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In addition to the routine operation of the beamlines, the last two years have seen
two events which will have a serious impact on the future development of the
Swiss-Norwegian beamline project. On the one hand, we have successfully
completed a major upgrade of the entire infrastructure of the beamlines (including
electrical, mechanical and vacuum systems). Although this upgrade has taken
somewhat longer than originally planned, we are particularly pleased to be able
to report that the entire refurbishment was carried out without any significant
impact on our day-to-day operations. We are now in excellent shape to continue
to offer high grade synchrotron facilities to our user communities in Norway and
Switzerland for many years to come.

The second major event was the review of SNBL carried out by an international
committee of experts nominated by the ESRF, which takes place roughly every 5
years. This review provides us with an excellent opportunity both to present our
achievements over the past few years and to look forward to the possibilities and
the challenges which lie ahead. We would like to acknowledge the very positive
and constructive atmosphere in which the review was conducted, and the interest
shown by the panel members. Although the results of the review are considered
in detail within this bi-annual report, we would like to take this opportunity to
quote from the main conclusions of the review panel.

“The Panel was impressed by the high quality and quantity of science as well as
technical achievement since the last review. We formed the view that the
activities at the SNBL are strongly science-driven and supported by an excellent
well-motivated staff who are delivering a cohesive portfolio of techniques from the
two member nations. BMO1 operates as an important interface between the
various ESRF operations, offering state-of-the-art experimental facilities and data
analysis for the chemistry community and more generally across the physical
science”.

To receive such positive feed-back from the review panel has been both a source
of encouragement for all members of the team, and a confirmation that the
management of the SNBL (in conjunction with the members of the SNX Council
and the user community) has adopted the right strategy for the future
development of the project. In this context, it is perhaps appropriate to cite the
final remarks of the review panel.

“The beamline has a very bright scientific future building upon the impressive
output to date and unique features of the beamline”.

V. DMITRIEV, P. PATTISON, H. EMERICH
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SCIENTIFIC HIGHLIGHTS

Structural Studies of Peroxide-Derived Myoglobin Intermediates.

Hans-Petter Hersleth and K. Kristoffer Andersson
University of Oslo, Department of Molecular Biosciences, P.O. Box 1041 Blindern,
N-0316 Oslo, Norway
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Radiation damage

In recent years the awareness of potential radiation damage of metal centres in protein
crystals during crystallographic data collection has received increasing attention. The
radiation damage can lead to radiation-induced changes and reduction of the metal sites.
For our studies on Mb we have observed this, and have therefore regularly used
microspectrophotometry to monitor the influence of X-ray on our different states during X-
ray diffraction data collection. Mb can nicely be monitored with light absorption because
the different Mb states have characteristic absorptions in the 350-700 nm range. We
have mainly studied three of the Mb states: resting ferric metMb, Mb compound I, Mb
compound Ill and their corresponding radiation-induced states.

Radiation-induced resting ferric metMb

The ferric metMb is the resting state in the peroxidase reaction of Mb, and due to its ferric
oxidation state it can potentially be reduced. This undesired radiation-induced change is
observed for the ferric metMb state during crystallographic data collection. The radiation-
induced reduction reduces the Fe" to Fe', but at this low temperature the water that
ligates to the iron is unable to move away to generate the normal ferrous deoxy. The
crystal structure of the aqua ferrous low-spin state can be seen in Fig. 1A with a Fe-O
bond of 2.1 A, which is about 0.1 A shorter than in the high-spin ferric metMb state. The
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Figure 1: The Crystal structures of the haem regions

cryoradiolytic-induced conversion from ferric metMb to aqua/hydroxy-ferrous Mb can in
crystals be followed with single-crystal microspectrophotometry as seen in Fig. 2. The
reduction is characterised by the reduction of the original ferric metMb peaks at 500, 540,
580 and 635 nm, with new peaks at 525 and 567 nm. When we carry out a short
annealing of the aqua-ferrous state in crystals it seems that it is the high-spin ferric Mb
state that is regenerated and not the ferrous deoxy state (Fig. 2).

Radiation-induced Mb compound Il

Single-crystal microspectrophotometry on Mb compound Il shows radiation-induced
changes during crystallographic data collection. The peaks at 540 and 580 as well as the
shoulder peak at 595 nm decreases with increasing dose, while a new peak at 567 nm of
unknown origin appears. The structure of this radiation-induced Mb compound Il has a
Fe-O bond of 1.85-1.90 A, which indicate a single-bond (Fig. 1B). The observation of a
single-bond in compound Il is supported by crystallographic studies on peroxidases. Fe-
O bond distance of 1.85-1.90 A is about 0.3 A —— e

longer than expected for an oxoferryl (Fe'V=0) a0

species and about 0.2 A shorter than in the {~_ — - 635
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mentioned above, that the structure of the Mb wavelength (nm)

compound Il and radiation-induced Mb compound

Il are similar, and thereby both Fe-OH states. Figure 2: Single crystal-light absorption
Due to the shown protonation of the radiation- spectra of the Build up of aqua ferrous Mb

induced Mb compound Il it has also been referred from ferric Mb during increased X-ray dose.
to as Mb intermediate H.

time course - same crystal
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Figure 3: Single crystal-light absorption
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Figure 4: Crystal structures of the haem regions of Mb shown with the electron density 2F,-F. map
(contoured at 15 in golden), the final Fo-Fc map (at +3c in green and at -3c in red) and difference Fo-F
map with the peroxy/hydroxy atoms and extra water molecule omitted for map calculation (at 4 in
blue). Consecutive datasets collected on the same crystal.

Consecutive datasets and breaking of the oxygen-oxygen bond

We have collected two consecutive datasets on a Mb compound Il crystal, the first one
with a dose of ~3 MGy (Dataset 1), and the second one with a dose of ~10 MGy (Dataset
2). The light absorption spectrum collected after Dataset 2 shows the characteristic

time course - same crystal
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peroxyMb features (Fig. 3). The structures resulting from Dataset 1 and Dataset 2 are
shown in Fig. 4A and 4B, and indicate a shorter O-O bond for the former. The trend
indicates that Dataset 1 is mostly compound Il (oxy) with a shorter O-O bond, while
Dataset 2 is mostly peroxyMb, but the resolution is not high enough to give conclusive
results. A short annealing of 1 sec. of the peroxyMb crystal (Dataset 2) resulted in the
formation of Mb compound Il (Fig. 3, after annealing). The characteristic shoulder at 595
nm can be seen, but it has a relative lower intensity than normal, so the conversion might
not be complete. The structure of the dataset collected on this state (Dataset 3) can be
seen in Fig. 4C, and will during data collection result in the radiation-induced compound Il
as indicated by the light absorption spectra (Fig. 3). From Fig. 4B and 4C it is clearly
seen by the electron density difference maps that the molecular oxygen has changed into
a single oxygen atom. These results show that compound Il can be cryoradiolytically
reduced to a peroxyMb state that after protonation is analogous to the proposed
compound 0 precursor in the reaction with hydrogen peroxide.

Summary

The structural studies on Mb have shown that most oxidised states of Mb experience
some radiation-induced changes during crystallographic data collection from interactions
with X-rays, and similar observations have been made for other haem proteins. The ferric
metMb, Mb compound [l and Mb compound Ill experiences undesired X-ray radiation-
induced changes/reductions. The X-ray induced reduction during crystallographic data
collection can also be used to add an electron to a state at low temperatures, generating
intermediates that are otherwise unattainable. For Mb the crystal structure of peroxyMb
has been generated in this way from Mb compound Ill. An annealing of the peroxyMb
has shown that the oxygen-oxygen bond is broken in the crystal resulting in Mb
compound Il. This shows a way of trapping such intermediates, and that the
peroxy/hydroperoxy state is an important intermediate in Mb peroxidase reaction cycle.
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Structure of the polycrystalline zeolite catalysts solved by enhanced charge
flipping

Christian Baerlocher and Lynne McCusker
ETH Ziirich, Switzerland

A research team from the Laboratory of Crystallography of ETH Zurich has
succeeded in solving the structure of the zeolite IM-5, which was first synthesized
about ten years ago. However its makeup is so complex that its structure could
not be clarified until now. This was mainly because IM-5 is available only in
powder form. All that researchers were able to infer from catalytic test reactions in
2000 was a rough picture of IM-5’s pore system. The present studies show that
IM-5 has a basic structure of 24 individual silicon atoms. A unit cell of the crystal
consists of 864 atoms. However, because of various symmetries, “only” over 70
atomic positions needed to be determined. It should be stressed that up to now
the upper limit for polycrystalline materials was 20 to 30 atoms. In the present
case the structure is more than twice as big. This means the structure of IM-5 is
as complex as that of the zeolite TNU-9. So far the latter has been the most
complex structure that the same ETH Zurich research group was also able to
solve.

Fig. 1 A model representation of the zeolite IM-5: the yellow skeleton outlines the position of the
silicon-oxyaen atoms and the red-blue tubes illustrate the unique pore system
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One of IM-5’s special features is its unusual pore and channel system. On
the one hand this is two-dimensional, i.e. it has countless channels running in
parallel, but on the other hand it has limited three-dimensionality as a result of
cross-links between the parallel pores and dead end side-branches. Groups of
three pore systems lying in a plane are interconnected. These nano-sized planes
are separated by single walls. The team from the ETHZ and their colleagues from
Stockholm University broke new ground to solve the structure. The structural
determination was based on data from X-ray powder diffraction experiments
collected at SNBL and at the Swiss Light Source, together with high resolution
electron transmission microscopy images and a computer model (“Charge
Flipping”) which they adapted to the specific needs in determining the complex
crystal structures of powders.

The use of the charge flipping algorithm for ab initio structure solution from
single crystal data has rapidly become well-established, and is now incorporated
into a number of different software packages. Amongst other examples, data was
presented from SNBL on a zeolite ZSM-5 containing 38 atoms in the asymmetric
unit.

In the case of the high-silica zeolite catalyst SSZ-74, it was indeed possible
to obtain a high resolution TEM image (albeit only in one direction). This
restriction meant that the phase information which could be extracted from the
HRTEM image was very limited. Nevertheless, it was possible to use the image to
construct a structure envelope for this zeolite, which could then be combined with
the charge flipping procedure. After a series of cycles of phasing and inspection
of the density maps, a fully connected atomic framework could be recognized.

Fig. 2 The framework structure and channel system of SSZ-74. Si:yellow, O:red. The periodic nodal
surface depicts approximately the channel system within the framework structure.

