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The Zeeman Interaction and Larmor Frequency

The NMR spectrum of an isolated nucleus ...

Am=£1
B,#0 E=—[i,B,
|m=+3/2)
Vo VO=_ﬂBO
B,=0 |[m=+1/2) 27T
Vo
|m=-1/2)
I:% vy Vo 2\ %
Im=-3/2) The Larmor frequency and its NMR

spectrum.
The Zeeman effect
No information on the chemical surrounding

(h)H = _h’YNT' Bo



NMR and the Periodic Table

One-half and quadrupolar nuclei

> Isotope, Nuclear Spin
» Natural Abundance

» Gyromagnetic ratio y

(rad/s/T)

wo = 27Tl/o = —’yBo

» Quadrupolar Moment
Q (see Pyykkd)

“ element with one 1=1/2 isolope
. element with two (three) 1=1/2 isolopes
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Nuclear waste Glasses: R7T7 & SON68

A complex borosilicate glass comprising more than 30 oxides

oxide % (w)
295i0, 45.12
7T A1,O; 487
11B,03 13.92
*7Li,0 1.97 Py
23
432280 ng For Solid State NMR studies:
Zr0, 0.99 Simplified Compositions
Zn0O 2.48 3-8 oxides

(many) NMR Probes
FexO3 2.89
P20s 0.28 1R 27p] 29g; 23N5 671 170 43Ca
NiO 0.41
Cr03 0.50

17 0
Fission Products  10.35 IO' 0'.037 A. I:at' Abund:anze
Actinides 0.89 sotopic enrichment require

Platinoides 1.54



NMR sensitivity

Equilibrium Nuclear
Magnetization

BO

Larmor Precession at 14

M

0

Mjy: Nuclear Magnetization at Equilibrium is given
by the Curie Law

Mo = Zﬁi = Xoéo & eXP{—AE/kT}
_ ﬂ,/’,2h2l(/ +1)
Xo= 5T
Em+1—.— |m+1}

AE[ Vo==y B,
E, m)

By

» Small polarization 1073 to 10~°
» Signal o« N; Quantitativity
> Signal « By High Field

> signal o 77



Pulsed NMR

The Basic NMR Experiment ... One pulse !

Mp: Nuclear Magnetization at Equilibrium

M) = Moz
ms-h N N
Q lFFT M(7p) = MoX
Bo M, S(v) S(t) = Mpe te” 7
||I||| v
S(V) :/ dtS —l27r1/t Z —i2nvte L(l/—l/o)
0 k:

Lineshape L(v): Gaussian, Lorentzian ...



Pulsed NMR in powder solids

The Basic NMR Experiment: Fourier Transform

23, .
Nain Na,MoO,

S(t) S(v)
(YT,
YRV
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NMR Interactions for NMR spectroscopists

Effects of the local magnetic fields . ..

i EPR
Electrons

- \ N B +B,
B Nuclear Spins | |<—>| Nuclear Spins S B
NMR
Phonons vloc A%

MicroWaves,i

The NMR spectrum

Information on the chemical surrounding
(R)H = ~Tiynl - {éo + éloc} Hz + Hinter.
(h)H=Hz+Hecs+Ho+H;,+Hp+...

CS: Chemical Shift, Q: Quadrupolar, J: J couplings, D: Dipolar

|
loc|



NMR interactions (without equations ... )

Two-Spins Interactions

One-Spin Interactions Dipolar: through Space
Magnetic Shielding / 7

Chemical shift

I
Electif Field Gradient (EFG) J: through bond
. H . i,




NMR interactions: The effective Hamiltonian

Hs(NMR) = —1> ~yili(1-0)Bo+ > 1Qil;

i1 >1

Vv
One—spin: chemical environment

K2 - -
i J#i

Two—spins: spatial and through bond proximities

External magnetic field / Internal Interactions

Qii

Nuclear spin operators ji; = ~:hl; (NMR)
Nuclear magnetic shielding tensor (chemical shift) (DFT)

Nuclear quadrupolar coupling tensor ( |/;}| > 1) (DFT)

Dj
Jj

Nuclear magnetic dipolar coupling tensor (structure)

Indirect nuclear spin-spin coupling tensor (DFT)

Multiple interactions: complex spectrum. High Resolution = o5



NMR Interactions are Anisotropic . ..

