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RESEARCH INFRASTRUCTURE
Magnetic Nuclear Resonance, Very High Fields

FR3050 CNRS

IRMN

Since 2008 France has established a national
network of flagship NMR facilities providing
High-Resolution and High-Field capabilities,
making available the latest cutting edge
developments to a broad community of national
and international users.

From 750 to 1000 MHz
1.2GHz to come 2020
Liquid & Solid State .
Cryo-probes *Bordeaux
Fast and ultra-fast MAS

DNP @800MHz

High & very High temperature

arenoble®

Open to national and international users upon
proposals — constantly open on web

http://www.ir-rmn.{r/



http://www.ir-rmn.fr/en/

Amorphous materials: Order within disorder
Philip S. Salmon
Nature Matenal 1, B7 - BB (2002)

doi:10.1038/nmat737
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Chemical order / Geometrical disorder
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PHYSICAL CHEMISTRY ——

Vol 464|25 March 2010|doi:10.1038/nature08879 nature
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Leonid Lichtenstein, Markus Heyde,* and Hans-Joachim Freund
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Chemical order
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29Si - Silica based materials
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S10,-surfactant

Mesophase Zeolite

Glass Mesoporous Silica

Resolution is gained by averaging out anisotropic signatures
Magic Angle Spinning MAS

D.Massiot, R.J.Messinger, S.Cadars, M.Deschamps, V.Montouillout, N.Pellerin, E.Veron, M. Allix, P.Florian, F.Fayon
Accounts Chem. Res. 46 1975-1984 2013
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emht; Structure & functions... Proteins / Glasses > 3

Q<

Intrinsincally Disordered Protein Glass
IDPs 3D interconnected network

Macromolecules Multicomponent Glass Si02-A1203 MO
secondary and ternary Extended 3D rigid network of tetrahedral
Structure & dynamics Connectivity

Constraints from identified spin pairs Very similar information from
Through-bond and through space Dipolar and J-coupling
'H/BC/ N 2Si/23Na/?’Al/4Ca/ 170
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Cemhti  Structure & functions... Proteins / Glasses @ 4=

Intrinsincally Disordered Protein Glass
IDPs 3D interconnected network

Free Energy

» r
Rigid protein Multiple Disordered
conformations
accessible

M. Brucale, B. Schuler, B. Samori, Chem. Rev. 2014, 114, 3281
© Dominique Massiot — USTV-ESRF school - IV School How to assess the structure of glasses ? — Grenoble Nov. 2019 9
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gemht‘f | NMR TimeLine @ 3

NMR protein structure determination (Wuthrich) 3D and 1H/15N/13C Triple resonance
Demonstration of 2D NMR (Ernst) Ultra high field (~800 MHz)
Magnetic Resonance Imaging (Lauterburg) & TROSY(MW 100K)

Proposal of 2 pulse 2D experiment (Jeener)
Pulse FT NMR (Ernst & Anderson at Varian)
Magic Angle Spinning (Andrew)
Polarization transfer from electron (Overhauser)

1.2 GHz
NMR of solution and solid (Bloch & Purcell)
Estimate of chemical shifts (Lamb) 1.5 GHz
MAS 150 kHz
NMR in molecular beams (Rabi) DNP
First attempt of NMR (Gorter) = Failure !
Discovery of (electron) spin

(Uhlenbeck & Goudsmit)

Prediction of
nuclear spin (Pauli)

>
| | | | | |
1920 1930 1940 195 1960 1970 1980 199 200C 2010
N.P. in Medicine
N.P. in Physic N.P. in Physic N.P. in Chemistry to Lauterburg &
to Rabi to Bloch & Purcell to Ernst Mansfield

N.P. in Chemistry
to Wuthrich

© Pierre Florian
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[.I. Rabi, Nobel of Physics 944 for measures in molucular jets

The Nobel Prize in Physics 1944
The Nuclear Magnetic Resonance  sidorisaac Rabi

by Professor E. Hulthén, Stockholm

Let us now for a moment touch upon Rabi's achievements in this field. Returning to the essential point of
the problem, let us put the question: How does the atom react to the magnetic field? According to a
theorem stated by the English mathematician Larmor, this influence may be ascribed to a relatively slow
precession movement on the part of the electron and the atomic nucleus around the field direction - a
gyromagnetic effect most closely recalling the gyroscopic movement performed by a top when it spins
around the vertical line. If the strength of the magnetic field is known, the magnetic factor of the electron
and of the atomic nucleus can also be estimated by this means, provided that we can observe and measure
these precessional frequencies. Rabi solved the problem in a manner as simple as it was brilliant. Within the
magnetic field was inserted a loop of wire, attached to an oscillating circuit the frequency of which could be
varied in the same manner as we tune in our radio receiving set to a given wavelength. Now, when the
atomic beam passes through the magnetic field, the atoms are only influenced on condition that they
precess in time with the electric current in the oscillating circuit. This influence might perhaps be described
graphically: the nucleus performs a vault (salto) - the technical term for which is a "quantum jump" - thereby
landing in another positional direction to the field. But this means that the atom has lost all chance of
reaching the detector and of being registered by it. The effect of these quantum jumps is observable by the
fact that the detector registers a marked resonance minimum, the frequency position of the registration
being determined with the extraordinary precision achievable with the radio frequency gauge. By this
method Rabi has literally established radio relations with the most subtile particles of matter, with the world
of the electron and of the atomic nucleus.

