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From 60-MHz instruments to the upcoming 900-MHzsystems that run mul-

ti dimensional experiments, NMR hasproven to be one of chemistry?s most

important tools.

NMR Spectroscopy:
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he detection of nuclear magnetic resonance (NMR) in con-
densed phases was first reported in the middle of the 20th
century by physicists attempting to measure nuclear magnet-

ic moments more accurately. Soon after, it was found that the
resonance frequency depends not only on the atomic nucleus but
also on its chemical environment. This discovery of the chemical
shift caught the attention of chemists, who recognized the po-
tential of NMR for determining the structures of molecules.

Today, NMR is applied in ways that could not have been imag-
ined when the first measurements were made. Not only has NMR
become one of the most powerful methods for determining mo-
lecular structures, it has found many applications in chemistry and
other fields, such as materials science, medicine, and biology. This
retrospective reviews the development of instrumentation and
methodology for chemical applications of NMR spectroscopy.

TThhee  ddiissccoovveerryy
To account for hyperfine splittings in the optical spectra of cer-
tain atoms, Pauli, in 1924, proposed that their nuclei possess
spin angular momentum and thus have magnetic moments (1).
During the same period, Gerlach and Stern reported direct ver-
ification of nuclear magnetic moments in atomic beam experi-
ments (2). In 1938, Rabi and colleagues first observed the res-
onance effect by applying electromagnetic radiation in beam
experiments (3). After unsuccessful attempts by several labs to
observe NMR in condensed phases, research groups led by
Bloch at Stanford and Purcell at Harvard reported in 1946 the
observation of 1H NMR in liquid water and solid paraffin wax
(4, 5), for which they shared the 1953 Nobel Prize in Physics.

Early applications of NMR focused on the measurement of
nuclear magnetic moments on the basis of the assumption that
the resonance frequency (�) of a nucleus depends only on its
magnetogyric ratio (�) and the applied magnetic field (BB0), ac-
cording to the Larmor equation � = �BB0/2�. However, in
1950, Proctor and Yu unexpectedly observed two 14N reso-
nance frequencies for NH4NO3 (6). By accident, they had dis-
covered the chemical shift. About the same time, Dickinson
noticed similar effects for 19F in several compounds, and
Arnold, Dharmatti, and Packard observed separate resonances
for the –CH3, –CH2–, and –OH protons of ethanol (Figure 1)
(7, 8). Arnold and colleagues also observed that the relative in-
tensities of the resonances were the same as the relative num-
bers of protons. Following these reports, Gutowsky and others
began systematic studies to correlate chemical shifts with mo-
lecular structure (9).

During this same period, spin–spin coupling through chemical
bonds was discovered. It was already known that direct through-
space, or dipolar, interactions between nuclear magnetic mo-
ments broadened and split NMR spectra of solids, but these
 dipole–dipole interactions vanish in a liquid when the internu-
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clear vector is moving rapidly and randomly. The observation
of multiplets for neighboring groups of nuclei in NMR spectra
of liquids required a different mechanism to account for inter-
actions between their nuclear magnetic moments (10–12). Pur-
cell and Ramsey provided the explanation in terms of the indirect
through-bond, or scalar, spin–spin coupling mechanism (13).

Within seven years of the first observation of NMR in con-
densed phases, the chemical shift, the dependence of resonance
intensity on concentration, spin –spin coupling, nuclear spin re-
laxation, the effect of chemical exchange on NMR spectra, and
the nuclear Overhauser (NOE) effect had all been described.
The stage was set for chemists to apply NMR.

IInnssttrruummeennttaattiioonn  iinn  tthhee  eeaarrllyy  ddaayyss
The availability of commercial instruments played a major role
in the rapid development of NMR. Within six years of the
first report of NMR in condensed phases, Varian Associates
 delivered a commercial NMR spectro meter, the HR-30. This
continuous wave (cw) instrument was based on a 7050-G (0.7-
T) electromagnet. (The resonance con-
dition for cw is achieved either by
sweeping the magnetic field while hold-
ing the radio frequency constant or vice
versa.) The HR-30 had a 1H resonance
frequency of 30 MHz. Sensitivity was so
low that only neat liquids or concen -
trated solutions gave detectable signals,
and, according to Jim Shoolery, manag-
er of the Varian NMR applications lab,
the instrument was an operator’s night-
mare (14).

To improve sensitivity and increase
chemical shift dispersion, commercial in-
strument development focused on in-
creasing the magnetic field strength. The HR-30 was followed
by several instruments in this series, including the HR-100 (100
MHz 1H) and, in 1964, the HR-220 (220 MHz 1H), which was
based on a 5.17-T superconducting magnet. However, it was the
Varian A-60 that brought routine NMR to chemists.

