1 The Physical Basis
of NMR Spectroscopy

1.1 Introduction

In 1946 two research groups, that of F. Bloch, W.W. Hansen
and M. E. Packard and that of E. M. Purcell, H. C. Torrey and
R.V. Pound, independently observed nuclear magnetic reso-
nance signals for the first time. Bloch and Purcell were jointly
awarded the Nobel Prize for Physics in 1952 for their discovery.
Since then nuclear magnetic resonance (NMR) spectroscopy
has developed into an indispensable tool for chemists, bio-
chemists, physicists, and more recently medical scientists.
During the first three decades of NMR spectroscopy all measure-
ments relied on one-dimensional modes of observation; this
gives spectra having just one frequency axis, the second axis
being used to display the signal intensities. The development of
two-dimensional NMR experiments during the 1970s heralded
the start of a new era in NMR spectroscopy. Spectra recorded
by these methods have fwo frequency axes, the intensities
being displayed in the third dimension. More recently it has
even become possible to perform experiments with three or
more dimensions, although these are still far from being routine
techniques. The importance of the position that NMR spec-
troscopy now occupies is illustrated by the awards of the
Nobel Prize for Chemistry in 1991 to R.-R. Ernst and in 2002
to K. Wiithrich, and of the Nobel Prize for Medicine in 2003
to P. Lauterbur and P. Mansfield for their pioneering research
on NMR methods in chemistry, biochemistry and medicine.
The new techniques that have emerged during the last few
years show that developments in NMR spectroscopy are still
far from coming to an end.

This book aims to explain why it is that, for chemists espe-
cially, NMR spectroscopy has become (possibly) the most
important of all spectroscopic methods.

The main field of application of NMR spectroscopy is that of
determining the structures of molecules. The necessary infor-
mation for this is obtained by measuring, analyzing and inter-
preting high-resolution NMR spectra recorded on liquids of
low viscosity (or in some cases on solids by using special tech-
niques and instruments that have been developed in the last few
years). In this book we will confine our attention almost exclu-
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sively to high-resolution NMR spectroscopy on liquids, since
solid-state measurements involve quite different experimental
techniques and the interpretation often brings in extra compli-
cations.

The nuclides that mainly interest us are protons (!H) and car-
bon-13 (13C), as their resonances are the most important ones
for determining the structures of organic molecules. However,
in the following chapters we shall meet also examples of
NMR spectroscopy of other nuclides whose NMR signals can
now be observed without difficulty.

In order to understand NMR spectroscopy we first need to
learn how nuclei which have a nuclear angular momentum P
and a magnetic moment # behave in a static magnetic field.
Following this we shall discuss the basic NMR experiment, the
different methods of observation, and the spectral parameters.

1.2 Nuclear Angular Momentum
and Magnetic Moment

Most nuclei possess a nuclear or intrinsic angular momentum
P. According to the classical picture the atomic nucleus,
assumed to be spherical, rotates about an axis. Quantum
mechanical considerations show that, like many other atomic
quantities, this angular momentum is quantized:

P=,/IU+1)h (1-1)

Here i = h/2z, where h is Planck’s constant (= 6.6256
x 10734 J s), and [ is the angular momentum quantum number,
usually called simply the nuclear spin. The nuclear spin can
have the values I = 0, 1/2, 1, 3/2,2 . . . up to 6 (see also Table
1-1). Neither the values of I nor those of P can yet be predicted
from theory.

The angular momentum P has associated with it a magnetic
moment . Both are vector quantities, and they are proportional
to each other:

u=yP (1-2)

The proportionality factor yp is a constant for each nuclide
(i. e. each isotope of each element), and is called the magneto-
gyric ratio. The detection sensitivity of a nuclide in the NMR
experiment depends on y; nuclides with a large value of y are
said to be sensitive (i.e. easy to observe), while those with a
small p are said to be insensitive.

By combining Equations (1-1) and (1-2) we obtain for the
magnetic moment y:

u=y/II +1)h (1-3)



Table 1-1.
Properties of some nuclides of importance in NMR spectroscopy.

Nucli- Spin  Natural Magnetic  Electric Magnetogyric NMR Relative
de 1 abundance® Moment? quadrupole  ratio® y frequency?® receptivity®
[%] Uzlun moment® O [107rad T-'s™!] [MHz]
[10-30 m?] (Bo-=-2.3488 T)

H 12 99.9885 2.7928 - 26.7522 100.000 1.00

’H 1 0.0115 0.8574 0.2860 4.1066 15.3506 9.65x 1073
SHY 12 - 2.9790 - 28.5350 106.6640 1.21

OLi 1 7.59 0.8220 —0.0808 3.9372 14.7170 8.50x 103
108 3 19.9 1.8006 8.459 2.8747 10.7456 1.99 x 102
B 3/2 80.1 2.6887 4.059 8.5847 32.0897 1.65x 10!
2C 0 98.9 - — - - -

13C 12 1.07 0.7024 - 6.7283 25.1504 1.59 x 102
14N 1 99.63 0.4038 2.044 1.9338 7.2285 1.01 x 1073
15N 12 0.368 —-0.2832 — —2.7126 10.1398 1.04 x 103
160 0 99.96 - - - - -

70 52 0.038 -1.8938 —2.558 -3.6281 13.5617 2.91x 102
F 12 100 2.6269 - 25.1815 94.0670 8.32x 10!
2Na 312 100 2.2177 10.4 7.0809 26.4683 9.27 x 102
Mg 512 10.00 -0.8555 19.94 -1.6389 6.1260 2.68 x 103
29Si 12 4.68 —0.5553 - -5.3190 19.8826 7.86 x 103
3p 12 100 1.1316 — 10.8394 40.5178 6.65x 102
K 3/2 93.258 0.3915 5.85 1.2501 4.6727 5.10x 10#
BCa T2 0.135 -1.3176 —4.08 -1.8031 6.7399 6.43x 103
STFe 12 2.119 0.0906 — 0.8681 3.2448 3.42x10°°
MCo T2 100 4.627 42.0 6.332 23.6676 2.78 x 101
"9Sn 12 8.59 -1.0473 - -10.0317 37.2906 5.27x 102
133Cs 712 100 2.5820 —0.343 3.5333 13.1161 4.84x 102
B5pt 12 33.832 0.6095 - 5.8385 21.4968 1.04 x 102

2) Values from [1].
b) z-component of nuclear magnetic moment in units of the nuclear magneton .
Values from the Bruker Almanac 2010. yx = eh/4mmy,, myp: mass of the proton = 5.05095 x 10-27 JT-'.
©) Receptivity is expressed relative to 'H (= 1) for constant field and equal numbers of nuclei.
Values from the Bruker Almanac 2010.
9 3H is radioactive.

Nuclides with spin I = 0 therefore have no nuclear magnetic
moment. Two very important facts for our purposes are that
the 12C isotope of carbon and the 60 isotope of oxygen belong
to this class of nuclides — this means that the main building
blocks of organic compounds cannot be observed by NMR spec-
troscopy.

For most nuclides the nuclear angular momentum vector P
and the magnetic moment vector g point in the same direction,
i.e. they are parallel. However, in a few cases, for example
15N and ?°Si (and also the electron!), they are antiparallel. The
consequences of this will be considered in Chapter 10.



1.3 Nuclei in a Static Magnetic
Field

1.3.1 Directional Quantization

If a nucleus with angular momentum P and magnetic moment
u is placed in a static magnetic field By, the angular momentum
takes up an orientation such that its component P, along the
direction of the field is an integral or half-integral multiple
of h:

P,=mh (1-4)
Here m is the magnetic or directional quantum number, and
can take any of the valuesm =1, -1, ... ... —1I.

It can easily be deduced that there are (27 + 1) different
values of m, and consequently an equal number of possible
orientations of the angular momentum and magnetic moment
in the magnetic field. This behavior of the nuclei in the magnetic
field is called directional quantization. For protons and 3C
nuclei, which have I = 1/2, this results in two m-values (+ 1/2
and —1/2); however, for nuclei with I = 1, such as 2H and “N,
there are three values (m = + 1, 0 and —1; see Fig. 1-1).

From Equations (1-2) and (1-4) we obtain the components of
the magnetic moment along the field direction z:

Hy = myh (1'5)

In the classical representation the nuclear dipoles precess
around the z-axis, which is the direction of the magnetic field —
their behavior resembles that of a spinning top (Fig. 1-2). The
precession frequency or Larmor frequency vy is proportional
to the magnetic flux density Bo:

Y
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However, in contrast to the classical spinning top, for a pre-
cessing nuclear dipole only certain angles are allowed, because
of the directional quantization. For the proton with 7 = 1/2, for
example, this angle is 54°44'.

v = |—| By (1-6)

1.3.2 Energy of the Nuclei in the
Magnetic Field

The energy of a magnetic dipole in a magnetic field with a
flux density By is:
E = —u, By (1'7)

Figure 1-1.

Directional quantization of the
angular momentum P in the mag-
netic field for nuclei with 7 = 1/2
and 1.

z,8,

Mm=+12 fu)

m=-112 1)

Figure 1-2.

Precession of nuclear dipoles with
spin / = 1/2 around a double cone;
the half-angle of the cone is 54°44'.



Thus, for a nucleus with (2 I + 1) possible orientations there
are also (21 + 1) energy states, which are called the nuclear Zee-
man levels. From Equation (1-5) we have:

E=—myhB, (1-8)

For the proton and the 3C nucleus, both of which have
I = 1/2, there are two energy values in the magnetic field corre-
sponding to the two m-values + 1/2 and — 172. If m = + 1/2, u,
is parallel to the field direction, which is the energetically pre-

ferred orientation; conversely, for m = — 1/2, u, is anti-
parallel. In quantum mechanics the m = + 1/2 state is described
by the spin function a, while the m = — 1/2 state is described by

the spin function f; the exact form of these functions need not
concern us here.

For nuclei with I/ = 1, such as 2H and N, there are three
m-values (+1, 0 and —1) and therefore three energy levels
(Fig. 1-3).

f=112 =1
£ 'H,BC 2H,“'N
2=V e £ = U2 yhB, M=\ £ =B,
0 M0 ———— £y=0
M=+ UL {Q) e £ =12 ¢FB, w4l —————— £ =-yhB,

The energy difference between two adjacent energy levels is:
AE = Y h B() (1-9)

Figure 1-4illustrates, taking the example of nuclei with / = 1/2,
that AE is proportional to Bo.

