland)
(b) Institute for Chemical and Bioengineering, ETH Zurich (Switzerland)

Materials with monomeric and oligomeric copper sites that are active in the direct
conversion of methane into methanol possess different reactivity towards methane
and water. Here, it is shown for the first time that oligomeric copper species exhibit
high activity under both aerobic and anaerobic activation conditions, whereas
monomeric copper sites produce methanol only in aerobic processes.

The direct conversion of methane into methanol is an important process industrially,
as it provides a sustainable route from an abundant and clean component of natural
gas to one of the main precursors for the synthesis of chemicals. A promising aerobic
stepwise process over copper-exchanged zeolites has been suggested; however, a
detailed understanding of the mechanism of such a zeolite-catalysed conversion is
still missing [1, 2].

It has recently been shown that selective anaerobic oxidation of methane is possible
[3]; where water is used both to provide oxygen to regenerate the zeolite active sites
and to stabilise reaction intermediates to drive the otherwise endothermic Cu'
oxidation reaction. Instead of using oxygen, only the presence of water is required,
while the reactivation of the zeolite material is done in an inert atmosphere. Such a
water-facilitated redox process requires at least two copper atoms to
stoichiometrically oxidise methane into methanol, thus suggesting the presence of
active sites containing several copper atoms. However, the intrinsic activity of copper
species of different sizes is still a subject of debate.

This work demonstrates the influence of the Si/Al ratio of the zeolite mordenite on the
possible configurations of the active copper oxide sites, and therefore on the activity
of the material in the process of aerobic and anaerobic conversion of methane into
methanol. Infrared spectroscopy of probe molecules (nitrogen monoxide and
hydrogen) indicated the dominant formation of copper monomeric species for the
samples with a high Si/Al ratio, in contrast to the samples with Si/Al ratio higher than
10, where a mixture of copper sites with different nuclearity was detected. Laboratory
tests showed the gradual increase of the selectivity and methanol yield per mole of
copper with an increase of the Si/Al ratio, which might be associated with different
redox properties. To assess them, a temperature-programmed reaction (TPR) of
copper mordenite samples with methane was monitored by means of in-situ X-ray
absorption spectroscopy (XAS) at beamline BM31. Cu K-edge X-ray absorption near
edge structure (XANES) spectra showed the gradual conversion of Cu' species into
Cu' within the temperature range of 300-700 K (Figure 1a). Linear combination fitting
(LCF) analysis of the spectra acquired for different samples (Figure 2b) demonstrated
that the reduction of all samples starts at ~400 K and then progressively accelerates
with the rise of temperature. CuMOR(6.5) and CuMOR(10) demonstrated similar
redox properties, with almost full reduction of Cu'" into Cu' at 650 K. In contrast, the
reduction of the CuMOR(46) material showed a more gradual reduction until the
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temperature of 750 K. This indicates lower reactivity of copper monomeric species of
CuMOR(46) towards methane.

Combining XAS and infrared spectroscopy with reactor tests, it is possible to show
that monomeric and oligomeric copper species display different activities towards
methane in both aerobic and anaerobic pathways, as well as towards water under
anaerobic conditions. This difference is probably related to the stabilising effect of the
water molecules interacting with active copper sites. Together, the data can serve as
a basis for the further improvement of existing systems and the design of novel
materials for the direct conversion of methane into methanol.
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Figure 1: a) Cu K-edge XANES spectra acquired during TPR of CUMOR(Si/Al = 6.5) with methane. b)
Results of linear combination fitting of XANES results in the course of TPR-CHs. c¢) Scheme
representing the aerobic and anaerobic looping protocols for methane conversion into methanol. (Ed.
Panels to be labelled by typesetter. a) top left, b) top right, c) bottom)

Principal publication and authors

The Effect of the Active-Site Structure on the Activity of Copper Mordenite in Aerobic
and Anaerobic Conversion of Methane into Methanol, V. L. Sushkevich (a), D.
Palagin (a) and J. A. van Bokhoven (a, b), Angew. Chem. Int. Ed., 57, 8906-8910
(2018), doi: 10.1002/anie.201802922.

