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The basic principles of nuclear magnetic resonance (NMR) are discussed. The
concepts presented include a qualitative quantum-mechanical approach to NMR
spectroscopy and a classical-mechanical approach to time-dependent NMR phe-
nomena (relaxation effects). The spectroscopic concepts discussed include ab-
sorption of radiation by matter, spin and energy quantization, chemical shift, and
spin-spin splitting. The time-dependent phenomena include the concepts of T, and
T,, the spin-lattice and spin-spin relaxation time, and Fourier-transform NMR spec-

troscopy.
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The rising number of biomedical applications of nu-
clear magnetic resonance (NMR) (/-14), particularly
in the area of medical imaging, has brought this tech-
nique to the increasing attention of the medical com-
munity. This is the first in a series of four articles that
will provide a basic explanation of the principles and
medical applications of NMR. Special care will be taken
in this paper to differentiate between explanations ba-
sically derived from quantum-mechanical concepts, and
those that are based on classical concepts. In an initial
exposure to NMR concepts, it is easy to become confused
if one tries to understand classical models in terms of
quantum-mechanical ideas, or vice versa. The discussion
will require definition of various key words and phrases
commonly used with NMR, such as chemical shift, spin
state, and relaxation times; these will be explained in the
text.
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Historically, NMR has developed into one of the most
powerful analytic tools available to chemists over the
recent two decades. Its primary use initially was in
structure elucidation, although other applications have
included determination of interatomic distances, mea-
surement of reaction rates, and evaluation of the equi-
librium constants of hydrogen bonding. As such, it has
been an important aid in the synthesis of radionuclide-
containing moleculcs.

NMR signals can provide both dynamic (time de-
pendent) and equilibrium (time-indcpendent) data. The
time-independent aspects were first used in commercial
instruments and gave rise to conventional NMR spectra
(high-resolution NMR). One can also investigate the
response of a collection of nuclei to a transicnt pulse of
energy. Such behavior can be used to measure the re-
laxation times of the molecules in the sample (sec below).
It also serves as the conceptual basis for Fourier-trans-
form NMR (discussed below).

The recent application of NMR to biochemical
problems has been made possible by various technical
advances that have increased the sensitivity of NMR
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FIG. 1. Two-state system. Particle has two possible energy states
(Eo and E,), and when exposed to correct energy (AE =E, — E, =
hw), particle will be promoted to higher level.

significantly; it formerly required highly concentrated
samples for study and was therefore used primarily for
structure analysis. A recent paper by Glonek et al. (15)
lists some of the many advances that have made NMR
relevant to biochemistry. The sensitivity of NMR has
been increased by several orders of magnitude through
the use of Fourier-transform NMR spectroscopy, new
electronic components such as minicomputers, pulse
amplifiers, extended memories, etc., very-high-field
superconducting magnets without appreciable field drift,
and large-bore magnets with excellent homogeneity.
These have made it possible to do in vivo physiologic and
biochemical studies. The same advances—particularly
the use of large-bore superconducting magnets—have
also helped to extend the capability of NMR to the
rapidly expanding field of NMR medical imaging over
the past 6 years.

QUANTUM-MECHANICAL MODEL—HIGH-RESOLUTION
NMR

It cannot be stated strongly enough that NMR is a
phenomenon based on quantum mechanics. Fortunately,
it is not necessary to understand quantum mechanics in
all its complexity to derive both scientific and medical
data from NMR spectra or images. It is convenient,
however, to explain NMR spectra on a quantum-me-
chanical basis while treating relaxation (time dependent)
phenomena in terms of classical mechanics.

A fundamental tenet of quantum mechanics (the
study of atomic phenomena) is that particles exist in
discrete energy states. These energy states are deter-

mined by mathematical principles and generally the
energy states do not form a continuum as in classical
mechanics but exist as discrete (quantized) states, sep-
arated by finite energy differences (Fig. 1). To change
the state of a particle, absorption (or emission) of exactly
the correct amount (quantum) of energy is required to
cause a promotion (or drop) of the particle to another
state.

The energy absorbed (or emitted) is in the form of
electromagnetic (EM) radiation, like that in sunshine
and radio waves. According to Planck’s Law, the energy
of EM radiation is proportional to its frequency, i.e.:

AE = hw, (n

where AE is the energy, w is the frequency of transition,
and A (called ““h bar”) is Planck’s constant (h) divided
by 2.