G20 ©Histoire de la RMN - d'aprés H.Desvaux CEA Saclay measure of ¥y in molecular jets



[.I. Rabi, Nobel of Physics 944 for measures in molucular jets

The Nobel Prize in Physics 1944

Isidor Isaac Rabi
by Professor E. Hulthén, Stockholm

The Nuclear Magnetic Resonance

CE0 ©Histoire de la RMN - d'aprés H.Desvaux CEA Saclay
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Resonance of LiCl from Rabi's 1938 paper.
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emhti  The Magnetic Nuclear Induction approach
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E.M. Purcell et F. Bloch, Nobel of Physics 1952 for the discovery of NMR
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F16. 2. Schematic representation of the voltage ampli-
tude in the case of slow passage. Ty and T’ are the longi-
tudinal and transversal relaxation times, respectively, and
the scale is chosen such as to make the plot independent
of their values. The significance of abscissa and ordinate is
otherwise the same as in Fig, 1.

Nuclear Induction

F. BrocH, W. W. HANSEN, AND MARTIN PACKARD
Stanford University, Stanford University, California
January 29, 1946

HE nuclear magnetic moments of a substance in a
constant magnetic field would be expected to give
rise to a small paramagnetic polarization, provided thermal
equilibrium be established, or at least approached. By
superposing on the constant field (z direction) an oscillating
magnetic field in the x direction, the polarization, originally
parallel to the constant field, will be forced to precess
about that field with a latitude which decreases as the
frequency of the oscillating field approaches the Larmor
frequency. For frequencies near this magnetic resonance
frequency one can, therefore, expect an oscillating induced
voltage in a pick-up coil with axis parallel to the y direction.
Simple calculation shows that with reasonable apparatus
dimensions the signal power from the pick-up coil will be
substantially larger than the thermal noise power in a
practicable frequency band.
We have established this new effect using water at room

temperature and observing the signal induced in a coil by
the rotation of the proton moments. In some of the experi-
ments paramagnetic catalysts were used to accelerate the

establishment of thermal equilibrium.

Phys. Rev., 69, 127 (1946)



Cenmht;

Sensitivity / Observability

235

Element n'ayant que des isotopes de spin I=1/2

Element ayant des isotopes de spin quadripolaire (I>1/2)

H He
2
Li | Be B | C|N|O| F | Ne
6,7 9 10,11 14 17 21
Na | Mg Al | Si | P | S | Cl| Ar
23 25 27 33 35,37
K|Ca|[Sc |Ti|V |Cr | Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As | Se|Br | Kr
39,41 43 45 47,49 50,51 53 55 59 61 63,65 67 69,71 73 75 79,81 83
Rb | Sr | Y |Zr ([Nb |[Mo| Tc |Ru |Rh | Pd | Ag | Cd | In [ Sn | Sb | Te | T | Xe
85,87 87 91 93 97 99,101 105 113-5 121-3 127 129-31
Cs |Ba|La|Hf ([Ta| W |Re | Os | Ir | Pt |Au |Hg | 7l | Pb | Bi | Po | At | Rn
133 135-7 138-9 177-9 181 185-7 187-9 | 191-3 197 201
Fr | Ra | Ac
Ce|Pr |[Nd|Pm|Sm | Eu|[Gd|Tb | Dy | Ho | Er | 7m | Yb | Lu
141 143-5 147-9 151-3 155-7 159 161-3 165 167 173 175-6
Th|Pa| U [Np|Pu|Am|Cm | Bk | Cf | Es | Fm |Md | No | Lr

il
lllll VERSITED'ORLEANS

“*Observability
< abundance
“*Gyromagnetic ratio
“*Quadrupolar momentum

Numerous possibly sensitive
nuclei but fewer easily observed

The most usually observed are
«light» nuclei

“1=1/2 : 'H, ?°Si, 3P, 13C,
“I1=3/2 : 23Na, 1B

+I=5/2 : 27Al, 70 (isotopic
enrichment)
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Larmor Frequency

AE(Joule) 0 MHZ)
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L ~400 NMR signal
—4.x 1077 —600? AN o exp(-AE/kT)
W
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Cemhty Precession — Rotating Frame

Top in a Gravitational field

"Spin" in Magnetic Field
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Paul Callaghan applying a pulse in the gravitational field
https://www.youtube.com/watch?v=7aRKAXD4dAg

Rotating Frame

© P.J. Grandinetti — Ohio State Univ.
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Qeg/gw Bloch Equations — with B, on - Pulses

D A0 O 0

5 /2
! acqu
T 21
Equilibrium Pulse Evolution (t,) U\ U U U b 3n/2 U U U U U
p

s

Precession in the B1 field [v, = y B,] — remaining far from thermal equilibrium



S:emht‘f Pulsed NMR - long lasting coherence @ e 3
——

Bloch Equations

F1G. 2. The top trace indicates a beat note between an external r-f signal
generator (near the Larmor frequency, loosely coupled to the inductive coil)
and the nuclear signal shown alone (after detection) on the bottom trace.
This beat note is identical in principle with the “‘wiggle effect’ (see refer-
ence 5) except that Ho is held constant in this case.

o E.L. Hahn, Phys. Rev., 77, 297 (1950)
Long coherence lifetime



Qemht‘r T1 measurement — Inversion Recovery
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Spin Echo — signal can be refocused
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0 pattern is shown in the coordinate system rotating

/gavel completely in a time 7>>1/(Aw); before the second

CE0 o Histoire de la RMN - d'aprés H.Desvaux CEA Saclay

C

Fi1c. 5. Proton echo patterns in H,O resulting from three
applied r-f pulses. The pulses are visible in the upper two traces,
and have a width #,~0.5 msec. In the upper trace r=0.008 sec.,
T'=0.067 sec., and for the second trace r=0.046 sec. and 7'=0.054
sec. The bottom photograph shows a similar pattern for the case
T'>2r where induction decay signals can be seen following very
short invisible r-f pulses. Saturation of a narrow band communi-
cations receiver, used in the case of the upper two traces, prevents
the observation of these signals, whereas a wide band i.f. amplifier
makes this observation possible in the bottom photograph.

