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I = nuclear spin = quantum number
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I = dimensionless vector

M=hT= angular momentum

; = magnetic moment = Tk?

Y = gyromagnetic ratio
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The Periodic Table of the Elements
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e Zeeman Interaction



Zeeman interaction ; Hy

The energy of a magnetic dipole g in a magnetic field with inductior
By along the axis OZ is ,

E=-ﬂ. Bp=- J’ley. I=- j’hBﬂIz
The corresponding Hamiltonian operator is of the same form:

Ez --Tﬁ Bﬂ fz

Being proportional to fz, it allows 27 + [ eigenvalues. There art
therefore 27 + I accessible energy levels

Em = '}(ﬂ Bﬂ m (Hf = -L-I+Ij s ﬂ

The energy gap AE between two consecutive levels being constant,
propottional to B,

AE=yh B,
we observe a single-line spectrum at frequency v
hv=AE=yhB,
o=y By

where g is the angular frequency.



SPIN
u=yhI
E=-y.B,=-yhB,.T=- yh B, I,
E,.=-vh Bym m=-1/2, +1/2))

E-I2) =12 yh By

AE

\ E(+1/2) = -1/2 yh B,

AE=hveg=yh B,

2w vg=mg= v By

SPIN > '
I — 2I+ I energy levels — 21 intervals
AE= (2I yh Bp/2I=yh By=h v,
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Examples spin 1> ‘4
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M =k I = angular mormenium
Me=1h, (I-1) A,......, ( I-n) R,......, -T R
Spin 1 =1 (D, "N, ...)
B=0 B=RB, Levels FEnergies
= -1 + vh By
/ 0 0
\ +1 -vh By

%

The three equidistant Zeeman energy levels of an isolated 1 spin

Spin I=3/2 (Li, "'Xe, ...)

B=0 B=B, Levels Energies
-3/2 32 yh By
-1/2 1/2 ¥k B,
+1/2 -1/2 yh By

+3/2 -3/2 yh By




Populations of levels

Nis1/ N =exp (-AE/kgT)
kBT ~ 10_21 j

hvywve ~ 6.6 X 1034 j.s x 108 s1=
6.10%8

hvopr ~ 6.6 X 1034 j.s X108 51 =
6.1019]

AEywr << KkgT

AEqpr >> KgT

AE

AE




Distribution of the spins Y2 assuming that we have
two millions of spins. Of course generally there are

more numerous
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Normal polarization

Hyperpolarization



The torque exerted on a magnetic moment i’ by a magnetic
field is

—

C=pAB,
It equals the rate of change of angular momentum

— = -

hdl/dt=C=puAB,
5 — —
dwdt=hydl/dt =yuaAB,
—
= Precession of p around B,

To=2mr/dpw/dt with r=p sin® and dp/dt =y pu By sin©

= To =2x IyBy =b @ =yBy Larmor frequency



Precession of the magnetic moment around the
magnetic field Bo
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Orientation and precession of nuclear spins (I = 1/2) at thermal
equilibrium in a stationary magnetic field Bo that defines the z-
axis. In reality, the angle between the vectors and the z-axis is
much smaller than is shown for illustrative purposes




e Spectrometer



Continuous wave NMR

Rf.
Receiver
Rf,
Transmiller
Data
Starage and
Inspiay

Schematic dmpgram indicating the hasic components of an NMR spoctrameter

wo =77 Bo. Generally g is fixed and we scan Bo.
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Signal intensity proportional to N (5, - N ., (very small). For
example for protons, 300K, Bg= 0,95 tesla, N 2/ N (;2)=1.0000066.

Phenomenon of saturation due to a strong absorption: N sy - N (12
= S=0



Superconducting magnet
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* NMR experiment



Decomposition of the radiofrequency field in
two components with two opposite angular

ve

locity.

Az

NFR Coil

Y




Interaction with the radiofrequency Field B—’RF

A radiofrequency field By is applied L By along OX of
the lab. Frame.
Brp =2 B cos @,

This rf field can be split into two rotating components of
fixed amplitude and with angular velocities of + @ ’. The
component with the velocity -o " has a negligible effect.




