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Opening remarks
We are pleased to welcome you in Bayreuth for the 5th SMARTER conference. SMARTER’s aim is
bringing together scientists in the areas of solid-state Magnetic Resonance and other
spectroscopic techniques, diffraction as well as modelling to resolve questions about how to
optimally combine various techniques for ab initio structure determination of complex materials.
The conference in Bayreuth is the latest in a series of meetings designed to encourage crossfertilization across subject boundaries, with invited speakers chosen to reflect the diversity of
approaches required to solve demanding structural problems, such as obtaining crystal
structures from powdered samples or understanding disordered systems.
We trust that all participants will engage in challenging discussions and benefit from the free
exchange of ideas in the peaceful and stimulating atmosphere of Bayreuth.
Sincerely yours,
The scientific and local committees

Scientific committee
Andrew Goodwin (Oxford, United Kingdom)
João Rocha (Aveiro, Portugal)
Jürgen Senker (Bayreuth, Germany)
Renée Siegel (Bayreuth, Germany)
Francis Taullele (Versailles, France)
Jonathan Yates (Oxford, United Kingdom)

Advisory Board
members of the IUCr commision “NMR Crystallography and Related Methods”:
Francis Taullele (Versailles, France)
Robin K. Harris (Durham, United Kingdom)
Manish A. Mehta (Oberlin, USA)
Tatyana Polenova (Newark, USA)
Marek J. Potrzebowski (Lodz, Poland)
Roderick E. Wasylishen (Edmonton, Canada)

Local organizing committee
Beate Bojer, Marion Breunig, Sven Dietler, Dominik Greim, Helen Grüninger, Sieglinde Hörath,
Tobias Kemnitzer, Christoph Klumpen, Sonja Lutschinger, Iris Raithel, Adrian Schmutzler, Petra
Seidler, Jürgen Senker, Renée Siegel, Carsten Tschense, Thomas Wittmann, Christoph Zehe.

email: smarter5@uni-bayreuth.de
website: http://www.smarter5.uni-bayreuth.de/home/
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General information
Venue
The conference venue is the NWIII building of the University of Bayreuth and the conference
office is in room S130, on the main floor of NWIII..
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Presentations
Oral presentations:
The talks will be in the lecture hall H36. Computers will be available in the lecture hall for the oral
presentations. If you have an oral presentation, please provide your presentation as soon as
possible or at the latest 15 minutes before the start of the session. You may also use your own
computer, but please also come 15 minutes before the start of the session to set it up.
Poster presentations:
Posters, located in room S135, should be put up on Monday morning and left until the end of the
conference. Material for putting up the posters is available at the conference office. The posters
are listed in alphabetical order of the presenting authors. The poster numbers are written on top
of each abstract. Presenting authors should be at their poster during their scheduled session
(odd numbered posters on Monday and even numbered ones on Wednesday).
A prize will be awarded to the best poster presented by a Ph.D. or undergraduate student. The
poster prize will be given on Wednesday evening during the conference dinner.

Internet access
Wi-Fi is provided on site. Participants from Universities part of the EDUROAM initiative have
direct Wi-Fi access. Other participants should go to the conference office where they will receive
their ID and password for internet access.

Lunches
Lunches will be at the canteen (Mensa) of the University. Coupons are provided in your
conference bag. You can use any opened line (except Frischraum) and have a free choice of meal
(with at least one vegetarian option) with some side dishes (e.g. vegetables, soup, desert). You
also have the option of going to the salad bar on the left side of the line. Please don’t forget to
hand in your meal coupon to the person at the cash register. An eating area of the Mensa is
reserved for the conference participants.

Dinners
BBQ dinner on Monday evening:
The BBQ dinner will be at the botanical garden (see campus map) and will start at 7 pm. An
optional tour of the botanical garden will take place at 6 pm, before the dinner. Persons
interested by the tour should thus meet at 6 pm at the meeting point indicated on the campus
map.
Conference dinner:
The conference dinner will be at the restaurant “Liebesbier” at Andreas-Maisel-Weg 1, 95445
Bayreuth (http://www.liebesbier.de/). Please, do not forget to bring your conference dinner
coupon.

SMARTER 5

5

Getting around Bayreuth
Bayreuth being a relatively small town, most places are accessible by foot. Most hotels are within
about 2.5 km (25-30 minutes walk) from the conference venue.
However, if you prefer to come by car, there is a parking area directly next to the NWIII building.
Alternatively, you can use the public bus transport (http://www.vgn.de/en/bayreuth). Single bus
tickets cost 1.80 € and 4-trip tickets cost 6.50 €. Those tickets can be bought directly from the bus
driver. Weekly or group tickets should be bought at the central bus station (ZOH).
Bus transport to the Campus:
Public busses commute regularly to the University campus via the bus lines 304 (direction:
Birken, Universität) and 306 (direction: Campus). Both start at the central bus station (ZOH). The
shortest way the the conference building (NW III) will be from the bus stop Geowissenschaften.
Exit is also possible at the stop Mensa. The bus stops are marked within the campus map.
Bus transport from the Campus:
The bus lines already mentioned also return to the city center. The direction will be ZOH for 304
and Roter Hügel for 306.

Tuesday afternoon optional program
Leisure time program:
On Tuesday afternoon, two optional tours are organized: a guided walk through the historical
city center of Bayreuth or a guided tour through the famous Festspielhaus. If you want to join
one of those tours, please register as soon as possible at the conference office. Places are limited
and it will therefore be on a first come first serve basis.
Historical city tour: 14:15 at Bayreuth Tourismus (Opernstrasse 22)
Bus 306 (Roter Hügel) at 13:56 from Mensa to bus stop Sternplatz.
Bus 304 (ZOH) at 13:48 from Mensa to bus stop Luitpoldplatz.

Festspielhaus tour: 14:20 at Bayreuth Festspielhaus (Festspielhügel 1)
Bus 306 (Roter Hügel) at 13:36 from Mensa until stop ZOH. Bus 305 (Hohe Warte) at 14:00 from
ZOH until bus stop Gartenstadt. From there it is only a 5-10 minutes walk through the
Festspielpark.

6

SMARTER 5

Program
Sunday, September 4, 2016
17:00

Registration

18:00

Welcome Mixer

Monday, September 5, 2016
09:00

Welcome

09:10

Igor Levin: RMCProfile as a Complex Modeling Framework for Structure
Determination in Polycrystalline Materials

10:00

Jörn Schmedt auf der Günne: Point defects in ionic materials studied by magnetic
resonance

10:25

Ulla Gro Nielsen et al.: How the method of synthesis governs the local and global
structure of LDHs

10:50

Coffee Break

11:20

Paul Hodgkinson: Characterising disordered pharmaceuticals by solid-state NMR and
computational chemistry

11:45

Yaroslav Z. Khimyak et al.: NMR crystallography of heterogeneous organic materials:
focussing on disordered systems and soft matter

12:10

Yaşar Krysiak et al.: Structural Insights by a combination of electron diffraction,
nuclear magnetic resonance and X-ray total scattering

12:35

Lunch

14:00

Poster Session (odd)

16:00

Coffee Break

16:15

Clare Grey: Recent Developments in Paramagnetic Solids – Batteries and Fuel Cell
Materials – In and Ex-situ

Frédéric Blanc et al.: An Integrated NMR – Diffraction – Modelling approach to
17:05 Investigate the Defects Chemistry and Li+ Diffusion Pathway in New Solid-State Li+
Electrolytes
17:30 Brijith Thomas et al.: Insights on artificial charge separators
17:55

End of Session

19:00

Get together BBQ Dinner
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Tuesday, September 6, 2016
09:00

Guillaume Maurin: Accelerating the structure solution/prediction of MOFs using
molecular modelling

09:50

Andraž Krajnc et al.: Modelling of spin-diffusion curves reveals spatial arrangement
of different linkers in MOFs

10:15 Matthew Cliffe et al.: Correlated defects in hafnium and zirconium MOFs
Coffee Break

10:40

Kenneth Harris: Aspects of Validation in Structure Determination of Organic
11:10 Materials from Powder X-ray Diffraction Data: Opportunities for Multi-Technique
Synergy
11:45

Pierre Thureau et al.: NMR crystallography of natural abundance organic samples
using dynamic nuclear polarisation

12:10

Steven P. Brown: Ab-Initio Random Structure Searching, Powder X-Ray Diffraction
and NMR Crystallography for Molecular Organic Solids

12:35

Lunch

14:00

Free Afternoon

Wednesday, September 7, 2016
Roderick Wasylishen: Molecular Structure and Dynamics in the Solid State: Examples
09:00 of the complementary information from diffraction techniques and NMR
spectroscopy
09:50

Denys Grekov et al.: Accessing the structure of well-defined grafted catalysts with
experimental and first principles 17O Solid State NMR methodology

10:15

Cassandre Kouvatas et al.: Structural studies of industrial VOPO4 catalysts combining
X-ray diffraction, solid state NMR and NMR parameter calculations

10:40

Coffee Break

11:10

Perttu Lantto: Unknown clathrate structures determined by combining CSP with Xe129 NMR spectroscopy

11:45 Carsten Tschense et al.: Order phenomena in MIL-53-NH2 and –NHCHO
12:10
12:35

8

Luís Mafra et al.: CO2 speciation in amine-functionalized mesoporous silicas for
CO2/CH4 separation studied by NMR and computational methods
Lunch

SMARTER 5

14:00

Poster Session (even)

16:00

Coffee Break

16:15 Reinhard Neder: In-situ Pair Distribution Function
17:05

Frank Haarmann: Disorder in Intermetallics resolved by a combination of XRD – NMR
– QM

17:30

Virginia Diez-Gómez et al.: Modelling Ti/Ge distribution in Li-NASICON compounds
by NMR and first principles DFT calculations

17:55

End of Session

19:00

Conference Dinner

Thursday, September 8, 2016
09:00

Martin Kaupp: The quantum-chemistry/NMR/EPR link to molecular and electronic
structure

09:50

Gerd Buntkowsky et al.: Revealing Structures of heterogenous Catalysts by Dynamic
Nuclear Polarization enhanced Solid State NMR

Ann-Christin Poeppler et al.: How NMR Crystallography and X-ray diffraction studies
10:15 improve the understanding of Solid-State Fluorescence in Anthracenylphosphanes “With a little help from DHL”
10:40

Coffee Break

11:10 Christian Bonhomme et al.: From NMR ... to DNP Crystallography
11:45

David McKay et al.: Investigating the Hydration of Earth Minerals through Ab Initio
Random Structure Searching and Solid-State NMR Spectroscopy

12:10

Eike Brunner et al.: Solid-state NMR, DNP, and MD investigations of the
organic/inorganic interface in silica biohybrids

12:35

Closing Remarks
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Monday, September 5, 2016, 09:10-10:00

RMCProfile as a Complex Modeling Framework for Structure Determination in
Polycrystalline Materials
Igor Levin1
1

NIST

Contact: igor.levin@nist.gov

Functional properties of materials frequently depend on details of atomic order on scales
ranging from sub-nanometer to several nanometers. Thus, an ability to determine such local
structures consistently over several length scales becomes a prerequisite for establishing
comprehensive structure-property relationships. The Reverse Monte Carlo (RMC) method is
promising for addressing this measurement problem because it enables simultaneous
determination of the local, nanoscale, and macroscopic structures, all represented in a single
internally consistent atomistic model. The level of detail in structural solutions that can be
obtained using this method is enhanced considerably by combining inputs from complementary
measurement techniques. We will discuss recent developments in the RMCProfile software
package, which enable simultaneous fitting of multiple experimental datasets, including powder
X-ray/neutron total scattering, X-ray absorption fine structure, and single-crystal diffuse
scattering. The advantages of this approach will be illustrated using several examples.

SMARTER 5

13

Monday, September 5, 2016, 10:00-10:25

Point defects in ionic materials studied by magnetic resonance
Jörn Schmedt auf der Günne1
1

Department of Chemistry and Biology, Siegen University
Contact: gunnej@chemie.uni-siegen.de

Point defects are responsible for function in many crystalline materials, like light-conversion or
charge transport in ionic conductors. We show how defects can be identified and their doping
homogeneity can be judged from magnetic resonance experiments. Depending on the nature
of dopants being paramagnetic or diamagnetic different strategies are available to study the
defect structure by magnetic resonance. On the example of TiO2:F, ZnO:Al, SnO2:F we
demonstrate the potential of defect identification by a combination of quantum chemical
calculations and NMR. The importance of using different techniques like XRD, NMR and ESR is
shown on TiO2:F which depending on the chemical treatment transforms its defect structure,
which explains the differing results which had been found about its photochemical activity. Last
it is shown that the doping homogeneity of paramagnetically doped host structures can be
judged from quantitative NMR experiments.
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Monday, September 5, 2016, 10:25-10:50

How the method of synthesis governs the local and global structure of LDHs
Ulla Gro Nielsen1, Suraj S.Sc. Pushparaj1, Line Boisen Staal1, Claude Forano2, Vanessa Prevot3,
Andrew S Lipton4, Gregory J. Rees5, John V. Hanna5
1
Department of Physics, Chemistry, and Pharmacy, University of Southern Denmark, Odense, Denmark
Université Clermont Auvergne, Université Blaise Pascal, Institut de Chimie de Clermont-Ferrand, ClermontFerrand, France
3
CNRS, Aubiere, France
4
Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, WA, USA
5
Department of Physics, University of Warwick, Coventry, UK

2

Contact: ugn@sdu.dk

Layered double hydroxides (LDHs) find wide spread application ranging from catalysis and
energy storage to environmental remediation and drug delivery. Their general chemical
composition is [M(II)1-xM(III)x(OH)2Ay nH2O], where possible M(II) and M(III) cations include Mg(II),
Ca(II), Zn(II), Ni(II), Al(III), Ga(III), and Fe(III). A is an anion needed for charge balance located in the
interlayer. The LDH properties, i.e., function are controlled by the choice of metals and anion.
Especially, the distribution of metal ions in the cation layer has a large impact on the properties,
but it is difficult to obtain by diffraction techniques due to the large number of stacking faults in
the LDHs. Detailed insight into the cation distribution can be obtained by solid state NMR
spectroscopy (SSNMR), where fast MAS at high field directly provides information about the
distribution of cations.1 MgAl LDHs has been the primary focus of advanced SSNMR studies.1-3
However, ambiguities exist whether LDHs exhibit cation ordering (no Al-O-Al connectivities), as
some SSNMR studies have identified cation ordering,1, 3-4, whereas Al-O-Al defects have been
clearly identified by others.2
To resolve these ambiguities, we have performed a detailed study of a series of ZnAl LDHs
synthesized by the two preferred routes, co-precipitation and the so-called urea method, using
probes of both the bulk properties (powder X-ray diffraction, elemental analysis, TEM) and local
environment, i.e., multi-nuclear (1H, 27Al, and 67Zn) SSNMR and Raman spectroscopy.5 The results
clearly show that the presence of Al-O-Al defects is linked to the synthesis conditions and may
be partially “repaired” by hydrothermal treatment. However, the preferred urea method gives
large, crystalline LDHs, but SSNMR reveals only 20-40 % ZnAl LDH in these sample. Further insight
into the formation of LDHs was obtained by a time-resolved study of ZnAl LDHs formation by the
urea method.
1. Sideris, P. J.; Nielsen, U. G.; Gan, Z. H.; Grey, C. P., S cience 2008, 321, 113-117.
2. Cadars, S. et al., C hem. Mater. 2011, 23, 2821-2831.
3. Sideris, P. J.; Blanc, F.; Gan, Z.; Grey, C. P., C hem Mater. 2012, 24, 2449-2461.
4. Petersen, L. B.; Lipton, A. S.; Zorin, V.; Nielsen, U. G., J . S olid S tate C hem. 2014, 219, 242-246.
5. Pushparaj, S. S. C.; Forano, C.; Prevot, V.; Lipton, A. S.; Rees, G. J.; Hanna, J. V.; Nielsen, U. G., J . Phys.
C hem. C 2015, 119, 27695-27707.
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Monday, September 5, 2016, 11:20-11:45

Characterising disordered pharmaceuticals by solid-state NMR and
computational chemistry
Paul Hodgkinson1
1

Department of Chemistry, Durham University
Contact: paul.hodgkinson@durham.ac.uk

Solid-state NMR is a powerful adjunct to diffraction-based techniques for the characterisation of
pharmaceutical materials, particularly for the characterisation of disorder. Increasingly, however,
drug discovery pipelines are producing highly active hits that are difficult to crystallise, and
typical “NMR crystallography” approaches struggle when no average crystal structure from
Bragg diffraction is available. Techniques such as differential scanning calorimetry (DSC) are
useful for such materials, but lack explanatory power; what does a “glass transition” mean for a
molecular solid?
We report on how solid-state NMR, in combination with first-principles calculation and
complementary methods, such as time-modulated DSC, can be used to characterise static and
dynamic disorder, including systems of unknown structure. For example, 13C and 2H relaxation
allow different models for dynamic disorder in a formoterol fumarate dehydrate to be
distinguished [1]. Solid-state NMR allows distinct amorphous forms (in the sense of not showing
Bragg diffraction) of valsartan to be readily distinguished, and the molecular-level drivers behind
the adoption of the disordered forms to be identified [2]. With careful control of geometry
optimisation, first-principles calculations of lattice energies are seen to provide a powerful
adjunct to NMR in explaining why essentially isomorphic solvates of droperidol adopt disordered
vs. ordered structures [3]. Lacking the entanglements of polymeric systems, disordered
molecular materials are seen to be a fruitful area for the development of “NMR crystallography”
beyond crystallisable materials.
1. D. C. Apperley, A. F. Markwell, I. Frantsuzov, A. J. Ilott, R. K. Harris and P. Hodgkinson, Phys. Chem. Chem.
Phys. 15 (2013) 6422
2. M. Skotnicki, D. C. Apperley, J. A. Aguilar, B. Milanowski, M. Pyda and P. Hodgkinson, Mol. Pharmaceutics
13 (2016) 211
3. A. Bērziņš and P. Hodgkinson, Solid-State NMR 65 (2015) 12
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Monday, September 5, 2016, 11:45-12:10

NMR crystallography of heterogeneous organic materials: focussing on
disordered systems and soft matter
Karol P. Nartowski1, Susana M. Ramalhete1, Doris E. Braun2, Graeme M. Day3, Yaroslav Z.
Khimyak1
2

1
School of Pharmacy, University of East Anglia, Norwich, NR4 7TJ, UK
Institute of Pharmacy, University of Innsbruck, Innrain 52c, 6020 Innsbruck, Austria
3
School of Chemistry, University of Southampton, Southampton, SO17 1BJ, UK

Contact: y.khimyak@uea.ac.uk

NMR crystallography has been successful in facilitating structural analysis of organic molecular
solids. We demonstrate that the combination of experimental and computational approaches
can provide molecular level details of the organisation of heterogeneous organic materials with
limited ordering (i.e. systems with order-disorder transitions and soft organogels).
The combination of thermal methods, moisture (de)sorption studies, X-ray diffraction,
spectroscopy (vibrational, solid-state NMR), crystal energy landscape and chemical shift
calculations enabled us to investigate the (de)hydration of orotic acid (OTA), Figure 1.1 The
characteristics of the disorder, stacking faults of perfectly planar layers, have been elucidated. In
addition to the strong intermolecular H-bonding interactions within the layers also C–H∙∙∙O close
contacts and π···π stacking are essential for the stability of the structures. The π···π interactions
are likely responsible for the kinetic stability of the domains in disordered anhydrous OTA.
Solution- and solid-state NMR methods were used to probe intermolecular interactions in a series
of “soft” organogels based on the urea-tape motif containing electron-withdrawing (–NO2) and
electron-donating (–OCH3) substituents.2 Crystal structure prediction calculations indicated
alternative low energy hydrogen bonding arrangements between the nitro group and urea
protons, which were supported experimentally by NMR. It was possible to relate the observed
differences to interference of the head substituents with the urea tape motif, disrupting the order
of supramolecular packing. The combination of unbiased structure prediction calculations with
NMR is proposed as a powerful approach to investigate the supramolecular arrangement in gel
fibres and help understand the relationships between molecular structure and gel formation
1. D. E. Braun, K. P. Nartowski, Y. Z. Khimyak et al., Mol. Pharmaceutics, 2016, 13, 1012-1029.
2. F. Piana, D. H. Case, S. M. Ramahlete. G. Pileio, M. Facciotti, G. M. Day, Y. Z. Khimyak, J. Angulo, R. C. D.
Brown and P. A. Gale, S oft Matter, 2016, 12, 4034-4043.