£
4 m==-12 ([}
"
. AF, AE,
m=+12 (o)
5 & &

Figure 1-3.
Energy level schemes for nuclei
with 7 = 1/2 (left) and I = 1 (right).

Figure 1-4.

The energy difference AE between
two adjacent energy levels as a
function of the magnetic flux
density Bo.



1.3.3 Populations of the Energy Levels

How do the nuclei in a macroscopic sample, such as that in
an NMR sample tube, distribute themselves between the differ-
ent energy states in thermal equilibrium? The answer to this
question is provided by Boltzmann statistics. For nuclei with
I=1/2,if we represent the number of nuclei in the upper energy
level by N and the number in the lower energy level by N,
then:

N, AE hB
™ _ —AE/kgT 1 _ _q e

(1-10)

Nq kgT kgT

where kg is the Boltzmann constant (= 1.3805 x 102 J K—1)
and T is the absolute temperature in K.

For protons — and also for all other nuclides — the energy
difference AE is very small compared with the average energy
ksT of the thermal motions, and consequently the populations
of the energy levels are nearly equal. The excess in the lower
energy level is only in the region of parts per million (ppm).

Numerical example for protons:

O With a magnetic flux density Bo = 1.41 T (resonance frequency
60 MHz) the energy difference is given by Equation (1-9) as:
AE ~2.4x1072J mol~! (= 0.6 x 102 cal mol ).
The p-value needed for the calculation can be obtained from Table
1-1; alternatively we can anticipate Section 1.4.1 and calculate it
from Equation (1-12).
For a temperature of 300 K these values give:
Np =~ 0.9999904 N,.
For By = 7.05 T (resonance frequency 300 MHz) the difference is
greater:
Np =~ 0.99995 Nq.

1.3.4 Macroscopic Magnetization

According to the classical picture, a nucleus with 1 = 1/2
(e.g. 'H or 13C) precesses around the field axis z on the surface
of a double cone as shown in Figure 1-5. If we add the z-com-
ponents of all the nuclear magnetic moments in a sample
we obtain a macroscopic magnetization Mo along the field
direction, since N is greater than Npg. The vector My plays an
important role in the description of all types of pulsed NMR
experiments.

Figure 1-5.

Distribution of the precessing
nuclear dipoles (total number
N = Ny + Npg) around the
double cone. As Ny > Nj there
is a resultant macroscopic
magnetization M.



1.4 Basic Principles of the
NMR Experiment

1.4.1 The Resonance Condition

In the nuclear magnetic resonance experiment transitions are
induced between different energy levels by irradiating the nuclei
with a superimposed field B, of the correct quantum energy, i. e.
with electromagnetic waves of the appropriate frequency v;.
This condition enables the magnetic component of the radiation
to interact with the nuclear dipoles.

Let us consider the protons in a solution of chloroform
(CHCl3). The energy level scheme on the left-hand side of
Figure 1-3 is appropriate for this case, and transitions between
the energy levels can occur when the frequency v; is chosen so
that Equation (1-11) is satisfied:

hv = AE (1-11)

Transitions from the lower to the upper energy level corre-
spond to an absorption of energy, and those in the reverse direc-
tion to an emission of energy (arrows labeled ‘a’ and ‘e’ respec-
tively in Figure 1-6). Both transitions are possible, and they are
equally probable. Each transition is associated with a reversal of
the spin orientation. Due to the population excess in the lower
level, the absorption of energy from the irradiating field is the
dominant process. This is observed as a signal, whose intensity
is proportional to the population difference N,-Np, and is there-
fore also proportional to the total number of spins in the sample,
and thus to the concentration. However, if the populations are
equal (Ny = Np) the absorption and emission processes cancel
each other and no signal is observed. This condition is called
saturation.

From Equations (1-9) and (1-11) we obtain the resonance
condition:

Y
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The term “resonance” relates to the classical interpretation
of the phenomenon, since transitions only occur when the fre-
quency v, of the electromagnetic radiation matches the Larmor
frequency .

So far we have considered nuclei with 7 = 1/2, for which there
are only two energy levels. But what transitions are allowed
when there are more than two such levels, as is the case for
nuclei with 7 = 1 (Fig. 1-3, right-hand level scheme), and for
the coupled systems with several nuclei which will be discussed

By (1-12)

'L = V1 =

E
I I
3
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Figure 1-6.

Energy level scheme for a system of
nuclei with spin / = 1/2. Irradiation
with the frequency v such that

hvi = AFE induces absorption (a)
and emission (e) transitions.



later? The answer provided by quantum mechanics is that only
those transitions in which the magnetic quantum number m
changes by 1, i. e. single quantum transitions, are allowed:

Am = +1 (1-13)

Therefore the only transitions that can take place are those
between adjacent energy levels. According to this selection
rule the transition from m = + 1to m = — 1 for a “N nucleus
is forbidden.

Although coupled spin systems will not be treated until later,
we shall point out here that a simultaneous flipping of two or
more spins is forbidden. For example, in a two-spin system
one could imagine, in addition to the single-quantum transi-
tions, two other possible transitions, whereby both nuclei are
initially in the o-state (m = + 1/2) and simultaneously change
to the f-state (m = — 1/2). This would be a double quantum
transition, since the sum of the magnetic quantum numbers
changes by two (Am = 2). Or again we could have one nucleus
switching from the o- to the f-state while simultaneously the
other switches from the f- to the a-state. In this case Am = 0,
i.e. we would have a zero-quantum transition. According to
Equation (1-13) such double-quantum and zero-quantum transi-
tions are forbidden.

1.4.2 Basic Principle of the
NMR Measurement

NMR transitions in an analytical sample, producing a signal
in the receiver channel of the spectrometer, occur when the
resonance condition (Eq. 1-12) is satisfied. The most obvious
and straightforward way to arrive at this condition and to record
a spectrum is either to vary the magnetic flux density By with a
constant transmitter frequency v (field sweep method), or to
vary the transmitter frequency v; with constant flux density Bo
(frequency sweep method). In either case the recorder drive is
linked directly to the field or frequency sweep, so that the re-
corder pen progressively traces out the spectrum. This is called
the continuous wave (CW) method, as it uses uninterrupted
radiofrequency power, unlike the pulsed method described in
the next section. The CW method was the basis of all NMR
spectrometers constructed up to about the end of the 1960s,
but it has been entirely superseded by the pulsed method, for
reasons that we shall see later.

The CW method was usually adequate for recording the spec-
tra of sensitive nuclides such as 'H, °F and 3!P; these have
I = 1/2 with large magnetic moments, and also high natural
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abundance. Routine measurements on insensitive nuclides and
those with low natural abundance, 3C for example, and also
on very dilute solutions, were at first out of the question. To
make this possible it was necessary to develop new NMR spec-
trometers and new measurement techniques.

With regard to spectrometers an important innovation was
the introduction of cryomagnets, which make possible consid-
erably higher magnetic field strengths (Bo > 2.35 T) than can
be reached with permanent magnets or electromagnets (see
Table 1-2), and therefore higher sensitivities. However, the
decisive step forward was achieved through pulsed NMR spec-
troscopy, a technique whose development has been closely
linked to the rapid advances made in computer technology.
During the 1960s R.-R. Ernst, together with W.- A. Anderson
[2], pioneered the application of such techniques to NMR spec-
troscopy (pulsed Fourier transform or PFT spectroscopy), and
thereby initiated the development of a new generation of spec-
trometers and experiments (see Chapters 8 and 9). The text of
Ernst’s Nobel Lecture [3] gives a fascinating insight into this
phase of the development of NMR spectroscopy. The pulsed
Fourier transform method will be described in detail in the
next section, as it forms the basis of modern NMR spectroscopy.

The treatment given here will be based on the classical
description using vector diagrams, as already introduced in Sec-
tion 1.3. Then, in Section 1.5.6, we will come to the basic princi-
ples and main features of an NMR spectrometer.

1.5 The Pulsed NMR Method

1.5.1 The Pulse

In the pulse method all the nuclei of one species in the sam-
ple, e. g. all the protons or all the 3C nuclei, are excited simulta-
neously by a radiofrequency pulse. What does such a pulse con-
sist of, and how is it generated?

A radiofrequency generator usually operates at a fixed fre-
quency vi. However, if it is switched on only for a short time
7p, one obtains a pulse which contains not just the frequency v
but a continuous band of frequencies symmetrical about the cen-
ter frequency vi. However, only a part of the frequency band is
effective in exciting transitions, and this part is approximately
proportional to 7p~!. In NMR experiments the pulse duration
7p is of the order of a few ps (Fig. 1-7).

The choice of the generator frequency v, is determined by Bg
and the nuclide to be observed. For example, to observe proton

Table 1-2.

'H and '3C resonance frequencies
at different magnetic flux densities
Bo.»

By Resonance
frequencies
(T] [MHz]
1H 13C
2.35 100 25.15
4.70 200 50.32
5.87 250 62.90
7.05 300 75.47
9.40 400 100.61
11.75 500 125.76
14.10 600 150.90
16.44 700 176.05
17.62 750 188.62
18.79 800 201.19
21.14 900 226.34
23.49 1000 251.48

) Values from the Bruker Almanac
2010.

Figure 1-7.

Schematic representation of a
pulse. The r. f. generator (fre-
quency v) is switched on at time
to and off at #;. The pulse duration
7p is typically several ps.



transitions at By = 4.70 T, the required generator frequency is
200 MHz, whereas for observing 3C resonances it must be
50.32 MHz. The pulse duration needed for the experiment
depends on the width of the spectrum. For example, if
7p = 1073 s the frequency band is about 10° Hz wide. Provided
that v, is correctly chosen, all the frequencies in the spectrum
to be recorded are contained in this band (Fig. 1-8).

The amplitudes of the frequency components of a pulse
decrease with increasing separation from v;. Since, however, it
is desirable that all the nuclei should be irradiated equally in
the experiment so far as possible (see Section 1.6.3), “hard
pulses” are used, i.e. short pulses of high power. The pulse
duration is so chosen that the frequency band width exceeds
the width of the spectrum by one to two powers of ten; the
power level is typically several watts.