The A-60, a 60-MHz proton-only cw instrument based on
a 1.4-T electromagnet, was introduced to the analytical com-
munity at the 1961 Pittsburgh Conference. With the A-60’s
user-friendly operation, magnetic field stability provided by its
field/frequency lock, and flatbed recorder for producing spec-
tra on precalibrated chart paper, NMR quickly became the
chemist’s method of choice for following the progress of syn-
thesis and analyzing the structures of synthetic and natural
products (14). Other innovations during these years included
the use of sample spinning and field gradient shims to improve
resolution and the development of homonuclear spin decou-
pling to aid spectral assignment.

Although NMR rapidly became an indispensable tool for
chemists, its range of applications was limited to only a few of the
many NMR-active nuclei because of the technique’s intrinsically
low sensitivity. Most cw NMR experiments were done on nuclides
with a spin quantum number (I ) of 1/2, a high natural abundance,
and a large �. 1H was the most studied nucleus, followed by 19F
and 31P, both of which are 100% naturally abundant.

To improve sensitivity, signal averaging with a computer of
average transients (CAT) was introduced in 1964. With the
CAT, the spectrum was digitized and stored in 1024 channels as
it was scanned. The process was then repeated, with the next dig-
itized spectrum added to that already stored in the CAT. Signals
increase in proportion to the number of scans (n) that are co-
added, while noise increases in proportion to n1/2, giving an n1/2

increase in S/N. However, the amount of sensitivity enhance-
ment that could be achieved by signal averaging with the CAT
was limited because the spectrum had to be scanned slowly to
avoid line shape distortions. Nevertheless, with overnight runs,
detection limits for 1H NMR could be lowered ~10-fold, and, by
using spectra for relatively concentrated solutions, it was possible
to measure other NMR-active nuclei, including 13C. Broadband
1H decoupling was developed at about this time to collapse 13C
multiplets to singlets, with the added benefit that resonance in-
tensity can be further increased by up to 200% by NOE.

TThhee  FFoouurriieerr  ttrraannssffoorrmm  rreevvoolluuttiioonn
Most NMR spectra were measured by the cw method during
the first 25 years of NMR. Today, virtually all NMR spectrom-
eters operate in the pulse/FT mode.

It is convenient to describe the FT-NMR experiment using

FFIIGGUURREE  11.. 32.4-MHz 1H NMR spectrum of ethanol as first observed in
1951.

The peaks from left to right are for the –OH, –CH2, and –CH3 protons (8 ).

It was the Varian A-60 thatbrought

routine NMRto chemists. 
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a classical vector model in which the individual nuclear mag-
netic moments are considered to be precessing around BB0 with
no phase coherence. Because the lower energy state is slightly
more populated, there is a net macroscopic magnetization in
the direction of BB0, which is taken to be along the z axis (Fig-
ure 2). The pulse/FT spectrometer detects a nuclear induction
signal from macroscopic magnetization in the transverse (xy)
plane, Mxy. At equilibrium, Mxy is zero. In FT-NMR, a short rf
pulse perturbs the magnetization and creates a nonzero Mxy,
which precesses around the z axis at the Larmor frequency. The
precessing Mxy induces a transient signal, the free induction
decay (FID), in a receiver coil orthogonal to the direction of
BB0. Because the rf pulse excites nuclei over a wide frequency
range, the FID is a composite of the time domain signals from
all the nuclei with resonances in that frequency range. The FID
is Fourier transformed to give the frequency domain spectrum.

Although the first high-resolution FT-NMR spectrum was
not reported until 1966 (15), pulse methods were actually used
in some of the earliest NMR experiments. In 1950, Hahn re-
ported the spin-echo pulse method for determining relaxation
times (16). However, applications of the pulse method were
limited because spectral information had to be extracted di-
rectly from the FID, which for more than a couple of reso-
nances is quite complicated.

In 1956, Lowe and Norberg pointed out that the time do-
main FID and the frequency domain spectrum form an FT pair.
The first high-resolution FT-NMR spectrum was by Ernst and
Anderson, who were investigating FT-NMR as a multichannel
method to increase sensitivity (15). Sensitivity enhancement by
signal averaging in cw NMR is inefficient because the spectrum
is scanned one resolution element at a time, whereas the FID
contains all the spectral information for a given nuclide. Thus,
signal averaging to increase sensitivity is much more efficient in
the time domain. For example, a typical scan in cw NMR might
take as long as 500 s compared with a typical time of 2–3 s for
the acquisition of a FID in FT-NMR.

Because there were no laboratory computers in 1965, the
FID was digitized and stored in a CAT. It is interesting to look
back at how the FT part of the first pulse/FT NMR experi-
ments was done.

“When Ernst and Anderson started this research, there were no
small laboratory computers available, and data storage and re-
trieval methods were very crude. The experimental FID, digi-
tized initially on the CAT, had to be converted into punched
paper tape and then transcribed onto IBM punch cards (one
data point per card). These cards were then taken to an adja-
cent building where the IBM 7090 computer was housed, for FT
processing overnight, competing (mostly unsuccessfully) with the
rival demands of Varian Associates payroll and factory invento-
ry processing. If the spectrum needed to be rephased—and it al-
most always did—another day would be wasted before the new
spectrum was obtained.” (17)

Fortunately, small laboratory computers that could be ded-
icated to an NMR spectrometer became available about this

time. Also, Cooley and Tukey reported that the FT algorithm
could be made more efficient by restricting the size of the data
set to 2n points, where n is an integer (18). With this restric-
tion, the number of multiplications decreased and Fourier
transformation speed increased.