Figure 1. Understanding of order-disorder transitions upon desolvation of orotic acid.
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Monday, September 5, 2016, 12:10-12:35

Structural Insights by a combination of electron diffraction, nuclear magnetic
resonance and X-ray total scattering
Yaşar Krysiak1, Maria Mesch2, Kilian Bärwinkel2, Jürgen Senker2, Reinhard Neder3, Ute Kolb1
Institute of Inorganic Chemistry and Analytical Chemistry, Johannes Gutenberg University Mainz
2
Inorganic Chemistry III, University of Bayreuth
3
Chair for Crystallography and Structural Physics, Friedrich-Alexander-Universität Erlangen-Nürnberg
1

Contact: krysiak@uni-mainz.de

Crystal structure solution using automated electron diffraction tomography[1] (ADT) is nowadays
an accepted method for deriving full 3D structure information at atomic resolution from a
nanocrystalline material. Crystals with special structural features like twinning[2], super-structural
effects[3] or pseudo-symmetry could be solved ab-initio with ADT. In case of a reduced periodicity
in the lattice due to electron radiation damage, disorder or stress/strain effects the intensities are
more and more difficult or impossible to derive from diffraction patterns. A data set with reduced
reciprocal space completeness as obtained for a bismuth metal-organic framework[4] could be
solved using simulated annealing (SA). Uncertainties in the intensity extraction allow often the
detection of the major structure but cause problems for detailed structural insights being
especially important for materials physical properties.
By combining nuclear magnetic resonance (NMR) measurements and the analysis of X-ray total
scattering (PDF) providing short-range respectively long-range information with electron
diffraction results, a full structural description can be derived. With this combination, we resolved
for example the H/Li substructure of poly (triazine imide)/LiCl. This sample with incorporated
lithium chloride (PTI/LiCl) recently attracted substantial attention due to its photocatalytic
activity for water splitting.[5] In addition to the known major structure, electron diffraction
tomography revealed the positions of the Li atoms and a symmetry reduction. NMR simulations
added information about the protonation of the channels and the PDF analysis of X-ray powder
diffraction data, simulated with DISCUS software package[6], proposed a long-range modulation
of the layers.
[1] E. Mugnaioli, T. Gorelik, U. Kolb, Ultramicroscopy 2009, 109, 758–765.
[2] S. Bhat, L. Wiehl, L. Molina-Luna, E. Mugnaioli, S. Lauterbach, S. Sicolo, P. Kroll, M. Duerrschnabel, N.
Nishiyama, U. Kolb, et al., C hem. Mater. 2015, 27, 5907–5914.
[3] E. Mugnaioli, I. Andrusenko, T. Schüler, N. Loges, R. E. Dinnebier, M. Panthöfer, W. Tremel, U. Kolb,
Angew. C hem. 2012, 124, 7148–7152.
[4] M. Feyand, E. Mugnaioli, F. Vermoortele, B. Bueken, J. M. Dieterich, T. Reimer, U. Kolb, D. de Vos, N. Stock,
Angew. C hem. Int. E d. 2012, 51, 10373–10376.
[5] E. Wirnhier, M. Döblinger, D. Gunzelmann, J. Senker, B. V. Lotsch, W. Schnick, C hem. E ur. J . 2011, 17,
3213–3221.
[6] T. Proffen, R. B. Neder, J . Appl. C rystallogr. 1997, 30, 171–175.

Figure 1: Superposition of the structure solved in C2221 by electron
diffraction (blue) and in P212121 by NMR spectroscopy (red).
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Monday, September 5, 2016, 16:15-17:05

Recent Developments in Paramagnetic Solids – Batteries and Fuel Cell Materials
– In and Ex-situ
Clare Grey1
1

Chemistry Department, Cambridge University, Lensfield Rd, Cambridge, CB2 1EW, UK
Contact: cpg27@cam.ac.uk

This talk will describe recent applications of NMR spectroscopy to study battery and fuel-cell
materials, starting with an overview of some of the materials challenges in this field. A major
focus of this talk will be on new developments in the field of paramagnetic NMR. Specifically, the
use of 17O NMR spectroscopy to investigate structural disorder, defects and dynamics in
paramagnetic materials will be described, in compounds such as the mixed ionic and electronic
conductor La2NiO4+x, where oxygen non-stoichiometry plays a critical role in the transport
mechanism.
The assignments of the resonances are aided by first principles calculations of hyperfine
shifts. Recent developments in approaches to calculate these shifts and how to relate 0K
calculations to room-temperature data will be outlined. Finally, new hardware and applications
of NMR in the battery area, to a diverse range of chemistries – from lithium, sodium to
magnesium batteries, will be discussed.
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Monday, September 5, 2016, 17:05-17:30

An Integrated NMR – Diffraction – Modelling approach to Investigate the
Defects Chemistry and Li+ Diffusion Pathway in New Solid-State Li+ Electrolytes
Inglis Kenneth K.1, Jones Michael D.1, Omir Mona K.1, Rakhmatullin Aydar2, Florian Pierre2,
Enciso-Maldonado Leopoldo3, Dyer Matthew S.3, Li Ming3, Payne Julia L.3, Pitcher Michael J.3,
Claridge John B.3, Rosseinsky Matthew J.3, Blanc Frédéric1
1

Department of Chemistry and Stephenson Institute for Renewable Energy, University of Liverpool, UK
2
Conditions Extrême et Matériaux: Haute Température and Irrradiation, Orléans, France
3
Department of Chemistry, University of Liverpool, UK
Contact: frederic.blanc@liverpool.ac.uk

We will present examples of the investigation of the defects chemistry and the Li+ diffusion
pathway in new solid-state Li+ conductors using an integrated approach combining solid-state
Nuclear Magnetic Resonance (NMR) spectroscopy techniques, diffraction and computational
modelling.1
An order of magnitude increase in the hopping rates of LiMgPO4 vs Li1-xMg1-xInxPO4 probed by
Li NMR, and over two orders of magnitude increase in the Li+ ion conductivity measured by ac
impedance spectroscopy (ACIS) is observed, experimentally confirming the calculations.2 NMR
spectroscopy and calculations reveal that the energy barrier to site-to-site hopping (0.3 eV – 0.5
eV), comparable with best-in-class non-oxide systems such as argyrodite.3 However, NMR/ACIS
hopping rates show that longer range transport is less facile (Ea ~ 0.7 – 1 eV), and calculations
suggest that this is because the Li vacancies are strongly bound to the In3+ dopant.2
7

A similar NMR – ACIS – diffraction – calculations approach was used to investigate the Li+
diffusion pathway in fast solid-state Li+ ion conductors, including Li-containing perovskites,4 Ligarnet5 and Li-NASICON6 and will also be presented.
(1) Wilkening, M. et al., Phys. R ev. Lett. 2006, 97, 065901. (2) Enciso-Maldonado, L. et al., C hem. Mater.
2015, 27, 2074. (3) Epp, V. et al., J . Phys. C hem. Lett. 2013, 4, 2118. (4) Inaguma, Y. et al., S olid S tate
C ommun. 1993, 86, 689. (5) Li, Y. et al., E lectrochem. commun. 2011, 13, 1289. (6) Xie, H. et al., J . Power
S ources 2011, 196, 7760.
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Monday, September 5, 2016, 17:30-17:55

Insights on artificial charge separators
Brijith Thomas , Rombouts Jeroen2, K. Dubey Rajeev3, Babu Sai Sankar Gupta Karthick1, Clabbers
Max1, F. Jager Wolter3, Orru Romano2, Abrahams Jan Pieter1, J. M. de Groot Huub1
1

Leiden University, Leiden University
2
Vrije University Amsterdam
3
Delft University of Technology, Julianalaan , Delft.
1

Contact: brijithamp@gmail.com

Spurred by worries over climate change, there is increasing interest in mimicking natural
photosynthesis for the conversion of solar energy into fuel. The molecular structure and packing
of self-assembled Zinc Salphen/NDI dyad and Perylene-based molecules, which are potential,
charge separators were studied in detail in the solid state.
The computational integration of MAS NMR, TEM, Powder XRD and molecular modeling provide
a powerful methodology that can be of use to investigate molecular geometry (and properties)
of larger unlabeled - aggregated supramolecular systems. Systematic absence observed in the
diffraction pattern and symmetry constraints from SSNMR were used to converge on a
reasonable packing. DFT calculations were performed using the CASTEP module in the material
studio with GIPAW wave function. Quantum mechanical calculations allow experimental 1H and
13
C solid-state NMR spectra to be assigned in a quantitative manner to a specific molecular
packing arrangement, starting from the chemical structure of a moderately sized molecule.
Proposed packing is confirmed by selective NMR distance constraints and simulation of LGCP
build up curve. To confirm the model we simulated the powder XRD pattern using Reflex module
in the material studio. Observed diffraction pattern were reproduced using crystal maker from
the proposed packing.
A protocol was developed in which the computational integration of MicroED, Powder XRD and
SSNMR were used to propose a model for a molecule with high molecular mass, with less
ambiguity (Fig :1). One of the biggest challenges with smarter crystallography is that it is limited
to small molecules but here we proposed structures for molecules with higher atomic weight,
which is around 1000gm/mol. This methodology could be extended to understand the surface
deposition on electrode surface to understand the mechanism of battery in the near future.
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Accelerating the structure solution/prediction of MOFs using molecular
modelling
Guillaume Maurin1
1

Institut Charles Gerhardt Montpellier, Université Montpellier
Contact: gmaurin@um2.fr

Molecular simulations have largely contributed to the emergence of Metal Organic Frameworks
(MOFs). The use of molecular modelling which embodies all the methods which model a system
at the atomic and/or electronic levels using interatomic potential, currently called “force field”,
and/or quantum chemical approach respectively, has been decisive for the resolution of the
crystal structures of the most complex and poorly crystallized MOFs. In complement to this,
considerable effort has been devoted to the development of computational software to
enumerate all the plausible MOF structures constructed by the assembly of a large diversity of
inorganic and organic building blocks. Besides this in silico design of large libraries of
hypothetical MOFs, molecular simulations have been also deployed to guide the synthesis
towards tuned MOF materials with the required features for an optimization of their properties
for different societally relevant applications.
The objective of this presentation is to highlight the invaluable contribution of the
computational approaches in complement to X-ray diffraction and Nuclear Magnetic Resonance
techniques from the birth of novel MOFs and their structure elucidations to the characterization
and rationalization of their properties, throughout recent advances our groups have made in this
field.
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Modelling of spin-diffusion curves reveals spatial arrangement of different
linkers in MOFs
Andraž Krajnc1, Gregor Mali1
1
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Metal-organic frameworks (MOFs) are gaining popularity among the porous materials mostly
because of the possibility of tailoring chemical functionality and pore size. Their synthesis is
simple; MOFs can be prepared from many different organic linkers with different functional
groups attached and can form a large variety of topologies. But they often suffer from low
thermal stability or have other unwanted properties (e.g. breathing effect). A novel way to
conquer these disadvantages is to mix different linkers in the same crystals. But verification of
successful incorporation of linkers and determination of linker distribution along the crystal
remain challenging.
Until very recently only two approaches for studying linker arrangement in mixed-linker metalorganic frameworks were introduced. Deng et al. dissected large crystal into equal segments and
determined the fraction of different linkers by the solution 1H NMR of acid-digested samples of
each segment.[1] A more advanced approach was later presented by Kong et al. They labelled
various linkers with 15N and carried out demanding 13C-15N REDOR NMR measurements. By
comparing the experimental data to calculations they distinguished between four different
linker apportionments (large clusters, small clusters, random distribution, and alternating
distribution).[2] But large crystals are hard to grow and isotopic labelling is very expensive.
Herein we show how the distribution of linkers can be inspected by a relatively fast method
without any need of the isotope enrichment. The approach is based on the modelling of 1H spindiffusion NMR build-up curves and was first presented with the study of Al-based mixed-linker
metal-organic framework DUT-5, whose framework is built of biphenyl dicarboxylic (BPDC) and
bipyridyl dicarboxylic (BPyDC) linkers.[3]
[1] H. Deng, C. J. Doonan, H. Furukawa, R. B. Ferreira, J. Towne, C. B. Knobler, B. Wang, O. M. Yaghi,
S cience 2010, 327, 846–850.
[2] X. Kong, H. Deng, F. Yan, J. Kim, J. A. Swisher, B. Smit, O. M. Yaghi, J. A. Reimer, S cience 2013, 341,
882–885.
[3] A. Krajnc, T. Kos, N. Zabukovec Logar, G. Mali, Angew. C hemie Int. E d. 2015, 54, 10535–10538.

Figure 1: The calculated and measured
proton spin-diffusion build-up curves of
ML-DUT-5
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Correlated defects in hafnium and zirconium MOFs
Matthew Cliffe1, Clare Grey1, AndrewGoodwin2
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Defects play a crucial role in the chemistry of metal-organic frameworks (MOFs), with many
recent studies highlighting the presence of defects, especially ligand vacancies, in many
important families of MOFs. The presence of defects alone has been shown to drastically improve
sorption properties[1,2], catalytic activity[2] and ionic conductivity[3]. For many functional
materials, however, it is not just the presence of defects but their interactions and ordering that
determine their properties.
We have shown that in the canonical UiO-66 family of MOFs a high concentration of defects is
accommodated through the correlation of defects. Just as for oxide frameworks, this ordering
leads to a diversity of structures. This presentation will focus on two examples of how correlations
can be accommodated: a defect nano-domain phase, where correlated ligand absences lead to
metal cluster absences[4] and a layered phase, where ligand absences are accommodated
through cluster condensation. Making use of a wide-range of complementary techniques
(including pair-distribution function analysis, in situ diffraction of MOF growth, NMR
spectroscopy and transmission electron microscopy) we further demonstrated that the
structures of the resultant defect phases depend critically not only on the concentration of
defect-promoting modulator, but also on the identity of the ligand and the reaction time and
temperature.
The control over local structure that afforded by defects allowed us to, in turn to tune the physical
properties of the UiO family MOFs. In particular, by varying the concentration of defects we were
able to tune the very large isotropic negative thermal expansion of UiO-66(Hf) [5]. This provides
proof of principle of the use of defects as a design element in MOF materials.
[1] H. Wu et al., J . Am. C hem. S oc. 135, 10525, 2013. [2] F. Vermoortele et al., J . Am. C hem. S oc. 135,
11465, 2013. [3] J. Taylor et al., C hem. Mater. 27, 2286, 2015. [4] M.J. Cliffe et al., Nat. C ommun. 5, 4176,
2014. [5] M.J. Cliffe et al., Phys. C hem. C hem. Phys. 17, 11586, 2015
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Aspects of Validation in Structure Determination of Organic Materials from
Powder X-ray Diffraction Data: Opportunities for Multi-Technique Synergy
Kenneth Harris1
1

School of Chemistry, Cardiff University
Contact: HarrisKDM@cardiff.ac.uk

Structure determination of organic materials directly from powder X-ray diffraction (XRD) data is
nowadays carried out extensively by researchers in both academia and industry. The majority of
work in this field is focused on exploiting the direct-space strategy for structure solution followed
by Rietveld refinement. Although these techniques are now readily accessible and relatively
straightforward to use, it is essential that the structural results obtained from such analysis are
subjected to rigorous scrutiny before they can be assigned as incontrovertibly correct, and the
lecture will present an overview of important issues that must be given careful attention in
validating the correctness of crystal structures determined using these techniques.
The lecture will discuss several different aspects of validation that are important with regard to:
(i) validation of the appropriate structural model for use in direct-space structure solution
calculations, and (ii) validation of the final structure obtained from Rietveld refinement (including
the crucially important, but often neglected, issue of how to assess robustly whether the quality
of fit obtained in Rietveld refinement is acceptable or unacceptable). Specific structural issues
that will be discussed include verification of the correct assignment of hydrogen atom positions
(particularly in the context of distinguishing between different plausible hydrogen-bonding
arrangements, recognizing that powder XRD data are inherently insensitive to the locations of
hydrogen atoms), tackling structure solution of disordered materials within the direct-space
structure solution strategy, and the direct utilization of solid-state NMR data within the validation
protocols.
The lecture will emphasize the significant advantages that can be gained by the synergistic
utilization of information obtained from other experimental and computational techniques as
an important component within the validation of structures determined from powder XRD data,
focusing in particular on the important roles that solid-state NMR spectroscopy and
computational strategies (particularly periodic DFT methods) may play in achieving the goal of
robust validation of crystal structures of organic materials determined from powder XRD data.
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NMR crystallography of natural abundance organic samples using dynamic
nuclear polarisation
Pierre Thureau1, Giulia Mollica1, Fabio Ziarelli1, Stephane Viel1
1
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Contact: pierre.thureau@univ-amu.fr

We present here a methodology to quantitatively relate structural constraints based on 13C-13C
double quantum dipolar build-up curves obtained by Dynamic Nuclear Polarization (DNP) solidstate NMR to the crystal structure of organic powders at natural isotopic abundance. This
methodology relies on the tremendous sensitivity enhancement provided by DNP (about 50
here, reducing the experimental times from a few years to a few days) and is sensitive to both
the molecular conformation and the crystal packing of the studied powder sample. The method
is demonstrated on theophylline as a powder. We discuss how the proposed methodology
allowed the correct crystal structure of theophylline to be identified among a set of both existing
and predicted crystal structures.
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Ab-Initio Random Structure Searching, Powder X-Ray Diffraction and NMR
Crystallography for Molecular Organic Solids
Steven P. Brown1
1
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Contact: S.P.Brown@warwick.ac.uk

First, the ab-initio random structure searching (AIRSS) method is demonstrated for maminobenzoic acid. Starting with only the molecular structure of a single molecule and applying
a DFT-D (dispersion corrected) geometry optimization within the CASTEP software, AIRSS
generates a large number of trial crystal structures. A key feature is the use of minimum
intermolecular atom-atom restraints, notably a minimum O-O intermolecular distance of 3.0 Å
precludes the formation of carboxylic acid dimers by neutral m-ABA molecules, while a minimum
N-O distance of 2.6 Å allows the close approach of NH3+ and COO- moieties, thus choosing
zwitterionic structures. A simple analysis of the unit cell dimensions for the fifty lowest energy
AIRSS structures reveals a separating out into three groupings. Refinement of DFT-D geometry
optimized crystal structures against experimental powder X-ray diffraction (PXRD) patterns
recorded at 70 K for forms III and IV via a Le Bail fitting is investigated. Successful Le Bail fitting is
demonstrated, first, for the geometry optimised structures in the Cambridge Structural Database
and, second, for the two lowest energy AIRSS structures to the form III experimental PXRD
pattern and one of the other ten lowest energy AIRSS structures (after a rotation of the NH3 group
proton positions) to the form IV experimental PXRD pattern. The sensitivity of GIPAW calculated
NMR chemical shieldings to variations among the ten lowest energy AIRSS structures is
discussed.
Second, a NMR crystallography study of nanosheets formed during the early stages of the
oxidative polymerization of aniline in the “falling pH” reaction is presented [1]. Specifically, a
sample was synthesised starting from a 50:50 mixture of U-13C aniline and 15N-labelled aniline;
13
C refocused INADEQUATE, 15N-13C Double CP, 15N PDSD and 1H-13C/15N refocused INEPT MAS
NMR spectra reveal the presence of quinoneimine structural units. GIPAW chemical shift
calculations are performed for model structures that are consistent with the connectivities
revealed by the NMR spectra based on the proposed oligomeric structures; noting that the
model structures do not take into account intermolecular hydrogen bonding and CH-p
interactions, agreement and discrepancy to experiment are discussed.
[1] Z. Zujovic, A. L. Webber, J. Travas-Sejdic and S. P. Brown, Macromolecules 48, 8838, 2015.
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Wednesday, September 7, 2016, 09:00-09:50