1.5.2 The Pulse Angle

We consider the simplest case, that of a sample containing
only one nuclear species i, for example the protons in a chloro-
form solution (CHClz). As shown in Figure 1-5, the nuclear
moments precess with the Larmor frequency v, on the surface
of a double cone, and as a result of the difference in populations
there is a macroscopic magnetization My along the field direc-
tion. To induce NMR transitions the radiofrequency pulse is
applied to the sample along the direction of the x-axis. The mag-
netic vector of this electromagnetic radiation is then able to
interact with the nuclear dipoles, and therefore with My. So
that we can more easily visualize this quantum mechanical pro-
cess, the linear alternating magnetic field along the x-direction
will be represented by two vectors with the same magnitude
By, rotating in the x, y-plane with the same frequency v, one
of which, B; (r), rotates clockwise, while the other, By (1),
rotates anticlockwise (Fig. 1-9). The sum of these two vectors
gives the alternating magnetic field along the x-direction, its
maximum value being 2B;. Of the two rotating magnetic field
components only the one which has the same direction of rota-
tion as the precessing nuclear dipoles can interact with them
(and thus with My); from now on this component will be called
simply By. Under its influence My is tipped away from the z-
axis (the direction of the static field By); this tilting occurs in a
plane perpendicular to the direction of B;. However, as this
plane rotates with the Larmor frequency v, the complicated
motion of My is difficult to show in a diagram. If instead of the
fixed coordinate system x, y, z we use a rotating coordinate sys-
tem x', y', z, which rotates with the same frequency as B, the
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Figure 1-8.

Frequency components of a pulse.
The band extends approximately
from v —p— 1 to vy + zp~1; vy is the
generator frequency and va and vg
are the resonance frequencies of
nuclei A and B.

Figure 1-9.

Representation of a linear alter-
nating field (max. 2Bj) as the
sum of two rotating fields, B (r)
(clockwise) and By (1) (anticlock-
wise).



orientation and magnitude of B in this system are fixed. As the
x'-axis of the rotating coordinate system is normally defined as
being along the direction of By, the effect of B is to turn the vec-
tor My about the x’-axis, i. e. in the y’, z-plane. Equation (1-14)
shows that the angle @ through which it is tipped increases with
the amplitude By; of the component of the r. f. pulse at the fre-
quency v; of the nuclear resonance transition, and with the
length of time for which the pulse is applied.

0 = J/Bu p (1-14)

The angle O is called the pulse angle. The majority of pulse
techniques can be understood in terms of two special cases,
namely experiments with pulse angles of 90° and 180°. If, as in
the case just described, the direction of B; coincides with that
of the x’-axis, these are called 903 and 180% pulses. In Figure
1-10 the position of the magnetization vector following a 90%
pulse, a 1803 pulse, and a pulse of arbitrary angle Oy is
shown. In the vector diagrams the direction of B; is indicated
by a wavy line.

If B is along the direction of the y’-axis, as in experiments
that we shall meet in Chapters 8 and 9, we speak of a 905 or a
1803 pulse; in the vector diagrams the wavy line is then along
the y’-axis of the rotating coordinate system.

From these vector diagrams it is seen that the transverse
magnetization M, is greatest immediately after a 903 pulse,
and is zero for @y = 0° or 180°. The transverse component M,
is crucial for the observation of an NMR signal, since the re-
ceiver coil is orientated with its axis along the y-direction, and
as a consequence of the detection method used a signal propor-
tional to M, is induced in it. This signal is a maximum for a 90%
pulse, whereas for a 180% pulse no signal can be observed.

Without going into the details, this can be illustrated by the
following experiment. Equation (1-14) shows that the pulse
angle can be increased either by increasing the amplitude of
the pulse component Bjy; or by increasing the pulse duration 7p.
To obtain the results reproduced in Figure 1-11 we kept By; con-
stant and increased the pulse duration 7p in steps of 1 ps; the sig-

Figure 1-10.
Direction of the macroscopic

magnetization vector My in the

rotating coordinate system:

a) after a pulse of arbitrary angle
Oy ; b) after a 90% pulse; c) after

a 180% pulse. The wavy line along

the x’-axis indicates the direction

of the effective B field.
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nal recorded in each case is shown. The signal amplitude passes
through a maximum at a zp value of about 7 to 9 ps, then again
falls and is approximately zero at 7p ~ 15 to 16 ps. The maxi-
mum corresponds to a pulse angle of 90°, and where the signal
passes through zero the pulse is 180°. The experiment also
shows that the time interval 7p needed for a 90° pulse must be
doubled to give a 180° pulse.

For still greater values of 7p a signal is again observed, but
with negative amplitude, i.e. it appears in the spectrum as an
inverted peak. From the vector diagram we can understand
why this is so: for a pulse angle greater than 180° a transverse
component — M, in the direction of the negative y’-axis appears,
inducing a negative signal in the receiver coil.

Up to now we have described, with the help of vector dia-
grams (Fig. 1-10), the effects of the pulses on the macroscopic
magnetization vector Mp. But what has become of the
N = Ny + Np individual spins which together make up Mo?
The condition of the spin system after the 1803 pulse is easy to
visualize: the populations Ny and N have been exactly reversed
by the experiment, so that there are now more nuclei in the
upper than in the lower energy level. However, to describe the
situation after the 90% pulse is more complicated. In this case
M, = 0, and the two Zeeman levels are equally populated.
However, this situation differs from that of saturation which
was mentioned earlier (see Section 1.4.1), because after the
903 pulse a magnetization in the y’-direction is present, whereas
in saturation it is not. The way in which this transverse magneti-
zation comes about can be understood by the following picture:
under the influence of the B field the individual nuclear dipoles
no longer precess with their axes in a uniform random distribu-
tion over the surface of the double cone, but instead a (small)
fraction precess in phase, bunched together. This condition is
referred to as phase coherence (Fig. 1-12; see also Section 7.3).
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Figure 1-11.

Dependence of the NMR signal
from a water sample on the pulse
angle 0. In the experiment the
pulse duration 7p was increased in

1 s steps. The maximum signal
amplitude is obtained with a 90°
pulse, which in this case corre-
sponds to a pulse duration of about
8 us. For 7p = 15 to 16 ps the signal
amplitude is zero, as the pulse angle
is then 180°. For still longer pulses
the signal amplitude is negative.

Figure 1-12.

Pictorial representation of phase
coherence: after a 90% pulse a
fraction of the nuclear spins (not
all!) are bunched together in phase
as they precess about the field
direction z.



1.5.3 Relaxation

At the instant when the pulse is switched off the magnetiza-
tion vector My is deflected from its equilibrium position
through an angle @. My, like the individual spins, precesses
about the z-axis with the Larmor frequency v, ; its orientation
at any instant is specified in the stationary coordinate system
by the three components My, M, and M., which vary with the
time ¢ (Fig. 1-13).

The spin system now reverts to its equilibrium state by
relaxation, with M, growing back to its original value My,
while M, and M, approach zero. The rather complicated motion
of the magnetization vector, both during the application of the
radiofrequency field and in the subsequent relaxation, was
mathematically analyzed by F. Bloch. He assumed that the
relaxation processes were first-order and could be described by
two different relaxation times 771 and 7». The analysis leads to
a set of equations (or a single vector equation) which describe
the variation with time of My, M, and M. If, instead of the sta-
tionary coordinate system x, y, z, we use a rotating coordinate
system x’, y’, z which rotates at the Larmor frequency (see pre-
vious section) the equations become much simpler, as they no
longer include the precession about the z-axis. For the situation
after the pulse has been switched off (B; = 0), this gives the
Bloch equations for relaxation in the rotating frame:

aMm M,—M,
SR M (1-15)
dr T,
dMy My dM, My
= -7 and =-- (1-16)
dr T dr T,

T is the spin-lattice or longitudinal relaxation time, while T is
the spin-spin or transverse relaxation time.

The reciprocals 777! and T>~! of the relaxation times corre-
spond to the rate constants for the two relaxation processes.

To illustrate how simple the description of relaxation
becomes in the rotating coordinate system, we will use the
above equations to consider what happens to the transverse
magnetization after a 903 pulse.

After the pulse M) lies along the y’-axis at the instant = 0
(Fig. 1-14a). Consequently Mo = M,.. Since the y’-axis rotates
at the Larmor frequency of the nuclei, the transverse magnetiza-
tion in the y’-direction remains constant, or more exactly, its
magnitude only decreases with time at a rate determined by
the loss through relaxation. As a result of this relaxation the
precessing dipoles, which are at first bunched together (see

Figure 1-13.

The macroscopic magnetization
vector My, after being turned from
its equilibrium orientation through
an angle @ by applying a pulse,
now precesses with the Larmor
frequency vi.. At the instant ¢ it has
the coordinates My, M, and M., in
the stationary coordinate system.
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Figure 1-12), gradually fan out, so that M, becomes smaller and
eventually zero. This is shown schematically by the vector dia-
grams in Figure 1-14 b and c. Here the magnetic moments of
the individual spins are represented by showing only their com-
ponents in the x’, y’ plane (thin arrows). According to Equation
(1-16) this decrease is exponential (Figure 1-14 d), and its rate is
determined by the transverse relaxation time 7.

In the discussion of one- and two-dimensional pulse tech-
niques in Chapters 8 and 9 we shall return in detail to the ques-
tion of the motion of the vectors in the stationary and rotating
coordinate systems. The phenomenon of relaxation will be
treated in Chapter 7.

1.5.4 The Time and Frequency Domains;
the Fourier Transformation

The signal detected by the NMR spectrometer following a
pulse is determined by M, , but it does not normally look like
the decay curve shown in Figure 14 d. Because of the detection
method used, such a curve would only be obtained if the genera-
tor frequency 1, and the resonance frequency of the observed
nuclei accidentally coincided. Instead the receiver produces a
curve like that shown for CH3I (1) in Figure 1-15. The envelope
of this curve corresponds to the curve of Figure 1-14 d. In this
example, where there is only a single resonance frequency for
the three equivalent protons of the methyl group, the time
interval between successive maxima is 1/Av, the reciprocal of
the difference in frequency between v; and the resonance fre-
quency ¥; of the nuclei. This decay of the transverse magnetiza-
tion as detected in the receiver is called the free induction
decay (FID).

If the sample contains nuclei with different resonance fre-
quencies, or if the spectrum consists of a multiplet as a result
of spin-spin coupling (see Section 1.6), the decay curves of the
different transverse magnetization components are superim-
posed and interference between the FIDs occurs. Figure 1-16 A
shows such an interferogram for the '3C resonance of
BCH30H (2). This interferogram contains the resonance fre-
quencies and intensities which are of interest to us. However,
we cannot analyze the interferogram directly, as we are accus-
tomed to interpreting spectra in the frequency domain rather
than in the time domain. Nevertheless, the two spectra can
each be derived from the other by a mathematical operation
called the Fourier transformation (FT):
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Figure 1-14.