...NMR spectra of a single molecule (crystal)

The NMR frequency depends on the orientation with respect to éo
v — vy = Vint(Q)
Single crystal NMR exists . .. but amorphous materials 7



NMR Interactions are Anisotropic . ..
...NMR spectrum (CSA) of a powder

vie, ¢l v The powder average

Om

S(t) = /sin@d@dqﬁ
" x exp{—iv(0,o)t}
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= A glass sample provides a powder spectrum.



NMR Interactions are Anisotropic . ..

.. but in liquids only the isotropic part is effective

Motional averaging

Solution “C NMR » Motions affect the anisotropic
lineshape.

> In the case of fast motional
averaging (vs Larmor

Solid State "C NMR .
frequency), a narrow line at the
isotropic frequency.

TS » Brownian Motion in liquid

» Motions (fluctuations) induce
Relaxation

7H(Q( )) = ISO + Hani (Q( )) with
) = 0 at the Larmor time scale ( 1/1p)



The Zeeman Truncation in High Field NMR

Only the part along By is NMR active to first order.

In case of 1-spin interaction,
only Az, (in the reference
frame) contributes to first

order to the NMR frequency.

Because By > Bjoc (or Hz > Hipt), we
have the secular approximation
Hine = HE + HS) + HS + HY + 1Y) ..
Typical strength of NMR interactions
» Z:10-1000 MHz
> CS: kHz
> Q: MHz (up to second order)
» D: kHz
> J: Hz



The shielding / Chemical Shift Tensor

NMR static powder lineshape

Hes = ~loBy ~vByo ()l = vyr = 0iso + dcs Rao(2, 1)

» 0 : isotropic chemical
shift (position)

Besa >0 8ega <0
» .. chemical shift
. anisotropy (width)
n=
) > 7). assymetry (shape)
/ n=05 /\ .
_ | \ NMR measures the chemical

A” ) ﬁ shift tensor & (ppm):

200 0 o oo 5% (ppm) — 106 (y — Vref)
Vref

The NMR frequency of the central transition can be written as

V_1/2,41/2(2) — v = diso + dcsR20(2,7)



The Chemical Shift Anisotropy
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The quadrupolar interaction
from electric field gradient. Only for | > 1.

Because of its large strength (kHz-MHz), quadrupolar Hamiltonian
are often accounted for up to second order (23Na,17O,27A|,HB. )
depending on the local environment of the nucleus.

The electric field gradient V is a symmetric traceless
(Vxx + Vyy + Vzz = 0) tensor.

eQ Vxx — Vyy
Co= S Vzz g =2 Vi =0
h Vzz
Co: quadrupolar couping constant, 1¢g: quadrupolar asymmetry
parameter.



The quadrupolar interaction
NMR static powder lineshape

Central Transition

1=5/2
2) -
3 W +Hg C,=5MHz
=3 o —2 s °
o By=1L75T
n=0.0
STJ v sTlvetvy st Vot vy +v
n=0.2
~ — [+1/2 512 <> 312 Satellite
CT Vo v 2 =0.4
et Yo CTI VotV 3R <12 [ Sateliie n
~ e [-1/2
(1) 1, ., [ n=0.6
STl v, STI VomVe  ST| vyt v v 12 <> 4112 Central
Ny 1=0.8
|-3/2 +1/2 <-> +3]2 satellite
Satellite Transition Central Transition
n=1.0
L L | L | L | L | L | L | L | L 1 \
2000 1000 0 -1000  -2000 100 0 -100 -200

kHz ppm

CT transition afftected only to second order: = narrow line
The NMR frequency of the central transition can be written as

vo1y2112(R2) — o = a5 + a5 Rao(2, ) + a5 Rao(2, )



High Resolution NMR

Why Magic Angle Sample Spinning 7
R20() o< 3cos? 6 — 1
Method: Reduce all orientation to an effective
magic angle orientation !

Solution “C NMR 8y,
i
i
1
Solid State “C NMR i 2
i 3cos’(6,)-1=0
130 i a0 0 ppn :
|
i
150\\\\100\\\\50\\\\2)\ \_50\\\\_100\\\\>150




High Resolution NMR

Magic Angle Sample Spinning: a coherent averaging approach

A (Q(t)) = Aisol + A(6r) + A(2)

oo
o
o
)
%
> 5o

TA(r)

Magic Angle: A(fy) =A=0 (Fast) Spinning Z(t) =0

Effective A reduces (to first order) to Ajso1.