The first commercial FT hardware was an accessory offered
in 1968 for Varian’s HA-100 spectrometer. In 1969, Bruker
Instruments introduced the first commercial FT-NMR spec-
trometer, the WH-90, which was a multinuclear spectrometer
that ran 1H NMR at 90 MHz. This was followed in 1970 by
the WH-270, the first commercial FT spectrometer using a su-
perconducting magnet. The development of commercial FT-
NMR spectrometers enormously increased the application of
NMR to chemical problems. With more efficient signal averag-
ing in the time domain, detection limits for 1H NMR were
lowered, and it became practical to measure NMR spectra of
less-sensitive and less-abundant nuclei, particularly 13C.

MMuullttiippllee  ppuullssee  NNMMRR
With the ability to manipulate the nuclear magnetization by rf
pulses, NMR spectroscopists began to devise entirely new ex-
periments based on multiple pulse sequences, such as the in-
version-recovery and spin-echo pulse sequences (Figure 3a and
b) for measuring spin–lattice (T1) and spin–spin (T2) relaxation
times for each resonance in multiline NMR spectra (19, 20).

NMR spectroscopists soon realized that these multiple pulse
sequences could be used in other ways to increase the range of
NMR applications. For example, with the inversion-recovery
and spin-echo pulse sequences, spectra can be edited by using
T1 and T2 as additional resolution parameters. Differences be-
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FFIIGGUURREE  22.. Classical vector description of the pulse/FT NMR
 experiment.

The ensemble of nuclear magnetic moments gives rise to a net macroscopic
magnetization, which is aligned with B0, the externally applied magnetic field.
The macroscopic magnetization is perturbed by an rf pulse to create transverse
magnetization (Mxy), which then precesses at the Larmor frequencies of the nu-
clear magnetic moments excited by the rf pulse. In this example, the rf pulse is
a 90° pulse (i.e., it rotates the macroscopic magnetization through 90° into the
transverse plane). The precessing transverse magnetization generates a nuclear
induction signal, the FID, which is detected as a function of time. In this exam-
ple, the FID contains four frequencies; Fourier transformation gives the frequen-
cy domain spectrum.
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tween the T1 values of water and solute protons were used to
reduce the size of the intense water resonance (often 100,000
or more times as intense as solute resonances) in 1H NMR
spectra of aqueous solutions, whereas differences in T2 were
used to selectively eliminate 1H resonances of macromolecules
in 1H NMR spectra of mixtures containing proteins and small
biological molecules, such as the intracellular region of intact
red blood cells (21, 22).

Other problems were addressed with new multiple pulse ex-
periments. Spin-echo methods with gated broadband 1H de-
coupling (Figure 3c) were developed for determining the num-
ber of attached protons in 13C NMR (the attached proton test
[APT] experiment) (23, 24). In the APT spectrum, 13C reso-
nances are singlets, but the relative phase of a resonance de-
pends on the number of attached protons. The APT experi-
ment was followed by the distortionless enhancement by
polarization transfer (DEPT) experiment (Figure 3d), which
provides similar information but is based on multiple quantum
coherence at specific time periods during the pulse sequence
(25). The APT and DEPT experiments have replaced off-reso-

nance decoupling for determining the number of attached pro-
tons, the first step in the assignment of a 13C spectrum. The in-
sensitive nuclei enhanced by polarization transfer (INEPT) ex-
periment (Figure 3e) transfers the much larger proton
polarization to directly bonded, low-� nuclei, such as 13C or
15N (26). S/N is increased by up to �H/�C (= 4.0) for 13C and
up to �H/�N (= 9.9) for 15N, which corresponds to a reduction
in the signal averaging time by factors up to 16 and 100, re-
spectively.

However, the most significant development in multiple
pulse NMR was the realization that, by manipulating nuclear
spin magnetization with carefully timed rf pulses, dubbed “spin
choreography” by Freeman (27 ), a second frequency dimen-
sion could be added to the experiment.

TTwwoo--ddiimmeennssiioonnaall  NNMMRR
Jeener first suggested two-dimensional (2-D) FT-NMR in
1971 (28). Jeener proposed a simple two-pulse sequence—a
90o pulse followed by a time interval (t1), another 90o pulse,
and then acquisition of the FID as a function of time (t2)—with
the collection of a series of FIDs at incremented t1 values to
generate a 2-D data matrix SS(t1,t2). He proposed that a double
Fourier transformation with respect to t1 and t2 would give a 2-
D spectrum with two frequency axes, SS(F1,F2), and that there
would be cross peaks between resonances linked by spin–spin
coupling due to transfer of coherence by the second 90o pulse.
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FFIIGGUURREE  33.. Pulse sequences for selected 1-D multiple pulse experiments.

