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The Music of Atoms

An (Ultra) Short Introduction to NMR
Spectroscopy



And in 1945 (SS)NMR was born...

proton NMR of
paraffin wax

Purcell,
Phys. Rev. 1946

Felix Bloch Ed Purcell
1905-1983 1912-1997
(Stanford) (Harvard)

The Nobel Prize in Physics 1952
"“for their development of new methods for nuclear magnetic precision
measurements and discoveries in connection therewith"

"Dr Bloch and Dr Purcell! You have opened the road to new insight into the micro-world of nuclear physics.
Each atom is like a subtle and refined instrument, playing its own faint, magnetic melody, inaudible to human
ears. By your methods, this music has been made perceptible, and the characteristic melody of an atom can
be used as an identification signal. This is not only an achievement of high intellectual beauty - it also places
an analytic method of the highest value in the hands of scientists."

from Les Prix Nobel en 1952, Editor Goran Liljestrand, [Nobel Foundation], Stockholm, 1953



NMR TimeLine

NMR protein structure determination (Wuthrich) 3D and 1H/15N/13C Triple resonance
Demonstration of 2D NMR (Ernst) Ultra high field (~800 MHz) & TROSY (MW 100K)
Magnetic Resonance Imaging (Lauterburg)

Proposal of 2 pulse 2D experiment (Jeener)
Pulse FT NMR (Ernst & Anderson at Varian)
Magic Angle Spinning (Andrew)
Polarization transfer from electron (Overhauser)
NMR of solution and solid (Bloch & Purcell)
Estimate of chemical shifts (Lamb)

NMR in molecular beams (Rabi)
First attempt of NMR (Gérter) = Failure !

Discovery of (electron) spin
(Uhlenbeck & Goudsmit)

Prediction of nuclear spin (Pauli)

| | | l | | | | | I | I >
1920 1930 1940 195 1960 1970 1980 199 2000 2010
N.P. in Physic N.P. in Physic N.P. in Chemistry N.P. in Medicine
to Rabi to Bloch & Purcell to Ernst to Lauterburg & Mansfield

N.P. in Chemistry
to Wuthrich




Solid-State NMR Today

Magnetic Resonance Imaging

Material Science

Protein
Structure
& Dynamics

Food Science

Artificial tongue distinguishes 18

different types of canned tomato

Fibrils




Nuclear + Magnetic + Resonance (Spectroscopy)

Energy

Nuclear Magnetic Field

Magnetic
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The Magnetization
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Pulse, Free Induction Decay and spectral domain




And do not forget to relax...
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Possibilities & Opportunities
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The most usually observed are
«light» nuclei
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Challenge: Anisotropic Interactions

L b
0=0 = J' L = ? L_A
9 DRSS ) L __L_,L_
18 . A T O
27 A __)"m/\ " LL_}
36 A M . P |
15 AN Jﬁ | S <O
54 Al _Jl\; o | y N
G3 A y'"\_ P { A__
o S R | B A A
8] YA A\ 2 |
9% A A A .
9 A Jil i) | :
s N
“J.J\___ — .,‘“L_ e 2 |
126 A\ A A A
135 A N e (s
7" SN W | S G S
153 ik A e i
162 N . s e fboms
7 AN A .
180 . o S
" "h“ 0 \" S0 un 20 e u I:C(f 20
kH:z kHz

Figure 1. "Ga (a) and #Ga (b) single-crystal NMR spectra showing
the region of the central transitions for the twin S-Gax0: crystal. Both
sets of spectra are recorded for rotation about the —x' axis.
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It’s a Kind of Magic...
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(27Al) Nuclear Magnetic Resonance

2TAl - Y,AILO4, (crystal)

|
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80 60 40 20 0 -20
27Al frequency (ppm)

27TAl - HP NAS glasses
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100 50 0 -50
D. De Ligny (Lyon) & D. Neuville (Paris)

27Al frequency (ppm)

Position

(chemical shift, magnetic shielding):
= coordination number
= 2"d coordination sphere neighbors

= |ocal geometr
\ J / .

