NMR: Theory
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Nuclear magnetic resonance has been play an important role in the fields of physical techniques available to the
chemist for more than 25 years. It is becoming a more and more useful method to probe the structure of molecules.
The primary object of this module is to understand the fundamental concepts of NMR. It is assumed that the reader
already understands the quantum numbers associated with electrons. For a more basic understanding of
how NMR works, the reader is directed to the NMR introduction page.

Introduction

Nuclear magnetic resonance, NMR, is a physical phenomenon of resonance transition between magnetic energy
levels, happening when atomic nuclei are immersed in an external magnetic field and applied an electromagnetic
radiation with specific frequency. By detecting the absorption signals, one can acquire NMR spectrum. According to
the positions, intensities and fine structure of resonance peaks, people can study the structures of molecules
guantitatively. The size of molecules of interest varies from small organic molecules, to biological molecules of middle
size, and even to some macromolecules such as nucleic acids and proteins. Apart from these commonly utilized
applications in organic compound, NMR also play an important role in analyzing inorganic molecules, which makes

NMR spectroscopy a powerful technique.

But the a major question still remains- Why does NMR work? This module will begin by developing the concept of
nuclear spin then moving into a discussion about energy levels and the relative populations and the interactions of a
nucleus with the magnetic field.

Nuclear Spin Origins

The concept of spin is regularly addressed in subatomic particle physics. However, to most people spin seems like an
abstract concept. This is due to the fact there is no macroscopic equivalent of what spin is. However, for those people
who have taken an introduction to chemistry course have seen the concept of spin in electrons. Electrons are
subatomic particles which have spin intrinsic to them. The nucleus is not much different. Spin is just another form of

angular momentum. The nucleus consists of protons and neutrons and neutrons and protons are comprised of
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subatomic particles known as quarks and gluons. The neutron has 2 quarks with a -e/3 charge and one quark with a
+2e/3 charge resulting in a total charge of 0. The proton however, has 2 quarks with +2e/3 charge and only one quark
with a -e/3 charge giving it a net positive charge. Both protons and neutrons are spin=1/2.

Neutron

Proton

Figure: The atomic nucleus (black) of 2H. The proton (green) and neutron (red) are composed of quarks (purple and
teal) which have a charge and spin (arrow).

For any system consisting of n multiple parts, each with an angular momentum the total angular momentum can be

described by J where
J=J1+J2+...+dn|, [J1+J2+...+In|-1,...[J1—J2—...—Jn|

Here are some examples using the isotopes of hydrogen

1H = 1 proton so J=1/2

2H=1 proton and 1 neutron so J=1 or 0.

For larger nuclei, it is not immediately evident what the spin should be as there are a multitude of possible values. For
the remainder of the discussion we will attribute the spin of the nucleus, I, to be an intrinsic value. There are some

rules that the nuclei do follow with respect to nuclear spin. They are summarized in the table below:
Table 1. General rules for determination of nuclear spin quantum numbers
Atomic Number of Protons Number of Spin (1) Example

Number Neutrons

Even Even Even 0 160
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Odd Odd Integer (1,2,...) oH
Odd Even Odd Half-Integer (1/2, 3/2,...) 13C

Odd Even Half-Integer (1/2, 3/2,...) 15N

Nuclear Spin Angular Momentum and Quantum Numbers

As mentioned above, spin is a type of angular momentum. Nuclear spin angular momentum was first reported by
Pauli in 1924 and will be described here. Analogous to the angular momentum commonly encountered in electron,
the angular momentum is a vector which can be described by a magnitude L and a direction, m. The magnitude is

given by
L=hI(I+1)———— v
The projection of the vector on the z axis (arbitrarily chosen), takes on descritized values according to m, where
m=—1,—1+1,—142,.. .+
The angular momentum along the z-axis is now
lz=mh

Pictorially, this is represented in the figure below for certain values of I.
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Figure: The descritized angular momentum values for a 1=1/2 (left) I=1(middle) and 1=2 (right). The magnitude is
denoted by the arrow while the projection along the z-axis is denoted by the circle.
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The quantum numbers of the nucleus are denoted below.