Equation (1) implies that the regions of the EM
spectrum (radiofrequency, microwave, infrared, visible,
ultraviolet, and x-ray) are of different energies because
of their different frequency ranges (Fig. 2). The re-
quirement of using EM energy at a precise frequency to
cause a particle (electron, nucleus, atom, molecule) to
be promoted to a higher state is the basis for all molec-
ular spectroscopy across the EM range, including
NMR.

NMR is based upon the concept that some atomic
nuclei have an inherent angular momentum or “spin”
and there is an energy associated with each spin state.
In a manner analogous to energy existing in discrete or
quantized states, spin angular momentum (I) is also
quantized. For the sake of simplicity, we will consider
only two spin states (+1/2 or —1/2), although more
complex systems can be of biological relevance. In the
absence of an external magnetic field, Ho, the energies
of the two spin states will be identical (in spectroscopic
terminology, they are said to be “degenerate’). However,
in the presence of H,, two distinct spin states with an
energy separation exist (Fig. 3A). The presence of these
two spin-energy states sets up a spectroscopic experiment
similar to that described previously in Fig. 1. The energy
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FIG. 2. Regions of EM radiation with their corresponding wavelengths (\), frequencies (v = w/21), energies (AE), and effect on appropriate

“‘particle.”
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B. magnetism. The energy associated with this spin angular
¢ .ny, Mmomentum is therefore sensitive to the presence of a
A 2 magnetic field.
Eph e Combining Equations (1) and (2) yields:

AE=INH, AE=1hHg w = vH,, (3)
m. where w is the frequency of the EM energy required to
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cause a transition between the two different spin states.
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FIG. 3. Energy levels for hydrogen nucleus (proton) in absence of
magnetic field (H, = 0), in field of 10,000 G (A), and in field of 50,000
G (B). (Energy spacing not drawn to scale.) E, is energy of nuclei in
absence of magnetic field. Note that at higher field strength, energy
separation is greater because AE « H, [Eq. (2)], and leads to
stronger NMR signal.

difference between the two spin states is given by:
AE = yhH,, (2)

where 7 is called the magnetogyric moment, being
unique for each nucleus.

There is no classical analogy to the concept of nuclear
spin. Spin was initially postulated for an electron in order
to explain the existence of two closely spaced lines in-
stead of a single one in the spectra of alkali atoms. Some
nuclei were later noted to have a similar property of spin
angular momentum. This gives rise to a magnetic mo-
ment for electrons and nuclei with spin angular mo-
mentum, since a spinning charged particle must generate
a magnetic field according to the basic laws of electro-

Equation (3) defines the resonance frequency at which
the nuclei absorb energy. This equation defines a unique
field-to-frequency ratio for each nucleus, which must be
satisfied if one is to observe an NMR signal. Specifying
either the resonant frequency or the strength of the ex-
ternal magnetic field (H,) defines the other by Eq. (3).
In either case, the net result is that the magnetic ficld
(H,) generates energy states that did not exist in the
absence of the field.

The magnetic field H, is by convention aligned along
the z axis of a three-dimensional coordinate system. The
field must be very homogeneous, particularly for high-
resolution NMR. Typical commercial magnets have
field strengths that range from 1000 G (0.1 tesla) to
greater than 84,000 G. This places w, the resonance
frequency, in the radiofrequency range (1-500 MHz),
according to Eq. (3). Table 1 is a list of nuclei and their
resonance frequencies at 21,100 G.

Not all nuclei give rise toan NMR signal. Both pro-
tons and neutrons have the property of spin—the proton
and neutron spins within a nucleus can couple to give a
net spin of 0 ('2C, '0), half integral ['H(1/2),

TABLE 1. NUCLEAR PROPERTIES OF SELECTED NUCLIDES

Resonance

frequency Nuclear

at2.17T* spin | Natural

(values (in multiples abundance Relative
Nuclide in MHz)* of h/2) (%) sensitivity’
H 90.00 1/2 99.98 1.0
2H 13.82 1 0.015 9.65X 1073
3C 22.63 1/2 1.1 1.59 X 1072
14N 6.50 1 99.63 1.01 X 1073
5N 9.12 1/2 0.37 1.04 X 10°3
170 12.20 5/2 0.04 291X 1072
19F 84.57 1/2 100.00 0.83
23Na 23.81 3/2 100.00 9.25 X 10~2
25Mg 5.51 5/2 10.05 2.68 X 1073
31p 36.44 1/2 100.00 6.63 X 1072
33g 6.90 3/2 0.74 2.26 X 10~3
35C) 8.82 3/2 75.4 470 X 1073
37CI 7.34 3/2 24.6 271X 1073
39K 4.20 3/2 93.08 5.08 X 10~4
43Ca 6.06 7/2 0.13 6.40 X 1072
* T is the field strength in tesla (10,000 G = 1 Tesla).
T At constant field.
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FIG. 4. Block diagram of NMR spectrometer. Sample is in middle
of magnet, surrounded by coil that can both transmit energy from
radiofrequency source (spectrometer) to sample and detect signal
emitted by nuclei. Signal is then transmitted to detector, amplified,
and displayed on oscilloscope. Signal can be processed for display
on oscilloscope or printout on chart recorder.
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19F(1/2), 3'P(1/2), 3°K(3/2)], or integral [2H(1),
14N(1)]. Nuclei of net spin 1/2 are relatively simpler
to analyze and have been studied extensively in the bio-
medical literature. Nuclei of spin >1/2 have more than
two energy levels and their spectra are often more
complex. Nuclei with net spin of zero (even atomic
number and atomic mass) will not have a net spin an-
gular momentum and will not give rise to an NMR
signal.