Molecular Structure and Dynamics in the Solid State: Examples of the
complementary information from diffraction techniques and NMR spectroscopy
Roderick Wasylishen1
1
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Numerous examples illustrating how the interplay of NMR spectroscopy and diffraction
techniques coupled with computational quantum chemistry are providing valuable information
about the structure and dynamics of solid materials will be presented. The focus will be on
research in this area that the author has been involved with over many years, beginning with
relaxation studies of orientationally disordered solids such as adamantane, norborane, and
cubane. Several examples illustrating the value of NMR indirect spin-spin coupling constants in
characterizing solid materials, particularly disordered systems, will be reviewed. Recent progress
in characterizing the dynamics of the methylammonium cation in methylammonium lead
halides will be discussed in some detail. Finally, the combined utility of multinuclear solid-state
NMR, diffraction techniques, and computational chemistry in studying hydrogen bonding in the
enol-form of 1,3-diketones such as dibenzoylmethane and curcumin will be discussed.
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Accessing the structure of well-defined grafted catalysts with experimental and
first principles 17O Solid State NMR methodology
Denys Grekov1, Yassine Bouhoute2, Iker Del Rosal3, Mostafa Taoufik2, Laurent Maron3, Régis
Gauvin1, Laurent Delevoye1
UCCS, CNRS UMR 8181, Université de Lille 1, F-59655 Villeneuve d’Ascq
2
C2P2, CNRS UMR 5265, ESCPE Lyon, F-69616 Villeurbanne
3
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Solid State NMR is recognized as one of the most efficient characterization techniques for
accessing the structure of well-defined grafted catalysts. The presence of oxygen in the first
coordination sphere of the metal center in these systems makes 17O MAS NMR an interesting tool
to elucidate the structure of such species at the molecular level [1]. In most cases, the 17O MAS
NMR approach benefits not only from the wide chemical shift (CS) range but also from the high
sensitivity of the quadrupolar coupling constant (CQ) and Chemical Shift Anisotropy (CSA) to the
local environment. Combined with the most advanced DFT methods to calculate these NMR
parameters, it is now possible to determine the structure of complex systems.
Recent advances in surface organometallic chemistry led to the generation of new catalysts
bearing well-defined active sites, such as bipodal metal-carbene oxo species. These exhibit high
efficiency in olefin metathesis, a major industrial process. In the present talk, selected examples
will illustrate the input of 17O solid-state MAS NMR to the field of supported complexes, used as
intermediates in the synthesis of olefin metathesis catalysts. The interactions between grafted
organometallic fragments and the support will be addressed by means of surface-selective 17O
MAS NMR spectroscopy. These involve the recording of simple 1D as well as 2D homo- and
heteronuclear correlation spectra. In this latter case, one can gather precious information, such
as proximity or connectivity between given nuclei. Comparing the sets of experimental NMR
parameters of these complexes, extracted from best fit simulations, with theoretical data from
DFT calculations, will allow for local structure around the metal centre to be determined.
Terminal oxygens which reveal strong anisotropic interactions (CSA, CQ) will also be studied with
this methodology to reveal site configurations (Figure 1) on several grafted species (WOCl4 [2] or
WOCl(CH2SiMe3)3 [3]).
[1] N. Merle, J. Trébosc, A. Baudouin, I. Del Rosal, L. Maron, K. Szeto, M. Genelot, A. Mortreux, M. Taoufik, L.
Delevoye, and R. M. Gauvin, J AC S , 2012, 134, 9263
[2] Y. Bouhoute, A. Garron, D. Grekov, N. Merle, K. C. Szeto, A. De Mallmann, I. Del Rosal, L. Maron, G. Girard,
R. M. Gauvin, L. Delevoye, and M. Taoufik, AC S C atalysis, 2014, 4, 4232
[3] Y. Bouhoute, D. Grekov, K. C. Szeto, N. Merle, A. De Mallmann, F. Lefebvre, G. Raffa, I. Del Rosal, L. Maron,
R. M. Gauvin, L. Delevoye and M. Taoufik, AC S C atalysis, 2016, 6, 1

Figure 1: 17O MAS NMR spectra of WOCl4 grafted on
silica-200°C showing the presence of both monopodal and bi-podal species. DFT calculations
provide evidence of preferential configuration for
bi-podal sites.
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Structural studies of industrial VOPO4 catalysts combining X-ray diffraction,
solid state NMR and NMR parameter calculations
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Laurent Delevoye3, Denys Grekov3, Sharon Ashbrook4, Scott Sneddon4, Bertrand Toudic5,
Laurent Guérin5, Eric Le Fur1
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Vanadophosphates are industrial catalysts used for the production of maleic anhydride from
butane oxidation. This catalytic reaction is enhanced by a V4+/V5+ redox balance [1] between
(VO)2P2O7 (the main solid industrially used) and VOPO4 phases. Indeed δ, γ and αII polymorphs
of VOPO4 have been evidenced at the end of the industrial process [1]. These phases are poorly
crystallized and obtained generally as mixtures of different polymorphs that make their
structural studies complex, with existing contradictions for some of them between XRD results
and solid-state NMR studies.
Indeed, the reported powder diffraction structure of γ-VOPO4 phase evidences disorder around
vanadium atom [2] and 31P solid state NMR has not been interpreted [3,4]. Besides a paradox
exists between the number of phosphorus sites revealed by the NMR experiments we performed,
and the number of phosphorus per asymmetric unit in the resolved structure by XRD. This
contradiction leads to the question of the nature of the existing disorder. In addition, single
crystal X-ray diffraction of this phase exhibits diffuse diffusion which can correspond to a disorder
on some atomic positions. In this context the combination of XRD and solid state NMR appears
absolutely necessary to understand and define precisely the structural model of this phase at
different scale and the local ordering.
Therefore, we focused on the formation and evolution of the γ-VOPO4 with a multiscale approach
combining X-ray diffraction and solid state 51V and 31P NMR. An efficient 51V decoupling [5]
allowed us to achieve a good resolution on 31P NMR MAS spectra. It was crucial to work on 2D
homonuclear dipolar NMR experiments in order to study the local ordering of the structure.
Experimental NMR parameters which can bring information on the local geometry were also
extracted to be compared with GIPAW calculations based on structural hypothesis brought by
single crystal X-ray diffraction.
[1] Dummer N. F., Bartley J. K. and Hutchings G. J., Advances in C atalysis, 2011, 54, 189-247
[2] ICSD N°415213 (2005) : Harlow R.L., Li Z.G., Herron N., Horowitz H.S., McCarron E.M., Richardson J.W. jr.,
Toby B.H.
[3] Siegel R., Dupré N., Quarton M., Hirschinger J., Magn. R eson. C hem., 2004, 42, 12, 1022–1026
[4] Lapina O. B., Khabibulin D. F., Shubin A. A., Bondareva V. M., J ournal of Molecular C atalysis A:
C hemical 162, 2000, 1, 381–390
[5] Delevoye L., Trébosc J., Gan Z., Montagne L., Amoureux J-P., J . Magn. R es., 2007, 186 (1), 94-99
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Unknown clathrate structures determined by combining CSP with Xe-129 NMR
spectroscopy
Perttu Lantto1
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Already the early work of Ripmeester and Davidson [1] of clathrated xenon revealed the potential
of 129Xe NMR in studies of inclusion compounds. The exceptional sensitivity of the Xe shielding
to its environment allows comparison between observed and calculated isotropic and
anisotropic chemical shifts that enables the study of size and shape of the cavities of novel selfassembling metallosupramolecular cages [2,3] and porous organic structures [4,5]. With 129Xe
potential energy and NMR property hypersurfaces, modeling can provide detailed information
about temperature dependent motional effects in these systems [3,5].
While clathrates are fairly easy to produce and measure by 129Xe NMR, determination of their Xray crystal structure may sometimes be experimentally challenging. Here we demonstrate that
the combination of experimental and computational 129Xe NMR can be used to distinguish the
most probable one from the numerous high-energy porous clathrate structures generated by
the crystal structure prediction (CSP) [6]. Based on the comparison of modeled 129Xe NMR
parameters with measured spectra, we propose structures for the two unknown clathrates [7].
[1] J. Ripmeester and D. Davidson J . Mol. S truct. 75, 67 (1981).
[2] (a) P. Mal, D. Schultz, K. Beyeh, K. Rissanen, J. R. Nitschke Angew. C hem. Int. E d. 47, 8297 (2008). (b) P.
Mal, B. Breiner, K. Rissanen, J. R. Nitschke S cience 324, 1697 (2009)
[3] J. Roukala, J. Zhu, C. Giri, K. Rissanen, P. Lantto, V.–V. Telkki, J ACS . 137, 2464 (2015).
[4] L. Chen, et.al. Nature Materials, 13, 954 (2014).
[5] S. Komulainen, L. Chen, M. Briggs, J. Roukala D. Holden, T. Hasell, P. Lantto, A. I. Cooper, V.–V. Telkki 129Xe
NMR characterization of a novel porous organic cage, (2016).
[6] J. T. A. Jones, et.al. Nature 474, 367–371 (2011).
[7] M. Selent, J. Nyman, J. Roukala, M. Ilczyszyn, P. Bygrave, J. Jokisaari, G. M. Day, P. Lantto, R ediscovering
clathrates by combining C S P with 129Xe NMR spectroscopy, (2016).

Figure 1. Crystal structure determination of an unknown clathrate by CSP and Xe-NMR.
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Order phenomena in MIL-53-NH2 and –NHCHO
Carsten Tschense1, Julia Wack1, Renée Siegel1, Senker Jürgen1
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Metal-organic frameworks allow for easy tailoring of selective host-guest interactions by
introducing functionalized linker molecules during synthesis or modifying them postsynthetically. In most cases functional groups will be arranged randomly with no or little longrange order. Short-range order is only described in few studies1 and proven only with great
experimental effort. This order, however, can be crucial for sorption properties by modulating
the surface area and gating behavior.2
Here we describe order found in two closely related materials, MIL-53-NHCHO and MIL-53-NH2.
While we see a high degree of order of formamide groups in MIL-53-NHCHO, strong confinement
in MIL-53-NH2 leads to order in adsorbed CO2.
For the post-synthetically modified MIL-53-NHCHO a random positioning of formamide groups
at the linker molecules is expected. Conformational and torsional flexibility of the groups lead to
additional degrees of freedom. However, we found a large portion of groups to be arranged in a
chain-like structure along the direction of the pore channels. Structure refinement required a
combination of PXRD, solid-state NMR spectroscopy and DFT calculations. Basic modelling for
this MOF was based on Rietveld refinements, while local order was determined by 13C-13C
distance measurements in a 13C labeled framework. DFT calculations validated results from both
techniques by predicting energetically favorable structures and NMR parameters.
It is evident that order in MIL-53-NHCHO is introduced during synthesis and therefore the source
material, MIL-53-NH2, is expected to possess order of NH2 groups as well. It shows a remarkably
high selectivity towards CO2 and exhibits a gate opening effect upon adsorption. With NMR
lineshape analysis and 2D exchange spectra we investigated the behavior of adsorbed 13CO2 to
characterize the framework material. We found CO2 to be highly constrained in the narrow pore
phase leading to high selectivity. In the large pore phase isotropic reorientation of guest
molecules is possible. Motion in both fast and slow regimes, and the breathing behavior was
investigated with the help of DFT calculations to shed light on the effect of the local structure on
the adsorption of CO2.
(1) Dau, P. V. et al. Modulating H2 sorption in metal–organic frameworks via ordered functional groups.
C hem. C ommun. 2014, 50, 12154.
(2) Xueqian, K. et al. Mapping of Functional Groups in Metal-Organic Frameworks. S cience 2013, 341, 882.
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CO2 speciation in amine-functionalized mesoporous silicas for CO2/CH4
separation studied by NMR and computational methods
Luís Mafra1, Tomaž Čendak1, Sarah Schneider1, Paul Wiper1, Pires João2, José R. B. Gomes1,
Moisés L. Pinto3
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Amine-functionalized porous sorbents are among the best materials for selective
adsorption/capture of CO2.1 In these materials, the mechanism of CO2 capture by the amines is
assumed to be essentially the same as in aqueous amine solutions. In this presentation, we will
show that this assumption is not correct and that the nature of the grafted amines and the silica
substrate strongly influences the nature of the CO2 species present. Studies focusing on the
atomic-level characterization of the CO2 species formed within the pore cavities are still scarce,
with most reports based primarily on IR spectroscopy, often leading to controversial
assignments.
The present work comprises NMR and computational studies of various functionalized SBA-15
silicas with primary, secondary, tertiary and mixed primary-secondary amines loaded with 13Clabeled CO2, under controlled partial pressure, to characterize the chemisorbed CO2 species.2
NMR identified CO2-adducts, explaining the high selectivity (up to 15000) towards CO2 in
CH4/CO2 mixtures. The combination of 2D HETCOR 1H-29Si/13C HETCOR and 13C{14N} recoupling
experiments in as-prepared and H/D exchanged SBA-15 showed that the CO2 species are
engaged in very complex hydrogen bonding networks involving amine···amine and
amine···silanol interactions, and allowed to distinguish between carbamate, carbamic acid,
alkylammonium carbamate species as well as extremely water-sensitive CO2 species.
1. ML. Pinto, LM. Mafra, JM. Guil, J. Pires, and J. Rocha, Chemistry of Materials, 2011, 23, 1387–1395.
2. Submitted manuscript.
The work was financed by FCT, FCT/MEC and cofinanced by FEDER under the PT2020.
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In-situ Pair Distribution Function
Reinhard Neder1
1
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The pair distribution function (PDF) has received considerable interests over the last
approximately 15 years. Although it is essentially an old technique, first derived in the 1930ties,
the availability of high energy X-ray beamlines and neutron spallation sources coupled with fast
detector technology has paved the way to the newly found interest. More recently electron
diffraction is starting to contribute to the PDF world as well.
In this lecture an overview will be presented, especially on in-situ PDF techniques. These have
been applied very successfully to areas like nanoparticle formation and catalysis. With modern
detectors, a time resolution of about 1/16th second can be reached. Combined with the high
primary beam intensity at dedicated PDF X-ray beam lines nanoparticle formation reactions even
in dilute systems of some 10s mMol/l can be studied. Reactions can be studied in supercritical
conditions, characterized by fairly fast reactions yet at sufficiently high concentrations, as well as
in aqueous and more recently in organic solvents. The latter pose additional challenges coupled
to the low solubility of the reactants and the intricate internal structure of the solvents
themselves. An additional area of interest is the interaction of the solvent with the reactant itself
that manifests itself in a restructuring near surfaces. In catalytic in-situ studies changes of local
structures as well as cyclic appearance of phases can be studied. These type of experiments
tremendously benefit from the use of combined methodologies like SAXS and spectroscopy.
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Disorder in Intermetallics resolved by a combination of XRD – NMR – QM
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Intermetallic compounds are a fascinating class of materials for at least two reasons. First they
have a high potential for applications. Steel is still the most important construction material, Al
alloys are highly useful lightweight construction materials, and also phase change materials
(PCM) are frequently used in optical storage applications. The second reason is more academic:
The nature of chemical bonding in these materials is still not understood. Thus, first appropriate
ways and strategies to investigate structure-property-bonding relations have to be found
(Figure).
Since local ordering of the atoms is frequently observed in Intermetallics a local probe to resolve
these experimentally is highly desired. NMR spectroscopy seems to be an appropriate method
for this issue. Especially the quadrupole coupling e.g. the interaction of the nuclear quadrupole
moment and the electric field gradient (EFG) turned out to be very sensitive on the local
environment of the atoms[1-3]. Furthermore, the EFG can be obtained by quantum mechanical
(QM) methods.[4] For that reason QM calculations can be used to predict NMR signals based on
structure models derived by X-ray diffraction (XRD). An iterative expansion of this structure
model can be performed by comparison of the experimental and theoretical results. Additional
information on the improved models can be obtained by the trends of lattice parameter and/or
formation energies of competitive structures.
Several examples such as Cu1-xAl2,[3] Sr1-xBaxGa2,[4] and M(Al1-xGax)4 with M = Sr, Ba of this
approach will be presented. An increase of the experimental resolution is achieved by alignment
of the crystallites of the anisotropic metallic compounds in the magnetic field.
[1] F. Haarmann, K. Koch, D. Grüner, W. Schnelle, O. Pecher, R. Cardoso-Gil, H. Borrmann, H. Rosner, Yu. Grin,
Chem. Eur. J. 2009 15(7), 1673.
[2] F. Haarmann, K. Koch, P. Jeglič, O. Pecher, H. Rosner, Yu. Grin, Chem. Eur. J. 2011, 17(27), 7560.
[3] F. Haarmann, M. Armbrüster, Yu. Grin, Chem. Mater. 2007, 19, 1147.
[4] O. Pecher, B. Mausolf, K. Lamberts, D. Oligschläger, C. Niewieszol (née Merkens), U. Englert, F. Haarmann.
Chem. Eur. J. 2015, 21(40), 13971.