The narrow and wide pulses have flip angles of 90 and 180°, respectively. RD
represents a relaxation delay during which the magnetization returns to equilibri-
um between repetitions of the pulse sequence. (a) The inversion-recovery pulse
sequence for measuring T1 and editing spectra on the basis of differences in
T1s. The macroscopic magnetization is inverted by the 180° pulse and then al-
lowed to relax back toward equilibrium by spin–lattice relaxation during the delay
of length D1. The 90° pulse serves as an observation pulse by converting the
Mz at time D1 into observable transverse magnetization. (b) The spin-echo pulse
sequence for measuring T2 and editing spectra on the basis of differences in
T2s. The 90° pulse creates transverse magnetization, which then undergoes
spin–spin relaxation for a period of length 2D1. The 180° pulse serves to refocus
macroscopic magnetization, which has fanned out during the first D1 interval
due to magnetic field inhomogeneity. (c) 13C spin-echo pulse sequence with
gated broadband 1H decoupling (Dec). The broadband decoupling modulates the
intensity of the singlet 13C resonances according to the number of attached pro-
tons. A similar intensity modulation can be achieved by applying a 180° 1H pulse
simultaneously with the 180° 13C pulse. (d) The DEPT pulse sequence for trans-
fer of polarization from 1H to 13C and for spectral editing according to the num-
ber of attached protons. The 90° 1H pulse creates 1H transverse magnetization,
which precesses under the influence of 13C,1H spin–spin coupling during the
first delay of length D1. The 90° 13C pulse then converts the proton magnetiza-
tion into 1H,13C double quantum coherence, which precesses during the second
D1 interval. The double quantum coherence is converted to observable single
quantum 13C transverse magnetization by the second 90° 1H pulse. The 180°
1H and 13C pulses are refocusing pulses, as in the spin-echo pulse sequence.
(e) The refocused INEPT pulse sequence for transfer of polarization from 1H to
13C. The 90° 1H pulse creates transverse 1H magnetization, which precesses
under the influence of 13C,1H spin–spin coupling during the first D1 delay. The
first pair of 180° 1H/13C pulses results in refocused antiphase 1H magnetization
at the end of the second D1 delay. The simultaneous 90o 1H and 13C pulses con-
vert the anti phase 1H magnetization into antiphase 1H-polarized 13C magnetiza-
tion, which is allowed to refocus during the two D2 periods. The simultaneous
180° 1H and 13C pulses, which separate the two D2 delay periods, serve to refo-
cus spin–spin coupling and magnetic field inhomogeneity effects, respectively.



In effect, information about the nuclear
spins encoded during the t1 interval
would be determined indirectly by
Fourier transformation as a function of
both t1 and t2.

In 1975, Müller, Kumar, and Ernst
reported the first 2-D NMR spectrum, a
2-D spin, “J-resolved” 13C spectrum of
hexane, in which proton-coupled 13C
multiplets were rotated 90o around their
centers so that they were displayed on
one frequency axis and the chemical
shifts were displayed on the second fre-
quency axis (29). This was followed in
1976 by a seminal publication in which
Aue, Bartholdi, and Ernst presented a
comprehensive theoretical treatment of 2-D NMR spectroscopy,
together with applications, such as correlation, J-resolved, and
multiple quantum spectroscopies (30). Since then, numerous
2-D NMR experiments have been developed by many research
groups, including those of Ernst, Freeman, Bax, and Müller.
Ernst received the 1991 Nobel Prize in Chemistry for his many
contributions to NMR.

The development of 2-D NMR has revolutionized the prac-
tice of NMR. 2-D NMR experiments identify resonances that
are connected by through-bond scalar coupling, through-space
(dipolar) interactions, or chemical exchange. 2-D experiments
can be described in terms of four time periods: preparation,
evolution (t1), mixing, and detection (t2). The preparation pe-
riod consists of a delay to allow the spin system to relax be-
tween repetitions of the pulse sequence, followed by one or
more pulses to excite the spin system. During the evolution pe-
riod, the spin system evolves under the influence of chemical
shifts and spin–spin coupling. One or more rf pulses are applied
to achieve coherence transfer (by spin–spin coupling) and in-
coherent transfer (by dipolar interactions or chemical exchange)
and to create an observable transverse magnetization, which is
detected as a function of t2.

In 2-D experiments based on coherence transfer, cross peaks
are observed between resonances linked by through-bond
spin–spin coupling. They include the homonuclear correlation
spectroscopy (COSY) and total correlation spectroscopy
(TOCSY) experiments, the incredible natural-abundance dou-
ble-quantum transfer experiment (INADEQUATE), and the
heteronuclear correlation (HETCOR) spectroscopy and hetero -
nuclear multiple quantum coherence (HMQC) experiments. 

