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Solid state NMR in materials science




Nuclear Magnetic Resonance

I The Nobel Prize in Physics 1944
@ Isidor Isaac Rabi

The Nobel Prize in Physics 1944

— atomic beams

Isidor Isaac Rabi

The Nobel Prize in Physics 1944 was awarded to Isidor Isaac Rabi "for his
resonance method for recording the magnetic properties of atomic nuclei”

i The Nobel Prize in Physics 1952
: Felix Bloch, E. M. Purcell

The Nobel Prize in Physics 1952

Felx Bloch

E. M. Purcel

solids)

Felix Bloch

Edward Mills Purcell

The Nobel Prize in Physics 1952 was awarded jointly to Felix Bloch and Edward
Mills Purcell "for their development of new methods for nuclear magnetic precision
measurements and discoveries in connection therewith”

— condensed matter

(high P gas, solutions,

« ... In this method, developed independently
by two research groups headed respectively
by F. Bloch and E. M. Purcell, the detection of
the passage through the resonance is based
on a modification occuring at resonance in
the electromagnetic device itself that
« drives » the resonant transition of

interest... »

in: Principles of Nuclear Magnetism

A. Abragam, 1961 (CEA, College de France)

A. Abragam



Purcell’s vision

Resonance Absorption by Nuclear Magnetic
Moments in a Solid

E. M. PurcerL., H. C. Torrey, anp R. V. Pouxp*
Radiation Laboratory, Massachusells Institute of Technology, —

Combridge, Massachxusells

December 24, 1945 (|) —

N the well-known magnetic resonance method for the

determination of nuclear magnetic moments by mo-
lecular beams,! transitions are induced between cnergy
levels which correspond to different orientations of the
nuclear spin in a strong, constant, applied magnetic field.
We have observed the absorption of radiofrequency energy,
due to such transitions, in a solid material (parathn) con-

taining protons. In this case there are two levels, the
separation of which corresponds to a frequency, », near 30
megacycles/sec., at the magnetic field strength, 77, used in
our experiment, according to the relation Ar=2ufl. Al-
though the difference in population of the two levels is verv

be expected providing thermal equilibrium can be estab-
lished. If one assumes that the only local fields of impor-
tance are caused by the moments of neighboring nuclei, one
can show that the imaginary part of the magnetic permca-
bility, at resonance, should be of the order hy/k7. The
absence from this expression of the nuclear moment and the
internuclear distance is explained by the fact that the
influence of these factors upon absorption cross section per
nucleus and density of nuclei is just cancelled by their
influence on the width of the observed resonance.

in: Spin Dynamics , M. H. Levitt., 2002
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« ... There the snow lay around my doorstep —
great heaps of protons quietly precessing in
the Earth’s magnetic field . To see the world
for a moment as something rich and strange

is the private reward of many discovery ... »

y>0




J. Jeener and R. Ernst : 2 dimensional (2D) Fourier T  ransform NMR

h; unpublished Basko Polje (1971) lecture notes
ut two-dimensional NMR spectroscopy

). Jeener

Faculte des Scenoes (CPI-232), Campus Plaine, Unaenité Libne de Bruwlics
B-1050 Brusscls, Belgium

Abstract. — The main part of this paper is a reproduction of (previously unpublshed)
kcture notes, which were circulated in 1971, and which are often eited as the instution of
mo-dimensional NMR spectroscopy. A brief dscussion tollows, about 1he way of handling
dates and durations in time <ependent quantum mechanics, and about the use of diagrams
I in NMR pulse spectroscopy in the usual or the superoperator formalisms

The Nobel Prize in Chemistry 1991
Richard R. Ernst

The Nobel Prize in Chemistry 1991

Nobel Prize Award Ceremony

Richard R. Ernst

Richard R. Ernst

The Nobel Prize in Chemistry 1991 was awarded to Richard R. Ernst "for his
contributions to the development of the methodology of high resolution nuclear
magnetic resonance (NMR) spectroscopy”

Two-dimensional spectroscopy. Application to nuclear magnetic
resonance

W. P. Aue, EWd.lndRR.Emﬂ
Lo S Chewie. Xadp Trcheuehe Mockactule S0 ZarcA Sedserised
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Discrete Fourier transform

Uniform sampling




3D, 4D, ... NMR
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NMR of proteins