Figure 1: Triangle of methods.
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Modelling Ti/Ge distribution in Li-NASICON compounds by NMR and first
principles DFT calculations
Virginia Diez-Gómez1, Kamel Arbi2, Jesús Sanz1
2
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Ti/Ge distribution in rhombohedral LiTi2‐xGex(PO4)3 NASICON series has been analyzed by 31P
Magic‐
Angle Spinning Nuclear Magnetic Resonance (MAS‐
NMR) spectroscopy and first
principles Density Functional Theory (DFT) calculations.
Diffraction data show R -3c symmetry along the series and cell constants obey Vegard’s law. The
NMR study of Ti/Ge distribution in samples considered here is based on one observer nucleus
(31P). This atom forms PO4 units which are linked to four Ti/Ge octahedra, then, five different
components ascribed to P(OTi)4, P(OTi)3(OGe), P(OTi)2(OGe)2, P(OTi)(OGe)3 and P(OGe)4
environments are expected in 31P MAS‐
NMR spectra of R -3c NASICON samples. However, 31P
MAS‐
NMR spectra of analyzed series display a higher number of signals. This fact makes evident
that a local decrement of symmetry is suffered and four sites in next nearest neighbor (NNN) sites
are not equivalent.
DFT calculations performed in a set of models aid to assign ten resolved 31P NMR experimental
components to different P(OTi)4‐n(OGe)n arrangements. First principles calculations show that Ge
for Ti substitution affects in different way O1 and O2 charges and in consequence chemical shift
values of P atoms. From the quantitative analysis of detected components, a random Ti/Ge
distribution has been deduced in NNN sites that surround tetrahedral PO4 units.
The NMR analysis performed here shows that local arrangements are not compatible with
symmetry elements of the R-3c space group. Therefore, the whole solid solution cannot be
described with a unique model. However, the average of the models used is compatible with
NMR and diffraction results.
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The quantum-chemistry/NMR/EPR link to molecular and electronic structure
Martin Kaupp1
1

Technische Universität Berlin, Institut für Chemie, Theoretische Chemie / Quantenchemie Sekr. C7, Strasse des
17. Juni 135, 10623 Berlin, Germany
Contact: martin.kaupp@tu-berlin.de

NMR and EPR spectroscopies provide structural information, and so do quantum-chemical
calculations. Combination of the two methodologies by computations of relevant NMR and EPR
parameters for suitable structural models obtained either computationally or from other
experimental techniques gives access to even more information. In my lecture I will discuss
examples for the insights obtained by this combined approach. Predictions of unusual spinorbit-induced NMR shift ranges by relativistic quantum-chemical approaches may allow
identification of novel heavy-element compounds [1] or of catalytic intermediates [2]. A novel
combination of ab initio and DFT methods with modern formalisms for pNMR shifts and pointdipole approximations gives access to all pseudo-contact NMR shifts in an entire paramagnetic
metallo-protein [3]. These long-range shifts in turn are extremely structure-dependent and thus
allow evaluation of experimental and computed structural data [3]. Computation of EPR
hyperfine couplings and Mössbauer data in spin-coupled multinuclear metallo-protein sites by
spin-projected broken-symmetry DFT methods also allow the test of structural and mechanistic
proposals, as shown for the oxygen-evolving complex of photosystem II [4] and the proximal
4Fe3S cluster of membrane-bound hydrogenases [5].
[1] P. Hrobárik, V. Hrobáriková, A. H. Greif, M. Kaupp Angew. C hem. Int. E d. E ngl. 2012, 51, 10884. L. A.
Seaman, P. Hrobárik, M. F. Schettini, S. Fortier, M. Kaupp, T. W. Hayton Angew. C hem. Int. E d. E ngl. 2013,
52, 3259.
[2] T. T. Metsänen, P. Hrobárik, H. F. T. Klare, M. Kaupp, M. Oestreich J . Am. C hem. S oc. 2014, 136, 6912.
[3] L. Benda, J. Mares, E. Ravera, G. Parigi, C. Luchinat, M. Kaupp, J. Vaara, submitted.
[4] S. Schinzel, J. Schraut, A. V. Arbuznikov, P. E. M. Siegbahn, M. Kaupp Chem. Eur. J. 2010, 16, 10424. J.
Schraut, M. Kaupp C hem. E ur. J . 2014, 20, 7300.
[5] V. Pelmenschikov, M. Kaupp J . Am. C hem. S oc. 2013, 135, 11809. S. Frielingsdorf et al. Nat. C hem.
Biol. 2014, 10, 378. S. Ghassemi Tabrizi, V. Pelmentschikov, L. Noodleman, M. Kaupp J . C hem. T heor.
C omput. 2016, 12, 174.
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Revealing Structures of heterogeneous Catalysts by Dynamic Nuclear
Polarization enhanced Solid State NMR
Gerd Buntkowsky1, Torsten Gutmann1
1
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Despite the tremendous importance of heterogeneous catalysis for large-scale industrial
chemistry, there is still a huge gap in detailed knowledge of the processes and reaction
intermediates on the surfaces of the catalysts. The combination of solid-state NMR spectroscopy,
Dynamic Nuclear Polarization (DNP), x-ray diffraction, chemical modelling and quantum
chemical calculations has evolved into one of the most powerful characterization tools to fill this
gap and study solid catalysts and chemical processes on their surface. These techniques give an
unprecedented view in the chemistry of immobilized homogeneous transition metal catalysts,
supported e.g. on silica or crystalline nanocellulose (CNC) or polymer based core shell structures
as carriers or reactants and reaction intermediates on transition metal nanoparticles (MNPs). The
contribution presents recent examples from our group about solid-state NMR spectroscopic
characterizations of mono- or binuclear Rhodium catalysts. The focus is set to the immobilization
of the dirhodium-acetate dimer (Rh2ac4), which is covalently linked to mesoporous silica or
crystalline nanocellulose support materials, employing amine or carboxyl functions on the
surface of the support materials. These catalysts show good efficiency in the cyclopropanation
reaction of styrene and ethyl diazoacetate (EDA) forming cis- and trans-1-ethoxycarbonyl-2phenylcyclopropane. Combinations of standard and DNP enhanced 13C CP MAS and 15N CP MAS
techniques are employed to detect different carboxyl and amine binding sites in natural
abundance at a fast time scale. The interpretation of the experimental chemical shift values for
different binding sites is corroborated by quantum chemical calculations on dirhodium model
complexes. Finally, first results on DNP enhanced studies of the surfaces of V-Mo-W mixed metal
oxide catalysts are reported.
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How NMR Crystallography and X-ray diffraction studies improve the
understanding of Solid-State Fluorescence in Anthracenylphosphanes - “With a
little help from DHL”
Ann-Christin Poeppler1, Lennard Krause2, Arne Visscher2, Dietmar Stalke2, Steven P. Brown1
2

1
Department of Physics, University of Warwick
Institute of Inorganic Chemistry, University of Goettingen

Contact: A-C.Poppler@warwick.ac.uk

An intense solid-state fluorescence can be observed for 9,10-bis(diphenylthiophosphoryl)anthracene (SPAnPS) in the presence of toluene[1] and several other aromatic solvents.[2] If these
solvate structures are heated, the emission is quenched, while recrystallization from the
respective solvent restores the fluorescence.
Based on the crystal structure in the original publication and subsequent studies, weak
intermolecular interactions (e.g., CH···π) involving the methyl group and ortho-proton of toluene
are predominantly discussed to explain the observed fluorescence properties. Influences of the
phosphane moieties being in cis or trans-position towards each other could also play a crucial
role.
Solid-state NMR is a very sensitive probe for the above discussed intermolecular interactions,
although the presence of 19 different aromatic CH moieties in SPAnPS is causing substantial
signal overlap in the various NMR spectra. Measurements at the UK 850 MHz Solid-State NMR
Facility in combination with GIPAW CASTEP[3] calculations have facilitated spectral assignment,
turning the focus to unusually low 1H chemical shifts for some of the aromatic protons and thus
identifying additional CH···π interactions, that were not included in previous discussions. The
NMR data is complemented by electron density and neutron diffraction studies in the workgroup
of Prof. D. Stalke, Göttingen.
With this detailed characterization at hand, there are still some blank spots on the map, which,
fortunately, DHL helped us to investigate. Upon shipping the samples from Germany to the
United Kingdom (1 out of 5) a new unknown cisoid solvate structure formed that represents a
link between the known transoid solvate and the solvent-free cisoid structure. Will this close the
cycle?
[1] Z. Fei, N. Kocher, C. J. Mohrschladt, H. Ihmels, D. Stalke, Angew. C hem. Int. E d. 2003, 42, 783-787.
[2] a) G. H. Schwab, PhD Thesis 2008; b) N. Finkelmeier, PhD Thesis 2013.
[3] a) S. J. Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip, M. I. J. Probert, K. Refson, M. C. Payne, in Z.
Kristallogr., V ol. 220, 2005, p. 567; b) C. J. Pickard, F. Mauri, Phys. R ev. B 2001, 63, 245101; c) J. R. Yates,
C. J. Pickard, F. Mauri, Phys. R ev. B 2007, 76, 024401.

Figure 1: Additional intermolecular CH···π interactions
identified by NMR Crystallographic approaches.
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From NMR ... to DNP Crystallography
Christian Bonhomme , Christel Gervais1, César Leroy1, Fabien Aussenac2, Christèle Combes3,
Christian Rey3, Pierre Gras3, Jessica Rimsza4, Jincheng Du4, Danielle Laurencin5, Mark Smith6,
John Hanna7, Tim Green8, Jonathan Yates8
1
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3
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4
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5
ICG, Montpellier, France
6
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7
Department of Physics, Warwick, UK
8
Oxford Chemistry, UK
Contact: christian.bonhomme@upmc.fr

In this presentation, we will focus on materials of paramount importance in the field of
biomaterials: substitued apatites, pyrophosphate glasses and hydrated calcium oxalates
(hydroxyapatite corresponds to the major mineral phase in bones and teeth; calcium oxalates
are widely present in pathological calcifications) (Colas, Bonhomme et al., CrystEngComm, 2013).
In the case of substituted apatites, we showed that DNP MAS opened exciting ways of
investigation due to the drastic decrease in experimental time (700 here). Heteronuclear and
homonuclear correlations (1H/31P/13C/23Na) were implemented with optimal signal to noise ratio.
As DNP experiments were performed at low temperature (100K), a direct link to GIPAW (Mauri et
al. 2001) calculations (performed at 0K) was established showing the crucial importance of
temperature (Bonhomme et al. Chem. Rev. 2012). We showed that all 13C chemical shifts could
be explained in terms of DFT optimized structures. Moreover, apatite appeared as a fundamental
model of investigation for DNP MAS dynamics as 1H nuclei were arranged along unidimensional
chains in the structure. It followed that proton spin diffusion could be taken into account in an
analytical and exact approach. The same computational/experimental (DNP) concept was
successfully applied to various hydrated calcium oxalate phases. By optimizing the choice of the
"DNP juice" (solvent and biradical molecule) and performing extensive DFT based optimization
of the structures (in connection with GIPAW), all 1H and 13C resonances were safely assigned at
low temperature. Again, we have demonstrated that temperature played a fundamental role in
the full assignment of lines and that temperature had to be measured very precisely inside the
rotor.
In a last part, the role of NMR crystallography was emphasized in the case of calcium
pyrophosphate glasses. Models involving different rates of hydration were systematically
studied. 2JP-O-P constants appeared as the most sensitive interaction and corresponding PAW
calculations (Yates et al., 2008) were implemented as well. The minimum number of models
necessary to achieve realistic statistical accuracy was deduced by using an original approach,
based on the analysis of 43Ca quadrupolar parameters in terms of Czjzek distributions. Finally, 31P
CSA data (experimental and computed) were analyzed for the first time by using the CSM
(Continuous Symmetry Model) approach developed by Avnir et al. The CSA data were related
directly to geometrical distortions at the 31P nuclei.
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Investigating the Hydration of Earth Minerals through Ab Initio Random
Structure Searching and Solid-State NMR Spectroscopy
David McKay1, Robert F. Moran1, Chris J. Pickard2, Sharon E. Ashbrook1
2
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Wadsleyite makes up most of the Earth’s transition zone and has the potential to act as a vast
hydrogen reservoir. In Fe-free wadsleyite (β-Mg2SiO4), net hydration up to 3.3 wt% is thought to
involve formation of hydroxyl anions through addition of 4n H+, charge-balanced by loss of 2n
Mg2+ or n Si4+ cations. However, given the presence of three distinct Mg sites and four distinct O
sites in the structure, difficulties in location of H, particularly in interstitial positions, the structure
and mechanism of formation of hydrated wadsleyite remains elusive. Numerous experimental
and theoretical studies have also proved inconclusive.1,2,3,4 Ab initio random structure searching
(AIRSS)5 provides a novel approach for the structural investigation of hydrous wadsleyite,
particularly when combined with solid-state NMR parameters, from both computation, and
experiment. Here, we describe our recent studies involving an AIRSS-based investigation into the
structure of semi-hydrated Fe-free wadsleyite (1.6 wt% H2O), where initial work focused on
addition of 2 H+, charge-balanced by an Mg3 vacancy, for which general consensus is seen in the
literature.6 In the lowest-energy structures, both protons formed hydroxyls at the O1 sites around
the vacancy. In higher energy structures, one O1–H hydroxyl and one silanol group (Si–OH) is
found, the latter formed through protonation of either an O3 or an O4 site. DFT-predicted NMR
parameters for these model structures compare well with previous experimental work,
confirming the presence of silanol groups and suggesting higher energy O3–H and O4–H species
may play a role as low population defects in an O1–H-dominated structure.1,6 Ongoing work
considers the roles of Mg1, Mg2, Si, multiple and mixed vacancies in the context of the Mg3vacant, O1–H ground state and their effect on the agreement between predicted and
experimental NMR parameters.
1. J. M. Griffin et al., C hem. S ci., 2013, 4, 1523.
2. C. M. Holl et al., Am. Mineral., 2008, 93, 598
3. J. R. Smyth, Am. Mineral., 1994, 79, 1021.
4. J. Tsuchiya and T. Tsuchiya, J . Geophys. R es.: Atmos., 2009, 114, B02206.
5. C. J. Pickard and R. J. Needs, Phys. R ev. Lett, 2006, 97, 045504.
6. R. F. Moran, et al., Phys. C hem. C hem. Phys., 2016, 18, 10173.
Figure 1: AIRSS calculations based on
the XRD-determined structure of
anhydrous wadsleyite (left) produced
series of hydrated Mg- and Si-vacant
structures. Computed NMR
parameters of relatively stable
structures (A and B, right) allow
assignment of experimental NMR
spectra and reveal the mechanism of
hydration.
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Solid-state NMR, DNP, and MD investigations of the organic/inorganic interface
in silica biohybrids
Eike Brunner1, Stefan Brückner1, Sergii Donets2, Maryna Abacilar3, Anne Jantschke4, Eline Koers5,
Armin Geyer3, Rafael Gutierrez2, Marc Baldus5
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Diatom biosilica is an inorganic/ organic hybrid with outstanding materials properties. The
molecular architecture of the organic material at atomic and nanometer scale has remained
unknown. A dynamic nuclear polarization (DNP)-supported solid-state NMR approach assisted
by molecular dynamics (MD) simulations was applied to study the structural organization of fully
13
C, 15N, and 29Si-enriched biosilica [1]. For the first time, in situ insight into the secondary
structure elements of tightly biosilica-associated native proteins in diatom biosilica was
obtained. Our data suggest that these proteins are rich in a limited set of amino-acids and adopt
a mixture of random coil and β-strand conformations. Furthermore, biosilica-associated longchain polyamines (LCPAs) were characterized leading to a model for the supramolecular
organization of intact biosilica. LCPAs are embedded into the silica whereas proteins are located
at the surface.
Close LCPA-silica contact was confirmed by 1H-13C-{29Si}-rotational echo double resonance
(REDOR) and 1H-13C-29Si double cross polarization (DCP) [2]. Functional groups in contact with
silica were identified. However, accurate distance determination by REDOR is impossible for fully
isotope-labeled biosilica with its complicated biomolecular composition [2].
Distances and spin system geometries can now be determined using well defined synthetic
model systems with selective isotope labeling. For example, nanocomposites containing silica
and selectively 13C and 15N labeled polyamines of structure as found in diatoms could meanwhile
be synthesized. Precise REDOR curves with maximum REDOR fractions exceeding 90 % are
measured. Combined with extended MD simulations, these experiments give reliable distance
and spin system information beyond the simple 2-spin-approximation. Choline-silica
nanocomposites exhibit 1H-13C-{29Si}-REDOR fractions up to 30 % and 13C chemical shift changes
for 13C1-choline. This indicates the formation of hydrogen bonds between the choline C1-OH and
ionized silanols at the silica surface, which is verified by MD simulations and 1H-29Si-1H DCP
experiments.
[1] A. Jantschke, E. Koers, D. Mance, M. Weingarth, E. Brunner, M. Baldus, Angew. C hem. Int. E d. 2015, 54
15069-15073.
[2] D. Wisser, S. I. Brückner, F. M. Wisser, G. Althoff-Ospelt, J. Getzschmann, S. Kaskel, E. Brunner, S olid S tate
Nucl. Magn. R eson. 2015, 66-67, 33-39.
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Crystal structure of the D444V disease-causing mutant of the human
dihydrolipoamide dehydrogenase (hE3) at 1.8 Å resolution
Eszter Szabo1, Reka Mizsei1, Zsofia Zambo1, Beata Torocsik1, Manfred S. Weiss2, Vera Adam-Vizi1,
Attila Ambrus1
1
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2
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Contact: ambrus.attila@med.semmelweis-univ.hu

Dihydrolipoamide dehydrogenase is a common subunit (E3) of the alpha-ketoglutarate
dehydrogenase (KGDHc), the pyruvate dehydrogenase and the branched-chain ketoacid
dehydrogenase complexes and the glycine cleavage system. While the KGDHc is a key enzyme
in the Krebs cycle, it is also the major producer of reactive oxygen species (ROS) in the
mitochondrion as well as a very sensitive target of ROS. ROS generation by and dysfunctions of
the human (h) KGDHc are implicated in senescence/aging, neurodegenerative diseases,
ischemia-reperfusion, hypoxia- and glutamate-induced cerebral damage and E3-deficiency,
among other pathologies. KGDHc generates ROS via the E3 subunit, the pathogenic mutations
of which cause the often lethal human disease, the E3-deficiency. The D444V pathogenic amino
acid substitution of hE3 leads to hypotonia, microcephaly, lactic acidosis, developmental delay,
and hypoglycemia. Isolated hE3-D444V generates ROS at a significantly higher rate than does
the isolated hE3, which may contribute to the severity of the pathologies. We determined the
crystal structure of the isolated hE3-D444V at 1.8 Å resolution. In light of the structure we provide
a putative explanation for the greatly compromised physiological activity as well as for the
enhanced ROS-generating capacity.