The COSY experiment, based on the two-pulse sequence
originally proposed by Jeener, is one of the simplest and most
useful of the 2-D experiments (30). The COSY spectrum con-
sists of peaks along the diagonal that have the same frequency
coordinates in both dimensions and correspond to the 1-D
spectrum, and off-diagonal cross peaks that identify resonances
linked by spin–spin coupling. This same information can be ob-
tained from a series of selective 1-D homonuclear decoupling
experiments. However, the COSY experiment provides the
complete homonuclear spin–spin coupling network in one

spectrum with improved resolution, because the spectrum is
spread into two dimensions. The TOCSY spectrum also con-
sists of peaks corresponding to the 1-D spectrum along the di-
agonal, but with cross peaks that can step further along a scalar-
coupled spin system (31).

The HETCOR spectrum consists of cross peaks that corre-
late 1H resonance frequencies in one dimension with the reso-
nance frequencies of directly bonded heteroatoms, such as 13C,
in the second dimension (32). The 1H,13C-HETCOR experi-
ment has proven to be extremely useful for assigning 13C spec-
tra, but it suffers from relatively low sensitivity.

In 1979, Müller reported the HMQC experiment, which
provides the same 1H-13C resonance connectivity information,
but has significantly higher sensitivity because the 1H FID is
detected (33). In this experiment, the preparation period con-
sists of a 90° 1H pulse to excite the proton spin system, which
includes protons attached to 12C and 13C, a fixed delay, and
then a 90° 13C pulse to create multiple quantum coherence
from the 13C nuclei and attached proton(s). Evolution of the
multiple quantum coherence cannot be detected directly;
rather, it is converted to observable single quantum 1H coher-
ence by a second 90° 13C pulse and then detected indirectly
through its effect on the 1H FID.

The COSY, TOCSY, HETCOR, and HMQC experiments
have greatly simplified the assignment of 1H and 13C NMR
spectra and have made NMR an extremely powerful method
for identifying organic compounds. However, the INADE-
QUATE experiment, which is based on spin–spin coupling be-
tween directly bonded pairs of 13C nuclei, is perhaps the ulti-
mate 2-D NMR experiment for determining structural
formulae of organic compounds. The carbon backbone of an
organic compound can be traced out, one carbon at a time,
from cross peaks in the INADEQUATE spectrum (34). Un-
fortunately, because only 1 in every 10,000 pairs of carbons will
both be 13C, the INADEQUATE experiment is of such low
sensitivity that it has found limited application. Recent reports
suggest that, by using pattern recognition methods, the poten-
tial of this experiment may be realized.

In 2-D experiments based on the incoherent transfer of
magnetization by the NOE or chemical exchange during the
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The most significant development was

that a second  frequency  dimension

could beadded tothe experiment.



2 2 0 A A N A LY T I C A L  C H E M I S T R Y /  A P R I L 1 ,  2 0 0 1

mixing period, cross peaks are observed between resonances
linked by through-space dipole–dipole interactions or by chem-
ical exchange. These experiments include nuclear Overhauser
effect spectroscopy (NOESY), rotating frame overhauser effect
spectroscopy (ROESY), and exchange spectroscopy (EXSY) (35,
36). The NOE falls off as the inverse sixth power of the dis-
tance between the dipoles, and thus cross peaks in NOESY and
ROESY spectra provide information about the conformation
and structure of molecules in solution. To illustrate, a portion
of the ROESY spectrum of a 19-amino acid peptide is shown
in Figure 4 (37).

In 1985, Wüthrich and co-workers reported the complete
3-D structure of a protein in solution using only NOE distance
constraints (38). Since then, there has been spectacular
progress in developing and applying NMR methodology to
protein structure determination. NMR and X-ray crystallogra-
phy can determine the 3-D structures of proteins. However,
only NMR can determine the structures of proteins in solution.

MMuullttiiddiimmeennssiioonnaall  NNMMRR
Because of resonance overlap, protein structure determination
by 2-D NMR was limited to relatively small proteins. A major
milestone in protein NMR was the development of 3-D and 4-
D NMR along with methods for producing uniformly 15N- and
13C-labeled proteins (39, 40). 3-D and 4-D NMR experiments
link two or three of the 2-D experiments just described. To-
gether, they produce a multidimensional data matrix, which,
when Fourier transformed, produces a 3-D or 4-D spectrum.
The third dimension can be used, for example, to spread apart
an 1H,1H-2-D spectrum on the basis of the chemical shift of
another nucleus, such as 15N or 13C. For instance, an 1H,1H-
TOCSY spectrum of a uniformly 15N-labeled peptide or pro-
tein can be spread apart according to the chemical shift of the
backbone amide 15N resonance for each amino acid using a 3-
D HMQC-TOCSY experiment. With the resolution that can
be achieved with these multidimensional experiments, it has
been possible to extend the NMR method for determining
protein structure to larger and larger proteins.

