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Attendees at the 2013 Annual Symposium that took place at the University of Warwick on Thursday 11th April.

Contents

Introduction 8 Organization and Management of the Facility 4 What is the Facility? 5 Nuclei tested in Double Resonance Mode

6 Time Allocation 7 Results from User Questionnaire Feb 2013 — Jan 2014 8 The UK 850 MHz Solid-State NMR Facility 3¢
Annual Symposium 9 Publications 10 PhD Theses 11 The UK 850 MHz Solid-State NMR Facility PhD Travel Fund & Conference
Publicity Support 12 User Reports 13 User comments 61



Introduction

e are pleased to present our fourth annual report showcasing the breadth of

high-quality scientific research that has been performed at the UK 850 MHz

Solid-State NMR Facility in the last year. The Facility was originally funded for five
years, starting in January 2009, by a grant from EPSRC (with a 10% contribution from BBSRC)
to a consortium of UK solid-state NMR spectroscopists who form the National Management
Committee of the Facility, with additional financial contributions from the University of Warwick (in
part through the Birmingham Science City Advanced Materials Projects 1 and 2, supported by
Advantage West Midlands) and the European Regional Development Fund.

We were delighted when, earlier this year, EPSRC announced an extension of the original grant
by a further 12 months, meaning that the Facility is now fully funded till January 2015 and
bringing the total value of the grant to nearly £4M. Having welcomed the first visiting scientists in
February 2010, the Facility has demonstrated itself to be an extremely valuable shared resource
for the UK scientific community, with researchers from more than 20 different institutions carrying
out experiments in a range of disciplines including chemistry, materials science, Earth sciences,
biology and physics.

The use of high magnetic fields in NMR spectroscopy brings increases in both resolution and
sensitivity, and so the 850 MHz Facility enables experiments to be performed that are simply
impossible at lower fields. High magnetic fields are particularly important for quadrupolar nuclei
(such as "0, ®Mg, **S and "'Ga), with an additional gain in resolution owing to the reduction

in quadrupolar line broadening. This report presents descriptions of the research carried out

at the Facility in its fourth year of operation. Examples of this work have been published this
year in leading international journals, including Chem. Sci., J. Phys. Chem., Phys. Chem.
Chem. Phys. and Acc. Chem. Res. Particular highlights in this report include a "'Ga NMR
study of gallophosphates, high-resolution two-dimensional NMR spectroscopy of %3 at natural
abundance (0.76%), *Nb fast-MAS NMR of ion conductors, the measurement of 'H chemical
shift anisotropies under fast-MAS conditions, studies of zinc phosphates by *Zn NMR, "°C NMR
studies of whole plant stems, and a study of the binding of water molecules to an immobilised
enzyme biocatalyst by '"O multiple-quantum filtration NMR.

The third Annual Symposium of the Facility was held in April 2013, and attracted 67 registered
attendees, with talks by graduate students, postdoctoral researchers and Pls from 8 different
institutions, as well as a presentation by a member of the International Advisory Board. This
meeting presents an excellent opportunity for researchers around the country to discuss

new scientific advances, and provides graduate students in particular with the opportunity to
meet each other and to present their work. The Facility is looking forward to welcoming both
experienced and new users during the upcoming year, with the Facility Manager available to
advise those less familiar with the technique, before, during and after a visit.

In conclusion, we hope you enjoy reading about the exciting science carried out at the UK 850
MHz Solid-State NMR Facility, and we look forward to another successful and productive year.

Further details of the Facility can be found on our website: http://go.warwick.ac.uk/850mhz/
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Organization and Management
of the Facility

The UK 850 MHz solid-state NMR Facility was established with
the aid of several linked research grants from EPSRC. The eight
investigators on the grant comprise the National Management
Committee (NMC) which determines the strategic objectives for
the Facility and the procedures by that these are to be achieved.
The NMC meets twice a year, communicating informally more
frequently as the need arises. The operation of the Facility is the
responsibility of the Local Management Team (LMT) comprising
the Facility Manager (FM) who is an ex-officio member of the
NMC and the Warwick-based NMC chair. The duties of the
Facility Manager include maintaining the instrumentation and
assisting visitors to the Facility with their experiments. The
management of the Facility is overseen by the International
Advisory Board (IAB) which is made up of three eminent solid-
state NMR spectroscopists from overseas: Chris Jaroniec (Ohio),
Arno Kentgens (Nijmegen, until April 2013), Dominique Massiot
(Orléans, from May 2013), Roderick Wasylishen (Alberta). The
terms of reference of the NMC and IAB, the remit of the LMT and
the duties of the FM are available on the Facility website.

International
Advisory
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Local National Time
Management Management Allocation
Team Committee Panel
»
Facilty
Manager

Users

Time Allocation Process

All UK academics who are eligible to apply for Research Council
funding, as well as UK researchers of similar standing in industry,
may apply for an allocation of spectrometer time at the Facility.
Users are expected to run their own experiments with the
assistance of the Facility Manager, so personnel with previous
solid-state NMR experience should be identified to visit the
Facility and carry out the research (inexperienced users should
contact the Facility Manager in advance, to agree a collaborative
arrangement with the Facility Manager relating to the Facility

Manager’s role in carrying out the experiments). A minimum

of 80% of the available time is allocated by an independent

Time Allocation Panel (TAP) that comprises three UK scientists,
including one member of the NMC, as well as the Facility
Manager in an ex-officio capacity. The balance is allocated by the
NMC and is reserved for fast-track applications, measurements
referred from the EPSRC solid-state NMR service, the Facility
Manager’s designated research time, to compensate users who
were unable to take up their allocated time because of instrument
downtime, and a small number of maintenance days. Members
of the TAP normally serve for a two-year term.

There are two allocation rounds each year for time, each covering
a six-month period, starting in either February or August,
corresponding to deadlines of November 30th and May 31st.
Previous users of the Facility are notified of upcoming deadlines
by email. Previous time allocations and instructions for applicants
are given on the Facility website. The main criterion for allocating
time is overall scientific merit, as well as the quality of the case
made for high-field solid-state NMR. Where appropriate, the TAP
will consider additional factors, such as the quality of publications
arising from previous allocations of time and whether the research
is supported by peer-reviewed grants or involves students funded
by EPSRC or BBSRC. The TAP is charged with ensuring that

the balance of the allocated time broadly reflects the research
objectives of the original grant and with providing feedback

for unsuccessful applicants. During the TAP meeting, the

Facility Manager gives advice on the feasibility of the proposed
experiments and the spectrometer time required.

The maximum time that can be requested by an individual
applicant during any allocation round is 28 days, but this can

be split between several applications. It is a condition that the
Facility is mentioned in any publication arising wholly or partly
from an allocation of time. Furthermore, a user report must be
produced by the original applicant no later than the 7th of the
month following the end of the specific six-month time-allocation
period, i.e., 7th February or 7th August. Applications are not
accepted from users who have outstanding reports from previous
allocations of time. The code for all NMR pulse sequences
implemented by users on the Facility’s spectrometer must be
deposited in a shared database. If the experiment is a new one,
the code will only be made available to other users after the
pulse sequence has been published. Reasonable travel costs
associated with the use of the facility will be paid to academic
users. The Facility rents accommodation on the University of
Warwick campus for use by Facility visitors.

TAP membership (2013): Chair: Sharon Ashbrook, St Andrews;
non-NMC members: Kenneth Harris, Cardiff (up to the February
2013 round), Paul Hodgkinson, Durham (for the August 2013
round onwards) & Phil Wiliamson, Southampton.



UK 850 MHz Solid-State NMR Facility Probes

No Probe

—_

3 mm probe HXY (+19F) conventional insert design H13863
2.5 mm HXY DBB (double-broadband) H13856
2.5 mm HX (+19F) H13889
2.5 mm HFX H13894
3.2 mm HXY DBB (double-broadband) H13857
3.2 mm HXY low E field for biosolids LLC H13900
3.2 mm HXY conventional insert design H13888

4 mm HXY conventional insert design (+19F) H13694

4 mm HX (low gamma) H13892 850 MHz spectrometer and probes.

Probes 1 to 11 were supplied by Bruker. Maximum
7 mm X (low gamma) H13895 MAS frequencies: 4 mm probes 15 kHz; 3.2 mm
Static probes 24 kHz, 2.5 mm probes 35 kHz; 1.3 mm
probe 65 kHz. All 3.2 mm and 4 mm MAS probes are
equipped with DVT stators and can operate between
13 | DOR probe (produced by Samoson group, Tallinn, Estonia) —140 °C and + 150 °C.
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1 mm HX (produced by Jeol)

Probe usage 2010 and 2013
Year 1 to Year 4 (Round 1 to Round 8) Number of days

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440
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Time Allocation

469 days requested by 28 Pls from 13 different institutions (Barts and The London School of Medicine and Dentistry, Cambridge, Cardiff, Glasgow, ISIS,
Lancaster, Liverpool, Nottingham, Sheffield, Southampton, St Andrews, Strathclyde and Warwick). 319 days allocated by the Time Allocation Panel.

Requested time

Qutside Warwick
and non-NMC 52%

NMC outside Warwick 13%
Warwick NMC 10%
Warwick non-NMC 25%

Requested time

Advanced materials 19%
Bio-materials 15%

Energy materials 15%
Methods development 14%
Proteins 16%

Pharmaceuticals and
self assembly 22%

Requested time

EPSRC 41%

BBSRC 27%

Other agencies 12%
Industrial 7%

No external funding 13%

Projects with more than one funding source were counted only once. Other agencies that are funding facility users are: STFC, Leverhulme Trust, Royal Society,

Allocated time

Outside Warwick
and non-NMC 53%

NMC outside Warwick 15%
Warwick NMC 10%
Warwick non-NMC 22%

Allocated time

Advanced materials 21%
Bio-materials 12%

Energy materials 15%
Methods development 16%
Proteins 21%

Pharmaceuticals and
self assembly 15%

Allocated time

EPSRC 40%

BBSRC 25%

Other agencies 13%
Industrial 8%

No external funding 14%

Wellcome Trust, EU, agencies from Chile, France, Greece, Irag, Sweden and the USA as well as industry (AWE, Bruker, Dupont, GSK, Nissan and NDA).

Spectrometer time
Feb 12013 —Jan 31 2014

day, 7 days a week)

TAP allocated days 84%
Facility manager research 10%
Maintenance 2%

Fast track 3%

Compensation 1%

*

(the facility operates 24 hours a

Facility users
Feb 12013 -Jan 31 2014

Pls 28

EPSRC PhD students* 14
BBSRC PhD students 2
Other PhD students™ 12
PDRAs** 8

UG student 1

Research staff 3
Overseas collaborators 3

One student patrtially funded by industry
“* 5 overseas (Chile, France, Iraq, Italy), 3 UK university funding, 2 industrial, 2 self-funded
“* 3BBSRC, 1 ESPRC, 1 Leverhulme Trust, 3 EU Funding



Results from User Questionnaire
Feb 2013 - Jan 2014

Facility users are asked to complete feedback questionnaires
which contain a series of questions and provide the opportunity
for visitors to make comments and suggestions. The responses

are graded from 1 (least satisfied) to 5 (most satisfied). The average
scores are based on the responses from 12 Pls and 24 visitors for

visits over the period February 2013 to January 2014.

Section 1 to be completed by the PI
Application for time

1 Ease of application process

2 Transparency of application process

3 Feedback on any unsuccessful time request

Scheduling of time awarded

4 Scheduling of your time by the facility

Overall impact

5 Quality of results obtained

Section 2 to be completed by the visitor
Accommodation

6 Ease of arranging accommodation

7 Quality of accommodation

8  Location of accommodation

At the 850 MHz Facility

9  Support from the Facility Manager upon arrival

10 Support from the Facility Manager throughout your visit

11 Quality of the NMR facilities

12 Quality of the sample preparation area and storage facilities
13 Ease of access to the facility out of hours

14 Your overall time at the facility

Post visit experience

15 Arrangements for accessing data

16 Arrangements for returning any samples
17 Reimbursement of expenses

Question

Average scores from feedback questionnaires
over period Feb 2013 - Jan 2014

Average score
2
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3rd Annual Symposium

Thursday 11 April 2013
Millburn House, University of Warwick
Symposium Organiser: Ray Dupree

List of talks
1 ‘Fast Magic Angle Spinning at High Fields: Advancements in 'H detection and Protein Dynamics’
Jozef Lewandowski (University of Warwick)

2 ‘NMR of Enzymes Immobilised on Silica Surfaces’
Nicole Fauré (University of Glasgow)

3 ‘Discovering New Aspects of Crystallization Processes by In-Situ NMR Studies’
Colan Hughes (Cardiff University)

4 ‘Solid-State NMR Investigation of GaPO-34’
Daniel Dawson (University of St. Andrews)

5 ‘Understanding Heteronuclear Decoupling at High Magnetic Fields and MAS rates’
Paul Hodgkinson (Durham University)

6 ‘Measuring Proton Shift Anisotropies with Ultrafast MAS’
Habeeba Miah (The University of Nottingham)

7 ‘High Field Solid-State NMR studies of Proton-Conducting Ceramics’
Luke Sperrin (University of Cambridge)

8 ‘Pinpointing Ligand Binding Sites within Amyloid Fibrils Using Solid-State NMR’
David Middleton (University of Liverpool)

9 ‘Exploring the Structure of Alzheimer’s Amyloid Aggregates Using High Field Solid-State NMR’
Robert Kelly (University of Warwick)

10 ‘Hunting for Hydrogen in Wadsleyite: Multinuclear Solid-State NMR and First-Principles Calculations’
Sharon Ashbrook (University of St Andrews)

11 ‘Solid-State NMR Structural Studies of Proteins Using Paramagnetic Probes’
Christopher Jaroniec (Ohio State University)



Publications

‘Exploiting the Synergy of Powder X-ray Diffraction
and Solid-State NMR Spectroscopy in Structure
Determination of Organic Molecular Solids’

D.V. Dudenko, PA. Williams, C.E. Hughes, O.N. Antzutkin,
S.P. Velaga, S.P. Brown, K.D.M. Harris

J. Phys. Chem. C, 117, 12258-12265 (2013)

‘Measuring Proton Shift Tensors with Ultrafast MAS NMR’
H.K. Miah, D.A. Bennett, D. luga, J.J. Titman
J. Magn. Reson. 235, 1-5 (2013)

‘A Multinuclear Solid State NMR, Density Functional
Theory and X-Ray Diffraction Study of Hydrogen Bonding
in Group | Hydrogen Dibenzoates’

G.J. Rees, S.P. Day, A. Lari, A.P. Howes, D. luga, M.B. Pitak,
S.J. Coles, T.L. Threlfall, M.E. Light, M.E. Smith, D. Quigley,
J. D. Wallis, J.V. Hanna

CrystEngComm, 15, 8823-8839 (2013)

‘Whewellite, CaC,0,.H,O: Structural Study by a Combined
NMR, Crystallography and Modelling Approach’

H. Colas, L. Bonhomme-Coury, C. Coelho Diogo, F. Tielens,
F. Babonneau, C. Gervais, D. Bazin, D. Laurencin, M.E. Smith,
J.V. Hanna, M. Daudon, C. Bonhomme

CrystEngComm, 15, 8840-8847 (2013)

‘Structural Study of Calcium Phosphonates: a Combined
Synchrotron Powder Diffraction, Solid-State NMR and
First-Principle Calculations Approach’

S. Sene, B. Bouchevreau, C. Martineau, C. Gervais,
C. Bonhomme, P. Gaveau, F. Mauri, S. Bégu, P.H. Mutin,
M.E. Smith, D. Laurencin

CrystEngComm, 15, 8763-8775 (2013)

‘Application of NMR Crystallography to the Determination
of the Mechanism of Charge-Balancing in Organocation-
Templated AIPO STA-2’

V.R. Seymour, E.C.V. Eschenroeder, M. Castro, P.A. Wright,
S.E. Ashbrook

CrystEngComm, 15, 8668-8679 (2013)

‘Advances in Solid-State Relaxation Methodology
for Probing Site-Specific Protein Dynamics’

J.R. Lewandowski

Acc. Chem. Res., 46, 2018-2027 (2013)

‘Water in the Earth’s Mantle: a Solid-State NMR Study
of Hydrous Wadsleyite’

J.M. Griffin, A.J. Berry, D.J. Frost, S.Wimperis, S.E. Ashbrook
Chem. Sci., 4, 1523-1538 (2013)

‘High-Resolution Solid-State NMR of Lipid Membranes’
B.B Bonev

Advances in Planar Lipid Bilayers and Liposomes, 17, 299-
329 (2013)

‘Expanding the Solid-State Landscape of L-Phenylalanine:
Discovery of Polymorphism and New Hydrate Phases,
with Rationalization of Hydration/Dehydration Processes’

P.A. Williams, C.E. Hughes, A.B.M. Buanz, S. Gaisford,
K.D.M. Harris

J. Phys. Chem. C, 117, 12136-12145 (2013)

‘Spectral Assignments and NMR Parameter-Structure
Relationships in Borates Using High-Resolution "'B NMR
and Density Functional Theory’

O.L.G. Alderman, D. luga, A.P. Howes, K.J. Pike, D. Holland,
R. Dupree

Phys. Chem. Chem. Phys., 15, 8208-8221 (2013)

‘Probing Hydrogen Bonding in Cocrystals and Amorphous
Dispersions Using "“N-'"H HMQC Solid-State NMR’

A.S. Tatton, T.N. Pham, F.G. Vogt, D. luga, A.J. Edwards,
S.P. Brown

Mol. Pharm., 10, 999-1007 (2013)

‘High-Resolution Solid-State °C NMR Spectroscopy
of the Paramagnetic Metal-Organic Frameworks, STAM-1
and HKUST-1’

D.M. Dawson , L.E. Jamieson , M.H. Mohideen,
A.C. McKinlay, I.A. Smellie, R. Cadou, N.S. Keddie,
R.E. Morris, S.E. Ashbrook

Phys. Chem. Chem. Phys., 15, 919-929 (2013)

In addition, users reported 28 talks and 18
posters at conferences and seminars in 2013,

where results obtained at the UK 850 MHz
Solid-State NMR Facility were presented.




