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High Resolution NMR

Brownian Motion in Liquids — H |Q( t)):O
HlQ)|=0 _+H [Q(1)
Only isotropic interactions !
Solution “C NMR
51’50 ’ Jiso
In a rigid lattice, broad lmes
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dipolar interactions ... 0 ppm



Magic Angle Sample Spinning
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Magic Angle Sample Spinning

By

A(0,)=0 A(1)=0
Like Brownian motion, a coherent motion can average
NMR interaction to zero

Coherent Averaging



MAS at work 1=1/2

+1/2 <->-1/2 >C MAS NMR - U-13C-Glycine
B=1L75T - TPPM decoupling @ 100 kHz

Static spectrum CSA i Dipolar ( *C-*C )
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Proton decoupling is necessary (sample rotation + spin rotation !)



The NMR Laboratory

torturing probe...
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Superconducting magnet



The MAS NMR signal in theory

Time dependent Hamiltonian & frequencies

Oy iy ={m+ 1H (6)|m+1)—(m|H ()| m)




The MAS NMR signal in theory

Time-dependent transitions frequencies:

s(t)oczm ‘<m+1|1+ |m>‘2><exp —if; W, e (U)du
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Origin of the spinning sidebands

i [ @ s (w)duj=e XD 1 (o, B

f dy exp
w, (ct, B): MAS lineshape

‘I (o, B) ‘2 : positive spinning sidebands



MAS NMR of quadrupolar nuclel

1=5/2

Cyo=5MHz n=1.0
B,=11.75T

Vrot = 40 kHz

-1/2 <=> -3/2
+1/2 <-> +3/2

Satellite Transitions

Second Order Quadrupolar
lineshape

/

-3/2 <-> -5/2
+3/2 <-> +5/2

1000 0 -1000
kHz



MAS NMR of quadrupolar nuclel

Central transition
1=5/2 U

CQ=5MHZ
BO= 11.75 T

n=0.0 B,=176T
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MAS at work #na 1=3/2

NaAlH4
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NaAIH,

Central transition
+1/2 <->-1/2

Simulation

Experiment

MAS at work Al 1=5/2

Second Order
| Quadrupolar lineshape
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MAS NMR of quadrupolar nuclel

Central transition for half integer quadrupolar nuclei
(1=3/2, 5/2, 7/2, 9/2 ...)

, In non-spinning samples
\ V—1/2,—1/2(Q>:ao+a§G2(Q)+ajG4('Q)

Under MAS
| R R
i V_ i 10 £2)=a,+a Ql+a,G,
i MAS 11/2, 1/2( ) 0 \2 2 ) 4 4( )
| | =0MAS

* spinning sidebands i —
STATIC +o] MAS can only
i

- average
| second-rank
70.12° . -
Interaction !




High Resolution MAS NMR

of guadrupolar nuclel
Double Rotation /\
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2:1 mixture of Na,SO, and Na,C,0O,



High Resolution
MAS NMR of quadrupolar nuclel

Multiple Quantum MAS MQMAS - 2D NMR

+3/2 Ty +3/2
+1/2 +1/2 ¢
—1/2 —1/2
\J
—3/2 —3/2

Indirection detection of a multiple quantum transition



MQMAS ( 2D NMR ) in theory

s(tl’tz)zexp(—iv3Q t1)®exp(—iv1Q tz)zexp[—icl)(tl,tz)}

Coherence iIs not lost !
Total accumulated phase of the signal ¢ (t, t,)=v,t;+viot,

V3Qt1:ao<3Q>t1+ a4<3Q)G4(Q)t1

Vigt,=a,(1Q)t,4a,(1Q) G, Q]2

a,(3Q)t,+a,(1Q)t,=0

Cancellation of the anisotropic contribution: refocusing
2D FT

s(t,,t,) > s(vyVv,)
2D FID 2D Spectrum



MQMAS at work *Rb1=3/2

“'Rb MQMAS RMN - RbNO,
Second Order

Isotropic dimension
free of second order

broadening quadrupolar lineshapes
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MQMAS at work 0 1=5/2

Amorphous materials
67 Si0,-11B,0,-22Na,0 °

MQMAS (3Q)

"ONMR .10k

B,=11.75T

Si-O Na®
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NMR of paramagnetic materials

"'P MAS NMR - RE(PO,)
B=1L75T-v,.=31.25kHz - Samples D. Brégiroux

— still difficult !

Nd
Ce
Eu
Sm
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NMR parameters: DFT vs Experiment

Quadrupolar parameters (1>1/2) (MHz) C o' 1o

Isotropic Chemical shift (ppm) §

Chemical shift anisotropy (ppm) &

GM’”GM

Relative orientation 8
of CSA PAS in Quad. PAS Xesa 07 Pesa,o7 ¥ esa o
(Three Euler angles)

Isotropic J couplings (1-3 bonds) My (g

Si—0 Si—0-Si

Many 1D-2D NMR approches

STATIC, MAS, MOMAS, STMAS, DOR, DAS, MQDOR...



DFT Calculations Structure

/

NMR Hamiltonian

678i0,-11B,0,-22Na,0  °

MQMAS (3Q)

'

NMR Simulations

l DFT vs Experiments

Many 1D-2D NMR approches

STATIC, MAS, MOMAS, STMAS, DOR, DAS, MOQDOR...




