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Pathological calcifications (kidney stones, KS)

a major societal/health problem worldwide

(in France, related costs per year > 800 millions €)

■ minerals

■ fatty acids, triglycerides, proteins

■ … ↔ hybrid Organic/Inorganic materials

an intrinsic structural/chemical  complexity

Ca Oxalates, CaOx (Mono-, Di-, Trihydrate)

Ca Phosphates (hydroxyapatite, HAp) 
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Hydrated CaOx, Ca(C2O4)2.nH2O, are ubiquitous

raphides formed by Lemna minor (duckweed)

whewellite (COM)
Ca(C2O4)H2O
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Synthetic CaOx, Ca(C2O4)2.nH2O
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Synthetic CaOx, Ca(C2O4)2.nH2O
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► new precipitation routes

whewellite (COM)
Ca(C2O4)H2O

Amorphous CaOx

Synthetic CaOx, Ca(C2O4)2.nH2O
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Pathological calcifications (kidney stones, KS)

Tenon hospital, Paris
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→ diagnosis

→ prevention → NMR / DNP / crystallography

Coll.: M. Daudon, E. Letavernier, D. Bazin



More complexity

► current lack of MR Imaging techniques: 

“… Using standard MRI technique, stones appear as a non-specific void…” 

(Brisbane, Nat. Rev. Urol., 2016)

► state of the art at hospital: m-Computed Tomography (CT)  
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Outline

■ NMR as a unique platform of characterization

► structure

► dynamics

■ More sensitivity

■ Dynamic Nuclear Polarization crystallography

■ Magic Angle Spinning MRI
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The solid state NMR toolbox

 Magic Angle Spinning (MAS) up to 150 kHz

 Decoupling / Recoupling of  NMR 

interactions

« structural local spies »

chemical shift → d

through space dipolar → DXY

through bond J → JXY

quadrupolar (I > ½ , 2H, 17O, 43Ca) → Q 

B0
54.7°



13C CP MAS NMR

Cross 

Polarization

through space

Magnetic Resonance, 2021 11

Structure, interfaces and local dynamics in KS
B0

54.7°
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13C CP MAS NMR

Magnetic Resonance, 2021 12

Structure, interfaces and local dynamics in KS
B0

54.7°
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through space
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through bond



A focus on 1H solid state NMR

1H fast / ultra-fast MAS vs DUMBO NMR

43Ca chemical shift (ppm)

-20-1001020 -30
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Magnetic Resonance, 2021
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MAS DUMBO

𝑫 ~
𝟏

𝒓
( 𝟏𝐇− 𝟏𝐇)
𝟑



A focus on 1H solid state NMR

neutron, XRD data

relaxation of structures at DFT level

VASP (Kresse, Hafner, Furthmüller)

43Ca chemical shift (ppm)
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CaOx dihydrate (COD)

→ zeolitic structure

→ natural Metal Organic Framework

Ca8C16O32 (H2O)16 (H2O)3

channelsstructure
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A focus on 1H solid state NMR

43Ca chemical shift (ppm)

-20-1001020 -30
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H-bond networks

→ O-H…O (↔ diso(1H))

→ number of H…O contacts
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A focus on 1H solid state NMR

(a) COM (b) COD

(c) COT
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The subtle role of temperature

XRD experiments

DFT calculations

17



In situ transformations: modifying the temperature of the sample by MAS

18

Cross Polarization

1H-13C dipolar interaction

through space

𝑫 ~
𝟏

𝒓
( 𝟏𝐇−𝟏𝟑𝐂)
𝟑



… To : COM

intermediate phase

5 kHz
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time evolution

evolution
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30 kHz

In situ transformations
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13C CP MAS @ 30 kHz

?

From: COD …
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An intermediate phase

From: COD …

… To : COM



In situ dehydration: 79Br MAS NMR

30 kHz

{COD + KBr}

K. Thurber et al., 2009

diso(79Br) (T1(
79Br))

79Br

► dry KBr

i.e. KBr + H2O (droplet)

► {COD + KBr}
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From COT to COM

RO=10kHz

T=40°C

13C

RO=30kHz

T=25°C

clinical observation:

no occurrence of COT in

pathological calcifications
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… To : COM

From: COT …



inv.cp1H

13C

90°

FID

Zilm et al., Tekely et al…
CaOx monohydrate

COM
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1H-13C SLF (Separated Local Field) by inversion of polarization

Cross Polarization

1H-13C dipolar interaction

through space

« … the stronger the 

interaction, the faster the 

inversion… »
exp.

sim.

exp.

sim.