E.L. Hahn, Phys. Rev., 80, 580 (1950)



Cemhty Hahn Echo — Spin Echo
——
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Spatial Encoding Local Field

Field Gradients Homogeneous Principal Field (<ppm)
Imaging Spectroscopy

anatomy / function .

Diffusion / Rheology Chemistry

In a magnetic field - vO=y B0/2n
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Image Formation by Induced Local
Interactions: Examples Employing
Nuclear Magnetic Resonance

AN image of an object may be defined as a graphical representa-
tion of the spatial distribution of one or more of its properties.
Image formation usually requires that the object interact with a
matter or radiation field characterized by a wavelength compar-
able to or smaller than the smallest features to be distinguished,
so that the region of interaction may be restricted and a resolved
image generated.

Fig.1 Relationship between a three-dimensional object, its two-

dimensional projection along the Y-axis, and four one-dimen-

sional projections at 45° intervals in the XZ-plane. The arrows
indicate the gradient directions.

Paul C. Lauterbur — Nature 1973
Nobel Physiology & Medecine 2003

emhti Coding of position - Imaging

y[BO +z Gz]

-0.4 -0.2 0.0 0.4

Projection on the Field JGradieunt



The Discovery of Chemical Shift

N

The Dependence of a Nuclear Magnetic Resonance
Frequency upon Chemical Compound*

W. G. ProcTor AND F. C. Yvu
Department of Physics, Stanford University, Stanford, California
January 18, 1950

N the course of measurements o entioned in the

previous letter, we made the surpriding ohservation that its
frequency of resonance, in liquid samples, depended strongly upon
the chemical compound in which it was contained.? This effect is
strikingly demonstrated by the appearance of two resonances,
separated by 1.6 kc in the neighborhood of 3300 ke, corresponding
to a field of 10,500 gauss, using a solution of NH;NO; in 2.0-molar
MnSO; as a sample. These resonances presumably arise from the
NH,;* and NO;~ complexes, since samples of NH,C:H;0. and
HNO; separately give rise to two different resonances whose
frequencies approximate those from the above sample. The
separation is four times greater than the line widths measured
between points of maximum slope.

Dependence of the F!? Nuclear Resonance
Position on C cal Compound*

W. C. DickiNsON

Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Massachuset!s

January 9, 1950

OST unexpectedly, it has been found that for F¥ the value
of the applied magneuc field Hy for nuclear magnetic
resonance at a fixed radiofrequency depends on the chemical
compound_containing the fluorine nucleus. The assumption has
generally been made that the time average of all internal magnetic
fields is zero, excluding of course the small diamagnetic field at
the nucleus due to the Larmor precession of its atomic electrons
in Hy. Nuclear resonance shifts in metals,! interpreted as being
due to the conduction electrons, are larger by about an order of
magnitude than those reported here.?

Phys. Rev., 77, 716 (1950)

4:_,+3ma+:\—_—\:

L

L+

N
N
N
~+~

:;:Fiold lmooalnq —_—r

F1G. 2. The nuclear resonances of F!¥ in a single sample a

half and half mixture of SbF; and BeF: (satu nawd aquc( ug s)l ll s] lhv

?D]IL’d resonance magnetic field is about 7000 gauss at a radi )muuc ey
of 28.0 megacycles.

CE0 ©Histoire de la RMN - d'aprés H.Desvaux CEA Saclay

Phys. Rev., 77,736 (1950)



Cemhtj Visibility of each family of nuclei

/n O3P C2H4 COzH -0.5 C6H5NH2

13p |=1/2 Phosphonate (B.Bujoli — Nantes)
100% ab.

162MHz

13C 1=1/2

COOH CH; 1.18% ab.
— 100MHz

* L
50 40 30 20 10
(ppm)

TH 1=1/2
99.9% ab.
400MHz

50 0

170 1=5/2 14N 1=1 67Zn 1=5/2
0.037% ab. 99.6 % ab. 4.11% ab.
54 MHz 29 MHz 25 MHz




Cemhty 31p /1H MAS MRI

'H/ATP CPMAS

Pulp

Channels

'H Chemical Shift Imaging

CH,

350
2 700
2: 1050
Static 3 1400
. f* 1750
EE“2100

MAS 10 kHz

2 2450

.2 2800

33150

T
0 350 700 1050 1400 1750 2100 2450 2800 3150

V.Sarou-Kanian et al., Scientific Report 5, 9872 (2015)
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emht; The different perturbating interactions s

Chemical Shift Anisotropy
electronic shielding
first shells, coordinence and
geometry

| ~10s of kHz I

Dipolar interaction
neighboring spins

Distances

| ~kHz 1/13 I

| I>1/2 up to MHz I

Quadrupolar interaction
Electric Field Gradient
Surrounding Charges,

electrons and nuclei
geometry

1
| <100s of Hz I é

Indirect J Coupling
chemical bonding

Connectivity
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emht; Powder Pattern

Interactions are ansiotropic and take the following form (at 15t order):

2B_
v:vo+A(3CLBI —HSiHZBCOSZ oc)

2 2
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20 |-
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60} E
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80 . B
G°M

O (ppm)

L ! |

0O 30 60 90 120 150 180
¢ (Rotation angle)