Magic Angle Sample Spinning: Principles

Introducing a coherent sample motion

Spinning the Sample around the
Magic Angle 6.,
<

= A
B 0

Static Sample

X

Interaction along 6 . .
& Effective interaction along 9,7?%*
IRAMIS



High Resolution NMR

Magic Angle (Sample) Spinning for 1=1/2
U-**c-Glycine B =11.75T TPPM @ 100 kHz

a

‘

!

Beo b C
‘

Spinning Sideband
*/
*
*
VROT
v, =15 kHz
R
L L | L L J | ol L 2 lj L L L J
300 250 200 150 100 50 0 -50

¢ chemical shift (ppm)

VroT < d4: spinning sidebands at k X vgoT
VROT > d4: narrow lines



(Experimental) Solid State NMR

>



29Si MAS NMR
Q(n): Si(OSi)n(O_)(4,n) 295 MAS NMR:

Direct access to silicon Q(" speciation

Q(Z) Q(S) Q(A) Si: Network former Bridging
777777 Na: Network modifier Oxygen (BO)
Non bridging
Sio, Q¥ Q¥ P Qiz) oxyge:n (NBO)
e P \ o o—\ \ . |
o [ 2\
" N\ o S'
\ 2 Bo- @)
T Q 1\o N | Nat
N23S77 e | o\ a0 Na'g
= - o—gi_ e 0. o
) ) o o 0% _/
L —
N39S60Mo |~ o o Na .0 \ ©
T e | \ osi—o |
O g—0—si_ |
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A . ——— Experiment | °
N45S55 WONC L simulation 7) i o\> Na' o \gi g
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] S Na*
777777 i / / / '\ a (o]
| | | | | | | | o o °\s|/
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i chemical shift / ppm \O/ 0/

NMR peaks reflective of a Gaussian distribution of d;5, (I=1/2)
Note: 5!'50 = - (o'ref - o'iso)



The magnetic shielding

Relationshield with the chemical environment

- R . Si Si
O O o 0o o
O'Sio SiOSio SiOSiOosi Si0SiOSi SiOSiOSi

¢) 0] o o]

Si

1 2) 3) 4)

Q(O) Q() Q() Q() Q()

Q" I
Q" I I 505150
Q” I
o I
L | | | | N I | I J

-60 70 -80 -90 -100 -110 -120
#si chemical shift _ (ppm)

Tetrahedral silicon Q™ units in crystalline silicates



High Resolution NMR

Magic Angle Spinning for quadrupolar nuclei: The central transition

1=5/2
CQ =5MHz

B,=1175T

n=0.2

n=0.4

n=0.6

n=0.8

n=1.0

L I | I | I | I J L | | I | I J
50 0 -50 -100 -150 100 0 -100 -200 -300
ppm ppm

Second order decreases with the field: H( ) x Vo



High Resolution NMR of quadruplar nuclei

Magic Angle Spinning for quadruplar nuclei: The satellite transitions

1=5/2

-1/2 <> -3/2
CQ =5MHz n=1.0 +1/2 <-> +3/2
"spinning sidebands By =1175T
manifold" Vror = 40 kHz
Satellite Transitions
-3/2 <->-5/2
+3/2 <-> +5/2
LI | | |
1000 0 -1000 480 470 460

kHz



High Resolution NMR of quadrupolar nuclei

How to reduce the linewidth ?

')
*spinning sidebands MAS 04 00
* * 02
70.12°
\J@-\nc—
. . | . | . ] 04
ppm L
. s s
static: ver - = Viso 32R£o)(9) + 34Rz(xo)(9)

MAS: ver = Viso + a4 Rz(lg/,AS)(Q)

Fourth rank anisotropies not removed (averaged out) by MAS.