NNMMRR  tthheeoorryy
As NMR evolved from the cw to FT-NMR to multidimensional
NMR, the theory also evolved, providing a basis for designing
experiments based on such esoteric concepts as the indirect de-
tection of multiple quantum coherence and the transfer of co-
herence from 1H to 15N to 13C and then back to 1H in multidi-
mensional experiments with uniformly 13C,15N-labeled proteins.

Early in the history of NMR, the behavior of nuclear spins
in a magnetic field was treated using classical mechanics. By
considering the macroscopic, measurable magnetization of an
ensemble of nuclei (Figure 2), Bloch formed a set of equations
to describe the magnetic resonance phenomenon in terms of a
classical vector model (41). This vector model has served ad-
mirably to explain several aspects of NMR, including T1 and T2
relaxation and the behavior of the macroscopic magnetization
during various multiple pulse experiments. A major virtue of
the vector model is that it helps visualize NMR experiments in

terms of a simple physical picture. A limitation, however, is that
only the simplest of the 2-D experiments can be adequately
 described.

2-D experiments based on coherence transfer and multiple
quantum coherence can be described in terms of a density ma-
trix treatment, which provides a complete description of the
state of the spin system and its time evolution during a pulse se-
quence (42). However, the density matrix treatment becomes
quite cumbersome for systems with a large number of spins and
provides little insight into the experiment. The product opera-
tor formalism, which is derived from the density matrix treat-
ment, offers a simpler but more complete theoretical treatment
of the behavior of weakly coupled spin systems during a pulse
sequence, while also providing a physical pictorial interpreta-
tion somewhat analogous to the vector model (43). The prod-
uct operator formalism has played a key role in the design of
multidimensional NMR experiments.

NNMMRR  aanndd  tthhee  ppeerriiooddiicc  ttaabbllee
Most elements have at least one stable, NMR-active isotope.
For sensitivity reasons, most cw NMR measurements were
made on 1H, 19F, and 31P. With the development of FT-NMR,
high-field spectrometers, and polarization transfer and indirect
detection experiments, it is now possible to routinely obtain
NMR spectra of 13C, 15N, and other low-abundance, low-� iso-
topes. The extent to which specific isotopes have been studied
has been a function of their nuclear spin properties (favoring
I = 1/2 nuclei over I > 1/2), �, and the level of chemical inter-
est in the element. Nuclei with I = 1/2 have relatively long re-
laxation times, which results in narrow resonance lines suitable
for high-resolution NMR studies. Twenty-four elements have
stable isotopes with I = 1/2, including 13C. Because of 13C
NMR’s usefulness in elucidating the structures of organic mol-
ecules, it has seen explosive growth following the development
of FT-NMR.

Nuclei with I > 1/2 possess nuclear electric quadrupole mo-
ments that shorten relaxation times and broaden resonance
lines, making them less suitable for high-resolution studies.
However, relaxation times of these nuclei are extremely sensi-
tive to the chemical environment, forming the basis of studies
of alkali, alkaline earth, and halide ion binding by biological
macromolecules and ion solvation.

NNMMRR  ooff  ssoolliiddss
Chemical shifts and spin–spin couplings are usually obscured in
NMR spectra of solids by resonance broadening due to di-
pole–dipole interactions between nearby nuclei and chemical
shift anisotropy effects. However, NMR spectroscopists have
devised techniques for controlling these interactions so that
resonance line widths can be reduced from several kHz to
 several Hz. These techniques have revolutionized solid-state
NMR.

The first breakthrough was the discovery by Andrew in
1958 that broadening due to dipolar interactions can be elim-
inated by spinning the sample around an axis at the “magic
angle” of 54° 44´ to BB0 (44). In the magic angle spinning (MAS)
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experiment, the sample is contained in a small capsule (rotor)
with a length of ~10 mm and a diam of 4–7 mm, which is ro-
tated at speeds of up to 35 kHz. MAS also eliminates broaden-
ing due to chemical shift anisotropy.

A second major breakthrough occurred in 1972 when
Pines, Gibby, and Waugh reported the use of cross-polarization
(CP) to increase the sensitivity of natural abundance 13C NMR
spectra of solids (45). In the CP experiment, a double irradia-
tion pulse sequence removes dipolar interactions between iso-
topically dilute 13C and the much more abundant protons. Po-
larization is also transferred from the protons to the dilute 13C
spins (CP) to increase population differences between adjacent
13C energy levels. The result is an increase in 13C resonance in-
tensities by a factor of �H/�C.

In 1976, Schaefer and Stejskal reported the combined CP--
MAS experiment, which has become the standard method for
measuring high-resolution NMR spectra of 13C, 15N, and other
low-sensitivity, low-abundance I = 1/2 nuclei in the solid state
(46). High-resolution 13C NMR spectra are routinely meas-
ured for microcrystalline materials, crystal powders, and amor-
phorus materials by CP-MAS NMR. It is interesting to note
that, although line-narrowing by MAS was first reported in
1958, it was not until almost 20 years later that it was used rou-
tinely for solid-state NMR.