. . Crystalline Powder I
Single Crystal rotation pattern overlapping Broad lines




\ hti Magic Angle Spinning

| 31P Spin 1/2 CSA I

Static ﬁ / o™y
v 9(°
H, static MAS
1 54.74°

& J_A_M
LA_.__ -y

Dipolar -> 0
—_ . » 4 — Chem. Shift -> §,,
100 o 0 50 Jcoupling

| Modulation into sharp lines I Quad Ist ->0
Quad 2nd -> §2nd



Cemhti Getting to High Resolution
J

31p

unresolved spectrum  Zn O;P C,H, CO,H - 0.5 C.H;NH,

CSA + Dipolar Phosphonate (B.Bujoli — Nantes)
Static
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Cemhty

31p

Adoxyosiue JJIys [BIMWIYD SIJB[NpowW pue
surpdnos aejodip denudjje suruurds SVIA paads ysiy
(____________________

Getting to High Resolution

Proton decoupling averages strong 3!P-'H dipolar interaction

_______________________________ »
unresolved spectrum CSA +
CSA + Dipolar
Aatlﬂ
125 100 75 50 25 0  -25 -50 125 100 75 50 25 0 25 -50
(ppm) (ppm)

MAS

&

\‘M\QLWMM ) JJ ; .

1 1 1 1 1 1 1 1 ] I 1 1 1 1 ] 1
125 100 75 50 25 O -25 =50 125 100 75 50 25 O -25 =50

(ppm) (ppm)

simplified resolved spectrum




g:e@t‘f Magic Angle Spinning 13C

C¢HsNH, /2 Spin Lock Decoupling
R {4N}13C H I — p_13C 1
‘\\\ 1z 39.5Hz
13C (X)
| contact t, ,
140 20 /
COOH f
13 C
=172 )
150 . 100 50

(ppm)

D.Massiot, F.Fayon, M.Deschamps, S.Cadars, P.Florian, V.Montouillout, N.Pellerin, J.Hiet, A.Rakhmatullin, C.Bessada
‘Detection and use of small J couplings in solid state NMR experiments.’
Comptes Rendus de Chimie 13 117-129 2010



http://dx.doi.org/10.1016/S1293-2558(00)01133-X

\Cef_n_:ﬂ/bftﬁ‘ Solid State NMR Concepts & Methods tool box % o

Zeeman Interaction
100s of MHz

Sensitivity & spectral resolution (CSA)

N

Perturbating Interaction Sample Manipulation
Physical & Chemical informations Orientation
(from Hz to MHz) rotation (Hz to 30 to 150 kHz)

N
|

Evolution times Spin Manipulation
(us tos) coherent radio frequency fields
(few Hz to 100/300 kHz)
V

Long lasting relaxation times T1 up to 100s sec — T2 up to 100s ms



emht; 29Gj - Silica based materials % P> o3

-~

Chemical Shift Anisotropy C:yﬁ; ’5:3::: ;jf“ d 44/ i i

electronic shielding ' SA%, = 5 6//
first shells, coordinence and 2—1 3// \
geometry 7!

. 14 nm

Q*
o f g My e h s
4
80 90 -100 -110 -120 80 -90 -100 -110 -120 -80 -90 -100 -110 -120 -80 -90 -100 -110 -120
Silicon-29 Chemical Shift (ppm) Silicon-29 Chemical Shift (ppm) Silicon-29 Chemical Shift (ppm) Silicon-29 Chemical Shift (ppm)
S10,-surfactant
oq e 2 .
Glass Mesoporous Silica Zeolite

Mesophase
Average Chemical Shift ~ local field
electronic shielding a By -> first shells, coordinence and geometry

D.Massiot, R.J.Messinger, S.Cadars, M.Deschamps, V.Montouillout, N.Pellerin, E.Veron, M. Allix, P.Florian, F.Fayon
Accounts Chem. Res. 46 1975-1984 2013
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The combination of molecular dynamics simulations with first-principles (or ab initio) calculations with density functional theory (DFT) enable
the prediction of NMR spectra from a structural model (here oxygen-17 MQMAS). Two spectra are compared, the first from classical
molecular dynamics (EP, Effective Potential) and the second from ab-initio molecular dynamics (CP, Car-Parinello). Differences between the
two models in Si-NBO distances induce a difference in the position of isotropic peaks of non-bridging oxygens. This can be explained by the

high sensitivity of the quadrupole interaction (Cy) to the Si-NBO distance

S.Ispas, T.Charpentier, F.Mauri, D.Neuvllle — Solid State Science 2010 12 183

T.Charpentier, D.Massiot, in From glass to crystal phase separation, nucleation and growth, from research to applications, EDP Sciences, 2017
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Diffusion / Model / NMR : local order
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q/A O chemical shift / ppm

G.Ferlat, T.Charpentier, A.P.Seitsonen, A.Takada, M.Lazzeri, L.Cormier, G.Calas, F.Mauri

"Boroxol Rings in Liquid and Vitreous B203 from First Principles"
Phys. Rev. Lett. 101 065504 2008

T.Charpentier, D.Massiot, in From glass to crystal phase separation, nucleation and growth, from research to applications, EDP Sciences, 2017



Cemhti Computing NMR parameters % vz
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29Si MAS NMR

29¢; :
Q(n): Si(OSi)n(O_)(4_n) Si MAS NMR:

Direct access to silicon Q" speciation
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NMR peaks reflective of a Gaussian distribution of djs, (1=1/2)
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Angeli F., ef al. Geochim. Cosmochim. Acta, 75, 2453-2469, 2011 - Ispas S., et al. Solid State Sci., 12, 183-192, 2010

T.Charpentier, D.Massiot, in From glass to crystal phase separation, nucleation and growth, from research to applications, EDP Sciences, 2017



Cemhti Computing NMR parameters
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29Si MAS NMR: Direct access to silicon Q") speciation

Q™M: Si(0Si)n(07)(a—n) il
®si 5__ = f(S-0-5)

2) 3) 4)
( Q( Q(

Q

g
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Si isotropic chemical shift 3, (ppm)

29,
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|
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[ ! | A | | | | | | | | | ! | Average Si-O-Si angle (degree)
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The NMR response of Q(" species to
disorder (bond angle distribution) is
different.