High Resolution NMR of quadrupolar nuclei
The Multiple Quantum MAS (MQMAS) approach: 2D NMR

N N ANAN
AN VA A

+3/2 ‘T +3/2
+1/2 ———— +1/2 ¢
-1/2 ——— -1/2

\

-3/2

2D NMR: S(t1, t2) = exp{—iv3qti} X exp{—ivigQ to}

2D FFT vyields a 2D spectrum S(v1,12)



High Resolution NMR of quadrupolar nuclei
Principles of MQMAS NMR

3200 140
Shear Transformation
3150 — r
B
'g‘ 3100 g 130
2 <
: : :
s 5
% 3050 £
£ °
3 3
54 2
3000 5 120~
]
(®)] -
2950
2901 L L L 110 L L L L
-0950 -1000 1050 -1100 -950 -1000 1050 -1100
MAS (1Q) dimension (ppm) MAS (1Q) dimension (ppm)

Both transitions share the same (4" rank) anisotropic factor !

V(1Q=CT) = 19 4 a(1Q) R434A5)(Q)

ISO

S
vaa—te) = 2@ +a,(3Q) R (Q)



High Resolution NMR of quadrupolar nuclei

MQMAS at work in a crystalline sample

ISOTROPIC dimension (KHz)

MAS dimension (kHz)

“"Rb MQMAS RMN - RbNO,

ISOTROPIC/j//\

e

8 7 6 -5 4
MAS (kHz)



Solid State NMR of disordered materials
MAS NMR: mechanisms of broadening?

LaB,0,
N
[

v, [
O MAS NMR @ 11.72T | \ "B MASNMR @ 11.72 T

Crystal
. ] L
50 -100 30

Cristobalite

L 1 L
20 10 0
'8 NMR frequency (ppm)

L L
100 50

0

0 NMR frequency (ppm)
Sample. H. Tregouet, D Caurant (ENSCP)

Cristobalite D. Neuville (IPGP)

Need of 2D NMR to elucidate the contribution of EFG and chemical shift
distribution.



Solid State NMR of disordered versus crystalline materials

LaB,Og

o mAS 8

Residual Glass
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170 and *Na MAS NMR

sio,
N45S55
N23S77

N39S60-Mo

7

N39S60-Mo

N23Ss77

Na,MoO,

N45S55

. P T i S|
40 20 0 -20 -40 -60 -80
"0 chemical shift (ppm)

0 o 20
%Na Chemical shift (ppm)

"
N
S
o
15
3
©
3
2
3

» 170 NMR parameters, nuclear spin [ =5/2 ( 22Na | =3/2)

» |sotropic chemical shift d;5,
» Quadrupolar coupling constant Cg, asymmetry n (I > 1/2)

» Disordered solids:
= NMR parameter distribution p(d;s0, C, ) needed but unknown

Coll. F. Angeli, S. Schuller CEA/DEN, Geochim. Cosmo. Acta 75 (2011)



MQMAS NMR with NMR parameter distribution

60

Co (Gaussian) distribution

IS
S
T

N
=]
T

Isotropic dimension (ppm)

Quadrupolar Induced Shift
distribution line

20

[ -20 -40
MAS (1Q) dimension (ppm)

-60

Isotropic dimension (ppm)

80

60

IS
S

n
=]

o

-20

20

diso (Gaussian) distribution

Chemical Shift
— distribution line

0 -20 -40
MAS (1Q) dimension (ppm)

= MQMAS NMR can separate Cq and d;s, distribution

-60



2ZNa MQMAS NMR

100 100 —~
L N23s77 L N45S55
80— 80—
60— 60 —
et et
g g
= 401 z 4o
c <
2 L =] L
7] 7]
g 5
£ 20— £ 20—
5 L El L
o e
s or s o
S L 5 L
2 2
20 20 p
L L Q-
40 40+ -
gobel L o Lo L L LN gobel Lo Lo L LN L
50 40 30 20 10 0 -10 -20 -30 -40 -50 50 40 30 20 10 0 -10 20 -30 -40 -
MAS (1Q) dimension (ppm) MAS (1Q) dimension (ppm)

» Broad distribution: highly disordered environment (ionic int.)
» What is the underlying p(d;s0, Cg,n) (analytical expression)

» How do we fit / process the data ?



