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NMR spectroscopy

Figure 2

Nuclear magnetic resonance (NMR) spectroscopy
has become one of the most important analytical
techniques in chemistry since its discovery in the
1940s. It is possible to derive an enormous amount of
information from a single spectrum, and in many
cases it is possible to determine the structure of whole
molecules.

NMR spectroscopy is used in research
laboratories to determine the structures of materials
such as new drugs and polymers. Magnetic resonance
imaging is also used increasingly in body scanning to
obtain images of arms and legs, the head, or the
whole body. This technique is available in many
clinics and has been used to diagnose and monitor
conditions such as cancer and multiple sclerosis.

The theory
The theory behind NMR spectroscopy is more
difficult than for infrared spectroscopy and mass
spectrometry but the interpretation of the spectra is
easier once a little familiarity has been achieved.

NMR spectroscopy gives information about the
environment in which the nuclei of atoms are found
in molecules. If a nucleus is in the presence of an
external magnetic field it can align itself either with
the external field (+) or against it (–) (Fig. 1). The
nuclei of many elements (eg hydrogen) spin about an

When the frequency of the radiation supplied is
the same as the energy difference between levels, the
population of the higher energy state increases as
radiation is absorbed.

The equilibrium population is re-established by
loss of the absorbed energy to the surroundings, or to
other nuclei.

When a molecule is placed in a magnetic field,
weak electric currents are induced in the electrons
surrounding the nuclei. These currents flow in such a
way as to produce a local magnetic field which
opposes the applied field. The nuclei therefore
experience a fractionally smaller total field than the
applied external field. This means that each nucleus
can have a different magnetic environment and this
gives rise to differences recorded in the spectra.

The spectrometer
Fourier transform (FT) NMR machines (Fig. 3) are
the most common instruments in modern
laboratories. The field in FT machines is provided by
a superconducting magnet – maintained at liquid
helium temperature (4 K). Fourier transform
machines have a constant magnetic field and excite
all the nuclei – eg protons – simultaneously by
generating a range of frequencies in a pulse forFigure 1

axis. Nuclei with spin have what is called a magnetic
moment, rather like the magnet of a compass needle.
So in the presence of an external magnetic field these
nuclei tend to turn to a preferred orientation – just
like a compass needle in the Earth’s magnetic field.
Nuclei obey quantum laws and for nuclei with a spin
quantum number of 1⁄2 only two orientations can be
adopted – ie the more favoured orientation +1⁄2 and
the less favoured orientation -1⁄2 (Fig. 2).

At equilibrium with the surroundings, the
distribution of spins is such that there are more
nuclei in the lower level than in the upper level. If
radiation of the correct frequency is input, transitions
can take place between the two energy levels.
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Figure 5

Proton chemical shifts in aliphatic environments

These are typical values, and can vary slightly in different solvents and if induced magnetic
fields within a molecule are stronger in one direction than the other (anisotropy).

Methyl protons     δ Methylene protons    δ   Methine protons   δ

CH3–R 0.7–1.6 RCH2–R 1.4 CH–R 1.5
CH3–Ar 2.3 RCH2–Ar 2.3–2.7 CH–Ar 3.0
CH3–C≡N 2.0 RCH2–C≡N 2.3 CH–C≡N 2.7
CH3–C(=O)–R 2.2
CH3–C(=O)–O–R 2.0 RCH2–C(=O)–R 2.4 CH–C(=O)–R 2.7
CH3–C(=O)–Ar 2.6 CH–C(=O)–Ar 3.3
CH3–C(=O)–O–Ar 2.4 RCH2–C(=O)–Ar 2.9 CH–N–C(=O)–R 4.0

ArCH2C(=O)R 3.7
CH3–N–R 2.3 RCH2–N 2.5 CH–OH 3.9
CH3–N–Ar 3.0 RCH2–N–C(=O)–R 3.2 CH–O–R 3.7
CH3–N–C(=O)–R 2.9 RCH2–Cl 3.6 CH–O–Ar 4.5
CH3–O–R 3.3 RCH2–Br 3.5 CH–O–C(=O)–R 4.8
CH3–O–Ar 3.8 RCH2–I 3.2 CH–Cl 4.2
CH3–O–C(=O)–R 3.7 RCH2–OH 3.6 CH–Br 4.3
CH3–O–C(=O)–Ar 4.0–4.2 RCH2–O–R 3.4 CH–I 4.3

RCH2–O–Ar 4.3
RCH2–O–C(=O)–R 4.1
ArCH2–O–C(=O)–R 4.9

several microseconds. When all the protons are
excited simultaneously, each sends out
radiofrequencies of the type shown in Fig. 4 as they
return to equilibrium with their surroundings. This is
analogous to what happens when a bell is hit. A
sound characteristic of the bell is given out and then
dies away. The detected signal is a combination of the
frequencies of each chemically distinct nucleus. This
is digitised and stored on a computer. By using the
mathematical procedure of Fourier transformation,
the computer extracts from the signal, the frequency
and the intensity of each absorption to produce the
NMR spectrum.

Because the electron distribution around
chemically different (eg hydrogen) atoms in a
molecule is different, the induced fields vary slightly.
The nuclei therefore experience different magnetic
fields in the same external field. This effect is very
small for hydrogen atoms – ie parts per million (ppm).
The line widths are very small and as a result it is

possible to measure these so-called chemical shifts.
Transitions between the energy levels for

chemically distinct nuclei require the absorption of
radiation at different frequencies giving distinct and
characteristic peaks in the NMR spectrum.