Binary NayO - SiO; glasses
NSMo: N39S60 + 1 MoO;

Angeli F., ef al. Geochim. Cosmochim. Acta, 75, 2453-2469, 2011 - Ispas S., et al. Solid State Sci., 12, 183-192, 2010

T.Charpentier, D.Massiot, in From glass to crystal phase separation, nucleation and growth, from research to applications, EDP Sciences, 2017



Q@tﬁ' Structure of CaO-SiO,-P,05 Bioglasses

Silicate (phosphate) network: Q" units ﬁ

3
(SiOy4, POy tetrahedra with n bridging oxygen atoms) ‘ >Q ‘q

[ 1D MAS spectra of Ca0O-SiO,-P,0;5 glasses

Broad chemical shift distribution

Q°
(disordered materials) P
Ca/Si=1.11 L
. 2.6 P,Os j/&
10 0 10 20 30

P,0s

3.8 P,0s

5.0 P,Os
-40 -60 -80 100 -120  -140 30 20

Lack of resolution: Q" units Mainly orthophosphate units
quantification ? (Q": PO,

F.Fayon, C.Duée, T.Poumeyrol, M.Allix, D.Massiot, J. Phys. Chem. 117 2283-2288 2013



Cemhti Distribution of PO,> units in bioactive glasses

Chemical homogeneity ? Phosphate clusters ?
(Random distribution)

Silicate chains

~ \ A
A Q (PO A VA

Ca0-Si0,-P,0;

TEM (50 mol.% P205)

*Very weak Z-contrast between Si and P: No information from SAXS and TEM
Counting 3P neighbors by spin-counting dipolar NMR ?

F.Fayon, C.Duée, T.Poumeyrol, M.Allix, D.Massiot, J. Phys. Chem. 117 2283-2288 2013
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Counting neighboring 3P spins
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F.Fayon, C.Duée, T.Poumeyrol, M.Allix, D.Massiot, J. Phys. Chem. 117 2283-2288 2013



gemht?- Static 3'P-31P Dipolar network @ oz
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F.Fayon, C.Duée, T.Poumeyrol, M.Allix, D.Massiot, J. Phys. Chem. 117 2283-2288 2013
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Cemh;

207pp / 31p NMR in PbO-P,O; glasses

Fayon et al., JACS 119 (1997), JNCS 232-234 (1998)., JNCS 243 (1999), JMR 137 (1999), Inorg. Chem. 38 (1999) .

3IP MAS NMR spectra
QoQ1 Q2 Q3
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Cemh;

CSA : 27Pb NMR in PbO-P,0; glasses

Fayon et al., JACS 119 (1997), JNCS 232-234 (1998)., JNCS 243 (1999), JMR 137 (1999), Inorg. Chem. 38 (1999) .
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UNIVERSITED'ORLEANS

\Ce_m:_’b/ft? 3IP NMR in PbO-P,0; glasses @ =

Fayon et al., JACS 119 (1997), JNCS 232-234 (1998)., JNCS 243 (1999), JMR 137 (1999), Inorg. Chem. 38 (1999) .

3IP MAS NMR spectra
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Cemhtj Phosphate Glasses : 3'P MAS NMR

Q! (end of chain)
750 Hz

Q? (middle of chain)
1200 Hz

[Q"] =[Q?]

Average chain length
N, ~4

(PbO)g.61(P205)0.39 glass

-40 (ppm)

? Nature M@
of disorder at
the nanometric
scale ?

Chain length distribution? Chain geometries?
Chemical disorder Topological or geometrical disorder

P-O-P chemical bonds can be viewed from J based P-P experiments



2D NMR

Two-dimensional spectroscopy. Application to nuclear magnetic

resonance
W. P. Aue, E. Bartholdi, and R. R. Ernst
Lab ium fiir physikalische Chemie, Eidgendssische Technische Hochschule, 8006 Ziirich, Switzerland

(Received 13 November 1975)

|The unpublished Basko Polje (1971) lecture notes PREPARATORY| EVOLUTION | ki
about two-dimensional NMR spectroscopy P;;?D | s

J. Jeener

Facult¢ des Sciences (CPI-232), Campus Plaine, Universit¢ Libre de  Bruxelles,
B-1050 Brussels, Belgium

Abstract. — The main part of this paper is a reproduction of (previously unpublished)
lecture notes, which were circulated in 1971, and which are often cited as the initiation of
two-dimensional NMR spectroscopy. A brief discussion follows, about the way of handling
dates and durations in time-dependent quantum mechanics, and about the use of diagrams
i in NMR pulse spectroscopy in the usual or the superoperator formalisms.

In « NMR and More », M. Goldman et M. Porneuf Eds (1994)

J. Chem. Phys., 64,2229 (1974)

CE0 ©Histoire de la RMN - d'aprés H.Desvaux CEA Saclay



Cemhty Hahn Echo — Spin Echo
——
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Cemhty 2D Exchange (NOESY - EXSY)

Si-H (D Si-CH; (DY) Si-CH; (DY)
\ Si-H D (TH)

D




\Ce_m:_’b/ft? Principle of a 2D homonuclear experiment

tlevolution t2 evolution

preparation ) | mixing \ﬂ

t, : evolution of 6 Mixing:
coherent state
built during = __* Spin diffusion
Preparation *§ 4 g * Chemical exchange

& £ « Dipolar interaction
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g:emht“. Anisotropic nature of local structure @ o

:::::::::::::::::

298 MAF Spectrum of K,0-2Si0, A

8, =-102.36 ppm %

90, =-98.42 ppm o

Isotropic Frequency (ppm from TMS)
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M.Davis, D.Kaseman, S.Parvani, K.Sanders, P.J.Grandinetti, P.Florian, D.Massiot
Q(n)-Species Distribution in K20 « 2 SiO2 Glass by 29Si Magic Angle Flipping NMR
J. Phys. Chem. A 114 5503-5508 (2010)
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Phosphate Glasses : 3'P MAS NMR

Q! (end of chain)

750 Hz
Q? (middle of chain) A

1200 Hz

[Q"] =[Q?]