Transverse or spin-spin relaxation.
A 905 pulse turns My into the y’-
direction (a), then the bunched
precessing nuclear dipoles gradually
fan out due to spin-spin relaxation
(b and c). Diagram d shows the
exponential decay of the transverse
magnetization component M.
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f(¢) corresponds to the spectrum in the time domain, and
g(w) to that in the frequency domain. g(w) is a complex func-
tion, i. e. it consists of a real part Re and an imaginary part Im.
In principle it is equally valid to display the spectrum by using
either the real part or the imaginary part, since both represent
the frequency spectrum. However, the phases of the signals dif-
fer by 90°, and thus in the first case an absorption mode signal is
obtained, whereas in the second case one has a dispersion mode
signal. In one-dimensional NMR spectroscopy it is usual to
represent the spectrum by the real part and thus to display
absorption mode signals (Fig. 1-17).

Figure 1-15.

90 MHz 'H NMR spectrum of
methyl iodide CH3I (1); one pulse,
spectral width 1200 Hz, 8 K data
points, acquisition time 0.8 s. A:
time domain spectrum (FID); the
generator frequency is almost
exactly equal to the resonance fre-
quency of the sample; B: frequency
domain spectrum obtained by
Fourier transformation of A.

Figure 1-16.

22.63 MHz 3C NMR spectrum of
methanol *CH3OH (2); solvent:
D-0, 17 pulses, spectral width
1000 Hz, 8 K data points. A: Time
domain spectrum (FID); B: fre-
quency domain spectrum obtained
by Fourier transformation of A.
This consists of a quartet, as the 13C
nucleus is coupled to the three
protons of the methyl group.

A f

Figure 1-17.

A Absorption signal

B: Dispersion signal

C: “Absolute value” signal
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Because of the method of detection used one usually obtains
after the Fourier transformation signals containing both
absorption and dispersion components. However, by means of
a mathematical operation called phase correction the dispersion
component can be removed, so that all the signals in the spec-
trum are of the usual absorption form.

Figures 1-15 B and 1-16 B show the phase-corrected fre-
quency spectra obtained by Fourier transformation of the
interferograms 1-15 A and 1-16 A. The 'H NMR spectrum of
methyl iodide consists of a singlet, whereas the 3C spectrum
of BCH3O0H is a quartet.

In two-dimensional NMR spectroscopy, for example in dis-
playing COSY spectra, one often uses the “absolute values” of
the signals, thus giving the “magnitudes spectrum” M. For this
purpose the spectrum is computed by using the expression
M = VRe? + Im?. This too gives a frequency spectrum with
absorption-type signals, but the peaks computed in this way
have a broader base than those computed from the real compo-
nent. However, the great advantage of this form of presentation
is that no problems arise from any phase differences between
the signals that may occur. We shall return to this problem in
Section 9.4.2.

The theory of the Fourier transformation, descriptions of
computer programs for performing FT calculations, and other
details of the technique can be found in the specialist literature
cited in Section 1.8 under “Additional and More Advanced
Reading”.

1.5.5 Spectrum Accumulation

Usually the intensity of an individual FID is so weak that
after Fourier transformation the signals are very small com-
pared with the noise. This is especially so for nuclides with low
sensitivity and low natural abundance (e. g. >C or PN), or for
very dilute samples. Therefore the FIDs of many pulses are
added together (accumulated) in the computer, and only then
transformed. In this accumulation the random electronic noise
becomes partly averaged out, whereas the contribution from
the signals is always positive and therefore builds up by addition.
The signal-to-noise ratio S : N increases in proportion to the
square root of the number of scans NS:

S:N~ VNS (1-18)

The accumulation of many FIDs — sometimes many hundreds
of thousands over a period of several days — calls for very precise
field-frequency stability and requires that the data from each
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FID are stored in the exactly corresponding memory addresses
in the computer. Any variation, including also that of tempera-
ture, causes a line broadening and a consequent loss of sensitiv-
ity (S : N). The device whose task is to ensure the necessary
field-frequency stability is called the lock unit. This uses a sepa-
rate radiofrequency channel to measure a nuclear resonance
other than that of the actual NMR experiment; most commonly
it is the 2H resonance of the deuterated solvent. For this one
needs a transmitter which excites the deuterium resonance
(using pulses), a receiver and amplifier, and a detector (signal
processor). If the magnetic field strength or the frequency
changes, the resonance condition is no longer exactly satisfied,
causing a reduction of the signal intensity. The lock unit
responds to this automatically, by applying a field correction
until the resonance condition is restored. Having thus achieved
field-frequency stability for the solvent, we can assume that
the same stability condition also applies for the nuclei in the dis-
solved molecules.

The lock signal can also be displayed on the monitor screen
when needed, and it is the normal practice to use it for optimiz-
ing the magnetic field homogeneity, either manually or automat-
ically. This is achieved by means of a “shim” unit as described in
Section 1.5.6, and the procedure of making the necessary adjust-
ments is called “shimming” in everyday laboratory jargon.

Recording an FID and storing it in digital form requires a cer-
tain length of time, which is called the acquisition time, and is
proportional to the number of memory locations used. The
number of locations chosen depends on the width of the spec-
trum, and it is therefore not possible to specify values which
are universally valid. For a spectrum with a width of 5000 Hz
and 8 K memory locations, for example, about 1 second is
needed to store the data (1 K = 219 = 1024). This is also the
shortest possible time interval between two successive pulses
(the pulse interval). The system is already starting to undergo
relaxation during the storage of the data, as can be observed
directly on the oscilloscope (Figs. 1-15 A and 1-16 A).

Because the magnetization decreases with time owing to
relaxation, the interferogram contains a higher proportion of
noise at the end of the acquisition than at the beginning. The
rate at which the FID decays is determined by the relaxation
time 7> and by field inhomogeneities (ABy). This fact is particu-
larly important when choosing the pulse interval for the experi-
ment, since in order to make precise intensity measurements the
system must be fully relaxed, i. e. must return to the equilibrium
condition, before each new pulse. In practice, however, in order
to use the time most efficiently, the next pulse usually follows
soon after the collection and storage of the FID data, before
equilibrium has been established. This means, firstly, that M,
has not yet reached its equilibrium value My, and secondly that
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there may still be some residual transverse magnetization com-
ponents M, and M, in the x’, y" plane. Usually one is prepared
to accept this disadvantage, but in some cases, especially in two-
dimensional experiments, the residual transverse magnetization
can cause artefacts.

An elegant solution which eliminates these unwanted trans-
verse magnetization components is to use pulsed field gra-
dients. Field gradients have long been used in magnetic reso-
nance tomography (see Chapter 14), but their use in high-
resolution NMR spectroscopy only became possible when
spectrometers began to be equipped with the appropriate
hardware, which includes special gradient coils within the
probe-head. The method of pulsed field gradients (PFG) has
now developed into a very important tool of modern NMR
spectroscopy, and therefore it will be described in detail later,
in Section 8.3.

1.5.6 The Pulsed NMR Spectrometer

NMR spectrometers are expensive instruments, as the ex-
periment imposes exacting requirements on both the homoge-
neity and the stability of the magnet and on the performance
of the electronics. In the context of this book it would be neither
practicable nor appropriate to describe in detail the construction
and mechanism of operation of a pulsed NMR spectrometer.
The discussion which follows will therefore only briefly outline
some of the basic points.

Figure 1-18 shows in schematic form the construction of a
pulsed NMR spectrometer. Its components are the cryomagnet,
the probe-head, the console, which contains all the associated
electronics, and the computer.

The Magnet: A very important component of every NMR
spectrometer is the magnet (1), shown here in the form of a cut-
away vertical section through the cylindrical-shaped assembly.
The quality of the magnet plays a key role in determining the
quality of the experimental measurement, and therefore of the
final spectrum. Until the early 1960s permanent magnets or
electromagnets were used, giving flux densities up to 1.41 T
(corresponding to an observing frequency of 60 MHz for pro-
tons); nowadays, however, by using cryomagnets it is possible
to reach flux densities as high as 21.14 T, giving a frequency of
900 MHz for protons. Table 1-2 lists typical magnetic flux densi-
ties B and the corresponding 'H and 13C resonance frequencies
for NMR spectrometers that have been used in the past and for
modern instruments. Very few spectrometers operating below
4.7 T (200 MHz for 'H) remain in use, and all modern instru-

18



000000000

[
NN NN NN N

Transmitter

Amplifier/Detcctor

Computer

S

ments are equipped with cryomagnets. With these magnets the
magnetic field By is directed along the axis of the sample tube.

The Probe-Head: The heart of an NMR spectrometer is the
probe-head (2), into which the sample is inserted. It contains
the transmitter and receiver coils, together with additional
coils for decoupling, for the lock, and for generating field gradi-
ents, and also a preamplifier. The probe-head is introduced into
the bore of the magnet from below. The diameter of the bore is
usually 5 cm.

The sample (3) is usually contained in a glass sample tube
with an external diameter of 5 mm and a length of about
20 cm, and is introduced into the probe-head from above by
means of a sample changer (4). When necessary, one can ensure
the most efficient utilization of the spectrometer by using an
automatic sample changer which can accommodate 50 samples,
thus allowing unattended operation overnight or during the

Figure 1-18.
Schematic diagram showing the
components of an NMR spectro-

meter with a cryomagnet. 1 cryo-

magnet assembly; a magnet coils

s

b, cfilling columns for liquid helium

and liquid nitrogen respectively;

d vacuum jackets of the inner and
outer Dewar vessels; 2 probe-head;
3 sample; 4 sample changer; 5 shim

coils.
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weekend, for example. The turbine for spinning the sample (see
below) and the shim coils for optimizing the field homogeneity
can also be considered, in a broad sense, as belonging to the
probe-head. These are housed in a separate tube which is con-
centric with the actual probe-head, but remains in the magnet
when the probe-head is changed. Usually the sample tube is
rotated rapidly about its longitudinal axis, which improves the
effective field homogeneity. The sample spinning device (tur-
bine) is at the upper end of the shim tube. In the latest genera-
tion of instruments the field homogeneity is so good that sample
spinning is not always necessary, and this has made it possible to
perform experiments with pulsed field gradients.

The Transmitter: The transmitter consists of a radiofrequency
generator and a frequency synthesizer, which provides the var-
ious frequencies needed for the NMR experiment (the observ-
ing frequency v, and the decoupling and lock frequencies), by
deriving all these from a fixed frequency generated by a quartz
crystal oscillator. The transmitter also produces pulses of the
required duration and power. All these functions are controlled
by the computer.