The Nobel Prize in Chemistry 2002
John B. Fenn, Koichi Tanaka, Kurt Wuthrich

The Nobel Prize in Chemistry 2002

Nobel Prize Award Ceremony

John B. Fenn
Koichi Tanaka
Kurt Wathrich

4

John B. Fenn Koichi Tanaka Kurt Wathrich

The Nobel Prize in Chemistry 2002 was awarded "for the development of methods

for identification and structure analyses of biological macromolecules" with one

half jointly to John B. Fenn and Koichi Tanaka "for their development of soft ) )

desorption ionisation methods for mass spectrometric analyses of biological E gZitsg;n'HB b‘;i';gﬁ:f“N";fsr‘eszh& 2;'8 (52?6’59"‘
macromolecules” and the other half to Kurt Withrich "for his development of ’ T ’ ' !

nuclear magnetic resonance spectroscopy for determining the three-dimensional

structure of biological macromolecules in solution”

extension to solid state NMR of proteins



Magnetic Resonance Imaging (MRI)

adding field gradients

¥ Gradient Windings

Z Gradient Windings




MRI

The Nobel Prize in Physiology or Medicine 2003 ‘
Paul C. Lauterbur, Sir Peter Mansfield =

The Nobel Prize in Physiology or Medicine 2003 a i
Nobel Prize Award Ceremony
Paul C. Lauterbur

Sir Peter Mansfield

NJournalfof Insect Science
=

NMR imaging of the honeybee brain

D. Haddad', F. Schaupp?, R. Brandt?, G. Manz?, R. Menzel?, A.
Haase’

Paul C. Lauterbur Sir Peter Mansfield

The Nobel Prize in Physiology or Medicine 2003 was awarded jointly to Paul C

Lauterbur and Sir Peter Mansfield "for their discoveries concerning magnetic
resonance imaging"

10




NMR interactions: structural spies

B chemical shift

Key questions:

* Solution vs Solid State
NMR?

M dipolar

* Intrinsic resolution when

studying powdered

samples?
B quadrupolar




Magic Angle Spinning (MAS) — "reorientation” of sample

— DYNAMICS !

Bo

0= 54.7°

rotor axis

Spinning Spins
A Tribute to Raymond Andrew

Doty, Encyclopedia of NMR, 1996, 4477.

(

¢: 7mm — up to 6 kHz

~

¢: 4mm — up to 15 kHz

¢: 2.5mm — up to 35 kHz

¢

13C: 1,2,3-trimethoxybenzene
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isotropic region: 8;5,=1/3 (811+822+833)

Orendt, Encyclopedia of NMR, 1996, 1287.

«infinite»» MAS frequency:
Veot > Ax (A= CSA, D, Q...)

question: is it really possible ?...

|¢: 1mm — up to 100 kHz




Outline

» Hybrid materials: bio-inspired materials as a first example

e Ab initio calculations of NMR parameters 1 O""H“UM

L PROJECT DOWNLOAD

» Liposils as nano-cargos for drug delivery | sitea

[~
DPPC
100 nm
Sensitivity SRS
* applications of DNP MAS to synthetic and natural biological materials
* applications of Magic Angle Coil Spinning (MACS) 2T TN
( | 10T;inagnet
pp ey
400 MHz ('H) J “ 280 GHz
RF Console MW Source




Hybrid materials and solid state NMR: a review

Progress in Nuclear Magnetic Resonance
Spectroscopy

Volume 77, February 2014, Pages 1-48

Recent NMR developments applied to organic-inorganic materials

\Christian Bonhomme™ & &4 Christel Gervais®, Danielle Laurencin” J

Contents

R 111 e €T 4 T
2.  Experimental and theoretical NMR developments applied to the study of organic-inorganic materials
2.1. Texture of porous materials

200, "B NMR. ...
2.1.2.
2:13.
2.14.
2.2. DOSY NMR
23. Increasing NMER SERSIEIVIEY .« s uis s asinim mmarssm @ wss o oo e i wsve a0 o 570 @ 47 im o0 8
23.1. Microcoils and MAS P
232; PHIPAnd MREq: coiumama sowses i 400 i Saetein 2 eesiass s tne s aaeder s
233; DNPMAS s s i v i v 500 55 750 S0 S5 s s s 0 S e e e e T S e e R e i s v Sea e
2.4. First principles calculations
24.1. Metal organic frameworks and related metal organic ligand crystalline compounds . . ..........cooeiiiieiiiennenennnn.. 11
2432, Crystalline templated SUSTEINS i v aini vl amisonii Mo i s we s e s ivin o eV s e i S e T T e 13
2.4.3. Interfaces in disordered systems A9
244.  Functionalized metallic clusters 344, Biodctive silicarderivad ybHmEEEHAIS wuc o sommm s, s, s e S5 S S s e
3. Recent applications of solid state NMR to organic-inorganic materials. . 3.1.5. Polyhedral silsesquioxanes,