(a) Paul Scherrer Institut, Villigen (Switzerland)

(b) Institute for Chemical and Bioengineering, ETH Zurich (Switzerland)

References

[1] M. H. Groothaert et al., J. Am. Chem. Soc. 127, 1394-1395 (2005).
[2] P. Tomkins et al., Acc. Chem. Res. 50, 418-425 (2017).

[3] V. L. Sushkevich et al., Science 356, 523-527 (2017).

18 SNBL 2017-18



STATUS

STATUS OF FACILITY

BMO1

BMOL1 is a general crystallography beamline focused on diffraction experiments with
powder, single crystal, and thin film samples [Dyadkin, V et al. J. Synchrotron Rad.,
23, 3, 2016]. We offer a goniometry that hosts a variety of sample environment cells
to control temperature, pressure, gas atmosphere, electric and magnetic field at the
sample position. The diffraction signal is detected by a hybrid pixel Pilatus2M 2D-
detector. A flexible detector support allows to combine experiments covering large
scattering angle range with high angular resolution measurements. The
diffractometer is controlled by home-developed software “Pylatus”, a set of data
processing and data analysis tools developed at SNBL helps users to process,

visualize and pre-analyse data during the experiment (for recent updates see
https://soft.snbl.eu).

In 2017-2018 BMO1 has continued its successful operation and stays one of the most
requested and productive crystallography and diffraction station at ESRF.

Figure 1. PILATUS@SNBL diffractometer set for in-situ thin film measurements (experiment 01-02-1176, EPFL
LNCE, Sion, Switzerland)

The ESRF upgrade will replace existing bending magnet with a 2 pole wiggler

source. The existing optics has to be modified in order to handle higher thermal load
and to get more from the new source. We have started an upgrade with replacement
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of the existing monochromator with a new version of double crystal focusing device
designed and constructed by the IDT company. The new monochromator was
installed and commissioned in March 2018 (Fig. 4) during service time, without any
perturbation of beamline operations and without any user experiment cancelled for
this upgrade.

Figure 2. Installation of the new monochromator in the optic hutch of BM01.

Scientific results

2017 and 2018 were very productive years for BMO1 with over 140 publications. The
publications cover a broad range of topics in modern physics, chemistry, and material
science. Many of them have been done in a cross-border collaboration between
different research groups. Here we give only a brief overview of selected
publications, a complete list can be found at http://www.snbl.eu .

Diffraction data collected at BMO1 were combined with neutron scattering data and
together revealed a spiral spin-liquid in MnSc,S, [Gao, S et al. Nature Physics, 13,
157-161, 2017] and a manifold of magnetic ordered states in MgCr,O,4 [Gao, S et al.
Phys. Rev. B 97, 134430, 2018]; the both publications originate from PSI and may
serve as an example of a successful single crystal synchrotron experiment at helium
temperatures. Another example of crystallography at low temperatures is given by a
contribution from the University of Bergen [Bernhardt, P.V et al Chem. - A European
J., 24, 5082, 2018] where temperature evolution of spin state of a Fe** complex and
conjugated structural distortions has been followed in details.

A control of physical properties and crystal structures of photo-switchable materials
was in the focus of experiments done by scientists from University of Geneva [Perez,
M.T.D. et al. 3. Am. Chem. Soc., in press, 2018], [Delgado, T. et al. Phys. Chem.
Chem. Phys., 20, 12493, 2018], and EPFL [Glushkova, A. et al. CrystEngComm, 20,
3543, 2018].

A significant number of in-situ experiments were focused on gas adsorption by

porous materials, such as zeolites and metal-organic frameworks (MOFs). Porous
framework materials and various applications of them have been studied by
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researchers from the University of Bergen [Bezrukov, A. et al. Inorg. Chem., 56,
12830, 2017; Bezrukov, A. et al. Cryst. Growth Des.,17, 3257, 2017; Pato-Doldan, et
al. ChemSusChem, 10, 1710, 2017; Bezrukov, A. Chem. Commun., 54, 2735, 2018]
and Sion branch of EPFL [Peng, L et al. ACS Appl. Mater. Interfaces, 9, 23957,
2017; Bulut, S et al. J. Org. Chem., 83, 3806, 2018; Gladysiak, A. et al Inorg. Chem.,
57, 1888, 2018; Gladysiak, A ACS Appl. Mater. Interfaces, in press, 2018 ].