The Receiver: As explained earlier in Section 1.5.2, a radio-
frequency voltage proportional to the transverse magnetization
My is induced in the receiver coil. Its frequency corresponds
to the energy of the NMR transition [see Eq. (1-11)], typically
several hundred MHz. In general, because the transmitter
pulse can excite nuclear spins with slightly different precession
frequencies in the sample, the induced voltage does not have a
pure single frequency, but a spread of frequencies determined
by the chemical shifts (see next section), typically within a nar-
row range of a few kHz above or below the transmitter refer-
ence frequency v;. After receiving an initial boost from the pre-
amplifier within the probe-head, the signal must be further
amplified and processed. For technical reasons it is preferable
and easier to handle frequencies that are considerably lower
than v;, and therefore the method of detection employs a useful
trick which is standard practice in radio reception: using the fre-
quency v; as a reference base, a separate generator (in radio par-
lance the “local oscillator”) provides a new frequency v + v,
where v; ¢, called the intermediate frequency, is typically only a
few MHz (i.e., much lower than v). The local oscillator
frequency is “mixed” with the radiofrequency NMR signal to
form a new signal whose frequency is the difference between
the two. Most of the required amplification can then be carried
out conveniently and efficiently by an amplifier designed to
handle this intermediate frequency (i.f.). A phase-sensitive
detector then compares the amplified i.f. signal with an i.f.
reference voltage derived from the local oscillator, resulting in
a signal made up of relatively low frequencies which are the
differences between v and the frequencies picked up by the
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receiver coil. After further amplification by a low-frequency
broad-band amplifier, this interferogram or FID (like the exam-
ples seen earlier in Figures 1-15 A and 1-16 A) is sent to the
computer for processing.

In this method of detection the FID and the frequency-
domain spectrum derived from it are determined only by the
absolute values of the differences between the signal and refer-
ence frequencies, and consequently the system cannot distin-
guish between a signal at a frequency higher than v; and one at
a frequency lower than v; by the same amount. Thus, if two sig-
nals fortuitously had frequencies equidistant from v, one higher
and one lower, we would obtain only one signal in the spectrum.
To avoid this it is necessary to position the reference frequency
v; off one end of the spectrum rather than in the middle of it.
However, this has two disadvantages: firstly that one half of
the frequency band determined by the pulse duration 7p (see
Section 1.5.1) remains unused, and secondly that the electronic
noise from this unused part becomes “folded back” into the
spectrum. Both these effects result in a considerable sacrifice
of sensitivity. To avoid this, most modern pulse spectrometers
use quadrature detection. This method employs two phase-sensi-
tive detectors, one to measure M, ., the y’-component of the
magnetization vector, and the second to simultaneously mea-
sure M, the x'-component, which is shifted 90° relative to the
first. When both these components are used in the Fourier
transformation, their different phases make it possible to differ-
entiate between signals whose frequencies lie above and below
the reference frequency. It then becomes possible to position
v; in the middle of the spectral region to be observed, thus
increasing the sensitivity by a factor v/2.

The Computer: The interferogram emerging from the final
amplifier contains the information of the NMR spectrum in ana-
log form. Before one can obtain the spectrum in the usual fre-
quency-domain form, the information must first be digitized.
Measurements of the amplitude of the interferogram (voltage
values) are taken at regular time intervals, converted into digital
form, and stored in the computer (see Section 1.5.5, Spectrum
Accumulation). The Fourier transformation is then carried out
in a matter of seconds. In order to ensure that the NMR signals
appear at their correct frequencies in the Fourier-transformed
spectrum, the sampling interval must be short enough to give
at least two data points within each period of the highest fre-
quency component present in the interferogram. If this condi-
tion is not satisfied, the computer will treat that component as
if it were one of lower frequency, so that the signal becomes
back-folded in the spectrum, appearing in a position where
there should not actually be a signal. The highest frequency
that can be correctly handled by the system is called the Nyquist
frequency.
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Until comparatively recently the main tasks that the com-
puter had to perform were limited to data storage and Fourier
transformation. In modern instruments, however, the computer
is used to control nearly all the functions of the spectrometer.
These include loading programs and setting parameters for the
particular experiments that one wishes to perform, automatic
shimming, the analysis, simulation, prediction and interpreta-
tion of spectra, and very much more. Nowadays it is also pos-
sible for the spectrometer’s computer to be linked into a net-
work, so that FIDs and other data can be called up remotely
from another workstation, where they can be processed inde-
pendently [4].

1.6 Spectral Parameters:
a Brief Survey

1.6.1 The Chemical Shift

1.6.1.1 Nuclear Shielding

The discussion up to this point would lead one to expect only
one nuclear resonance signal for each nuclear species. If this
were really so the technique would be of little interest to the
chemist.

Fortunately, however, the resonances are influenced in char-
acteristic ways by the environments of the observed nuclei. Just
to make things simpler we have up to now assumed that we are
dealing with isolated nuclei. However, the chemist is concerned
with molecules, in which the nuclei are always surrounded by
electrons and other atoms. The result of this is that in diamag-
netic molecules the effective magnetic field B at the nucleus
is always less than the applied field By, i.e. the nuclei are
shielded. The effect, although small, is measurable. This obser-
vation is expressed by Equation (1-19):

Bt = Bo — 0By = (1 — 0) By (1-19)

Here o is the shielding constant, a dimensionless quantity
which is of the order of 10=> for protons, but reaches larger
values for heavy atoms, since the shielding increases with the
number of electrons. It should be noted that o-values are mole-
cular constants which do not depend on the magnetic field. They
are determined solely by the electronic and magnetic environ-
ment of the nuclei being observed.
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The resonance condition, Equation (1-12), thus becomes:

Y
v = —(1 —U)BQ
2w

(1-20)

The resonance frequency v; is proportional to the magnetic
flux density Bo and — more importantly for our purpose — to
the shielding factor (1 — 0). From this statement we arrive at
the following important conclusion: nuclei that are chemically
non-equivalent are shielded to different extents and give sepa-
rate resonance signals in the spectrum.

The 90 MHz 'H NMR spectrum (By = 2.11 T) of a mixture
of bromoform (CHBr3, 3), methylene bromide (CH>Br», 4),
methyl bromide (CHsBr, 5) and tetramethylsilane (TMS,
Si(CH3)s, 6), recorded by the frequency sweep method (see Sec-
tion 1.4.2), is reproduced in Figure 1-19. The signal of TMS
appears at exactly 90000000 Hz = 90 MHz; the signals of
the other compounds are found at 90000237 Hz (CH3Br),
90000441 Hz (CH2Br3) and 90000614 Hz (CHBr3). Thus the
proton in bromoform has the highest measured resonance fre-
quency and the protons in TMS the lowest. It follows from the
resonance condition, Equation (1-20), that the protons are
least shielded in bromoform and most shielded in TMS, i.e.:

o (CHBI‘3) <0 (CHzBrz) <0 (CH3BI‘) <0 (TMS)

In accordance with a universal convention, resonance signals in
NMR spectroscopy are recorded in such a way that the shielding
constant o increases from left to right.

(In a spectrum recorded by the field sweep method — constant fre-
quency v; and variable flux density Bo — to keep the signals in the same
sequence on the abscissa the magnetic flux density must increase from
left to right. Because of this fact it is customary for historical reasons
to use expressions such as “a signal appears at higher field”, or “a signal
is at lower field”).
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Figure 1-19.

90 MHz 'H NMR spectrum of a
mixture of CHBr3 (3), CH2Br>,
(4), CH3Br (5) and TMS (6).
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1.6.1.2 Reference Compounds
and the d-Scale

In Figure 1-19 no absolute values are given for the magnetic
flux density By or for the resonance frequencies v;, since the
measured frequencies are only valid for the experiment carried
out with Bp = 2.11 T. In NMR spectroscopy there is, unfortu-
nately, no absolute spectral scale, since the resonance frequency
and the magnetic flux density are interdependent as a conse-
quence of the resonance condition (Equation 1-20). A relative
scale is therefore used, whereby one measures the frequency
difference Av between the resonance signals of the sample and
that of a reference compound. Modern spectrometers are cali-
brated in such a way that the separation between the signals
can be read off directly in Hz, or printed out directly by the com-
puter.

Before each measurement the reference compound is added
to the sample to be examined, and in such cases it is therefore
called an internal standard. In practice one uses a solvent into
which one has previously added a suitable amount of a reference
compound. In 'H and 13C NMR spectroscopy tetramethylsilane
(TMYS) is usually employed for this purpose. TMS is particularly
suitable from both the spectroscopic and the chemical points of
view. The fact that it contains twelve equivalent, highly shielded
protons means firstly that only a small amount needs to be
added, and secondly that it gives only a single sharp peak,
which is at the right-hand end of the spectrum clearly separated
from most other resonances (Fig. 1-19). Moreover, TMS is
chemically inert, magnetically isotropic, and non-associating.
In addition, because of its low boiling point (26.5°C), it can be
easily removed in cases where the sample needs to be recovered.

If we measure the peak positions in the spectrum shown in
Figure 1-19, we obtain for the frequency differences Av from
TMS as internal standard the values 614, 441 and 237 Hz
respectively for bromoform, methylene bromide and methyl
bromide. With modern spectrometers all the line positions are
calculated by Fourier transformation and the frequencies are
printed out directly.

But the Av-values also depend on B! One therefore defines
a quantity 0, the chemical shift, as follows:

Vsample — Vreference
6sample = (1'21)

Vreference

As the numerator in this expression is typically no more than
a few hundred Hz, whereas the denominator is usually several
hundred MHz, the d-value defined in this way is in general a
very small number, and therefore J-values are instead given in
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parts per million (ppm). Thus, Equation (1-21) is replaced by
Equation (1-22), where Av is given in Hz and vreference in MHz:
Ay [Hz]

6sample [ppm} = (1'22)
Vreference [MHZ}

The convention of introducing a factor of 10° to give more conveni-
ent numbers and quoting d-values in parts per million was included in
a recommendation issued by IUPAC in 1972. But as ppm is not a unit
of measurement in the sense of a dimension, [IUPAC also recommended
then that d-values in this form should not be followed by “ppm” (since
the factor of 10° was already contained in the definition of ). However,
that recommendation did not find general acceptance among NMR
spectroscopists. Therefore, in 2001 the IUPAC Committee issued a
new recommendation, namely that the chemical shift should be defined
as in Equation (1-22), and that quoted d-values should also be described
as “ppm”. Accordingly, that procedure is followed throughout this
book.

