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Nuclear magnetic resonance (NMR)
spectroscopy has emerged as one
of the research methods of choice

for analyzing samples of biological rele-
vance. Protein structure determination,
analysis of drug interactions, tissue and
cell research, and metabolic processes all
benefit from the rich information content
of NMR spectroscopy. But to a large extent,
many of the technological changes that
allow this research are new and include
everything from achievements in materi-
als science to biophysics and data analy-
sis software.

NMR Physics
The principle of NMR relies on the fact that
some atomic nuclei possess a magnetic
moment, also called spin. For instance,
the most naturally abundant isotopes of
hydrogen (1H or proton), phosphorus (31P),
and fluorine (19F) atoms have this physi-
cal characteristic, as do some less common
isotopes of atoms, such as carbon (13C) and
nitrogen (15N). When a molecule contain-
ing these atoms is placed in a magnetic
field (measured in tesla, or T), the spins
act as tiny magnetic dipoles, which align
with the magnetic field and precess about
its axis with a characteristic frequency called
the Larmor frequency. This frequency is
dependent on the strength of the magnet-
ic field and the type of nucleus. To get a
feel for numbers, if one had a magnet
with a field strength of 14 T, the Larmor
frequency for a proton would be 600 MHz.
A 13C nucleus would precess or “resonate”
in that same magnet at 150 MHz.

To obtain the NMR information, one has
to interrogate the collection of spins
present in the sample. This is achieved with
the use of electromagnetic radio frequen-
cy (rf) fields. It is not possible to measure
the response from a single spin, but the
collection of spins in a sample (typically
1016–1017 spins) together forms a macro-
scopic quantity called magnetization, which
can be detected by first applying a burst

of rf to the sample, at a frequency deter-
mined by the magnetic field strength and
the nucleus to be observed. The effect of
this rf pulse is to flip the collective spin
magnetization from parallel to orthogo-
nal to the magnetic field. Once there, the
magnetization will gyrate around the main

magnetic field and slowly return to equi-
librium. While the magnetization rotates
around the magnetic field direction, it
induces an alternating voltage in a receiv-
er coil, positioned inside the magnet.
This time-varying signal, oscillating in the
rf range with the Larmor frequency, can
be recorded, after which a Fourier trans-
form results in an NMR spectrum.

NMR Instrumentation
This brief description of how NMR oper-
ates defines the elements that are required
to acquire an NMR spectrum, namely a
magnet, an rf generation system for the

excitation of the spins, an rf detection
system for the reception of the NMR signal,
and a computer to guide data acquisi-
tion, storage, and processing. In more than
30 years of commercial NMR instrumenta-
tion development, the equipment has
undergone major transformations. Modern
instruments consist of mostly digital
electronics and have highly sophisticated
rf signal generation units specifically
designed for NMR operation.

The need for this new approach is
driven by more stringent requirements from
the end users for stability, sensitivity,
and experimental complexity. The higher
sensitivity of modern NMR instruments—
due to new probe technology, higher
magnetic fields, and improved detection
electronics—has lowered the tolerance for
artifacts and spurious signals. New and
sophisticated NMR correlation experiments
rely on faster phase and frequency switch-
ing, and a much higher long-term stabil-
ity. These new and dedicated electronics
replace a previous-generation rf architec-
ture that relied on general-purpose rf
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Technical developments in NMR spectroscopy 
are expanding its analytical role.

FIGURE 1: Looking for clues: Using various software packages, such as TopSpin from Bruker
BioSpin, researchers can extract and analyze useful information from vast quantities of data.
(Image courtesy of Bruker BioSpin.) 



synthesizers, which are no longer adequate
for modern NMR spectroscopy.

Magnets have evolved from low-field
permanent magnets to superconducting
magnets that are now commercially avail-
able up to 21 T or 900 MHz. The ability to
create such high-field magnets is no
small feat. For a magnet to be
usable for NMR, it has to be safe,
persistent, stable, and, most of
all, very homogeneous. The
latter can be appreciated if
one considers that the change
in magnetic field over the
sample can be no more than 
0.1 Hz at a working field strength
of hundreds of megahertz.

Reaching higher magnetic
fields required the development
of new superconducting mate-
rials, which can handle a high
current density while operating
under high magnetic field
strength. For 900-MHz magnets,
this meant developing special niobium/tin-
based alloys, which operate at a reduced
temperature of 2 K. Once suitable materi-
als were identified, the next challenge was
to design a magnet with a limited amount
of stored energy. This greatly enhances
safety in the case of a magnet quench.

