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Solid state NMR in materials science



Nuclear Magnetic Resonance

→ atomic beams

→ condensed matter

(high P gas, solutions, 
solids)

« … 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, Collège de France)

A. Abragam



Purcell’s vision 

« … 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 … »

(!) 

in: Spin Dynamics , M. H. Levitt., 2002



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

Discrete Fourier transform

Uniform sampling



99% 15N-human ubiquitin

δ and J : selection, transfer, edition, correlation ... (COS Y, INEPT, HETCOR...)

D : relaxation ... (NOESY...)
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NMR of proteins

extension to solid state NMR of proteins



Magnetic Resonance Imaging (MRI)

adding field gradients 

http://irfu.cea.fr/en/Phocea/
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NMR interactions: structural spies

� indirect coupling J

rIS
� dipolar

I>1/2 � quadrupolar

B0

� chemical shift

Key questions:

* Solution vs Solid State 

NMR?

* Intrinsic resolution when

studying powdered

samples?



Magic Angle Spinning (MAS) – "reorientation" of sample → DYNAMICS !



Outline

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

• Ab initio calculations of NMR parameters

• Liposils as nano-cargos for drug delivery

• Sensitivity issues:

* applications of DNP MAS to synthetic and natural biological materials

* applications of Magic Angle Coil Spinning (MACS)



Hybrid materials and solid state NMR: a review



Hybrid interfaces: a first example

■ ureidopyrimidinone models

■ bio-inspired materials

■ 1H-1H dipolar interaction

Si(OEt)3(EtO)3Si

hydrolysis

H-bonding

SiO1 .5O1.5 Si
n

hybrid material

molecular recognition

condensation

?

rIS

D ∝
rIS

3

1

Coll.: B. Alonso & colleagues from

CEMHTI, Orléans, France 
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Ureidopyrimidinone based systems

hydrolysis

biomolecular
assembly

inorganic 
pillars

H-bonding

XRD of precursors
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Fast MAS 1H-1H BABA: ureidopyrimidinone based systems
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Application to hybrid silica



Towards bio-inspired materials: Adenine (A) and Thymine (T ) derivatives



Extension to ultra-fast MAS (1mm JEOL probe – 850 MHz Warwick )

Coll.: D. Iuga, J. V. Hanna & M. E. Smith, Warwick & Lanca ster, UK

■ very high field ( 850 MHz)

■ 1H-1H DQ MAS at 80 kHz

■ more adapted pulse sequences

from the french side …
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First principles calculations: the GIPAW approach

periodic systems

all-electron hamiltonians

evaluation of j(1)(r’) using pseudopotentials

DFT

CSA

EFG

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

GIPAW

IDRIS

! J !

Bin
(1)(r) = 1/c ∫ d3r’ j(1)(r’) ×

|r-r’|3
r-r’

1- T. Charpentier , Solid State NMR , 40, 1, 2011.

2- C. Bonhomme, C. Gervais, F. Babonneau et al., 

Chemical Reviews , 112, 5733, 2012. 

♦ assignment

♦ dynamics

♦ amorphous samples

Coll.: C. Gervais, LCMCP, Paris. 



→ Si5O(PO4)6
P

OSi

Si

Exp.

*H3PO4

δiso

Calc.

-44.0 ppm

∆CSA

ηCSA

31P

B
o

Validation of GIPAW : the example of 31P



First principles calculations of J coupling constants: Si 5O(PO4)6
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More references: applications of GIPAW to glasses

■ a pioneering work by T. Charpentier (CEA, Saclay, Fra nce): MD, DFT, GIPAW  

■ MD−GIPAW methodology for NMR glass studies

T. Charpentier , Solid State NMR , 40, 1, 2011.
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A combined approach: silica based nano-cargos

� Liposomes (DPPC) 

and silica

� Drug delivery

systems

silica

L-α-dipalmitoylphosphatidycholineColl.: T. Azaïs, LCMCP, Paris. 

see also: J. Brinker et al. (proto-cell concept, JACS, 2009)
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� a realistic model for hydroxylated amorphous silica

�a realistic model for silica/DPPC interactions

� full NMR ab initio calculations

� selection of adequate configurations !