PhD Theses
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PhD Travel Fund

The UK 850 MHz Solid-State NMR Facility PhD travel fund
supported by Bruker provides funding for: (a) attendance at an
internationally recognised, high-profile conference where a PhD
student presents results he/she obtained at the 850 MHz Facility,
or (b) a “start-up” visit to another lab to learn new methods to

be implemented at the 850 MHz Facility. For further details see:
http://go.warwick.ac.uk/850mhz/travel_fund/

¢ Nicole Fauré (University of Glasgow) awarded £1000 to
attend the 8th Alpine Conference on Solid-State NMR in
Chamonix Mont-Blanc, France, (September 2013) and
present a poster entitled Improved Understanding of
Immobilised Enzymes Using Solid-State NMR.

¢ Robert Kelly (University of Warwick) awarded £900 to attend
the 8th Alpine Conference on Solid-State NMR in Chamonix
Mont-Blanc, France (September 2013) and present a poster
entitled Exploring the Structure of Alzheimer's Amyloid
Aggregates with Copper Using Solid-State NMR.

e Jonathan Lamley (University of Warwick) awarded £1000
to attend the 8th Alpine Conference on Solid-State NMR
in Chamonix Mont-Blanc, France, (September 2013) and
present a poster entitied Site-Specific "°C R, Relaxation
Measurements in Proteins in the Solid State.

e Scott Sneddon (University of St Andrews) awarded £1000
to attend the 8th Alpine Conference on Solid-State NMR in
Chamonix Mont-Blanc, France (September 2013) and present
a poster entitled Exploiting the *'P Chemical Shift Anisotropy
of Aluminophosphates.

In order to facilitate the publicising of the capabilities of solid-
state NMR to new users, the UK 850 MHz Solid-State NMR
Facility offers support for Pls or PDRAs to present results at
UK conferences. For further details see: http://go.warwick.
ac.uk/850mhz/conference-publicity-funding/

e Steven Brown (University of Warwick) awarded £500 to
attend the 21st International Conference on the Chemistry
of the Organic Solid State (ICCOSS) in Oxford (August 2013)
and present a talk entitled Solid-State NMR Spectroscopy of
Organic Solids: Probing Structure-Directing Interactions.



The UK 850 MHz
Solid-State NMR Facility
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Investigating the Efficiency of “FAM-N” Pulses
in MQMAS Experiments at High MAS Rate

Henri Colaux, Daniel M. Dawson and Sharon E. Ashbrook

School of Chemistry and EaStCHEM, University of St Andrews

Overview

Quadrupolar nuclei comprise 75% of all NMR-active nuclei, yet their study is more challenging than spin | = 1/2 nuclei, owing to

the presence of second-order quadrupolar broadening, which cannot be removed completely under magic-angle spinning (MAS).
The introduction of the multiple-quantum (MQ) MAS technique' provided a convenient and efficient way to investigate quadrupolar
nuclei through the separation of each component of the signal according to their respective quadrupolar coupling constants and
isotropic chemical shifts. However, this method often suffers from inherently poor sensitivity, decreasing significantly as the MAS rate
increases.” As shown in Figure 1, a MQMAS experiment consists of at least two pulses: one to excite multiple-quantum coherences
and the other to convert these to observable single-quantum coherences. It has been established that this second conversion
using a single pulse, as proposed in the original MQMAS experiment, has poor efficiency and numerous alternative conversion
pulses have been proposed in the literature, including the SPAM,® FAM-1,* FAM-II,* and DFS® pulses shown in Figure 1b. We have
recently developed an alternative approach, using computationally pre-optimised composite pulses, termed FAM-N, consisting

of a succession of N subsequent and oppositely phased pulses, optimised independently using a program built on MATLAB and
SIMPSON. This method results in significant signal enhancements over a single conversion pulse at MAS rates between 6 and 20
kHz. In this work we investigate the performance of a number of MQMAS conversion pulses at high MAS rate.

MQMAS experiments at fast MAS rate

In order to assess the performance of FAM-N (and other conversion pulses) under fast MAS conditions, MQMAS spectra have been
recorded for RbNO, at a MAS rate of 75 kHz using the 1 mm JEOL MAS probe. The isotropic spectra (showing three distinct Rb sites)
are shown in Figure 1c. The signal observed using FAM-N (where N = 15) is ~2.2 times that obtained using a single pulse, and also has
better sensitivity than the other approaches. The signal improvements found are comparable to those observed at lower MAS rates.

Excitation Conversion c
180°
Kty FAM-N 2.2
kKt+t k't DES 18
SPAM 1.4

FAM-II

b M SinglePuise Je% SPAM

..- FAM-II H FAM-I /

Ml oFs JMIW FAM-N 8, (ppm)

Figure 1. (a) Typical MQMAS (split-t, shifted echo) pulse sequence, (b) pulses for the conversion of triple- to single-quantum
coherences and (c) isotropic ¥Rb (20.0 T, 75 kHz MAS) MQMAS spectra of RbNO,, recorded using the sequence in (a), with the
pulses shown in (b).

References

1. Frydman, L.; Harwood, L. J. Am. Chem. Soc. 1995, 117, 5367.

Amoureux, J. P.; Fernandez, C.; Frydman, L. Chem. Phys. Lett. 1996, 259, 347.
Gan, Z.; Kwak, H.-T. J. Magn. Reson. 2004, 168, 346.

Madhu, P. K.; Goldbourt, A.; Frydman, L.; Vega, S. Chem. Phys. Lett. 1999, 307, 41.
Kentgens, A. P. M; Verhagen, R. Chem. Phys. Lett. 1999, 300, 41.
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High-Field 'O Solid-State NMR Investigation
of Y, Sn, Zr 'O,

Scott Sneddon,’ Frédéric Blanc® and Sharon E. Ashbrook’

'School of Chemistry and EaStCHEM, University of St Andrews

“Department of Chemistry, University of Liverpool

Overview

Pyrochlore materials, with the general formula A,B,O,, have important applications as components of SYNROC, a ceramic wasteform
used to safely encapsulate the radioactive actinides and lanthanides present in nuclear waste." The stability of the pyrochlore phase
depends upon the ratio of the radii of the A and B cations, r,/r;. When r,/r, is between 1.46 and 1.78, the pyrochlore structure is
favoured. However, when r,/r, < 1.46, a defect fluorite phase is formed with both cation and anion disorder. For Y,Sn, . Zr O,, a
transformation between ordered pyrochlore and disordered defect fluorite phases is expected, and a detailed understanding of

the phase(s) formed for each composition and the extent of the anion and cation disorder is crucial. Recent work on Y,Sn Ti, O,

has showed that the *Y isotropic and anisotropic chemical shift can provide detailed information about the next-nearest neighbour
environment.? In principle, O NMR should be ideal for probing both cation and anion disorder as the shielding and quadrupolar
parameters are sensitive to the nature of the neighbouring cations. In order to ease acquisition of '"O NMR spectra, our Y,Sn,_Zr,O,

materials have been post-synthetically enriched (to ~8-12%), by heating to ~1000 °C in a sealed capsule in the presence of 35% 17OQ.

"0 Solid-State NMR of Y,Sn,_2r ''0O,

The O MAS NMR spectrum of Y,Sn,"’O, in Figure 1a shows two peaks (at 173.0 and 383.9 ppm), corresponding to the OY,Sn,
and QY environments expected in the pyrochlore phase, with quadrupolar coupling constants (C,) of 3.1 and 0.05 MHz, respectively.
The O MAS NMR spectrum of Y, Zr,'"0., shows a broad resonance between 375 and 335 ppm. An '"O MQMAS spectrum (Figure
1c) reveals that this signal results from a distribution of chemical shifts and not quadrupolar broadening. This is consistent with the
defect fluorite phase, where disorder of cations and anions is expected. A number of changes in the '"O spectra are observed as x
increases: (i) a broadening of all peaks; (i) pyrochlore peaks gradually decrease in intensity, whilst broad peaks from the disordered
phase grow; (iii) an intermediate peak appears, and then decreases in intensity. The ’O MAS NMR spectrum of YZSm_SZrOQ”O7 in
Figure 1b contains additional resonances at 382.9 and 260.3 ppm, corresponding to OY,Zr, and OY,SnZr environments, respectively.
Notably, the peak at ~383 ppm is split, demonstrating the sensitivity of O NMR to more distant cation substitution. Full analysis of all
spectra should enable the relative amounts of each phase and ordering of cations and anions to be investigated.

(@) (c)

y -

~180

~200

(b) /JJ‘L
\'—'_

JL-”%O 5 (oass JL | 220

: 240

3, (ppm)

r T T T T T
400 350 300 250 200 150 T T T T
70 § (ppm) 450 400 350 300
8, (ppm)

Figure 1. 'O (20.0 T, 20 kHz MAS) NMR spectra of (@) Y,Sn,’O, and (b) Y,Sn, Zr,,'’O, and (c) MQMAS NMR spectrum of
Y, Zr,”’O, (shown after a shearing transformation has been applied).
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Overview

Achieving spectral resolution and sensitivity required for detailed structural studies is one of the main challenges for working with
biomolecular aggregates. In contrast to highly successful liquid-state multi-dimensional NMR methodology for small-size molecules,
which relies upon a high resolution in the "H dimension, a residual "H-"H dipole-dipole broadening is a large obstacle for using these
highly sensitive nuclei for structure determination of macromolecules and aggregates of a size > 50 kDa in solution or/and in the
solid state. Here we demonstrate that by combining 95 kHz magic-angle-spinning and fast recycling of experiments enabled by a
paramagnetic relaxation enhancing agent (Cu”* ions bound to amyloid aggregates) and by employing 'H-detected experiments one
can obtain high quality 2D and 3D "H-"°C and "H-"°N correlation spectra in a few hours on < 1 mg of fully-protonated Alzheimer’s
[U—WSCJ,“SN]—A[&L40 aggregates formed from agueous solutions with CuCl,, thus enabling their detailed structural studies.
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Figure 1. "H-detected "H-"°C 2D correlation spectra of <1.0 mg of fully-protonated [U-"°C,"°NJ-AB, ,, /Cu aggregates obtained at 95
kHz MAS and 850.2 MHz "H Larmor frequency. Shortening of 'H T, due to the presence of paramagnetic copper allowed the use
of a recycle delay of 0.3 s, resulting in a total experimental time of only ~50 minutes. Assignments (left panel) and BC-"H long-range
contacts (right panel) are indicated in the spectra. (The second CP *C-"H contact time / 'H-"H mixing time) were (0.2/2.0 ms) and
(1.2/1.0 ms) for the left and the right panels, respectively.
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'H-Detected Spectroscopy at ~100 kHz MAS Frequency

Fast magic-angle-spinning (95 kHz) achieved with 0.8 mm MAS instrumentation developed in Samoson’s laboratory provides a
substantial averaging of the "H-"H dipole-dipole interaction and, therefore, a significant narrowing of 'H resonance lines. In addition,
sensitivity in multi-dimensional experiments is further boosted using 'H-signal detection methodology: high quality spectra were
obtained on a range of sub-milligram samples of fully protonated Alzheimer’s amyloid peptide aggregates and toxic oligomers in

a matter of minutes to hours. Figure 1 shows two selected 2D 'H-"°C correlation spectra of < 1 mg hydrated [U-"°C,"*N]-AB,
aggregates formed in the presence of copper ions. In these experiments, after the standard 'H-"°C CP and "*C-frequency evolution,
the second "°C-"H CP was followed by a 'H-"H mixing period. Interestingly, apart from cross peaks from carbons to several nearby
protons (left panel) even a number of long-range '3C-"H contacts were detected (right panel). The latter contacts may provide very
useful structural constraints for modelling of the supramolecular structure of these aggregates. The combination of the sensitivity
enhancement using 'H-signal detection and a fast recycling (300 ms) due to the presence of paramagnetic copper ions in the sample
resulted in high-quality 2D spectra obtained in less than an hour each. Therefore, good quality 3D correlation spectra can be readily
obtained using the suggested approach in only ca. 10-24 hours. 3D spectroscopy is often necessary for obtaining a sufficiently high
spectral resolution needed for an unambiguous assignment of NMR signals and for further detailed structural studies.

Solid-State NMR of Cu-Bound Aggregated A, ,,

A role of substoichiometric levels of Cu(ll) in promoting aggregation kinetics and neurotoxicity of A peptides has been discussed
previously." In our studies, the aggregates were formed and precipitated instantly by addition of CuCl,(ag) at pH 7.0 to recombinant
[U-13C,15N]-A|3W_40. These AB,_,,/Cu aggregates are stable in aqueous suspensions for a long time. We believe that these aggregates
are a type of "kinetic trap”, because they decompose completely into monomers, when a Cu(ll)-chelating agent, such as EDTA,

is added to the solution of AR, ,,/Cu aggregates. It is also possible that AB, ,,/Cu aggregates are $-sheet rich oligomers with an
enhanced neurotoxicity. 2D "°C-"°C DARR NMR spectra obtained on [U-"°C,"*N]-AB, ,,/Cu aggregates in this study were used

for the "°C signal assignment and analysis of the secondary '°C chemical shifts, which suggest a different structure compared to
previously reported supramolecular structures of A, ,, amyloid fibrils (see Figure 2). Therefore, 2D and 3D "H-detected 'H-"°C and
'H-""N NMR spectroscopy is highly motivated for the full structure determination of this biologically-important system.
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Figure 2. (top, left) Secondary "°C chemical shifts obtained from 2D "°C-"°C DARR NMR spectra (850.2 MHz, 2.5 mm MAS probe) of
hydrated [U-"°C,°NJ-AB, ,/Cu aggregates (right). Experimental condiitions were: 20 ms DARR mixing time, 10 kHz MAS, temperature
+2°C. Obviously, p-sheet structural fragments in the copper stabilised aggregates in this study (marked by grey colour) are at different
positions in the peptide sequence compared to all previously reported structures of AB,_,, amyloid fibrils (bottom, left).

References
1. Sarell, C. J.; Wilkinson, S. R.; Viles, J. H. J. Biol. Chem. 2010, 285, 41533.



18 The UK 850 MHz Solid-State NMR Facility
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Overview

A change in the dominant Te coordination in tellurite glasses has been proposed as a qualitative explanation of the variation with
composition of a range of technologically-useful properties, including refractive index and non-linear optical response. However, for
these properties to be exploited in optical devices, we need to have a quantitative understanding of the chemical interactions which
drive the change in Te coordination number, n,. We have recently developed a model which successfully predicts n._, for modifier
oxide tellurites and which we are now testing on intermediate oxides that can also readily change their metal-oxygen coordination
numbers. Z’Al MAS NMR and DQ (double-quantum) experiments at the 850 MHz Facility have (a) assisted us in the interpretation
of neutron diffraction data from ALO,-TeO, glasses and (b) shown the proximities of the various [AIO,] species, which will help us to
understand why the model in its current form fails to predict the n,_, dependence on AL,O, content.

Background

by
o
|

Until recently, the fairly extensive literature on alkali tellurite glasses has
concluded that the addition of modifier oxide A,O, (where z is the cation
valence) to TeO, produces a progressive change in tellurium environment
from 100% [TeO,E] pseudo-trigonal bipyramid units (E is a lone-pair),

such as are found in crystalline a-TeQ,, to [TeO,E] pseudo-tetrahedra as
found in Na,TeO,. This coordination change, n,,, decreasing from 4 to 3,
is necessary so that the bonding requirements of the glass network can be
accommodated.’”

= experimental K,O-TeO,

model

38 o experimental Al,0,-TeO,
' - - - - straight line through

i E Al,0,-TeO, data

3.64 R

3.4
However, our neutron diffraction (ND) study of the potassium tellurite glass

system showed that, below ~15 mol% modifier, n, is roughly constant and

coordination number (nr.q)

significantly less than four (typically 3.66), even for pure amorphous a-TeQO, 3.2 : : : : : . : .

(Fig. 1)." This contradicts previous literature, where n. is assumed to be 0 5 10 15 20 25 30 35 40
- i . . composition (mol% A_O)

4 initially (as in the crystal). The [TeO,] units present in a-TeO, can therefore m

provide a significant number of non-bridging oxygens (NBO) which can Figure 1.Comparison of the Te-O coordination

contribute to the coordination of the modifier cation. Using this information,  numbers, n., for K,0-Te0, * and Al,0,-TeO,

a model has been developed which accurately predicts the variationinn,,  glasses, measured using neutron diffraction, with
with composition (Figure 1). At low concentrations, the NBOs associated those predicted by the model. (m = 2/z).

with the [TeQ,] units in amorphous TeO, provide surplus coordinating oxygen

atoms and these, along with the 2 NBO which each added K,O provides, can satisfy the K coordination (n,, = 6) without the need
to form further [TeO,] units. However, at 14.3 mol% K,O, the number of bonds required by K exceeds the number of bonds which
this mechanism provides and the formation of further [TeO,] becomes necessary, with a consequent reduction in n, . This model is
successful in explaining the behaviour of not just K,O but alkalitellurites in general. We have recently extended the study to oxides
which are not conventional modifiers but are intermediate in behaviour, particularly those whose coordination environments can also
change with composition, such as AlLO,.
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Figure 2. #’Al MAS spectra for the xAl,0, (100-x)
TeO, glasses obtained at 221.5 MHz at the 850 MHz
Facility using a Bruker 3.2 mm probe with an MAS
frequency of 20 kHz, and a /6 flip angle of 1 us.