The radiofrequency energy is supplied by a small
oscillating magnetic field, H,, oriented in the xy plane
and, to satisfy Eq. (3), oscillating at the frequency of
absorption (w). H, is perpendicular to H,, the main
magnetic field. The presence of two magnetic fields, (H,
and H,) is sometimes confusing initially, but the char-
acteristics of the fields are completely different. The
main (static) magnetic field, H,, is in the z direction and
polarizes the nuclei into two different energy states; the

small oscillating field, H,, is provided by a coil that fits
around the sample, both being located in the main
magnetic field. H, is in the xy plane and serves as a
source of electromagnetic radiation to induce a transition
between the two states.

The two principal components of an NMR experiment
include the magnet (H,) and the spectrometer, which
essentially is a very sophisticated radio transmitter and
receiver. A block diagram of an NMR system is shown
in Fig. 4. Notice that the coil generating the H, field
surrounds the sample.

Two schemes suggest themselves to measure NMR
signals. Equation (3) states that the magnetic field and
frequency are interchangeable NMR parameters. It is
therefore possible either to sweep the frequency range
and keep the field constant in a manner analogous to
infrared or uitraviolet spectrometry, or to sweep the
magnetic field and keep the frequency constant,
searching for resonance. The two techniques are equiv-
alent and are called continuous wave (CW) NMR
spectroscopy. An alternative to the above methods, called
Fourier-transform NMR, will be discussed later.

Sensitivity. The sensitivity of an NMR experiment
depends on several parameters, including coil design,
magnetic field, nucleus sensitivity, and sample size. It
is determined fundamentally, however, by the distribu-
tion of nuclei between the two spin states. The greater
the difference in population between the two states, the
stronger the signal. Since this difference in population
is small (see Table 2), NMR is intrinsically a very in-
sensitive technique.

The distribution of nuclei between the two spin states
is determined by the Boltzmann distribution:

Mupper o —~AE/ki = ¢ vhHo/KT (4)
Niower

where nypper and Njouer are the numbers of nuclei in the

TABLE 2. NUCLEAR DISTRIBUTION AT VARIOUS FREQUENCIES

between upper and lower energy-state populations.

Relative
Resonance excess Sample distribution

frequency AN/N® based on 20 X 107 nuclei
1 MHz 0.8 X 10°7 upper 99,999,992
lower 100,000,008

6 MHz 56X 1077 upper 99,999,944
lower 100,000,056

20 MHz 16.0 X 10~7 upper 99,999,840
lower 100,000,160

100 MHz 80.1 X 1077 upper 99,999,199
lower 100,001,801

400 MHz 320.3 X 1077 upper 99,996,797
lower 100,003,203

* Relative excess is calculated by the equation AN/N = AE/2kT, where N is the total number of nuclei and AN is the difference
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FIG. 5. Shielding effects in carbon-carbon double bond. Positive
(+) sign indicates more screening, while negative (—) sign indicates
deshielding. Shielding effect decreases with distance. (Reprinted
by permission from Ref. 16.)

upper and lower spin states, k is the Boltzmann constant,
and T is the absolute temperature. Equation (4) dictates
that the relative populations of the two spin states are
dependent in an exponential manner on the energy dif-
ference between the two states. Since the energy differ-
ence (AE) is proportional to Hy [see Eq. (2)], an increase
in the magnetic field strength will result in a larger en-
ergy separation between the two spin states, and an in-
creased asymmetry in the population of the spin states
[Fig. 3b and Eq. (4)], which will give rise to a stronger
NMR signal. The advent of superconducting magnetic
coils has made it feasible to obtain fields of greater than
85 kG, and this has been critically important to the ap-
plication of NMR to biochemistry. Table 2 demonstrates
the small difference in energy levels between upper and
lower population levels.