Figure 1: Crystal structure of the
D444V disease-causing mutant of the
human dihydrolipoamide
dehydrogenase (hE3) at 1.8 A
resolution.
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Ice-Like Structural Disorder in Cadmium Cyanide
Mia Baise1, Chloe Coates2, Andrew Goodwin1, Ben Slater2
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Numerous important crystalline materials are profoundly disordered; the hydrogen disorder in
water ices are probably the best known examples [1]. In most cases this disorder is not random;
the so-called correlated disorder that persists is often poorly understood despite a clear empirical
link with advanced material function. The task of developing an understanding of disorderproperty relationships is an important challenge at the frontier of structural science [2].
Cadmium cyanide offers a uniquely attractive opportunity to explore the fundamental link
between correlated disorder and properties because the disorder can be controlled in a
systematic manner. Under ambient conditions Cd(CN)2 crystallises with a structure closely
related to that of cubic ice VII: the M2+ cations and CN− anions adopt the same positions as O2−
and H+ atoms respectively [3]. Importantly, the famous “two-in-two-out” rules governing proton
order in ice are also preserved [Figure 1]: while the CN− orientations appear disordered from a
crystallographic perspective [4].
The nature and extent of CN− disorder in the Cd(CN)2 and the isostructural Zn(CN)2 phase is not
yet fully characterized and the processes that affect the extent and spatial correlation of disorder
are unknown. However, it is known that Cd(CN)2 has the highest negative thermal expansion
(NTE) of any material but the extent to which disorder influences this anomalous property is yet
to be rationalised.
The study here aims to better understand the interplay between the specific transition-metal and
the degree of CN− order within this structural topology and — what’s more — the influence this
has on NTE and other elastic properties.
[1] Salzmann et al., S cience 311, 1758 (2006)
[2] Keen et al., Nature 521, 303-309 (2015)
[3] Williams et al., J S olid S tate C hem 134, 164 (1997)
[4] Bernal et al., J C hem Phys 1, 515 (1933)

Figure 1: water ice (left) with oxygen in blue and hydrogen in grey. Cadmium cyanide (right) with Cadmium
(purple) replacing oxygen, carbon (black) replacing hydrogen and nitrogen lying on the vector connecting
nearest neighbour metal sites.
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Solid-state NMR and Molecular Dynamics investigation of mildronate
Martins Balodis1, Paul Hodgkinson2, Will Glossop2
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Mildronate, 3-(1,1,1-trimethylhydrazin-1-ium-2-yl)propionate, is a γ-butyrobetaine analogue and
inhibitor of γ-butyrobetaine hydroxylase, which is used as an anti-ischemic drug. It is formulated
as a dihydrate, but monohydrate and anhydrous forms are known. Despite its simple molecular
form, there are unresolved questions about its solid forms, in particular the dynamic behaviour
of the trimethylammonium moiety and the relationship between the different hydrate forms.
We are using NMR crystallography techniques to address these questions. 1H T 1 relaxation times
and 13C linewidths as a function of temperature provide empirical activation barriers for motions
associated with the trimethylammonium. As motion of the methyl groups and motion about the
N–N bond may be correlated, molecular dynamics simulations are being used to relate how the
NMR observables relate to the local molecular mobility[1]. The relationship between hydration
forms is being investigated by one- and two-dimensional 13C/1H NMR experiments combined
with first-principles DFT calculations, together with 2H MAS studies of deuterated samples[2].
[1] A. J. Illot, S. Palucha, A. S. Batsanov, M. R. Wilson, P. Hodgkinson, J AC S , 2010, 132, 5179.
[2] A. Abraham, D. C. Apperley, S. J. Byard, A. J. Ilott, A. J. Robbins, V. Zorrin, R. K. Harris, P. Hodgkinson,
C rystE ngC omm, 2016, 18, 1054.
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Intermetallic Clathrate Structures from the perspective of NMR
Matej Bobnar1, Bodo Böhme1, Alim Ormeci1, Michael Baitinger1, Kaya Wei2, George S. Nolas2,
Yuri Grin1
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Intermetallic clathrate compounds usually base on group 14 elements enclosing electropositive
metal atoms in polyhedral cages. By incorporating substitution atoms, clathrates can be
obtained with various compositions. However, due to the high symmetry of the crystal structures
(Pm-3n for clathrate-I and Fd-3m for clathrate-II) there are only few crystallographic sites. This
generally does not allow, to determine the local environment of substitution atoms by X-Ray
diffraction. In many such cases, NMR experiments can provide valuable information to the
structure models.
For the ternary clathrate-I phase Ba8AlxSi46-x, a homogeneity range 3 ≤ x ≤ 15 has been reported
[1-3]. Due to the low scattering contrast of Al and Si in both, X-ray and neutron diffraction
experiments, direct assignment of sites by diffraction experiments is hindered. The distribution
of Al and Si atoms was investigated in details by 27Al and 29Si-NMR experiments for the
composition Ba8Al6.9Si39.1. [4]. By combined analyses, a structure model has been established with
aluminium partially occupying two positions. Another model phase is [LixBa8–x][LiySi46–y], which is
the first clathrate-I silicide containing lithium in which Li atoms occupy both, cage and
framework positions. The presence and localization of Li atoms in the clathrate phase was proven
by combined X-ray powder diffraction, 7Li and 29Si solid-state NMR [5]. Finally, we investigated
type-II clathrate Na16Cs8LixGe136-x with Li substituting germanium in the framework. Here NMR
was used to estimate the distance between cage-centring Cs and Li located in the framework [6].
[1] N. Tsujii, J.H. Roudebush, A. Zevalkink et al., J. Solid State Chem. 184 (2011) 1293-1303.
[2] J.H. Roudebush, C. de la Cruz, B.C. Chakoumakos et al., Inorg. Chem. 51 (2012) 1805-1812.
[3] L. Lihua, B. Shanli, C. Ning, L. Feng, L. Yang, C. Guohui, L. Yang. Physica C 506, (2014) 94-99.
[4] M. Bobnar, B. Böhme, M. Wedel, U. Burkhardt, A. Ormeci, Yu. Prots, C. Drathen, Y. Liang, H. D. Nguyen, M.
Baitinger, Yu. Grin, Dalton Trans. 44, (2015) 12680-12687.
[5] B. Böhme, M. Bobnar, A. Ormeci, S. Peters, W. Schnelle, M. Baitinger, Yu. Grin, Z. Kristallogr. (2016)
submitted.
[6] K.Wei, B. Böhme, M. Bobnar, G.S. Nolas, Yu. Grin, (2016) to be submitted
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Functional metal oxides are known for their exotic physical properties, such as colossal
magnetoresistance or ferroelectricity.1 The understanding of these systems is complicated, due
to the strong correlation between orbital, magnetic and transport degrees of freedom. Thus, the
study of materials with weaker correlation between the different degrees of freedom is of
interest. Metal-organic frameworks may form similar topologies to metal oxide systems, but the
longer molecular linker alters the correlation strength.
Prussian Blue Analogues (PBAs) are a class of metal-organic frameworks with the general
formula AxMy[M'(CN)6]z, where A is an alkali metal ion and M and M' are transition metals. These
compounds display a wide range of interesting magnetic functionality, however, the orbital
properties are less understood. A number of Jahn-Teller distorted PBAs are known, where
cooperative alignment of the long axes leads to tetragonal distortion, as opposed to the ideal
cubic symmetry.2-3 Yet, there are few studies about the possibility of orbitally disordered states.
As the typical intermetallic separation is larger (5 Å) in PBAs than in oxides perovskites (4 Å), the
energy scale for metal-metal correlation should be reduced. Thus, the transition to the
disordered orbital state may occur at lower temperature for PBAs, relative to oxide perovskites.
By creating doped series of PBAs, we intend to investigate the functional similarities and
differences compared to the properties of doped oxide systems.
1. T. Hotta, R ep. Prog. Phys., 2006, 69, 2061-2155.
2. W. Kosaka, T. Ishihara, H. Yashiro, T. Taniguchi, K. Hashimoto, S-i. Ohkoshi, C hem. Lett., 2005, 34, 12781279.
3. S-i. Ohkoshi, H. Tokoro, K. Hashimoto, C oord. C hem. R ev., 2005, 249, 1830-1840.
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Local electronic structure in LiAlO2 studied by single-crystal 27Al-NMR and DFT
calculations
Thomas Bräuniger1, Burkhard Groh1, Igor Moudrakovski2, Sylvio Indris3
1
Department Chemie, Ludwig-Maximilians-Universität München (LMU)
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3
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Lithium aluminate, LiAlO2, has numerous technological applications, such as coating of lithium
electrodes or as an additive in composite electrolytes. The electronic structure of LiAlO2 has been
studied before by single-crystal 7Li-NMR in combination with quantum mechanical calculations
at density-functional (DFT) level [1]. Also, the dynamics of the lithium ions has been characterised
by temperature-dependent 7Li-NMR, conductivity measurements and neutron diffraction [2,3].
Here, we present the characterisation of LiAlO2 by 27Al-NMR, again in combination with DFT
calculations. In the single crystal spectra, the resonances of the four magnetically inequivalent
27
Al are separated only for the satellite transitions (ST’s). From the orientation dependence of the
ST’s and their centre of gravity, both the electrical field gradient (EFG) and the chemical shift (CS)
tensor and their respective orientations in the crystal lattice were determined. Because of the
tetragonal crystal symmetry, calculation of these tensors is feasible from a single rotation pattern,
with the crystal rotated along a general direction. The eigenvectors of the resulting EFG and CS
tensor are found to be colinear, with their orientations having a clear relation to both the 7Li-EFG
and the crystal structure of LiAlO2. The experimental values are compared to those obtained from
DFT calculations, and from NMR measurements on a polycrystalline sample, including literature
values [4], and are found to be in good agreement.
[1] S. Indris, P. Heitjans, R. Uecker, T. Bredow, Phys. R ev. B (2006), 74, 245120.
[2] S. Indris, P. Heitjans, R. Uecker, B. Roling, J . Phys. C hem C (2012), 116, 14243.
[3] D. Wiedemann, S. Indris, M. Meven, B. Pedersen, H. Boysen, R. Uecker, P. Heitjans,
M. Lerch, Z. Kristallogr. (2016), 231, 189.
[4] D. Müller, W. Gessner, G. Scheler, Polyhedron (1983), 2, 1195.
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Mg Intercalation in Vanadium Oxide Nanotubes Studied by SS-NMR and
Operando PXD
Christian Kolle Christensen1, Daniel Risskov Sørensen1, Jonas Hyldahl Kristensen1, Jette
Mathiesen2, Ulla Gro Nielsen1, Dorthe Bomholdt Ravnsbaek1
2
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Exchanging the active specie, Li+ in Li-ion batteries by multivalent, abundant and cheap cations,
such as Mg2+, are projected to boost the energy density and lower the cost per kilo-watt-hour
significantly, making the Mg-ion battery technology a promising candidate for one of the battery
technologies of the future.1,2
The increase in energy density is i.a. a result of the divalent Mg2+ carrying twice as much charge
as the monovalent Li+.1,2 However, the higher charge also poses a problem as it significantly
increases the charge density of the ion, which results in stronger interactions with the host lattice
of the electrodes and hampers facile ion transport. Therefore, development of novel electrode
materials for effective Mg-ion intercalation is a vital step for the realization of this battery
technology.3
In this study, we have investigated electrochemical insertion of Mg2+ into multiwalled VOxnanotubes. The mechanism for Mg-intercalation and deintercalation is studied by operando
synchrotron powder X-ray diffraction measured during battery operation. The interlayer
insertion of Mg2+ and accompanying oxidation of the host vanadium was investigated by 25Mg
and 51V SS-NMR. These results indicate Mg-intercalation in the multiwalled VOx-nanotubes occurs
within the space between the individual vanadium oxide layer walls of the nanotubes, while the
underlying VOx-frameworks constructing the walls are affected only to a minor degree by the
intercalation. Our investigation provides new insights into the size requirements of the
channels/layers in the host frameworks that will allow for efficient Mg-ion storage.
We thank the Villum Foundation under the Young Investigator Program for funding and
DanScatt for supporting travel expenses to synchrotron experiments. We also thank the
beamline staff at P02, and 11-ID-B for their kind assistance and DESY, and APS respectively for
providing beamtime.
1. R. van Noorden, Nature 2014, 507, 26
2. Pellion Technologies, “Moving Beyond Lithium with Low-Cost, High-Energy, Rechargeable Magnesium
Batteries”, Pellion White Paper, September 2011
3. P. Saha, M. K. Datta, O. I. Velikokhatnyi, A. Manivannan, D. Alman, P. N. Kumta, Progress in Materials
Science 2014, 66, 1.
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Diffuse scattering and anomalous lattice dynamics in cadmium cyanide
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Whilst traditionally crystallography has been applied uniquely to ordered materials, there is
burgeoning interest in the analysis of disordered materials and how they might be exploited for
their functionality. Cd(CN)2 has attracted considerable interest for its very strong negative
thermal expansion[1]. It is an ideal candidate for investigation because of the clear link between
disorder and its intriguing thermal behaviour. Cd(CN)2 adopts the diamondoid topology of cubic
ice-VII, well known (and well-studied) for its hydrogen disorder, replacing O atoms for Cd2+
cations and H atoms with CN- ions[2]. There exist two types of disorder within the framework.
The cyanide anions are orientationally disordered: although the C and N atoms are
crystallographically indistinguishable, 113Cd NMR studies have shown that the favoured
configuration of cyanides mimics the “two-in-two-out” ice-rules configuration for H atoms in ice;
whereby each Cd centre bonds preferentially to two C and two N atoms[3]. In addition to this
there is correlated dynamic disorder of the Cd centres. The highly structured diffuse scattering
evident in the diffraction pattern for Cd(CN)2 is caused by displacements (~1Å) of the Cd along
the <100> away from the central tetrahedral position, which are correlated throughout the
structure[4].
The main indication that suggests that this disorder is responsible for this material’s intriguing
physical properties is the failure of DFT calculations to account for the observed behaviour[5].
Here, we show that preliminary studies into the elastic constants of Cd(CN)2, obtained via highpressure single-crystal X-ray diffraction and nanoindentation, differ by an order of magnitude
compared to DFT calculations. A better understanding of the origin of negative thermal
expansion in this family of materials will provide valuable insight into the relationship between
disorder and material properties, and give an indication as to how we might tune the disorder
and, in turn, functionality of framework materials.
[1] A. L. Goodwin, C. J. Kepert, Phys. Rev. B 71, 140301(R) (2005)
[2] D. J. Williams, D. E. Partin, F. J. Lincoln, J. Kouvetakis, M. O’Keefe, J Solid State Chem 134, 164 (1997)
[3] S-I Nishikiori, C. I. Ratcliffe, J. A. Ripmeester, Can J Chem 68, 2770 (1990)
[4] V. E. Fairbank, A. L. Thompson, R. I. Cooper, A. L. Goodwin, Phys Rev B, 86, 104113 (2012)
[5] P. Ding, E. J. Liang, Y. Jia, Z. Y. Du, J. Phys.: Condens. Matter 20, 21 (2008)

52

SMARTER 5

Poster 9

Advanced solid-state NMR as a key tool for the deeper understanding of
heterogeneous catalysts
Laurent Delevoye1, Denys Grekov1, Nicolas Merle2, Kai Szeto2, Yacine Bouhoute2, Iker Del Rosal3,
Laurent Maron3, Mostafa Taoufik2, Regis Gauvin1
Unité de Catalyse et Chimie du Solide, University of Lille
C2P2, CNRS UMR 5265, ESCPE Lyon, F-69616 Villeurbanne
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LPCNO, CNRS UMR 5215, Université de Toulouse, INSA, UPS, F-31077 Toulouse
1
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Among the various approaches to heterogeneous catalysts preparation, the grafting of
organometallic species onto inorganic supports is most attractive: This may in principle afford
surface species with precisely controlled coordination sphere, for which structure-activity and –
selectivity relationships may be drawn to some extent. However, this implies thorough
understanding of the inorganic interface chemistry, of the grafting reaction, and of the surface
species’ structural features.
In such a context, solid-state MAS NMR is a technique of choice for the study of immobilized
inorganic or organometallic centers, down to the molecular level. The vast number of NMR active
nuclei allows for deep studies to be carried out. In the case of quadrupolar nuclei, precious
information can be extracted from NMR parameters beyond chemical shift, such as quadrupolar
coupling and chemical shift anisotropy, for instance. When combined to DFT calculations, this
turns into a very informative analytical package.
Selected examples will illustrate the input of solid-state NMR of quadrupolar nuclei (17O, 27Al,
Nb, 35Cl, ...) and DFT calculations to the field of supported catalysis.1,2,3

93

1. N. Merle, J. Trébosc, A. Baudouin, I. Del Rosal, L. Maron, K. Szeto, M. Genelot, A. Mortreux, M. Taoufik, L.
Delevoye, R. M. Gauvin, J . Am. C hem. S oc. 2012, 134, 9263.
2. N. Merle, G. Girard, N. Popoff, A. De Mallmann, J. Trébosc, E. Berrier, J.-F. Paul, I. Del Rosal, L. Maron, R. M.
Gauvin, L. Delevoye, M. Taoufik, Inorg. C hem. 2013, 52, 10119.
3. M. Taoufik, K. C. Szeto, N. Merle, I. Del Rosal, L. Maron, J. Trébosc, G. Tricot, R. M. Gauvin, L. Delevoye,
C hem. E ur. J ., 2014, 20, 4038.

Figure 1: 35Cl QCPMG NMR
spectrum of TiCl4 supported
on Silica-200 at 18.8 T
showing characteristic
signature from site
distributions on the silica
surface.
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Intermolecular Sn-119,P-31 Through-Space Spin-Spin Coupling in a Solid
Bivalent Tin Phosphido Complex
Klaus Eichele1, Janet Arras1, Hartmut Schubert1, Lars Wesemann1, Boris Maryasin2, Christian
Ochsenfeld2
Institut für Anorganische Chemie, Universität Tübingen
Theoretische Chemie, University of Munich (LMU Munich)

1
2

Contact: klaus.eichele@uni-tuebingen.de

The bivalent tin complex [Sn(NP)2], NP = [(2-Me2NC6H4)P(C6H5)], crystallizes in two polymorphs.
Both polymorphs show in their P-31 and Sn-119 CP/MAS NMR spectra the effect of through-bond
1
J (Sn-117/119,P-31), about 800 Hz, and through-space TSJ (Sn-117/119,P-31) spin-spin couplings,
about 270 Hz. The observation of a through-space spin-spin coupling was unexpected because
the molecule crystallizes as discrete molecules and the distances of the phosphorus atoms of one
molecule and the tin atom of the neighboring molecule, in excess of 4.6 Angstroem, are outside
the sum of the van der Waals radii of the atoms P and Sn, 4.32 Angstroem. Density functional
theory (DFT) calculations of the NMR parameters confirm the experimental data and indicate that
even greater intermolecular separations could result in observable spin-spin couplings.

Figure 1: Crystal structure and isotropic peak in the Sn-119 CP/MAS NMR spectrum of one polymorph.
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First principles structure prediction and NMR study of lithium/sodium ion
batteries anodes
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Alloy materials have received recent attention in the context of high-capacity and high-rate
anodes for lithium and sodium-ion batteries. Here, we will present a first principles structure
prediction study combined with NMR and molecular dynamics calculations which give us
insights into the lithiation/sodiation process of phosphorus and tin anodes. We report a variety
of new stable and metastable phases found by the ab initio random structure searching (AIRSS)
and atomic species swapping methods, which help us to elucidate experimental observations.
We identify that specific ranges in the calculated chemical shifts can be associated with specific
ionic arrangements, results which play an important role in the interpretation of in operando
NMR spectroscopy experiments. Since the lithium phosphides are found to be insulating even at
high lithium concentrations we show that Li-P doped phases with aluminium have electronic
states at the Fermi level suggesting that using aluminium as a dopant can improve the
electrochemical performance of P anodes.
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The high free energy and low density of the amorphous phase mean that amorphous
pharmaceutical compounds typically dissolve faster than their crystalline forms. [1] However, the
metastable nature and propensity to crystallise during formulation and storage are serious
concerns for drug developers. Faster dissolution is associated with greater bioavailability [2] and,
hence, amorphous drug formulations provide intriguing possibilities in the pharmaceutical
industry. The understanding of these systems is complicated due to the significant positional
and orientational disorder of the molecules and the lack of long-range periodicity. This lack of
long-range periodicity prohibits the use of traditional crystallographic techniques as a means of
determining their structure. Because pair distribution function (PDF) methods can be used to
study not only to the long-range structure of a material but also its local structure, the technique
can be used to probe the short-range interactions present in amorphous formulations, despite
the large amount of disorder present. [3]
We outline how laboratory X-ray data and PDF methods have been used to characterise sets of
systems with different levels of disorder, including a series of drug formulations containing
felodipine, a calcium antagonist, in a copovidone polymer binder with different drug loading
levels.
[1] B. C. Hancock and M. Parks, Pharm Res, 2000, 17, 397–404
[2] N. J. Babu and A. Nangia, Crystal Growth & Design, 2011, 11, 2662–2679.
[3] C. A. Young and A. L. Goodwin, J. Mater. Chem., 2011, 21, 6464–13.
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Delocalization indices and domain-averaged Fermi hole analysis for complex
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Quantum mechanics became a foundation for incessant development of versatile computational
methods for analysis of chemical and physical properties of molecules and crystals. Real space
methods for chemical bonding analysis, relying upon quantum mechanical observables, have
gained much popularity during the last decades.[1] However the practical usage of the methods
which belong to aforementioned family often requires a significant amount of time and
computer resources. For example such powerful instruments as localization/delocalization
indices[2] and domain-averaged Fermi hole orbitals[3] require the evaluation of the so called
domain overlap matrices – which is a formidable task for complex and low-symmetry systems.
The elaboration and implementation of algorithm for evaluation of domain overlap matrices for
DFT projected augmented-wave method[4] (PAW) is reported. It enables fast computation of
delocalization indexes, which can be interpreted as covalent bond orders, and domain-averaged
Fermi hole orbitals, providing quantitative and visual representation of chemical bonding in
solids [5]. Several complex systems, which were almost inaccessible for such kind of analysis by
now, were analyzed employing delocalization indices and domain-averaged Fermi hole orbitals
in order to demonstrate the power of real space methods.
R eferences [1] Bader, R. F. W. Atoms in Molecules: A Quantum T heory; Oxford University Press: Oxford,
1990. [2] Bader, R. F. W.; Stephens, M. E. J . Am. C hem. S oc., 1975, 97, 7391. [3] Ponec, R. J. Math. C hem.,
1997, 21, 323. [4] Bloechl, P. E. Phys. R ev. B, 1994, 50, 17953. [5] A. I. Baranov, R. Ponec, M. Kohout: in
C hemical Modelling (E ds. M. S pringborg and J .-O. J oswig), R oyal S ociety of C hemistry, 2015, vol. 12,
53. [6] Ulrike Mueller; Anna Isaeva; Michael Ruck Z. Anorg. Allg. Chem. 2014, 640, 1564.