" Al Solid-State NMR Experiments

Figure 2 shows the Al MAS spectra from xALO, (100-x)TeO, glasses
recorded at the 850 MHz Facility. Peaks at approximately 55, 32, and 7
ppm arise from *’Al'in 4-, 5- and 6-fold coordination to oxygen (there is
some crystallisation involving 6-coordinated Al in the high Al,O, content
samples). The relative amounts of each environment were obtained by
integrating under the peaks and this information was used to remove the
first Al-O correlation from the neutron diffraction data for the samples,
where it overlaps the Te-O correlation, thus enabling the determination of
the n;, values for these glass compositions. These are plotted in Figure 1
as a function of Al, ;O (to be comparable to K,O) and it is obvious that they
do not follow the model derived for the modifier oxides. A straight line fit
through the data intercepts the n,, = 3.66 line at 6 mol% Al, ;O (equivalent
to 2.1 mol% Al,O,). It is possible that this behaviour may result from phase
separation or clustering such that the Al atoms are not homogeneously
distributed. To address this question, a double-quantum (DQ) homonuclear
correlation experiment® has been implemented for *’Al at the 850 MHz
Facility and used to probe the Al...Al proximities in these glasses.

Figure 3 shows a *’Al DQ-SQ spectrum from the 12.5 AL,O,
87.5 TeO, glass sample. At this composition, approximately 1
in 5 network polyhedra are [AIO,] and, from the combination

of 2’Al MAS NMR and neutron diffraction data, average
coordination numbers are n,, = 5.07, n,, = 3.36, n,, = 0.60,
Nor, = 1.38. This means that on average there should be no Al-
O-Al through-bond connections. The 2D DQ spectrum shows
through-space interactions indicating that the most significant
[AIC,]J-[AIO, ] (or n-n’) proximities are 6-6 and 4-4, with
significantly smaller contributions from 6-4 and 6-5 and very
much smaller contributions from 5-5 and 4-5. This suggests
that the distribution of [AIO,] species is not homogeneous with
preferential bonding of certain species with the [TeO,E] and
[TeO,E] units or segregation occurring. Preliminary simulations
of signal build-up using SIMPSON imply that the 6-6 and 4-4
distances are 4-4.5 A, consistent with Al-O-Te-O-Al separations.
However the DQ signal is extremely sensitive to offset and
further experiments will be required to confirm this.
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Figure 3. Al DQ spectrum (20.0 Tesla, mixing time = 1.6
ms) of a 12.5A1,0, 87.5TeQ, glass sample. 1024 transients
were coadded for each of 96 t, slices, with a t, increment of
25 ps. [AIO,J-[AIO, ] interactions are labelled as n-n’.
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Overview

Fergusonite materials AS*BS*O4 have shown extremely promising fast oxide ion conduction properties for solid oxide fuel cell
applications when doped with a higher valence cation (B’)®" on the B®" cation site.' These materials differ from others such as
perovskites and fluorites as the conduction mechanism is based on interstitial oxygens (rather than oxygen vacancies), as the
presence of a (B")®* cation at the B®* cation site induces extra oxygens for charge balance. Recent work on doped perovskites
showed that solid-state NMR spectroscopy yields detailed insight into the defect chemistry and ionic motion in solid electrolytes®®
by the identification of cations bearing oxygen vacancies (i.e., a cation with a lower coordination number). In principle, doped
fergusonite materials such as W doped LaNbO, (e.g. LaNb, ,,W, ,.O,., where W®* substitutes on the Nb™* site) should have
interstitial oxygens and therefore cations with higher coordination number. ®Nb NMR at very high field and under very fast magic

angle spinning (MAS) conditions should be able to provide insight into the local environments experienced by the niobium sites.*®

*Nb Very Fast MAS Solid-State NMR of LaNbO, and LaNb, ,,W, ,.0,.,

A ®Nb very fast MAS one dimensional solid-state NMR spectrum of LaNbQ, (Figure 1a) obtained using the Jeol 1 mm probe is
presented in Figure 1b, and displays a very broad pattern as anticipated for ®Nb, due to its large quadrupolar broadening, even at
the very high field of 20 T. The spectrum is in fair agreement with that simulated using known NMR parameters obtained from a multi
magnetic field study under non spinning conditions.® We note that the very fast MAS rate of 78 kHz used seems still to be just not
fast enough to average out the second-rank anisotropic broadening of *Nb in LaNbO,, which has a static linewidth of approximately
320 kHz, and to clearly reveal the **Nb central transition. Nevertheless, the simulated spectrum does not present the experimental
feature at approximately ~800 ppm and this is likely due to a slightly different source of LaNbO, or method of preparation. A “Nb
Triple Quantum (TQ) MAS spectrum of LaNbO,, which is displayed in Figure 1b, reveals a single niobium crystallographic site

at —1200 ppm with an isotropic chemical shift (8, ) of -840 ppm, in agreement with the presence of a 4 coordinated Nb site.’

This value is very close to the reported data of -853 ppm for LaNbOf and demonstrates that this site corresponds to a NoO,
environment. A “Nb very fast MAS NMR spectrum of LaNby, 6, W, 40,4 (Figure 1¢) shows multiple overlapping peaks in the

-600 to -900 ppm region. Notably, this spectrum presents fewer spinning sidebands than LaNbO, (Figure 1b) and may indicate
faster oxygen dynamics in LaNb, ,W, ,,0,. @ shown by diffusivity measurements (manuscript in preparation). The *Nb TQMAS
spectrum demonstrates that in addition to the niobium site present in LaNbO, (observed at approximately -800 ppm with 8, =
-853 ppm), a second additional site is present at -600 ppm with an 8, of -960 ppm and a quadrupolar coupling constant (C,) of
~50 MHz. Importantly, these parameters demonstrate that this corresponds to a six coordinated niobium environment (NoOy) and
therefore a niobium crystallographic site associated with interstitial oxygens (manuscript in preparation).
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Figure 1. (a) Crystal structure of fergusonite-type LaNbO, showing NbO, tetrahedra. “Nb (20.0 T, 78 kHz MAS) triple-quantum MAS
NMR spectra of (b) LaNbO, and (c) LaNb,, ;,W, .50, Top: 1D spectrum. Left: Projection of the isotropic dimension. The dashed

0.08
lines are spectra simulated using SIMPSON® for known parameters.® Asterisks (*) denote spinning sidebands.
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Overview

Zeolitic Imidazolate Frameworks (ZIFs) are a recently discovered class of three-dimensional Metal Organic Frameworks (MOFs)
structures based on rigid MN, tetrahedra (M = Zn or Co) linked through bridging imidazolate (Im) C,H,N,~ or methyl imidazolate
(mIm) C,HN," anions, and have shown high porosity (= 1,800 m>.g™"), thermal stability (up to 550 °C) and chemical resistance.’
Neutron and X-ray powder diffraction demonstrate that ZIF-4 (Zn(Im),) with the variscite structure (Figure 1a) undergoes a reversible
crystal — amorphous phase transition on heating to 300 °C to yield an amorphous phase, aZIF-4.>® Further heating of aZIF-4 above
400°C induces recrystallization into a dense ZIF (ZIF-zni) (Figure 1b).? A mechanosynthesis (ball-milling) method applied to the
crystalline phases ZIF-zni or ZIF-8 (Zn(mim),, with sodalite structure, see Figure 2a) irreversibly yields amorphous ZIF-zni (@ZIF-zni)
or ZIF-8 (aZIF-zni), respectively;® this is the only method of amorphization of ZIF-8, as thermal treatment up to 500 °C only yields
decomposition products (i.e., ZnO). Remarkably, the pair distribution functions (PDFs), obtained from diffraction, of ZIF-4, aZIF4 and
ZIF-zni are virtually identical up to 6 A, showing effectively similar local structure in these phases. We became interested in recording
3C and N solid-state NMR spectra to investigate the insight provided by NMR into these ZIFs structures.

3C and "®N CP MAS Spectra of Zeolitic Imidazolate Frameworks-4

8C and °N CP MAS spectra of ZIF-4, aZIF-4, ZIF-zni and aZIF-zni are shown in Figure 1c and d. The "°C and N CP MAS spectra of
ZIF4 show 11 and 7 resonances of similar intensities, and 1 resonance of twice the intensity, in agreement with the 12 different carbons
and 8 nitrogens in the asymmetric unit cell as determined by X-ray crystallography.” These spectra exhibit very narrow lines (full width
at half maximum height, FWHMH, of ~30 and ~20 Hz for "*C and "N, respectively) in agreement with the very high crystallinity of ZIF-
4." Both "°C and "°N CP spectra of aZIF-4 and ZIF-zni are relatively similar and reflect the Zn(im), stoichiometry of both materials. The
peaks observed for aZIF-4 are broader than those obtained for crystalline ZIF as expected for an amorphous material, although the
resolution obtained in aZIF-4 still suggests a very high degree of local order as suggested by the PDFs data (Figure 1b).
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Figure 1. (a) Crystal structure of ZIF-4." Blue: ZnN, tetrahedra, black: C, green: N. Hydrogen atoms are omitted for clarity. The yellow
sphere of diameter 2.04 A represents the largest space available in the framework. (b) Neutron diffraction differential correlation
functions (PDFs) D(r), together with the corresponding interatomic correlations.” Blue: ZIF-4, red: aZIF-4, green: ZIF-zni. (c) C and
(@) "N (20.0 T, 21 kHz MAS) CP MAS NMR spectra of ZIF-4, aZIF-4, ZIF-zni and aZIF-zni. Inserts in (c) show a magnified view of the
120-155 ppm region. Asterisks (*) denote spinning sidebands.
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'3C and "®N CP MAS spectra of ZIF-zni (obtained from heating aZIF-4 above 400 °C) also yield narrow lines (FWHMH of ~70
and ~60 Hz for *C and "N, respectively) in clear agreement with a thermal recrystallization of aZIF-4 into ZIF-zni. The number of
resonances observed in both "°C (12 peaks) and "N (8 peaks) spectra are also in agreement with the numbers of carbons and
nitrogens in the asymmetric unit cell.

®C and N CP MAS spectra of aZIF-zni (obtained by mechanosynthesis of crystalline ZIF-zni) are shown in Figure 1c and d, and
exhibit very broad peaks suggesting no long range order in this amorphous material. This is in sharp contrast with the thermally
induced amorphization of ZIF-4, which still produces a material (@ZIF-4) with local order. These NMR results demonstrate that solid-
state NMR provides useful information for studying ZIFs, and that there might be a memory effect upon thermal amorphization but
not by mechanically induced amorphization.

®C and N CP MAS Spectra of Zeolitic Imidazolate Frameworks-8

3C and N CP MAS spectra of ZIF-8 and aZIF-8 (obtained by mechanosynthesis of crystalline ZIF-8) are shown in Figure 2b and c.
While both ™*C and N spectra of ZIF-8 are very narrow and the three *C peaks and single "°N peak match the number of carbons
and nitrogen in the asymmetric unit cell,” the spectra of aZIF-8 are very broad, indicating very little order. This is in line with the data
discussed above, where mechanically induced amorphization produces poorly ordered aZIF-zni material. We also note here that
the mechanosynthesis method applied to ZIF-8 yields a second phase in aZIF-8 (as evidence by the peaks at 147 and 117 ppm).
This suggests smaller chemical resistance of ZIF-8 than ZIF-zni, although ZIF-8 shows exceptional resistance to hydrolysis and is
outstanding among MOFs materials.’
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Figure 2. (a) Crystal structure of ZIF-8." Blue: ZnN, tetrahedra, black: C, green: N. Hydrogen atoms are omitted for clarity.
The yellow sphere of diameter 11.60 A represents the largest space available in the framework. (b) "°C and (c) °N (20.0 T, 21 kHz
MAS) CP MAS NMR spectra of ZIF-8 and aZIF-8. Asterisks (*) and small vertical lines (1) denote spinning sidebands and a second
phase, respectively.
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Overview

The combination of high magnetic field (20 Tesla) and fast magic-angle spinning (MAS), here at 75 kHz using the 850 MHz Facility’s
Jeol 1 mm probe, yields high-resolution 'H spectra for moderately-sized organic molecules. Such "H solid-state NMR spectra can be
obtained at natural isotopic abundance and provide valuable insight into intermolecular interactions, e.g., hydrogen bonding and CH-xt
and mt-x interactions, that drive self assembly." Specifically, we present here 'H double-quantum (DQ) and "*N-"H HMQC spectra for a
guanosine derivative analogous to a vinylbenzene derivatized guanosine that was demonstrated” to undergo light-activated switching
between ribbon and quartet self-assembly. "*N-"H solid-state NMR experiments®® are particularly valuable for probing N-H...X and
X-H...N hydrogen-bonding arrangements, as, for example, recently demonstrated for a different guanosine derivative.®

'H DQ and "N-'H Spectra

Figures 1 and 2 present 'H DQ MAS and “N-"H HMQC spectra of 2’,3’-O-isopropylidine-5’-azoguanosine, respectively.
Specifically, the spectra correspond to two separate preparations (left and right parts of Figure 1 and top and bottom of Figure
2) and show that polymorphism is exhibited. For the "N-"H experiments, the left-hand spectra correspond to a short recoupling
time (tyop, = 815 = 107 us), such that only one-bond NH correlation peaks are observed for the NH and NH, moieties. At longer
recoupling times, correlations to non-protonated nitrogen resonances are observed: e.g., from a "N-"H spectrum of dG(C3),
presented in Ref.®, the N7 "“N resonance is expected at ~ +60 ppm. By comparison to the 'H DQ MAS and "N-'H spectra
presented in Ref. ® for dG(C3),, the obtained spectra seem to indicate ribbon-like self-assembly, with the highest-ppm NH H
resonances being observed at ~14 and ~12 ppm for the two distinct polymorphs. This research was supported by EPSRC grant
EP/K003674/1.
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Figure 1. "H DQ MAS (850 MHz, 60 kHz MAS) spectra of two preparations (left and right) 2’,3’-O-isopropylidine-5’-azoguanosine,
recorded with one rotor period of BABA recoupling.
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Figure 2. "N-"H HMQC (850 MHz, 75 kHz MAS) spectra of two preparations (top and bottom) of 2*,3’-O-isopropylidine-5"-azoguanosine,
recorded using n = 2 R’ durations of (left) T, = 8t,= 107 us and (fight) T, = 16T, = 213 us or T, = 241, = 320 us.
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Enhancement of '*N Overtone Polarization
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Overview

The application of magic-angle spinning (MAS) "N overtone spectroscopy is a promising method for the characterization of
structure and dynamics at "N sites in organic and biological molecules.' A current limitation of the technique, however, lies in

the absence of efficient polarization techniques, which would enable both signal enhancement and the possibility of performing
correlation spectroscopy. Our previous studies had suggested that despite theoretical considerations that predict a drop in overtone
excitation at higher magnetic fields, significant signal enhancements are observed at higher magnetic fields due to a reduction in
the second-order quadrupolar interaction. We describe here the evaluation of '*N overtone signal enhancements achieved at high
magnetic field at the UK 850 MHz Solid-State NMR Facility, and ascertain whether the R-symmetry based polarization transfer
technique, PRESTO,? developed at lower magnetic fields, gives improved '*N overtone signal enhancements at higher magnetic
fields. Experiments were performed to measure the "N overtone signal by direct acquisition, and by enhancement with PRESTO,
on samples of glycine (C, = 1.18 MHz) and N-acetyl-valine (NAV) (C, = 3.18 MHz), which has a quadrupolar coupling of a similar
magnitude as that found in proteins.

Results

Direct excitation "N overtone spectra were acquired on glycine in order to assess the sensitivity of the "“N overtone transition

at 20.0 Tesla on a sample with a moderate quadrupolar interaction. A representative spectrum is shown in Figure 1. With the
appropriate choice of resonance offset, excellent quality spectra were obtained for 1024 coadded transients with a signal to noise
greater than that observed at magnetic field strengths corresponding to 'H Larmor frequencies of 400 and 600 MHz, suggesting
that the efficiency of excitation of the "*N overtone does increase with field strength.

—— PRESTO
——— Direct Excitation

70 65 60 55 50 45
4N Overtone /kHz

Figure 1. Direct excitation (green) and PRESTO-enhanced (blue) "N overtone spectra acquired at the 850 MHz Facility on a 33

mg sample of glycine at natural isotopic abundance in a 3.2 mm MAS rotor spinning at 20 kHz. In both experiments, a 275 us 90°
pulse with a corresponding "N nutation frequency of 70 kHz was used for *N overtone pulses, and SPINAL-64 decoupling at a 'H
nutation frequency of 100 kHz was applied during acquisition. An R78§ sequence was used for PRESTO polarization transfer; with
21 R/R pairs and a 'H nutation frequency of 89 kHz. 1024 transients were coadded in each experiment.
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To further enhance the sensitivity, magnetization was transferred from protons within the sample to the "N overtone transition using
the PRESTO pulse sequence. This symmetry based R-sequence, unlike cross polarization, permits the transfer of polarization from
'H to "N using minimal manipulation of the "N overtone transition. Furthermore, the symmetry elements within the sequence can
be optimized for available rf and spinning performance. Using a R1 82 sequence, enhancements of ~50% were observed in signal
intensity, when compared with data obtained by direct acquisition. The PRESTO enhanced spectrum is also shown in Figure 1.