The d-value for the reference compound TMS is, by defini-
tion, zero, since in this case Av = 0; thus:

6 (TMS) = 0 ppm (1-23)

The J-values, starting from the TMS signal, are positive to
the left and negative to the right of it.

Examples:
O For the three compounds of Figure 1-19 we calculate the following
chemical shifts:

0 (CHBr3) = = 6.82 ppm
90 x 100

0 (CH,Br,) = = 4.90 ppm
90 x 106

0 (CH;Br) = = 2.63 ppm
90 x 106

From the d-values we can, by using Equation (1-22), calculate the
interval in Hz between the resonance and the TMS signal for any
arbitrary observing frequency. Thus, assuming in our example an
observing frequency of 300 MHz these intervals are:

CHBr3 : Av = 2046 Hz
CH,Br2: Av = 1470 Hz
CH3Br : Av= 789 Hz

It is not always possible to add TMS to the sample under
examination. For example, TMS is insoluble in water. In such
cases a different reference compound is added to the sample
and the results are converted to the TMS scale. Occasionally
too an external standard is used. This is a reference compound
which is sealed into a capillary and its resonance recorded
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along with that of the sample. For this purpose it is best to use
special coaxial sample tubes which are commercially available.
However, in calculations using such data and for comparing
with literature values one must take into account the fact that
the nuclei at the position of the reference standard experience
a different shielding from those in the sample. For reference
compounds of “other” nuclides see [1].

The relationships between chemical shifts and molecular
structure will be described in detail in Chapter 2, and the
chemical shifts of “other” nuclides apart from 'H and 13C will
also be discussed.

1.6.2 Spin-Spin Coupling

1.6.2.1 The Indirect Spin-Spin Coupling

In the mixture of CHBr3, CH,Br2, CH3Br and TMS (3-6) we
observe a singlet for each compound (Fig. 1-19), since each
compound contains only one group of chemically equivalent
protons. This is an unusual example; in general most of the
signals exhibit a fine structure. Figure 1-20 shows a simple
example, the spectrum of ethyl acetate (7). From left to right
we see a quartet, a singlet, a triplet, and the TMS signal. The
protons within each group are certainly chemically equivalent,
and therefore the splitting of the signals cannot be caused by
any differences of chemical type between individual protons.
The cause of this fine structure will be explained below by
taking examples from "H NMR spectroscopy, but the same con-
siderations can be extended to 3C and other nuclides with
I=102.
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Figure 1-20.
300 MHz 'H NMR spectrum of
ethyl acetate (7) in CDCls.



Up to now we have taken no account of the fact that neigh-
boring magnetic dipoles in a molecule interact with each other.
In the ethyl group of ethyl acetate the two methylene protons
are coupled to the three protons of the methyl group. This
spin-spin coupling affects the magnetic field at the positions of
the nuclei being observed. The effective field is stronger or
weaker than it would be in the absence of the coupling, and in
accordance with Equation (1-20) for the resonance condition
this alters the resonance frequencies.

The fine structure seen in Figure 1-20 is caused by the
socalled indirect spin-spin coupling, indirect because it occurs
through the chemical bonds (see Section 3.6).

Nuclear dipoles can also be coupled to each other directly
through space. For example, this direct spin-spin coupling has
an important role in solid-state NMR spectroscopy. In high-
resolution NMR spectroscopy, when making measurements
on low-viscosity liquids, this coupling is averaged to zero by
molecular motions. In the following discussion we will be
concerned only with the indirect spin-spin coupling.

Before considering in detail the multiplet structure of the
resonances of ethyl group protons, we must first try to under-
stand how the spectrum is altered by the effects of indirect
spin-spin coupling, taking the example of two coupled nuclei A
and X. Examples of two-spin systems of this type are the mole-
cules H-F, 13CHCl;, and Ph—-CHA=CHXCOOH. This model
will then be extended to multi-spin systems.

1.6.2.2 Coupling to One Neighboring Nucleus
(AX Spin System)

In a two-spin system AX, if we consider only the chemical
shifts the spectrum consists of two resonance signals with fre-
quencies va and 7. If now A and X are coupled to each other,
we find two signals for the A-nuclei and two for the X-nuclei
(Fig. 1-21).

Let us first confine our attention to the two resonances for A.
To understand the splitting into a doublet we must distinguish
between two situations. In the first the nucleus X, coupled to
A, is in the o-state, and its magnetic moment thus has a compo-

Figure 1-21.

Sketch to explain the fine structure
in the spectrum of an AX spin
system with a coupling constant
Jax. va and vx are the resonance
frequencies in the absence of
coupling.
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nent y, along the field direction; we represent this by an
arrow directed upwards (A-X T). If on the other hand X is
in the S-state, y points in the negative field direction (A-X {;
see Section 1.3). The interaction between A and X produces
an additional field contribution at the position of A, and for
the two states of the X-nucleus the contributions, although
equal in magnitude, have opposite signs. In the first situation,
therefore, va is shifted to higher frequency by a fixed amount,
whereas in the second situation it is shifted to lower frequency
by the same amount. We are unable to predict whether an
X-nucleus in the o-state will shift the A-resonance to higher or
lower frequency. The assignment indicated in Figure 1-21 is
arbitrarily chosen. We shall return to this problem in Section
4.3 in connection with the signs of coupling constants.

Since in a macroscopic sample the numbers of molecules with
the X-nucleus in the a-state (A-X T) and in the f-state (A-X )
are nearly equal, two signals of equal intensity appear in the
spectrum, i. . the single peak in the spectrum without coupling
is split into a doublet.

An analogous situation applies for the X-nucleus, since the
coupling to A similarly causes two X resonances, i. e. a doublet.

The interval between the two lines of each doublet is the same
for the A and X parts of the spectrum; it is called the indirect or
scalar coupling constant and is denoted by Jax. Since the splitting
is due solely to the nuclear magnetic moments, the value of the
coupling constant Jax — unlike the chemical shift — does not
depend on the magnetic flux density Bo. It is therefore always
givenin Hz.

It should be noted that the chemical shift always corresponds
to the middle of a doublet, which would be the position of the
signal if there were no coupling.

The spectrum of the two olefinic protons of cinnamic acid (8,
Fig. 1-22) is of the AX type. However, the intensities within the
doublet deviate to some extent from the ideal 1:1 ratio (“roof
effect”). There are two reasons for this: firstly the signals of
the proton in the a-position are slightly broadened by coupling
to the ring protons, and secondly the spectrum of our two-spin
system is in this case not quite of the first-order type. These
complications will be discussed in more detail in Sections
1.6.2.8 and 4.3.2.
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Figure 1-22.

Part of the 250 MHz 'H NMR
spectrum of cinnamic acid (8) in
CDCl3; 6 (OH) ~ 11.8 ppm.



1.6.2.3 Coupling to Two Equivalent Neigh-
boring Nuclei (AX, Spin System)

As an example of coupling between three nuclei we will con-
sider the three-spin system CHA-CHX. Nucleus A now has two
equivalent neighbor nuclei X, for which there are three possible
spin orientations in the magnetic field. Considering only the
z-components 4, of the magnetic moments, the two spins of
the X-nuclei can be parallel to each other, either along the
field direction (T T: aa) or opposite to the field direction ({4 :
BP), or they can be antiparallel to each other (T :af or L T: for)
(Fig. 1-23). If the X-spins are antiparallel the additional field
contributions at the position of nucleus A cancel to zero, and
the resonance signal is in the position which it would occupy if
there were no coupling. The two parallel spin arrangements
cause additional field contributions at the position of A which
are equal in magnitude but opposite in sign. This results in two
further resonance signals, and a triplet is therefore observed
for the protons HA. The interval between any two adjacent
lines is Jax. The intensities are in the ratio 1:2:1. The middle
signal is thus of double intensity, since in a macroscopic sample
molecules with an antiparallel arrangement of the X-spins are
twice as numerous as those with a parallel arrangement in either
one or the other direction.

For the two protons HX of the CHX group we obtain a
doublet, as they are coupled to only one neighbor nucleus HA.
The total intensities of the triplet and of the doublet are in the
ratio 1:2.

The chemical shifts da and dx are calculated from the signal
positions va and vx in the absence of coupling, as was done in
the case of the two-spin system AX; v corresponds to the mid-
dle signal of the triplet and vx to the mid-point of the doublet.
As an example Figure 1-24 shows the spectrum of benzyl alcohol
(9), in which the triplet at 0 ~ 1.8 ppm is assigned to the proton

CH,
M., |

Vi Vy
|
it

AR

[ Jax J.\xl Jax
- )

Figure 1-23.

Sketch to explain the splitting
pattern observed for a three-spin
AXj system; the arrows indicate
the orientations of the two X spins.
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Figure 1-24.
300 MHz 'H NMR spectrum of
benzyl alcohol (9) in CDCls.
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attached to oxygen (H”), and the doublet at § ~ 4.7 ppm to the

two protons of the methylene group (CHX). ) x
1.6.2.4 Coupling to Three or More Hi b
Equivalent Neighboring Nuclei HE N ‘
(AX, Spin System) bt
IJAx Jax Jaxl Jax
by !

The splitting patterns for couplings to three or more equiva-
lent neighboring nuclei can be constructed in the same way as
was shown in the previous section for two equivalent neighbor- .

. . ) : pattern observed for a four-spin
ing nuclei. If a proton is coupled to three neighbors X, e.g. to  5x, system; the arrows indicate
the three protons of a methyl group, as in CHA-CHY, one the orientations of the three X
expects to find for HA a quartet with the intensity distribution  spins.

1:3:3:1 (Fig. 1-25). For the methyl protons HX one again

finds a doublet, since these are coupled to only a single neigh-

bor, HA. A spectrum of this type is obtained for paraldehyde

(10), which is the trimer of acetaldehyde (Fig. 1-26).

Figure 1-25.
Sketch to explain the splitting
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Figure 1-26.