Chemical shifts. Equation (3) predicts that all nuclei
of a given nuclide would resonate at precisely the same
H, for a given frequency. Actually resonance occurs at
slightly different values of H, for a given nucleus de-
pending on its electron and molecular environment.
These slight differences in absorption frequencies or
chemical shifts are what make NMR a valuable analytic
tool.

Chemical shifts arise because a nucleus is surrounded
by an electron cloud. The charge distribution in this
cloud, and even electrons from neighboring atoms, can
influence the magnetic field “felt” by the nucleus, by
generating small Jocal magnetic fields, with radii in the
angstrom range, that can add or subtract from the ap-
plied field, H,, (Fig. 5). The actual magnetic field at the
nucleus can therefore be higher or lower than H,.

Volume 25, Number 1
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FIG. 6. P-31 NMR spectrum of ATP at pH 6.7 and 50 mM concen-
tration. Chemical shifts are measured relative to 85 % H3PO,. Peaks
represent &, 3, and ¥ phosphorus atoms of ATP. Spectrometer
frequency 60.72 MHz.

The effective magnetic field at the nucleus, Hjocal, can
be written as:

Hlocal = Ho + Hev (5)
where Hjoca) is the magnetic field at the nucleus (i.e., the
effective magnetic field) and H, represents the field in-
duced by the local environment. H, may have several
subcomponents due to diamagnetic or paramagnetic
effects, or to shielding caused by aromatic ring currents
or dipolar groups in the molecule. An intensive discussion
of these various types of shielding effects is beyond the
scope of this paper (16,17). These shielding effects can
be either positive (shielding) or negative (deshielding),
thereby either decreasing or increasing the effective field
at the nucleus, leading to slight differences in the reso-
nance frequencies called chemical shift. These chemical
shifts are the basis of high-resolution NMR both in vitro
and in vivo.

Figure 6 is a spectrum of ATP, which contains three
phosphorus atoms in slightly differing chemical envi-
ronments. Each phosphorus atom resonates at a char-
acteristic frequency slightly displaced from the others
because of its different atomic environment.

Chemical shifts are usually measured relative to the
peak position of an arbitrary reference compound. Tet-
ramethylsilane (TMS) is conventionally used as a ref-
erence standard for proton- and carbon-NMR. Chemical
shifts are measured as the distance between the observed
peak position and TMS. For P-31 NMR, 85% H3;PO,
is often used as a reference standard.

As described, chemical shifts would be measured in
units of frequency, i.e., hertz (cycles/sec) and would be
field-dependent, i.e., doubling the magnetic field (H,)
would double the distance between the two peaks. It is
now preferable to refer to the chemical shift as 6 and to
define it as the distance between the peak and the ref-
erence compound divided by the spectrometer frequency
(or magnetic field H, if the distance is measured in
milligauss).

This can be expressed mathematically as:
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FIG. 7. Resonance frequencies of different nuclei in 10,000-G (H,) field. Resonant frequencies are widely separated compared with
spectral width of given nucleus, as depicted by lower half of diagram, which shows P-31 NMR spectrum of ATP (Fig. 6). Wide separation
between resonant frequencies for different nuclei allows them to be studied independently without interference.

ux 106=ux ]06’
H, Wo

where w; and H; are the frequency and field at which
resonance occurs for the peak being described, w, and
H; are the frequency and field of the reference peak, and
H, and w, are the field and frequency of the spectrom-
eter. 0 is dimensionless and is measured in parts per
million (ppm). The ppm unit arises because the reso-
nance frequency is in megahertz while the difference
between the standard and compound may be only a few
hertz. The ratio is therefore of the order of 10~6. Mul-
tiplication by 106 makes 6 a more convenient number
(between 0 and several hundred, depending on the nu-
cleus). The great significance of ¢ is that chemical shifts
measured in ppm are field-independent because the de-
nominator of Eq. (5) corrects for the field-dependence.

Observation of different nuclei. Equation 3 also pre-
dicts that one can “tune” to a particular nucleus, since

0= (6)
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FIG. 8. High-resolution 'H (proton) spectrum of acidified ethanol
(CHaCHZ0H). Insert shows CH3 and CH, peaks on expanded scale,
demonstrating spin-spin splitting. Integrated intensities show that
areas of CH3 and CH, resonances have 3:2 ratio, as expected from
relative numbers of protons. TMS (tetramethyisilane) is reference
compound added to sample from which chemical shifts are mea-
sured. Under acidified conditions, OH proton does not interact with
other protons on molecule. Courtesy of Bruker Instruments.

