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Solid state NMR in materials science
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Context: biological hydroxyapatites (HAp)

→ Ca10(PO4)6(OH)2 + substitutions (C+ and A-)

A site

B site

Na+, K+, Mg2+, Zn2+, 

Sr2+ …  

F-, Cl-, CO3
2-, SiO4

4-

…  

►43Ca: low g and N.A. ~ 0.14%

► low wt% for all C+ and A-



Intrinsically distributed materials
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Dynamic Nuclear Polarization (DNP) MAS

1H, 29Si, 13C…

 SENSITIVITY

"impossible experiments"

 LOW TEMPERATURE & MAS

(~ 100 K or lower…)

depending on the sample…

 enhanced spin locking during CP

 better homonuclear decoupling

 …

 but: questions …

bulk

spin diffusion

interface

DNP juice

DNP juice

AMUPOL



The HAp structure (hexagonal)
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P.C.A. van der Wel et al., J. Am.

Chem. Soc., 2006



Hydroxyapatite (HAp) materials

10 mm

50 nm

nano- HAp

micro- HAp

Ca oxalates

tunability in:

► size

► morphology

► crystallinity

► chemical composition (C+, A-)

micro- HAp



Synthetic carbonated nanosized HAp

► synthetic HAp, ~ 1 wt % in C, labeled in 13C

► 1D, 2D, double- and triple resonance CP, SQ-DQ experiments

OFF
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Towards structural models
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Options for 43Ca solid state NMR low g N.A. ~ 0.14 %

► labeled samples: 60% labeled *CaCO3 (calcite)

fast… and 2D

but costs !!

► natural abundance: large volume rotor, highest magnetic field, moderate MAS

7mm, 850 MHz, 5 kHz, ~ 10 hours

No 2D

43Ca MAS *CaCO3

500 MHz

Exp. ON ANGLE

SIMPSON

ON ANGLE

(b)

SIMPSON

D = +0.03°

Exp. OFF ANGLE

(ppm)

-20-10010203040506070
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-20-10010203040506070

(a)

<3/2,5/2>

43Ca MAS

many thanks to:

D. Laurencin, D. Lee, 

G. De Paëpe, F. 

Aussenac



Natural abundance 43Ca DNP spectroscopy

n0(
43Ca) = 26,94 MHz, 100 K,  DNP juice: glycerol-d8/D2O/H2O (60/30/10; v/v/v) + AMUPol,

sample: ~ 20 mg 

{1H-}43Ca CP MAS DNP

synthetic HAp < 1h

mice teeth < 38h

N.A. 2D {1H-}43Ca HETCOR CP MAS DNP

~ 4h

{1H-}43Ca CP MAS DNP

6hDFS 43Ca MAS

< 1h

0 ppm



Future experiments

 elements with low wt % in calcium phosphates (including HAp)

 surface modifications of HAp

 … extension to (human) biological sample → see Part II (kidney stones)

DFS, (Q)CPMG, WURST, BRAIN CP, SOSO,… (Kentgens, … Schurko … et al.)

A site

B site

Na+, K+, Mg2+, Zn2+, 

Sr2+ …  

F-, Cl-,I-, SiO4
4- …  
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Context: Morphology and dynamics of zeolite nucleation

M.-A. Springuel-Huet

A. Nossov

F. Guenneau

A. Gédéon

• Sensitivity issues: HP 129Xe

catalysis, molecular sieves

EMT-like zeolites



Hyperpolarized 129Xe

► to explore the nucleation process in an hydrogel system

► HP 129Xe: to determine the first formed zeolite cages (EMT-like ; Si/Al = 1.2)

conventional TEM cryo-tomogram

reconstruction of the gel

particle (pores: dark grey)



First stages (in time) explored by HP 129Xe NMR

time
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exchange: gas/amorphous phase (meso-porosity)

defined meso-voids

► early detection of EMT cages

► < 0.1 wt%
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NMR of hybrid mesoporous thin films: a "naive" question

Fig. 1 : montage MACS 

(D. Sakellariou et coll., 

Nature, 2007)

Fig. 1 : montage MACS 

(D. Sakellariou et coll., 

Nature, 2007)

Magic Angle Coil Spinning

rotor at m

Static coil

m-coil

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

Potential applications:

 films S  2 cm2

h  300 nm

m  100 mg

1H … 29Si, 13C, 47/49Ti, …

Maier et al., Chem. 

