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Résonance Magnétique Nucléaire

— Matériaux liquides et solides / ordonnés ou désordonnés
— Structure locale a I’échelle atomique (A-nm)

— La dynamique (A-mm)
— Imagerie (IRM)

+Non invasive

+Non destructive

+Sélectivité isotopique

+Volumique

—Peu sensible (mMol)

—Echantillon généralement diamagnétique (~ métaux-de-transitien)



Dynamique par RMN

* Relaxométrie (mesures des temps de relaxation
RMN — T}, T,, T, )
* Sonde les échelles de temps caractéristiques des

mouvements atomiques, moléculaires (intra/inter) e

r o , r
* Experlence d eChange frequency 1GHz 1IMHz 1000Hz 1Hz
. ] | | | |
* Sonde le changement d’environnement structural o o L " L 2
d’atomes entre deux instants molecator tuaiblin diffusion

internal motion

e Mesures du coefficient d’auto-diffusion - -

chemical reactions / exchange

* Sonde la dynamique translationnelle des
atomes/molécules

chemical shifts

J—ecoupl.

relaxation: 1 mternal . motions ions ' T,, T4, NOE

-------------------------

... et bien d’autres



Expérience de diffusion par RMN

Encodage Evolution -

Préparation Acquisition

spatial diffusion

Temps

Impulsions radiofréquences : manipulation de 'aimantation
Impulsion de champ gradient : encodage spatial de 'aimantation

RIF gl I A I g Signal RMN |
5 5 HH i

Un exemple de séquence RMN pour la mesure du coefficient de diffusion




Obtention du coefficient de diffusion D

L’expression analytique de P’atténuation de I’écho S(27) est telle que:

S(2t)=5(0)- exp(- 2¢/T,)- exp(- f@ g% 5% (A-581/3))

S(0) : Signal de I’écho sans gradients
D : coefficient d’auto-diffusion (m?/s)
Y : rapport gyromagnétique

g Intensité du gradient

d : durée de 'impulsion de gradient

A : période de diffusion

T, : temps de relaxation transversal

Expérimentalement

v'Mesure atténuation de I’écho pour

plusieurs valeurs de gradients (= 8)

vie gradient le plus élevé atténue le signal

d’un facteur 10

v'Calcul de D par ajustement
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Importance de y

Y MHz pour Bi=9.4T) 19

Avec mémes D et A
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“Na 4 105 g g.o
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29 75 Le signal détecté dépend également:
. + de Pabondance (Si=4.7%, TO=0.04%)

* de la relaxation du noyau: [>1/2, T, , peuvent devenir du
méme ordre que A.




Noyaux observables en diffusiton RMN
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RMN Haute Température
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Fluorures fondus sont
Ar corrosifs (dissolvent les

oxydes) et volatils.
— Confinement dans des
creusets en nitrure de bore

(BN)

Air/N,

Lacassagne et al., |. Phys. Chem. B, 106, 1862, (2002 )



Bruker probe (diff-5) modified in CEMHTTI (with Bruker)
z-gradients: up to 55 G/cm

2 RF channels:
1 - 9F = D range: 10"° to 10 m?/s

- X Broad band (}’O - °'P)

=1 oexp|:— D(ygé')z (A +—+ Tj:| and/or Low y nuclei

3 4 and/or Short delays (relaxation)
= Higher gradients

Bruker probe (diff-30/50) modified in CEMHTI
z-gradients: up to 2400 G/cm

. , = D range: 1012 to 108 m?/s
RF inserts 'H, 'Li, 170, 19F, 22Na - 27Al 8




Molten fluorides: cryolitic melts

Molten fluorides: used in various technologies (pyroprocessing, electrolysis, fluxing...) to

dissolve oxides.

Particular chemistry: can contain free, complexed or connected ions.
Speciation and acidity need better understanding

Aluminium production: alumina (Al,O,) dissolved in cryolite(Na,AlF)-

based bath and reduced by electrolysis at T~1000" C

Bath = Al,O; + Na,AlF,
+ fluorides additives
*Free ions: F-, Na* T {‘
*Al complexes : AlF,, AIF.> | AIF> -
ALO,F,*