Electrochemistry and battery-related research is another hot topic in material science
where users of BMO1 were active in 2017-2018. Data collected at BMO1 have been
used in [Duchéne, L. et al. Energy Environ. Sci., 10, 2609, 2017] for characterization
of a sodium-ion battery (EMPA and University of Geneva). Another example of
battery research is given in [El Kharbachi et al. RSC Adv., 8, 23468, 2018] (Institute
for Energy Technology, Kjeller, SINTEF ,Trondheim, and University of Oslo), where a
new composite-electrode concept is proposed for Li solid state batteries.

Based on the accurate data collected with small single crystals a few new crystal
structures were solved for unprecedentedly large coordination cages [Cecot, G et al.
J. Am. Chem. Soc., 139, 8371, 2017] (EPFL). New materials that are potentially
interesting for the food industry, ionic co-crystals of sodium chloride with
carbohydrates, have been synthesised and their crystal structures have been solved
with BMO1 data [Oertling, H. et al. Cryst. Growth Des., 17, 262, 2017] (Unviersity of
Geneva and Nestlé Research Center), the compounds are regarded as inexpensive,
nontoxic, and biodegradable source of sodium and calories.

Figure 3. Representation of the crystal structure of sucrose-NaCl-2H,0. Oxygen atoms are depicted in red,
carbon atoms in grey, chlorine atoms in green, sodium atoms in pink, and hydrogen atoms in white, from Cryst.
Growth Des., 17, 262, 2017.

An example of time-resolved powder diffraction experiment is given in an in-situ
study of hydrothermal synthesis of NaNbO3 [Skjeerva, S.L et al. Cryst. Growth Des.,
18, 770-774, 2018] (NTNU, Tronheim). The high time-resolution (0.1 s) revealed a
sequence of transient intermediate phases, including several new phases, before the
final perovskite NaNbO3; was formed. These findings highlight the complexity of the
hydrothermal synthesis of NaNbO3; and demonstrate the potential for obtaining in-
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depth-knowledge of the reactions taking place by time-resolved in-situ X-ray
diffraction.
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Figure 4. 2D contour plot of the evolution of phases in the Na-Nb-O system for hydrothermal synthesis during
rapid heating approaching supercritical conditions (423 °C and 250 bar) including a schematic showing the phase
development., from Cryst. Growth Des., 18, 770-774, 2018.

Future developments on the beamline

ESRF is preparing for a major upgrade with the Extremely Brilliant Source (EBS)
project. EBS not only offers new opportunities for SNBL beamlines but also changes
the source position and in 2019-2020 we have to do a component-by-component re-
positioning of the entire beamline. In 2017 we have prepared a 2-phase plane for the
development of the both beamlines. For BMO01, at the first stage a new
monochromator is installed in 2018, and our old mirror system will be refurbished in
2019. We also plan a list of modifications in the experimental hutch to make the
future upgrades possible, the modifications include installation of a new beam
conditioning and sample positioning unit that integrates a fluorescence detector,
optical spectroscopy and microscopy tools, a new fluid distribution panel, a new
compact slit vessel, a relocation of the control electronics and diffractometer base.

At the second stage we plan to enhance the single crystal diffraction experiments for

fast high quality redundant and complete data acquisition. Millisecond time resolution
would be possible with an Eiger X 500k or similar detector, in particular, for a surface
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diffraction and in-situ time resolved experiments. Finally, a modified long
diffractometer base would allow small-angle scattering experiments using the same
detectors.
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Crystallography
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Positioning Unit
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Figure 5. A conceptual scheme of BMO1 multipurpose diffraction station, from “SNBL 2019 and 2020: adapt and
upgrade the SNBL beamlines to the ESRF Extremely Brilliant Source (EBS)".
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Powder Diffraction and EXAFS Station

Current status

Until 2016 SNBL has been a split beamline, where the x-ray beam emitted from one
ESRF bending magnet was subsequently cut into two branches to provide x-rays for
two independent end stations: BMO1A and BMO1B.