(Width & shape

(quadrupolar coupling, EFG):
= (p-) orbital population unbalance
= |local polyhedra distortion

\ = possibly long-range effect
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Solid-State Nuclear Magnetic Resonance

1B — Na,B,0- (crystal) 1B — Na,B,0- (glass)
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11B frequency (ppm) 11B frequency (ppm)

= distinguish between chemical environments

NMR is an atom-specific local probe
= (uantitative







Time Scales

radio infra-red ultra-violet y-rays
B —
micro-wave visible X-rays
108 1010 1012 1014 1016 1018 1020

Spectroscopies

\ NMR rotation vibration electronic nuclear

~

Hz

/

Chemical Environment

tyrosine OH
carbon-13 NMR

OH

mub : L ) L

300 200 100 0 ppm




Effect of Dynamic « Disorder »

Effect of Mobility

31P spectra of 3:2 adduct of phenol and triphenylphosphine oxide I



NMR & Melts: What Can We Learn?

“Structure” of the Melt High-Temperature Dynamics

271 - Y.ALLO = “Brownian motion in a liquid or noncrystalline
3THo12 solid” (autocorrelation function o exp(-t/t.) )
= Correlation time thermally activated
|\ ol
i T, =7 —2
| Solid e =007

| Ln(T,) (s)

| [ | 6 L
(average) coordination change

<>
| .|

= Relaxation dominated by the fluctuation of the
‘ quadrupolar interaction

7, 4r

Yh = C(1+ (a)z'c )2 " 1+ (Za;z'c )2 J

4 r 17.6 T

94T

1 1
3.0 35
1000/T (K)

\ Liquid at 2250°C

1 L 1 L 1 L 1 L 1 L 1

ZNa
E, =50 kJ/mol
1,=10"s

C=2510"




Timescales

10-12 10-° 10-6 103 1 103 timescale
(t.=k) /s

Fast Intermediate Slow

Exchange NMR

Relaxation

N4

Temperature

| | 1
! mixing ! detection

9 I evolution

local dipolar
field | [ 1

Lineshape Analysis




Relaxation

RF pulse
H Free Induction Decay
"Il‘uwh i
Tt A
time L
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frequency
/Two types of relaxation process: )

= Spin-lattice relaxation. Involves exchange of energy with the lattice and requires transitions
between Zeeman levels.

= Spin-spin relaxation. Involves loss of the x,y-components of the magnetization. Does not
require energy to be exchanged with the surroundings and does not necessarily result in

\_ changes in the populations in the nuclear spin energy levels. Y.

7~ ~\

In Solids:
T, #T,# T,*




The Autocorrelation Function

- Relaxation is caused by fluctuating local magnetic fields
- Fluctuations at the Larmor frequency cause spin-lattice relaxation
- Local fields which are almost static are effective for the spin-spin relaxation.

The autocorrelation function of the

local field descibes how rapidly the e
field fluctuate G(T) = <BX (t)Bx (t + 1)> =0 J(m) = 2J G('c)exp(—iwt)dr
0
Slow fluctuation (long 1) G(T)<Bz>
Bx J((D)
WM
Ve - "
Fast fluctuation (short t.) G(v)
B, <BZ>
|
Wi i N O
T (6]

Autocorrelation Function Spectral Density




The Spectral Density

- The highest the spectral density at a given frequency, the more efficient the relaxation
- AT, minimum may appear as a function of temperature

ongt,

Random field model
‘J((D) G(r)= Bi exp(-1/7_)
5 T TC - 1/(00
o) =282}
‘ \¥ short T,
\—/
In (o)
Tl

Tc - 1/(DO




T, and T, Relationships

10 Small Molecules
Liquids

« Free »

= “Brownian motion in a liquid or noncrystalline
solid” (autocorrelation function o exp(-t/z,) )

= Relaxation dominated by the fluctuation of the
(quadrupolar) interaction

J/lec(

. =T EXp(

N 4z,
1+(wr,) 1+(2wr,)

= Correlation time thermally activated

D
KT

Macromolecules
Solids
« Bound »

Relaxation time (s)

| | | | | | | |
102 10" 10" 10° 10® 107 10°® 10°
fast Correlation time t_(s) slow

(Molecular « Tumbling » Rate)







Designs

STATIC (HOME MADE!)

Stebbins, J. F.; Schneider, E.; Murdoch, J.B.; Pines, A.; Carmichael, I. S. E. “New probe for high-
temperature NMR-spectroscopy with ppm resolution” Review of Scientific Instruments 1986 57
39-42

Shimokawa, S.; Maekawa, H.; Yamada, E.; Maekawa, T.; Nakamura, Y.; Yokokawa, T. “A high-
temperature (1200°C) probe for NMR experiments and its application to silicate melts”
Chemistry Letters 1990 4 617-620

Adler, S.B.; Michaels, J.N.; Reimer, J.A."A Compact High-temperature Nuclear-Magnetic-
Resonance Probe for Use in a Narrow-Bore Superconducting Magnet" Review of Scientific
Instruments 1990 61 3368-3371

Kolem, H.; Kanert, O.; Schulz, H.; Guenther, B. "Design and Operation of a Variable High-
Temperature Oxygen Partial-Pressure Probe Device for Solid-State NMR" Journal of Magnetic
Resonance 1990 87 160-165.