NNMMRR  iinnssttrruummeennttaattiioonn
MMaaggnneettss..  Ever since the first commercial NMR spectrometer
was introduced, there has been a continuous effort to increase
the field strengths of NMR magnets. Sensitivity increases in
proportion to BB0

3/2, chemical shift dispersion increases linear-
ly with BB0, and spectral interpretation is simplified as BB0 is
 increased.

Commercial spectrometers during the 1950s and early 1960s
were based on permanent magnets and electromagnets. BB0 was
limited to 2.11 T (90-MHz 1H NMR) with permanent mag-
nets and 2.35 T (100-MHz 1H NMR) with electromagnets.

The development of persistent superconducting solenoids
for use in NMR magnets (cryomagnets) in the early 1960s was
a major milestone. Superconducting solenoids carry much
higher current densities, making it possible to achieve higher
magnetic fields. The current state-of-the-art field strength is
18.8 T (800-MHz 1H NMR), with the first 900-MHz (21.1-
T) spectrometers scheduled for delivery this year.

NMR magnets must meet two very demanding criteria: BB0
must be both stable and homogenous over the volume detect-
ed by the receiver coil. For example, resonance lines might be
as narrow as 0.1 Hz at half height for very high-resolution ap-
plications, corresponding to 1 part in 5 billion for 1H NMR at
500 MHz. BB0 stability is achieved with a field/frequency lock
that provides a feedback signal to correct for drift—an innova-
tion introduced in the 1950s to correct for the instability of
electromagnets. BB0 homogeneity is achieved with current shims,
which produce local BB0 gradients to compensate for inhomo-
geneities in the static magnetic field, and by spinning the sam-
ple, which averages BB0 inhomogeneity transverse to the spin-
ning axis. With the high-quality superconducting magnets now

in use, it often is not necessary to spin the sample to achieve su-
perb BB0 homogeneity.

The need for increased sensitivity and chemical shift disper-
sion has been the driving force for increasing magnet strength.
If these were the only gains, it might be difficult to justify the
substantial price increases for the relatively small gains in sensi-
tivity and dispersion when going from 700 to 800 MHz or 800
to 900 MHz, for example. However, these very high field
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FFIIGGUURREE  44.. (a) The 500-MHz 1-D 1H NMR spectrum and (b) a portion of
the 2-D ROESY spectrum for a 19-amino acid peptide.

Peptide is N-Ac-Ala-Glu-Ala-Ala-Ala-Arg-Ala-Ala-Ala-Arg-Arg-Ala-Ala-Arg-Arg-Ala-
Ala-Ala-Arg-NH2, which is in 90% H2O/10% D2O. The H2O resonance at ~5.0
ppm was suppressed by presaturation. The ROESY spectrum was measured
using the band-selective homonuclear decoupled (BASHD) ROESY pulse se-
quence (38 ), which collapses multiplets due to 1H,1H spin–spin coupling to sin-
glets in the F1 dimension to further increase resolution in the 2-D spectrum. The
C�H (4.04–4.30 ppm)/amide NH (7.9–8.9 ppm) region of the BASHD-ROESY
spectrum is shown. Because there are 12 Ala and 6 Arg residues in the peptide,
there is extensive overlap in the 1-D spectrum, particularly in the C�H region.
However, cross peaks for all of the possible NHi -C�Hi and C�Hi -NH i+1 dipolar in-
teractions are observed in the BASHD-ROESY spectrum, making it possible to
completely assign the 1H NMR spectrum of the peptide. The cross peaks for in-
traresidue NHi -C�Hi and interresidue C�Hi -NH i+1 dipolar interactions are identi-
fied by single numbers and pairs of consecutive numbers, respectively, which
indicate amino acid residues starting from the N-terminal Ala. Additionally, cross
peaks for NHi,C�Hi+3 dipolar interactions are also observed, which indicate the
peptide is an �-helix in solution. (Adapted with permission from Ref. 37.)
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strengths provide other significant benefits, particularly for
NMR of biological macromolecules.

For example, determination of protein 3-D structures by
NMR was limited to proteins of molecular weights <<  ~~20–30
kDa, because resonances become broader with increasing pro-
tein size. Recently, however, Wüthrich and co-workers discov-
ered that, at the very high magnetic field strengths, narrow
 resonances can be obtained by the constructive use of inter -
ference between dipole–dipole coupling and chemical shift
anisotropy in a technique called transverse relaxation-optimized
spectroscopy (TROSY) (47). With TROSY experiments, it
should be possible to determine 3-D structures of proteins
≥100 kDa.

PPrroobbee.. The sample is inserted into the probehead, which
contains the transmitter and receiver coil(s). Probes have been
developed to accommodate a range of sample sizes. The stan-
dard is a sample volume of 400–700 µL in a 5-mm o.d. NMR
tube. To increase the sensitivity for low abundance, low-� nu-
clei probes have been designed to accommodate 10-, 15-, and
even 30-mm o.d. NMR tubes.