250 MHz 'H NMR spectrum of paraldehyde (10). The quartet and doublet are shown expanded, both by the
same factor.

1.6.2.5 Multiplicity Rules

The number of lines in a multiplet, which is called the multi-
plicity M, can be calculated from Equation (1-24):

M = 2nl +1 (1-24)
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Here n is the number of equivalent neighbor nuclei. For nuclei

with I = 1/2, which includes those that most concern us, Equa-
tion (1-24) simplifies to:

M=n+1 (1-25)

For couplings to nuclei with I = 1/2 the signal intensities

within each multiplet correspond to the coefficients of the
binomial series, which can be obtained from Pascal’s Triangle:

n=20 1

n=1 1 1
n=2 1 2 1
n=3 1 3 3 1
n=4 1 4 6 4 1

We can now understand the splitting patterns for ethyl acet-
ate (7) in Figure 1-20. The two methylene protons are coupled
to the three equivalent CHs protons of the ethyl group, and in
accordance with Equation (1-25) they give a quartet (0 ~ 4.1
ppm). The three methyl protons are coupled to the two equiva-
lent protons of the methylene group, which gives a triplet (6 =
1.3 ppm). Such a combination of a quartet and a triplet in the
intensity ratio 2 : 3 always enables one to recognize immediately
that the compound being examined contains an ethyl group.
Finally, the singlet at 6 = 2 ppm in the spectrum of 7 originates
from the three methyl protons of the acetyl group.

1.6.2.6 Couplings between Three Non-
equivalent Nuclei (AMX Spin System)

Figure 1-27 shows the spectrum of styrene (11). Here we are
only interested in the signals of the three mutually coupled non-
equivalent vinyl protons HA, HM and HX (three-spin AMX sys-
tem).

In the spectrum we find for each proton four signals of nearly
equal intensities. The splitting schemes shown above the
expanded regions of the spectrum in Figure 1-27 show how the
multiplets for each of the protons can be reconstructed and ana-
lyzed. One begins by considering the spectrum without cou-
pling, which would consist of three resonance lines at va, vm
and vx. Then one restores one of the couplings for each nucleus
— preferably the largest in each case — and splits each line into a
doublet corresponding to the coupling constant. This is repeated
for the second, smaller, coupling constant, so that each line of
the first doublet is further split into a doublet. This leads to a
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Figure 1-27.

250 MHz 'H NMR spectrum of styrene (11) in CDCls. The protons HA, HM and HX each give a doublet of
doublets, shown expanded by the same factor in each case.

JAM = 17.6 HZ, JAX = 10.9 HZ, JMX = 1.0 Hz.

doublet of doublets for each of the protons HA, HM and HX,
whose centers (va, vm and vx) correspond to the d-values.

1.6.2.7 Couplings between Equivalent Nuclei
(An Spin Systems)

Why is it that in the 'H NMR spectrum of an isolated methyl
group we find only one signal, even though each proton has as
its neighbors two other protons of the methyl group, thereby
providing the conditions for coupling to occur? Why does one
only find one signal for the six protons of benzene, despite the
fact that in benzene derivatives the protons are seen to be
coupled to each other?

Exact answers to these questions are provided by quantum-
mechanical calculations. Without going into the details of the
theory, we shall here merely express this result in the form of a
general rule:
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Couplings between equivalent nuclei cannot be observed in the
spectrum!

In the next section it will become necessary to qualify this
rule to some extent, as it applies only to first-order spectra.

In the methyl and methylene groups considered up to now,
and in benzene, the protons are equivalent. Consequently the
couplings within them cannot be observed, and the spectra are
simple and easy to interpret.

1.6.2.8 The Order of a Spectrum

A spectrum which contains only singlets is said to be a zero-
order spectrum. Most 13C NMR spectra belong to this class as
a result of the method of recording which is used (‘H broad-
band decoupling; see Section 5.3).

If the multiplets can be analyzed according to the rules
already given, one is dealing with a first order spectrum. Such
spectra are to be expected in all cases where the frequency
interval Ay between the coupled nuclei is large compared with
the coupling constants, i.e. Av > J. If this condition is not satis-
fied the intensity ratios within the multiplets alter, and addi-
tional lines may appear. Such a spectrum is described as being
of higher order. These effects will be considered in more detail
in Chapter 4. In higher-order spectra the couplings between
equivalent nuclei also become evident. The analysis of such
spectra is more complicated, and often it is only possible by
using a computer. In the course of such an analysis it also
emerges that the coupling constants can have either positive or
negative sign. However, we shall see (in Section 4.3.1) that the
appearance of spectra of the first-order type is not affected by
the signs.

1.6.2.9 Couplings between Protons and
other Nuclei; 1*C Satellite Spectra

In the '"H NMR spectra of organic molecules one normally
only sees H,H couplings. However, for molecules containing
fluorine, phosphorus or other nuclei which have a magnetic
moment, the couplings to these nuclei are also seen. The same
rules apply as for H,H couplings. For these heteronuclear cou-
plings there is the additional simplification that Ay > |J|, and
thus the condition for first-order spectra is nearly always ful-
filled.
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At this point special mention must be made of the couplings
between protons and 3C nuclei. These C,H couplings make
themselves apparent in the 'TH NMR spectrum by the 13C satel-
lite signals. What are 13C satellites? Figure 1-28 shows the 'H
NMR spectrum of chloroform. It consists of a main peak at
0 = 7.24 ppm, with two small peaks to the right and left of it
(in the figure these are shown greatly amplified). The smaller
peaks are caused by the 1.1 % of chloroform molecules that con-
tain a 13C nucleus, i. e. by *CHCls. The proton is coupled to the
I3C nucleus, and this gives a doublet in the 'TH NMR spectrum,
the 13C satellites. The interval between the two satellite peaks
is equal to J(C,H) = 209 Hz. The intensity of each satellite
is 0.55% of that of the main peak. (A corresponding doublet
with the separation J(C,H) is also observed in the 3C NMR
spectrum of chloroform.) The 3C satellite signals are not
always so easy to interpret as in the chloroform spectrum (see
Section 4.7).

More information on the couplings of protons to “other”
nuclei, on heteronuclear couplings that do not involve protons,
and on couplings involving nuclei with a spin I greater than
1/2, can be found in Section 3.7.

1.6.3 The Intensities of the
Resonance Signals

1.6.3.1 'H Signal Intensities

The area under the signal curve is referred to as the intensity
or the integral of the signal. Comparing these intensities in a
spectrum directly gives the ratios of the protons in the molecule.
In the case of multiplets one must, of course, integrate over the
whole group of peaks. An example of an integration is shown in
Figure 1-29.
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Figure 1-28.

250 MHz 'H NMR spectrum of
chloroform; the 13C satellites are
shown with a 15-times amplifica-
tion; J(C,H) = 209 Hz.
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Figure 1-29.

300 MHz 'H NMR spectrum of
benzyl acetate (12) with integrated
intensities shown below.



In the 'H NMR spectrum of benzyl acetate (12) we find three
singlets corresponding to CsHs, CH, and CHs. Integration gives
the result 5: 2 : 3 for the ratio of their areas, and from this all the
signals can be assigned.

Signal intensities are next in importance to chemical shifts
and indirect spin-spin coupling constants as aids to structure
determination; they also make possible the quantitative analysis
of mixtures.

1.6.3.2 13C Signal Intensities

In principle it should also be possible from the signal intensi-
ties in 13C NMR spectra to reach conclusions about the numbers
of carbon atoms present in the molecule. However, because of
the low natural abundance and sensitivity compared with pro-
tons, detection methods are used which have the undesirable
side-effect of distorting the integrals. For this reason it is not
usual to give integral curves in 3C NMR spectroscopy. The
detailed causes of this are as follows:

e The amplitudes of the different frequency components of the
pulse become smaller with increasing distance from the trans-
mitter frequency v;. Consequently nuclei with different reso-
nance frequencies are excited to varying extents (Section
1.5.1 and Fig. 1-8).

e A resonance peak is not stored in the computer as a complete
continuous curve but as a relatively small number of points
(Fig. 1-30). In the integration one determines the area
bounded by the straight lines joining these points. The closer
the spacing of the points the more exact is the integral. The
number of data points used in recording the spectrum is
usually determined by the time available for the recording.
Of the two curves shown in Figure 1-30 one — the broken
curve — was recorded with 32 K data points, and the other —
the solid curve — was recorded with 2 K data points. Whereas
in the broken curve the points are at intervals of about
0.01 Hz, the intervals in the solid curve are more than
0.2 Hz. One can clearly see that the latter curve does not
correctly reproduce the line shape. The amplitude is too
small, the half-height width is too great, and consequently
the integral must also be incorrect. Furthermore, the
positions of the maxima in the two curves, from which the
o-values are calculated, differ by about 0.1 Hz. In practice,
however, this error is negligible.

e The time interval between two successive pulses during the
accumulation is usually so short that the spin system cannot
return to equilibrium by relaxation. This leads to incorrect

Figure 1-30.

Comparison of the same 'TH NMR
signal recorded with 32 K data
points (dashed curve) and with 2 K
data points (solid line). The dashed
curve gives the true line shape. The
solid line gives only a distorted
peak, with errors in height, width,
area and position of maximum.
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integrals, the effects being much greater for nuclei with long
relaxation times 77 than for those with a short 77.

e BC NMR spectra are normally recorded with 'H broad-
band decoupling (Section 5.3). Under these conditions the
signals are amplified by the nuclear Overhauser effect
(NOE, Chapter 10). The increase in intensity depends on
the number of directly bonded hydrogen atoms, and on
other factors influencing the relaxation times (Chapter 7).

Every 13C NMR spectrum is affected by all these four sources
of error. It is not possible to generalize about the magnitudes of
the different effects and of the total integration error — every
measurement therefore involves an individual compromise
between accuracy and time spent in recording. The causes of
incorrect intensity measurement can be completely, or at least
partially, avoided by taking precautions with the spectrometer
and the recording technique — although at the cost of increased
recording times. For accurate determination of 3C intensities
the following measures are essential:

e The pulse must be of sufficiently high power to ensure that
the fall-off of intensity in the frequency components over
the full width of the spectrum is negligible. This condition is
usually satisfied for 'H spectra, but not for 13C spectra. It is
even more critical for other nuclides — 3!P for example — for
which the spectral width is greater than for 3C.

o Where the spectral width is large and the lines are narrow a
computer with a large memory capacity is needed. If a spec-
trum with a width of 5000 Hz is recorded using 4 K (= 4096)
data points the resulting digital resolution is only 1.25 Hz per
data point. However, the line widths are usually less than
this, so one needs to use 8 K, 16 K or 32 K data points, or
alternatively to record spectra of a smaller width, i.e.
selected regions of the spectrum.