8
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The original powder data collected at Brookhaven turned out to be of insufficient
quality to proceed with a structure refinement, and therefore new data were
collected at SNBL. The new powder data allowed not only 23 of the expected 24
Si atoms to be identified, but it was also possible to demonstrate conclusively that
the missing Si atom was in fact an ordered vacancy. Such an ordered defect, with
four framework oxygen atoms forming an approximate tetrahedron around a
vacancy, has never been observed before in a high-silica zeolite.

The key to the structure determination of this complex zeolite has proved
to be the combination of powder diffraction and electron microscopy data within
the charge-flipping algorithm. Not only could 89 atoms (23Si + 480 + 16C + 2N)
in the asymmetric unit be located, but even the totally unexpected Si vacancy was
revealed. This approach to structure determination is widely applicable, and
therefore holds much promise for those polycrystalline materials which have
hitherto resisted solution.

Publications:
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47-53 (2007)
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Structural studies of novel materials for hydrogen storage

Bjgrn C. Hauback and Magnus H. Sgrby
Physics Department, Institute for Energy Technology (IFE), Norway

During the last decade there has been a significantly increased focus on
hydrogen as the future energy carrier. The main reason is that a hydrogen economy may
be an answer to the two major challenges facing the future global economy: climate
changes and the security of energy supplies. The major components in the expected
Hydrogen Economy involve production, storage and final use of hydrogen, e.g. in fuel
cells. All parts in this chain are facing considerable technological challenges, in particular
related to the key materials. Hydrogen storage is a crucial step for providing a ready
supply of hydrogen fuel to an end user, such as in a car. Hydrogen storage remains an
undisputed problem for hydrogen-fuelled vehicles, and it is considered by many to be the
most technologically challenging aspect. It is also clear that the only acceptable
sustainable long-term solution for vehicles is hydrogen storage in solid materials.

A major challenge is to find materials and hydrogen storage systems fulfilling
international targets for hydrogen storage. Such research efforts require new materials
and not simple, incremental improvements in current technologies. One of the main goals
is related to the overall weight of the storage system, and thus the hydrogen storage
materials should be based on light-weight elements in the Period Table. During the last
years several new metal hydrides based on boron, aluminium, magnesium and nitrogen
have been synthesized. Advanced characterization tools like synchrotron X-ray diffraction
have to be used in order to for determination of:

e Crystal structure of the hydride and also intermediate phases that can be present
during hydrogen absorption/desorption. For structural determination of hydrogen
storage materials the combination of synchrotron powder X-rays (SR-PXD) and
powder neutron diffraction (PND) is very important (details about
hydrogen/deuterium positions from neutrons and heavier elements from X-rays)

e Hydrogen desorption and absorption reactions. The process for hydrogen
absorption and desorption in many of the new light-weight hydrides can be very
complex involving several steps and intermediate phases. In-situ SR-PXD
experiments are important for detailed understanding of theses sorption
processes.

e Effect of catalysts in novel complex hydrides. Catalysts are crucial for better
kinetics in these compounds. However, the understanding of the effect of the
catalysts in these compounds is still limited, and the use of SR-PXD in
combination with for example TEM and spectroscopic techniques, contributes to a
better understanding.

In the period 2005-2007 we have used both the A and B stations on BM0O1 at ESRF

(SNBL) to investigate:

e Crystal structures for several new compounds (in combination with PND at IFE)
including: Mg(AIH,)2, Na,LiAlDg, Zr,NiDss, o’-, B- and y-AlD3;, LiMg(AID,)s,
LiMgAIDg, LIND, and Mg(ND,),.

o Detailed studies of desorption processes in different compounds based on Al
(Mg(AlH,4),, LiAIH4, o'-, B- and y-AlD3, LiMg(AID,)s), N (Li-Mg-N-H systems), Mg
(Mg-Co-H, Mg-Fe-H, Mg-Ti-Ni-H) and B (Ca(BH,)., Mg(BH,).).

e Details of effect of transition metal (TM) catalysts in NaAlH, including presence of
TM-AI solid solutions and amorphous phases (in combination with high resolution
TEM and PND).

10
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e Substitution of fluorine for hydrogen in NasAlHg in order alter the stability.

In the following one example describing structure and decomposition of the different
phases of AlH; and decomposition of the B-containing complex hydrides Ca(BH,4), and
Mg(BH,), will be presented.

Structural studies and decomposition of AlH;

Aluminium hydride AlH; (alane) has both a high hydrogen content (10.1 wt%) and
volumetric density (0.148 kg HJ/L) that can be released at moderate temperatures.
However, the compound is not reversible at moderate conditions. AlH; has been found to
take at least six different crystal structures depending on the synthesis route: a, o, B, vy, 8
and . o-AlH; was the only structure known before this work. Based on SR-PXD
experiments at SNBL (BM01B) in combination with PND the accurate structures of o/’-, -
and y-AlD; in addition to o-AlD; have been determined [1-3]. The structures of the
different structures consisting AlDs octahedra are shown in Figure 1. For the a-, o’- and
modifications the octahedra are connected via corner-sharing in different ways, but for
the y-AlD; the structure consists of both corner- and edge-sharing AlDg octahedra.

(c) (d)

Figure 1. Structures of different modifications of AlDs: (a) a-AlDs; (b) o’-AlDs; (c) B-AlD3 and (d) y-AlDs.

11
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From old work it has been reported that the o polymorph is the most stable, but
modelling work has shown that the B-state is more stable than the a-phase. To clarify
these points, we have performed detailed studies of the decomposition of o’-, B- and y-
AlD; at BMO1A [4-5]. The B-AID3 transforms into a-AlD; (starts at about 80 °C) prior to
decomposition to Al and D,. The transformation of y-AlD; into a-AlD; starts at about 90
°C and the sample decomposes to Al and D, at a higher temperature. From about 110 °C
v-AlD; also decomposes directly into Al and D,. Relative amounts of the different phases
developed as a function of temperature during decomposition of - and y-AlDs,
respectively, are shown in Figure 2.

100 - vy

o p-AD,

wi%

- T - T - T T T d 1
40 &0 80 100 120 140 160

(a) (b)

Figure 2. In-situ SR-PXD studies of the decomposition of: (a) 3-AlD3 and (b) y-AlD3 as a function of
temperature. Heating rate is 1 K/min and measurements are performed every 2" minute. The relative
amounts of the different compounds were determined by quantitative phase analysis using the Rietveld
method based on the SR-PXD data.

From similar analysis we have found that o’-AlD; transforms directly into Al and D, at
around 80 °C [5]. At higher temperatures the transformation of o’-AlD; to a-AlD; was
observed.

In-situ SR-PXD studies of phase transformation and thermal decomposition of
Mg(BH,), and Ca(BH,),

Mg(BH4), and Ca(BH,), with 14.9 and 11.6 wt% hydrogen, respectively, are
among the most promising materials for mobile hydrogen storage, but the knowledge
about their hydrogen desorption properties is limited. We have studied these materials by
time-resolved in-situ SR-PXD at BMO1A [6].

For Mg(BH,), system the phase transition from the o- to the B-modification is
observed in the temperature range 450-460 K and the decomposition of the f-
modification takes place between 520 and 580 K. After decomposition Mg, MgO, and, at
higher temperatures, MgH. are identified as product phases.

12
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The phase transitions and thermal decomposition of Ca(BH,), are very complex.
We have found: (i) a continuous phase transition from the low temperature y- to the high
temperature p-Ca(BH,). and thereafter to “6-Ca(BH,).”; (ii) release of hydrogen in 2 steps
(decomposition of B-Ca(BH,), and “6-Ca(BH,),”, respectively; (iii) CaH, present at 770 K.
More work is needed to clarify the structural details for the different Ca(BH,), phases.

unidentified
phase

"5-Ca(BHy),"
+ unidentified
phase

700 K-

625 K B-Ca(BH,),

+"5-Ca(BH,),"

550 K

B-Ca(BH.), +
y-Ca(BHy),

470 K

20[°]
Figure 3. SR-PXD patters for Ca(BH4); as a function of temperature (310-770 K).
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Synthesis and transformation of nanomaterials studied by in situ powder
diffraction

Heidi @. Nielsen, Tao Gao, Rune E. Johnsen, Helmer Fjellvdg, and Poul Norby

Department of Chemistry and Center for Materials Science and Nanotechnology,
University of Oslo, P.O. Box 1033, Blindern, N-0315 Oslo, Norway

In order to obtain an improved understanding of the formation/synthesis and
transformation of nanomaterials, we have undertaken a number of in situ studies using
synchrotron X-ray powder diffraction. We are especially interested in size and
morphology control in synthesis of nanocrystals and nanostructures.

In connection with establishment of a Centre for Resaerch Based Innovation in
Norway (led by the University of Oslo) inGAP (Innovative Natural Gas Reactions and
Processes), we have built up a system for studies of catalytic materials under operative
conditions at SNBL. The system allows studies of materials under flow conditions with
pressures up to 20 atm. to be performed while studying the exhaust gas composition
using a mass spectrometer. Together with the in situ Raman spectrometer available at
SNBL, we have a powerful and unique tool for studies of materials under a wide variety
of chemical conditions. The gas system will be described in detail elsewhere.

Here we intend to give a few examples of in situ studies of synthesis and transformation
of nanomaterials and nanostructures.

Hydrothermal synthesis of Co;0,nanocubes'".,

Co30, is a promising material for use in e.g. gas sensors, pigments, catalysis,
electrochemistry, magnetism, energy storage etc. We aim at synthesizing Co3;04
nanocubes for use in different applications in nanodevices. The nanocrystals may for
example be of interest for use in core-shell materials. For this purpose, the nanoparticles
should be free standing, monodisperse, have a well defined morphology and small size
distribution!"4,

A hydrothermal synthesis route for preparation of well-facetted Co3;0,
nanocrystals has been developed in the research group .. These syntheses typically
yield nanocrystals from 10 — 90 nm, and the crystals tend to agglomerate. An alternative
hydrothermal approach utilizing micro waves for heating has been successfully
explored!", which gives a smaller size distribution (10 — 20 nm). A reflux method
developed by Xu et al™ using a surfactant, Tween-85, also yields well-facetted Co30,
crystals, with a very narrow size distribution.

The hydrothermal formation of Co304 nanocubes was studied using in situ
synchrotron X-ray powder diffraction in order to obtain information on the formation
mechanism of the nanocrystals. Our emphasis has been on investigating the
intermediate phases and crystallite size as a function of time or temperature. We have
also briefly started to explore the reaction kinetics, revealing crystallization mechanisms.