GIPAW



F. Tielens, C. Gervais, J.-F. Lambert et al ., 

Chem. Mater . 20 (2008) 3336.

∼ 6 OH/nm2

29Si NMR

17O NMR

1H NMR
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amorphous "slab"
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water

decreasing number of 

H- bonds

GIPAW δiso.(31P)

config. 1: δ ~ 7.0 ppm

config. 4: δ ~ - 0.3 ppm

exp.: δ = - 0.7 ppm

The DPPC/silica interface: the role of water



Local dynamics: 31P slow MAS and static NMR

for « liposils »:
∆CS (exp) = - 99.5 ppm // -174.93 ppm

ηCS (exp) = 0.6 // 0.36

ppm
-200-150-100-50050100150200

a)

b)

c)

aqueous

liposomes

dry DPPC

« liposils »

31P
GIPAW

∆CS (averaged) = - 98.22 ppm

ηCS (averaged) = 0.63

ϕ ~ 90°
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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

• HP 129Xe

• Dynamic Nuclear Polarization

(DNP) 
• ultra fast MAS

• Magic Angle Coil Spinning

(MACS)

• Singular Value Decomposition

• inverse harmonics

• denoising

• Non Uniform Sampling

signal



New trends in DNP

■ transfer of electronic polarization to 

nearby nuclei under fast MAS , low T

■ microwave ( µW) irradiation of the spin 

system 

■ using radicals…

Overhauser, Schlichter, Abragam ….

R. G. Griffin: 1993 → today !



DNP in France

Lyon Grenoble

Lausanne / ParisLille



Substitutions in apatitic (HAp) structures

Mg2+, Zn2+, Na+
，K+ …

Ca10 (PO4)6 (OH)2

SO4
2-, CO3

2-…CO3
2-

CO3
2-, F-, Cl-…CO3
2-

the fundamental role of substitutions...

CO3
2-

Ca10 (PO4)6 (OH)2

AB
SiO4

4- or



Carbonated nanosized HAp

■ synthetic HAp, ~ 5 wt % e-

1H → 13C

MW "ON"

(~ 2 minutes)

(ppm) 150160170

MW "OFF"

13C
A sites

ε ~ 23 to 42
B

B’

B’’
e-

1H → 31P → 13C

13C

MW "ON"

(~ 1 hour)

(ppm) 150160170
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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

• HP 129Xe

• Dynamic Nuclear Polarization

(DNP) 
• ultra fast MAS

• Magic Angle Coil Spinning

(MACS)

• Singular Value Decomposition

• inverse harmonics

• denoising

• Non Uniform Sampling

signal



NMR of hybrid mesoporous thin films

Magic Angle Coil Spinning

rotor at θm

Static coil

µ-coil

D. Sakellariou et al., Nature, 447, 2007.

Applications potentielles :

� films S ∼ 2 cm2

h ∼ 300 nm

m ∼ 100 µg

1H … 29Si, 13C, 47/49Ti (!) …

Maier et al., Chem. 
Mater. 2009



MACS experiments

"hand made" 
micro-coils

RMN 1H de 
biopsies

1H HSQC

43Ca-1H HETCOR

RMN 17O de gels 
de silice

RMN 1H de films

RMN 23Na de l’os

1H: biopsies

17O

23Na in 
bone

1H: films

(Coll.: D. Sakellariou)

100 µg

70 µg

Magn. Reson. Med . 2010, Chem. 
Commun. 2011, Concepts in NMR 2011, 
Chem. Sci. 2011, Anal. Chem . 2012 …



MEMS techniques applied to micro-coils

Coll. : V. Badilita, U. Wallrabe, J. G. Korvink – IMTEK, Fr eiburg, Germany



Microcoil based solid state NMR: more references in the lite rature

review article

disk MAS NMR

piggy back set up


