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

A Sensitivity issues: DNP MAS
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Context: biological hydroxyapatites (HAp)

Y Ca,z(PO,)s(OH), + substitutions (C*and A-)
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Intrinsically distributed materials

FTIR ("too local")

& 8% potassium CHAP
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Materials, Synthesis and Applications
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Dynamic Nuclear Polarization (DNP) MAS
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The HAp structure (hexagonal)
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Hydroxyapatite (HAp) materials

tunability in:

3 size

3 morphology
3 crystallinity
3

chemical composition (C*, A")



Synthetic carbonated nanosized HAp

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

3 1D, 2D, double- and triple resonance CP, SQ-DQ experiments
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Towards structural models
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Options for 43Ca solid state NMR lowg N.A.~0.14 %

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

43Ca MAS 7mm, 850 MHz, 5 kHz, ~ 10 hours
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D. Laurencin, D. Lee,
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Ca(H,PO,),.H,0
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Natural abundance 43Ca DNP spectroscopy

ny(*3Ca) = 26,94 MHz, 100 K, DNP juice: glycerol-dg/D,0/H,O (60/30/10; v/viv) + AMUPOoI,

sample: ~ 20 mg

{1H- }43Ca CP MAS DNP
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Interfacial Ca** environments in
nanocrystalline apatites revealed by
dynamic nuclear polarization enhanced
%3Ca NMR spectroscopy

Daniel Lee, César Leroy, Charléne Crevant, Laure Bonhomme-Coury, Florence Babonneau, Danielle

Laurencin, Christian Bonhomme & Gaél De Paépe-




Future experiments

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

§ surface modifications of HAp

§ é extension to (human) biological sample MESERE RIS HEAS IS,

Na*, K*, Mg2*, Zn2*, [ F, CIl, Sio,* e
Sr2t é

B site

A site

DFS, (Q)CPMG, WURST, BRAIN CP, SOS0O,é (Kentgens, é Schurko é et al.)
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Context: Morphology and dynamics of zeolite nucleation
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Hyperpolarized 2°Xe CHEMISTRY

A European Journal

I Crystal Growth |Hot Paper|
® 3D Study of the Morphology and Dynamics of Zeolite Nucleation

Georgian Melinte, Veselina Georgieva,® Marie-Anne Springuel-Huet,'” Andrei Nossov,"

Ovidiu Ersen,® Flavien Guenneau,® Antoine Gedeon,® Ana Palci¢,™ Krassimir N. Bozhiloy,
Cuong Pham-Huu,™® Shilun Qiu,” Svetlana Mintova,™ and Valentin Valtchev*™

3 to explore the nucleation process in an hydrogel system

3 HP 129Xe: to determine the first formed zeolite cages (EMT-like ; Si/Al = 1.2)
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First stages (in time) explored by HP 12°Xe NMR

3 early detection of EMT cages
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NMR of hybrid mesoporous thin films: a "naive" question

G. Laurent

Potential applications:

O — rotor at q, A films S ~2cm?

h ~300 nm
___— mecoll
\
Static coll

O 0mm 1H QQSL 13C, 47/49T i , é

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




MACS experiments

1H HSQC
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Hydroxyapatite as a model compound

Y see Part Il (kidney stones)
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MEMS techniques applied to micro-coils i“”e"’

spinning
coil

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

spinning
rotor

static
coil

00010701

Microfabricated inserts for magic angle coil spinning (MACS) wireless NMR spectroscopy.
Badilita, V., B. Fassbender, K. Kratt, A. Wong, C. Bonhomme, D. Sakellariou, J. G. Korvink and U. Wallrabe
PloS one, Vol., 7(8), 2012, pp. e42848-e42848.
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Monolithic micro-resonators

Monolithic MACS micro resonators

@ CrossMark

J.A. Lehmann-Horn?, J.-F. Jacquinot?, J.C. Ginefri”, C. Bonhomme¢, D. Sakellariou **

A NIMBE, CEA-CNRS, Université Paris-Saclay, CEA Saclay, 91191 Gif-sur-Yvette Cedex, France

b aboratoire d'Imagerie par Résonance Magnétique Médicale et Multi-Modalités (IR4M), UMRS081, CNRS, Université Paris-Sud, Université Paris Saclay, Orsay, France
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Application to thin hybrid membranes

many thanks to:

D. Sakellariou

A no chip capacitor

A easy-to- handle

A cylindrical symmetry

A reduced Eddy currents

10 8 6 4 2
H (MAS) (5 kHz, 5 minutes, h ~30 mm)
Coll.: C. Laberty (LCMCP)
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Modeling of materials and first principles calculations of NMR parameters