The power of YO MQMAS Spectroscopy

67 Si0,-11 B,0,-23 Na,0

B,=11.72T

MAS o NMR

L 1 L L L L L
150 100 50 0 -50 -100
"0 chemical shift (ppm)

» MAS (1D): Unresolved



The power of YO MQMAS Spectroscopy

67 Si0,-11 B,0,-23 Na,0

B,=11.72T

MAS o NMR

Isotropic dimension / ppm

L MQMAS
L L L L L L L L L

L 1 L L L L L L L L
150 100 50 0 -50 -100 60 40 20 0 -
"0 chemical shift (ppm) MAS dimension / ppm

» MAS (1D): Unresolved
» MQMAS (2D): Direct reading the glass network structure



Structure of Soda-Lime Borosilicate Glasses.
The YO NMR approach

67 Si0; - 11 B,03 67 SiO, - 11 B,03 67 SiO; - 11 B,03
22 Na,0 16.5 Na,O + 5.5 CaO 11 Na,O + 11 CaO

70
— Experiment
-~ Simulation B . — Experiment L — Experiment
60 - --- Simulation * q ;=" Simulation
£ . 60— 60— 4 N
s Si-0-B £ £
< a S (U8
= 50~ y _ o 2 <O
o i T 501 T 5o .
2 L@ 5 5
2 a0 1 2 2
£ \ D < <
° * 3 £ 40 £ o
© ] 5 |
g 30~ © o
= Si-O-Si S 301~ 2 301 ~
5 5 v .
8 & = AN ° Si-0-Si
201 O. 8 2 ’\IO
A 20 20— .
S A
10 L I L I L I L D x
150 100 50 o -50 . L L L . Il Il Il
MAS dimension / ppm 150 50 150

100 50 0 100 50 0
MAS dimension / ppm MAS dimension / ppm

= Quantification of the Na/Ca mixing.
= Network structure, Si/B mixing.

Coll. F. Angeli CEA/DEN



Oxygen-17 MQMAS NMR

60.4 SiO; - 15.3 B,03 - 19 NayO - 5.2 CaO

T Si/B random mixing
% T Theory 10O
§ Si-O-Si | 341 356
Si-O-B | 421 4238
J B-O-B 13.0 113
NBO 10.8 102
S wo - ® o s a0 : g z g d
IAS dimension (ppm) 0 Quadrupolar Coupling Constant (MHz)
......... " ) PI;‘. /0..-
» Data in agreement with Si/B random mixing . ""‘_ o-yTo—n
» Evidence of Na/Ca mixing in depolymerized regions :""B\B "o, , o 93“*~D\ a
(DR) i U—'\E/No-_ SI\d— Na' D/Si
\ a o\ ./o on M ’
» Ca is modifier (!B NMR: BO, — BO3) T T

J. Am. Ceram. Soc 93 2010; J. Non Cryst. Solids 354 2008



Introducing DFT calculations in solid state NMR

MQMAS @ B,=11.75T

e
I
S

| si-O{Na".ca™}
AN Glass Structure

=
1)
3

®
3
T

] » Reconstruction of the NMR
| parameter distribution

] » Correlating the local disorder to
7 the NMR spectrum line shape ?

i » M(NMR) = MN(Structure) ?

» Improve the interpretation of

IS
S
T

N
S

O Isotropic Chemical shift 5.,/ ppm
3
T

17

L L 1 L L L 1 L L L
1 2 3 4 5 6 7

o Quadrupolar Coupling Constant C,, / MHz N M R data




Understanding NMR / Structure relationships

Quantum Mechanical calculations: the Cluster Approach

Si(OH)3-O-Si(OH)3 : :
&
% 6 6
S C_(Si-0-Si) | * Cy(Si-0)
g Q
[e3
K S IR P PR O (Y E B
- 120 130 140 150 160 170 180 15 16 17 18
! :
a Sl n(S-0-Si) [osf n(si-0)
d\ ;?o.{ sl
EDA oal
3T [
Soop 02eseooossoceses
S I L.

ol L o L
120 130 140 150 160 170 180 15 16 17 18

Si-0-Si angle (degree) Si-0 distance (angstroem)

170 Cq and 7o NMR parameters are allmost exclusively controlled by
local properties: (Si-O-Si bond angle and Si-O bond length)



Combining MD simulations

Temperature (K)

4000

3000

2000 [~

1000

MD + DFT GIPAW

Melt & Quench Method

T
Classical MD Hfirst-principles
| Liquid ! ab-initio)
Equilibration 1
I
i
Quench |
|
[ Rate 0.1 - 10 K/ps !
I
I
I
I
|
classical !
force fields . DFT .
- I Geometry
Vi + (Vi) | Optimization
I
r Relaxanon}
DFT-NMR
GIPAW
ok, vy e T
0 100 200 300 400 500 600 610 620 630