« Massiot, D.; Bessada, C.; Echegut, P.; Coutures, J. P.; Taulelle, F. “High-Temperature NMR-Study
of Lithium Sodium-Sulfate” Solid State Ionics 1990 37 223-229

-

\_

MAS A

Stebbins, J. F.; Farnan, I.; Williams, E. H.; Roux, J. “Magic Angle Spinning NMR Observation of
Sodium Site Exchange in Nepheline at 500°C” Phys. Chem. Minerals 1989 16 763 (Doty

Scientific)

van Wiillen, L.; Schwering, G.; Naumann, E.; Jansen, M. “MAS-NMR at very high temperatures”
Solid State Nucl. Magn. Reson. 2004 26 84 (Bruker) /




Furnace Designs

|4 A: thermocouple

sample gaz in/out: B

furnace gaz outlet: E

ﬂUp tiey W3QOPE 3 7,

- Mo Coil & heating elements

- Careful design of heating
elements

- Coil shielded from heating
elements

- Reverse current (=> two
experiments for each T)

- Probe isolation from
magnet (water cooled)

= Air cooling of electronics
separated from sample

F: brass water jacket
G: ceramic fiber insulation

H: heating elements

|: refractory metal rf shield

K: sample

M: cooling air tube

Stebbins, Chem. Rev. H el

N: tuning capacitors
1991 91 1353-1373 H f !




HT MAS by Doty: Probe Design
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fused silica insulation
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shield can

/ bell dewar inner

and outer walls

=

bearing air post

/,,/ sample thermocouple

bell dewar
support ring

bell dewar region
cooling air (out)

-

dewar

|

body tube cooling air (exhaust)

i

? body tube

/

~

/9 Simple, safe operation up to 700°C
- Spinning up to 6 kHz (5 kHz above 700°C)
- Double-balanced, multi-X, high-efficiency RF
- Ultra-low (<1%) thermal gradients silicon-nitride
stator, rotor and turbine
- 45 kHz H decoupling at 600°C, 500 MHz
(double-tuned available up to 500 MHz)

\9 Efficient heat exchanger for maximum safety j

<gzDory




Laser UHT Probe: the Crucible Design

7
N

Laser

250W CO, Laser
“ g

Thermal shield

Silica Tube

?\ ' /% up to ~1300°C

- Only gas cooled

- No probe isolation
from magnet

Ar —> Air sensitive samples

- Temperature

calibration...

PO ______’_J

\Fmmmmm e e — ===

=

250W CO, Laser Massiot et al., Solid State lon. 1990 37 223-229
Bonafous et al., J. Chim. Phys. 1995 92 1867-1870
Lacassagne et al., J. Phys. Chem. B 2002 106 1862-




Laser UHT Probe: the Levitation Design...

<)
| \ BRUKER
Vi (o5
250W CO, Laser i pyrometer
laser
,ﬂ g | o
P ]
Vs
P d

v \ /| silica tube

L

7

N el it
L

»

4

Air/N,

/9 up to ~2500°C

- Only gas cooled
tube [ Air/Ar/ | > No probe isolation
N,/O, from magnet

cupper

laser

- Temperature
calibration...




Cooling down Melts

66mg Al,O, at 2320°C
j L : T =2270°C

80 70 60 50 40 30

Température (°C)

2500 -
2400 ;
2300 é
2200 é
2100 é
2000 é
1900 é

1800 1

undercooling

crystallisation

Temps (s)

(ppm)
On ) N
Laser 7
! Off
|
1
Acg. I
! /
|
1
Pulses “ ” ” ”
/.
4
! + - >
0 T=Cste Cooling Time

-
- Contactless technology

Florian et al., Solid State Nuc. Magn. Reson. 5 233 (1995)
Ansel et al., Phys. Rev. Let. 78 464 (1997)

- Up to 2500°C
- Time resolved experiments




HT MAS by Bruker: Probe Design

- Simple, safe operation up to 700°C
- Spinning up to 5 kHz

- Gas-cooled probe

- Regular 7mm rf specifications

o)
BRUKER
(<)

H. Ernst, D. Freude, T. Mildner, |. Wolf,
Solid State Nucl. Magn. Reson. 1996 6 147







The Silicate Glass Transition Dynamics

@

Progressive chemical exchange
between the Q® and Q® units

.