163164165166167168169170171172173174

(ppm)



1H-13C SLF (Separated Local Field) by inversion of polarization

inv.cp1H

13C

90°

FID

163164165166167168169170171172173174

(ppm)

exp.

tinv. ~ 0 ms

1000 ms
sim.

Zilm et al., Tekely et al…

exp.

sim.

163164165166167168169170171172173174

(ppm) 24

CaOx monohydrate

COM



1H-13C (SLF) Separated Local Field by inversion of polarization

+ inv. time ++ inv. time

exp.

sim.
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CaOx monohydrate

COM



Full interpretation of the 13C CP MAS NMR spectra of COM

P21/c: C1, C2, C3, C4

3
4

1 2

√ COM phase: P21/c space group

26

exp.

sim.

163164165166167168169170171172173174

(ppm)



Full interpretation of the 13C CP MAS NMR spectra

P21/c: C1, C2, C3, C4

3
4

1 2

√ COM phase: P21/c space group

√ disordered COM phase: statistical I2/m space group (Shepelenko et al., 2020) 27
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The new phase (from NMR…) is ubiquitous in COM syntheses

(ppm)
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CaOx monohydrate COM
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Towards artificial kidney stones

(ppm)
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The new phase (from NMR) is ubiquitous in KS

→ diagnosis
30



Outline

■ NMR as a unique platform of characterization

► structure

► dynamics

■ More sensitivity

■ Dynamic Nuclear Polarization crystallography

■ Magic Angle Spinning MRI
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Dynamics of water molecules in COM and calcium Pyrophosphates (CaPP)

synthesis of labeled samples (17O) by mechanochemistry

Coll.: D. Laurencin, Montpellier (France)    JPC C , 2022; Faraday Discuss., 2023 32

COM

CaPP



Dynamics of water molecules in COM

JPC C , 2022 33

17O

17O, I = 5/2, Q

2H, I = 1, Q



Outline

■ NMR as a unique platform of characterization

► structure

► dynamics

■ More sensitivity

■ Dynamic Nuclear Polarization crystallography

■ Magic Angle Spinning MRI
34



The Randall’s plaque: a calcium phosphate (hydroxyapatite, HAp)

Sherer, Acta Biomater., 2018

d < 1 mm
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m < 100 mg
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Dynamic Nuclear Polarization (DNP) MAS

 SENSITIVITY

"impossible experiments"

 LOW TEMPERATURE & MAS

(~ 100 K or lower…)

depending on the sample…

 enhanced spin locking during CP

 better homonuclear decoupling

 …

bulk

spin diffusion

interface

DNP juice

DNP juice

AMUPOL

36
Griffin, Bodenhausen, Emsley…



Natural abundance 43Ca DNP spectroscopy (N.A. 0.14%, low g, I = 7/2)

Nature Commun., 2017

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

sample: ~ 20 mg 

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

6h

< 1h

0 ppm

37

1D NMR

nat. abund. 2D NMR

DNP

standard

4h

43Ca 43Ca

1H

Coll.: D. Lee, G. De Paëpe, Grenoble, France



13C DNP CP MAS approach (400 MHz & 100 K)

Duer et al. (J. Urol., 2011 )

Some perspectives in the study of Randall’s plaque

13C CP MAS: comparison with standard NMR at 700 MHz & room temperature

(ppm)
050100150200

700 MHz & RT → ~ 43 hours !

400 MHz DNP → ~ 3 hours

(ppm)
050100150200

~ 15 min.

CO3
2-

CaOx

DNA

S/N per unit t1/2

~ 25  
625 in time

m < 100 mg

38

unique R plaque

13C



31P

1H

unique R plaque

Some perspectives in the study of pathological calcifications

39

31P

1H



Outline

■ NMR as a unique platform of characterization

► structure

► dynamics

■ More sensitivity

■ DNP crystallography

■ Magic Angle Spinning MRI
A type (full, diluted)
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GIPAW calculations

41

D. Bryce

“Modern NMR Crystallography: Concepts and

Applications” (2024)

Disordered materials (Ashbrook, Gervais, CB)

(Ashbrook, Gervais, CB, 2012) 



43Ca GIPAW calculations

43Ca, I = 7/2, Q

CrystEngComm., 2013

Ca PyroP

COM

exp.

calc.