Interaction Symbol Quantum Numbers
Nuclear Spin Angular Momentum | 0<1<9/2 by 1/2
Spin Angular Momentum Magnitude L L=hl(l+1)—— N
Spin Angular Momentum Direction m m=—l,—1+1,—1+2,...+I

Magnetic Moment of a Nucleus

We have now established that the nucleus has spin which can be denoted using specific quantum numbers. As with
all charged particles, if the nucleus is moved in a loop it will generate a magnetic field. The magnetic moment u is

related to the angular momentum of the nucleus by

p=yI

where Y is the gyromagnetic ratio, a proportionality constant unique to each nucleus. The table below shows some of

the gyromagnetic ratios for some commonly studies nuclei.

m y10’T1s1 | v/MHz Natural Abundance

'H 26.75 400 99.985
’H 4.11 61.4 0.015
3¢ 6.73 100.6 1.108
15N -2.71 40.5 0.37
19 25.18 376.5 100.0
g 10.84 162.1 100.0

The net or bulk magnetization of the sample is given by M and is the sum of each individual magnetic vector, or

M=3u

since these magnetic moments are vectors and are randomly aligned, the bulk magnetization arising from the
nucleus is zero. There may be unpaired electrons which give rise to paramagnetic, anti ferromagnetic, or
ferromagnetic properties. However, if an external magnetic field is applied, the nuclei will align either with or against

the field and result in a non-zero bulk magnetization.


http://chemwiki.ucdavis.edu/@api/deki/files/9460/Magnetogyric.jpg

Nuclear Energy Levels in a Magnetic Field

We now understand why the nucleus has a magnetic moment associated with it. Now we are getting to the crux of
NMR, the use of an external magnetic field. Initially, the nucleus is in the nuclear ground state which is degenerate.
The degeneracy of the ground state is 2I+1. The application of a magnetic field splits the degenerate 2I+1 nuclear

energy levels. The energy of a particular level is
E=—u-Bo
where B0 is the external magnetic field. Along the z-direction, which we assume the magnetic field is applied,
E=—uBo
by substitution,
E=—mhyBo

The magnitude of the splitting therefore depends on the size of the magnetic field. In most labs this magnetic field is
somewhere between 1 and 21T. Those spins which align with the magnetic field are lower in energy, while those that

align against the field are higher in energy.
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Figure: Splitting of the energy levels for a I=1/2 (black dashed lines), I= 3/2 (blue dashed lines), and 1=5/2 (red
dashed lines). Note how the energy level is dependent on the applied magnetic field. The offset of the red and blue
lines is for illustrative purposes only.
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Energy Level Spin Distribution

In the absence of a magnetic field the magnetic dipoles are oriented randomly and there is no net magnetization
(vector sum of p is zero). Application of an external magnetic field, as was shown above, creates distinct energy
levels based on the spin angular momentum of the nucleus. Each energy level is populated by the spins which have
the same angular momentum. To illustrate this, consider a I=1/2 system. There are two energy levels, +1/2 and -1/2,
which are populated by spins that have aligned against or with the external magnetic field, respectively.

m=+1/2

Figure 10. Spins configurations according to applied magnetic field

The energy separation between these states is relatively small and the energy from thermal collisions is sufficient to
place many nuclei into higher energy spin states. The number of nuclei in each spin state can be described by
the Boltzmann distribution. The Boltzmann equation expresses the relationship between temperature and the related

energy as shown below.

NupperNlower=€-aexT=€-mir

Where N, and N,,.. represent the population of nuclei in upper and lower energy states, E is the energy difference
between the spin states, k is the Boltzmann constant (1.3805x10-23 J/Kelvin ) and T is the temperature in K. At room
temperature, the number of spins in the lower energy level, N ..., slightly outnumbers the number in the upper level,
N oper
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Selection Rules

The selection rule in NMR is
Am=+1

For a nucleus with 1=1/2 there is only one allowed transition. For nuclei with 1>1/2, there are multiple transitions which
can take place. Consider the case of 1=3/2. The following transitions can take place

—32—12
1212
1232

which is illustrated below.
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are known as satellite transitions, while the

1212
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transition is known as the central transition. The central transition is primarily observed in an NMR experiment. For
more information about satellite transitions please look at guarupole interactions.

The NMR Experiment

During the NMR experiment several things happen to the nucleus, the bulk magnetization is rotated from the z axis
into the xy plane and then allowed to relax back along the z-axis. A full theoretical explanation for a single atom was
developed by Bloch into a set of equations known as the Bloch equations. From the NMR_experiment chosen a
variety of information can be gleaned by studying different interactions.
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