29Si HT NMR
5Si0O, * 2Na,O glass

~

1000°C

900°C

800°C

700°C

600°C

500°C

400°C

300°C

RT

-100
(Ppm)

-150

-200 -250 -300

Charpentier, private comm. (2010)



The Silicate Glass Transition Dynamics

K,O #4Si0, |

697°C||

997°C
|

L

T

| P 00kHz |
i |

’50 -100 -150 -200

50 -100 -150 -200

Log n
(Pa s)

Farnan & Stebbins, J. Amer. Chem. Soc. 1990 112 32-38
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Probing Slow Motions in Silicates

Georges, Am Miner 1995 80 878-884 [23Na albite]
Stebbins, J. Phys Chem Miner 1989 16 763-766 [23Na nepheline]
Farnan, Science 1994 265 1206-1209 [2°Si silicates]

K,29Si,0, T=550°C

Exchangetime~3+2s

130 tmix = 0.5s

-125
-120

115

-110 Q@
-105-

-100 e

-95
-90
-85

o (ppm)

log 1y (Pars)

-80
S (-1 -
75 -85 -95 -105 -115 -125 -135

|-

|
1301 tmix =4.0s 10,000!?‘{“}

| Solid curve = bulk viscosity
Open circles = from Maxwell
Solid triangles = from Eyring
Solid circles = from Stokes + Einstein-Smolukowski

D = kgT/6man

75 -85 95 -105 -115 -125 -135 D=d /ZT
w0 (PPm)

@y (ppm)
=
i

Farnan and Stebbins, Science 1994 265 1206-1209



The Boro-Silicate Decoupling Case

44.5 Na,O * 11 B,0, * 44.5 SiO, Line Widths as Transverse Relaxation Time

1 .
BO - MBAC‘)S NME' /@ At high T: coupling between B-O and Si-O bond \
) S 2, ACENANYS breaking, with oxygen ions moving into and out of the
coordination polyhedra of B and Si with similar
average rate.
z = Atlow T: most Si-O bond breaking and site exchange
i is taking place at frequencies up to 50 times faster
E than the timescale of viscosity.
\ y
’g Temperature (°C)
g‘ 496.0 467.5 441.1 416.4 353.5 372.0
3 x 1 i L 1] ]
L I 1 L il ] 1 1. 7 i L 7! 1- | - \- - 2 E-' —:
40 30 20 10 O -10 -20 40 30 20 10 ¢ -10 -20 F ]
ppm ppm 1| 1
295i MAS NMR: T oot ]
Q, <-> Q; exchange A e :

Decoupling
- non random

y/’\ { v i é ZQSI . - ]
: W//ifi\\\f\\&w . I//»%\A\\E 4 coupling B/Si mixing? :

." i /'if | ! . NP R | . | N L L ]
P d ,///‘/ \ /\L ) . 1.4 1.45

—
/) .
log T
L]
[ &)
1

1.5 1.55

L 5 v 1.3 1.35
A
NP a S Inverse of species exchange rate data derived from 1B and

29Sj data compared with shear relaxation times calculated
from viscosity (Maxwell relation).

amplitude, arbitrary units
L5

NS NS SR Y PR I | ) oo bovwe b o e byie ey benen )
=30 -60 -70 -80 %0 -100 -110-120 -50 -60 -70 -80 -90 -100 -110 -120
ppm ppm

Stebbins et al., J. Non Cryst. Solids 1998 224 80-85



Alumino-Phosphate Glasses

a)

i

Re)

25°C

Wi

o
8
3

100 °C

00 °C

w

00 °

(o]

375°C

w

50 °

o

SN

200 100 O -100 200 300 © 20 -0
("P)/ppm &("P)/ ppm

v = 4.50kHz, B, = 4.7T

Wegner S, J Phys Chem B 2009 113 416-425

b)

550°C
500°C

440°C
400°C
e
0°C
°’C

rt.