Our Swiss and Norwegian funding agencies and the ESRF agreed in June 2014 to
move our existing beamline BMO1B to a new and independent ESRF bending
magnet port: BM31, which, after a two years planning and installation period was
successfully completed in 2016 with an effective downtime of 3 month only (see also
last status report). The transferred beamline, the new hutches and the newly installed
infrastructure have been working flawlessly since the move has been completed 2
years ago.

One of the main arguments for the splitting of the two beamlines were the lack of
space i.e. for BMO1B due to the vicinity of the A-branch. Moving BM01B to a new
bending magnet port held the promise to prepare BM31 for the future, i.e. in the light
of the ESRF upgrade, which will start at the end of 2018 and last until summer 2020.
BM31 will seize this occasion to perform radical changes to the existing beamline
optics during this shutdown, in line with the declared goal to improve the station
performance. This will comprise a new liquid nitrogen cooled monochromator, able to
change quickly between different techniques, namely: powder diffraction, EXAFS and
Total Scattering. Furthermore the future installation of collimating/focusing mirrors will
be prepared in order to collect more photons from the source with the intention to
increase the data quality and yet reducing the measurement time. These changes
will be reported in more detail in future status reports.

Besides user operation and the planning for the new beamline layout, the BM31 team
has equally made new developments which are showing very encouraging results.

Battery research is a rapidly growing field with a high economic and environmental
impact. It is thus no surprise that about 20% of the BM31 beam time is now
dedicated to this fast moving field of interest.

In the past, BM31 has developed - in collaboration with scientist from the University
of Oslo - a standard cell allowing to characterize a plethora of different battery types
under different working conditions using X-ray techniques.

The results of this development have been published in the “Journal of Applied
Crystallography” under the title “Versatile electrochemical cell for Li/Na-ion batteries
and high-throughput setup for combined operando X-ray diffraction and absorption
spectroscopy” (J. Appl. Cryst. (2016) 49, 1972-1981) and the essence of it has also
been shown in the last status report. The recurring request for battery systems
working under high temperatures (s 100°C) has led to the development of a high
temperature sample changer, where up to six battery cells can be mounted in a heat
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resistant vermiculite wheel, which allows to sequentially investigate 6 individual cells
with our x-ray beam following a user programmed script. Each cell can be set and
stabilized at its own user chosen temperature and a connected galvanostat permits
for each cell the parallel acquisition of electric data along with the x-ray data.
Temperatures can be set as high as 200°C which is also the high end of the working
range of our universal battery cell.

Figure 1. High temperature battery set-up Implementation of the high temperature battery set-up on BM31,
showing the inclined Dexela 2D detector, the temperature control unit and the high temperature (HT) wheel (Top).
Right: Close-up of the HT sample changer wheel and its connecting cables to the galvanostat.

Driven by the user need and their wish to add fluorescence techniques to our already
existing x-ray tool park, a second, new battery cell was developed in 2017 in
collaboration with Oleg Drozhzhin et al. (Chemistry Department, Lomonosov Moscow
State University) and the SNBL beamline members. This new cell has the advantage
to be very easy to assemble which is an important criterion since most of the
batteries have to be put together in a glove box under a protective atmosphere. The
geometry of the new cell allows to detect the fluorescence photons emitted by the
electrode under investigation, which can, in turn, provide important information about
the environment of active atoms and their valence state at any moment of the
charging/discharging cycles of the cell. The working principle and some relevant
measurements showing the potential of this new design have been published in the
“Journal of Synchrotron Radiation” at the beginning of 2018 under the title: “An
electrochemical cell with sapphire windows for operando synchrotron X-ray powder
diffraction and spectroscopy studies of high-power and high voltage electrodes for
metal-ion batteries” (J. Synchrotron Rad. (2018) 25, 468-472).
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Figure 2. Left top: Exploded view of the new cell, Left bottom: As mounted on BM01 Center: Mass fractions of the
developing phases in the Lii—xFeosMnosPOs4 positive electrode upon charging/discharging as refined from
diffraction data and its respective charge/discharge diagram (Center bottom). Right: XANES from the Ni K-edge
and the corresponding discharge curve in the Li1NiosMn1504 cathode material.