Cathode

950-1000° C

Carbon
anode




Self-diffusion in NaF-AlF3

1000 | Na: D,, follows the phase diagram. The diffusion of Na is
oNaLA, lowid mainly affected by T
900 | NaF + Lig. + Liq. i . . . . “ ”
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@) ass
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= L B-Na,AlF, + NaF < i Al Na
200 | S| peaR S y = AIF 3" anionic units
i NaAbF, S| NagAlF,, +AIF; |
0 10 20 30 40 50
£ A|F3 (% mol.) F: DF = XF- -DF- + XA”_-n3-n .DA”_-n3-n
104 D(~D,, at low [AIF;] then converges towards D,
LN A .
NN R SN 5N =The content of F- decreases with [AIF,]
\\A\\ /// \\\ a
_ 8] SN /’ A 1
Q ’\\ \\ /,/ A \\ .
~ \\ ‘\ ! \\\ A
mE 6 \O\ \ A A’ c 0. F
O N L 2 g,
~— \ \ ”,’ 55‘0~~\ ,// .
(a] 4 A 6\\ "z’ ’/”—o-—-.o _____ O—_ \\’//,’ % AI-F4
AN -7 =~0 —
N0 50 AlF 2
2 Lo} 27| 2 0 /
< 0. 3
AlF
0 - - - : - 0. | ]
0 10 20 30 40 50 0 .0 40 50

AlF. (% mol.)
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Bessada ECS Transactions 2010, 33, 679
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Robert et al., Inorg. Chem. 1999, 38, 214
Lacassagne et al., J. Phys. Chem. B 2002, 106, 1862




Oxides: L1 diffusion 1in lithium borates

1800 | | | | I | | | |

xLi,O-(1-2)B,0,
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Kim & Sanders, Ceram. Int. v26, p769
Collaboration with T. Ohkubo, M. Nozawa & Y. Iwadate @

Graduate School of Engineering, Chiba University, Japan . i i
Chiba University



Li diffusion in molten state as a function of temperature

4.5 . 0.5< D<4.510° m*s
1 — Arrhenius fit -
‘- . Viscosity range:
: 1000 to 7000 mPa.s

_ 3.5 : (0.17 = x = 0.29 820-920°C)
;"2 371 =
f 2.5 . | ®Fast diffusion of 1i
= _ through B-O network
Q 2 > ¢ N
& 15 / Dincreases with x

1 /
0.5 /'/ Arrhenius behaviour

= Activation energy Ea
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Temperature (C C)

T.Ohkubo, M.Gobet, V.Sarou-Kanian, C.Bessada, M.Nozawa, Y.Iwadate Chen. Phys. Lett. 20712, 530, 61



Activation energy in [.1,0-B,0O; melts

Non-monotonous trend for

Ea: minimum for x<0.4

Ea (kJ.mol )
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Boron speciation in glasses

MAS "B NMR: BO, fraction
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Li,O fraction, x

Shibata et al. J. Non-Crystal. Solids 1986, 85, 29

Boron oxide: trigonal BO,
Lithium is 2 network modifier:

() = bridging O atom
B, — tetragonal BO




Diffusion vs. structure

Self-diffusion at 980° C
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Breaking of B-(J and Depolymerization of network
creation of terminal O- 1solated units with terminal O

Transformation of trigonal B, into
charged tetragonal BO

0 I

0.0 0.1 0.2 0.3 0.4 05 14,0 fraction, x
Effect on diffusion = competition between different processes Balkanski & Elliot, 1998
. . . . . Atomic diffusion in disorded
*« Network » destructuring with increasing [Li]: greater D matorials”

*[BO,] increasing = shorter distance between negative sites: lower Ea, greater D
*Li" - B interaction weaker than Li* - O". Non-bridging O = « Li* trap »: greater Ea
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Sample is a powder: distribution of orientations

Cylindrical symmetry
= D along the axis (D,,) # D within the plan (D,,,,)

(Z*(A)) = 2D, (M)A cos’ © + 2D, (A)A sin” ©
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Gradient strength g (G/cm)

From XRD: 90% Li;N - 10% of Li,O

T =431°C
D,, = 3.0.10""m?/s
D.=0
Non-diffusing part:
Y, =12% OR
D = 2.0.10""m?/s
= 20%




Anisotropic diffusion 1n lithtum nitride
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Li,,GeP,S,, from RT to 414°C

1.0 414°C
0.8
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Li,,GeP,S,, : comparison with MD and calculations
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Conclusions

* Mesure des coefficients d’auto-diffusion
* Multi nucléaire — structure
* [sotropie /anisotropie

° l10-12,13 mz/s

b

Translational Dynamics

T1 abOndaﬂCG & Magnetic Resonance

(A X naturelle

T, Gradient Max
(o