Mater. 2009

G. Laurent



MACS experiments

"hand made" 

micro-coils

5 mm

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

100 mg

70 mg



Hydroxyapatite as a model compound

OH
-

m ~ 250 mg

→ see Part II (kidney stones)



MEMS techniques applied to micro-coils

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



Monolithic micro-resonators

B1/√P



Application to thin hybrid membranes

Coll.: C. Laberty (LCMCP)

1H (MAS) (5 kHz, 5 minutes, h ~ 30 mm)

~ 400 mgSO3H

phenyl PEG

PVDF-HFP

Si-CH2-

Si-OH

eRF ~ 6

 no chip capacitor

 easy-to-handle

 cylindrical symmetry

 reduced Eddy currents

many thanks to:

D. Sakellariou
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Modeling of materials and first principles calculations of NMR parameters

C. Gervais

F. Tielens



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’

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

Chemical Reviews, 112, 5733, 2012. 

 assignment

 dynamics

 amorphous samples



→ Si5O(PO4)6
P

OSi

Si

Exp.

*H3PO4

diso

Calc.

-44.0 ppm

DCSA

hCSA

31P

B

o

Validation of GIPAW: the example of 31P



First principles calculations of J coupling constants: Si5O(PO4)6
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Peptide-functionalized MOFs

► peptide conformation in peptide-functionalized MOFs

► combination of DFT / MD / GIPAW / 15N DNP MAS experiments

►
N

M
R

C
R

Y
S
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L
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O
G

R
A

P
H

Y

MIL-68: indium derived MOF



Peptide-functionalized MOFs

MIL-68-NH-Gly-Pro: low energy conformations

conformers I conformers II

15N: low g, n.a. = 0.37%

DNP MAS: TekPol/TCE, 100K

15N GIPAW calculations

(H-bonding, Grimme DFT-D3

coupling 

agent



Phosphate species on hydrated anatase surfaces

► adsorption / interaction of KH2PO4 with (100) / (101) TiO2

► essential role of the solvent: here, H2O

hydrated phosphate adsorption: 

a model



GIPAW and NMR crystallography
31P MAS

17O MAS

most favorable physisorption & 

chemisorption schemes for H2PO4
- on 

(101) anatase surface 
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A recent trend: including temperature in GIPAW

23Na

NaHC2O4. H2O

nrot

quantum thermal fluctuations

description of the effets of T 

GIPAW

see also: MD, ab initio MD, Path

Integral MD (J. N. Dumez, C. Pickard, 

J. Yates, P. Hodgkinson…)

review: S. Ashbrook, Chem. Comm. 

2016



Temperature in GIPAW

► Temperature dependence of NMR (and XANES) spectra

► predictive calculations taking quantum thermal vibrations into account

► non-equilibrium configurations (finite T quantum statistics at the quasiharmonic level



CQ(25Mg, 27Al, 17O) vs temperature

► dynamical matrix ► phonon modes

theoretical ingredients

► probability of the R

configuration

► for (any) observable O:



Outline

• Sensitivity issues: DNP MAS

HP 129Xe

micro-coils, micro-resonators

• Ab initio calculations of NMR parameters

• New trends in GIPAW

• Biomineralization

• Pathological calcifications

• Soft Matter



Biomineralization and pathological calcifications (kidney stones)

T. Azaïs (& N. Nassif)

D. Bazin

hydroxyapatite

nano-crystals

kidney stone macro-crystals



Biomineralization

► crystalline, biomimetic apatite nano-particles and intact bones

► amorphous Ca-P layer coating the crystalline HAp cores



HETCOR and EXSY experiments

1H-31P HETCOR MAS

1H-1H EXSY MAS

sheep bone

DRYFRESH

31P filtered



Chemical composition of the apatitic layer

43Ca TRAPDOR 

(labeled in 43Ca) 

D2O

ex.

DRY WET

31P 13C 13C

1H

1H

sheep bone

biomimetic (synthetic) 

apatites

13C HETCOR 

(labeled in 13C) 

NH3

CaCl2, NaH2PO4, NaHCO3

acidic medium

N. Nassif et al. Chem .Mater, 2010, 

22, 3653.
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A first NMR approach of kidney stones (KS) see also Part II)

many thanks to:

M.J.  Duer

13C{31P} REDOR experiments

29Si MAS

apatite

proteins

lipids

citrate

polysaccharides

…
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Applications of solid state NMR to soft matter

N. Baccile

► biocompatible, biodegradable, low toxicity bio-surfactants

► sophorolipids (glycolipids), starting from vegetal oil, glucose and yeast (fermentation)

► nanoscale chirality



Sophorolipids

1H DQ BABA

b



Hybrid materials and solid state NMR: a review





Variable temperature 129Xe experiments

HP 129Xe
gas-phase

adsorbed Xe

thermally polarized 129Xe