New focusing System

The biggest improvement in 2017 has certainly been the installation of a new
focusing system for diffraction experiments. Before moving to the new BM31 bending
magnet the former SNB station was already equipped with a focusing crystal for
energies around 40keV. Compared to an unfocused beam this system allowed for a
7-10fold flux density increase and thus an accordingly reduced measurement time.
Due to the beamline move the respective distances from the x-ray source to the
monochromator as much as the distance between the monochromator (holding the
focusing crystal) and the sample have changed by several meters. Therefore a new
focusing crystal had to be ordered and installed towards the end of 2017.

This focusing crystal was produced by bonding a Si 111-oriented wafer onto a Pyrex
substrate with a fixed cylindrical radius ground in to the Pyrex block prior to the
bonding.

Green: Mar 9" in 16 bunch mode
Blue:  Dexel 15h in 16 bunch
E =526 keV. 0.3mm capillary

\  Better
|\ Resolution sec Focused

eV, 0.3mm capillary

Figure 3. Left: Pyrex support with fixed cylindrical radius (R~1m) ground in and a Si-111 wafer anodically bonded
to its surface. Right Top: Diffraction measurements using an unfocused beam on LaB6, done with two different
2D detectors (Mar /Dexela) Exposure time ~ 9 min and 15h (16-Bunch) respectively. Right Bottom: Same sample,
measurement done in 10 seconds only, using the focusing device and the Dexela 2D-Detector.
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The first results of this new type of focusing are truly impressive. The flux density is
estimated to be about 250 times higher compared to an unfocused beam at the same
energy (39.2keV). Furthermore the full width half maximum of the focal spot size at
the sample position is below 100um. The outcome of this improvement is not only a
dramatically reduced measurement time, but equally a substantially enhanced
resolution due to the small focal spot size. Furthermore the (thermal) detector noise
of our (medical) 2D Dexela detector got largely suppressed, due to the much shorter
exposure times. First measurements on samples provided by our users confirm the
greatly improved data quality.

Scientific results

After resuming its activities in autumn 2016, BM31 has maintained its productivity in
terms of scientific output as it will be illustrated in the following few examples.

BM31 has been streamlined to follow dynamic chemical and physical processes in
real time. This holds especially for the quasi simultaneous combination of diffraction
techniques probing the long range structural information in ordered samples together
with x-ray spectroscopy (XAFS) yielding the short the range order even in amorphous
samples. Performing both experiments on the same sample spot allows for a perfect
temporal correlation of the information gained by one technique with the results of the
measurements obtained by the other.

The strength of this combination can be seen in the publication from C. Andersen, et
al. under the title: “Redox-Driven Migration of Copper lons in the Cu-CHA (SSZ-13)
Zeolite as shown by the In Situ PXRD/XANES Technique” published in the renowned
Journal “Angewandte Chemie” (56, 10367-10372, 2017).

Using quasi-simultaneous Powder Diffraction (PD) and XAFS on a commercially
available de-NOy Zeolite catalyst: Cu-CHA, they could track both, the oxidation state
of the redox active centers, as well as their structural location and migration in the
zeolitic network during the different stages of the catalytic activation.

In this article the experimentalists establish a direct correlation between the reduction
of Cu?** to Cu" and the migration from an accessible, but relatively unstable
configuration in the 8R of CHA to the less accessible, but more stable configuration
in the 6R.

The authors conclude that the reduction process does not begin until all the water
has dissipated, and the kinetic energy overcomes a thermal activation energy
corresponding to about 400°C and that at least two separate Cu” sites are present in
Cu-CHA, expanding the known Cu*-loaded CHA model with an 8R site.