C. Gervais QUANTUMESPRESSD

HOME  PROJECT DOWNLOAD

F. Tielens

imulation




First principles calculations: the GIPAW approach

Pickard, Mauri, Phys. Rev. B (2001) CHEMIGL
GIPAW REVlEWS

NOVEMBER 2012 VOLUME 112 NUMBER 11 pubs.ace.org/CR

DFT
periodic systems

all-electron hamiltonians
evaluationof ( r 6) wusing

B, W) =1/c Ad3r dW(jr 3

4=

1 J ! C. Bonhomme, C. Gervais, F. Babonneau et al.,
== Chemical Reviews, 112, 5733, 2012.
EFG ;

IDRIS

§ assignment

8 dynamics

8§ amorphous samples




Validation of GIPAW: the example of 3P

W W
Calc. U "
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31p -44.0 ppm

New perspectives in the PAW/GIPAW approach: J coupling constants,

P-O-Si
antisymmetric parts of shift tensors and NQR predictions (pages S86—-5102)
Christian Bonhomme, Christel Gervais, Cristina Coelho, Fredérique Pourpoint, Thierry
Azais, Laure Bonhomme-Coury, Florence Babonneau, Guy Jacob, Maude Ferrari,
Daniel Canet, Jonathan R. Yates, Chris J. Pickard, Sién A. Joyce, Francesco Mauri and
Dominique Massiot

Article first published online: 29 JUN 2010 | DOI: 10.1002/mrc.2635

8.0 (*'P) calc.

(b)

8.s0.(**Si) calc.

60
y= 1018 x + 0.456
R?= 0995
50+
40 -
-30 -
-20 -
o
10 1 1 1 1
40 -20 30 40 -50 -60(ppm)
0 (*'P) exp.
-220 —_—
y= 1069 x + 1492
R?*= 0931
215+
210 -
|
|
_205[ 1 1
-205 -210 215 -220 (ppm)

8100 (*S) €XP.



First principles calculations of J coupling constants: Si;O(PO,),

2 inequivalent

2J 6. 6.5 (H2) Si- O- P bonds
Phase Sites exp calc
800
Si(1)- O(3)- P 15+ 2 -17,08
Si.0(PO,) Si(2) - 0(2)-F_>| -16,22 > 0
5 476 ) PI 14& 4 +£2 2 =
Si(2) {0(5) - -1,17 S =
<= 5 400
c
. ) ) + ) =
Si(3)- O(4)- P 12 +2 14,18 -
— c
D 200
0p]
New perspectives in the PAW/GIPAW approach: JP-O-Si coupling constants, 0
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, -200 1 1 1 1
Daniel Canet, Jonathan R. Yates, Chris J. Pickard, Sidn A. Joyce, Francesco Mauri and 0 10 20 30 40
Dominique Massiot \%! ( ms )34
Article first published online: 29 JUN 2010 | DOI: 10.1002/mrc.2635




A European Journal

Peptide-functionalized MOFs I CHEMISTRY

I Functionalized Metal-Organic Frameworks |Hot Paper|

@ Molecular Level Characterization of the Structure and Interactions
in Peptide-Functionalized Metal-Organic Frameworks
Tanya K. Todorova,”™ Xavier Rozanska,™ Christel Gervais, Alexandre Le?rancl,'d] Linh N. Ho,™

Pierrick Berruyer, Anne Lesage,™ Lyndon Emsley," David Farrusseng,'™’ Jéréme Canivet,*
and Caroline Mellot-Draznieks*™

3 peptide conformation in peptide-functionalized MOFs

3 combination of DFT / MD / GIPAW / >N DNP MAS experiments

MIL-68: indium derived MOF

AHAVEOOTIVLSAHD HAN &

@-=n(CO,),

MIL-68-N

MIL-68-NH,



Peptide-functionalized MOFs

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

™N: low g n.a. =0.37%

DNP MAS: TekPol/TCE, 100K

|

-NH, groups

TS

1
conformers |
peptidic bond

: ; -Pro
B 6 : 3 : 2 S

¥\ 4 5

15 : Xt %
N GIPAW calculations B coupling T
(H-bonding, Grimme DFT-D3 agent || [ WL L
T e
— >N Chemical Shift (ppm)