In a typical synthesis, 0.00125 mmol of Co(NO3),*6H,0 (98 %, Merck) and 0.0176
mmol NaNO; (>99.0%, J.T. Baker) was dissolved in 12.5 mL ion exchanged water.
0.0025 mmol of tetra ethyl ammonium hydroxide, (TENOH, N(CH,CHj3),0OH, 97 %, 20 wt-
%, Aldrich), was added slowly while stirring. In one experiment, 0.00034 mmol
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Figure 1. 3-Dimensional representation of in situ powder diffraction data. The x-axis shows the diffraction
angle, the z-axis the intensity and the y-axis denotes the different data sets, as they are recorded with
increasing temperature.

H.0O, (30 wt-%, Norsk Medisindepot) was added to investigate the effect on oxidation of
Co?* to Co®" necessary to make the spinel Co30.,.

A quartz capillary tube with d=0.7 mm was filled with reactants and mounted on a
goniometer head with a Swagelok T-piece. This allows for a N, pressure to be applied,
and thereby hydrothermal conditions are maintained, when the applied pressure is higher
than the vapour pressure of the reaction mixture at the reaction temperature. A pressure
of ~10 bar was used. A hot air blower was used to heat a part of the capillary from room
temperature to 200 °C using heating rates of 2, 5 and 10 °C/minute.

Time-resolved in situ experiments (time resolution 107 seconds) were performed
using a MAR345 area detector at the Swiss-Norwegian Beam Line BMO1A at ESRF.
Figure 1 shows an example of the in situ powder diffraction data. The first data set (in
front) was collected at room temperature, and the temperature was increased (2°C/min)
to 200°C. This temperature was held until the amount of products was stabilized.
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* heade * ... L o
L] L] mn
o . ™ o LI
440 % *
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200 S * -
2 ¢ S
2 60 A . *
§ o
i 00 # Co(OH)2
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0 8 : : .
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Figure 2. a) The figure shows the (440) peak for Co30, and the (110) peak for Co(OH); in a small area in
the sample with a heating rate of 2 °C/min. b) Relative amounts of Co304 and Co(OH), from the integrated
intensity of the two peaks.
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Figure 3. Relative amounts of different phases correlated to Co;04 and Co(OH), in the sample with hating
rate 10 °C/min.

Some Co(OH), is already present at the beginning of the synthesis, and the
amount increases with temperature. The formation of Co3;O; begins at a higher
temperature when the amount of Co(OH), almost is at the maximum, see Figure 2. This
may indicate that the reaction involves other phases. The existence of additional phases
is indicated by the appearance and disappearance of broad features in the powder
diffraction patterns. The phases involved could be one or more disordered layered
structure. The formation of Co;0, is complete approximately at the same time as a peak
at d=3 A disappears. The amount of Co(OH), reaches zero at the same time as the peak
at d=12 reaches its maximum. The theory of a layered structure can be confirmed by a
small peak at d=1,5 which could very well be the (110)-peak in a hydrotalcite-like phase
for example Co 3" C0o1,2*(OH o (NO3)enH-O.

The existence of additional phases is indicated by the appearance and
disappearance of broad features in the powder diffraction patterns. The phases involved
could be one or more disordered layered structure. The formation of Co3;0, is complete
approximately at the same time as a peak at d=3 A disappears. The amount of Co(OH),
reaches zero at the same time as the peak at d=12 reaches its maximum. The theory of a
layered structure can be confirmed by a small peak at d=1,5 which could very well be the
(110)-peak in a hydrotalcite-like phase for example Co,>*C01,%"(OH),(NOs3)*nH,0.
However, further studies are necessary to address this.

[1] Nielsen, H.@, Master Thesis, Department of Chemistry, Faculty of Mathematics and
Natural Sciences, University of Oslo, Norway, 2006.

[2]Heidi Dstbye Nielsen, Ola Nilsen, Helmer Fjellvag and Poul Norby “Synthesis of Co30,
nanocubes; an in situ synchrotron powder diffraction study” In preparation.

[3] Yang, J.; Quaresma, S.; Mei, S.; Ferreira, J. M. F.; Norby, P.; Key Eng. Mater. 2005,
280-283, 713-716.

[4] Xu, R.; Zeng, H. C.; Langmuir 2004, 20, 9780-9790.
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b

A
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Figure 4. Schematic drawing of the tetragonal crystal structure of f-MnO, viewed along [001].

In situ studies of hydrothermal synthesis of B-MnO, nanorods® and thermal
transformation of cryptomelane nanofibers'®’.,

Hydrothermal synthesis of B-MnO, nanorods was followed by means of in situ
synchrotron X-ray diffraction of a redox reactions in a mixed (NH4).S,0s and MnSO,
solution. The diffraction data, combined with SEM and Raman studies, show that y-MnO,
is formed first during the hydrothermal synthesis and subsequently transforms into B-
MnO, with increasing temperature. The growth of the y-MnO, crystallites follows a
nucleation-dissolution-anisotropic growth mechanism. The Raman spectrum of the as-
synthesized B-MnO, nanorods feature four bands at 759 (By), 664 (Ai), 576
(Ramsdellite impurity), and 537 (E4) cm™, in agreement with Mn-O lattice vibrations
expected for a rutile-type MnOg octahedral matrix.

The in situ hydrothermal synthesis was performed using a micro-reaction cell.
Equal volumes of (NH4),S;0s5 (0.1 M) and MnSO, (0.1 M) aqueous solutions were mixed
under stirring at room temperature. A small amount of the obtained transparent solution
was injected into a quartz glass capillary (diameter 0.7 mm) which was mounted in a
Swagelok fitting. An internal pressure (N,) was used in order to maintain hydrothermal

R EEEEEEEEE————,
" » M M

2 Theta ()
Fig. 5 In situ synchrotron XRD patterns during hydrothermal synthesis of 3-MnO, nanorods. Reflections
from the B-MnO; phase are marked with dots. The presence of an intermediate phase is illustrated by

arrows. The broad bump between 10 and 20° in 26 is due to scattering from the quartz glass capillary
and solvent.
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Figure 6. SEM images (a-d) and corresponding XRD patterns (€) of MnO, materials prepared by
hydrothermal treatment of a mixed solution of (NHs).S,0g and MnSO4 at 140°C for 30 min (a), 60
min (b), 120 min (c), and 240 min (d). Insets to (a) and (b) show enlarged pictures. The X-ray
wavelength is 0.15406 nm. The XRD patterns are shifted vertically for clarity.

Figure 7. SEM images of cryptomelane nanofiberstel,

conditions and the reaction cell was heated up to 160°C at a rate of 2°C/min.

In situ synchrotron X-ray powder diffraction data were collected at the Swiss-
Norwegian Beam Line BMO1A, at ESRF (1 < 26 < 40°, [J = 0.071096 nm) using a
MAR345 detector.

Figure 5 shows a 3-dimensional representation of the time-resolved synchrotron
XRD patterns collected during hydrothermal synthesis. Upon gradual increase of the
reaction temperature to about 90°C (after 25 scans), an intermediate phase was
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Figure 8. Development in unit cell parameters and potassium content in cryptomelane nanofibers during
heating from room temperature to 900C in air.

observed which could be identified as y-MnO,. As the reaction temperature increases
further to 135°C (after 38 scans), tetragonal B-MnO, starts to form.

The reactions were followed also ex situ using conventional hydrothermal

synthesis. Figure 6 shows SEM images and powder diffraction patterns of the final and
intermediate phases.
Other manganese oxide nanomaterials were produced, e.g. cryptomelane nanofibers,
K«MnO.,. This material was prepared by hydrothermal from aqueous solutions of MnSO,
(0.1 M) and KMnOQOy4 (0.1 M). The suspension was heated in a teflon-lined stainless steel
autoclave at 140°C for 24 h without shaking or stirring'®.

The thermal transformation of cryptomelane nanofibers was followed by heating in
a controlled atmosphere (air or N, flow) from 20 to 900°C. Powder diffraction patterns
were collected using the MAR345 imaging plate detector. Upon heating, a
disproportionation reaction takes place resulting in formation of a potassium rich
cryptomelane phase together with bixbyite, Mn,O;. By Rietveld refinement of the
collected powder diffraction data the structure evolution of the two phases was
determined. Figure 8 shows the development in the unit cell parameters and the
population of the potassium site in cryptomelane as a function of temperature.

[5] Tao Gao, Poul Norby, and Helmer Fjellvag “In situ studies of hydrothermal synthesis
of B-MnO, nanorods” In preparation.

[6] Tao Gao, Marianne Glerup, Frank Krumeich, Reinhard Nesper, Helmer Fjellvag, and
Poul Norby “Microstructures and Spectroscopic Properties of Cryptomelane-type
Manganese Dioxide

Nanofibers” J. Phys. Chem. C 2008, 112, 13134-13140

[7] Tao Gao, Poul Norby, and Helmer Fjellvag “In situ studies of thermal transformations
of cryptomelane nanofibers” To be published
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Antiisostructural phases and anomalous thermoelasticity in In-based alloys

V. Dmitriev, D. Chernyshov, and Ya. Filinchuk
Swiss-Norwegian Beam Lines at ESRF, BP220, 38043 Grenoble, France

Anomalous elastic properties of a IlIA group metal indium, and its unusual for
metallic elements crystal structure give rise to intense, both experimental and theoretical,
studies. Elemental indium has at ambient conditions a body centered tetragonal structure
[(c/a)i: >1] with one atom in a primitive unit cell (Z,=1). A contraction (negative
expansion) occurs in In along a four-fold axis and an expansion in a basal plane with
increasing temperature. One could have expected that the tetragonal distortion is
removed by application of external pressure. However, high-pressure studies of In
revealed the stability of the fct structure ™. Moreover, it lowers the symmetry from
tetragonal to orthorhombic at about 45 GPa /. Alloying In with 1A group metal Cd (xcs>5
at.%) and IVA group metal Pb (xpp>30 at.%) allows not only to remove a tetragonal
distortion of the crystal lattice and stabilize a face-centered cubic (fcc) structure 2, but it
switches the sign of distortion and stabilizes another tetragonal structure (bct’) with (c/a)y
<1.

The rich and reliable experimental information accumulated for In-based alloys
stimulated, in last decade, numerous theoretical works. However, no mechanism was
suggested explaining negative thermal expansion, no approach was elaborated allowing
to understand atypical behaviour of tetragonal distortion in the compressed metal.

There is an unexplored aspect of the phase transitions occurring in In-based
alloys - they are proper ferroelastic transformations. It allows, therefore, by applying
rather simple phenomenological formalism, to uncover the generic features of phase
stability and crystal lattice transformations. Such approach is symmetry based and,
therefore, model free. Its important advantage consists as well in easy incorporation of
different external variables, like pressure, concentration or temperature, so that, for
instance, the latter is not restricted to T=0 K.