Average chain length
N, ~4

(PbO)g.61(P205)0.39 glass

-40 (ppm)

? Nature M@
of disorder at
the nanometric
scale ?

Chain length distribution? Chain geometries?
Chemical disorder Topological or geometrical disorder

P-O-P chemical bonds can be viewed from J based P-P experiments



Cemhti 3P NMR in PbO-P,O; glasses
—

Individual 31P Pairs of 31P

hd

Double Quantum edition
Dipolar : spatial proximity

"Spin diffusion" ) :
Spatial proximity Jcoupling : chemical bond
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Cemhtj 1 to 3 tetraedra —3'P J-couplings
’-_—-‘-—-/F

J,~17 to 25 Hz

Q2-Q2-Q2
Q'-Q*-Q?
Q'-Q>-Q!

(Pbo)0.61(P205)0.39 glass

40

F. Fayon, I.J. King, R.K. Harris, J.S.0. Evans, D. Massiot Comptes Rendus de Chimie 7 351-361 (2004)
F.Fayon, C.Roiland, L.Emsley, D.Massiot, Journal of Magnetic Resonance 179 50-58 (2006)



Cemhtj 1 to 3 tetraedra —3'P J-coupligs
:—/‘-

J,~17 to 25 Hz

(Pbo)0.61(P205)0.39 glass

()1 QZ_QZ_QZ P
~ J&A_.__ Q'-Q-Q? e
QI_QZ_QI (ED
AQ@S‘M Q-Q! g
0 A0 (om0 -30 -40 S
Topology Geometry

F. Fayon, I.J. King, R.K. Harris, J.S.0. Evans, D. Massiot Comptes Rendus de Chimie 7 351-361 (2004)
F.Fayon, C.Roiland, L.Emsley, D.Massiot, Journal of Magnetic Resonance 179 50-58 (2006)
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J.Hiet, M.Deschamps, N.Pellerin, F.Fayon, D.Massiot
"Probing chemical disorder in glasses using silicon-29 NMR spectral editing" Phys. Chem. Chem. Phys. 11 6935-6940 2009




Cemhtf (27A1} 29Si(0-2°Si),, Spin Counting @ =

:::::::::::::::::

CaAlLaY Glass
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J.Hiet, M.Deschamps, N.Pellerin, F.Fayon, D.Massiot
"Probing chemical disorder in glasses using silicon-29 NMR spectral editing" Phys. Chem. Chem. Phys. 11 6935-6940 2009
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Cemhtf (27A1} 29Si(0-2°Si),, Spin Counting @ =

CaAlLaY Glass
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J.Hiet, M.Deschamps, N.Pellerin, F.Fayon, D.Massiot
"Probing chemical disorder in glasses using silicon-29 NMR spectral editing" Phys. Chem. Chem. Phys. 11 6935-6940 2009




Cemhty 27A1} 2°Si(0-2°Si),» Spin Counting
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J.Hiet, M.Deschamps, N.Pellerin, F.Fayon, D.Massiot
"Probing chemical disorder in glasses using silicon-29 NMR spectral editing" Phys. Chem. Chem. Phys. 11 6935-6940 2009
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emht; (27A1} Si(0-2°Si),.» Spin Counting @ =

CaAlLaY Glass
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J.Hiet, M.Deschamps, N.Pellerin, F.Fayon, D.Massiot
"Probing chemical disorder in glasses using silicon-29 NMR spectral editing" Phys. Chem. Chem. Phys. 11 6935-6940 2009
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J.Hiet, M.Deschamps, N.Pellerin, F.Fayon, D.Massiot
"Probing chemical disorder in glasses using silicon-29 NMR spectral editing" Phys. Chem. Chem. Phys. 11 6935-6940 2009




Verres : Ordre Chimique & Géomatrique o
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29Si
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F.Fayon, et al. Journal of Magnetic Resonance 179 50-58 (2006) J.Hiet, et al. Phys. Chem. Chem. Phys. 11 6935-6940 2009



Cemhti MAS Quadrupolar nuclei
——

27Al in YAG two
sites Al,y and Al

750 MHz
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g:e@t‘: A multi level system of transitions I1

21+1 energy levels, 21 single quantum transitions

Zeeman 1™ order 2" order
Quadrupolar Quadrupolar
N \
1
vo R HY =C, \EASO [31§ ~I(I+ 1)]
T
o 3o Vo Ve 2"d order quadrupolar interaction
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__ v 2 Q 2
............... Y — L0_% A§_1A21{4I(I+1)—81Z —1}
° 200 [+AQ,AS {21(1+1)—21§ —1}
_ is0(2) (2)
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Cemhty Magic Angle Spinning - 2"d order
—
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Cemhti 27Al in A9B2 (Al;4B,0;;) 750 MHz
—

27Al in AgB, Central transition

750 MHz - 15 kHz M

D

— Satellite transitions — — Satellite transitions —
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A9IB2 — 750 MHz 31.25kHz