3.1. Hybrid silicas....... R TR PR R PP PP PEPTRRE 3.1.6. lonogels and Nanoparticle NEEWOTKS . . . . . .. e ou oo e e e e e e e e e e e e 6
3.1.1. Advanced solid state NMR techniques ................ 3.2, Hybrid materials involving an ionic solid as iNOrganic COMPONENt. . .. .........vueureeenuneenn. \,o ..... \Q ............... 20
3.1.2. Encapsulationof molecules.......................0. 32.1. Hybrid phosphate-based materials D

3.1.3. Interfaces in silica derived hybrids ... ................ 322, Hybrid cationic Clays . . ..o iun it e e -

3.2.3. Hybrid anionic clays. .. ..o iii i i i e e
3.24. Functionalized micro/nanoparticles of metal oxides and other ionic solids. .
32,5, Other hybrid materials. ..., i
33: BIoMAterlals. . o s somum s mssive oiie s s o8 @i 565w 85 m e .
33.1. Natural biomaterials. ........cccciviiiiiiiiiiarinrennrey
3.3.2. Synthetic bio-inspired materials and coatings . ..............3
3.4. Hybrid structures involving metal complexes and coordination networks. 3
34.1. Simple metal complexesand clusters. ..................... o
F42. COOMTNATION POINCES v unavincnarvamams el e s SRR SRS #57

3.4.3. Metal Organic Frameworks (MOFs)

3.44. Functionalized metal nanoparticles

d;:  Summary and oUtlook - s v s s IS SRS T SR 0T DS N T SRR DR EEE SR R e e R PR R e e
REFETENCES iz i@ v SA SR EEREs SEE 00 SRR Dov o DU 40 SRPTRE U550 oS e dRe v s Bl Rin e il Vin e waR eI e s R s e




Hybrid interfaces: a first example

Coll.: B. Alonso & colleagues from
CEMHTI, Orléans, France

molecular recognition
H-bonding
A

4 )

(EtO)3Si—-_ SI(OEY),

hydrolysis condensation

hybrid material

\
Q’. --------- m 'H-H dipolar interaction

m ureidopyrimidinone models

m bio-inspired materials




Ureidopyrimidinone based systems
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Fast MAS 'H-'H BABA: ureidopyrimidinone  based systems

~
-Si(OCH,-CHs);

( excitation reconversion \
_ g
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Application to hybrid silica

)
hydrolysis-condensation
H BABA
ke H* < . = h\ .
] 176 T / ),
1 mAs33kHz
10 _
H,,Hg,HoH, @
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Ly 76T
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20 -
o\«
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R- o
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Organosilicas based on purine-pyrimidine base pair assemblies: a solid state NMR point of view. Me / N L /H

Arrachart G., Carcel C., Moreau J. J. E., Hartmeyer G., Alonso B., Massiot D., Creff G., Bantignies J.-L., ,N B /7 N
Dieudonne P., Wong Chi Man M., Althoff G., Babonneau F., Bonhomme C. A H“ N—E\ --~““-'N>—/2—Me
1. Mater, Chem., Vol. 18, 2008, pp. 392-399. 00— / ,
NY—H:eerQ
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Towards bio-inspired materials: Adenine (A) and Thymine (T ) derivatives
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Nanostructuring of hybrid silicas through self-recognition process.

Arrachart G., Creff G., Wadepohl H., Blanc C., Bonhomme C., Babonneau F., Alonso B., Bantignies J.-L., Carcel
C., Moreau J., Dieudonné P., Sauvajol J.-L., Massiot D., Wong Chi Man M.

Chemistry-a European Journal, Vol. 15, 2009, pp. 5002-5005.




Extension to ultra-fast MAS (Imm  JEOL probe — 850 MHz Warwick )

from the french side ...

TRES GRANDES INFRASTRUCTURES DE RECHERCHE
Résonance Magnétique Nucléaire, Tres Hauts Champs
THC FR3050 CNRS

m very high field ( 850 MHz)

m 'H-1H DQ MAS at 80 kHz

m more adapted pulse sequences

Coll.: D. luga, J. V. Hanna & M. E. Smith, Warwick & Lanca ster, UK
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e Ab initio calculations of NMR parameters Ouunmumem;a
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First principles calculations: the GIPAW  approach

Pickard, Mauri, Phys. Rev. B (2001)

NMR

CHEMISTRY

GIPAW NMR
CRYSTALLOGRAPHY

DFT
periodic systems

all-electron hamiltonians
evaluation of j(1)(r") using pseudopotentials

B,((r) = 1/c [ &' jOXr) xl:_':.'ls
=
CSA —~
1J! 1- T. Charpentier , Solid State NMR , 40, 1, 2011.
9 2- C. Bonhomme, C. Gervais, F. Babonneau et al.,
EFG Chemical Reviews , 112, 5733, 2012.

