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NMR of Glasses

Irradiation effects

Solid State Nuclear Magnetic Resonance (SSNMR) ~ ©xveen bubbles under S-irradiation

I . Olli
Is a powerful spectroscopy to prqbe JLoler
the glass structure at the atomic scale. S Peuget
Glass structure
Vitreous matrix structure Glass Leaching
The alteration gel
R e F. Angeli
4 P. Jollivet
CEA/DEN

Incorporation of low-selubility Elts

S. Schuller
CEA/DEN

Solid State NMR structural studies

Composition Structure Properties
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Cea Basic Principles of NMR

The Zeeman Interaction and Larmor Frequency

The NMR spectrum of an isolated nucleus . ..

Am=+1
B,#0 E=—Ji,-B,
/ I Vu v0=_ﬁBU
B,=0 / m=+1/2) 21T
qE
Im=-1/2)
S ; ‘“
Im=-3/2] The Larmor frequency and its NMR

spectrum.
The Zeeman effect
No information on the chemical surrounding

(h)H =t - Bo
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DE LA RECHERCHE A L'INDUSTRIE

NMR : the polarization

NMR sensitivity and Nuclear Magnetization

Equilibrium Nuclear

Magretization Mp: Nuclear Magnetization at Equilibrium is given

by the Curie Law

A
B . Mo =" jii = xoBo x exp {—AE/kT}
2 Mo I
v2h2I(l + 1)
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X0 I 3T 0
Enir —.— Im+1
Larmor Precession at 1 AE[ vo=—yB,
- A E, —B_ |,
0 » Small polarization 1073 to 10~°
M(f) » Signal ~« N, Quantitativity

2 » Signal ~ By High Field
> signal x +7

NMR : low frequency (10-1000 MHz)



Cea NMR and the periodic table

NMR and the Periodic Table

One-half and quadrupolar nuclei

“ element with one 1=1/2 isotope

. element with two (three) 1=1/2 isotopes
ELi :;ée : ﬂ

mNa%{g
. K TiFy
» Isotope, Nuclear Spin ottt
hﬂgr Zr
» Natural Abundance e Ba Lal H
PR
. . Fr[ Ra["Ac
» Gyromagnetic ratio ~ F

(rad/s/T)

wo = 21y = —vBy

» Quadrupolar Moment
Q (see Pyykko)




DE LA RECHERCHE A L'INDUSTRIE

RMN pulséee

Pulsed NMR

The Basic NMR Experiment . ..

One pulse !

Mo: Nuclear Magnetization at Equilibrium
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Lineshape L(r): Gaussian, Lorentzian ...

. EXxcitation
Moz Detection
Mo X Coll
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C2A NMR interactions and the local atomic environment

NMR interactions (without equations ... )

One-Spin Interactions
Magnetic Shielding /
Chemical shift

* (1)

Electif Field Gradient (EFG)
® '/0®
(2)
@ ®

Only for [>1/2
Quadrupolar
Interaction

Two-Spins Interactions
Dipolar: through Space

B

loc

V

inter.
:

speciation /
structural units

Connectivities
Proximities
(2D)

Vo
Main NMR parameters :

Isotropic chemical shift (position
of the line
(1) ) ISC
Quadrupolar coupling constant
(width of the line)
(2) Asymmetry parameter CQ
(lineshape )



C2A NMR: Liquid versus Solid

Rigid lattice

(powder) NH2-CH2-COOH

Tissues -Food co
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RMN : Une spectroscopie non-destructive

Using NMR to study full intact Wine bottles, A.J. Weekley et al., IMR 161 (2003) 91-98

wine bottle

/rBo

[ rf coil

13C NMR, 2.01 T
100-1000 scans |

— tuning
capacitors

Magnet

(a)

200 150 100 50 0
(a) ppm

Frf coil

= tuning
.|capacitors

(b)
Detection of cocaine (1min, 5mM 1.5g/L) !
(Gambarota et al. 2011) Drug testing and Analysis 3 (2011) 544



Magic Angle Sample Spinning (MAS) NMR

Static
* : Spinning
Low :
MAS sidebands
diam. Spin rate

MAS (mm)  (kHz)
4 15
3.2 24
2.5 35
1.3 67
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A
v

(1)
(1)

Chemical -
disorder (2)

(2)
Geometrical
disorder

Geochimica et Cosmochimica Acta 75 (2011) 2453 | PAGE 11



Double-Quantum (DQ)
MAS NMR
Probing spin pairs
Through chemical bonds

Coll. S. Schuller, F. Angeli, CEA/DEN | PAGE 12
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MAS removes only
partially Second Order
Quadrupolar (SOQ)
Broadening

Central Transition
(-172) (+1/2)

v

>

o M1/

Multiple-Quantum
MAS (2D) removes
SOQ anisotropy
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1-10%mol Texp~min

Detection level
~ 10-100 ppm

See F Angell et aI., JACerS 93 (2010) Thibault Charpentier - USTV — REACH 2013 | 25 Novembre 2013 | PAGE 15
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1B MAS NMR, 164 T
100-1000 scans
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Spéciation du bore = mesure
du pH de I'océan ( mmol/kg)
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18.8 T

118 MAS NMR, 20 kHz
40-50h (1s*15-18 104)

94T
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See F. Angeli et al., INCS 354 (2008) Thibault Charpentier - USTV — REACH 2013 | 25 Novembre 2013
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2(Nazo' [4]B* Bzos 3 XNaLa203)

Si- O- Na=
O
Si' O_ (Na, La) — 2(3La203 +2()NaLa203)

I 048 " 0

F. Angeli et al., INCS (2013)
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Texte
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Sample
Coll Detection

Filling factor

+ Higher Resolution : higher sensitivity

NMR peak aera is proportional to the number of spins (Quantitativity)

NMR sensitivity = Polarisation x Detection x Resolu  tion
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I Nat. Abund. 170 excited near or on the surface I
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@ Optical Pumping

Angular @ Electron @ Nuclear
momenta of —=  spins of —= gpjns of a

photons an alkali-metal noble gas

Lifetime of Xenon polarization ~hours !!
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Cryptophan spacer. - NTA
e I I l

Specific chemical shift effect to
Zn2+ (pb2+, Cd2+, )

Towards nM detection !
(one-scan)

P. Berthault et al. , LSDRM Thibault Charpentier - USTV — REACH 2013 | 25 Novembre 2013 | PAGE 37
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NMR provides valuable information on  chemical environment in crystalline
and amorphous materials (High-Resolution) (and ins  olution)

Standard Sensitivity 1-100 mg . 0.1 (-0.01%mol) (0 .1%weight 27Al)

27TAl, 1B, 7Li, 3P, 28Na ... min @1% mol (but background signal)

13Cd (1=1/2), 2°7Pb (1=1/2), 295TI (I=1/2), 1°°*Hg (I=1/2) ? (~1 days)

NMR sensitivity is « still » an issue by  Hyper-NMR is coming (x100)
Hyper-Polarisation (DNP, Xenon, Parahydrogen, ...)
Hyper-Dectection (Optical detection, ...)

Effective Methodologies for surface studies now exi sts !

Sensitive (indirect) probe of trace elements exist with Hyper Resolution (1%°Xe)

NMR is also a tool for Food profiling ( 'H, 13C, 2°Na)
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