Operating computers are either
Windows- or Linux-based PCs. New oper-
ating software such as the Java-based
TopSpin program from Bruker BioSpin
(www.bruker-biospin.com), is Windows-
compliant, giving users a very familiar front
end (Figure 1). While the data acquisition,
spectrometer operation, and sample
automation capabilities have been great-
ly simplified, reliable automated data analy-
sis is still quite complex. Nevertheless,
progress has been made with programs such
as AutoAssign and AutoStruct (Rutgers, www-
nmr.cabm.rutgers.edu), Aurelia (Bruker
BioSpin), IBIS (Harvard, http://gwagner.
med.harvard.edu), NMRPipe (U.S. National
Institutes of Health, http://spin.niddk.nih.
gov/bax), and Felix (Accelrys, www.accelrys.
com/felix), to name just a few.

NMR in Action
The rich information content of NMR spec-
troscopy is due to a number of fine inter-
actions that are sensitive to the local molec-
ular environment of the atoms. In addition
to the Larmor frequency, the actual frequen-
cy at which a particular nucleus resonates
is determined by the sum of the Larmor
frequency and several small contributions

ranging in magnitude from several kilo-
hertz to fractions of a hertz. The chemi-
cal shift interaction is why nuclei in differ-
ent “chemical” environments resonate at
different frequencies. As a result, each type
of nucleus will produce a slightly differ-
ent resonance frequency, providing direct

information on molecular composition.
The chemical shift interaction scales

linearly with the strength of the applied
magnetic field, translating to a greater spec-
tral dispersion and a reduction in overlap
when going to higher magnetic fields. Scalar
and dipole couplings are caused by neigh-
boring spins in the molecule and provide
information on the molecular structure.

The utility of NMR as a tool for struc-
ture elucidation arises partly from the
fact that by using suitable combinations of
rf pulses and delays, the information content
of the resulting signals can be tailored.
Multidimensional experiments greatly
increase the spectral dispersion and reveal
connectivities between different spins in
the molecules. Whereas heteronuclear corre-
lations, such as between 13C and 15N spins
in proteins or peptides, may suffer from
low sensitivity because of the low natural
abundance of these isotopes (and therefore
a small probability of finding both isotopes
on neighboring locations in a molecule),
progress in isotopic labeling techniques has
enabled the detection of connectivities, and
hence clues to the structure, in large mole-
cules. The ability to also use selective isotope
labels in a molecule offers a useful spec-
tral editing mechanism by reducing the
number of peaks in an NMR spectrum.

Ultracool NMR
NMR has a higher detection limit than
other analytical techniques such as MS.
For example, for proton detection of

small molecules, quantities on the order
of micrograms are needed. The sensitivity
is determined by the NMR signal strength,
detection circuitry, and amount of noise.
The signal is dependent on the type and
abundance of the nucleus under observa-
tion (e.g., 1H vs 13C) as well as the magnet-

ic field strength, with more
signal available at higher field
strengths and at higher rfs. The
proper choice of the detection
circuitry, that is, matching the
available sample volume with
the appropriate probe, increas-
es the signal-to-noise ratio.

Whereas progress in magnet
technology, electronic compo-
nents, and rf architecture has
yielded gradual increases in NMR
sensitivity, the introduction of
cryogenically cooled probes such
as the Bruker BioSpin CryoProbe
has caused a paradigm shift
for NMR. In cryogenically cooled

probes, the rf coils as well as the electronic
detection circuitry are cooled to around 
20 K (Figure 2). This results in a signifi-
cant reduction in the detected noise, which
in turn yields a 3- to 4-fold improvement
in the signal-to-noise ratio. Such an
improvement generates an equivalently
lower detection limit, or a 10–15-fold reduc-
tion in experiment time, and hence in a
higher sample throughput.

The Bottom Line
NMR has established itself as a valuable
tool for a variety of applications in the life
and materials sciences. The many new inno-
vations and techniques introduced by
manufacturers and researchers make NMR
a dynamic field that claims an expanding
role in current life science applications as
well as in developing fields such as metabo-
nomics and systems biology.
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FIGURE 2: Keeping your cool: The Bruker BioSpin CryoProbe Acces-
sory is a closed-loop cooling system. The helium cylinder is used for
system purges during probe changes and provides makeup gas. Heli-
um compressors generate substantial heat and are therefore cooled
with air or water. (Image courtesy of Bruker BioSpin.) 
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