From an experimental point of view the take away message is, that it is really the
power of combining in situ PXRD and XANES which permits to monitor simultaneous
cation migration and redox chemistry in this dynamically evolving sample.
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Figure 4. Top : Crystallographic structure of dehydrated, O
activated Cu-CHA portraying the two 6R sites A (cyan) and A’
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The following example shows the close collaboration between the beamline
members and SNBL users. In the article “In situ flow cell for combined X-ray
absorption spectroscopy, X-ray diffraction, and mass spectrometry at high photon
energies under solar thermochemical looping conditions” from Matthaus
Rothensteiner et al. (Rev. of Scientific Instruments 88, 083116 (2017). In this article
an in situ/operando flow cell for transmission mode X-ray absorption spectroscopy
(XAS), X-ray diffraction (XRD), and combined XAS/XRD measurements in a single
experiment under the extreme conditions is presented. This cell has been developed
by the main author and the beamline scientist of BM31 (H. Emerich). The object of
this study was a two-step solar thermochemical looping process for the dissociation
of water and/or carbon dioxide. The resulting gases can be reused to form
hydrocarbons in the well-known Fischer Tropsch Reaction (FTR).

In this set-up the reaction materials are exposed to the relevant conditions of both,
the auto-reduction and the oxidation sub-steps in a thermochemical cycle at ambient
temperatures up to 1773 K. The composition of the effluent gases are monitored
online by quadrupole mass spectrometry. The cell is based on a tube-in-tube design
and is heated by means of a focusing infrared furnace.
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Figure 5. Left: Quartz dome and inner alumina
feed-gas/sample container. X-rays enter from the
right, the round dome at the end of the furnace
allows to collect diffraction patterns over a large
angular range. Right: The system mounted in an
infrared furnace, allowing to expose the sample to
temperatures up to 1773K in a controlled gas infout
flux.

The oxidation state and off-stoichiometry of the thermally active sample (CeosHfos0.-,
where & stands for the off-stoichiometry) could be monitored over the full temperature
range by the use of Xanes techniques at the Ce and Hf K-edges at 40.4keV and
65.4keV respectively. Structural information (i.e. the formation of a monoclinic Hafnia
phase) could be obtained during the thermal looping cycles by the use of powder
diffraction in combination with the focusing crystal at ~40keV.

Another example is the research work on sodium batteries done by Jonas Sottmann
et al, published in “Chemistry of materials” in 2017. (Chem. Mater. 2017, 29, 2803-
2809). Sodium-lon batteries are prime candidates for energy mass storage due to the
abundance of sodium, its low price and low toxicity. In this study, entitled “Bismuth
Vanadate and Molybdate: Stable Alloying Anodes for Sodium-lon Batteries” it is
shown, that bismuth metalates, BiVO,4 and Biy(MoO,)3, chosen as representatives of
ternary metalates for anode materials of Na-batteries, show high specific capacities
(367 mAh/g and 352 mAh/g, respectively) and exceptionally high cycling stability for
alloying anodes with close to 80% of the first charge capacity retained over 1000
cycles at ~1C (in the case of Bi,(M0O,)s) and a Coulombic efficiency well above
90% for both materials. Furthermore, BiVO,is a low cost commercial yellow pigment
with low toxicity.

In situ XANES studies on BM31 (using our in-house developed battery cell), ex situ
XRD, and DFT analysis suggest that the initial compounds upon first time sodiation
are converted into alloying Bi nanocrystallites confined in a matrix of
electrochemically active insertion hosts namely Naz«VO, and Na;+xMoO4
respectively.

SNBL 17-18 29



STATUS

() conversion insertion + alloying

/ desodiation

x1000
Bi,(MoO,), Bi+ Na,(MoO,) Na;Bi + Nas(MoO,)

ae"ep

Figure 6. Left: Crystal structure of (a) BiVO, and (b) Bi2(MoO4)s. Purple, yellow, grey and red balls represent Bi,
V, Mo, and O atoms, respectively. Right: (De-)Sodiation pathways. Initial sodiation and initial formation of
NasVOs and Na,MoO4 and subsequent charging/discharging cycles.

The formation of an electrochemically active NasVO, and Na,MoO, matrix after the
initial, irreversible conversion of BiVO4 and Bi,(MoO.)s, respectively (1™ sodiation), is
seen as one of the major reasons for the excellent battery performance.
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