The spectrum
The high resolving power of modern spectrometers
enables spectra to be produced which display a wealth
of information. Each set of peaks is centred on a δ
value (the chemical shift). The δ  values vary
according to the chemical environment and the δ
value gives an indication of the degree of shielding –
by the surrounding electrons – experienced by the
proton(s). In most spectra trimethylsilane (TMS) is
used to reference the signal to a zero and all other
signals are relative to this standard. Tables of
chemical shifts are available for protons in different
environments.

Figure 4
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To predict (empirically) the number of lines that will appear in the NMR signal for any group of
protons – in simple cases, it is necessary to count the number of protons on neighbouring carbon
atoms. The multiplicity of a signal in simple NMR spectra is given by (n+1) where n is the number
of coupling protons on the neighbouring atoms. The spectrum of iodoethane (Fig. 6) shows peak
splitting. The expected intensities of the spectral lines can be predicted by Pascal’s triangle.

Coupling with 0 protons 1

Coupling with 1 proton 1 1

Coupling with 2 protons 1 2 1

Coupling with 3 protons 1 3 3 1

Coupling with 4 protons 1 4 6 4 1

δ ppm Protons

1.8 CH3
3.2 CH2

ICH2CH3

012345678910
δ (ppm)

Figure 6

Shielding
Chemical shift depends on the electronegativity of
the atoms in molecules. For example, protons on
carbon atoms adjacent to Cl, Br or I (ie CH–Cl,
CH–Br, CH–I) resonate at a higher δ value than
protons on carbon atoms adjacent to other carbon
atoms (eg CH–R) (Fig. 5).

Spin-spin coupling
The signal arising from a particular proton within the
molecule may be split into a doublet, a triplet or a
multiplet. This occurs through interaction with the
magnetic moments of other protons separated by two
or three chemical bonds. This effect – spin-spin
coupling – occurs through the disturbance, by the
magnetic nuclei, of electron motions in the
intervening bonds. The size and multiplicity of the
splitting depends on the number and spatial
arrangement of the proton neighbours (Fig. 6).

Integration of peaks
The amount of energy absorbed at each frequency is
proportional to the number of protons absorbing.
Consequently, the area under each set of spectral
lines is proportional to the relative number of protons

absorbing. Many machines give this information
directly by plotting an integration curve on the
spectrum (see Fig. 7 overleaf). By measuring the
height of the integration curve at each set of peaks
the ratio of protons absorbing can be determined. The
latest machines produce a numerical computer
printout which gives the area of each peak without
the need to measure the height of the integration
trace.

Other nuclei
Although proton (1H) NMR spectroscopy is the most
common, many other nuclei have magnetic moments
and give rise to NMR spectra. Some of the most
common are 13C, 14N, 19F and 31P.

Examples
Structural determinations are the most common use
of NMR spectroscopy.

The NMR spectrum shown in Fig. 7 is of a
colourless mobile liquid at room temperature, with a
sweet smell, having the empirical formula C4H8O2.

From data tables the resonances at δ = 4.1 are due
most likely to R–CH2–O–CO–R'. The peak is split
into a quartet, thus the resonating protons must be
coupling with three other protons. The integration
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Chemical Multiplicity Integration
shift (δ) (No of lines)
1.2 Triplet 3
2.0 Singlet 3
4.1 Quartet 2

Figure 7

value is 2 so the most sensible assignment would be
CH3–CH2–O–CO–R'. This also accounts for the
triplet at δ = 1.2, where the methyl (CH3) protons
couple with the two methylene (CH2) protons to give
a triplet. The integration supports this. So far we have
the structure CH3–CH2–O–CO–R', an ester. The
integration of the remaining peak at δ = 2.0 reveals
that three protons are present, suggesting a methyl
group. Thus the NMR spectrum is that of
CH3–CH2–O–CO–CH3, ie ethyl ethanoate.

 The NMR spectrum shown in Fig. 8 is of a
hydrocarbon, liquid at room temperature. The
empirical formula of the compound is C8H10.

The singlet at δ = 7.2 indicates a benzene ring.
The integrated peak gives a ratio of 5 which suggests

Readers will find a more detailed explanation of NMR spectroscopy in C.B. Faust, Modern Chemical Techniques,
RSC, 1992. For further information contact The Education Department, The Royal Society of Chemistry, Burlington
House, Piccadilly, London W1J 0BA.
This leaflet is produced in association with The Royal Society of Chemistry Fine Chemicals and Medicinals Group.
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1.2 Triplet 3
2.6 Quartet 2
7.2 Singlet 5

that the benzene ring is monosubstituted. The quartet
at δ = 2.6 tells us that whatever is resonating at this
value is coupling with three other protons. The
integration curve reveals that two protons are
resonating so it is likely that a CH2 group is involved.
From data tables the only reasonable possibility is
R–CH2–Ar.

The triplet at δ = 1.2 is due to protons coupling
with two other protons – the CH2 protons – and the
integration curve reveals that there are three protons
resonating, ie a CH3 group is present. Putting all this
information together gives the structure
ethylbenzene.