Figure 1: Selected QTAIM basins and delocalization
indices in crystalline Nb2(Se2)2(AlCL4)4[6].
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Due to enhanced solubility and dissolution rates many new active pharmaceutical substances
are marketed as salts of carboxylic acids. A major drawback of this method is the corresponding
difficulty to crystallize these salts. Therefore they show a low degree of long range order in their
structure. This is mainly caused by the widely differing sizes of small inorganic cations and large
organic anions in conjunction with 1:1 stoichiometry. The aforementioned often leads to a
frustration of coordination needs for the cations. Even rather small amphiphilic molecules like
the widely used food preservative sodium benzoate (NaBz) are prone to this behavior. NaBz is
marketed in semi-crystalline forms and no crystal structures were known until a first structure
was published by Butterhof et al. in 2013[1] and a second one to be published soon.[2] In these
crystal structures micro-phase separation takes place to form tube like structures. The core of
these tubes consists of the polar groups and sodium cations which are surrounded by an unpolar
corona.
Some samples of NaBz showed PXRD patterns that could not be indexed due to low crystallinity.
Therefore we applied modelling techniques based on the basic tube motif modifying the size of
the tubes. Simulations on density functional theory (DFT) level were used to elucidate the
structures from our modelling approach. A potential third polymorph was found fitting to the
PXRD pattern of a commercial sample of NaBz. Furthermore a potential fourth polymorph was
found which has not been observed in experiments before. In contrast to the known polymorphs
this phase exhibits a layered like structure as it is known for potassium benzoate (KBz).[1] Further
guided experiments on crystallization show promising PXRD patterns for this structure.
Additionally 23Na solid state NMR (ss-NMR) STMAS experiments can be used for further structure
elucidation as simulation of the quadrupole constants for the DFT based modelled structures is
straight forward.
[1] C. Butterhof, T. Martin, W. Milius, J. Breu, Z. anorg. allg. C hem. 2013, 639, 2816–2821.
[2] T. W. Martin, T. E. Gorelik, D. Greim, C. Butterhof, U. Kolb, J. Senker, J. Breu, C rystE ngC omm 2016. submitted
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Electrical functional materials investigated by 23Na NMR
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Relaxor ferroelectrics are key electrical functional materials for multilayer ceramic capacitors and
piezoelectric transducers. However, owing to the small magnitude of structural distortions and
their lack of long coherence length, the structural features underlying electrical properties and
the relaxor state in these materials are still not well understood. With the aim of demonstrating
how solid-state NMR may be a useful tool to clarify structure-property relations in complex
perovskites, we exemplarily investigate (100-x)(Bi1/2Na1/2)TiO3-xBaTiO3 (BNT-xBT) as a function of
barium content and electric state.
By analyzing features from 1st order quadrupole interaction on 1D 23Na MAS NMR spectra of BNTxBT samples before and after electric poling, we reveal the coexistence of cubic and polar phases
for relaxor compositions. The cubic phase content, which may reach up to 25%, disappears after
the establishment of ferroelectric order by electric poling, while the remaining polar phase
exhibits no change in its local symmetry.
Furthermore, the shape of spectra indicates a large variety of local environments around the
sodium site, characterized by a distribution of electric field gradients (EFG). The analysis of 23Na
3QMAS NMR spectra allows the description of this distribution as a function of the sample’s
barium content. Aided by DFT calculations, it is found that the EFG in the sodium site of these
perovskites is mostly influenced by tilting of oxygen octahedra. Hence, the EFG distribution is
considered a measure of octahedral tilt disorder in the material, which can be attributed to a
single and continuous distribution of octahedral tilting.
Reference
P. B. Groszewicz, H. Breitzke, R. Dittmer, E. Sapper, W. Jo, G. Buntkowsky, J. Rödel, Physical Review B R apid.
C ommun 2014, 90, 220104.
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Nominally anhydrous silicate minerals present in the earth's mantle take up small, but significant
amounts of water (up to 3.3 wt% H2O) in the form of hydroxyl defect sites in their silicate
structures.[1,2] These defects are supposed to have a disproportional high influence on the
physical and chemical properties of the mantle.[1,2] Therefore, a structural elucidation of the
hydrogen defects is essential for a better understanding of the earth's mantle properties. The
discovery of a natural ringwoodite (γ-Mg2SiO4) inclusion in a diamond, proving its presence in
the mantle, together with its high capacity for water incorporation, moved especially
ringwoodite in the focus of many researchers.[3]
With the combination of high resolution 1D and 2D 1H ssNMR, as well as DFT calculations of
multiple OH defect models in ringwoodite, we for the first time were able to give direct insights
in the structure of hydrous defects in ringwoodite (~0.1 wt% H2O). In 1D 1H MAS spectra multiple
proton sites with chemical shifts between 0 and 10 ppm could be observed indicating different
water incorporation mechanisms. With the help of a correlation between cation environment,
hydrogen bond length and 1H chemical shift of structurally bound OH groups, obtained through
systematic DFT calculations, an assignment of experimentally observed 1H resonances to Si-OH
and Mg-OH protons, respectively, is easily possible. 2D 1H 1H dipolar correlation spectra (using
RNnν-sequences;[4] Figure) gave unique direct insights into proton clusters revealing the presence
of isolated, as well as coupled Si- and Mg-vacancies. This shows that Mg and Si vacancies with
and without cation disorder and OH groups each with varying hydrogen bond strength are
formed (VMg``+ 2H**; VSi````+ 4H**** and MgSi``+ 2H**). Furthermore, the 2D spectra prove the
formation of coupled vacancies with an local inversion of the spinel structure (MgSiVMg````+
4H****). This explains on the one hand the Mg/Si ratio staying nearly constant with different
water contents and on the other hand the wide varity of 1H species observed in IR and ssNMR
spectra already at very low water contents.[5]
[1] H Keppler, JR Smyth, R ev. Mineral. Geochemistry 2006, 62, 1.
[2] JM Griffin, SE Ashbrook, Annu. R ep. NMR S pectrosc. 2013, 79, 241.
[3] DG Pearson, et al., Nature 2014, 507, 221.
[4] PE Kristiansen, et al., J . Magn. R eson. 2002, 157, 253.
[5] Y Kudoh, et al., Phys. C hem. Miner. 2000, 27, 474.
Figure 1: 2D 1H-1H DQ-SQ-spectrum (14.1 T) of ringwoodite
(~0.1 wt% H2O) recorded with a R1885 pulse sequence (texc.
156 μs) at a spinning frequency of 40.0 kHz. DQ cross
correlations are indicated by dashed lines between the
respective resonances. The regions for different OH defect
types of ringwoodite are separated by a dashed line at
~5.5 ppm in the spectrum.
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Electrical energy storage of renewable energy is widely recognized as a potential substitution for
fossil fuels. In the realization of this scenario, lithium ion batteries hold great potential to become
an essential mean of storage. However, for grid-scale (MWh) storage of electrical energy it is
necessary for the battery to be cheap, safe and have a high rate capability, that is, being capable
of going through a rapid discharge without significant decrease in the effective delivered
capacity.1
Recent studies of olivine lithium manganese iron phosphate, LiMn1-yFeyPO4 (LMFP), show that
this class of cathode material has a significantly higher rate capability than LiFePO4, which is
considered one of the commercial cathodes with the highest power.2,3 It is of vital importance
for the understanding of how high rates affects battery performance and if the history of use has
an effect on the battery lifetime.
Inclusion of more electronegative moieties, i.e. or F¯ or OH¯, into the framework of the olivine
structure also carries potential to have better rate capabilities than LiFePO4 due to inductive
effects lowering the activation energy of the transition metal oxidation and hence of the lithium
release from the host structure.4 In this project we have investigated a series of hydroxyl
phosphates and mixed-metal olivine phosphates in term of their structural transitions during
battery charge and discharge.
[1] Y.-M. Chiang, MR S Bulletin 2011, 36, 681-682.
[2] D. B. Ravnsbæk et al. Nano Letters 2014, 14,1484–1491.
[3] D. B. Ravnsbæk et al. Nano Letters 2016, 16, 2375–2380.
[4] B. L. Ellis, J . Mater. C hem. 2012, 22, 4759-4766.
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The structural characterization of complex materials is one of the key challenges in chemistry
today.
Single crystal diffraction (SD-XRD) methods are capable of characterizing a big diversity of
systems, from complicated inorganic structures over entire virus particles up to complex
proteins. However, in many cases, where the sample is either a powder or for example opaque,
structural characterization with SD-XRD remains an enormous challenge. In this area, structure
elucidation by a combined approach of solid-state NMR and computational methods holds great
promise.
In recent years the scope of this combined approach has been steadily improved and today there
are many examples of structure validation by chemical shift measurements combined with
density functional calculations (DFT). However, in contrast to SD-XRD methods, for NMR
crystallography there exists no method to quantify the positional uncertainties on individual
atoms for the characterized structures.
We present a computational method to estimate the correlation between the root mean square
deviation (RMSD) of the chemical shift and the positional RMSD of the investigated structure.
This correlation allows us to quantify the positional uncertainties of individual atoms of the
structures predicted by NMR crystallography, thereby making them directly comparable to
structures characterized by SD-XRD methods.
For several crystal structures comprised of organic molecules, we validate different methods of
generating an ensemble of perturbed structures. For these perturbed structures we present a
method to calculate and correlate the chemical shift RMSD and the positional RMSD of the whole
ensembles. The presented method allows us to directly quantify the positional uncertainty of
each individual atom in the investigated structure.
[1] Baias, M.; Widdifield, C.M.; Dumez, J.N.; Thompson, H.P.G.; Cooper, T.G.; Salager, E.; Bassil, S.; Stein, R.S.;
Lesage, A.; Day, G.M.; Emsley,L., P hys. C hem. C hem. Phys., 2013, 15, 8069.
[2] Salager, E.; Day, G.M.; Stein, R.S.; Pickard, C.J.; Elena, B.; Emsley, L., J . Am. C hem. S oc. 2010, 132, 2564.
Figure 1: Illustration of chemical shift
RMSD correlation and positional
uncertainties.
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Long-Range Structure and Local Asymmetry in Na3.4Sc2(SiO4)0.4(PO4)2.6
Investigated by Temperature-Dependent XRD and 23Na NMR
Sylvio Indris1, Maximilian Kaus1, Murat Yavuz1, Michael Knapp1, Helmut Ehrenberg1, Marie Guin2,
Frank Tietz2, Olivier Guillon2
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We investigated the changes in the long-range and local structure in Na3.4Sc2(SiO4)0.4(PO4)2.6 by
temperature-dependent XRD and 23Na NMR measurements. The XRD investigations in the
temperature range between 300 K and 870 K reveal a strongly anisotropic thermal expansion.
While the a lattice parameter is essentially constant (changes < 0.1%), the c lattice parameter
shows a strong increase of 1.8%.
Static 23Na NMR measurements in the temperature range between 300 K and 550 K show a strong
increase in the local structural asymmetry around the Na ions. This becomes apparent in a strong
increase of the quadrupole coupling constant C q which is smaller than 40 kHz at 300 K and about
200 kHz at 550 K.
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Study of layered double hydroxides intercalated with para-aminosalicylate
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Para-aminosalicylate (PAS), a drug used in the treatment of tuberculosis, was intercalated in
three different layered double hydroxides (LDH’s): MgAl, ZnAl and CaAl. LDH’s are a group of
inorganic materials with many potential and current applications ranging from environmental
remediation and catalysis to drug delivery[1]. LDHs are based on the brucite structure (Mg(OH)2),
where part of the divalent cation have been substituted by trivalent cations leading to positively
charged layers. Anions are intercalated in the interlayers for charge balance. LDH’s have the
general formula M(II)1-xM(III)x(OH)2An·nH2O, where M are metals and A an anion[2], 0.16 ≤ x ≤ 0.33.
However, intercalation of drugs in LDHs often results in many stacking faults, which render their
characterization by PXRD difficult. SSNMR has proven useful to study the cation ordering in the
cation layer[3-4], the mobility of the interlayer anions[5], and especially to probe the intercalated
anions[6]. The samples were studied in detail using powder X-ray diffraction, elemental analysis,
and IR in order to gain insight in to the bulk properties of the sample. Multi nuclear solid state
NMR (SSNMR) was performed in order to gain detailed insight in to atomic structure of the
samples. Intercalation of para-aminosalicylic acid in MgAl, ZnAl, and CaAl LDH’s was confirmed
by the use of the several techniques including 13C CP MAS SSNMR and IR, which verified that PAS
did not decompose during synthesis. 27Al SSNMR revealed large quantities of Al impurities not
seen by the bulk techniques for MgAl and ZnAl LDH’s (20-41 %). For the CaAl LDH’s did the Al
impurities match the results from elemental analysis (35 %). This work demonstrate the need for
the use SSNMR for studies of LDHs with pharmaceuticals and other larges organic anions
intercalated in order to reliably validate the intercalated anions, the LDH’s framework and the
purity of the LDH.
[1] Vaccari, A., Applied C lay S cience 1999, 14, (4), 161-198.
[2] Goh, K. H.; Lim, T. T.; Dong, Z., Water R es 2008, 42, (6-7),
1343-68.
[3] Sideris, P. et al., S cience 2008, 321, (5885), 113-117.
[4] Petersen, L. B.: et al., J ournal of S olid S tate C hemistry
2014, 219, 242-246.
[5] Reinholdt, M. X.; et al., J ournal of P hysical C hemistry C
2009, 113, (24), 10623-0631.
[6] Sene, S.: et al., C hemistry of Materials 2015, 27, (4), 12421254.
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Improved crystal structure determination via utilisation of solution NMRderived conformational information
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Powder X-ray diffraction is a valuable tool in the characterisation of materials and is widely
implemented as an alternative to single-crystal X-ray diffraction. While crystal structure
determination from powder diffraction data (SDPD) is now an established technique, it remains
significantly more challenging than its single-crystal counterpart due to the relative paucity of
accurate, experimentally determined structure factor magnitudes.
Global optimisation-based methods of SDPD typically exploit a significant amount of prior
chemical knowledge in the form of well-known bond lengths and bond angles, and assemblies
of known conformation (e.g. benzene rings, amide bonds [1,2]). Other conformational
knowledge about the molecule, however, is rarely utilised [3,4], with torsion angles that
determine the overall molecular conformation being allowed to vary freely in the range of 0°360°. This is in part because the likely torsion angles adopted within a crystal structure can be
difficult to predict accurately.
Recently, a new solution NMR methodology has been developed that allows the measurement
of the preferred conformations which a flexible molecule adopts in solution [5]. Furthermore, it
is apparent that the torsion angles observed in a crystal structure often correspond closely to
highly populated, low energy solution conformations. As such, this free solution experimentally
determined conformational data can be employed to bias (or constrain) the search space
explored during SDPD calculations.
Here we present a novel, augmented approach to SDPD that utilises such solution NMR
information and assess its effect upon the success rate of SDPD when applied to a variety of
molecules of pharmaceutical interest, including those shown in Figure 1. The results show that
inclusion of solution NMR-derived conformational information is a valuable approach that can
greatly increase the chances of obtaining a successful crystal structure determination,
particularly with complex problems.
[1] Shankland K, David WIF, McCusker LB & Baerlocher C eds (2002) Structure determination from powder
diffraction data, OUP, USA
[2] Shankland K et al. (2013) Acta C ryst. C 69, 1251
[3] Middleton DA, et al. (2002) C hem. C omm., 1976
[4] Florence AJ, et al. (2005). J . Appl. C ryst. 38, 249
[5] Blundell CD, Packer MJ & Almond A (2013). Biorg. Med. C hem. 21, 4976
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XPDF: The New X-ray Pair Distribution Function Beamline at Diamond Light
Source
Dean S. Keeble1, Phil A. Chater1, Michael T. Wharmby1, Tim C. Spain1, Matt G. Tucker2, John P.
Sutter1, Michael Hillman1, Heribert Wilhelm1
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XPDF is the new, independent side-station to the extreme conditions beamline I15 at Diamond
Light Source. It is dedicated to the fast, reliable, and automated collection of pair distribution
function (PDF) data. Here we will summarise the power of the PDF technique; give an overview
of the new beamline; and report on the first results being produced.
The PDF is a real-space structural description derived from scattering data. The XPDF optics have
been designed to maximise flux at three x-ray energies (40, 65, and 76 keV); and dual flat-panel
detectors flexibly provide large coverage to high scattering angle yielding a Qmax of 40 Å-1. An
adaptable x-y stage allows for multiple samples to be mounted and measured with various
sample environments, as well as accommodating users’ custom in-situ equipment.
The fully integrated XPDF software provides a corrected and processed PDF at the point of data
collection. Whereas in the past the processing of scattering data into a PDF has potentially been
a complex and user-intensive task; XPDF allows anyone to collect world-class PDF data in realtime.

Figure 1: The layout of the new XPDF beamline, showing the optical components and relationship with the
extreme conditions beamline I15.
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Development of pore size correlation models for MOFs by combining
hyperpolarized 129Xe NMR and gas physisorption
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The hybrid material class of metal organic frameworks (MOFs) is showing an increasing relevance
in modern applications like gas separation, gas storage or catalysis.[1–3] The properties of such
functional materials rely heavily on their porosity and inner surfaces. To study those,
conventional methods are gas physisorption experiments. However, the use of 129Xe-NMR
combined with hyperpolarized 129Xe has proven to be a very useful tool to analyze the porosity
for a broad variety of materials. For zeolites[4] and mesoporous silica[5], models to calculate pore
sizes out of the 129Xe shift are well established. However, these methods reach their limit with
MOFs because of their organic framework combined with highly charged metal cations. To probe
underlying correlations for MOFs, we combine argon and xenon physisorption experiments with
hyperpolarized 129Xe NMR.
We use the physisorption data which give insights into pore sizes and the amount of adsorbed
gas and combine them with 129Xe NMR shifts characteristic to each material (see Figure). As
reference substance, CAU-1 was chosen because of its very confined pore geometry and the
possibility to be modified postsynthetically. This gives us the ability to change the pore size while
the main framework stays constant. All together the correlation between pore size and chemical
shift shows behavior similar to the one published[4]. Additionally, our work focusses taking into
account all possible influences and creating a model valid for broad application on MOFs.
[1] G. Férey, C hem. S oc. R ev. 2007, 37, 191.
[2] R. J. Kuppler, D. J. Timmons, Q.-R. Fang, J.-R. Li, T. A. Makal, M. D. Young, D. Yuan, D. Zhao, W. Zhuang, H.C. Zhou, C oord. C hem. R ev. 2009, 253, 3042–3066.
[3] S. Ma, H.-C. Zhou, C hem. C ommun. (C amb). 2010, 46, 44–53.
[4] J. Demarquay, J. Fraissard, C hem. P hys. Lett. 1987, 136, 314–318.
[5] V. V. Terskikh, I. L. Moudrakovski, S. R. Breeze, S. Lang, C. I. Ratcliffe, J. A. Ripmeester, A. Sayari, Langmuir
2002, 18, 5653–5656.