42

Chem. Commun., 2018

35 T



Carbonate substituted hydroxyapatite (CHAp) low wt % in C

► hundreds of publications (except NMR)

► common qualitative observations

→ LW (31P) × 3 ; < diso(31P) >

→ LW (1H)

→ multiplicity / overlap of 13C resonances:

A, B, A/B, B/B… substitutions

► challenges of quantitative nature

DNP… + DFT modeling …  see: Peroos, de Leeuw, Ugliengo, Astala, 

Marisa… among others!

optimization of geometry at DFT level

PBE, van der Waals Grimme D3

VASP, QUANTUM-ESPRESSO, GIPAW

Coll.: F. Babonneau,     

C. Gervais
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Synthetic carbonated nanosized HAp: DNP characterization

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

► 1D, 2D, double- and triple resonance CP, SQ-DQ experiments
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Synthetic carbonated nanosized HAp: DNP characterization

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

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

Analytical Chem., 2017
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ON

OFF

OFF
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Towards structural models

Analytical Chem., 2017
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Towards structural models

c

A

A

A

B

B

B

B

B

Analytical Chem., 2017
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Carbonate substituted hydroxyapatite (HAp)

A, B, A/A, B/B … + charge compensation mechanisms → structural models

A type (full, diluted)

CO3
2-

Chemistry-Methods, 2023 
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Carbonate substituted hydroxyapatite (HAp)

A, B, A/A, B/B … + charge compensation mechanisms → structural models

B type (with OH- or M = Na+, K+…)

A type (full, diluted)

Chemistry-Methods, 2023 49



Carbonate substituted hydroxyapatite (HAp)

A, B, A/A, B/B … + charge compensation mechanisms → structural models

A type (full, diluted)

B type (with OH- or M = Na+, K+…)

B /B associations

50



Towards a global understanding of CHAp

related NMR data
13C

31P HAp

CHAp

51



Silicate substituted HAp nanoparticles

Coll.: D. Marchat, Saint-Etienne, France 
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Silicate substituted HAp nanoparticles

A. Froment, PhD, October 2023 
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Silicate substituted HAp nanoparticles

B type: SiO4
4-, SiO3(OH)3-, H2O, HPO4

2-... + charge compensation (VOH-)

SiO4
4-

H2O

Si-OH

d(1H) = 5.2 ppm ↔ protonated silicate

A. Froment, PhD, October 2023 54



Back to KS: DNP crystallography

TEKpol in d-TCE/TCE (9:1)

1H-13C FSLG HETCOR

(ppm)
0100200

tCP = 2ms

tCP = 9ms

13C

MW "OFF"

(ppm)
150160170

calcium oxalate

kidney stones

DNP MAS

AMUPol

RO= 8kHz

13C

● heterogeneity

● choice of the solvent / radical

 towards interfaces

 GIPAW (slabs…)
 assignments for synthetic 

COM, COD, COT 55
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First principles calculations of realistic CaOx structures

Coll.: F. Tielens, Brussels (Belgium) Crystal Growth & Design, 2020 

CP2K/quickstep DFT

Gaussian plane wave hybrids

PBE / D3 Grimme / OptPBE-vdW

BO-MD

GROMACS, Gromos force field 54a7

role of water, layers of solvation at 

DFT level…
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Outline

■ NMR as a unique platform of characterization

► structure

► dynamics

■ More sensitivity

■ DNP crystallography

■ Magic Angle Spinning MRI

kidney

stone
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First MAS MR Imaging of kidney stones

Coll.: V. Sarou-Kanian, F. Fayon, Orléans , France

"… Using standard MRI sequences, stones appear as a non-specific void" 

(Brisbane et al., Nat. Rev. Urol., 2016)
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WB 750 MHz AVANCE III HD, 17.6 T. Bruker Micro 2.5. 2.5 G.cm-1A-1 (60 A per axis). 3.2mm Bruker 

probe (up to 24 kHz). FOV ~ 3.5mm. Res. ~ 31 mm, 61mm.  

see: Pampel, 2006, Sarou-Kanian,

2015, Maudsley et al., 1982

spectral dim.: direct

spatial dim.: indirect

First MAS images of kidney stones
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