1GHz

1 scan 3592 T All
IO,
” 1.5GHz ALO
AlO, ¢
AIO(1)
s N 1.7GHz

N

160 5|0 (I) /ppmI n=0 CT
.. APM Kentgens.. Solid State NMR 5 175-180 1995 - . . g
2. Gan .. J. Am. Chem. Soc. 124 5634-5635 2002 (Hz)

Z.Gan... JMR 2017
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Cemhty DAS, MQ-MAS & STMAS

DAS MQ-MAS
J t1 IhopI 0 Pulse I tl
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pe@t? Ultimate resolution at ultra high field (40T)

27A1 A¢B, High Field Effect
Hours / Minutes
Models 14T
— §
19.6T
>

(ppm) (ppm) 9Al,05+2B,05
MQ-MAS 400 STMAS 830 NHMFL — Z. Gan

Gan, Gor’kov, Cross, Samoson, Massiot, JACS 124 5634-5635 (2002)




Cemhti

Ca 50 25/30 fit 1D & 2D 750/400 MHz

Glass (SiO,, A,05,Ca0)

B
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g:emht“. “In silico” 2D colloidal glass simulation

1 particle size: crystallization

2 particle sizes: no long-range order
=>» Glass

Hexatic order in a 2D colloidal
glass with two particle sizes :

Medium Range Crystalline Order
And
Locally Favored Structures LFS

Qnm, SiOs, A|05, l"l301 AI'O'AI...

0.0 0.25 0.50 0.7 1.0
Similarity to Hexatic order

From the model to the real glass?

Correlation between Dynamic Heterogeneity and Medium-Range Order in Two-Dimensional Glass-Forming Liquids
Takeshi Kawasaki, Takeaki Araki, and Hajime Tanaka
PRL 99, 215701 (2007)



Cemhti  Chemical Disorder in a Structural Order

T, :Al only
5 configurations

T : (Alg5,Sig5)
2 configurations

Al-SiAl,
Al-Al,

Al-Al,
AL-SiAl,
Al-Si,Al,
Al-Si;Al
Al-Si,

Gehlenite Ca,Al,Si10,

CHEMISTRY OF

MATERIALS P.Florian, E.Veron, T.F.G.Green, J.R.Yates, D.Massiot Chem. Mater. 24 40684079 2012



Cemhti  Chemical Disorder in a Structural Order

¢ W Gehlenite Ca,Al,SiO
\\‘ }/
Al MAS @ 17.6T 295i MAS
T, & T,Al I, Si
Al-Si,Al,
Al-SiAl, ALAL sl
Al-SiAl a
AlAL Al-Si;Al Si-SiAl,

Al-Si,

lllllllllllllllllllllllll

Al frequency (ppm)

CHEMISTRY OF

MATERIALS P.Florian, E.Veron, T.F.G.Green, J.R.Yates, D.Massiot Chem. Mater. 24 4068—4079 2012



emhty Local Order in Gehlenite from 2°Si

Gehlenite Si-(Aly) p(AIOAI) = p(S10S1) = 0.11

CazAlzsio7
T, = 1590°C

' Si-(ALSi)

-72.5ppm / 92Hz / 88.9%
-74.Tppm / 99Hz / 11.1%

T1 T2
100% Al Si 50% /Al 50%

Si-SiAl,

Si—(O—Al) . {27A1}29Si INEPT SI-A13

Si-(0-Si) o s {2981}29Si INADEQUATE
|.|.|.|.|'.|I.|.|.|-l Sl‘SlAlz

-4 -66 -68 -70 -72 -714 -76 -78 -80 -82

CHEMISTRY OF

MATERIALS P.Florian, E.Veron, T.F.G.Green, J.R.Yates, D.Massiot Chem. Mater. 24 4068-4079 2012



Cemhti Al spectra: how to decipher?
—

27 =
Al Echo 1=50pus {Si}*’ Al HMQC

2741 m/ﬂ T ”_ELW,,_E,

t/2 " /2 p
29Si

27A1 Echo 1=50ms Al?7Al Dipolar filter

1;3}_-2134;0”8 AlSiy 1 9Si327Al J-coupling
-> Bond angles from DFT
bl
{2°Si}2’Al HMQC Al-(0-Si),, J filter TIsites:
T141-Al, gone J(SSi-Al)~ 1.5-35Hz ¢«
TIAL-SiAlL; 1 ‘ SI’
T2 sites: e
J(Si-Al) ~ 4.0 Hz
298i}x2 YAl HTQC Al-(O-Si),», J filter
TAL-SiAl; gone N
241-SiAl, gone 4 0 , .
N 50 100 150 200 250

Build-up time Texc.(ms)

110 100 90 80 70 60 50 40 30 20

(ppm)
CHEMISTRY OF

MATERIALS P.Florian, E.Veron, T.F.G.Green, J.R.Yates, D.Massiot Chem. Mater. 24 40684079 2012
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The ?7Al point of view

% Jiso(Ppm) Abjs, Co(MHz)  AC, No T, (ms)

#1-Tla AlAl, 3 n/a 1.75 n/a n/a 9 (#1)

#2-Tlb AlALSq, 11 1.50 5.82 2.00 0.3 21 (£1)

#3-Tlc AlALSI, 24 1.50 7.27 2.00 0.3 28 (£1)

27 H 1 #4-Tld AlALSI; 16 1.50 7.59 2.00 0.6 47 (£2)
AI q uantitative #5-Tle AlSi, 3 1.50 6.89 2.00 0.3 86 (£12)

#6 - T2a AlAl; 7 1.48 8.31 2.20 0.24 12 (£2)

MAS at I 76T #7-T2b AlALAL 36 1.49 10.7 1.84 0.61 38 (£2)

AlSi,Al,

AlSi;Al

AlSiy

3 ppm shift per Si/Al substitution in T1 sites

120

Al MQMAS @1 7T

70

isotropic dimension (ppm)
O [0:2]
o o

—_

o

o
T

110 :