Errors caused by different relaxation times 77 and different
NOES are more difficult to eliminate; furthermore, these are
the largest sources of error. The following methods are avail-
able:

e Errors caused by too high a pulse repetition rate can be
avoided by inserting a delay equal to 5 T’ between successive
pulses. A spin system needs this amount of time to undergo
nearly complete relaxation after a 90° pulse. For relaxation
times as long as 100 s, such as are found for quaternary
carbon nuclei, this would require a waiting time of 8 to
10 minutes between pulses! In practice such an experiment
would be unrealistic, and in these circumstances it is usual
to do without intensity measurements.

e If all the sources of error discussed up to now have been
eliminated by a suitable choice of experimental conditions,
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it becomes worthwhile to suppress the NOE for each quanti-

tative measurement. This can be achieved in two ways:

— Adding paramagnetic ions to the sample solution shortens
the relaxation times 77 (and 73). Chelate complexes of
chromium, such as Cr(acac)s, are generally used for this
purpose, but too high a concentration must be avoided as
it would broaden the lines (Section 7.3.3). This method is
not usually employed, and is especially unsuitable if
the sample is needed for further experiments. Another
method has therefore been developed, viz.

— A pulse experiment which is the inverse of the gated
decoupling described in Section 5.3.2. In this the broad-
band (BB) decoupler is switched on only during the ob-
serving pulse and the subsequent data accumulation. One
obtains a decoupled 3C NMR spectrum with the correct
intensities, since the NOE is unable to build up during
this short time. When the FID has been stored and the
BB decoupler switched off, the system must relax again
before the next pulse. However, the time needed for this
is shorter than 5 T7.

To summarize, quantitative '3C NMR measurements are

possible if the following conditions are ensured:

high pulse power and small spectral width
high digital resolution

a pulse repetition rate that is not too high
suppression of the NOE.

All the methods described can be carried out without diffi-

culty, but they are very costly in measurement time, and are
therefore only used in special circumstances.

1.6.4 Summary

Three types of spectral parameters are obtainable from NMR

spectra: chemical shifts, indirect spin-spin couplings, and inten-
sities.

In this chapter we learned that the chemical shift is caused by
the magnetic shielding of the nuclei by their surroundings,
mainly by the electrons. The resonance frequencies depend
on the magnetic flux density, and for this reason absolute
line positions are never specified. Instead we define a dimen-
sionless quantity, the d-value, which gives the position of the
signal relative to that of a reference compound, and also
relates it to the measurement frequency. Consequently
O-values are always given in ppm independent of the spectro-
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meter used and can be directly compared. The reference
compound generally used in 'H and 3C NMR spectroscopy
is tetramethylsilane (TMS).

e The interaction between neighboring nuclear dipoles leads to
a fine structure. The strength of this interaction is given by
the spin-spin coupling constant J. Since the coupling occurs
through chemical bonds, it is called the indirect spin-spin
coupling. The splitting patterns and intensity distribution of
the multiplets can be predicted using simple rules. The indi-
rect spin-spin coupling is independent of the external field,
and the coupling constants J are therefore given in Hz. Cou-
plings are observed not only between nuclei of the same spe-
cies but also between different nuclei (heteronuclear cou-
plings). For our purposes the most important are the H,H
and C,H couplings.

o In 'H NMR spectroscopy the signal intensities are also deter-
mined for each spectrum, but in routine '3C NMR spectra the
intensities cannot be measured.

The relationships between chemical shifts and molecular
structure will be examined in detail in Chapter 2, and those be-
tween coupling constants and molecular structure in Chapter 3.

1.7 “Other” Nuclides 5.6

Up to now we have been concerned almost exclusively with
the properties of 'H and '3C nuclei and their NMR spectra.
However, it is possible to obtain NMR spectra of nearly all ele-
ments, although not always from observations on the isotope
with the highest natural abundance, as can be seen from the
examples of carbon and oxygen. For reasons connected with
the historical development of NMR spectroscopy, nuclei of all
species other than 'H are referred to as heteronuclei.

The procedures for recording spectra of heteronuclides often
differ considerably from those for 'H and '3C, since it is nec-
essary, even for routine measurements, to adjust the experi-
mental conditions to suit the special properties of the nuclei
to be observed. For example, the spin-lattice relaxation times
for some nuclides, such as >N and 5’Fe, are very long, whereas
for others (especially those with an electric quadrupole mo-
ment) they are very short. Also the spectra observed for some
nuclides contain interfering signals caused by other materials
present, for example the glass of the sample tube (1B, 2°Si),
the spectrometer probe unit (*’Al), or the transmitter/receiver
coil. For many nuclides the sample temperature and its con-

38



stancy are important factors; for example, quadrupolar nuclides
such as 7O give narrower signals when the temperature is
increased. For some nuclides such as 9°Pt and 5°Co, and also
for 3P, the chemical shifts are found to be strongly tempera-
ture-dependent, with coefficients that can exceed 1 ppm K1
Special care is also needed in the choice of a suitable chemical
shift standard [1] and of an appropriate spectral range, since
often the spectrum may consist of only one peak, and mistakes
can easily arise in determining the resonance frequency (for
example, where back-folding occurs). In cases where the reso-
nance frequency is low (see Table 1-1) it is often found that the
base-line of the spectra is not constant, which causes problems
especially in detecting broad signals of insensitive nuclides. In
cases such as these it is often necessary to carry out several
experiments under different operating conditions to arrive at
unambiguous assignments and yield correct spectral data.
Nuclides with spin / = 1/2 and those with greater spin will be
treated separately, as there are fundamental differences
between these two cases.

1.7.1 Nuclides with Spin I = 1/2

The behavior in a magnetic field of any nucleus with spin
I = 1/2 is similar to that of 'H and 3C. This group includes 3H,
I5N 19F, 29§, 31P, 57Fe , 119Sn, 19°Pt, and many others. Some of
these nuclides, such as 3H, °F, and 3P, are easy to observe (sen-
sitive nuclides) , as they have a large magnetogyric ratio y and a
large magnetic moment y, whereas others, such as >N and >Fe,
are not so favorable. These insensitive nuclides suffer from the
additional disadvantage of low natural abundances (e.g.,
0.37 % for PN and 2.12 % for 37Fe; see Table 1-1). For nuclides
such as these the pulsed method of observation is essential, as
in the case of 13C. However, this often presents technical prob-
lems owing to the fact that the range of chemical shifts for
nuclei that differ in their substituents or coordination is usually
very large, requiring a correspondingly large spectral width. For
example, the range of chemical shifts for 1Pt can be as large as
8000 ppm, and with a magnetic flux density By of 2.35 T (reso-
nance frequency 21.497 MHz for 1Pt or 100 MHz for 'H) this
corresponds to a spectral width of about 1.7 x 10° Hz!

A few spin 1/2 nuclides, such as >’Fe, have extremely long
spin—lattice relaxation times, which requires long delay times
between successive pulses during the accumulation of the FID.
In such cases one can add paramagnetic compounds such as
Cr(acac)s to reduce the accumulation time to an acceptable
value (see Sections 1.5.5 and 1.6.3.2).
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1.7.2 Nuclides with Spin 7 > 1/2

By far the majority of heteronuclides belong to the group
with [ > 1/2. A small selection of these are listed in Table 1-1.
All such nuclides have an electric quadrupole moment Q, and
they usually give broad NMR signals due to the shortening of
the relaxation times through the interaction of the quadrupole
moment with local electric field gradients (Section 7.3.3).
Often this means that one is unable to observe any multiplet
splittings due to couplings with other nuclei, or even to resolve
chemical shift differences. Exceptions to this are those nuclides
that have a relatively small quadrupole moment, such as deu-
terium, 2H. Other exceptions occur when the quadrupolar
nucleus is in a symmetrical environment; a typical example is
the N resonance of the symmetrical ammonium ion NHY
(Section 3.7).

For many quadrupolar nuclides, especially the heavier ones,
the chemical shifts between non-equivalent nuclei can be ex-
tremely large, making it possible to observe separate signals
despite the broadness of the resonances (see Section 2.5). For
example, the range of chemical shifts for °Co is about
20000 ppm, which at By = 2.35 T (**Co resonance frequency
23.727 MHz) corresponds to a spectral width of the order of
4 x 10° Hz! However, in addition to the usual technical problems
associated with such a large spectral width (Section 1.7.1), there
is the difficulty that for very broad signals the pulse duration is
of the same order as the relaxation times. In favorable cases,
of which 3°Co is an example, one can resort to the older CW
method of recording (Section 1.4.2), but this is not possible
when the natural abundance is so low as to make the pulsed
FT method mandatory.

Many nuclides with 7 > 1/2 belong to metals and transition
metals that have important functions in biochemistry. In most
cases this involves ions in aqueous solutions. Some of the most
important ion species are those of the alkali and alkaline earth
metals, such as 2Na®, ¥K®, 25Mg?®, and “3Ca?®. Despite the
great advances in measurement methods that have occurred,
the low detection sensitivity for some of these ions means that
one still has to resort to using materials enriched in the relevant
isotopes, which is laborious, time-consuming, and costly. This
applies particularly to the ions 2Mg?® and 43Ca?®, and also to
S7TFe?®. Another nuclide with a spin greater than 1/2 is 17O
(I = 5/2), with only 0.038 % natural abundance and a moder-
ately large electric quadrupole moment (Table 1-1), which typi-
cally results in line-widths between 20 and 300 Hz.

In conclusion it should be mentioned that for many nuclides
of both these classes, including PN, 170, 2Mg, and 2°Si, the
magnetogyric ratio p is negative (Table 1-1). In terms of the
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classical picture this means that the magnetic moment # and the
angular momentum vector P lie in opposite directions (see Sec-
tion 1.2). This becomes important especially in experiments that
involve the nuclear Overhauser effect (NOE, Section 10.2.2).

Exercises

[1-1] For each of the following compounds name the nuclides for
which it is possible to observe NMR signals:
(1) CFsCOOCH:CH3, (2) HCON(CHs)2, (3) P(CHz3)s.

[1-2] NMR spectroscopy is a method with comparatively low
sensitivity. Why? How do we try to overcome this problem,
by approaching it from the instrumental, experimental and
chemical standpoints?

[1-3] Name some examples of nuclides with / = 0, %2, 1 and > 1.
Why are nuclides with 7 = 1 less suitable for NMR spectros-

copy?

[1-4] Arrange the following nuclides in the order of their NMR
sensitivities: H, 13C, 15N, 19F, 31P,

[1-5] What are the quantities that appear in the resonance condi-
tion (Eq. 1-12), and what do they mean? What information can
one obtain from the resonance condition?

[1-6] Calculate the Larmor frequency of 13C at By = 11.75 T.
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