In situ high-temperature and high-pressure data were obtained at the Swiss-
Norwegian Beam Lines (BM1A) of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). X-ray diffraction patterns were collected in angle-dispersive geometry
using an image plate detector (MAR345).

It is convenient to classify a phase transition as ferroelastic if it involves a change
in crystal system, accompanied by a change in strain owing to the difference in unit cell
shape. The experimentally measured strain ¢,=(c/ai-1) carrying parent cubic lattice to
tetragonal one is one of two symmetry equivalent strains

& :ﬁ(el"'ez_zea)’ 52:%(_6'1‘*‘92): (1
The symmetrical combinations of the diagonal components e; (i=1+3) of the strain tensor
can be, therefore, considered as order-parameter (OP) components for a cubic-to-
tetragonal proper ferroelastic transformation. The corresponding non-equilibrium
thermodynamic potential is a functional of two polynomials invariant by cubic symmetry
group of the parent phase:
I, =&’ +&; =17, |, =& -3¢ =1n’Cos3p; (2)
The corresponding variational free energy (Landau potential) is
F(P,T,&,,6,)=®(P,T,n,0)=®,(P,T)+al, +a,l, +a, 1] +a,l,1, +a,,1; +a,l;. (3)
The equations of state d&/on=0, &/dp=0 result from the minimization of ® with respect to
the variables n and ¢ (or F to &4 and &), and yield four possible equilibrium structures
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0. 7]=0 {6‘1:6‘2:0} : Fm3m (Zp=1 ),

l. 7]#0, COS(p=1 {81_=€, &=0; e1=6‘2>e3} :
14/mmm (Zp=1, cla<1);

1. 7]#0, COS(0=-1 {81_;8, &=0; e1=92<e3} :
14/mmm (Zp=1, cla>1);

1. (a, +a,,1, +2a,,1,)=0
{&:1720, 670, e12&} : Fmmm (Zp=1). (4)

The equations of state determine, in addition to n

the cubic parent phase 0, two low symmetry i I
phases, | and Il, with identical tetragonal R 1l
symmetry. They are associated with opposite
values of the equilibrium order parameter O
components, i.e. phases | and Il are antiisostrural Ly a
¥l The orthorhombic symmetry of phase Ill is the \i (b)
maximal common subgroup of the symmetry !
groups of phases | and Il.

The space groups of the | and Il phases  Fig 1. (q) Phase diagrams
are the same but the sign of the order-parameter  ¢oresponding to the thermodynamic
components changes from one phase to another  otential defined by Eq. (3). Dotted
[Fig. 1(b)]. In terms of the spontaneous strain jines denoted a-c are thermodynamic
tensor components one has on one phase paths which correspond to different
es>e;=es, Whereas in the other phase es<e;=e:  sequences of phases. (b) Order
[see Egs. (4)]. Accordingly, in the case of cubic-  parameter variation for the various
to-tetragonal transformation two antiisostructural  paths shown in (a).
phases are associated with the opposite signs of
the tetragonal distortion (c/a-1). Figure 1(b) shows the shape of n(a) along
thermodynamic paths defined by straight lines a =apas+fa in the (as,az) plane, which
correspond to various sequences of the phases indicated in Fig. 1(a).

The overall phenomenological Landau approach can be tested against available
structure data determined at room temperature as a function of pressure, across the In-
Pb alloys. The pure indium metal crystallizes in a body-centered tetragonal structure
(I14/mmm, Zp=1) !, which corresponds to a slightly distorted face-centered cubic (fcc)
structure with (c/a)=1.076 [phase Il in (6)]. High-pressure x-ray diffraction experiments
revealed that the c/a ratio increases with pressure, reaching a maximum around 24 GPa,
and then uncommonly decreases with further compression . At 45 GPa Indium
transforms to a face-centered orthorhombic (fco) phase Fmmm (Zp=1), which is obtained
by a simple orthorhombic distortion of the low-pressure tetragonal phase . One notices
that this sequence corresponds to the path c¢ in Fig. 1(a). The IngPb 1o alloy, at ambient
conditions, has the same In-type fct structure with c/a>1 (phase Il). Under pressure, it
undergoes a phase transition to another tetragonal structure, with a discontinuous jump
of the axial ratio from c/a>1 (phase Il) to c/a<1 (phase 1) /), i.e. it follows the path b in Fig.
1(a).

The Pb-enriched alloys IngsPb 15 and In 7gPb 2, crystallize in the latter fct’ structure
(phase 1) and show no phase transition up to, at least, 40 GPa ®. Alloys In,Pb, with
30>x>60 at.% have a cubic structure [parent phase 0 in (4)] and, under pressure,
transform from fcc (phase 0) to fct’ structure with c/a<1 (phase |, path a) ©°.
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Therefore, all above features of the phase evolution in In-Pb alloys are evidently
encountered in the framework of the phenomenological model with the Landau potential

(3).

<
II \E

(fet, cfa=1)

Fig. 2. Equilibrium phase diagram
corresponding to the thermodynamic potential
(3), in the (a1,a2,0) space. Greyish plane is an
ambient isobaric plane. Vertical planes are
(0,P) isothermal sections corresponding to Inq.
«Pbx with different Pb content. Dashed lines in
the planes show order parameter [=(c/a-1) as
a function of pressure. The numbers indicate
the atomic percentage of lead.

Figure 2 shows the phase diagram
identical to Fig. 1(a) but complemented with
third dimension that is order parameter [J. One
finds that plane sections of the theoretical
diagram [Fig. 1(b) and Fig. 2] perfectly
reproduce order parameter, n=(c/a-1),
evolution as a function of pressure,
experimentally obtained by different authors -
378 The correct mapping of the structural
phases and 7=(c/a-1) as a function of pressure
implies that the symmetry-based theory with
nonequilibrium potential (3) gives a unifying
picture of phase stability and pressure induced
elastic behaviour for In.,Pb, alloys. This
conclusion encourages us to study pressure-
and temperature-induced elastic strains in
other In-based alloys, namely In,,Sn, and In;.
xCd,, in order to validate the
phenomenological model.

An important question, which this study addresses, regards the origin of a
remarkable thermoelastic anisotropy in the pure In metal and In-based alloys. Its thermal
expansion coefficient «y; perpendicular to the tetragonal axis is positive, but the
coefficient a3 parallel to the axis is negative and decreases with increasing temperature.
However, accurate measurements on pure In samples and its alloys with Pb, Sn, and Cd
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Fig. 3. (a) Thermal expansion of In-based
alloys. Circles correspond to In.g2Sn.es, triangles
IngoPb.1o, diamonds In, hexagons InzsPb.2.
Open spots correspond to the lattice parameter
¢, closed a. (b) Temperature variation of the
principal expansion coefficient Iss for In7sPb.22
(1), In.92Sn.s (2), In (3), and In.goPb.10 (4)

allow us to conclude that above property is
characteristic of a tetragonal structure with
c/a>1, i.e. of the phase Il, but not phase | with
c/a<1 (Fig. 3). The sign of [I33 correlates,
therefore, with the sign of ferroelastic OP.

Simultaneous heating fct/fct’ two-phase mixture
in identical conditions provides us with an
unambiguous evidence that pressure and
concentration play only secondary role in the
effect. We have managed to manufacture such a
mixture for one of In-Pb alloys at ambient
conditions. Following Fig. 2, an alloy with near
critical concentration xp,=10 at.%, at ambient
conditions is very close to the fct-fct’ transition
line, so that the difference in energy between
stable Il and metastable | should be very small
and the corresponding energy barrier should be
very tiny. We found that phase content of
IngoPb 1o samples depends on the preparation
procedure. Original alloy lumps are single-
phase, only phase Il is present. Although a small
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65000 6000 000 chip cut with a blade remains single-phase,
rasping the lump transforms a part of the
sample powder to phase |. Shear stresses,
induced by rasping off, promote, therefore, a
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Fig. 4. Temperature variation of the lattice

parameters of IngoPb.1o in phases | and Il, at Heated now in identical conditions, fct
ambient pressure: 1-cu, 2-a,3-¢,4-a1.  (phase Il) and fct' (phase 1) structures exhibit,
nevertheless, different thermoelastic

behaviour. In the stable fct structure a contraction occurs along a four-fold axis, with
increasing temperature, while the metastable fct' one shows dilatation in the same
direction (Fig. 4).

A total strain induced in a distorted structure by temperature variation consists of two
parts: er=&nt+sop, Where gy, corresponds to an ordinary thermal expansion (non-symmetry
breaking), and &op is a spontaneous strain induced by a ferroelastic phase transition
(symmetry breaking). Thermal expansion of a tetragonal structure is entirely
characterised by two principal linear expansion coefficients a=a1=an=
(Cei/T)=(ca/dT)/a, and az=asz= (dey/T) =(&c/JT)/c. If a tetragonal structure can be
considered as a distorted cubic one, and this is the case for the In alloys, the latter

coefficient takes the form a; = o +«,, , where «/is the corresponding coefficient for the

cubic structure, and «, =%% = 2—_:_7 is a “critical” (symmetry breaking) contribution of
an order parameter reduced symmetry from cubic to tetragonal. Order parameter values
for phases | and Il should be found as solutions of the equations of state. Our analysis of
experimental data on the In-based alloys concludes that the consideration can be
restricted, without loosing of generality, to the vicinity of the Landau point (see Figs. 1
and 2) where fourth-degree terms dominate over six-degree one. It allows, in turn, to
restrict the Landau expansion (3) to the forth degree terms. A simplified quadratic
equation yields two solutions:
¥3a, £(9al +32a,a,,)"?

= , 5
T 8a,, (9)

one corresponding to phase | (upper signs in the numerator), the other to phase Il (lower
signs).

Remember, that the other our conclusion fixed up the direction of the T-axis
parallel to a; making all other phenomenological coefficients temperature-independent.
Thus, it yields

ol = [a—”) = 2, [9a? + 320, (T ~To)ay, | (6)
T o,

One finds an additive to the equilibrium cubic expansion coefficient to be positive in
phase | (upper sign), but negative in phase Il (lower sign). The latter decreases when
temperature raises approaching T¢: agoc-(T-Tc) 2. Thus, [I3 may become negative, and it
should decrease. Figure 2 clearly shows how the order parameter r=(c/a-1) decreases
in phase Il with temperature increasing, i.e. lattice parameter c¢; decreases approaching
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a;. This negative contribution, becoming dominant, results in the uniaxial contraction
(negative expansion) of the tetragonal lattice.