—— Experiment
— Simulation

656 70 75 80 85 90 95 100 105
4N Overtone /kHz

Figure 2. Experimental (blue) and simulated (green) direct excitation "“N overtone spectra of NAV at 20.0 Tesla. The experimental
spectrum was acquired on a 31 mg sample of NAV spinning at 20 kHz. A 275 us 90° pulse with a corresponding "N nutation
frequency of 70 kHz was used for "*N overtone pulses, and SPINAL-64 decoupling at a "H nutation frequency of 100 kHz was
applied during acquisition. 40,000 transients were coadded. The simulated spectrum was obtained using Spinach.®

To assess the possibility of using "N overtone spectroscopy to study molecules with spin interactions that mimic those found

in biological solids, spectra were recorded on N-Acetyl-Valine (NAV). The asymmetric amide “N site in NAV has a quadrupolar
coupling constant of 3.18 MHz; a similar magnitude to that commonly found in proteins. The direct acquisition spectrum of NAV is
shown in Figure 2. Comparison of the experimental spectrum with that simulated reveals good agreement between the lineshapes,
and the experiment was more sensitive than when performed at magnetic field strengths corresponding to 'H Larmor frequencies
of 400 or 600 MHz. This highlights that even in the presence of larger quadrupolar interactions, at higher fields it is possible to
efficiently excite the "*N overtone transition and that the resulting lineshapes are of sufficient quality to quantitatively study the
properties of the N quadrupolar interaction.
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2D and 3D °C NMR Studies of Whole Plant Stems
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Overview

A major technological challenge in using plant biomass for renewable energy is to release the sugars from cellulose and other
polysaccharides effectively and cheaply. Pilot biofuel production processes involve the use of energy-intensive harsh biomass
pretreatments, and also require the addition of high quantities of enzymes to break down the biomass. Progress in improving
these steps is restrained by the limited understanding of the molecular basis of plant cell wall ‘recalcitrance’ - the difficulty in
deconstructing lignocellulose into fermentable sugars. The main carbohydrate components in the cell walls are xylan, a polymer

of 5-carbon xylose, and cellulose, a polymer of 6-carbon glucose. The molecular arrangement of these in secondary plant cell
walls (woody materials) is poorly understood. Whilst *C NMR should be a good probe of the local environment, almost all NMR
experiments on plants have necessarily been 1D so that there is considerable overlap of signals from the different components
which makes it very difficult to fully interpret the spectrum. Recently Dick-Perez et al." used enriched "°C to study the primary cell
walls of plants germinated and grown in the dark in a liquid culture with uniformly *C labelled glucose as the carbon source.
Whole seedlings including roots were powdered and had extensive chemical treatment before NMR. Our aim is to study the
secondary cell walls important for bioenergy and we have used Arabidopsis plants grown in air enriched with 13002 as the carbon
source achieving ~97% "°C incorporation. The stems of these plants were inserted into MAS rotors with minimal pre-treatment and
no chemical treatment or ball milling. Experiments at 500 MHz, although allowing resolution and assignment of major components,
suffered from considerable overlap, and time was requested for 2D and 3D "°C-"C-"*C experiments at the 850 MHz Facility to
improve the resolution.

Results

A °C refocused INADEQUATE spectrum was acquired to probe connectivities via one-bond C-C J couplings. The polysaccharide
region of the spectrum, shown in Figures 1a and 1b, reveals clear cross-peaks within each of two cellulose environments, e.g.
C'4-C'5, C?4-C?5. In the literature, environment C' has been assigned to internal cellulose chains, and C” to surface or amorphous
chains. Additional polysaccharide cross-peaks that are not yet assigned are also visible. A 3D "*C-"°C-"*C DARR experiment was
run to further aid resolution, and to probe spatial relationships between components in the cell wall. In this experiment two mixing
timest,_, and t , are used, where t__ is short (~10ms) and t, can be either short or long.? A long ¢, allows the observation of both
intramolecular and intermolecular correlations, whilst for a short ¢ _, only intramolecular connections should be visible. An example is
shown in Figure 1c for an F,, F, plane at 88.8 ppm corresponding to the cellulose C'4 for mixing times ¢, , of 10 ms and ¢, of 300
ms. In the F, (y) direction, the intramolecular sites (except for C2 and C'5 which have almost identical shifts) are well resolved. The
longer distance correlations for this C'4 site are visible in the x direction at F, = 88.8 ppm, where proximities to the second cellulose
environment C*4 and C?6 are clearly visible, as are peaks at ~ 53 and 56 ppm in the methoxy/lignin region. Connections are also
visible in the 1D slice at 88.8 ppm to syringyl and guaicyl lignin units. Note the lignin peaks are not observed in the Dick-Perez et

al. studies of primary cell walls. A °C DARR plane at 84.2 ppm corresponding to the second cellulose environment C?4 is shown

in Figure 1d. Once again, the intramolecular connectivities are clear, except for C3 and C?5 which have almost identical shifts. The
longer distance correlations for this C°4 site to the first cellulose environment C'4 and C'6 are clearly visible. This second cellulose
environment also shows proximity to the lignin methoxy region. The suggested proximity of both glucose environments to lignin
raises interesting questions about the identity and arrangement of the respective cellulose chains in the cell walls. Mutant plants with
differing cellulose crystallinities and cell wall compositions are now being grown to further aid assignment.
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Figure 1. Spectra acquired from "3C-labelled wild type Arabidopsis stems. (a, b) The sugar region of a 2D "SC INADEQUATE
spectrum. Two glucose environments in cellulose are annotated. (c, d) A 3D °C-"°C-"3C DARR spectrum with spin diffusion
mixing times of 10 ms and 300 ms. Selected planes for C4 of the two glucose environments are shown. MeO- denotes the
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Zinc Substitution Sites in B-Tricalcium Phosphate
for Waste Immobilisation

Ray Dupree, Andy T Grigg and Diane Holland
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Overview

We have a long established interest in materials which are used for the immobilisation of nuclear waste from the domestic power
industry and legacy waste from various defence programmes. We are currently using a range of techniques to investigate the site
substitution preferences for various surrogate waste cations in p-tricalcium phosphate (3-TCP) in order to understand the limits

on the loading of nuclear waste in this host. Zinc is present in significant concentrations in some legacy wastes and therefore of
major interest to this programme. In the case of Zn** substitution, the evidence from X-ray and neutron diffraction is that the Zn**
cations cause a contraction of the unit cell; however the exact nature of the substitution is unknown due to conflicting evidence from
various sources. We have performed natural abundance “*Ca NMR experiments with the aim of improving our understanding of the
mechanism of Zn** substitution.

Background

B-tricalcium phosphate (Ca,(PO,), contains 5 Ca sites' of different [ 3520 ' . ' ' ' 7374

oxygen coordination, and therefore different dimensions, which are 10441 2 8

capable of accommodating the different size ranges of the cations found L 3500 o S

in radioactive waste. Ca(1), Ca(2) and Ca(3) sites are 7 or 8 coordinated 10.40 a: . 373

and3 can Kg)otentially exchange with ions such as Sm®* (a surrogate for alA L 3480 0\\5 - . c/A

Am®*, Pu*) whilst the Ca(5) site is 6 coordinated and can accommodate Vv /A3 o

smaller cations such as Ga*, Mg™ and Zn**. The Ca(4) site is only 50% 10381 _1eo R \b\b . -

occupied (with a bond-valence sum of only 0.7). A \Q\Q '
=, [SNe}

Characterisation of substituted p-TCP systems has relied on X-ray 10.32+ 3440 )

and neutron diffraction to date, though site occupancies are difficult 0.0 0.1 0.2 0.3 04

to quantify accurately for this very large unit cell. Figure 1 shows cell
parameters which we have obtained by Rietveld analysis of diffraction
data from the Ca,_ Zn (PO,), system. Whilst there is an aimost linear
shrinkage along the a-axis on replacing Ca”* by the smaller Zn*", there are

dramatic changes in slope for both the c-axis and cell volume at x = 0.3 as

hinted at previously.” This suggests a change in substitution mechanism at
this composition, possibly from Ca(5) replacement (fully substituted at x =
0.286) to Ca(4) replacement (complete at x = 0.429).

xin Caz Zn (PO,),

Figure 1: Cell parameters and cell volumes obtained
for Ca, Zn (PO,), as a function of x. The dashed line
has been drawn to show the near linear decrease

in the a-axis parameter, O, whilst both the c-axis
parameter, B, and cell volume, /A , has been drawn to
show a dramatic change at about x = 0.3.

®P NMR is remarkably sensitive to changes on the next-nearest neighbour calcium sites and a 500 MHz NMR spectrometer at
Warwick was used first to address the substitution problem by studying the changes to *'P spectra with increasing exchange of Zn**
for Ca®*. The ¥'P data can be successfully simulated using a model which assumes that Zn” substitutes initially onto the Ca(5) site.
There are only three crystallographically distinct P sites in -TCP, but the local environments are determined by the occupancy of the
next-nearest neighbour Ca sites (i.e. Ca®*, Zn>* or vacancy). This leads to eight possible NMR peaks. If substitution onto the Ca(4)
site also occurs, the number of peaks rises to 11.2 A model of this complexity is difficult to fit uniquely, and as such cannot be relied
upon. Figure 2 shows a simulation of a *'P spectrum obtained from a sample with x = 0.267 to illustrate this complexity. Therefore
“’Ca NMR has been used to observe the calcium environment directly with the aim of hopefully eliminating any ambiguity.
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“Ca Solid-State NMR Experiments

Spectra were obtained for Ca, Zn (PO,), samples with x = 0.167
and 0.367, as these are compositions which have similar c-axis
parameters but different cell-volumes and a-axis parameters. They
also straddle the composition at which the model predicts a change
from Ca(5) to Ca(4) substitution. Each spectrum took 2 days to
acquire using a 7 mm MAS probe. Figure 3a shows the natural
abundance “*Ca spectrum for pure B-TCP obtained previously at the
850 MHz Facility together with a simulated spectrum. This can be
compared with the spectra from the x = 0.167 and 0.367 samples
(Figure 3b). The fit to the p-TCP spectrum is in agreement with the
expected site occupancies for the pure material and also with the
relation between “*Ca shift and mean Ca-O distance identified by
Gervais et al.* The changes which we observe for the x = 0.167 and
0.367 Zn substituted samples are as follows:

a) the peak assigned to Ca(b) is missing from the substituted spectra
indicating that substitution initially occurs on the Ca(5) site;

b) there is an upfield shift of peaks from Ca(1), Ca(2) and Ca(3),
which is usually due to lengthening of Ca-O bonds, but coincides
here with a shrinking unit cell. It is however accompanied by
a correlation between the Ca(4)-P(1) torsion angle and Zn
concentration;

c) there is always intensity in the region currently associated with the
Ca(4) site, which could indicate that:

i. Ca(4)is not substituted,;
i. Ca(3) has shifted and broadened into this region;
iii. Ca(4) has been misassigned.

“3Ca spectra from samples with different substitution levels are
needed to clarify this.
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Isotopic and Structural Dilution to Improve
Interpretation of Spin Diffusion DOR Spectra

Ray Dupree, Diane Holland and Oliver Alderman
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Overview

We have investigated mechanisms by which the resolution of peaks in "B DOR and spin-diffusion (SD) DOR spectra can be
improved, so that the interconnectivity of the structural units in borate crystals and glasses can be established. Isotope dilution to
25% "B, combined with DOR, can yield peak widths less than 0.2 ppm which is close to the limit of the probe shimming. However,
at low "B concentrations, build-up of cross-peaks in SD DOR is too weak to achieve significant intensity in the timescale available.
Structural dilution, i.e. isolation of groups of boron atoms, has also been briefly explored and we show that isolated rings containing
3B (+ 3 0) atoms have ''B DOR peaks which are slightly narrower (10-20%) than similar non-isolated units, but that this will need to
be combined with isotope dilution if further narrowing is to be achieved.

Background

We are interested in the structural environment of boron in glasses, from simple binary borates to the much more complex
borosilicate glasses which have considerable technological importance.” Boron is unique in oxide glass structure due to its capacity
for producing well-defined medium range order (MRO) by the formation of rings, generally 6-membered (3B + 30), containing
various combinations of 3- and 4-coordinated boron (B(lll) - [BO,] planar triangles and B(IV) - [BO,] tetrahedra).” In order to obtain a
better understanding of the factors which stabilise this MRO in glasses, we have been studying the "B NMR spectra of crystalline
borates. In particular, "B DOR NMR and SD DOR, combined with CASTEP calculations, have been used to assign the peaks in
the spectra from borate crystals to sites in the superstructural units which constitute the known crystal structures.® This information
can then be used to identify the units present in crystals and glasses of unknown structure. The small 3., ranges of trigonal, B(ll),
and tetrahedral, B(IV), sites (each typically 4 ppm) combined with the quadrupolar nature of the nucleus, mean that multiple sites
are rarely resolved by MAS NMR, necessitating the use of DOR to remove the second-order quadrupole broadening. However,
resolution is still limited by residual homonuclear dipolar broadening and we have therefore sought to reduce this by limiting the
number of ''B-""B interactions using isotope dilution (replacing ''B by °B) or by isolating groups of "B atoms using other network
groups (in this case [GeO,] units).

"B DOR and Spin-Diffusion DOR Spectra

Figure 1 shows "B spectra obtained from dipotassium tetraborate K,B,0,)
samples in which the "B isotope concentrations are 100% and 25%. It illustrates
the improvement in resolution obtained using the DOR probe at the 850 MHz
Facility as compared to that obtained using conventional MAS NMR at 11.75 T. In

1
KoB40; 25% B DOR20 T

the latter (25%) case, whilst there is marked narrowing of the B(IV) peaks close to [ || KBO;100% "B V| porzoT
0 ppm, there is little improvement (other than some sharpening of the divergences) I A SN A NN N
in the quadrupole broadened B(lll) peaks where the field gradients associated

K,B,0, 25% 118 MAS 11.75 T

with the planar [BO,] units are large. This second-order quadrupole effect can be
removed by the use of DOR, giving dramatic narrowing of the B(lll) peaks and the

use of isotope dilution gives further narrowing, yielding peaks whose width is largely K,B,0, 100% '1B MAS 11.75 T
controlled by crystalline perfection and probe shimming.

Figure 2 compares the effect of isotope dilution and structural dilution. It shows "B . . .
DOR spectra from crystals of caesium triborogermanate, CsB,GeO,, which contains 20 15 1°h_ﬂ 5 0 -5
triborate [B,O,] units isolated from each other by [GeQ,] tetrahedra (Figure 3)," and shift (perm)

caesium triborate CsB,0O, which contains triborate units which are linked by bonds Figure 1. Comparison of line narrowing
between B(lll) and B(IV) in neighbouring triborate units.” Spectra are shown for achievable by using DOR rather than MAS
CsB,0, with 100% and 25% ''B for comparison. and by diluting to 25% ''B.
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CsB,Ge0, 100% ''B

CsB,0, 100% ''B

CsB,0, 25% ''B
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fs[)OR (ppm)
Figure 2. Comparison of DOR line narrowing Figure 3. Fragment of the CsB,GeQ, structure showing how
achievable using isotope dilution (25% ""B) and the triborate units (red — oxygen, green — boron) are separated
structural dilution (isolated [B,O,] units). from each other by [GeO ] tetrahedra (orange).

The line narrowing seen in the 1D "B DOR spectra of isotopically dilute samples is carried over into the ''B SD DOR spectra. However,
the increased resolution achieved by reducing the residual homonuclear dipolar interaction also reduces the signal as the number

of neighbouring "B nuclei is much smaller, leading to drastically reduced intensity in the cross peaks, even after long mixing times.
Figures 4a and 4b show the B(lll) and B(lV) manifolds from a 50% ''B K,B,0, sample (chosen for a compromise between resolution
and signal intensity) for a 40 ms mixing time. The resolution is excellent but only one B(lll)-B(lll) cross peak is observed (Figure 4a) and
possibly one B(IV)-B(IV) cross peak (Figure 4b), with no cross peaks between B(lll) and B(IV) despite the B(lll) separation being ~ 4.7 A
compared with ~ 2.6 A from the non ring linking [BO3] group to a B(IV). Figure 4c shows a ''B SD DOR spectrum for a 80 ms mixing
time where a possible weak peak between a B(lll) and B(IV) is observed. It is clear that distance is not the only factor affecting
magnetisation exchange but the relative orientations between the electric field gradient tensors and dipole vector are also important.
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Figure 4. Regions of ''B SD DOR spectra for K,B,0, with 50% ''B. (a) B(lll) manifold, mixing time of 40 ms; (b) B(IV) manifold, mixing
time of 40 ms; (c) mixing time of 80 ms.

References

1. Howes, A. P; Vedishcheva, N. M.; Samoson, A.; Hanna, J. V.; Smith, M. E.; Holland, D.; Dupree, R. Phys. Chem. Chem. Phys.
2011, 73, 11919.

Wright, A. C. Phys. Chem. Glasses: Eur. J. Glass Sci. Technol. B 2010, 57, 1.

Alderman, O. L. G.; luga, D.; Howes, A. P; Pike, K. J.; Holland, D.; Dupree, R. Phys. Chem. Chem. Phys. 2013, 15, 8208.
Kong, F; Jiang, H. L.; Hu, T.; Mao, J. G. Inorg. Chem. 2008, 47, 10611.

Krogh-Moe, J. Acta Cryst. 1974, B30, 1178.

IS R A



34 The UK 850 MHz Solid-State NMR Facility

The Effect of Metal Catalysts and Cathode Reactivity
on the Electrochemical Processes in the Lithium-
Oxygen Battery

Michal Leskes, Amy J. Moore and Clare P. Grey

Department of Chemistry, University of Cambridge

Overview

The lithium-air battery is, in principle, a promising candidate for use as an energy storage system. Theoretically, it can store almost
an order of magnitude more energy than a conventional lithium ion battery based on the reaction of lithium and oxygen to form
lithium peroxide." In practice, the development of the battery is still at early stages with challenges including the identification of
stable electrolyte systems, inert and porous cathode materials and efficient catalytic species.” Significant improvements can only
be achieved with a careful analysis of the electrochemical products formed during the operation of the cell. We have recently
demonstrated, using high field measurements of 'O NMR spectra, that solid-state NMR can provide a detailed description of the
electrochemical products and processes taking place in the oxygen electrode.®* While lithium peroxide is indeed identified as the
main product in carbon electrodes, non-negligible electrolyte decomposition is occurring leading to degradation of the cell. Here
we extend this approach further: Using the increased sensitivity offered by high-field measurements at the 850 MHz Facility along
with very fast MAS, we can identify the influence of metal catalysts which are added to the carbon electrode. Furthermore, using
'3C enriched electrodes, we show that the carbon electrode itself is not inert, leading to the formation of lithium carbonate upon
extended cycling.