Pulsed NMR

A high power radiofrequency field B, is applied to the sample for a short time (about
microsecond). During this pulse the magnetization rotates in the rotating frame according
to the equation

w,=yB,;

at a rate proportional to the RF intensity

O=w,t,=yB,




Pulsed NMR

This method does not give the NMR signal directly. A high
power By is applied to the sample for about one microsecond.
During this pulse the magnetization rotates in the rotating
frame according to equation

oy = vyB,
at a rate proportional to the BF intensity.

0= L3 F tpz TB] tl"
We will use very often O=n/2 and O=s
If 8=n/2, Mg will be directed along Y’ . It then induces a
current in the receiver coil which is in the XO0% plane. This

current is at the origin of the NMR signal. After this period
the system evolves under the effect of relaxation.




Pulsed NMR

This method does not give the NMR signal directly. A high
power Bpgy is applied to the sample for about one microsecond.
During this pulse the magnetization rotates in the rotating
frame according to equation

;= 'YB]
at a rate proportional to the RF intensity.

0= L O 1) tp‘_‘ 'YB] tp
We will use very often O=n/2 and O==n
If O=n/2, Mg will be directed along Y’. It then induces a
current in the receiver coil which is in the X0Y plane. This

current is at the origin of the NMR signal. After this period
the system evolves under the effect of relaxation.
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Generally the system contains several nuclei of the same
species that differ in Larmor frequency because of various
perturbations ( chemical shifts, spin-spin coupling, etc.).
Then they are precessing at a frequency different from

that of the rotating frame, and interference effects can
occur (beatings).



\ e
N ﬂ
3 < 3
g h M s EE _ & —(le— Win = IIKT;
E T = 8
1| y
,  time (1) — frequency —»

Fourier transformation of an FID which decays exponentially with a time
constant of T s gives rise to a Lorentzian lineshape whose width at half-height is

1/xT3 Hz



e Relaxation



Pulsed NMR- Relaxation
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The system evolves under two relaxation mechanisms:

- For a set of spins coupled by interactions, as in a solid,
the system can tend very rapidly towards an internal quasi-
equilibrium with a time constant, T,, named spin-spin
relaxation time. During T, there is disappearance of the
transversal magnetization by dispersion of the spins in the
XOY plane.

- For such a set of spins in contact with the lattice, there is
a spin-lattice relaxation characterized by the time T,, and
then restoration of the magnetization Mg along Be.

Generally, and specially for solids, T, =< T,
Bloch’s equations: dM; /dt = - (Mz-M)/ T,

de /dt = -forz dMY /dt = -Myfrz



The magnitude of the relaxation time depends highly on:

- the type of nuclei (nuclei with spin 1/2 and low
magnetogyric ratio have usually long relaxation time whereas
nuclel with spin>1/2 have very short relaxation time)

- other factors like the physical state (solid or liquid
state), the viscosity of the solution, the temperature ... etc.

In other words the relaxation time depends on the motion of the
molecule.

Definitions:

The correlation time -Tc (Tau-c): represents the time it takes for
a molecule to reorient by 1 degree ("tumbling time").

The spectral density - J(w): describes the ranges of frequency
motion that are present. Not all molecules tumbles at a unigue
rate: molecules tumbles, collide, change direction... at a range

of rates up to the maximum rate of (1/ Tc).



There are several relaxation mechanisms:

Interaction

1- Dipolar coupling

2- Quadrupolar coupling

3- Paramagnetic

4- Scalar coupling

5-Chemical Shift Anisotropy

(CSA)

6- Spin rotation

Range of interaction (Hz)

104 - 10°

106 - 10°

107 -108

10 - 103

10 - 104

relevant parameters

- abundance of magnetically
active nuclei
-size of the magnetogyric ratio

- size of quadrupolar coupling
constant

- electric field gradient at the
nucleus

concentration of paramagnetic
impurities

size of the scalar coupling
constants

- size of the chemical shift
anisotropy
- symmetry at the nuclear site



Relaxation spin-lattice: transfert of
energy from the system of spins to
an acceptor of the lattice:
rotations, translations, vibrations
fluctuating in the domain of larmor
frequencies

Relaxation spin-spin: destruction
of the component MXY after a
pulse.