Phosphate species on hydrated anatase surfaces

v A ;_— 4 <
By
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pubs.acs.org/Langmuir b ;.. . )
F .
v A\ '- i
Characterization of Phosphate Species on Hydrated Anatase TiO, ,,.;’(». AN X AL
\ . " -Iunlrnnh
Surfaces Sl Y74 - i
Frederik Tielens,®" Christel Gervais," Geraldine Derorf Maguy Jaber,® Lorenzo Stievano,! 1 } ' m
Cristina Coelho Dic:gca,?'l and Jean-Francois Lambert { gond] [z
\ =

Phosphate Species on Hydrated Anatase TiO, Surfaces

3 adsorption /interaction of KH,PO, with (100) / (101) TiO,

‘ TiO,
— ’ Surface

3 essential role of the solvent: here, H,O

hydrated phosphate adsorption:
a model

—

H,PO,

TiO,
Surface




GIPAW and NMR crystallography

3P MAS

iso (ppm) assignment intensity (%)
0.8 16
. . —4.6 45
most favorable physisorption & 112 3
—-19.0 7
chemisorption schemes for H,PO, on 0
o (ppm) Cq (MHz) n assignment intensity (%)
(101) anatase surface 180 47 03 P-O-Ti 60
105 S 03 P=0 6
90 7.5 0.6 P-O-H 27

15 H,0 7
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A recent trend: including temperature in GIPAW

PHYSICAL REVIEW B 92, 144310 (2015)

Phonon effects on x-ray absorption and nuclear magnetic resonance spectroscopies
Ruidy Nemausat,'->" Delphine Cabaret,! Christel Gervais,> Christian Brouder,' Nicolas Trcera,®> Amélie Bordage
ssBs T Ion Errea,.>® and Francesco Mauri'
of CT
SSBs P_\ {_L\ ;
of ST l l ; nrOt
N ; '

guantum thermal fluctuations

Na MAS description of the effets of T

variable v,

GIPAW

see also: MD, ab initio MD, Path
Integral MD (J. N. Dumez, C. Pickard,

A
1
|
|
|
|
|
|
|
|
|
1
|
1
|
|
|
|

J. Yates, P. Hodgkinsone )

review: S. Ashbrook, Chem. Comm.

NaHC204. HZO] 2016




Temperature in GIPAW

Temperature dependence of X-ray absorption
and nuclear magnetic resonance spectra: probing
quantum vibrations of light elements in oxidesf

Ruidy Nemausat,**® Christel Gervais,” fian Brouder,” Nicolas Trcera,® 'Cg;g'@ﬁgggm
Amélie Bordage,“ Cristina Coelho-Didgo,® Pierre Florian,” Aydar Rakhmatullin,' '
lon Errea,®" Lorenzo Paulatto,” Michele i? and Delphine Cabaret® '

PCCP

3 Temperature dependence of NMR (and XANES) spectra
3 predictive calculations taking quantum thermal vibrations into account

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

/

Mineral (formula)

Sample type

Probed atom

Periclase (MgO)
Spinel (MgAl,O,)
Corundum (o-Al,03)
Berlinite («-AlPO,)
Stishovite (Si0,)
o-Quartz (Si0,)

Single crystal
Powder
Single crystal
Powder
Polycrystal
Single crystal

Mg (6)

Mg (4), Al (6)
Al (6)

Al (4)

Si (6)
Si (4)

\_

J




Co(**Mg, 27Al, 170O) vs temperature
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Biomineralization and pathological calcifications (kidney stones)

T. Azais (& N. Nassif)

hydroxyapatite
nano-crystals

kidney stone macro-crystals



Biomineralization

nature
Water-mediated structuring of bone apatite materials

Yan Wang'", Stanislas Von Euw'", Francisco M. Fernandes', Sophie Cassaignon', Mohamed Selmane?,
Guillaume Laurent', Gérard Pehau-Arnaudet?, Cristina Coelho?, Laure Bonhomme-Coury',
Marie-Madeleine Giraud-Guille!, Florence Babonneau', Thierry Azais'* and Nadine Nassif'*

3 crystalline, biomimetic apatite nano-particles and intact bones

3 amorphous Ca-P layer coating the crystalline HAp cores

Crystalline Hydrated
apatite core  amorphous layer
(PO,*,Ca?", (HPO,2",Ca?,
OH~CO3%) €042 H,0)

R

Water




HETCOR and EXSY experiments

FRESH

(G'P-filtered H ppm)

5 0 =5
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sheep bone___/_/\—L
_.IO_/_/\L
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10F o
151 i
20 &
25 1 1 Il Il Il 1
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31p filtered



Chemical composition of the apatitic layer
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A first NMR approach of kidney stones (KS) see also Part |l

Full paper/Mémoire
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proteins, citrate, polysaccharides, lipids, an{l organic—mineral
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