70 Spectra of Products Formed in Electrodes Loaded

—fit . .
peroxide carbon with Metal Particles
carbon_ate The addition of precious metal particles to the carbon electrode has been
?ydrO)tqde shown to lower the over-potential of the charging process and in some
‘ormate

cases also that of the discharge.’ In order to test the effect of precious
metals on the processes taking place in the electrode, we have cycled
cells under a '"O enriched atmosphere resulting in '"O enrichment of the
products formed in the cells. Figure 1 presents spectra acquired from three
electrodes, carbon only and carbon with the addition of two types of metal

catalyst 1 , - - )

particles. While in the carbon only electrode, lithium peroxide accounts
for about 80% of the signal, when one type of metal is added (catalyst 2)
lithium hydroxide is the major product. Catalyst 1, however, did not lead to
significant changes in the O spectrum and therefore is expected to have

m—— little or no effect on the electrochemical processes. Catalyst 2 is most likely
promoting electrolyte decomposition processes instead of the formation of

catalyst 2 the desired peroxide.
] M 1 ' 1 M 1
300 150 0 -150

O (ppm)

Figure 1 7O Hahn echo spectra of discharged
electrodes acquired at 60 kHz MAS.
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®*C and "0 Solid-State NMR Study of the Carbon Electrode Reactivity

Another source of parasitic side reactions that can affect the performance of the battery is the reactivity of the carbon electrode.
O MAS spectra acquired from °C enriched electrodes that were discharged once and three times in a '’O enriched oxygen
atmosphere are shown in Figure 2a and b, respectively. The spectra were fitted with the 'O line shapes expected for the various
discharge products and it is clear that, on the third cycle, parasitic side reactions dominate the electrochemical process, as only

a very small amount of lithium peroxide is detected. Lithium carbonate is a major product on the third cycle, and a comparison of
the "°C spectra acquired from these two electrodes reveals the formation of °C enriched lithium carbonate on the 3 discharge
(resonating at about 170 ppm), indicating it originates from the carbon electrode itself. "°C {"’O} Rotational Echo Adiabatic Passage
Double Resonance® (REAPDOR) dephasing experiments were performed to evaluate the spatial proximity of the products and the
carbon electrode. The dephasing curve of the carbonate signal (Figure 2d, red) was successfully simulated, confirming that the
O enrichment level was about 25% and revealing that the carbonate group is relatively immobile. Comparison of the extent of
dephasing between the 1% and 3% cycle (Figure 2d, pink and blue respectively) can indicate that wider areas of the carbon surface
are covered with the '"O enriched electrochemical products in the 1% cycle.

(@)

—fit
Peroxide (75%)

Carbonate (8%)
—— Hydroxide (14%)
foramte (3%)

(c)

—— 3rd discharge
= 1st discharge

400 300 200 100 O -100 -200 300 250 200 150 100 50 O

708 (ppm) 10 "°C 5 (ppm)

(b) (d) @ 1st discharge carbon
@ 3rd discharge carbonate

—it 0.8- @ 3rd discharge carbon

carbonate simulation

Peroxide (20%)
Carbonate (38%)
—— Hydroxide (23%)
Formate (19%)

400 300 200 100 O  -100 -200 O 10 20 30 40
70 8 (ppm) Nt
Figure 2 O Hahn echo spectra acquired at 60 kHz MAS from "°C enriched carbon electrodes after the (a)

1*'and (b) 3° discharge. Corresponding "°C spectra and "°C {"’O} REAPDOR dephasing curves are shown
in (c) in (d), respectively, both acquired at 25 kHz MAS.
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Overview

Safer, cheaper, and more sustainable alternatives to current lithium ion batteries (LIBs) are at the forefront of energy research, and one
promising strategy is to use other ions to transport charge.’ Owing to the divalent nature of Mg®*, magnesium ion batteries (MIBs) are
predicted to achieve sustainably higher energy density with greater stability than state-of-the-art LIBs. Limitations of MIBs studied so
far are the high energy barriers for diffusion of the divalent Mg®* through the host crystal structure and through MgO layers formed on
the surface of the electrode upon electrolyte decomposition, the difficulty in extracting Mg out of the structure, and low cell voltages
(1-1.3V as opposed to 3.0 — 4.0 V for LIBs). Various promising cathode materials capable of reversible magnesium insertion

have been investigated in our group, including transition metal spinel oxides (MgM,O,, M = Fe, Mn) which offer scope for attaining
higher cell voltages due to the high variable oxidation states of the transition metal cations and NASICON-type Mg,NaV,(PO,),F,,
which facilitates Mg diffusion by providing an open structural framework. We have been able to achieve full theoretical capacity (135
mAh/g) using Mg,NaV,(PO,),F, as the cathode in MIBs. X-ray diffraction (XRD) reveals bulk structural changes upon Mg insertion

and extraction. Here, on the basis of our Mg NMR investigation of relevant model compounds and first principles calculations, we
conducted Mg NMR studies of the electrochemically cycled electrodes at high magnetic field to achieve high resolution and good
sensitivity in order to gain insights into the local structural changes and solid-electrolyte interphase formation.

Results

The electrode was prepared by first electrochemically extracting 2 Na out of the pristine structure Na,V,(PO,),F, (Figure 1a) and then
1 Mg was inserted via cycling the electrode against Mg metal to form MgNaV,(PO,),F, at the end of discharge. Mg NMR spectra
were acquired at the 850 MHz Facility with a 4 mm HX low-gamma probe at 12 kHz MAS. Analysis of the spectrum in Figure 1b
reveals a component with an isotropic shift of 53 ppm and a quadrupole coupling constant of ~3.6 MHz. The information will be
compared later against parameters obtained from first principles calculations. Although a significant amount of MgO was expected
to form due to electrolyte decomposition of Mg(CIO,), on the surface of the electrode, no obvious signature of MgO was observed
in ®Mg NMR (Figure 1b) nor in the XRD characterization. Two explanations are possible: First, the MgO formed on the surface is
amorphous, which leads to no signal in XRD and a very broad spectrum (low sensitivity) in NMR. This possibility will be probed

in future work by investigating sensitivity enhancement techniques (e.g. QCPMG). Second, the surface of the NaV,(PO,),F, is not
susceptible to severe electrolyte decomposition within the voltage window (0.05 — 3.3 V) explored here.

(a) (b)
. . . MgNaV,(PO,),F,
.)B?.e.ﬁﬁ!.

-5 W 52 U
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Figure 1. (a) Structure of pristine Na,V,(PO,),F, Two of the Na were electrochemically replaced by 1 Mg to obtain MgNaV,(PO,) F..
(b) ®Mg NMR of the cathode at the end of discharge with a composition of MgNaV(PO,).F, together with a best-fit spectrum, and
a “Mg spectrum of MgO.

Tppm]
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Overview

The zinc cation, Zn*', is the specific component of a number of biomedical materials including bioactive glasses and cements. Zn*"is
important as it is often solely because of the presence of these zinc ions that certain types of the biomedical materials can be formed.
A variety of zinc oxide based cements that are used widely in dentistry, e.g. zinc phosphate, zinc polycarboxylate and zinc oxide -
eugenol, or zinc imidazole cements formed from zinc phosphate glasses, are based on the ability of the zinc cation to chelate and
build up the planar complexes at an early reaction time which then later transform into more stable phases. The structure of these initial
transient complexes is very poorly understood. ®Zn NMR may give an opportunity to structurally characterise the local environment of
the zinc cations in these inorganic solids and provide a better insight into the understanding of zinc-containing biomedical materials."

Results

Figure 1 presents ®Zn NMR spectra acquired for two crystalline polymorphs of zinc polyphosphate, specifically a high-temperature
(top) and low-temperature (bottom) form. These results can now be compared with simulated spectra to extract further structural
information on the zinc environment.
L A | ll I1 Ll
1

T
100 0 -100 kHz

T T
100 0 -100 kHz

Figure 1. 7n static NMR spectra of the low-temperature (top) and high-temperature (bottom) polymorphs of the zinc
polyphosphate Zn(PO,), acquired using the QCPMG sequence (experimental times of 22 h and 24 h, respectively).
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Overview

Multiple-quantum O NMR experiments give information about the correlation time and amount of water associated with
immobilised enzymes.

Introduction to Immobilised Enzymes and Water Interactions

Immobilisation of enzymes by attachment to solid support materials is an important technology allowing easy recovery and reuse.
The resulting biocatalysts can be applied for preparative syntheses in current and potential industrial processes, and are also
useful in analysis. Despite extensive published literature on enzyme immobilisation, new methods are generally developed rather
empirically. This is mainly because little is known about what happens to the enzyme molecules during immobilisation, because

all that is measured is their catalytic activity. We are investigating the potential of solid-state NMR to give information about the
state and interactions of the enzyme molecules in immobilised preparations. Because we seek methods that can be applied to
immobilised enzymes prepared by others, including industrial catalysts, we favour approaches that do not require labelled proteins.
In this context, there is no problem with the use of labelled probe reagents.

During our time at the 850 MHz Facility in 2013, we continued some MAS NMR studies looking for far-downfield 'H signals
associated with the active site of our model enzyme a-chymotrypsin. We also commenced MAS NMR studies of the enzyme
immobilised on alumina supports, paralleling our previous work with silicas. But this report will focus on a third area: examining 7O
signals from enriched water associated with the protein. Interactions of water with enzymes are very important in their function,
affecting the ionisation and mobility of groups at the protein surface. Water molecules are also important in the interaction of
enzymes with their reactants and products, either because they must be displaced in the process, or in some cases when they
make bridging interactions. Sometimes immobilised enzymes are used in mainly non-aqueous media, with the bulk phase made
up of species such as organic solvents, supercritical fluids or ionic liquids. In these systems the amount of residual water bound

to the enzyme is known to have important effects on function, but there is a lack of techniques to assess its state, even to reliably
quantitate how much remains.

"0 NMR Measurements with H,"’O

Relaxation measurements with the quadrupolar (spin | = 5/2) 'O nucleus are complicated by the frequent observation of
multiexponential behaviour. Simplification can be achieved in multiple-quantum NMR studies where, for spin | = 5/2, four- and five-
quantum coherences relax exponentially. Figure 1 shows that a strong four-quantum-filtered NMR signal can be obtained from 7O in
the water surrounding the immobilised enzyme (added with mass approximately equal to that of the whole immobilised preparation).
MAS is used because of the heterogeneity of the sample. By varying the evolution period in the multiple-quantum filter and fitting
the observed signal intensity to a first-order decline, relaxation rate constants can be obtained for both the four-quantum and five-
quantum experiments (Figure 2). The values obtained are shown in Table 1.



http://go.warwick.ac.uk/850mhz/ 39

YRRy Y RN " Figure 1. Four-quantum-filtered ’O MAS NMR
spectrum of silica-chymotrypsin-'’O enriched water,

recorded at B, = 20 T. Evolution period: 4 us; creation

e period: 2 ms; 12800 aquisitions.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 0 2 4 6 8 10 12 14
T/ ms T/ Ms

Figure 2. O NMR peak amplitude as a function of evolution time in (a) a four-quantum NMR experiment and
(b) a five-quantum NMR experiment. Data and fitted lines for immobilised chymotrypsin on silica with pore sizes
10 nm (blue circles) and 20 nm (red triangles). Note the change in T, scale between (a) and (b).

Pore size / nm R,/ s R,/ s’ Correlation time / ns Bound water per enzyme / (mol/mol)
10 6140 389 7.32 345
20 3610 814 3.59 425

Table 1. Relaxation rate constants from four- and five-quantum "’O NMR experiments and resulting correlation times and bound
water : enzyme ratios. A value of 7.6 MHz has been assumed for the ’O quadrupolar coupling constant in H,0.

By combining these two relaxation rate values, and assuming the theoretical treatment of Chung and Wimperis' to be valid, we can
obtain estimates of the correlation times of motions associated with relaxation, and the number of water molecules perturbed by
interaction with the immobilised enzyme. This leads to the further values in Table 1.

The numbers of water molecules calculated are plausible for the count of those surrounding the protein surface. For a fuller picture
we would also need to consider the possibility of water molecules interacting with sites on the silica surface (ones not masked by
the attached protein or silane coupling agent used as a first step in immobilisation). We also need to consider that interactions would
be expected to be much stronger at some sites on the protein surface (e.g., around charged groups) than at others. It is also likely
that water molecules exchange rather rapidly between sites on the protein surface and the bulk, and that there is no clear dividing
line between these two states. If we extend studies to low-water media it will probably be easier to distinguish water molecules
bound to the protein from those dissolved in a bulk non-aqueous phase surrounding the enzyme. The environments will be more
different, exchange slower, and intermediate states will be almost non-existent.
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Overview

Contemporary medical device research has led to the development of mid-IR absorption technologies to monitor the progress of
diseases in situ on a timescale that can remove the need for lengthy biopsies. Optimising chalcogenide glass compositions so that
they can host sufficient rare earth (RE) ion concentrations (e.g., Nd) in environments which are conducive to lasing is one project
under this remit." There is evidence in the literature suggesting that the addition of Ga to the glasses is key to ensuring a suitable
RE environment. One study has used optical studies to demonstrate that the addition of Ga,S, (incorporating Ga™ in tetrahedral
units) induces a corresponding increase in the RE fluorescence intensity,” while other work confirmed this result and used ab initio
molecular dynamics (MD) to show that Ga-S-RE correlations persist in the melt significantly longer than As-S-RE bonds.® There is
also evidence indicating that Ga incorporation may induce cluster or cage formation in which the RE ion sits, thus isolating it from
other network cations.” Direct experimental evidence of this correlation is essential in order to confirm these modelling results. As
both Ga®" and Ge"* cations comprise the glass network in the samples that are core to this study, the aim of this study is to thus
determine how strongly associated the RE position is with respect to these cations sites by observing paramagnetic broadening
associated with the study of the "'Ga and "°Ge nuclei. As the strength of the electron-nuclear dipolar interaction exhibits a 1/r°
dependence, the magnitude of the paramagnetic broadening will directly correlate to the average distance between the RE and
cation, showing clearly whether Ga is preferentially bonded (via S bridges) to the RE position.

""Ga MAS NMR Studies

"'Ga MAS NMR measurements from the chalcogenide glass series

x(Nd,S,)(100-x)(25Ga,S,-75 GeS,) (x = 0, 3, 4.5, 6) acquired at 20 —— 0mol% Nd,S,
T have yielded direct evidence that the RE (i.e. Nd*) cation is in

reasonably close proximity to Ga positions (see Figure 1). The "'Ga

spectrum for the Nd-free glass sample (25Ga,S,-75GeS,) depicts a

single lineshape (apparent shift of & ~250-300 ppm) which is assigned to —— 3mol%Nd,s,
four coordinate Ga (GaS,) in a disordered network. This disorder is due
to positional displacement (i.e., distributions of bond angles and bond
distances) and atomic displacement with each Ga position potentially T . T . T " T " ‘
2000 1000 0 -1000 -2000

experiencing Ga and/or Ge in the second coordination environment.
Upon the addition of 3 mol% Nd to the nominal composition, the "'Ga
MAS NMR lineshape becomes immediately influenced by a broad
anisotropy spanning ~4000 ppm, presumably from the paramagnetic
electron-nuclear dipolar interaction. The subsequent addition of 4.5 and
6 mol% Nd to these glass preparations causes this anisotropic width to
increase to ~7000 ppm, with a second resonance at an apparent shift of
4 ~900 ppm emerging at 4.5 mol% and becoming dominant at 6 mol%.
This "'Ga shift is outside the conventional chemical shift range and is
probably also due to the increasing proximity of the Ga®* speciation to
paramagnetic Nd*, thus inducing a prominent paramagnetic (downfield)
shift that may be influenced by both Fermi contact and electron-nuclear T T —

. . . . . 6000 4000 2000 0 -2000 -4000 -6000
dipolar interactions. These observations clearly show that paramagnetic 5("Ga)/ ppm
Nd* exhibits an intimate association with the Ga speciation in these
glass preparations, either by nearest neighbour or more elaborate Figure 1.”'Ga NMR data measured for the glass series
clustering phenomena. x(Nd,S,)(100-x)(25Ga,S, 75 GeS, (x=0, 3, 4.5, 6).

8("'Ga)/ ppm

——4.5mol% Nd,S,

—— 6.0mol% Nd,S,
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®Ge Static NMR Studies

"®Ge static (solid echo) NMR spectra obtained at 20 T (850 MHz) on two glasses X(Nd,S,)(100-x)(25Ga,S,-75 GeS,) (x = 4.5 and

6) from this series are shown in Figure 2. Although a full and accurate analysis of these "°Ge lineshapes is restricted by the signal to
noise ratio of these very broad central and satellite transition resonances, some attempts at elucidating the isotropic chemical shift
(6,,) of this resonance has been attempted by assuming quadrupole only (middle and right) and quadrupole/CSA (left) models.
These analyses demonstrate that regardless of the approach taken, a §, value of ~ —100 to -300 ppm is obtained which is well
within conventional °Ge chemical shift ranges and the influence of paramagnetic effects is not immediately apparent. This infers
that the addition of RE cations to this chalcogenide glass preparation has a more profound influence on the Ga* speciation through

close association and/or clustering, with the Ge™** speciation remaining relatively unperturbed by paramagnetic influences generated
by the presence of Nd** cations.