Figure 1: Combination of physisorption and 129Xe NMR methods to correlate pore sizes for MOFs.
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On the way towards high temperature ion conduction in porous organic
polymers
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Proton conducting materials have gathered high attention due to their application in fuel cells,
sensors or other electronic devices. Since 1960 the sulfonated tetrafluoroethylene polymer
Nafion® has been the state of the art material for low temperature proton conduction.[1]
However, the conduction mechanism requires high humidification, limiting the working
temperature towards 80 °C. Additionally, the need for platin catalysts, fuel crossleaks and high
cost synthesis are unavoidable shortcomings. To overcome these drawbacks, the development
of new water free systems especially in the mid temperature range between 100 and 200 °C is
aspired, requiring highly stable materials. Here porous organic polymers are a promising class of
materials, due to their wide functionality, structual diversity and high physicothermal
stabilities.[2] Although, they have proven their broad potential in various fields of application, for
proton conduction, however, only few systems have been developed so far.[3] Here the loading
of amphiphilic molecules like imidazole or triazole into the voids of porous frameworks has
proven to be a promising approach for high temperature conduction. For further development
of proton conduction in amorphous porous polymers, we synthesized the networks PPN-6[4] and
EOF-6[5], which are differing in surface area and pore diameter (Figure). The networks were
characterized by solid-state NMR, gas sorption analysis, and IR. After postsynthetical loading with
imidazole and triazole, respectively, the conductivities of the networks were measured using
electrochemical impedance spectroscopy, 1H and 1D solid-state NMR spectroscopy. Here first
values up to 10-4∙S∙cm-1 at 130 °C for Im@PPN-6 (134 wt%) were obtained, which are already
comparable to state of the art materials.[3] Further investigations will stress the influence of pore
size and shape, network structure and the nature of guest molecules on the conduction
properties.
[1] K. A. Mauritz, R. B. Moore, Chem. Rev. 2004, 104, 4535–4586.
[2] G. Zhu, H. Ren, Porous Organic Frameworks, Springer Berlin Heidelberg, Berlin, Heidelberg, 2015.
[3] H. Xu, S. Tao, D. Jiang, Nat. Mater. 2016, advance on, DOI 10.1038/nmat4611.
[4] W. Lu, D. Yuan, J. Sculley, D. Zhao, R. Krishna, H.-C. Zhou, J. Am. Chem. Soc. 2011, 133, 18126–9.
[5] M. Rose, N. Klein, W. Böhlmann, B. Böhringer, S. Fichtner, S. Kaskel, Soft Matter 2010, 6, 3918.

Figure 1: Proton conduction through amphiphilic molecules loaded in porous organic networks.
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Doping homogeneity by solid-state NMR
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The homogeneity of the distribution of paramagnetic centers often influences the performance
of functional crystalline materials. In NMR, paramagnetic dopants change the resonance line of
the nuclei in their immediate environment. Based on the concept that the “immediate
environment” in a diamagnetic host material can be described as a sphere with radius r0, we
developed a function for the fraction of unpertubed nuclei, that is the fraction of nuclei outside
the sphere, which gives a link between the effective radius and the doping concentration. In case
of a homogeneous doping scenario a characteristic dependence is observed both in theory and
experiment. We validated the model on sample series where paramagnetic Eu(II) ions are doped
into crystalline SrH2, Sr3(PO4)2 and SrGa2S4. The fraction of unperturbed 1H, 31P or 71Ga nuclei was
determined from the NMR signal and follows the predicted curve for a homogeneous doping
scenario where the radius r0 relates to the gyromagnetic ratio of NMR nuclei.
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The application of tailor-made force fields and molecular dynamics for NMR
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The combination of solid-state NMR (SS-NMR) spectroscopy, powder X-ray diffraction (PXRD) and
ab initio chemical shift calculations, also known as NMR Crystallography, is becoming popular to
interpret and predict the structural and dynamic aspects of molecular crystals.[1]
SS-NMR experiments are typically representing an average of time and space at ambient
temperature, whereas ab initio SS-NMR calculations are usually based on static density functional
theory (DFT) calculations at zero Kelvin, leading to discrepancies between experimental and
calculated chemical shifts. Molecular dynamics (MD) is a valuable tool to introduce thermal
effects and time, if a force field that can properly describe the energy potential of the system of
interest is available. Traditional force fields are generally not transferable for a wide range of
molecular crystals.[2] Ab initio MD simulations are very time-consuming and the size of simulation
boxes are usually restricted to a single unit cell. Tailor-made force fields (TMFFs) are a promising
candidate to overcome those limitations: the force fields are parameterised against dispersioncorrected DFT (DFT-D) reference data for individual molecules;[3] DFT-D is by far the most reliable
method to reproduce both the energies and the structural aspects of molecular crystals within a
reasonable timeframe.[4] With such customised force fields, the accuracy can be improved at the
expense of loss of transferability.
This contribution will outline the performance of a tailor-made force field for the thermal effects
on chemical shift calculations. First, the capabilities of existing benchmarks, including DFT-D
energy minimisations for a potential drug[5] and the motional averaging by the COMPASS force
field[6] for five 13C SS-NMR experimental calibration phases (hexamethylbenzene, adamantane, αglycine, γ-glycine and 3-methylglutaric acid)[7] will be illustrated. Second, DFT-D, COMPASS force
field and TMFF are combined respectively with NMR crystallography and crystal structure
prediction to assess the performance of the TMFF; the crystal structure of cocaine free base will
be used as an example.
[1] R. K. Harris et al. NMR crystallography, Wiley, 2009.
[2] A. Nemkevich et al. Phys. C hem. C hem. Phys. 2010, 12, 14916.
[3] M. A. Neumann. J . Phys. C hem. B 2008, 112, 9810.
[4] J. van de Streek and M. A. Neumann. Acta C ryst. 2010, B 66, 544.
[5] X. Li et al. Acta C ryst. 2014, C 70, 784.
[6] H. Sun. J . Phys. C hem. B 1998, 102, 7338.
[7] X. Li et al. C hemPhysC hem 2016, Accepted.
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XRD crystallography is a well-established approach for the determination of crystal structures. It
works excellently with single crystals, but can have difficulties with polycrystalline (powdered)
samples. The emerging NMR crystallography is perfectly suitable for analysis of powders, but can
be computationally very demanding. In this approach, namely, the quality of trial structural
models is evaluated by the comparison of the measured and calculated chemical shifts. For
structural models with moderate or large unit cells, the gauge-including projector-augmented
wave (GIPAW) calculations within the density-functional theory (DFT) can easily become too time
consuming. To facilitate the crystal structure determination for powdered samples, it is thus wise
to exploit the complementarity of the two above-mentioned approaches.
In this contribution we describe our attempts for the determination of the structures of two
known pure forms of indomethacin, and of a previously unknown structure of indomethacin
solvate in tetrahydrofuran. Indomethacin is an anti-inflammatory drug, known for its very rich
polymorphism. In addition to several pure polymorphs there exist many solvates for which
structures could not be determined yet. In our approach we first gathered basic information on
the dimensions and symmetry of the crystallographic unit cell of each sample with powder XRD,
and information on the number of indomethacin (and tetrahydrofuran) molecules within the
asymmetric unit and about the hydrogen bonding system among them by NMR. We then used
these constraints with rather simple and quick crystal-structure prediction calculations that
based on the classical description of inter-atomic forces. Finally, we employed several lowenergy predicted structural models as initial models for the XRD-based Rietveld refinement. As
already mentioned, we carried out this approach with known pure forms of indomethacin
gamma and alpha, and with an unknown form of the indomethacin solvate in tetrahydrofuran.
The rich polymorphism of indomethacin will in the future allow us to extend our study to other
poorly characterized polymorphs and solvates.
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The wide-spread preservative sodium benzoate (NaBz, E211) is marketed as poorly crystalline
technical material. Thermally induced recrystallization at 420 °C yields form I of NaBz for which
structural information became available only recently.[1] A so far unknown polymorph (form II)
could be crystallized at a lower temperature (350 °C). The crystal structure was solved by indexing
a tiny single crystal by electron diffraction followed by structure solution and refinement
applying powder X‐
ray diffraction (PXRD). The new polymorph shows many structural similarities
to form I. Both forms I and II are the result of a microphase separation: the structures consist of
pseudo‐
hexagonal packings of rod‐
shaped micelles where the core consists of sodium cations
being coordinated by the carboxylic groups, while the phenyl moieties of benzoate point
outwards rendering the micelle surface hydrophobic. The structures differ by the degree of
elliptical distortion of the rods which is more pronounced for the new form II due to
incorporation of an additional Na-benzoate moiety into the circumference of the rods.
[1] C. Butterhof, T. Martin, W. Milius, J. Breu, ZAAC 2013, 639, 2816–2821.

Figure 1: Molecular packing of NaBz form I (a) and form II (b). Approximately hexagonal packing of micellar
rods running along the respective b axes with a differing number of NaBz moieties in the respective
circumferences of the rods.
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Tolfenamic acid, N-(3-chloro-2-methylphenyl)anthranillic acid, is a non-steroidal antiinflammatory drug that belongs to the fenamate family and acts by inhibiting the production of
prostaglandins. Tolfenamic acid is known to exist in at least five different polymorphic forms; we
describe here a NMR crystallography study of forms I and II (CSD codes KAXXAI01 and KAXXAI)
[1,2].
Specifically, two-dimensional 1H double-quantum (DQ) and 14N-1H heteronuclear multiplequantum correlation (HMQC) solid-state NMR spectra have been recorded at 60 kHz magic-angle
spinning (MAS), using BABA and rotary resonance recoupling of the 1H-1H and 14N-1H dipolar
couplings, respectively. In addition, two-dimensional 1H-13C refocused INEPT NMR experiments
employing DUMBO 1H homonuclear decoupling have been carried out at 12.5 kHz MAS. The
experimental results have been complemented by GIPAW calculations of the NMR parameters
performed using the CASTEP code. Specifically, chemical shieldings have been calculated for the
full crystal structures and for isolated molecules extracted from the crystal structures; significant
differences are interpreted in terms of intermolecular interactions.
We thank Helen Blade and Les Hughes (AstraZeneca) for providing the samples.
[1] Andersen, K.V., et al., C haracterisation of 2 polymorphic forms of tolfenamic acid,N-(2-methyl-3chlorophenyl)anthranillic acid-their crystal structures and relative stabilities Journal of the Chemical
Society-Perkin Transactions 2, 1989: p. 1443-1447.
[2] Gaglioti, K., et al., Improvement of the water solubility of tolfenamic acid by new multiple-component
crystals produced by mechanochemical methods. Crystengcomm, 2014. 16: p. 8252-8262.
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Pyrochlore materials (A2B2O7) have recently seen significant interest as potential components of
ceramic-based nuclear wasteforms, with the ultimate aim being the long-term storage of
radioactive actinide species including U and Pu. As many ceramics are highly resilient to
structural degradation caused by radioactive decay and can accommodate high waste loadings,
pyrochlores are promising candidates to replace existing borosilicate glass wasteforms. The 8coordiante A-site in pyrochlore materials is able to accommodate larger cations such as Y3+ or
La3+, which are of comparable size to many actinides. The formation of a pyrochlore structure is
believed to be governed by the ratio of the two cations ionic radii. If rA /rB is between 1.46-1.78
the pyrochlore structure is favoured, whereas an ionic radii ratio lower than 1.46 leads to the
formation of a disordered defect fluorite (A4O7) structure, whereas above 1.78, a layered
perovskite-type phase is observed.
Building on previous studies of pyrochlore solid solutions, Y2(Sn,Ti,Zr)2O7, where 89Y and 119Sn
NMR, combined with X-ray diffraction and first-principles calculations were used,1-3 here we will
investigate the phase transitions, cation mixing and vacancy distribution in defect fluorite
systems, Y2(Sn,Zr,Hf)2O7 as well as preferential cation substitution in related layered perovskite
systems, La2(Sn,Ti)2O7. The work focuses on the structural variations observed in “ideal”
pyrochlores upon doping and substitution and the concomitant changes in NMR parameters.
First-principles calculations were used extensively, alongside 89Y, 119Sn and 17O solid-state NMR
spectroscopy in an attempt to model and rationalise the disorder exhibited in these solid
solutions, which frequently causes broad and overlapping spectral lineshapes. In particular,
emphasis has been placed on developing new computational methodologies to generate more
“realistic” structural models of disordered systems, in an attempt to better characterise complex
solid-state NMR spectra.
1
S. W. Reader, M. R. Mitchell, K. E. Johnston, C. J. Pickard, K. R. Whittle and S. E. Ashbrook, J . Phys. C hem.
C ., 2009, 113, 18874-18883.
2
M. R. Mitchell, S. W. Reader, K. E. Johnston, C. J. Pickard, K. R. Whittle and S. E. Ashbrook, Phys. C hem.
C hem. Phys., 2011, 13, 488-497.
3
S. E. Ashbrook, M. R. Mitchell, S. Sneddon, R. F. Moran, M. de los Reyes, G. R. Lumpkin and K. R. Whittle,
Phys. C hem. C hem. Phys., 2015, 17, 9049-9059.
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Linezolid is a synthetic antibiotic belonging to a unique class of antimicrobials, called
oxazolidinones. The drug acts as antibacterial agent for the treatment of multidrug-resistant
gram-positive bacterial infections. It has been approved for marketing in 2000 and is currently
marketed under the trade name Zyvox. [1].
Recently, it was discovered that solid linezolid could exist in different polymorphic forms. In the
literature, two well-defined crystalline polymorphic forms of linezolid, namely, forms II and III are
described. In contrast, the so-called “form I” has not been sufficiently characterized and, so far,
its existence has not been proven independently. Moreover, the literature describing the
structure of form III is unclear: two different crystallographic solutions of the form III structure
have been described (CCDC: 648431 and 672482) [2] and our initial analysis shows that neither
of these two propositions are consistent with experimental 13C CP MAS NMR data. Comparison
of an experimental 13C CP MAS spectrum to GIPAW calculated chemical shifts shows significant
anomalies for both deposited crystal structures. We are applying further 1H solid-state NMR
methods in an applied NMR crystallography approach aiming to solve this ambiguity of linezolid
form III.
[1] Brickner, S.J., Hutchinson, D.K., Barbachyn, M.R., Manninen, P.R., Ulanowicz, D.A., Garmon, S.A., Grega,
K.C., Hendges, S.K., Toops, D.S., Ford, C.W., Zurenko, G.E. J . Med. C hem. 1996, 39, 673–679.
[2] Tanaka R., Hirayama N., Anal.S ci. 2008, 24, x43; Maccaroni, E., Alberti, E., Malpezzi, L., Masciocchi, N.,
Vladiskovic, C., Int.J .Pharm. 2008, 351, 144-149.
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We are developing and exploring the use of a new Automatic Tuning Matching Cycler (ATMC) in
situ NMR probe system (Fig. 1a) that addresses many of the challenge s of in situ NMR, e.g.
significantly different shift ranges, changing sample conditions during cycling, signal
broadening, and NMR-cycler interferences.[1,2] We applied the new methodology to
paramagnetic Na3V2(PO4)2F3 cathodes[1,3], Na—Na cells[1,4], and Sn anodes[5] to study local atomic
changes and the formation of new/intermediate phases, respectively, during cycling of these
materials while being used in electrochemical cells. Combined with ex situ NMR, in situ
diffraction and ab inito calculations this approach is likely to benefit a further understanding of
Na-ion battery chemistries.
P in situ NMR on Na3V2(PO4)2F3 as a cathode in a NIB enabled the detection of different P signals
within a huge frequency range of 4000 ppm (Fig. 1b).[1] Two NMR carrier frequencies with 4000
and 5900 ppm offset were applied and re-calibrated “on-the-fly” during experiment (Fig. 1b). The
data shows a significant shift and changes in the number as well as intensities of 31P signals
during desodiation. Furthermore, the in situ experiments reveal changes of local P environments
that in part have not been seen in ex situ NMR investigations.[1,3] Furthermore, we applied ATMC
23
Na in situ NMR on symmetrical Na—Na cells during galvanostatic plating. An automatic
adjustment of the NMR carrier frequency during the in situ experiment ensured on-resonance
conditions for the Na metal and electrolyte peak, respectively. Thus, interleaved measurements
with different optimal NMR set-ups for the metal and electrolyte, respectively, became possible.
This allowed the formation of different Na metal species as well as a quantification of electrolyte
consumption during the electrochemical experiment to be monitored.[1,4] The use of Sn metal as
an anode material for NIBs was investigated by 23Na in situ NMR to study the formation of both
crystalline and amorphous NaxSn phases during sodiation.[5]
31

[1] O. Pecher et al. J . Magn. R eson. 2016, 265, 200–209.
[2] F. Blanc et al. Acc. C hem. R es. 2013, 46, 1952–1963.
[3] Z. Liu et al. C hem. Mater. 2014, 26, 2513–2521.
[4] P. M. Bayley et al. J . Am. C hem. S oc. 2016, 138, 1955–1961.
[5] J. Stratford, P. K. Allan, O. Pecher, M. Mayo, A. Morris, C. P. Grey, In preparation 2016.
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Solid dosage forms are the most widespread among pharmacists, due to its ease of handling and
high adherence by patients, leading the growth of structural studies of drugs in this state. The
technique of solid state NMR has gained increasingly space in analysis of drugs combined with
other techniques, besides having different types of computations as tools to aid structural
characterization. The objective of this work is the characterization of the structure of the drug
salicylate lamivudine of nuclear magnetic resonance in the solid state with the aid of computer
calculations as a confirmatory tool. The drug salicylate lamivudine salts prepared from
lamivudine form II were characterized by X-ray diffraction (XRD) spectroscopy, solid (CPMAS 13C
and 15N NMR), and the use of theoretical calculations of GIAO type by computer program
GAUSSIAN and GIPAW by CASTEP program, for a relevant structure unambiguous assignment of
NMR signals and confirmation of the information of crystalline structure. The data obtained from
experimental analysis were consistent with the structure of salicylate lamivudine and the results
of theoretical calculations. The method GIPAW/CASTEP, when compared to GIAO/Gaussian,
showed a better corroboration between theoretical and experimental data. The theoretical
calculations of the lamivudine salicylate monohydrate cocrystal proved to be an excellent tool
to help the solid-state NMR data analysis, allowing us to confirm the previous structural X-ray
data information.
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The introduction of different types of defects and disorder into framework materials is an
interesting way of modifying these materials, and, ultimately, their properties. Linker and/or
metal cluster vacancies have been observed in the MOFs UiO-66, NU-125, MOF-505, and HKUST1. In these cases, the defect materials retain the average structure of the parent material.
Consequently, powder diffraction techniques can provide little insight into the location and
nature of the defects. Techniques such as single-crystal diffraction and total scattering, which are
able to probe local structure, are required to gain a complete understanding of these defects and
how to control their formation within a material.
Recently, the formation of ordered metal and linker vacancies has been reported on a cubic MOF,
Zn4O(PyC)3, PyC = 4-pyrazolecarboxylate [1]. Immersion in water overnight prompts a singlecrystal to single-crystal transformation whereby half the linkers and a quarter of the metal ions
are removed from the crystal in an ordered fashion. In this work, we investigate the extent of,
and motivations for, the ordering of these vacancies using total scattering and single-crystal
diffraction techniques.
[1] Tu, B. et al. Ordered Vacancies and Their Chemistry in Metal–Organic Frameworks. J Am C hem
S oc 136, (2014).
[2] Barin, G. et al. Defect Creation by Linker Fragmentation in Metal–Organic Frameworks and Its Effects on
Gas Uptake Properties. Inorg C hem 53, 6914–6919 (2014).
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Phosphates compounds are extensively studied for their rich crystal chemistry and their
attractive applications in several fields including optics and ferroelasticity. Based on a systematic
investigation of the Na3PO4–Mg3(PO4)2–M3(PO4)2 (M = Sr, Ba) systems, we recently identified two
new phosphate compounds: Na2SrMg(PO4)2 and Na2BaMg(PO4)2 adopting the glaserite-type
structure with different symmetries. Their structures are characterized by an anionic framework
built up by the stacking, along the [001] direction, of equivalent [MgP2O84-]∞ layers parallel to the
(a, b) plane and consisting of corner-sharing MgO6 octahedra and PO4 tetrahedra. The Ba2+(Sr2+)
cations are located within the interlayer space, while those Na+ are found in large cavities
bounded to the layers.
Starting from these two compounds, different samples of a solid solution of glaserite-type
structure with the general formula Na2Ba1-xSrxMg(PO4)2 (0 ≤ x ≤ 1) were synthesized and
characterized by X-ray powder diffraction and 31P NMR spectroscopy. The XRD patterns show
that Na2Ba1-xSrxMg(PO4)2 system adopts the trigonal symmetry with the space group P-3m1 for 0
≤ x ≤ 0.55 while from x = 0.6, it crystallizes in the monoclinic symmetry with the space group
P21/a.
The four resonances observed in the 31P NMR spectra for each composition of the system Na2Ba1xSrxMg(PO4)2 (0 ≤ x ≤ 1) are interpreted on the basis of four configurations of statistical
distribution (Ba2+/Sr2+) in the neighboring cationic sites of a PO4 tetrahedron. The evolution of δiso
according the strontium fraction is characterized by discontinuities in the range of composition
0.55 < x < 0.6 coinciding with the symmetry change observed by XRD. Indeed, for 0 ≤ x ≤ 0.55,
the modification through the substitution of Ba2+ by Sr2+, of the cationic environment around the
PO4 tetrahedron is accompanied by the decrease of the chemical shift toward negative values.
While for 0.6 ≤ x ≤ 1, the increase of the strontium fraction leads to the moving of the resonance
bands toward the positive values. So one can deduce that the evolution of the chemical shift
with the fraction of Sr2+ confirms the combined influence of the neighboring cationic nature and
structural constraints as was reported for other systems. The present work further indicates that
the chemical shift depends also on other effects such as the multiple-site effects and tetrahedral
distortions related to the system symmetry.