80 70

60

MAS dimension (ppm)

ZAl frequency (ppm)

CHEMISTRY OF

MATERIALS P.Florian, E.Veron, T.F.G.Green, J.R.Yates, D.Massiot Chem. Mater. 24 40684079 2012



Cemhti Ca0-AlL0;-SiO, — the 770 viewpoint
5—’—""{

THE JOURNAL OF

PHYsICAL CHEMISTRY
L e t te rS pubs.acs.org/JPCL

Oxygen Speciation in Multicomponent Silicate Glasses Using .
Through Bond Double Resonance NMR Spectroscopy SlOz

Sohei Sukenaga,*'+ Pierre Florian,*"* Koji Kanehashi,* Hiroyuki Shibata,” Noritaka Saito,
Kunihiko Nakashima,| and Dominique Massiot*

a CAS glass §

Si-Oeo-Al |
40 - \

Si-Oeo-Si

.....

Isotropic Dimension (ppm)
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L o
160 | Si-Oneo-Ca

A A A A A A
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Lee et al., Geochim. Cosmochim.Acta 70 4275-4286 (2006)

S.Sukenaga, P.Florian, K.Kanehashi, H.Shibata, N.Saito, K.Nakashima, D.Massiot — J.Phys.Chem. Lett. 8, 2274, 2017




emht; Ca0-Al,0;-Si0, — the 70 viewpoint

THE JOURNAL OF

PHYsICAL CHEMISTRY
L e t te rS pubs.acs.org/JPCL

Oxygen Speciation in Multicomponent Silicate Glasses Using
Through Bond Double Resonance NMR Spectroscopy

Sohei Sukenaga,*'* Pierre Florian,*"* Koji Kanehashi,* Hiroyuki Shibata,” Noritaka Saito,
Kunihiko Nakashima,| and Dominique Massiot*

a CAS glass §
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36.5 Ca0 - 51 Si0, — 12.5 AL,0,

(Si, A O, (Si,Al)

7Q single resonance SIOAl:Ca

Si0,,

SiOAl

{27Al} 170 INEPT

200 150 100 50 0
70 frequency (ppm)

S.Sukenaga, P.Florian, K.Kanehashi, H.Shibata, N.Saito, K.Nakashima, D.Massiot — J.Phys.Chem. Lett. 8, 2274, 2017



Cemhti (Ca0-Al,0;-Si0, + Na,O — the 70 viewpoint
—

10.8 Na,0 - 31.9 Ca0O - 44.7 SiO, - 12.6 Al,O, 36.5 CaO - 51 SiO, — 12.5 Al,0,

(Si,ADO,(Si,Al)

170 single resonance (Si,ADOy(Si,Al)

170 single resonance SIO.Al'Ca
b . b

Si0,,

SiO,Al:Na

SiO
23.2% =

SiO,,Ca

SiO,,(Ca,Na)
8.8% SiO, Si
SiO,,(Ca,Na)
SiO,Al:Na

{#3Na} 70 INEPT
SiOAl

SiOAl:Na {#’Al} 70 INEPT

{27Al} 770 INEPT

200 150 100 5 0
70O frequency (ppm)

~ 150 100 50 0
170 frequency (ppm)

S.Sukenaga, P.Florian, K.Kanehashi, H.Shibata, N.Saito, K.Nakashima, D.Massiot — J.Phys.Chem. Lett. 8, 2274, 2017



Cemhtj Separation, Simplification... and gains

SiO,
C(A)S
/E\"JO:
=
I
n
o
0 1 2 3 4 5
Al O, content (mol%)

Phase separation Network Topology Local structures
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ACCOUNTS

Topological, Geometric, and Chemical Order
in Materials: Insights from Solid-State NMR

DOMINIQUE MASSIOT,” ROBERT J. MESSINGER,
SYLVIAN CADARS, MICHAEL DESCHAMPS,
VALERIE MONTOUILLOUT, NADIA PELLERIN,
EMMANUEL VERON, MATHIEU ALLIX, PIERRE FLORIAN, AND
FRANCK FAYON

Accounts Chem. Res. 46 1975-1984 (2013)
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James Keeler

WWILEY

James Keeler — University of Cambridge Malcom Levitt — University of Southampton
http://www-keeler.ch.cam.ac.uk/lectures/ http://www.spindynamica.soton.ac.uk/author/mhl/
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Réunions d'utilisateurs U'Infrastructure de Recherche décentralisée RMN Trés Hauts Champs, est un réseau constitué
09 octobre 2018 d'équipes de recherche reconnues au niveau international en RMN, exploitant des spectrométres

10eéme Réunion Utilisateurs de
HR-RMN RMN Hauts Champs.
La 10éme réunion utilisateurs de I'R-

RMN se tiendra le mardi 9 octobre Le Réseau est une structure ouverte a une communauté nationale et internationale d'utilisateurs. Il a pour
2018 2 Oriéans. but de répondre au mieux aux attentes scientifiques des communautés d'utilisateurs et aux experts de la
Lire la sute... spectroscopie RMN.
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research is gratefully acknowledged.»

Actualité

14 juin 2018
RMN a Hauts Champs et problématiques
industrielles le 14 Juin 2018 (Bordeaux)

La réunion aura lieu le Jeudi 14 Juin 2018 sur
le site de Bordeaux. Plus d'information
prochainement.

08 avril 2018

formation pratique en RMN des liquides et
des solides.

FORMATION PRATIQUE EN RMN LIQUIDE
ET SOLIDE 09 au 13 Avril 2018 Villeneuve

d'Ascq, Université Lille (FST)... e 1a suite...
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