The unified phenomenological theory worked out for In-based alloys maps,
therefore, all the structural phases observed experimentally so far, and correctly
describes transitions between them. The model discloses the origin of the anomalous
elastic anisotropy as being related to the spontaneous strain induced by a proper
ferroelastic transition.

Alloying In with IIA and IVA group metals provides an extraordinary example of
proper ferroelastic compounds. To the best of our knowledge, this is the first case when
variation of external thermodynamical parameters (T, P, x) reveals a complete variety of
stable phases and phase transitions between them, predicted by a theory with
multicomponent order parameter. It is specially applied to direct transitions between
antiisostructural phases.
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Structural transformations of light metal borohydrides

Y. Filinchuk, D. Chernyshov, and V. Dmitriev
Swiss-Norwegian Beam Lines at ESRF, BP220, 38043 Grenoble, France

Light metal hydrides are considered as perspective energy carriers for future
mobile applications. Hydrogen can be produced from borohydrides of alkaline metals by
varing thermodynamic parameters such as temperature and pressure or in the reaction
with water. In order to understand the stability and find ways to influence it we studied
structure and transformations of NaBH, and LiBH, at various temperatures and pressures
using single-crystal and powder diffraction

techniques.
(%

The ambient pressure fcc a-phase

H2
of NaBH, transforms at ~6 GPa into a HI
closely related tetragonal B-phase, and c B
above 8 GPa into a new orthorhombic v- N = ‘
da S

phase [1]. We collected synchrotron
powder diffraction data for NaBH, in a
diamond-anvil cell up to 11.2 GPa. For a

[
successful structure solution, it was N °
absolutely essential to model the sample ‘
texture, including it as a variable in a
(3

global  optimization. Strong texture a
indicates an  oriented growth  of b
crystallites, specific for the - to y-NaBH,

transition. The structure (Figure 1) was Fig. 1. Crystal structure of y-NaBH, at 11.2 GPa,
solved ab initio from diffraction data, using determined ab-initio from diamond-anvil cell synchrotron

powder diffraction data.

program FOX, with most crystallites
having their a-axes approximately aligned
with the compression direction, and then refined by
the Rietveld method. Elimination of the correction
for the preferred orientation leads to an increase in
Rg from 7.9% to 45%. That means that not only the
structure solution, but also the refinement would fail
if we did not take the texture into account.
Elimination of hydrogen atoms increases Rg from
7.9% to 17%, thus showing that their contribution to
X-ray diffraction intensities is sufficient for
localization of H-atoms, even from high-pressure
synchrotron data.

The structure of NaBH4,-2H,O was solved
from single crystal diffraction data. It contains
sodium cations, which are octahedrally coordinated
by four water molecules and two borohydride
anions. The BH;  anion has a nearly ideal
tetrahedral geometry and is bridged with two Na*
ions via the tetrahedral edges. The structure does

Fig. 2. Dihydrogen bonds in NaBHs-2H,0,
determined from synchrotron diffraction on
single crystals.
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not contain classical hydrogen bonds, but reveals strong dihydrogen O-H**...*H-B bonds
of 1.77-1.95 A (Figure 2). The H...H distances are much shorter than twice the van der
Waals radius of a hydrogen atom (2.4 A). IR and Raman spectra of NaBH,-2H,0 are
consistent with the presence of the dihydrogen bonds for the three O-H groups, and the
absence of the dihydrogen bonding for the forth one. An increased accuracy of X-ray
diffraction applied to low-Z hydride systems was achieved by introducing a 0.10 A
empirical correction for the B-H distances, which brings H atom positions determined
from X-ray diffraction in borohydrides to a direct comparison with those derived from
neutron diffraction.

Two LiBH,4 polymorphs are known at ambient pressure, with a transition at ~380
K. Substantial theoretical and experimental efforts have been made to characterize their
crystal structure. Certain discrepancies remained, however:
¢ in the low-temperature (LT) phase, all theoretical studies showed nearly ideal
tetrahedral geometry of the BH, unit, while experiments described it as
considerably distorted;
e the high-temperature (HT) phase, reported from synchrotron powder diffraction
data to be hexagonal [2], was found unstable by theory; a monoclinic structure
has been suggested from ab initio calculations [3].

In order to resolve these discrepancies, we studied both LiBH, phases by
synchrotron diffraction on single crystals. We showed that in the LT polymorph the BH,
group has a geometry of a regular tetrahedron. The space group P6s;mc has been
determined unambiguously for the HT phase. Anisotropic displacement ellipsoids, refined
also for hydrogen atoms, reveal a libration-like smearing of the BH, group, which is well
approximated by a TLS model. The revealed disorder suggests that the unaccounted
entropy is the reason why ab initio calculations have failed to evaluate correctly the
stability of the P6;mc structure.

Synchrotron diffraction of LiBH,4 ‘ ‘ .
single crystals (Fig. 3) already provides A @-®-= -4 &
structural results as accurate as those : : _

Lsp 7

from neutron powder diffraction study of b e
triply (!) isotopically substituted 'Li''BD, 8. ¢ & '
[4]. However, we evaluated even a more g o, ®

accessible technique, synchrotron powder
diffraction, for its ability to provide
accurate information on the positions of
hydrogen atoms. Refinement of the LT ‘ ‘ .
structure from the integrated 2D diffraction
images (MAR345 detector) resulted in a B | ?
non-distorted BH, geometry. We ,/° :

concluded that the previous powder ¢ ‘ ‘ Y
diffraction studies done with 1D detectors @ £ & "
suffer from a poor powder average. The

HT phase remains hexagonal from the ) . _ .
decomposition at ~560K. Refinement of units (right) in LiBHa structures. 40% probability

the TLS tensor showed that the libration- ~ €llipsoids are shown. (a) The low-temperature phase
like disorder of the BH. group is nearly at 225 K. (b) The high-temperature phase at 535 K.
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cell dimentions, A

0 50 100 150 200 250 300 350 400 450 500
T, K
Fig. 4. Unit cell parameters of LiBH, as a function of
temperature. Big dark circles connected by lines
represent results of ab-initio calculations [5] scaled to our
experimental values at 300 K, open squares represent
neutron powder diffraction data [4].

isotropic, in agreement with the single
crystal experiment.

In-situ powder diffraction
revealed a highly anisotropic thermal
expansion of LT LiBH,4 (Fig. 4). The cell
dimension b continuously contracts on
heating from 300 K to the transition
temperature. The cell parameter a
deviates from linear dependence below
200 K, shows a minimum at ~150 K
and then increases on cooling. Such
thermal expansion reflects an
anharmonicity of the potential of the
crystal binding. A decrease of the unit
cell volume upon the LT-to-HT
transition phase is remarkable (Figure
4). Thus, the disorder of the
borohydride groups and strong lattice
anharmonicity were revealed from
diffraction data measured at various
temperatures. These phenomena,
being ignored, lead to a failure of
theoretical predictions of structural
stability of light borohydrides.

Our studies of LiBH,4 in diamond
anvil cells showed that its high-
pressure phase has a structures
different from the one predicted by

theory. The structure of a phase observed between 1.2 and 10 GPa has been
determined ab initio from high-quality powder diffraction data. The new Ama2 structure of
LiBH, reveals a novel coordination of the BH, anion by Li atoms (Fig. 5, left), and
exceptionally short B-H...H-B distaces of 1.9 A at 2.4 GPa. The DFT-optimized structure
indicates the deformation of the BH, unit (Figure 5), which is likely to decrease an
activation barrier for hydrogen desorption. The internal pressure in the structure may be
tuned by a partial chemical substitution. The resulting LiBH,-based substance with Ama2
structure may show more favourable hydrogen storage properties than pure LiBH, and
may turn out to be useful for hydrogen storage applications. We suggest the dense

__oL_é \r

s
/

By

102°

3 A

Fig. 5. Square-planar coordination coordination of the BH, anion in high-pressure phase of LiBH (left).
Short H...H contacts (experiment at 2.4 GPa: 1.92 A; DFT: 1.87 A) linking the BH4 groups into chains

(above).
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structure found in our high-pressure experiments
to be targeted for obtaining improved hydrogen
storage materials. We have also found a second
phase transition into the previously predicted
cubic phase of LiBH4, which occurs at higher
pressures, above the reach of all previous
experiments.

Temperature (K)

An in situ combined high-temperature
high-pressure synchrotron diffraction allowed to 0 2 4 6 8 10 12 14 16 18
map a phase diagram of LiBH, to 10 GPa and Pressure (GPa)
500K (Fig.6). Mechanisms of phase transitions _ , ,
were analyzed using a phenomenological model.  Fi9: 6 P-T diagram of LiBH, based on the
It suggests an existence of cation-anion layers in diffraction data.
all four known LiBH, phases. This conclusion is
not trivial from purely geometrical point of view, but it can find a rational crystal-chemical
explanation. The relative complexity of LiBH,4 structures and of the P-T phase diagram
can be linked with the directional interaction of the tetrahedral BH, groups with spherical
metal atoms. We hypothesize that the directional BH,4...M interaction in metal
borohydrides leads to a formation of anion-centered complexes, determining structures of
individual phases and mechanisms of their polymorphic transformations.
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STATUS OF FACILITY

A. General Layout and X-ray Optics

The ESRF delivers a 6mrad wide fan of synchrotron radiation to SNBL
from bending magnet BMO1. A water-cooled aperture plate at the entrance to the
Optics Hutch (26m from the source point) divides this beam into two parts of
width 2.5mrad and 1.0mrad, with a gap of 2.5mrad between the two beams. The
fan of 2.5mrad width supplies the photons to BM1A, while the 1.0mrad beam
provides the synchrotron radiation to BM1B. SNBL has been designed from the
onset to allow both lines to operate simultaneously, and with a minimum of
interaction between the X-ray optics, vacuum system, shielding and controls for
each branch line. There are three leaded hutches in series. The first hutch
(Optics) contains the majority of the optical components for both branch lines
(Figs.1-2). These include two mirrors and a monochromator for BM1A, two
separate monochromators for BM1B, as well as various slits, beam position
monitors, station shutters, valves and other vacuum components. Although the X-
ray optical configurations of both beamlines are fairly conventional, the space
restrictions have been a major technical challenge. The available space between
the two fans of synchrotron beam which pass through the Optics Hutch is only
about 70mm, yet our goal is to operate the two beamlines independently. The
two Experimental Hutches are arranged sequentially down the beamline, with the
vacuum pipework for BM1A passing through the BM1B Hutch (and through the
data acquisition cabin). Two major instruments are positioned in each of the two
Experimental Hutches. In BM1A, there is a heavy duty multi-axis diffractometer
followed by a large-area image plate detector. BM1B is equipped with a high
resolution powder diffractometer and an EXAFS spectrometer. A detailed
description of the instrumentation is given below.