More recently, there has been an emphasis on measuring
spectra of very small quantities, particularly using 1H NMR spec-
tra. Probes have been designed with smaller rf coils for microliter
and nanoliter sample volumes (47, 48), and MAS probes have
been built for measuring high-resolution NMR spectra with
sample volumes of tens of microliters (49). Signal broadening
due to magnetic susceptibility discontinuities across the region
sampled by the receiver coil can be eliminated by rotating the
sample at high speeds around an axis at the magic angle. MAS
probes have also proven useful for measuring high-resolution
NMR spectra of samples not amenable to standard liquid-phase
methods, such as peptides and other compounds on solid-
phase synthesis resins (50).

The use of cryogenically cooled receiver coils in NMR
probes is particularly interesting, because the noise voltage as-
sociated with signal detection is reduced. This recent develop-
ment holds the promise of significantly lower detection limits
(51).

PPuullsseedd--ffiieelldd  ggrraaddiieennttss.. First described in 1980 as an alter-
native method for selecting the desired coherences in 2-D

NMR, pulsed-field gradients (PFGs)
were incorporated into high-resolution
NMR instrumentation about a decade
later (52, 53).

Linear magnetic field gradients of
short duration are applied over the sample
volume (e.g., along the z axis) at specific
times during a multiple pulse sequence.
The gradient will dephase coherences spa-
tially, along the direction of the gradient;
the extent of dephasing depends on the
coherence (e.g., single quantum vs dou-
ble quantum). By using the appropriate
combination of rf pulses and PFGs, the
desired coherences can be selectively re -
phased and detected. Because the receiv-

er detects only the  desired coherence, its gain can be set much
higher, making possible multidimensional experiments in a frac-
tion of the time required for phase cycling experiments.

PFGs are also the basis of methods for eliminating the water
resonance from 1H NMR spectra of aqueous solutions and meas-
uring diffusion coefficients. In an experiment that will have many
applications, differences in diffusion coefficients are used as the
basis for spectral editing (54).

CCoommppuutteerrss.. The importance of the computer revolution to
the development of modern NMR spectroscopy cannot be
overstated. Indeed, the development of FT-NMR as a practical
alternative to cw NMR had to await the arrival of minicomput-
ers. The FT accessory for the HA-100 had a minicomputer
with only 4000 bytes of memory, which severely limited digital
resolution in the frequency domain spectrum.

Advances in computer technology have been rapidly incor-
porated into NMR spectrometers. Today, the user shims the
magnet to optimize BB0 homogeneity usually automatically with
an algorithm that uses PFGs, selects the pulse sequence, sets
the timing and pulse parameters for the pulse programmer,
controls the sample temperature, and initiates the experiment
through the computer interface. Digitized data are then pro -
cessed, and the spectra are displayed by the computer. With the
computing speed and large memory of today’s workstations, a
2-D data set consisting of, for example, 512 8K FIDs can be
processed in minutes.

MMaattuurree——nnoott  ddoorrmmaanntt
NMR spectroscopists recently celebrated the 50th anniversary
of the first NMR observations in condensed phases. Today,
NMR is one of chemistry’s most important spectroscopic tech-
niques. Numerous NMR phenomena have been discovered,
and powerful experimental methods have been devised for ob-
serving them. NMR is the preeminent method for determining
the structure of organic compounds. NMR is also widely used
to determine the structures and characterize the solution
chemistry of inorganic and organometallic compounds (55).
NOE data, together with spin–spin-coupling constants, pro-
vide a sensitive probe of the conformations of molecules and
form the basis of NMR methods for determining the 3-D

Many NMR phenomena have been dis-

covered, and powerful experiments

have been devised for observing them.
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structures of proteins and other biological macromolecules in
solution (56).

NMR is widely used for studying chemical equilibria and ki-
netics at the molecular level. For example, acid dissociation
constants have been determined for specific acidic groups in
peptides and proteins using chemical shift data, and NMR line
broadening and magnetization transfer methods are widely
used to characterize the kinetics of intramolecular and inter-
molecular reactions at equilibrium (57 ).

NMR offers important advantages as a technique for quan-
titative chemical analysis, including its nondestructive nature,
easy analysis of multicomponent mixtures, and no need to cal-
ibrate the instrument with pure samples of each analyte (58).
Recently, NMR has emerged as an information-rich detector in
LC/NMR—a combination that is particularly promising for
the pharmaceutical industry (59).

Although NMR is a mature technique, it certainly is not
dormant. New developments in methodology and instrumen-
tation continue at a rapid pace, and scientists from a range of
disciplines continue to find new applications. To illustrate, the
neural patterns in the human brain associated with pain, the an-
ticipation of pain, and fear have recently been identified by
functional magnetic resonance imaging (60).

Dallas L. Rabenstein is a professor of chemistry at the University of
California–Riverside. His research interests include NMR spectros -
copy and its application in characterizing peptides, proteins, carbohy-
drates, biological fluids, and intact red blood cells. Correspondence
about this article should be addressed to Rabenstein at the Depart-
ment of Chemistry, University of California, Riverside, CA 92521
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