3Ge static NMR @ 20T
6 mol% Nd,S,

8,,= -204.8 ppm 8,,= -204.8 ppm 8,.= -74 ppm
Bea= 1980 ppm C, = 6.3 MHz C,=13.0 MHz
Neen = 1 ne=1 Ng=1
Cg, = 10.4 MHz
n,=029
o =29°
B =93°
y=127° _JL
20000 0 -20000 26000 0 - 20000 "TTT200000 0 "7 72720000
3("°Ge) / ppm 3("Ge) / ppm 8("Ge) / ppm
4.5 mol% Nd,S,
8,,,= -194.8 ppm §,,= -293.8 ppm 8,,= -330 ppm
Bcsa= 1908 ppm Cq = 6.3 MHz C,=11.7 MHz
Negy = 0.76 Ng=1 o= 1
C, = 8.4 MHz
n, = 0.44
o =57°
B =55
y=127° ‘JL
20000 0 720000 20000 0 20000 20000 0 —20000
3(°Ge) / ppm 8(™*Ge) / ppm 5(°Ge) / ppm

Figure 2. *Ge NMR spectra for the glasses X(Nd,S,)(100-x)(25Ga,S, 75 GeS, (x=4.5, 6), with three possible simulation models.
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Overview

Many perovskites and perovskites-related systems possess the structural flexibility necessary to incorporate significant amounts

of oxyanion doping; a doping strategy that improves ionic conduction thus promoting their applicability for solid oxide fuel cell
operation."*For the perovskite-related systems Sr,(Sc/Ga), P,O,, and Sry(Sc/Ga), 8,05, 520 CONductivity measurements suggest
that high levels of Ga incorporation into the structure impedes conduction, thereby suggesting that the Ga position is acting as an
oxide ion vacancy trap. Detailed structural characterisation is necessary to prove or disprove this hypothesis, but the local disorder
of these systems has been shown to inhibit detailed structural refinement via diffraction techniques. Solid-state 'Ga MAS NMR is
used to probe the short-range Ga®" environments, where the combination of high magnetic field (20 T) and fast MAS (using the Jeol

1 mm probe) have allowed the identification of four, five and six-fold coordination Ga speciation in these systems.

""Ga MAS NMR Experiments

" Ga NMR @ 20T From Figure 1, marked resolution enhancement upon increasing B, and MAS frequency

Ga(lV) demonstrates the necessity for fast spinning and high magnetic fields in order to study the
speciation of the Ga. Despite this improvement in resolution, the broadness of the "'Ga
lineshape makes interpretation far from trivial (see Figure 2). Its exact form is dependent on the
distribution of the local environments, which is not known a priori and therefore the lineshapes
can be difficult to model. The Czjzek model provides an analytic expression for MAS NMR
spectral lineshapes that tails towards high field due to a distribution of NMR quadrupolar
parameters caused by disorder.® This lineshape is convoluted with a Gaussian distribution of
(b) isotropic chemical shifts to fit the "'Ga MAS NMR data.

The typical "'Ga isotropic chemical shift range for the different coordination environments
measured in gallate and oxide based systems are as follows: Ga" 41-57 ppm, Ga" 200-242
ppm, with Ga” observed in the intermediate

chemical shift range of ~70-200 ppm.”* Given ?

Ga is known to correlate with the P content,

© and that Ga also substitutes with six-coordinate
Sc, it is expected that some distribution of four
and six coordinate Ga environments must exist
in these systems. Furthermore, for high quality
simulations of the "Ga MAS NMR lineshapes
to be achieved, significant intensity in the Ga”
region needs to be introduced. Hence, given
that the Ga speciation is dominated by Ga" and 2000 1000
Ga"” environments (i.e., not fully coordinated Ga"
positions expected in a perovskite lattice), it can
be inferred that the majority of Ga® positions are
O deficient and they are acting as a vacancy trap
where this deficiency resides permanently on the
0 oo "o o 0 o 5w 4w < Ga® positions, thus hindering O conductivity.

5,("Ga)l (ppm)

(a)

(d)

l‘] —10‘00 VZOIOO
3,,(""Ga)/ (ppm)
Figure. 1. "'Ga MAS spectra of
Sr,Se, ,Ga, S, 0, ,ata) 20.0 T, v, =

74 kHz, with DFS, b) 14.1 T, v. = 60 kHz
solid echo, and ¢) 14.1 T, v. = 31.25 kHz
solid echo.

Figure 2. "'Ga DFS spectra (20.0 T, 74 kHz MAS, 24 hours experimental time) of a) Sr,Sc, ,Ga, P, 0., b) Sr,Sc, Ga, P, 0.,
¢) Sr,Sc, ,Ga, S, .0; .5 d) Sr,Sc, Ga, S, ,0; ;5 With a corresponding simulation based upon the GIM Czjizek model.
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“Sc STMAS NMR Experiments

Kim et al. investigated the isotropic chemical shift of “*Sc in a range of solid oxide

materials and reported that in simple inorganic oxides (without the influence of protons

or organic functional groups) the isotropic chemical shift 8, is dominated by nearest
neighbour interactions.” Hence, there is a strong correlation between 8, and the Sc
coordination number for these systems: six coordinated Sc is reported in the 108-158 ppm
range, with higher coordination number environments being reported at lower chemical
shifts. The “Sc STMAS NMR spectrum for Sr,Sc, ,P, .0, , presented in Figure 3e clearly
demonstrates that both five and six coordinate Sc is present in this structure; as the Ga
incorporation is increased, the ScO, unit at & ~170 ppm is observed to disappear (see
Figure 3a-3d). This suggests that Ga is incorporated into the structure at O deficient (Ga"
and Ga") positions, thus forcing the Sc speciation to occupy fully coordinated Sc*' positions
in the perovskite lattice.

%P MAS NMR Data

*'P MAS NMR spectra are shown in Figure 4.
The shift range is consistent with ®'P arranged in
(a) Sr2Sc1.5Pos0s s tetrahedral units and the distribution of P species
in these data is sensitive to the extent of the Ga
doping. A narrow resonance can be observed

at & ~3.0-3.5 ppm for the samples with the least
amounts of Ga doping. This narrow resonance
has a relatively long T, ~ 120 s which is usually
T T T T oo s indicative of a highly crystalline environment. An

5,,("P)/ (ppm) impurity phase was not able to be detected in
(b) Sr2Sc1.2Ga0.7P0.10s.1

XRD studies; furthermore, the XRD data was
unable to refine the perovskite atomic positions.
Hence, the number of inequivalent P sites was
estimated by fitting the P NMR MAS data
using half Gaussian/half Lorentzian peaks. It was
determined that three resonances were optimal

o 1 10 5 o 5 -0 as forthe material without any Ga doping and this
0..("P)/ (PPm) acted as a template to fit the other spectra. Given
(0) Sr2ScosGaPo.Os. that the P content of the samples is relatively

small, we might expect a predominance of Q°
species with a possibility of Q' species where
differences in tetrahedral environment due to the
number of nearest neighbour ligands influences

the ¥'P isotropic chemical shift. Further, we might
20 15 10 5 0 -5 -0 -5 postulate that these three resonances correspond
0P (pPM) to no vacancies, a single vacancy and two
Figure. 4:°'P (11.75 T) single-pulse  vacancies in the Sc coordination sphere in the

MAS NMR data withaccompanying ~ Next nearest neighbour bonding arrangement of
simulations. the P environments.

P MASNMR @ 11.75 T

=
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In-Situ NMR Studies of Urea Inclusion Compound
Crystallization: Guest Competition and Growth Inhibition
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and Kenneth D. M. Harris

School of Chemistry, Cardiff University

Overview

Our previous research has demonstrated the ability of in-situ NMR
techniques to reveal new fundamental understanding of crystallization
processes, particularly with regard to monitoring the evolution of the
solid phase as a function of time." Some of our latest work in this field
has focused on different aspects of the crystallization of urea inclusion
compounds (UICs). In these materials, the urea molecules form a
tunnel “host” structure. The tunnels are densely filled with “guest”
molecules (Figure 1), which are typically long-chain alkanes or o, m-
dihalogenoalkanes. In the present work, we focus on two specific
features, in particular the competitive co-inclusion of two different types
of guest molecule within the urea host structure and modification of the
crystallization process by designed crystal-growth inhibitors.

Guest Competition

A topic of considerable interest in this field is the competitive co-inclusion
of two types of guest molecule within the urea host structure. Whilst
ex-situ analysis of the products from such crystallization experiments
can reveal the total amounts of the two guests included within the host
structure, only in-situ analysis can reveal the mechanism by which

the crystallization proceeds, together with the time dependence and
selectivity of the uptake of the two types of guest.

Figure 2 shows in-situ NMR results from two crystallization experiments
for a solution of urea, 1,8-dibromooctane (DBO) and undecane (UD)

in methanol. The two experiments differed in the rate of cooling of the
solution from 50 °C to 20 °C to induce crystallization. In each experiment,
the sample initially comprised the DBO/UD/urea solution plus a separate
phase of liquid UD. The liquid UD phase is observed to disappear at the
same time that new signals appear due to guests in the solid UIC. In the
fast cooling experiment, both DBO and UD are observed as guests in the
UIC whereas, under conditions of slow cooling, only UD is observed in
the UIC host structure.

In the spectral region highlighted in yellow, two peaks are observed

for the methyl group of UD in the case of fast cooling, indicating that
two distinct local environments exist for the methyl groups. These
environments are rationalized as methyl groups adjacent to the methyl
end-group of another UD molecule within the one-dimensional host
tunnel and methyl groups adjacent to the bromine end-group of a DBO
molecule. Thus, when both UD and DBO are incorporated as guests
into the UIC, they are distributed in a disordered manner within the same
tunnels, rather than forming separate domains.
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Crystallization in the Presence of Crystal-Growth Inhibitors a) "0
Our group is currently studying the impact of inhibitor molecules on the growth [2
of UIC crystals. Our earlier work™® developed a general strategy for achieving a 100+ |
high degree of control over crystal morphology of UICs by introducing crystal
growth inhibitors. Such inhibitors are designed to interact preferentially with * 80 ﬂ
certain crystal faces during crystal growth, selectively decreasing the rate of R
growth of these faces (while having no effect on the rate of growth of other E 604 b
faces) and consequently altering the crystal morphology. Using this strategy, it “E’
was shown that crystals of UICs can be prepared with any desired morphology = 40 '
ranging from long hexagonal needles (the natural growth morphology) to flat ,
hexagonal plates.
20+

For UICs, another issue of particular interest is chirality, as the urea host tunnel
structure is chiral. In the absence of any chiral influence, both right- and left- 0 . ] R | | '
handed UIC crystals are formed in crystallization experiments, but their crystal 37 35 33 31 29 27
morphologies are indistinguishable (long, thin needles with hexagonal cross- '3C Chemical Shift / ppm
section in each case). However, we have found recently that crystallization
of UICs in the presence of designed chiral compounds leads to a bimodal
distribution of crystal morphologies. In particular, some crystals are the normal b) 180+ r
long, thin needles whereas other crystals are shorter and wider than normal.
We may hypothesize that the chiral compounds influence the usual growth 1507
behaviour selectively for one enantiomorphous form of the UIC crystals, by
enantioselective interaction with the surfaces of the growing crystals. 2 120

S
Figure 3 shows in-situ solid-state '°C NMR results for two crystallization o 90- W
experiments to prepare the UIC containing 1,8-dibromooctane (DBO) guest E
molecules. In one case, no crystal growth inhibitor was present; in the other = 60-
case, 10% of the guest concentration was replaced by the inhibitor N-lauroyl-
L-phenylalanine (NLLF). In the absence of inhibitor, crystallization occurs after 304 AR s
about 30 mins, as seen by the disappearance of peaks due to a separate liquid
phase of DBO (blue) and the appearance of peaks due to DBO in the solid UIC 0 .

(red). Peaks due to DBO in the solution phase (black) are present throughout the 37 35 33 )
experiment. In the presence of the inhibitor, crystallization occurs after about 60 13C Chemical Shift / ppm
mins, again evident from the disappearance of the separate liquid phase of DBO
and the appearance of DBO in the solid UIC. However, it is clear that there are
differences in the final product, as the peaks due to DBO in the UIC are much
weaker (the peak at 35.5 ppm is only visible at lower contour levels than shown
in the figure).

Figure 3. In-situ "°C NMR spectra recorded
during crystallization of DBO and urea (a)
without and (b) with the NLLF inhibitor. Note
the different timescales.

Concluding Remarks

The physico-chemical properties of UICs have captivated the interests of organic solid-state chemists and physicists for many
years, particularly with regard to their fascinating structural and dynamic properties, and their potential applications. Our on-going
research to understand the crystallization behaviour of these materials is revealing several significant observations, and it is clear that
in-situ NMR techniques are a very powerful approach to advance our understanding of fundamental details of these processes.
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Exploiting Ultra-Fast MAS in the Characterization

of Organic Crystals with High Z'
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Overview

Whilst the majority of molecular crystalline materials are found to have a relatively small number (denoted Z') of crystallographically
distinct molecules in the asymmetric unit (typically with Z' < 4), some materials have surprisingly high values of Z'. We have studied
two molecular crystalline materials for which the value of Z' in the published crystal structure is particularly high. Our aim was to
assess the validity of these structures by recording '°C and 'H-"°C NMR spectra with the highest possible resolution. With this aim,
we exploited the resolution advantage afforded both by the high field of the 850 MHz instrument and by utilizing the high magic

angle spinning frequency available with the recently installed Jeol 1 mm probe.

L-Tryptophan

The crystal structure of L-Trp has been reported recently' to have a huge
number (Z' = 16) of independent molecules in the asymmetric unit. A 'H-"°C
heteronuclear correlation spectrum of L-Trp was recorded (Figure 1) at 78 kHz
MAS frequency. Focusing on the carboxylic acid region of the °C spectral
range, two distinct groups of signals are observed, centred at 176.7 ppm
and 178.3 ppm. To allow comparison with the published crystal structure, we
have calculated the carboxylic acid '°C chemical shifts for this structure using
the GIPAW method. These calculations revealed that there are indeed two
distinct groups of carboxylic acid '°C chemical shifts, with eight molecules in
the asymmetric unit contributing to each group. The difference between the
average chemical shifts for each group is ~1.6 ppm, in close agreement with
the difference observed in the experimental data. This observation provides
some vindication that the published crystal structure, although having an
unusually high value of Z', may indeed be correct.

Glycyl-L-Valine

The published crystal structure of glycyl-L-valine® has Z' = 7. 'H-"°C CP

MAS NMR spectra, acquired at 78 kHz MAS frequency, are presented in
Figure 2 for the aliphatic and carbonyl regions of glycyl-L-valine. Although

not fully resolved, it is clear that there are several peaks for each resonance
type, perhaps most noticeably for Va. at ~65 ppm. GIPAW calculations to
determine the *C chemical shifts for the reported crystal structure are in
progress and will allow the level of agreement between our NMR data and
this structure to be assessed. However, it is already clear from our NMR data
that Z' is indeed relatively high.

Concluding Remarks
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Figure 1. 'H-"°C (78 kHz MAS) hetero-nuclear
correlation spectrum of L-Trp.
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Figure 2. 'H—"°C CP spectra of glycyl-L-
valine at 78 kHz MAS.

Our results show that a strategy combining the measurement of experimental NMR data at high magnetic field and using very high-
frequency MAS, together with CASTEP calculations of chemical shifts, can be used to assess the validity of crystal structures with

unusually high values of Z'.
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“CLASSIC NMR”: A New In-Situ Method

to Study Crystallization
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Overview

We have developed a new in-situ NMR strategy for mapping the time evolution of crystallization processes, involving simultaneous
measurement of both liquid- and solid-state NMR spectra (manuscript in preparation). This new strategy is termed CLASSIC
NMR (Combined Liquid- and Solid-State In-situ Crystallization NMR) and allows complementary information to be obtained on
the evolution of the solid phase during the crystallization process as well as the corresponding changes in the solution phase. In
particular, as crystallization proceeds (monitored by solid-state NMR), the solution state becomes more dilute, leading to changes
in the speciation and the modes of molecular aggregation in solution, which are monitored by liquid-state NMR. We report the

application of the CLASSIC NMR strategy to two crystallization systems.

Benzoic Acid

Benzoic acid (BA) forms stable hydrogen-bonded dimers at equilibrium
in chloroform but not in acetone. However, it exhibits no polymorphism
upon crystallization from these solvents. We studied this system

to explore the possible formation of (i) transient polymorphs during
crystallization (focusing on the solid-state component of the CLASSIC
NMR data) and (i) dimers in the super-saturated solution prior to
crystallization in acetone (using the liquid-state data). Solid-state NMR
did not reveal any intermediate phases, indicating that crystallization
leads directly to the known solid form from both solvents. Liquid-state
NMR spectra (Figure 1), recorded during crystallization, showed key
differences. The "H resonances move due to the concentration change
associated with crystallization. However, while the aromatic peaks (red)
move to higher chemical shifts in both solvents, the carboxylic acid
peak (green) moves to a higher shift in chloroform but to a lower shift

in acetone. Given that the carboxylic acid 'H chemical shift is higher for
BA molecules in hydrogen-bonded dimers, we conclude that, at the
higher, metastable concentration present during crystallization, BA does
form dimers in acetone.

Benzoic and Pentafluorobenzoic Acids

We have applied CLASSIC NMR to the co-crystallization of BA and
pentafluorobenzoic acid (PFBA). The well established affinity for aryl
and perfluoroaryl rings to form alternating st-stacking gives rise to a
number of highly stable co-crystals. Our aim was to determine the

point at which this affinity is manifested in the creation of alternating n-x
stacks during crystallization. Figure 2 shows the liquid-state "H NMR
spectra of a 1:1 BA/PFBA mixture crystallizing from CD,Cl,. After ca. 40
mins, there is a sudden change in the chemical shifts, corresponding

to a rapid co-crystallization. Further experiments in other solvents are
underway to characterize the pre-nucleation solutions in this system.