B0 60 40 20 0 -20 -40 -60 -80
&/ppm (27!\])

v = 4.50kHz, B, = 7.0T

van Wullen, J Phys Chem B 2007 111 7529-7534



Na,Si,0,-NaAlSi,Oy : Al NMR

I
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_ v [ I
et e ol =125
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o Lo | x%=6.0
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W | | Il
/ \; 50 - (I I
2TAl HT NMR o . | x=16.0
. I I e
Na,O * Al,O; + SiO, glasses i - i AN
45 PR TR T AN S S T N ! N S TS T L R A ? !
Chemical exchange between 0 200 400 600 800 1000 1200 1400
. Temperature (°C)
AlO5 and AlO, units

LeLosq et al., Geochim. Cosmochim. Acta 2014 126 495-514



23Na Position vs Temperature

x=9.0 x=9.0
x=6.0 x=12.5 x=6.0 x=12.5
x=2.0 x=16.0 x=2.0 x=16.0
x=0.0

glass liquid at 1200°C

5 -
x=6.0
ol — e Increase of
: -_:F—___';'/"’ T T~ Average d(NaO)
. J : x=12.5 ____7___,.—”’ - !_,/
a-15 - | oW
3 rho . j
& /i
20 //
25 | S/
L .‘-. _z/ .«f
7/
830 L P N ST | I EE TS R
0 200 400 600 800 1000 1200 1400

Temperature (°C)

LeLosq et al., private communication George et al., SSNMR 1997 10 9-17



23Na & 27Al Relaxation Times

-3 [T | LA B L L B L B | LA AL L B N R
B x=16.0
C x=12.5
4 + x=0.9 -
x=0.6
E,~70+10 kJ/mol 05
5 x=0.0
@ - ]
S E, ~ 30 % 10 kJ/mol
c —6 \\\ ,}B/_
_II - // ]
[ = ]
z |
34 _7 /

7ﬁ;’/’ it /

liquid
E.(**Na) = 57 £ 12kJ/mol

LeLosq et al., private communication

« solid »
Jump diffusion

Al

E, ~ 72 kd/mol

5 F

2ZTAl - Ln(T1) (s)
&

1000/T (K)

liquid « solid »
Effects of polymerisation Na diffusion






The Borate Liquids Dynamics

0.33 Na,0 ¢+ 0.67 B,0O4 Line Widths as Transverse Relaxation Time

7.0

40

1.0

0.7

Sednns

Nigasss

0.4

l 0.1

WoTe

Isotropic rotational diffusion
(8, )+i(S,)=(S,) Tiexp[ —iwy(t —14)]
X[2exp(—bt)+ 2exp(—b,t)]

|
1
1
|
1P -400 b, =C(Jy+J,+iQ,)
m

I

1 1

1

1 Hyperfine second-order dynamic quadrupolar shift
¢ < I

' 0, =nayr2(1+n%w}r?) !

Inagaki et al., Phys. Rev. B 1993 47 674-680




The Borate Liquid Dynamics

0.09 Na,0 + 0.91 B,0O, Line Widths as Transverse Relaxation Time

860°C
T.=1.00x 10°s
820°C
Te=1.81x 10%s
720°C
Lrez2as- 10
630°C
1.=9.57x 10%s
580°C
1.=2.12x 10%s
530°C
1.=4.38x10%s

20kHz

Experimental (left) 1'B line shapes and calculated (right)
using the parameters of the longitudinal relaxation data

-5
i Tg Tlg y
| /
[ !
i/
_6 u [ /
[
’ Ve
i 0.20N2,00808,0; /of
,/'df" 8 0.00Na,0-0918,0;
=-7Fr S oV
] » #e
s
cﬁ: B /‘ g Tg
=
[= ]
° gl
-.9 —
0.33Na,0-0.67B,0,
-10 A 1 1 1 L | L 1
8 10 12 14 16

10%4/7 (K1)
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Inagaki et al., Phys. Rev. B 1993 47 674-680



From Liquid to Glass: CaAlO,

3(ppm)
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Kozally et al., Phys. Status Solidi C 2011 8 3155-3158
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Adding Silica: Effects on the Structure

AlL0,+SiO,*Ln,0; (Si0, > 50mol%)
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= The glass is not a linear extrapolation at T, of the liquid

= AlV favored at High temperature (what mechanism stabilizes Al'Y at low temperature?)
= [Al,O4]/[Ln,O4] decreases > faster AlV — Al conversion with T, i.e. “fragile” liquid

= Ln does not favor Al

Florian et al., J. Phys. Chem. B. 2007 111 9747-9757



Structure of the Molten State

AlLO,*Si0,+Ln,0, (SiO, > 50mol%)
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= Ln,O; plays a modifier role and favors Al'Y

Florian et al., J. Phys. Chem. B. 2007 111 9747-9757



Adding Silica: Effects on Dynamics

Saito et al., J. Am. Ceram. Soc., 2003, 86, 711-716
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