Liquids: generally T, =T,
Solids: Often T, >> T,

1T



Variation of T1 and T2 against 1/T.
Generally: In liquids T1 =T2; in solids T1 >>T2

4 Ti

T



Measurement of T, with 180°, r. 90° sequences

Figure (c})

a) M is inverted by a 180° pulse at time 0; b) Afier atime z a
90° rotates M to the Y’ (or —Y’) axis. ¢) the amplitude of the

FID after the 90°puilse, which is proportional to the amplitude
of M at time t, is plotted as a function of 7.

dH, [dk - = (My-H)T = ), =" [4=2eb-E/7)



* Hahn Spin-echo



Hahn spin-echo experiment




Hahn spin-echo experiment

The distribution of the spin in the X’OY”’ plan after a pulse
m/2 is due to the spin-spin interactions but also to the
inhomogeneity of Bg The spin-echo experiment overcomes the
inhomogeneity problem. In addition it is used for several
applications of NMR..

90°, T, 180° sequence , and observation at time 2t of a free
induction “echo”.

ﬂ/2 (') T (y')




Spin-echo experiment
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Spin-echo experiment
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Figure 2.5. A typical Hahn spin-echo experiment, consisting of six 90°, r, 1807
sequences, with r varying from 0.1-1 sec. Note that the amplitude of the echo decreases
as r increases. In this experiment the echoes are positive, rather than negative as ex-
pected, since a diode detector was used, which measures only amplitude, not phase of
the signal. (See Chapter 3 for further details on detectors.)



Spin-lattice T1 in NaBH4 vs 1/T showing a phase transition
at about 190°K
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Relaxation rate R1 versus T-1. A- SBA-80: spin-rotation;

B- Zeolite Omega:spin-rotation + dipolar contribution (cut-off 77K)
C- Zeolite ZSM5: spin-rotation + dipolar contribution (cut-off 110K) ;
D- Zeolite Rho: two dipolar contributions
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 End of the first lecture
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We consider a system of three axis rotating about By in
the same direction in which the nuclear moments

process (rotating frame) with a velocity o’.
The classical relationship

dmdt = }—L’I\_B’o

is valid provided the Coriolis force is added:
(dp/dt) = (d/dt)ps + @ Ap
(AW/dt)e =7 LA Bo- 0 AL
=T RA By -]
(di/dt)re =7 1 A Be with Be = By - ©’fy
If @=wg = Be=0

In the rotating frame (dﬁ?dt)RF =0 and ;T is fixed.



So, with the addition of B, along OX’, rotating with a
velocity @, the previous equation

(dp/dDgs =7y i A Be with Be = By - o' /y
characterizing the wvanation of [d_;.:i’dtjm: in a frame

rotating with a velocity o’ keep the same form but with
B:; = {I:lu - 'I:F:IH.I'IT]J: -+ Hq.i_.-

Be = [(By - o /y)* + B,*|'?

Hu H.I-'-lr‘:r"

If " = wy = B,=B,

In the rotating frame with a velocity wy there is a
precession of the spins around OX” (B,;) with a velocity

by



Spin-echo experiment




Interactions of nuclear spins in a solid

.......
- ma amm ams sam Em s S
.......

H, = Zeeman effect
Hgr = RF ficld
Hcs = Chemical shift

H; = JJ coupling Hx=A Tx B
Hp = Dipole interactions ?x=second rank
Ho = Quadrupole coupling tensor

H;; = Unpaired electron

H., >> other interactions

Very often some effects are masked by the others.
For example Hp >> H;

Hx = K (spin factor) [space factor f(0) ]

0 = angle between an axis of the system and By,