Time (ps)

Molecular Dynamics used for

with DFT NMR calculations

Gauge Including Projector Augmented

Wave GIPAW

C.J. Pickard & F. Mauri, PRB 2001

» Plane Wave pseudopotential DFT

» Outputs NMR interactions in
crystallographic axes frame

= First-Principles NMR (fpNMR)

Vitreous SiOy

70 pNMR

0 DAS NMR @94 T

08,/ PP

T. Charpentier et al, J. Phys. Chem. C 2009

= Generating structural models, = Effects of dynamics



Combining MD simulations with DFT NMR calculations

A o B
)' ". h AN
'\“‘».‘fl.--.H ,J' '\
2 AVARN
(:n:glnul shiit -([)‘\ln- : ;

» MD simulations can (now) be compared to NMR experiments

» Effect of structural and chemical disorder on NMR
» NMR / structure (bond angle, distance, ...) relationships



NMR driven choice of interaction potentials (Uj(r), ...)
NMR (now) offers new perspectives for assessing MD simulations (*Si MAS NMR)
QW Q¥ @9 ¥ o @ ® Q®

45Na,0 - 55 Si0, 23 Na,0-77Si0,

. Experiment
Experiment /7 P

PIM model
PIM model

Shell model

Shell model // :

Rigid ions_ Rigid ions

L L L 1 L 1 L L 1 L L L L 1 L L L 1 L L L )
-50 -60 -70 -80 -90 -100 -110 -120 -60 -70 -80 -90 -100 -110 -120 -130
i chemical shift / ppm 2 chemical shift / ppm

> Shell model: 02~ = 04,27-00) : (Y = —2.8482 ¢)
» PIM: g; (rigid ions) + u;(t) Polarisability (0%7)

» Improved silicate network prediction (Q(™) with PIM



29Gi MAS NMR: Direct access to silicon Q(" speciation
Q(M: Si(0Si)n(0~ ) (a—n)

29

si 5, = f(STO-50)

0, /\
e——

N23S77 /\
N39S60Mo /‘J/\
AN

A > Experiment -120
N45S55 AN b e Simulation

ffffff ! 120 130 140 150
L L | L | L | L | L | L | L | Average Si-O-Si angle (degree)

-60 -70 -80 -90 -100 -110 -120 -130
i chemical shift / ppm

iso
&
3

N
15
3

Si isotropic chemical shift & (ppm)

29

The NMR response of Q(") species to

Binary Na;O - SiO- glasses disorder (bond angle distribution) is
NSMo: N39S60 + 1 MoO3 different.



29Gi MAS NMR: Direct access to silicon Q(" speciation

Q(M: Si(OSi)n(Oi)(4_n) or
(2 (3 4)
Q. Q Q £
g
Si02 /\ eﬂ
n
£
[} .
N23S77 P S "
2 5
] /\ 5 o
N39S60Mo |~ i’ 3 Lr
A m(;) N23S77 i i
& [
- [ .
" AN Experiment 120~ - o | lg ,=141.9°
N45S55 /\ —————— Simulation 90(”{} pe”
AN, i [
SN o I
=TT h ] . | }\ ‘/ | |
777777 120

130 140 150
L L | L | L | L | L | L | L | Average Si-O-Si angle (degree)
-60 -70 -80 -90 -100 -110 -120 -130
i chemical shift / ppm

The NMR response of Q(") species to
disorder (bond angle distribution) is
different.

Binary Na,O - SiO; glasses
NSMo: N39S60 + 1 MoOs



Reconstructing the Bond Angle Distribution (BAD)

y
8

g 3QMAS

a
g

B |
B
8 [
| 6 o PN
| e ~120° 20°'°
\ o
\ | |
. . M . o .
0o 5 0 5 10 15 20 5 10 15 20 2 120
MAS dimension ;:pm) g 5., / \'/ \

N
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S

Isotropic dimension (ppm)
©
8

Experiment

@ - Simulation (non-ring)
,,,,,, Simulation (ring)
L

5

.o

20
[ 5, .=f(8-0-T) (®) '
8 o'
ot 2 PB-O-T)  Broning 146
SOV A ! B0 4
:g 14— . :z - \ /) .
S T p: ST —> \ 142° ~—
g2 2 [
5.0 ' N4 / 142°
g o[ T L
g ! Lt &
I e 5
oA Ol ©
NANNNERN ol b1y 1
6 8101214161820 100 120 140 160 180 110 120 130 140 150 160 170
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» Vitreous SiO5-B>03 system
» 1B NMR parameter distribution of BO3 units
» 1B NMR (dis0) vs B-O-(B,Si) bond angles



Through-Space correlation

Heteronuclear correlation
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Through-Space correlation

Heteronuclear correlation
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Through-bond correlation
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Through-bond correlation

Homonuclear correlation
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The MD GIPAW Methodology

Calculs ab-initio (DFT)

Structure

Interactions RMN

!