IDRIS

CHEMICAL

¢ assignment

¢ dynamics

¢ amorphous samples

Coll.: C. Gervais, LCMCP, Paris.




Validation of GIPAW : the example of 31P

. a) -60
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=
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8
31p -44.0 ppm & 210
New perspectives in the PAW/GIPAW approach: JP i coupling constants,
antisymmetric parts of shift tensors and NQR predictions (pages $86-5102) -205 L 1
Christian Bonhomme, Christel Gervais, Cristina Coelho, Frédérique Pourpoint, Thierry -205 -210 -215 -220 (ppm)
Azais, Laure Bonhomme-Coury, Florence Babonneau, Guy Jacob, Maude Ferrari, 5. (2*Si
ise(S1) eXp.
Daniel Canet, Jonathan R. Yates, Chris J. Pickard, Sian A. Joyce, Francesco Mauri and
Dominique Massiot
Article first published online: 29 JUN 2010 | DOI: 10.1002/mrc.2635




First principles calculations of

J coupling constants: Si

s0(PO,)s

— Si:O(PO,),

INEPT MAS data: J

~ [4 Hz — 15 HZ]

?°Jp_o.si (H2)

Phase Sites exp calc
Si(1)-0(3)-P 15+2 -17,08
Si,0(P0,), Si(2)10(2)-P 48442 -16,22
Si(2)10(5)-P -1,17
Si(3)-0(4)-P 12+2 -14,18

Dominique Massiot

New perspectives in the PAW/GIPAW approach: JP_O_5i

antisymmetric parts of shift tensors and NQR predictions (pages $86-5102)
Christian Bonhomme, Christel Gervais, Cristina Coelho, Frédérique Pourpoint, Thierry
Azais, Laure Bonhomme-Coury, Florence Babonneau, Guy Jacob, Maude Ferrari,
Daniel Canet, Jonathan R. Yates, Chris J. Pickard, Sian A. Joyce, Francesco Mauri and

coupling constants,

Article first published online: 29 JUN 2010 | DOI: 10.1002/mrc.2635
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More references: applications of GIPAW  to glasses

m a pioneering work by T. Charpentier (CEA, Saclay, Fra nce): MD, DFT, GIPAW
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T. Charpentier , Solid State NMR , 40, 1, 2011.

m MD-GIPAW methodology for NMR glass studies
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» Liposils as nano-cargos for drug delivery
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A combined approach: silica based nano-cargos

Coll.: T. Azais, LCMCP, Paris. L-a-dipalmitoylphosphatidycholine
silica
B Liposomes (DPPC)
N 3
DPPC and silica
B Drug delivery
100 nm systems

see also: J. Brinker et al. (proto-cell concept, JACS, 2009)

@ JDrﬁg'lééd;l pr—— 2 M

encapsulation

Mesoporous Liposome
Sllica NP




Liposils ( Lipo somes and silica)

/ silica

M a realistic model for hydroxylated amorphous silica
Ha realistic model for silica/DPPC interactions
B full NMR ab initio calculations

B selection of adequate configurations !

GIPAW

Investigation of the interface in silica-encapsulated liposomes by combining solid state NMR and first
principles calculations.

Folliet, N., C. Roiland, S. Bégu, A. Aubert, T. Mineva, A. Goursot, K. Selvaraj, L. Duma, F. Tielens, F. Mauri, G.
Laurent, C. Bonhomme, C. Gervais, F. Babonneau and T. Azais

Journal of the american chemical society, Vol., 133, 2011, pp. 16815-16827.

~
DPPC
100 nm
_—
Alkyl
chains
IH MAS
Water,

glycerol neck,  Choline
ethylene




A model for hydroxylated amorphous silica

amorphous "slab"

-70

(013A x 18A x 10A) ° 80 GIPAW
& 0
fom -100
&u‘) 110 29Si NMR
5 -120
-130 Si-O-Si angle ( ©)
7.5 -
~N 7
s 4
o >3 70 NMR
5 45
© 4t Si:0-Sjangle ( ©)

110 120 130 140 150 160 170 180

Clark et al., Solid State NMR 16 (2000) 55.
Cq = a (0.5 + cosa/(cosa-1))° + m(d-d)

[16 OH/NM?2
1H NMR

F. Tielens, C. Gervais, J.-F. Lambert etal.,
Chem. Mater . 20 (2008) 3336.

&(*H) SiOH (ppm)