The optical configuration of BM1A is a conventional arrangement of
vertically collimating mirror, followed by a double crystal Si(111) monochromator
and a vertically focusing mirror. The beamline can be configured to operate
without mirrors (in order to access higher X-ray photon energies, for example),
although some manual realignment of the beamline components is necessary for
the changeover. In normal operation, the Rh-coated mirrors provide vertical
focusing and harmonic rejection while a sagittally bent second crystal makes the
horizontal focusing. It is also possible to interchange the second crystal bending
mechanism with a flat crystal mount, if a highly parallel beam is required. The first
crystal of the monochromator is water-cooled, as is the first mirror. The mirrors
both have a fixed radius of curvature, and the optimum focal spot is roughly
circular with a FWHM of about 300 microns. The excellent mechanical and
thermal stability of the X-ray optics (at least up to the present maximum current of
200mA) allows us to operate the beamline without a feedback mechanism. Most
experiments are carried out in the spectral range from about 10 keV — 20 keV,
although higher energies can be accessed if the mirrors are removed. In line
with the recommendations of the last beamline review, and following the requests
of our user groups, we aim to extend the spectral range of the beamline while
maintaining the focussing option. This goal can be achieved by reducing the
grazing angle of incidence of the synchrotron beam onto the mirrors from the
present value of 3mrad down to 2.5mrad or possibly lower. Although this will
involve some loss of total flux in the focussed beam (because of the reduced
fraction of the synchrotron beam intercepted by the mirrors), these losses will be
offset by the gain in spectra range delivered to the users. It is our goal to extend
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Figure 1. Schematic layout of the SNBL Optics

the spectrum of the focussed beam up to at least 25 keV, and if possible to 30
keV. After several years of operation within the high radiation environment of the
monochromator, the motors which drive the sagittal bending mechanism failed
due to radiation damage. These DC motors have now been replaced with
mechanically more precise (and more reliable) micro-stepping actuators. The
more accurate control of the crystal bender has already allowed us to improve
the focal quality and hence increase the flux density in the focussed beam.

BM1B is dedicated to High Resolution Powder Diffraction (HRPD) and
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Figure 2. General view of the Optics Hutch

EXAFS experiments. A considerable effort has been devoted to the goal of
combining these two techniques into quasi-simultaneous measurements. In order
to achieve this aim, we have built and integrated two independent, water-cooled
monochromators into the optics enclosure (Fig. 3). This allows us to automatically
swap between the respective monochromators and hence from HRPD to EXAFS
(and vice versa) within a few seconds.

The first monochromator is an unfocused double-crystal monochromator
dedicated to EXAFS measurements. It consists of two crystal pairs, Si (111) and
Si (311) orientation, mounted on a slide transverse to the incoming beam. By
means of this slide, one can quickly choose between the Si(111) and the Si(311)
crystal pair, or alternatively select a position that lets the white beam pass by
between the two crystals. It is in this configuration that the white beam can reach
the following monochromator, which is a Si(111) channel-cut dedicated to High
Resolution Powder Diffraction. This channel-cut crystal is again mounted on a
transverse slide such that it can be easily moved out of the beam in case that the
beam from the first monochromator for EXAFS experiments is required. When

Figure 3 Schematic drawings of the two monochromators on the BM1B branch line
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using the EXAFS monochromator, one can quickly choose between the Si(311)
high resolution and Si(111) high flux crystal pair. A swap can be performed within
a few minutes only (including calibration).

B. Beamline BM1A

After passing through a set of secondary slits within the experimental
hutch, the focused synchrotron beam can be delivered to either a multi-axis
heavy-duty single crystal diffractometer (KM6 supplied by Oxford Diffraction Ltd)
or to the MAR345 Image Plate manufactured by MarResearch GmbH. The
MAR345 instrument allows only a single rotation axis for the sample, and a slide
provides variable distance between sample and detector. The diameter of the X-
ray sensitive plate is 345mm, and a pixel resolution of either 100 or 150 microns
can be selected by the user. The KM6 instrument is a k-diffractometer with the
conventional 3 sample rotations (K, w and ¢) and the detector angle 6. In
addition, the diffractometer is mounted on two further rotation tables (w' and 6')
giving an additional degree of freedom to the orientation of both the sample and
the detector.

The KM6 multi-axis diffractometer incorporates both a point detector and
a large area CCD detector onto the detector arm. The combination of movements
available on the KM6 allows us to position the sample in an arbitrary orientation
relative to the incoming synchrotron beam (and hence also to its polarization
vector), and also to choose freely the angular coordinates of either of the X-ray
detectors. This instrument provides a completely generalized platform on which
to collect diffraction data. It can be configured either as a vertical or as a
horizontal diffractometer, or indeed anywhere in between these scattering planes.
Complete surveys of reciprocal space can be rapidly completed using the area
detector, while the point detector provides the opportunity to investigate the
profiles of individual reflections with high angular resolution. Information
concerning the crystal orientation matrix and the diffractometer parameters can
be passed smoothly from point detector to area detector configurations. The
relatively open architecture of the kappa diffraction geometry is well-suited for the
installation of ancillary equipment around the sample. The Figure 4 illustrates an

Photo induced studies

Figure 4. Example of an in-situ experiment carried out on the KM6 diffractometer
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in-situ diffraction experiment
involving laser excitation of a
photo-induced structural phase
transition  observed at He
temperatures.

Apart from a refurbishment
of the MAR345 detector, together
with some improvements to the
optical microscope setup, our
image plate system has remained
relatively unchanged over the last
5 years. We are now approaching
the impressive statistical threshold
of 500,000 readout cycles of the
image plate. Our efforts have
concentrated rather on developing
and improving the infrastructure
around the sample environment for
in-situ experiments. Several types
of gas-mixing and gas flow
controllers have been used in
combination with the image plate
detector and the Raman
spectrometer. Our upper limit, at
present, for gas pressures is
around 100 bar (Fig. 5), but we
wish to extend this pressure range
up to at least 200 bar in the near
future (with our ultimate goal of
reaching 700 bar H, pressure).

Figure 5. Instrumentation for high gas pressure
experiments

High Pressure XRD + Raman

Ram
. ol

an +video
=

Figure 6.Combined high pressure powder diffraction and Raman experiment on the MAR345
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Bovecier Difroc Aceneter

Figure 7. (&) Schematic set-up of the Diffractometer when used in combination with our Raman
Spectrometer. (b) Close-up of the analyzer crystal/photomultiplier array. All channels are separated
by Soller slits

Amongst the most successful and productive of the techniques which the
advantage of the high efficiency and sensitivity of the image plate detector are
the high pressure experiments using diamond anvil cells (DACs). These
experiments already take up about 10% of the available beamtime on BM1A, and
the demand is increasing. A very interesting development concerns the
combination of high pressure DAC experiments with the Raman spectrometer, as
illustrated in Fig. 6.

C. Beamline BM1B
C.1. The Two Axis High Resolution Powder Diffractometer (HRPD)

The workhorse of the B-station is a two circle powder diffractometer (theta
being the outer arm and omega being the inner circle to which the sample is
attached. The theta circle is fitted with an array of 6 Si(111) analyzer crystals in
front of a second array of 6 scintillation counters (Fig. 7). An analyzer
crystal/photomultiplier pair forms one channel. Great care has been taken in
order to reduce the angular distance between the channels to a minimum. To do
so, the scintillation counters had to be tailor-made (OD 12mm) to allow for a close
spacing of 1.1 degrees between two adjacent channels. A second point of
consideration was the possibility to reach energies above 30keV. Therefore the
scintillator crystals of Nal(Tl) were optimized for efficient photon absorption at
high energies. The analyzer set-up consists of a supporting plate holding all six
crystals which can be mounted and rotated individually. The supporting plate
itself is fixed onto a precision rotary table in order to adjust the Bragg-angle of all
analyzer crystals in one rotary motion only. The scintillation counters are
assembled to one block, which is mounted onto a second rotary table. Changing
the wavelength implies therefore a change of the Bragg-angle of the analyzer
array, and a subsequent change of the detectors of twice the Bragg-angle of the
analyzer crystals. It takes typically a less than one hour to change from one
wavelength to another including a silicon calibration run.

Both circles can be run individually (i.e. in a HRPD run where the sample
is spun by an independent sample spinner (omega table stationary) — or in a
synchronized way (omega/2theta) which is mainly used for measurements in
reflection mode.
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C.2. The EXAFS Spectrometer

A) Transmission Measurements

Presently BM1B is equipped with a set of three ion chambers (Hasylab
design) for |y, k, lf respectively. We also possess a small, dedicated gas mixing
rack that allows us to change the gas fillings of the ion chambers within a few
minutes.

B) Fluorescence Measurements

With additional joint funding from the Swiss and Norwegian partners, we
could acquire a 13-element Ge(Li) solid state detector, including the digital
acquisition electronics (XIA), in 2003 [Fig. 8(a)]. This detector is frequently used
for highly diluted or non-transparent samples.

C.3. Raman

A strong point of SNBL lies in the use of a combination of techniques.
This is particularly important for in-situ experiments. In order to understand
complex dynamic processes, a maximum of information has to be collected
simultaneously. With HRPD being a technique allowing us to measure the long
range order and EXAFS being a tool for probing the local structure, vibrational
spectroscopy is an ideal non-destructive tool for probing length scales in between
these two extremes. Obviously there are additional complementarities to be
exploited depending on the system studied. One could cite the different
sensitivities of these techniques on surface/bulk or particle size properties.
Furthermore, Raman spectroscopy can be applied simultaneously and
independently from EXAFS and PD and adds valuable information to a vast
number of experiments. The acquisition of a two color (green, red) research
grade Raman spectrometer in 2007 made this dream come true. The
spectrometer resides in our sample preparation room at the end of the beamline
[Fig. 8(b)]. Long optical fibers allow us to link the lasers and the spectrometer to
the optical heads in both Experimental Hutches, or, alternatively in the sample
preparation room as a stand alone device.