Simulations RMN

DFT vs Experiences

RMN 1D et 2D

STATIC, MAS, MOQMAS, STMAS, DOR, DAS, MQDOR...
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Supp: Perspective: MAS NMR at High Temperature
(F. Aussenac, Bruker; S. Schuller, CEA/DEN)

60.45i0, — 15.3B,03 — 19NaO — 5.2Ca0  575i0, — 38Nay O — 5MoO3
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» New insights in cristallisation and glass demixion
» Introducing Dynamical effects in MD-GIPAW simulations
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Solid State NMR of disordered materials at HT

(static) NMR HT Longitudinal Relaxation T; (**Na)

=
o

Cristallisation

N

Na Spin Lattice Relaxation Time T, (ms)

23

N 05 1 15 2 25 3 35 4
0 50 100 Temperature (1000/T)
#Na chemical shift (ppm)

Data: 60 SiO; - 40 NapO Glass, Coll. P. Florian, CEMHTI CNRS 750 MHz; S. Schuller, CEA/DEN.




MAS NMR at HT

High-temperature in situ ''B NMR study of network dynamics in boron-containing
slass-forming liquids
Jingshi Wu **, Mareel Potuzak ®, Jonathan F. Stebbins *
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Fig. 3, High-temperature in situ ''B MAS NMR spectra for a sodium aluminobarasiticate
glass (NABSZ1), acquired at 1417 with a spinning speed of 5 kHz Simulations using a
multi-site exchange madel are shown on the right. along with the mean exchange fre-
quEnCY 1/ Tra

Journal of Non-Crystallne Solids 357 (2001] FR4-3951
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Applications

Cite this: Phys. Chem. Chem, Phys, 2011,13, 4540-4551
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Phase evolution in lithium disilicate glass—ceramics based on
non-stoichiometric compositions of a multi-component system:

. 20~ o . T
structural studies by 2“Si single and double resonance solid state NMR

Christine Bischotl,i* Hellmut Eckert,* Elke Apel.” Volker M. Rheinberger” and
Wolfram Hiland*"

System 5014 Li-(» AlOy K0 P04 Zr0

MKA 6.9 250 ] 1.9 13 00
MK By .0 Mk ] 19 1 13




Applications

207 (glass) e Q7 foryst) + QY (plass), Q" iglassy + Q7 (erysi) = 200 (eryst).
Q(2)(cryst.) Q(3)(cryst.)

Q(4)(glass)

Fig. 11 Structural changes occurring in the remaining glassy phase during the two-stage cr}wwllwtm\ of lithium disilicate glass. Left- starting
shiss; middle: remaining sliss phase after LiSi0; crystallization near 680-700 "C: right: gy phase after LisSi04 lization above
a50°C.
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Applications

14618 d Phys, Chem C 2000, 114, 1461514626

Glass-to-Vitroceramic Transition in the Yttrium Aluminoborate System: Structural Studies
by Solid-State NMR

Heing Deters,’” Andrea S. 5. de Camargo,™ Cristiane N, Santos,” and Hellmut Eckert®’

TABLE 1: Compositi of the Undoped and the

Paramagnetically Doped Yitrium Aluminohorate
Vitroceramics

REZ0 Yoy AlLOs/ B2/

sample mol 56 mol % mal % mol %
VC-Y10 10 30 60
15 15 25 60
20 20 (2]
25 15 60




Applications
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Applications
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A Comparative Overview of Glass-Ceramic
Characterization by MAS-NMR and XRD

Arvind Ananthanarayanan,'? Gregory Tricot.> Govind Prasad Kothiyal,'
and Lionel Montagne™*
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NMR / Bond Angle
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Roles of bond orientational ordering in
glass transition and crystallization

Hajime Tanaka
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