The DPPCl/silica interface: the role of water

(a) Config I (b)Config IT

imulation

decreasing number of
H- bonds

GIPAW 5, (31P)
config. 1: 3 ~ 7.0 ppm

config. 4: 6 ~ - 0.3 ppm

@6 = - 0.7 ppm

(c) Config IIL (d) Config IV



Local dynamics:

31p slow MAS and static NMR

aqueous
liposomes

a)

dry DPPC

b) U

« liposils »
c)

31p

| —

200 150 100 50

0 -50 -100 -150 -200
ppm

for « liposils »: N GIPAW

Acs (exp) = - 99.5 ppm // [=174.93 ppm
Nes (exp) = 0.6 ///0.36

¢ ~90° s |

A< (averaged) = - 98.22 ppm

Ncs (averaged) = 0.63



Outline

f OUUHHIUM

PROJECT DOWNLOAD

imulation
/sili
[~
DPPC
100 nm
Sensitivity SRS
* applications of DNP MAS to synthetic and natural biological materials
* applications of Magic Angle Coil Spinning (MACS) 2T T
( || tor ;inagnet
__RF and MW
'_u‘ Resonator
\_ y 400 MHz ('H) ‘ “ 280 GHz
RF Console MW Source




Sensitivity in solid state NMR

".. the sensitivity of conventional NMR techniques is fundamentally limited by
the ordinarily low spin polarization achievable in even the strongest NMR
magnets.." in: B. M. Goodson, J. Magn. Reson. 155 (2002) 157.

preparation instrumentation

1 ]

* HP 1%°Xe * Singular Value Decomposition
« Dynamic Nuclear Polarization « inverse harmonics
(DNP) « ultra fast MAS * denoising

« Magic Angle Coil Spinning ° Non Uniform Sampling

(MACS)



New trends in DNP

ACCOUNTS

orch

High Frequency Dynamic Nuclear Polarization

QING ZHE NLY 28 CENIO DAVISO,P#" THACH V. CAN,T#

NY MARKHASIN, ¥ ¥ SUDHEER K. JAWLA®
TIMOTHY M. SWAGER,* RICHARD J. TEMKIN §

JUDITH HERZFELD,' AND ROBERT G. GRIFFIN"1#

*Frandis Bitter Magnet Laboratory, *Department of Chemistry, and SPlasma
Science and Fusion Center, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, United States, and " Department of Chemistry, Brandeis
University, Waltham, Massachusetts 02454, United States
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m transfer of electronic polarization to
nearby nuclei under fast MAS , low T

m microwave ( HW) irradiation of the spin
system

m using radicals...

¢ _3

HOH,C >/3 3>CCH20H
HOH,c— g s CH,OH
COO'Na*

Trityl

TOTAPOL




DNP in France
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Substitutions in apatitic (HAp) structures

a=0.942nm

 Cayo (PO.) (OH),

[ Mgz, Zn?, Na*, K* .. |

[5042-, COs% .. J Ca;o (PO,4)s (OH),
B A

AW 4
> 4

{Sioﬂ [6032-]
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Carbonated nanosized HAp

m synthetic HAp, ~ 5 wt %

o

MW "ON"

(~ 2 minutes)

€~23t042

A sites

MW "OFF"

170 ppm) 160 150

AMUPol

Coll.: M. Caporini, G. Bodenhausen, EPFL, Lausanne & F. Aussenac , Bruker Biospin




Sensitivity in solid state NMR

".. the sensitivity of conventional NMR techniques is fundamentally limited
by the ordinarily low spin polarization achievable in even the strongest

NMR magnets.." in: B. M. Goodson, J. Magn. Reson. 155 (2002) 157.

preparation instrumentation

1 ]

* HP 1%°Xe * Singular Value Decomposition
« Dynamic Nuclear Polarization « inverse harmonics
(ONP) « ultra fast MAS * denoising

- Magic Angle Coil Spinning * Non Uniform Sampling

(MACS)



NMR of hybrid mesoporous thin films
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Magic Angle Coil Spinning Applications potentielles :
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h 0300 nm
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SRR I 1H ... 295, 13C, 4749 (1) ...
D. Sakellariou et al., Nature, 447, 2007.




MACS experiments

1H HSQC
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MEMS techniques applied to micro-coils ﬁ““"’
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Microfabricated inserts for magic angle coil spinning (MACS) wireless NMR spectroscopy.
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PloS one, Vol., 7(8), 2012, pp. e42848-e42848.
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Microcoil based solid state NMR: more references in the lite

rature
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