Figure 8. (a) The 13 element solid state detector
(b) The Raman spectrometer as mounted in the sample preparation room
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D. Auxiliary equipment available for both beamlines
a. Cryostats

As far as possible we try to adapt our equipment to the need of combining
different techniques. As a practical consequence we design our sample
environment to be as open and accessible as possible. One example is our He-
flow cryostat. By designing the cryostat around our needs, we are in a situation
where we can apply all our techniques (Diffraction + EXAFS + Fluorescence +
Raman) down to temperatures of 4.5K. An additional, miniature He-flow cryostat
has recently been purchased for the KM6 diffractometer, and this cryostat is now
being commissioned.

b. Gas mixing and gas flow control

The last year we have also developed together with our user community a
gas mixing, flow and measuring system. This system is also fully integrated in the
beamline and can distribute gasses to both of our experimental stations. It is a
very flexible system capable of adapting to the needs of our wide user
community. All gas bottles are stored outside the Experimental Hutches, and a
total of 6 different gasses can be supplied via stainless steel pipework to both
beamlines. The gas mixing and control system can be completely remote
controlled (Figs. 9-10). A mass spectrometer is permanently installed to
characterize the gases released after the in-situ reaction. A variety of micro-
reaction cells are available for gas pressures up to 100 bar. The majority of the
funding for this equipment came from the Catalysis Initiative sponsored by the
Norwegian Research Council.

Catalysis-xrd+xafs+Raman+MS at
high temp
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Figure 9. Gas mixing and flow control system (including mass spectrometer)
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Figure 10. The array of gas bottles outside the experiment hutches, and the gas mixing system
designed for high gas pressures installed on the MAR345 image plate setup

E. Acquisition Software

The increasing complexity of experiments and the flexibility needed to
cater for quicker and combined experiments lead us to adopt SPEC as data
acquisition software on BM1B in 2004. It also brought the advantage to have
direct support from the ESRF software group in order to integrate new
instruments and devices. This choice has turned out to be extremely fruitful be it
in terms of recently added functionalities (speed, data logging, scanning modes)
or in the light of speeding up and synchronizing different measurements or
external parameters. As part of the general refurbishment of the beamline, BM1A
has now also adopted SPEC for beamline instrument control.

F. SNBL Upgrade and Scientific Perspectives
F.1 Refurbishment and infrastructure

The beamline has recently undergone a major refurbishment of its
infrastructure and controls. This refurbishment will be completed in 2008, and it

has involved the following items:

e Complete renewal of the vacuum hardware (pumps, gauges,
controllers including flow meters for cooling water).
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e Replacement of the old vacuum control and interlock system by the
latest ESRF standard.

e Complete exchange of the old error prone air-conditioning modules
against modern more reliable standard ESRF units.

e Entire rewiring of the mains in order to comply with ESRF standards
and French safety regulations.

e Complete replacement of the old UPS power supply (including wiring)
against a modern system.

e Replacement of all stepper-motor cards against the new ESRF cards
(ICEPAP)

e The latter point induces also a change of the stepper motor control by
using the ESRF system (SPEC).

¢ New floor covering and complete repainting of the radiation
enclosures.

In addition to the beamline itself, the experimental equipment has all been
checked and serviced (KM6 diffractometer + Onyx CCD and the MAR345 image
plate and base). In the case of the computing and motor controls for the
experiments, the hardware has been completely replaced. Normal operation of
SNBL has been maintained during the entire refurbishment. SNBL is now one of
the most up-to-date beamlines at the ESRF concerning all aspects of motor
controls and software for instrumentation. One of our major goals is now to
automate as many procedures as possible on the beamline (e.g. wavelength
change and intensity optimisation, switch between different instrumentation such
as powder-to-EXAFS, KM6-to-MAR345 etc.). Despite all of our efforts to
maintain the efficiency of the beamline operation, time is inevitably lost when
switching between the different instrumentation and functionality of the beamline.
In addition, our manpower resources can be heavily committed during such
changeover periods. The introduction of more automatic procedures will minimize
lost time, reduce the chances of operator error, and release some effort for other
tasks.

The SNBL management is following closely the plans for the ESRF
Upgrade. Although the CRG bending magnet beamlines are not directly involved
in the upgrade, SNBL may well be able to profit from the increased space
available when the experimental hall is extended. We have therefore made a
preliminary request for additional floor space along the beamline, which would be
used to construct an additional laboratory. The need for more space has become
particularly pressing since we have now a permanent installation for the Raman
spectrometer in our sample preparation laboratory at the end of the beamline. In
addition, of course, an increase in the current in the storage ring from the present
value of 200mA up to 300mA and beyond would bring a welcome additional flux.
Tests with our X-ray optics has demonstrated that we would have no difficultly in
taking advantage of the extra photon flux in the incident synchrotron beam.
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F.2 Developments and Scientific Perspectives
A. Secondary focussing

Both the KM6/CCD and the MAR345 are routinely used for structure
solution from single crystals. Generally, the samples are either too small for lab
data collection, or else the crystallography is complex (e.g. incommensurate and
modulated structures, twinning, phase transitions). The MAR345 is still used by
the Norwegian groups in Oslo and Tromso for data collection on protein crystals.
The Oslo group is interested to continue on SNBL with PX measurements
because they also use the optical and Raman spectrometers available on BMO1.
In order to extend further the capabilities for measurements on very small and
weakly scattering crystals, we have recently purchased a doubly-curved, graded
multi-layer mirror from XENOXS (Grenoble). This mirror can be inserted into the
beam close to the sample (Fig. 11), and provides a secondary focus of about 30
microns size (compared to the standard focal spot of about 300 microns). The
gain in flux density is about a factor of 30 times. The mirror has a fixed radius,
and therefore functions only at photon energies of about 17 keV. This optical
configuration will be ideal for working with very small crystals, where the present
flux density is too low. It will also be very useful to increase the flux onto samples
within a diamond anvil cell, where a beam size of 30 microns will be ideal. A
precision multi-axis alignment stage will be required, in order to align the mirror
relative to the incoming beam. Test results with this mirror have already shown
very promising results, and the plan is to install the mirror on a commercial, muti-
axis motorized table in the coming months.

The integrated flux transmitted though the XENOXS mirror will inevitably
be reduced by imperfect reflectivity and figure errors, but nevertheless the gain in
flux density of a factor of 30 times onto a 30 x 30 um? spot is dramatic (although
in practice well within the expected specification). The only drawback of such a

Collimated beam , >
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Curved mirror with graded
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Figure 11. The black rectangle corresponds to the dimensions of the incoming beam arriving on

the mirror (about 400 x 600 um?), whereas the white spot shows a true image of the focussed
heam
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secondary focussing device, apart from the limited operational wavelength range,
is an increase in the divergence of the beam arriving on the sample. However,
the divergence of the focussed beam increases only to about 1 mrad FWHM,
which is quite acceptable for most diffraction experiments. We have found many
cases where a sample which was originally planned for measurements on our
powder diffraction facility in fact consisted of very small, single crystal grains.
Such tiny crystals could until now be measured only with difficulty on SNBL, but
the availability of secondary focussing will improve this situation significantly.
Similarly, our high pressure experiments using diamond anvil cells, where the
typical beam size is about 50 um, will profit enormously from the increase in flux
density on the sample.

B. Powder diffraction with a strip detector

Over the last few years, more and more powder diffraction experiments have
been carried out on BMO1A, even though this station was originally designed
exclusively for single crystal diffraction. In 2007, for example, about 40% of the
experiments on BMO1A were in fact measurements on powder samples. There
are good reasons for the shift in emphasis towards powders:

- When the samples are weakly scattering, or else only very small sample
volumes are available, then the combination of focussed beam and highly
efficient area detector (MAR345) make some experiments feasible which
would otherwise be completely impossible on SNBL. High pressure
measurements for samples contained in diamond anvil cells is a good
example of this type of experiment. Represents typically about 10% of the
total beamtime on BMO1A.

- The time resolution of the powder diffraction experiments can be reduced
to about 30s using the MAR345 (for some experiments, even shorter
times are possible when using a motorized mask placed in front of the
image plate). This time resolution matches well the type of experiment in
which the temperature is ramped over a wide range (say 120°C over 2
hours) and a powder pattern collected every 60s. The major drawback of
this data collection strategy is the relatively poor angular resolution.
Represents typically about 30% of the total beamtime on BMO1A.

While the first reason given above will always be valid (unless a complete
change in the optical design of BM0O1B is envisaged), the second reason
represents rather a problem with the type of detector system available on the
powder diffractometer. Our present arrangement of a set of scintillation detectors
positioned behind an array of analyser crystals is intrinsically a relatively slow
data collection instrument. The collection times are typically several hours for a
full pattern with good statistics. The slow speed of data collection on high
resolution diffractometers has long been recognized as a problem at other
powder diffraction facilities (e.g. at the SRS, Daresbury, the NSLS Brookhaven
and, more recently at Diamond, UK and the Australian Synchrotron) and
considerable effort has gone into the development of rapid and efficient X-ray
position sensitive detectors. Fortunately, one of the best technical solutions to this
problem has emerged from the detector group at the Paul Scherrer Institute in
Switzerland. Their electronic strip detector (MYTHEN) has been operating very
successfully on the Materials Science beamline at the Swiss Light Source. The
narrow width and fine spacing of the individual strips on this detector (50um pitch
with 1280 strips/unit) implies that a dramatic improvement in data collection
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Figure 12. The MYTHEN Il detector unit.

speed can be achieved without a significant loss in angular resolution. We are
very pleased to acknowledge the generous gift to SNBL from the Paul Scherrer
Institute of three of their latest MYTHEN Il detector units. Each unit (as illustrated
in Fig. 12) covers about 60mm x 8mm, and the three units will be mounted on the
SNBL high resolution powder diffractometer. Depending on the distance from the
sample, our array of MYTHEN Il units can cover either a wide angular range with
reduced resolution, or else a more restricted angular range with improved
resolution. The time resolution of the powder measurement can be defined by the
user in the range between msec to minutes, depending on the goal of the
experiment and the required statistics. Completely new types of experiment will
become feasible, such as rapid pump-probe, fast switching of electric or
magnetic field, polarization switching of liquid crystals and the investigation many
other time-resolved physical phenomena which are currently not possible on
SNBL.

Silicon sensor:

1280 strips

8 mm long
50 pym pitch
300 pm thick.

Read out chip:

128 channels

low noise preamp (noise = 230 e-)
18 bit counter

Read-out time: 250 ps

Count rate: 1 MHz per channel
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SNBL WORKSHOPS

As part of our policy of seeking way to facilitate the exchange of
information between the SNBL team and our synchrotron user community, the
SNBL management has organized a series of workshops at the ESRF based on
themes of current and future interest both to the SN community and a wider
scientific audience. The first of these meetings on the topic of nanoscale
materials was held in 2006, followed by a workshop on the subject of high gas
pressures for in-situ experiments in 2007. Both of these meetings were attended
by 30-40 participants, including participants from various synchrotron beamlines
as well as external users. The recent meeting, which took place in June 2008,
continued the theme of in-situ experiments, but specifically includes the use of
our new Raman spectrometer in combination with x-ray absorption and diffraction
measurements. 80 participants, coming from 14 countries, created a very
stimulating, constructive and friendly environment for exchanging both scientific
and technical know-how and creating new ideas.

e In-situ experiments at SNBL using high gas pressures

A proper understanding of structure-property relationships plays a central
role in the design and discovery of novel materials. In many cases, developing
the relationship between the structure of a new material and its physical and
chemical properties requires that measurements be made under exactly the
same in-situ conditions of temperature, pressure and atmosphere that match the
performance environments of the materials of interest. Examples of research at
SNBL leading to a better understanding of materials properties already include
catalysis, battery and fuel-cell studies, and solid-state hydrogen storage
technology.