Concluding Remarks

We now aim to apply the CLASSIC NMR methodology to gain
new insights on a wide range of crystallization processes of both
fundamental interest and significant biological importance.
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Figure 1. Liquid-state 'H NMR spectra of BA crystallizing
from (a) chloroform and (b) acetone.
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Overview

Proteins rarely work in isolation. Most of the time they interact
with other molecules: other proteins, nucleic acids, small
ligands, etc.’ Consequently, in order to understand biological
processes at atomic resolution it is often indispensible

to consider proteins in molecular complexes. However,
atomic resolution measurements on protein complexes

pose a series of serious challenges for techniques such

as NMR. In particular, protein-protein complexes are often
comprised of very large molecular assemblies, for which
achieving the sensitivity and spectral resolution required for
quantitative studies becomes extremely difficult. For example,
in solution slow tumbling of large systems induces strong
transverse relaxation that leads to severe line broadening

and an associated decrease in resolution and sensitivity.

This challenge can be partially overcome by using TROSY-
type technigues, which rely on the interference of relaxation
mechanisms in order to reduce the line widths for large
biomolecules.” Another alternative to TROSY spectroscopy

in solution is provided by solid-state NMR. In the solid

state in the absence of molecular tumbling resonance, line
widths are independent of the size of the studied system.
Consequently, if one overcomes solid state specific challenges
for resolution and sensitivity, solid-state NMR could be
potentially used to study structure and dynamics of proteins
in even very large protein complexes. This report outlines
briefly combined results of two different projects at the 850
MHz Facility that aimed at addressing the issue of sensitivity
and resolution in quantitative solid-state NMR spectroscopy
of large biomolecular complexes. First, we demonstrate

that 'H detection at fast spinning frequencies addresses

the challenge of sensitivity allowing fast acquisition of high
quality multidimensional NMR spectra on a few nanomoles

of material (manuscript in preparation). We also demonstrate
some results of protein spectroscopy at 100 kHz spinning
frequencies, which renders "H-detected spectroscopy of fully
protonated proteins practical. This work sets out new records
for detectability in protein MAS NMR, where quantitative
studies can be undertaken on samples containing as little as 3
nanomoles of labeled protein.
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Figure 1. 2D "N-"H correlation spectrum of a precipitated
300 kDa complex of 100% H,0 [U-"°C,"*NJGB1 and human
immunoglobulin. The spectrum was obtained in 10 minutes
at v, = 60 kHz and v,,, = 850 MHz using ~6 nanomoles (2 mg)
of the complex. A recycle interval of 0.4 s was used, with the
sample containing 50 mM copper(ll) EDTA.
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Figure 2. (a) A 2D "°C-"H correlation spectrum of ~46
nanomoles of crystalline protonated [1,3-"°C,"*NJGB1 obtained
at v, = 100 kHz and v,,, = 850 MHz. The observed 'H line
widths are as narrow as 100 Hz (0.11 ppm). (b) Comparison
of outer diameter, maximum spinning frequency and volume of
MAS rotors used for biomolecular NMR.
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Optimizing Sensitivity for Large Protein Complexes

One of the main challenges for quantitative studies of large protein complexes is sensitivity. In this study we demonstrate that the
sensitivity required for quantitative studies of large protein complexes in the solid state can be achieved by employing 'H-detected
experiments at 50-100 kHz spinning frequencies. For structural applications the sensitivity per unit time can be further improved by
fast recycling of experiments enabled by addition of paramagnetic relaxation enhancing agents that reduce 'H T, without inducing
significant line broadening.® Such an approach enables the obtaining of high quality 2D-3D spectra on small quantities of protein
complexes in a matter of minutes to hours. For example, Figure 1 shows a 2D 'H-"°N correlation spectrum obtained in 10 minutes
on ~12 nanomoles of GB1 in a ~300 kDa precipitated complex with natural abundance full length human immunoglobulin (IgG). The
sensitivity achieved in this way enabled us to perform quantitative measurements of relaxation of GB1 in the complex as well as a
series of 3D experiments to obtain distance restraints. The proposed approach should be widely applicable to quantitative studies
of large biomolecular complexes, especially in combination with sedimentation by ultracentrifugation as a preparative method to
produce high quality samples.* In particular, it will benefit application to systems that are difficult to be produced in large quantities.

Protein Studies at 100 kHz Spinning Frequency

Effective use of 'H detection to improve the sensitivity of NMR

. . " . e = GB1:1gG complex =
experiments requires conditions leading to narrow 'H line widths. g_ v =95 kHz o T49
At 60 kHz spinning frequency the best compromise between 'H & 110! ' B o ° o

_ L , , = T44 - ° o o,
resolution and sensitivity is obtained for deuterated proteins that are = o
fully reprotonated at exchangeable sites.® In order to take a full benefit % . °° ° 9 o
of samples with a higher concentration of protons, and in particular 9 120 @?o - o=
fully protonated systems, faster spinning frequencies are required in qE) °°, o 4
<

order to improve the removal of strong 'H-"H dipolar couplings that lead F52 o? s ° o
to broadening of 'H resonances. Recently, Samoson and coworkers gz 130 - D46
developed a new 0.8 mm MAS probe that allows the reaching of 100 ©
kHz spinning frequency. This new MAS regime enables effective use of 10 8
'H detection in samples with high concentration of protons including H chemical shift (ppm)
fully protonated systems. For example, Figure 2 shows a 2D 3C-
'H correlation spectrum obtained at 100 kHz on a fully protonated Figure 3. A 2D "N-'H correlation spectrum of ~3.5

nanomoles of 100% H,0O deuterated [U-*C,*N]JGB1 in a

crystalline [1,3-"°C,U-"°N]GB1. The superior averaging of 'H-'H e 500 KD o oG obtaey
. ) . _— . 1 precipitate a complex with human IgG obtaine
couplings afforded with this spinning frequency vyields spectra with 'H at v = 95 kHz and v,, = 850 MHz. The experimental time

line widths as narrow as 90 Hz. Note that this is similar to a typical line was ~12 h.

width obtained on a 100% H,O deuterated sample of GB1 in complex

with IgG obtained at 60 kHz spinning. Even though deuteration is not strictly required at 100 kHz, it still benefits experiments
performed under such conditions by improving the observed coherence lifetimes, which is crucial for multidimensional experiments.
Combination of 'H detection and 100 kHz spinning allows us to establish new limits for detectability in protein NMR. In Figure 3 we
demonstrate that by using this approach we are able to record high quality spectra in a matter of hours on samples containing as
little as 3 nanomoles of labeled protein (which corresponds to ~20 ug of GB1).
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Overview

Between 30 and 40 proteins and peptides are currently known to assemble via small soluble oligomers into insoluble fibrillar
deposits that are the pathological hallmark of human diseases and disorders, including Alzheimer’s disease (AD), type Il diabetes
and Parkinson’s disease. The relationship between the structural and toxicological properties of these amyloid, or amyloid-like, fibrils
is poorly defined, yet is a question that is central to our understanding of these diseases.

Amyloid plaques of the amyloid-beta (Ap) peptides that accumulate in AD

V24 4o | | vi2i24 V12124 f brains also contain glycosaminoglycans (GAGs), the linear, highly sulfated
531117\2},2 1 » ;AZ'N e K28 20 £ polysaccharides associated with the extracellular matrix. It is now known that
o > [
vas | | V12f2& H13 ® ® A3} 30 6 proteoglycans and GAGs such as heparan sulfate (HS) and dermatan sulfate
@ ‘iz t 3 (DS) co-localise widely in vivo with amyloid fibrils and plaques that are the
ep23 | D23 N27 o K28 40 (9
N2T @ | ‘ ¢ - pathological hallmark of human amyloidosis, stabilising fibrils and, in some
; | o / Ofmz‘... 50 l cases, altering the course of amyloid assembly and the toxicity of the protein
vze.,w 2 - 526 o @ £ 60 precursors of these disorders.
‘ We used high-field solid-state NMR combined with uniform "C/'°N labelling

180160 60 50 40 30 20
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and biochemical assays to unveil the first site-specific details of how the
GAG heparin interacts with fibrils of the 40-amino acid AD peptide AB, .’
AB,_,, fibrils with three-fold molecular symmetry bind 5 kDa heparin at a site
flanked by the peptide’s unstructured N-terminal region and the turn at the
apices of the triangular geometry (Figure 1). This level of detail was gained
from residue-specific '°C chemical shift perturbations for the fibrils in the
presence of heparin, together with a **C proton-driven spin diffusion (PDSD)
) experiment to reveal a complex stabilised by charged/polar amino acid side
X groups around the heparin molecule (Figure 1).

Figure 1. Top: A °C solid-state NMR PDSD
spectrum of an AB,_,, fibril-heparin complex (red)
and simulated fit to the spectrum (black). Bottom

We have now turned our attention to the soluble oligomers that precede

the deposition of insoluble fibrils and how heparin influences their molecular
left: a structural model of the GAG (blue)-fibri §tructure and morphology. .It i§ well established th'at GAGslcan profoundly
(green) complex. Bottom right: Space filing influence the growth rate, fibril morphology and oligomer size, but how these
model of heparin bound to AB,_, fibrils. effects relate to the underlying molecular structure of the oligomeric fibrillar
precursors, and how these species interact with GAGs, is unknown. Such
information is valuable for understanding AD and other amyloid disorders
because protein oligomers are widely believed to be the pathogenic species.

-40

Results

We prepared AB, ,, oligomers and confirmed their presence by transmission electron microscopy (TEM) as shown in Figure 2. The
oligomers appear as spherical aggregates over 100 nm in diameter, consistent with the on-pathway, cytotoxic species reported
extensively elsewhere. In the presence of heparin the aggregates are substantially larger, being over 200 nm in diameter, suggesting
that the polysaccharide has a fusogenic effect on the smaller structures.
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Py Tedg A Figure 2. TEM images of "N/°C AB,_,, oligomers in
200 200 nm the presence (right) or absence (left) of 5 kDa heparin.

High-field ™*C dipolar assisted rotational resonance (DARR) solid-state NMR measurements were conducted on uniformly "*C and
"*N labelled AB,_,, oligomers in the absence of heparin and in the presence of a 5-fold molar excess of heparin. Freshly prepared
samples were freeze-quenched and lyophilized prior to analysis. The spectrum of oligomers alone was reminiscent of the spectrum
of Ap fibrils observed previously, with similar chemical shifts observed for most if not all residues (Figure 3a). The spectrum is thus
consistent with the oligomers adopting a predominantly B-sheet structure similar to the final fibrillar architecture, although possibly
with different tertiary and quaternary contacts. In the presence of heparin the spectrum was remarkably different from the spectrum
for the oligomers alone. A comparison with simulated spectra indicated that the oligomer sample was almost entirely a-helical
(Figure 3b). It is known that monomeric Ap assembles into oligomers via transitory helical species, and it is possible that heparin
stabilises this helical state. One concern was that the method of preparation involved the use of 10 % hexafluoroisopropanol (HFIP)
in aqueous solution. HFIP is well known to induce a-helical structures in proteins and peptides. We therefore obtained spectra for
oligomers prepared in NaOH in the absence of HFIP. The spectra of oligomers alone were consistent with a mixture of a-helical and
B-sheet structures (Figure 3c), but in the presence of heparin the sample consisted of virtually entirely a-helical structures (Figure
3d). Hence heparin modulated the structure of Ap oligomers prepared in two different ways.
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Figure 3. High-field "°C DARR spectrum (at 850 MHz) of AB,_,, oligomers prepared in (a) HFIP alone or (b) with heparin and prepared
in (c) NaOH alone or (d) with heparin. Experimental spectra of oligomers are shown in black; an experimental spectrum of A fibrils is
shown in red; a simulated spectrum of a-helical Ap is shown in blue. Rectangles indicate regions of the spectra that are diagnostic
of B-sheet and a-helical structures.

In summary, high-field solid-state NMR measurements have provided compelling evidence that GAGs interact with soluble Ap
oligomers and stabilise the transitory a-helical structures that form early in the assembly pathway. These results will inform future
studies of the structure-toxicity relationship of Ap self-assembly. This work was supported by the Wellcome Trust (grant number

WT088563MA).
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Multinuclear Characterisation of Magnesium-Based
Cements for Specialised Applications
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Overview

Magnesium-based cements are produced via an acid-base reaction of magnesia (MgO) with potassium phosphates to form
magnesium potassium phosphate cements (MKPC), also known as chemically bonded phosphate ceramics or acid-base cements,’
or with amorphous silica sources to form magnesium silicate hydrate (M-S-H) binders. Both of these types of binder have been
proposed as possible cements for the immobilisation of different types of wastes arising from the nuclear fuel cycle, among other
applications in rapid concrete repair (MKPC) or as a potential low-carbon cement (M-S-H). The main phase formed in MKPC is
struvite-K (MgKPO,.6H,0), a potassium analogue of struvite (NH,MgPO,.H,0), which is naturally cementitious and presents a
partially amorphous structure as a consequence of its rapid setting.>®* However, this material has never before been studied by
NMR. For binders in the system MgO-SiO,-H,0 (M-S-H), the sole identified reaction product is a poorly crystalline magnesium
silicate compound with a highly disordered structure,® and whose chemistry is strongly dependent on the Mg/Si ratio. This structure
also requires the application of high-resolution NMR techniques to provide detailed information regarding the local environments of
magnesium, as this information has not previously been known.

High-Resolution Mg and **K MAS NMR Spectroscopy of Struvite-K

Natural struvite-K was identified and classified as a new mineral less than a decade ago,® and it has been reported that its crystalline
form presents a similar structure to struvite (Figure 1), as K* can replace NH," in the lattice of struvite due to the similar radii of

these cations.” High resolution 26Mg and **K MAS NMR spectra (Figure 2) provided for the first time information about the chemical
shift and quadrupolar coupling parameters of the crystalline and amorphous components present in synthetic struvite-K, and in
struvite-K blended with granulated blast furnace slag.
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Figure 1. Crystal structure of struvite-K.
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Figure 2. *°Mg MAS and *K MAS NMR spectra of struvite-K with and without
blast furnace slag (BFS).
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*Mg MAS NMR Spectroscopy of Magnesium Silicate Hydrate Cements

The UK has accumulated significant quantities of radioactive Mg(OH), sludges from its Magnox nuclear programme which are
classed as intermediate level waste (ILW) streams. The search for safe alternatives for disposal of these ILWs has motivated the
development of magnesium silicate hydrate (M-S-H) binders. The microstructure of these materials is difficult to determine using
conventional analytical techniques due to their highly amorphous nature, and consequently the long-term performance of these
materials cannot yet be predicted. The high-resolution 26Mg MAS NMR spectra of M-S-H products with different ages demonstrate
at early age these cements have a talc-type structure (see Figures 3 and 4); however, under extended ageing periods, these

materials show a significant change in their structure, which may have important implications for their use in waste immobilisation
or construction.
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Figure 3. Crystal structure of talc. Figure 4. 25Mg MAS NMR spectra of talc, and of
M-S-H type cements with different ages.
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Overview

As a result of recent NMR developments, the characterisation of materials of increasing complexity is now possible, allowing
detailed insight into their structure to be obtained. For example, the studies of Schurko and co-workers' have rendered the
acquisition of ultra-wide line NMR spectra from solids more accessible using novel cross-polarisation (CP) approaches. Furthermore,
much progress has been made in the use of NMR characterisation of low-y quadrupolar nuclei with low natural abundance, such

as ®Mg.? Here two examples of applications of such recent NMR developments are provided. First, it is shown that tin oxo-clusters
can be characterised using static "'°Sn NMR experiments, including 'H-""°Sn and "°F-"Sn BRAIN-CP excitation schemes. Second,
it is shown that intercalated Mg/Al layered double hydroxides can be easily studied by natural abundance *Mg NMR. In particular it
is demonstrated that the Mg environment is sensitive to the presence of the molecules intercalated between the layers.

"Sn NMR Spectroscopy of Tin Oxo-Clusters

Tin oxo-clusters are an important class of materials in the field of catalysis, and can be used as building-blocks for the synthesis

of advanced organic inorganic hybrids. In their crystalline form, tin oxo-clusters are characterised by the association of definite
polynuclear entities through H-bonding, and can exhibit a variety of local tin environments. To further refine the characterisation of
these compounds in the solid state, and notably distinguish the different tin environments, a variety of crystalline tin oxo-clusters
were synthesised exhibiting 5- and 6-fold coordinated Sn sites with variable Sn-H distances: [(BuSn),,0,,(OH) J(X), (with X : OH", z =
2;and X : SO,”, SO,CF,”, z = 1).

BRAIN CP X=S0,CF;> ..._u..—.-.uJWWbJMUJJ‘UJ-UJ“““'
19> 119G 3-"3

BRAINCP—  x=s0,* ll”” “““I mllMMUMI“IIHIllqummn
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Figure 1. 'H— ""°Sn and "°F— ""°Sn BRAIN-CP experiments, showing the different 5- and 6-coordinate environments
in the [(BuSn),,0, ,(OH)J(X), crystalline phases.
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The ""°Sn spectra (Figure 1) obtained showed clearly that the different 5- and 6-fold Sn environments are visible in all materials,
attesting to the common “(BuSn),,” core. In the "H—""°Sn BRAIN CP experiments, the main differences observed were ''°Sn
transverse relaxation properties: the materials with fewer protons in the vicinity of Sn (X = 8042', SOSCFSZ') led to longer T, values
thereby allowing more echoes in the CPMG acquisition and hence a better signal-to-noise. More importantly, it was demonstrated
that the “BRAIN-CP” experiment can use a nucleus other than 'H, i.e. '°F as the polarisation source. These extensions of the
BRAIN-CP experiment may be useful in the future for the characterisation of other complex phases.

