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The physical basis of NMR spectroscopy. Main NMR parameters.

Nuclear_properties

Any given nucleus can be characterized by its mass, charge and nuclear angular momentum.

The magnitude of the nuclear angular momentum P is given by
P=7((1+1)"
where 71 = h/27, h is Planck’s constant and | is the angular momentum quantum number

(nuclear spin).

Angular momentum is a vector quantity and has associated with it a magnetic moment:
p=vP
where vy is the gyromagnetic ratio of the nucleus in question, which is an intrinsic nuclear
property.
The Stern-Gerlach Experiment

Photographic
plate

v

Atomic beam

The electron itself, independently whether or not it moves around an orbit, has its own angular

momentum, known as electron spin and associated intrinsic magnetic moment:
_e i
u=yP, Y =0+, g~2(Landé factor)
AR

—€
The nuclear gyromagnetic ratio: Y =0p o On ~1
p
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Since mp / me=1836, the nuclear magnetic moment should be ca. 2000 times smaller than the

magnetic moment of the electron.

When either Ny or N, is odd number non-zero total spin results. The spin | of the nucleus is
either integral or half-integral: 0, 1/2, 1, 3/2, 2, 5/2, ... . A high value of gyromagnetic ratio

provides a relatively high sensitivity.

Nucleus N, N, Spin y/10"rad T s
H 1 0 1/2 26.7519

H 1 1 1 4.1066

*H 1 2 172 28.5350

12C 6 6 0 -

B¢ 6 7 1/2 6.7283

%0 8 8 0 -

0 8 9 5/2 -3.6280

Classical model

The nucleus is assumed to be spherical, rotates about an axis.

n

The magnetic moment p
can be viewed as arising
from the effective current
loops associated with a
spinning charged sphere

Nuclei in a static magnetic field

If a nucleus is placed in a static magnetic field By, the direction of its angular momentum P is

determined by quantum number m:
P,=Am
| m| <1, the allowed values of m are I, I-1, 1-2...-1. There will be (21+1) different values of m,

corresponding to (21+1) different directions of P relative to Bo.

NMR Spectroscopy 4



Spinl = 1/2 Spinl =1
z z

Pz=nhl4x m= + 1/2 P,=h/2zx

P,=-hld4nr m=-1/2 e .

th=yP,=yhm
E:-}.I,'Bo:',uzBo:-}/hmBo

B m=-1/2

AE

Bo o m=1/2

>

There are (21+1) energy states (the nuclear Zeeman levels).

For the proton with | = 1/2, there are two possible Zeeman levels corresponding to m=+1/2 (z;
is parallel to the field direction, state o) and m=-1/2 (z, is antiparallel to the field direction, state
B)-

The selection rule: Am = #1

AE=]/h BO

AE=hv = vy=(y/27)Bg
Bo 1.41-17.6 T = v*H) 60-750 MHz
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[
= R 1
172 (B) Ey= 27h By
__O AE:]/h BO
1
Ea:_ayh B0
m=+1/2 (o)
v Electromagnetic spectrum
| | | | | |
3-106 3-108 3-1010 3-1012 3-1014 3-:1016 H 2
Nuclear magnetic Microwave Infrared Ultraviolet

resonance

Classical description of NMR experiment. Larmor_precession.

In terms of classical description of the NMR experiment the direction of p is rotating on the
surface of a cone with its axis along By. Such a motion is referred as Larmor precession.
Bo

A

-

0

The induced angular velocity is given by
o = -y Bo

o = 27vy [with vo (vi) referred as Larmor frequency]
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Populations of energy levels. The intensity of the NMR line.

For nuclei with spin 1=1/2, the ratio of the number of nuclei in the upper energy level B to the
number of nuclei in the lower energy level o is determined by Boltzmann’s equation in high-
temperature approximation:

Ng/ N, =exp (-4E /KT) ~1- AE /KT =1 - yiBy / kT
where k is the Boltzmann constant and T is the absolute temperature in K. At T=293 K, Bp=1 T,
y=26.75 X 10" T's™ (*H) = NN, = 0.999993, there are 1000007 spins at level o for 2000000

spins at level .

For the sample consisting of identical molecules, each with one magnetic nucleus of spin 1/2, the
equilibrium population difference between the two states o and 3 is
An=Ng-Ng =N AE [ 2kT
where N is the total number of nuclei in the sample.
z,,Bo

MOA

N, m=+ 1/2

Nﬂ m=-1/2

Mo =Ny et N s o= poo= (112) v it An=(L/4)N(yH)?Bo I KT =C (Bo / T)

The total magnetization is stationary and aligned along the z axis.
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The observed signal height, S, is given by:
S ocy* BN B " g(W) /T

where g(v) is a signal shape factor (Lorentzian or Gaussian type function) to account for the fact
that there is some transition probability at frequencies differing slightly from exact resonance
frequency.
The implications of the above relationship are the following:
(i) the dependence of S on v* = those nuclei resonating at high frequencies

will have relatively intense signals (*H, *°F);
(i) the dependence of S on By = high-field work is desirable;
(iii) the inverse proportionality of Sand T = low-temperature measurements may provide

higher sensitivity.

Main NMR parameters

Anisotropic interactions giving rise to severe broadening of lines in solids are effectively
averaged to zero in liquid samples and, therefore, it is possible to observe hyperfine structure in

NMR spectra: chemical shift and spin-spin coupling.

The presence of electrons in the molecules makes itself felt in chemical shielding. Putting the
sample in the strong, constant external field By induces electronic currents, that, in turn, produce
an induced magnetic field B’, which modifies local magnetic field By at the site of the nucleus.
B’ is proportional to Bo; the chemical shielding parameter is defined by:

Bioc = (1 - 0) Bo

The absorption frequency of the nucleus is
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v=(y/2n)Bioc=(y/21) By (1-0)=vo (1 -0)
It is convenient to define a reference frequency, typically that of TMS:  vies = vo (1 - Oref),
so that we can define a chemical shift &: §=10°(v- re) / o
o (in parts per million, ppm) is independent of Bj.
Consider a simple case of two environments labeled A and X characterized by va and vx:

va=7Bo(1-0a) vx =7Bo (1 - ox)
The energy of interaction with an external magnetic field is:

E(ma mx) =-h vama-h vy my
X: Ay = #1 A: Ama=~£1
Ama=0 Amyx =0

This means that there are two transitions in the NMR spectrum at frequencies va and vx.

There may also be an interaction between the nuclei themselves arising from an indirect coupling
through the electron spins called the spin-spin interaction:

E(ma mx) = - h vama-h vx my + h Jax ma my
The presence of J coupling causes a further splitting in the energy level system, since the last
term is positive or negative depending on the values of ma and my. J is field independent and is

always expressed in Hz.

Two-spin system

Single-spin Jax = 0 Jax = 0
system
P ——— 7T A A
. B AA |
//// A :X Al ixl
- |
o & .- Bo T =-=S==ZIIZIZLO70 174 0ax
RS A U,B - === A
T Al AT Azl Ax
= o X —_l 2
o0g =———-—
A A X AL A, X1 X,
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