The SNBL, in collaboration with our Dutch-Belgian colleagues from
DUBBLE, organized a 2-day workshop at the ESRF on 8 and 9 November 2007
on the theme of "High gas pressure experiments". A total of 20 external
participants and 10 members of the SNBL and DUBBLE teams attended the
Workshop. The external participants came in roughly equal numbers from
Norway, Switzerland and the Netherlands, together with some additional invited
speakers from the United Kingdom and France.

The main themes of the Workshop included the present status and
progress in the field of in-situ catalysis experiments, and the current activities in
solid-state hydrogen storage research. Both of these subject areas have become
the subject of intensive research and development over the last few years, and
currently contribute to roughly 50% of the total activities at SNBL. These
developments have been driven by the very successful work of the ETHZ groups
in Technical Chemistry and the recent Catalysis Initiative led by teams from the
Universities of Oslo and Trondheim. In addition, catalysis is supported strongly in
the Netherlands (for example in the University of Utrecht and at the Energy
Centre of the Netherlands, Petten). Another major area of activity at SNBL
concerns energy storage techniques, and in particular solid state hydrogen
storage. Several presentations described both the current activities in this field,
and the targets for future research. Another research area which was covered
during this workshop concerns the use of metal-organic-framework structures
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(MOFs), which has recently resulted in several very high profile publications from
SNBL.

Interestingly, MOFs can find application both as catalysts and as
hydrogen storage materials. In all of these activities, the extension of the current
capabilities of SNBL toward experiments under much higher gas pressures is of
great topical interest. The various fields of research which require high gas
pressures are moving forward rapidly at SNBL. The in-house team has
recognized the importance of these techniques, and we have received strong
encouragement and financial support from our user community.

e SNBL Workshop on simultaneous Raman-X-ray
diffraction/absorption studies for the in situ investigation of solid
state transformations, and reactions at non ambient conditions.

X-ray diffraction (XRD) and absorption spectroscopy (XAS) are the
principal techniques used to investigate long and short-range order of atoms and
molecules in the solid state, respectively. The Raman technique, in contrast, has
the ability to probe the length scale between these two extremes. The synergy
between these methodologies has attracted application to many scientific studies
where the Raman and XRD or XAS techniques have been performed ex-situ and
independently in-situ. The SNBL has further developed their beamline such that
these three fundamental probes (XRD-XAS and Raman) can be combined under
a wide range of external sample stimuli. This new approach has opened up many
new avenues of research and offers vital new detail in the study of materials and
solid state sciences. Similar initiatives have recently also been undertaken at
other Synchrotrons: APS, SOLEIL, SLS, DIAMOND, BESSY, ANKA, other ESRF
beamlines and even in home laboratories. The time was right for a first meeting
on combining methods at synchrotrons.

All above mentioned laboratories were represented within the 80
participants as well as industrial partners. The participants, coming to Grenoble
June 18-19, 2008, from 14 countries divided over all continents, created a very
stimulating, constructive and friendly environment for exchanging both scientific
and technical know-how and creating new ideas. Among the speakers were
experts in Raman scattering from Biology, Physics and Chemistry. Excellent
presentations were for instance given on identification of ligand-bound or
intermediate states in Macromolecules, surface versus bulk sensitivity, structure
dynamics in combination with computational chemistry, nanostructured
ferroelectrics, structure activity relationships on supported oxide catalysts,
catalysts in general, micro-focus applications, high throughput screening and
possible future developments on sensitivity enhancement. All of the speakers
exploited in one form or another the almost endless complementarities between
the different techniques dependent on their specific case. The need to combine
techniques became with every presentation more and more obvious to anyone in
the audience. Many of the presented studies were performed under complex and
multiple external stimuli making it impossible to reproduce the experiments on
individual machines. It was also extremely stimulating to observe that excellent
science has already been performed on the freshly installed installations around
the world, consequently indicating a long and bright future for the in situ, time
resolved combination of techniques.

The SNBL Workshop Proceedings from our 2008 meeting will be
published in a special issue of Phase Transitions (Guest Editors:
V.Dmitriev/SNBL and M.Milanesio/Univ. Piemonte Orientale - Italy).
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SNBL - FACTS AND FIGURES

BUDGET (in CHF)

1600000

Infrastructure Expenses

Energy and Consumables

1200000 + Maintenance & Running Costs
Personnel
800000 A
400000
0
2005 2006 2007 2008
Years
BUDGET in CHF 2005 2006 2007 2008
Personnel 1,037,000.00 1,064,000.00 1,064,000.00 1,144,000.00
Maintenance and 240,000.00 257,000.00 257,000.00 275,000.00
Running Costs
Energy and 35,000.00 38,000.00 45,000.00 50,000.00
Consumables
Infrastructure 275.000.00 217,000.00 210,000.00 236.000.00
Expenses
TOTAL 1,588,000.00 1,576,000.00 1,576,000.00 1,705,000.00
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INCOME (in CHF)

Income Outside Contract

Income According to Contract

2000000

1600000 -

1200000

800000

400000

2005

2006 2007 2008

Years
INCOME in CHF 2005 2006 2007 2008
Income According ) 54 590,00 1,450,000.00 1,698,000.00 1,705,000.00
to Contract
Income Outside 5,4 75 g 271.590.00 543.307.00 53.806.00
Contract
TOTAL 1,766,475.00 1,721,590.00 2,241,307.00 1,758,806.00

EXPENDITURE (in CHF)

Infrastructure Expenses

Energy and Consumables

Maintenance & Running Costs

1600000

400000
Personnel
0
2005 2006 2007 2008
Years
EXPENDITURE in CHF 2005 2006 2007 2008
Personnel 949,000.00 1,056,000.00 1,030,274.00 1,144,000.00
Maintenance and
Running Costs 218,000.00 239,000.00 342,000.00 243,157.00
Energy and 45,000.00 61,000.00 56,000.00 57,246.00
Consumables
Infrastructure Expenses 269,000.00 219,000.00 240,000.00 247,465.00
TOTAL 1,481,000.00 1,575,000.00 1,668,274.00 1,691,868.00
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List of Publications
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2007-1. Arakcheeva, A., Pattison, Ph., Meisser, N., Chapuis, G., Pekov, I., Thélin, Ph.
New insight into the pectolite — serandite series: a single crystal diffraction
study of Na(Cay 73Mny »7)[HSi304] at 293 and 100 K
Z. Kristallographie, 222, 12, 696-704, 2007
2007-2. Arod, F., Pattison, Ph., Schenk, K.J., Chapuis, G. Polymorphism in N-
Salicylideneaniline Reconsidered
Crystal Growth & Design, 7, 9, 1679-1685, 2007
2007-3. Baerlocher, Ch., Gramm, F., Massuger, L., McCusker, L.B., He, Zh,
Hovmoller, S., Zou, X. Structure of the polycrystalline zeolite catalyst IM-5
solved by enhanced charge flipping
Science, 315, 5815, 1113 - 1116, 2007
2007-4. Baerlocher, Ch., McCusker, L.B., Palatinus, L. Charge flipping combined with
histogram matching to solve complex crystal structures from powder diffraction
data
Z. Kristallographie, 222, 02, 047-053, 2007
2007-5. Besnard, C., Camus, F., Fleurant, M., Dahlstrom, A., Wright, J.P., Margiolaki,
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to improve intensity extraction in protein powder diffraction: Application to
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Z. Kristallog., Suppl.26, 39-44, 2007
2007-6. Betti, C. Fois, E., Mazzucato, E., Medici, C., Quartieri, S., Tabacchi, G.,
Vezzalini, G., Dmitriev, V. Gismondine under HP: deformation mechanism
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Microp. & Mesop. Mater., 103, 1-3, 190-209 , 2007
2007-7. Beukes, J. A. , Mo, F., Van Beek, W. X-ray induced radiation damage in taurine
- A combined X-ray diffraction and Raman study
J. Phys. Chem. Chem. Phys., 9, 4609-4724, 2007
2007-8. Borg, 9., Rgnning, M., Storseeter, S., Van Beek, W., Holmen, A. Identification
of cobalt species during temperature programmed reduction of Fischer-Tropsch
catalysts
Stud. Surf. Sci. Catal., 163, 255, 2007
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2007-9. Boccaleri, E., Milanesio, M., Carniato, F., Croce, G., Viterbo, D., Van Beek,
W., Emerich, H. In situ simultaneous Raman/High-Resolution X-ray Powder
Diffraction study of transformations occurring in materials at non-ambient
conditions

J .Appl.Cryst., 40, 684-693, 2007

2007-10. Boldyreva, E. High-Pressure Polymorphs of Molecular Solids: When Are They
Formed, and When Are They Not? Some Examples of the Role of Kinetic
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Crystal Growth & Design, 7, 9, 1662 -1668, 2007

2007-11. Bourrelly, S., Serre, S., Vimont, A., Ramsahye, N.A., Maurin, G., Daturi, M.,
Filinchuk, Y. et al. A multidisciplary approach to understanding sorption
induced breathing in the metal organic framework MIL53(Cr)

Stud. Surf. Sci. Catal., 170, 1, 1008-1014, 2007
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The crystal structure of &gamma;-AlD;

J. Alloys & Compounds, 441, 1-2, 364-367, 2007
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B.C. Synthesis and crystal structure of 3-AlD;
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Emerich, H. , Van Beek, W. , Proux, O. An XAS study of the structure and
thermodynamics of Cu(l) chloride complexes in brines up to high temperature
(400°C, 600 bars)

Geochimica et Cosmochimica Acta, 71, 4920-4941, 2007

2007-15. Bus, E., Prins, R., Van Bokhoven, J.A. Time-resolved in situ XAS study of the

preparation of supported gold clusters
Phys. Chem. Chem. Phys., 9, 3312 - 3320, 2007
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Supported Platinum, Gold, and Platinum-Gold
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conductor Li;VO(PQ,), through lithium exchange

J. Solid State Chem., 180, 9, 2437-2442, 2007
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catalysts during thermal aging
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