Mg NMR Spectroscopy of Intercalated Layered Double Hydroxides

Layered double hydroxides (LDHs) are a family of lamellar materials which have found many applications, in fields such as catalysis,
drug delivery and water treatment. Indeed, a variety of anions (both organic and inorganic) can be intercalated between the
positively charged layers of cations. For example, in the case of Mg-Al layered double hydroxides (Mg, ,Al, 55(OH),(NO,), 5,:0.5H,0),
the nitrate anions initially present between the layers can easily be exchanged by other organic anions such as citrate. With the aim
of increasing the ways of characterising such intercalated phases, it was decided to examine how local magnesium environments
are affected by the presence of “organic” anions between the layers, using “’Mg solid-state NMR. Figure 2 shows a comparison

of 26l\/lg natural abundance MAS NMR spectra of two LDH phases, before and after intercalation of organoboron anions. The
differences between the two spectra are clear, with an increase in the range of Mg local environments after intercalation. Further
experiments and modelling studies will be needed to determine the structural origin of this increased range of local magnesium
environments.

Intercalated-LDH

LDH

l 1 1 1 1 1 1 1 l 1 1
125 100 75 50 25 O -25 -50 -75 -100 -125 -150 -175
25Mg chemical shift (ppm)

Figure 2. Nature abundance “*Mg MAS NMR spectra of a layered double hydroxide, before and after intercalation of an
organoboron anion. The DFS (double frequency sweep) enhancement scheme was used.
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Measurements of 'H and '°F CSAs with Ultrafast MAS:
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Overview

Zirconium phosphonates can be assembled to give a wide range of structures with different dimensionalities and connectivities,
making them useful materials for a wide range of applications, including proton conductors, heterogeneous catalysts and fillers

for polymeric composites. Recently, two novel phosphono-carboxylate ligands have been synthesized from the reaction of diethyl
2-bromoethylphosphonate with 3-carboxypyridine (nicotinic acid) and 4-carboxypyridine (isonicotinic acid).” Reactions of these
ligands with zirconium in hydrofluoric acid result in two zirconium phosphonate compounds. Compound 1 (Figure 1a) has a chain
structure with an inorganic backbone of ZrO,F, octahedra and PO,C tetrahedra. Each carboxylate group of the isonicotinate points
toward an adjacent chain with one oxygen only 2.67 A away from an equatorial F of a neighbouring ZrO,F, group, suggesting a
O-H...F hydrogen bond. Compound 2 (Figure 1b) has a layered structure in which the layers contain chains of ZrO,F, octahedra
and PO,C tetrahedra covalently linked via the carboxylate groups of the nicotinic species. These compounds exhibit previously
unobserved zirconium phosphonate structures and connectivities between chains.

Figure 1. Structures of zirconium phosphonates (a) 1 and (b) 2 viewed down the ¢ axis. ZrO,F, octahedra are purple, and PO,C
tetrahedra are green. Red dashed lines show the short O...F distance.

Solid-state NMR spectroscopy provides a means to study hydrogen-bonded structures, since the 'H CSA depends on the
hydrogen bond length. We recently implemented a new 'H anisotropic-isotropic shift correlation experiment optimized for use
with ultrafast MAS (v, > 60 kHz).? In this experiment the 'H CSA is measured in the indirect dimension using a symmetry-based
recoupling sequence, while different 'H sites are resolved via their isotropic shifts in v,. The use of ultrafast MAS at the high B,
field available at the Facility optimizes the resolution of 'H sites in v, without the need for homonuclear decoupling. The recoupling
sequences used in t, consist of N inversion pulses R, timed to occupy n rotor periods, where each R element of the overall
sequence has duration nt/N and alternate elements have phases +xnv/N. The symmetry numbers N, n and v determine which
interactions are retained in the first-order effective Hamiltonian for the sequence. Recoupling sequences suitable for measuring the
'H shift parameters recouple a single-quantum Hamiltonian which takes the form

— ) -
RO - 2 (miT1]-1 - ij1]+1)
]
to first order, where the index j runs over all the "H shift interactions. The coefficient o, depends on the CSA and determines

the appearance of the recoupled powder pattern observed in the evolution dimension. Suitable symmetries must also avoid
inadvertently recoupling the strong 'H dipolar interactions, as well as isotropic 'H shifts. However, since the pulse sequence is
synchronized with the spinning, the required rf amplitude increases with v.. Hence, many sequences become impractical at ultrafast
MAS rates, and a careful choice of symmetry numbers is required to ensure operation with acceptable rf amplitudes.
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Results

A number of new CSA recoupling sequences which operate even at MAS rates up to 80 kHz were demonstrated using the state-
of-the-art Jeol 1 mm MAS probe available at the 850 MHz Facility. For example, Figure 2a shows an experimental H anisotropic-
isotropic correlation spectrum of ascorbic acid obtained using a R1 62 sequence with a MAS rate of 78.1 kHz. A similar spectrum
recorded for 1 at 62.5 kHz is shown in Figure 2b. The resonance at 8, = 12.5 ppm shows a recoupled lineshape in v, which
corresponds to a large "H CSA of 12 ppm consistent with a strong hydrogen bond. In this case the lineshape depends additionally
on the "H-"°F heteronuclear dipolar coupling which is also recoupled by the R1 6% sequence. The value of the coupling measured
from this lineshape is consistent with a short H...F distance confirming the presence of a hydrogen bond.
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Figure 2. Experimental 'H anisotropic-isotropic correlation spectra of (a) ascorbic acid and (b) 1 recorded at a Larmor frequency of
850 MHz with a R7623 sequence to recouple the 'H CSA in v,. The red bar in (b) indicates the recoupled lineshape for the hydrogen-
bonded proton resonance at 8, = 12.5 ppm.

In addition to 'H studies, '°F shift parameters provide further information about the zirconium phosphonate materials. For example,
with the improved resolution obtained at high field the {'H}-decoupled "°F spectrum (Figure 3) recorded with a MAS rate of 25

kHz shows three F resonances for 1 with the most shielded resonance corresponding to the hydrogen bonded equatorial

fluorine atoms in the ZrO,F, octahedra. Resonances corresponding to the remaining axial fluorine atoms can be resolved using

H decoupling at the high B, field available at the 850 MHz Facility. The isotropic shift difference of 3 ppm is evidence of a small
distortion from perfect octahedral geometry. However, the effect of this distortion on the 9F CSA is more significant with a measured
difference between the two axial fluorine atoms of 21 ppm.

+200 +100 O  -100
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200

Figure 3. {H}-decoupled "°F spectrum of 1 recorded at a "°F Larmor frequency of 800 MHz and a MAS rate of 25 kHz (blue)
with a simulation used to extract CSA parameters (red).
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Natural Abundance **S STMAS NMR of Ettringite
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Overview

Quadrupolar nuclei account for about 70% of NMR-active nuclides. The inverse dependence of the second-order quadrupolar
interaction upon magnetic field strength makes the use of B, = 20.0 T highly advantageous for quadrupolar nuclei with half-integer
spin quantum numbers. There have been very few S (spin / = 3/2) solid-state NMR studies in the literature, owing to the low natural
abundance (0.76%) and low gyromagnetic ratio of **S, and the high expense of S enrichment. Recently, very high field NMR has
been used to advantage to overcome some of the limitations associated with low-y quadrupolar nuclei, such as *S (vo =30.7 MHz
at 9.4 T). ®S solid-state NMR studies have begun to attract interest owing to the prevalence of sulphur in nature and materials
science. Natural abundance **S solid-state NMR, therefore, has great potential for future applications. The aim of this project is

to demonstrate the feasibility of high-resolution natural abundance **S NMR at the high B, fields now available. The MQMAS and
STMAS NMR experiments yield high-resolution NMR spectra of half-integer spin nuclei, such as **S. STMAS is the more difficult
technique to implement but shows increased sensitivity owing to effective excitation of the single-quantum satellite transitions,
making it advantageous for the study of low-y nuclei.’

Ettringite (Ca Al,(SO,),(OH),,-26H,0) is a cementitious mineral that is central to the chemistry of concrete and cement. The crystal
structure is known? (Figure 1a) and there has been an early *’Al MAS NMR study.’ There have been two *S MAS NMR studies of
ettringite at high field.*® These two studies disagree, with one simulating the **S MAS NMR spectrum with a single S site* and the
other simulating it with three S sites® (in accordance with the XRD structure), leaving uncertainty in the number of crystallographically
different S sites observed by *S NMR (Figures 1b and 1c). Figures 1d and 1e show our simulated **S STMAS NMR spectra of
ettringite at 20.0 T using parameters suggested in References 4 and 5. Here, we hope to characterise the distinct S sites in ettringite
using **S STMAS and resolve the ambiguity present in the current literature. In addition, we expect to be able to address questions
relating to disorder and dynamics of the intercolumn SOf‘ Species.

@ (b) (d) (e)
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Figure 1. (a) Ettringite unit cell with a column of AP* (black) and Ca®* (green) ions linked through O (red) atoms of OH" ions and
H,O groups. The vertical column of SO 42’ tetrahedra (blue) contains further H,O molecules located between SO f‘ groups. (b, ¢)
Simulated **S MAS NMR spectra of ettringite at 20.0 T using parameters suggested in References 4 and 5. (d, e) Simulated *S
STMAS NMR spectra of ettringite at 20.0 T using parameters suggested in References 4 and 5. The sets of parameters were (b,
d) 6 =330 ppm, C, = 700 kHz and n = 0.45 and (c, e) 6 = 329.8, 329.6, 331.3 pom, C, = 591, 810, 516 kHz and n = 0.72, 0.97,
0.50 with the relative intensity 1:1:1.
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Natural Abundance **S STMAS of a Model System

The first stage of this project was the technical implementation of %3 STMAS experiments. We have established a protocol for
accurate spinning angle setting using **Rb STMAS spectra of RbNO, and confirmed that a 4-mm MAS probe is suitable for our
STMAS experiments. We also demonstrated how to extrapolate optimum pulse lengths for **S STMAS experiments,’ where the
sensitivity is too low to optimise the pulse length on the sample of interest. To demonstrate the feasibility of natural abundance

%3 STMAS experiments, we then chose a model system of 1:1 molar mixture of sodium sulphate (Na,SO,) and sodium sulphate
(K,SO,) and recorded a %3 spin-echo MAS spectrum (Figure 2a). The fitting parameters agreed with the reported values in the
literature.® Figure 2b shows our natural abundance *S STMAS spectrum of the 1:1 molar mixture of Na,SO, and K,SO,.

Although the resolution in the £, dimension could be improved, the signal-to-noise ratio was sufficient to yield the NMR parameters
des = 340.7, 336.3 ppm and P, = 646, 966 kHz in good agreement with the *°S MAS spectrum in Figure 1a.

Natural Abundance **S STMAS of Ettringite

Our ettringite sample was obtained from a mineralogical collection and its identity was confirmed by powder X-ray diffraction (XRD).
In Figure 2¢, we have fitted our ®*S spin-echo MAS spectrum with two **S sites, employing & = 332.0, 331.1 ppm,

C, =600, 812 kHz and n = 0.29, 0.34 with the relative intensity 1:1. Since we expected the isotropic %3 peaks in ettringite to have
more similar frequencies than those in the sulphate mixture, the value of t,"* was increased in the STMAS experiment for better
resolution. We then successfully obtained the natural abundance **S STMAS spectrum of ettringite shown in Figure 2d.

This spectrum indicates the presence of at least one or, possibly, two S sites, the latter assumption yielding the NMR parameters
8.5 = 332.2, 330.9 ppm, and P, = 610, 820 kHz in good agreement with the B3 MAS spectrum in Figure 2c.
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0 .
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Figure 2. (a) Natural abundance **S spin-echo MAS NMR spectrum of 1:1 molar mixture of sodium sulphate (Na,SO,) and
potassium sulphate (K,SO,) and corresponding lineshape fit (red). 4928 transients were averaged with a relaxation interval of

30 s. Total experiment time of 41 hours. The fitting parameters were 6 = 340.8, 336.8 ppm, C, = 655, 959 kHz and n = 0.13, 0.41
with the relative intensity 1:1. (b) Natural abundance **S STMAS NMR spectrum of 1:1 molar mixture of sodium sulphate (Na,SO,)
and potassium sulphate (K,SO,). 192 transients were averaged for each of 67 t, increments, with a relaxation interval of 20 s. Total
experiment time of 71.5 hours. (c) Natural abundance **S spin-echo MAS NMR spectrum of ettringite and corresponding lineshape
fit (red). 60000 transients were averaged with a relaxation interval of 1 s. Total experiment time of 16.7 hours. The fitting parameters
are given in the text. (d) Natural abundance **S STMAS NMR spectrum of ettringite. 1952 transients were averaged for each of 160
t, increments, with a relaxation interval of 1 s. Total experiment time of 87 hours.
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Overview

Gallium oxide, Ga,Q,, is of potential importance to electronics and catalysis. However, despite its apparent relationship to widely
studied Al,Q,, its polymorphism is complicated and poorly understood. We recently prepared and structurally characterised various
forms of GaQOa.1 In addition to the known a and B polymorphs, we confirmed the identity of three disordered polymorphs, v, €

and k, using total neutron scattering to examine short- and long-range structure. Here, we focus on a more detailed study of the
structure of the y polymorph. y-Ga,QO, is essentially a metal-deficient spinel containing Ga®" distributed over partially-occupied
octahedral, Ga(Vl), and tetrahedral, Ga(lV), sites. Our neutron diffraction experiments indicate the presence of two crystallographic
Ga(Vl) and two Ga(lV), with the local symmetry of the Ga(VI) lowered from the perfect spinel symmetry (Fd-3m) such that the Ga-O
bond lengths are not all equal.1 We have completed a reverse Monte Carlo (RMC) simulation of a crystalline sample of y-Ga,O,, and
have shown that the structural model agrees well with the experimental data. For y-Ga,O, with smaller particle size, the neutron
Bragg scattering suggests that the distribution of Ga(lV) and Ga(Vl) is different than in the highly crystalline sample. In the present
work, we used high-field "'Ga MAS NMR experiments to probe the distributions of Ga(VI) and Ga(lV) within three samples of y-Ga,O,
with different particle sizes.

Results

Ga(Vl)

Three samples of y-Ga,O, were prepared with different particle
sizes; ~30, 15 and 5 nm, and characterised crystallographically

by Bragg diffraction and pair distribution function (PDF) analysis
(manuscript in preparation). The intensities of the peaks in the Bragg
diffraction patterns indicated that there was greater occupation

of the Ga(lV) sites with decreasing particle size, whereas the PDF
analysis indicated that the average Ga-O bond length was the same
in all samples (i.e., the average coordination environment of Ga

did not change). Integration of the "'Ga MAS NMR spectra of the
three samples, shown in Figure 1, revealed an essentially constant
Ga(lV) : Ga(Vl) ratio. We believe that there is increased occupancy
of the Ga(lV) sites in the bulk of the particles, as observed by Bragg
diffraction, but the surface of the particles undergoes reconstruction

30 nm particles

15 nm particles

5 nm particles

r T T T T T T T T T 1
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to give a higher proportion of Ga(VI). The increased surface area : B {ma

volume ratio of the smaller particles offsets the increased occupancy Figure 1. 'Ga (20.0 T, 62.5 kHz MAS) spin-echo
of Ga(lV) in the bulk of the particles, giving rise to almost constant spectra of y-Ga,O, with the given average particle
overall Ga(lV) : Ga(Vl) ratios for all particle sizes. It is interesting to diameters. The relative integrated intensities of the

note that, with such small particles, the “bulk” technique of Bragg resonances are indicated.

diffraction is more sensitive to the nanoparticle structure, while the
“local” technique of NMR is more sensitive to the bulk structure,
which includes the disordered surface as well as the ordered core
in such nanocrystalline oxides.
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User Comments

“A variety of unique probes, in particular with options of triple-
resonance experiments at extra-high MAS and in combination with
a high magnetic field, all provide a solid basis for obtaining unique
structural information on biologically-important samples.”

Oleg Antzutkin, University of Warwick

“NMR experiments carried out at the 8560 MHz Facility permit a gain
in sensitivity and resolution not available in our in-house instruments
and from which very detailed structural features on crystalline and
amorphous porous frameworks could be readily obtained. The
unique availability of a very fast magic-angle spinning probe (78 kHz)
offers a powerful approach to investigate quadrupolar nuclei, such
as ®Nb, and to obtain unprecedented resolution.”

Frédéric Blanc, University of Liverpool

“It is too early to assess the impact, but we believe, and are testing,
the view that the resolution is better at 850 MHz, which may allow us
to distinguish different polysaccharides in the plant cell walls.”

Paul Dupree, University of Cambridge

“The range of nuclei (°Mg, **Ca, ¥Sr, **Nib) that we looked at and the
quadrupolar interactions would have been very difficult at lower field,
and in a number of cases impossible.”

Mark E. Smith, Lancaster University

“The spectral resolution obtained for protons at 850 MHz using
80 kHz MAS has allowed us to develop efficient new methods
for measuring proton chemical shift parameters. In combination
with first-principles calculations these provide a simple way
of establishing hydrogen atom positions and hydrogen bond
parameters in organic crystals.”

Jeremy J. Titman, University of Nottingham
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EOL-NMR Probes

The SuperCOOL probe

Low cost nitrogen cooled probe
400MHz 5mm tunable type
BC: x3 higher sensitivity

"H: > x3 higher sensitivity

UltraCOOL Probe

For maximum sensitivity
800 and 600MHz 5mm C-H and H-X type
BC : > x5 higher sensitivity
'H: > x4 higher sensitivity

+44 (0)1707 377117 d E D l sales@jeoluk.com

www.jeol.com



All Industries Rely on Scientific Analysis

Discover our portfolio of innovative push-button solutions and
high performance systems based on:

® Magnetic Resonance ® Infrared Spectroscopy
® Mass Spectrometry e X-Ray Analysis

www.bruker.com info@bruker.co.uk

Innovation with Integrity
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