Figure 1: Evolution of the 31P chemical shift for each
cationic configuration around PO4 tetrahedra versus
the composition x in the Na2Ba1-xSrxMg(PO4)2 system.
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Metal-organic frameworks (MOFs) are a class of porous networks with inorganic and organic
units, which show potential in a range of applications like gas separation, gas storage or
catalysis.1 Besides the control over pore volumes and shapes by using different linkers, MOFs
specifically allow to introduce a large variety of anchor groups. Depending on the application,
functional groups can be tailored to enable selective host-guest interactions between anchors
and specific guest molecules.2
For Al-MIL-53-NH2 with adsorbed acetone, literature implies a hydrogen bond between the
acetone carbonyl oxygen and the amino groups of the host based on a solid-state NMR study.2
However, a deeper comprehension of the guest dynamics will enable further understanding of
bonding situation and strength of the interaction and thus how selective effects can be
produced with this class of materials.3 Therefore, we use a combination of 2H line shape and
relaxation studies with quantum-chemical energy rankings and molecular dynamics calculations
to deduce the dynamic behavior of acetone adsorbed in Al-MIL-53-NH2.
H quadrupolar line shape analyses on the system indicate that the guest molecule exhibits at
least three different modes of motion at separated temperature ranges. However, the derivation
of reorientational models solely based on line shapes is not unique, since many degrees of
freedom are reduced to only few parameters in the spectra. Thus, quantum-chemical
calculations for different temperatures and loading states are employed to make predictions of
reorientation models possible: Systematic energy rankings yield favored orientations of the
acetone guest molecule. The reorientation patterns and paths are then analyzed based on MD
simulations of the system (cf. figure).
2

We found the reorientations accessible by acetone molecules inside Al-MIL-53-NH2 to be strongly
dependent on the acetone uptake, as guest molecules on adjacent binding sites mutually restrict
free rotation. Thus, though the 2H line shapes observed cannot be explained by a particular single
motion of the acetone molecules, they may rise from an inhomogeneous distribution of
molecules throughout separate pore channel in the host framework.
[1]
[2]
[3]

S. Bauer and N. Stock, C hem. Unserer Zeit, 2008, 42(1), 12.
J. Wack et al., J . Phys. C hem. C , 2013, 117(39), 19991.
R. R. Eckman and A. J. Vega, J . Phys. C hem., 1986, 90(19), 4679.
Figure 1: Based on the trajectory of acetone’s
methyl and carbonyl groups, molecular
dynamics simulations help formulate jump
models for the evaluation of 2H quadrupolar
solid-echo NMR line shapes.
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Rechargeable batteries are expected to be a major component of energy storage for a society
based on renewable energy. Lithium ion batteries are the most promising battery type in this
regard, and the technology has seen extensive research in the last two decades. Li3V2(PO4)3 is a
well-known candidate as a cathode material in rechargeable Li-batteries, showing good cyclic
stability, high operating potential and high theoretical capacity (197 mAh g-1) . The material
exhibits distinct potential plateaus during Li-extraction for the crystallographic distinct lithium
ions, which is typically a sign of a multiphase system where each phase determines the potential.
However, the Li-insertion mechanism is known to depend significantly on the potential windows
used during Li-extraction, which determines whether two or three Li-ions are extracted.
Specifically, when extracting all three Li-ions, some of the plateaus disappear, which may indicate
solid solution behavior. This solid solution behavior is usually associated with a poorer cyclic
stability, but may at the same time contribute to better discharge kinetics. To investigate the
nature of the charge/discharge mechanisms, a series of Li3V2(PO4)3 cathodes were prepared and
studied by operando synchrotron radiation powder X-ray diffraction using different potential
windows. Synchrotron radiation offers the brilliance and penetrating power to investigate
structural changes in cathode materials during charge and discharge. Nuclear magnetic
resonance spectroscopy is known to be an excellent complementary technique to diffraction, as
it is able to probe amorphous as well as crystalline phases. The oxidation states of vanadium was
thus investigated by ex situ 51V MAS SSNMR measurements of LixV2(PO4)3 at different stages of
lithium contents, x.
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Lamivudine (b-L-2',3'-dideoxy-3'-thiacytidine, 3TC) is a nucleoside-based anti-HIV/HBV drug that
has provided insights into the nucleic acid double-stranded helix assembly. Here, we report the
third structural example in which nucleosides are base-paired and helically base-stacked. A DNAlike double stranded helix was prepared cocrystallizing lamivudine with fumaric acid. We have
named it as lamivudine duplex III. When substituting maleic acid present in the first example of
lamivudine duplex for its trans-stereoisomer, the formation of a DNA-mimicry is still observed.
Lamivudine duplex III exhibits both base pairing motifs present in the antecedent duplexes. In
this structure, there are four protonated lamivudine molecules paired in-plane with four neutral
ones. These base pairs are held together through three hydrogen bonds as occurs in lamivudine
duplex I. But, contrarily to the duplex I with pairing between neutral and cationic drug units only,
the duplex III has one neutral 3TC=3TC pair in its asymmetric unit. These molecules are kept in
contact through only two peripheral N―H•••O hydrogen bonds as in two of the three neutral
lamivudine pairs of the second example of lamivudine duplex. In both structures, each neutral
pair is face-to-face stacked on top of one another and face-to-tail stacked on bottom of another
one. Another remarkable feature of the duplex III is in its fiber periphery. There are hydrogen
bonds between the 5’-OH moieties of neighbor pairs pointing in the direction of the missing
phosphodiester linkages that would covalently bond two adjacent monomers in the strand.
Furthermore, the geometry of these interactions reveals the antiparallel orientation of each
strand relative to one another. 13C CP/MAS NMR and powder X-ray diffraction analyses have also
revealed loss of long-range order upon grounding lamivudine duplex III crystals. Such
phenomenon can be related to its low melting temperature. In addition, solid state 15N NMR
spectra has reinforced the protonation pattern of lamivudine duplex III. At last, this study adds
knowledge on lamivudine versatility to assemble DNA-mimicry in crystals even without the
covalent phosphodiester linkages as well as duplex formation with rational counterion
replacement means base-paired and helically base-stacked structures of nucleosides can be
successfully engineered.

Figure 1: Here the third example of a base-paired and helically
base-stacked structure of nucleosides can be successfully
engineered using a rational approach to counterion selection
and it was characterized by X-ray diffraction and 13C and 15N
CP/MAS NMR techniques.
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Diethylcarbamazine (DEC) is an anthelmintic drug used against Wuchereria bancrofti, a
nematode responsible for causing the filariasis, an endemic disease in some regions of tropical
countries [1]. The most known symptom of this disease is the massive lymphedema, caused by
the presence of the nematodes in the lymphatic vessels. At room temperature it is difficult to get
a stable solid form of the free base DEC and, therefore, a citrate form is prepared (figure 1) [2].
Although this drug has been used for a long time its crystalline structure is not fully understood,
mainly because of the mobility of the ethyl groups of DEC. These groups are the main responsible
for some phase transitions at low temperature [1]. Certainly this behaviour affects the
intermolecular contact between free base and its counter ion. In this contribution experimental
solid state NMR techniques are allied to GIPAW calculations in order to predict how this
intermolecular contact takes place. For this purpose, 1D and 2D experiments were carried out by
observing 1H, 13C, 14N and 15N nuclei, including 13C{1H}-CPMAS, 15N{1H}-CPMASNQS, 2D-13C{1H}PMLG-HETCOR, 1H-14N-HMQC and 2D 1H-DQ-MAS. 13C{1H} and 15N{1H}-CPMAS allied to GIPAW
calculations allowed to assign unequivocally the carbon-13 and nitrogen-15 isotropic chemical
shifts. Additionally, 15N{1H}-CPMASNQS and 1H-14N-HMQC experiments permitted to assign the
protonated site of the free base DEC. The 13C{1H}-PMLG-HETCOR at short contact time permitted
to obtain the isotropic 1H chemical shifts, based on direct correlations. Indirect correlations
mediated by spin diffusion at longer contact times at 13C{1H}-PMLG-HETCOR experiment could
provide information about the intermolecular contact between the protonated DEC and the
citrate unit. The 2D 1H-DQ-MAS experiment was also carried out to obtain precise information
about the intermolecular contact.
[1] C rystal Growth & Design 10 (7), 3094–3101, 2010.
[2] Bulletin of the World Health Organisation 37(3), 405-14, 1967.
Acknowledgement: University of Warwick, FAPESP (2009/13860-2; 2015/21708-7)

Figure 1. Chemical structure of the diethylcarbamazine citrate.
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Metal-organic frameworks and other nanoporous hybrid materials have widespread applications
in energy and environmental applications, but the pathway from laboratory synthesis to
practical implications is substantially challenging. More specifically, these framework materials
often present an arduous challenge for structure determination due to their relatively poor
crystallinity, low symmetry and large unit cell volumes that make the indexation of their powder
X-ray patterns very complex and thus requires more efficient tools for step-wise modeling,
screening and characterization. Inspired by the concept of molecular building units [1], we have
developed a software for such structure solution based on a revisited version of the Automated
Assembly of Structure Building Units (AASBU) method [2]. As a first step, this computational tool
has been thoroughly validated on a series of experimentally-known MOF structures. The
software has been further able to successfully predict some recently synthesized novel Ti- and
Zr-based MOFs. As the software is under active development, we are confident that in the near
future we will present a mature version of the software to the scientific community which will
allow the determination and in silico prediction of novel structures that are created by more
advanced and complex organic, inorganic and hybrid clusters.
[1] M. Eddaoudi, D. B. Moler, H. Li, B. Chen, T. M. Reineke, M. O’Keeffe, and O. M. Yaghi, Acc. Chem. Res. 34,
319 (2001).
[2] C. Mellot-Draznieks, J. Dutour, and G. Férey, Angew. Chemie - Int. Ed. 43, 6290 (2004).
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Crystal structures determined using diffraction methods are generally preserved in structure
databases, such as the Cambridge Structural Database (CSD). While the diffraction community
has many internal verification processes (e.g., checkCIF), very little has appeared in the literature
regarding crystal structure verification using independent experimental techniques. As solidstate nuclear magnetic resonance (SSNMR) is a very sensitive probe of local structure and
dynamics, it appears natural that SSNMR methods may be able to complement these existing
verification protocols. With the goal of developing SSNMR crystal structure verification tools that
may be generally applied to powdered molecular organics, we present our analysis of repeat
crystal structures in the CSD. We surveyed over 200 000 organic crystal structures, and find about
6 500 repeat structure determinations of the same polymorphic form under similar measurement
conditions. We establish the typical local disorder motifs which are present when comparing
repeat structures pairs. Using gauge-including projector augmented-wave density functional
theory (GIPAW DFT), we determine which structure pairs do not relax to the same energy
minimum structure (according to the method of van de Streek and Neumann1). Magnetic
shielding calculations are performed to establish 1H and 13C NMR spectral signatures associated
with the various types of local disorder, and we postulate if a given pair could be distinguished
using SSNMR techniques. As the local disorder in these repeat structures typically involves H
positions, methods such as powder X-ray diffraction would rarely be expected to offer a
conclusive distinction. We outline an example where we consider repeat structure
determinations of furosemide, which differ in the placement of a single H atom, using
experimental SSNMR methods.2 Interestingly, we find that not only are SSNMR methods (when
paired with GIPAW DFT calculations) able to distinguish between the two furosemide structures,
but we can verify the crystal structure of one form, while providing substantial evidence that the
other CSD structure is not valid.
[1] van de Streek, J.; Neumann, M. A. Acta C ryst. B, 2010, B66, 544. [2] Widdifield, C.M.; Robson, H.;
Hodgkinson, P. C hem. C ommun., 2016, Advance Article.
Figure 1: Heavy atom molecular RMSDs vs. maximum
atomic displacements for ca. 4200 repeat crystal
structure pairs in the CSD, colour-coded by local
disorder type.
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We aim at realizing selective host-guest interactions in MOFs by introducing stereoelectronic
recognition sites [1] which opens up numerous applications in separation of gases and
adsorption from liquids, sensing and catalysis [2]. A promising path for this concept is to create
multiple hydrogen bond patterns on the inner surface via postsynthetic modification (PSM).
Thus, target molecules bearing a complementary hydrogen bond sequence to the host are
expected to be preferably adsorbed according to the key-lock principle.
To be able to incorporate such bulkier anchor molecules, we employed the mesoporous MIL-101
(Al, Cr) frameworks whose amino groups were converted to pyridyl urea groups (92 % urea). The
capability of the pyridine urea (DDA) bearing frameworks (MIL-101-URPy) was then investigated
to discriminate 2-aminopyridine (2-AP, acceptor-donor) against its stereoisomer 3aminopyridine (3-AP) by comparing their adsorption capacities with the ones on the amino
MOFs using gas chromatography data.
Competitive batch adsorption studies revealed that the selectivity of 2-AP over 3-AP was
inverted and substantially increased by a factor of three on Al-MIL-101-URPy with respect to AlMIL-101-NH2. The preferred arrangements of the guest molecules with respect to the functional
groups were modeled by density functional theory calculations. They prove the selectivity for 2AP on Al-MIL-101-URPy whose binding energy is at least 30 kJ/mol higher than for 3-AP. The
calculated 15N NMR shifts of the optimized binding schemes are fully consistent with the
experimental ones of Al-MIL-101-URPy. Hence, the urea -NH fragment remote from the linker and
the pyridine nitrogen of Al-MIL-101-URPy bind to 2-AP via complementary double hydrogen
bonds. Solid-state 13C NMR on the Cr-MIL-101 frameworks revealed spin polarization of the
aromatic carbons solely for 3-AP due to a π-delocalization mechanism induced by the unpaired
electrons in the t2g orbitals of Cr3+. This indicates coordination of 3-AP to the open metal sites of
Cr-MIL-101 and gives rise to the enhanced adsorption capacities of 3-AP and selectivities over 2AP on the amino-functionalized MIL-101 frameworks.
[1] Q. Li, W. Zhang, O. Š. Miljanic, C. Sue, Y. Zhao, L. Liu, C. B. Knobler, J. F. Stoddart, O. M. Yaghi, S cience
2009, 325, 855-858.
[2] G. Fèrey, C hem. S oc. R ev. 2008, 37, 191.
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Organic materials featuring ferroelectric polarisation are attractive candidates for easily
processable, low-cost electric sensors, electro-optics and ferroelectric memory devices1. For the
development of ultrahigh density memories, columnar phases with polarisation along the
column axes gained increasing interest because single columns might ultimately function as a
single memory element2. All approaches for creating such phases, as for all ferroelectric
materials, focus on ordering dipole moments by creating molecular ordering schemes through
supramolecular interactions between molecules.
We show that geometric frustration of axially polar supramolecular columns arranged in a
hexagonal rod packing may be utilised to create domains exhibiting spontaneous polarisation
in organic materials. The frustration prohibits an orderly cancellation of the polymers’ dipole
moments so that polar domains emerge on the mesoscale due to the increased sensitivity of the
system to small intercolumnar packing effects. In analogy to frustrated antiferromagnets, we use
total scattering methods in combination with Monte-Carlo simulations of two-dimensional Ising
models to understand the observed dipole arrangements of different model systems. We show
that a significant range of Ising ground states, i.e. of different domain structures, is accessible
through variations in the effective supramolecular interactions encoded in the chemical
structure of the molecular synthons.
1 Horiuchi, S. & Tokura, Y. Organic ferroelectrics. Nature Mater. 7, 357–366 (2008).
2 Takezoe, H. Kishikawa, K. & Gorecka, E. Switchable columnar phases. J . Mater. C hem. 16, 2412-2416
(2006).
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Meta-aminobenzoic acid, m-ABA has five known polymorphic forms. Three exist as zwitterions
(forms I, III and IV) and two in the neutral state (forms I and IV). The crystal structure of four of
these forms is known, but the fifth (form-I) remain unsolved[1]. m-ABA is therefore an interesting
candidate for NMR crystallography studies.
In recent years the AIRSS (Ab Initio Research Structure Search) has been applied to predict
unknown crystal structure in a wide variety of materials, with a particular emphasis on highpressure phases of inorganic structures [2]. Here we apply the AIRSS (Ab Initio Research Structure
Search) procedure to explore the polymorphs of m-aminobenzoic acid (m-ABA). As part of the
procedure we use the periodic density function code CASTEP with a dispersion corrected GGA
functional. In order to preferentially select zwitterionic structures is it necessary to employ
minimum intermolecular atom-atom restraints within the structure generation.
We show that AIRSS can predict known polymorphs of mABA, as well as new, as yet unknown,
forms. In particular, we address the challenge of automatically classifying the many hundreds of
structures generated by AIRSS.
The concept of “NMR Crystallography” relies, at least for molecular solids, on the sensitivity of
NMR parameters to the packing in the crystal lattice. To this end we also introduce a straightforward scheme to identify the origin of crystal packing effects on the magnetic shielding - this
enables changes at a particular chemical site to be associated with particular neighbouring
molecules and functional groups.
[1] P. A. Williams, C. E. Hughes, G. K. Lim, B. M. Kariuki, and K. D. M. Harris, Cryst. Growth Des., 2012, 12, 3104
[2] Chris J Pickard and R J Needs 2011 J. Phys.: Condens. Matter 23 053201
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