106

v for each nucleus is different. At a constant H,,
changing w to an appropriate frequency will “tune” to
another nucleus. This is illustrated in Fig. 7, which shows
that at a given H,, the resonant frequencies of different
nuclei are separated well enough so that there will be no
interfering signal from other nuclei. The chemical-shift
considerations mentioned above still enter in. Figures 8
and 9 are H-1 and C-13 NMR spectra from acidified
CH;3;CH,0H, demonstrating the ability of NMR to
study compounds by obtaining signal independently from
different nuclei within a molecule. This can be used to
study various parts of molecules independently, such as
protein-ligand binding (/8-21).

Spin-spin splitting. A particularly interesting example
of how quantum mechanics can lead to unexpected re-
sults is shown by the so-called spin-spin splitting phe-
nomenon. We include this to show how subtle quantum
NMR phenomena can be and because the effects have
been mentioned in the biological literature and may
eventually be of some clinical relevance.

Under low resolution, the 'H-NMR spectrum of
acidified ethanol consists of three peaks with area ratios
of 1:2:3, corresponding to the OH, CH,, and CHj3 pro-
tons. Under higher resolution (Fig. 8), the methylene and
methyl proton peaks appear as a quartet and a triplet,
respectively, whose relative total area remains in the ratio

CHg

70 80
pom

FIG. 9. Highresolution C-13 NMR spectrum of ethanol (CH;CH,OH)
dissolved in deuterated chloroform (CDCl3) demonstrating two ab-
sorption peaks due to different electronic environments of two
carbon atoms. Courtesy of Bruker Instruments.
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FIG. 10. (a) Possible spin combinations for protons of CH, group.
Note that middle state is twice as likely to occur, since there are two
possible spin combinations that give rise to it. Adjacent CH; reso-
nance will therefore be split into three peaks with area intensities
1:2:1. (b) Possible spin combinations for CH; group. Adjacent CH,
resonance will therefore be split into four peaks with area ratios
1:3:3:1.

of 2:3. The splitting is found to be independent of field
strength, as opposed to the chemical shifts, which were
noted above to be field-dependent.

The observation of these splitting patterns is explained
by assuming that the magnetic field at the nucleus is
influenced by the spin arrangements of the protons in
adjacent groups. For the two protons of the methylene
group of ethanol, there are three possible combinations
of spin orientation (Fig. 10A). These combinations split
the adjacent methyl proton peak into three peaks, with
area ratios of 1:2:1 due to the three possible spin com-
binations for the methylene protons seen in Fig. 10B.
Similarly, the methylene resonance is split into four
peaks by the four spin arrangements possible for the
protons on the neighboring methyl group (Fig. 10B),
with the relative intensities of the four methylene peaks
in the ratio of 1:3:3:1. The two middle peaks will be three
times the intensity of the end peaks becasue there are
three times as many spin combinations that give rise to
these states.

In general, if a resonance peak undergoes spin-spin
splitting due to n identical neighboring nuclei, the peak
will be split into 2nl + 1 peaks. For nuclei of spin I =
1/2, the peak intensities are proportional to the coeffi-
cients of the binomial expansion. For P-31 the usual
coupling is to other phosphorus nuclei or to protons.

At present, the imaging techniques available are not
sufficiently sophisticated or sensitive to detect many of
these quantum-mechanical effects. However, some of
these effects are seen in biological samples by some of
the methods used in high-resolution NMR spectroscopy
(22).
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CLASSICAL MODEL-PULSE NMR

The previous discussion developed a theoretical
framework for NMR based upon quantum-mechanical
concept of energy. In this section, the NMR experiment
will be considered in a time-dependent manner to study
how the collection of nuclei behave when exposed to
external influences, i.e., radiofrequency radiation. The
theory of classical mechanics can accurately represent
the concepts necessary to develop this alternative
framework for NMR.

We have already referred to the nuclear spin, noting
that each nucleus in a magnetic field has a small quan-
tized magnetic moment, which is usually designated u.
The net magnetic moment of the sample (M) represents
the sum of the individual magnetic moments, averaged
in terms of whether they are aligned with or against the
magnetic field, i.e., a vector sum. This vector can be
treated as a classical physical parameter for which little
or no knowledge of quantum mechanics is required.

A model that will be helpful in thinking about mac-
roscopic magnetic moments is that of a rotating top,
which also has angular momentum. In this analogy, the
rate of precession (the rate at which the top’s axis re-
volves when disturbed from its equilibrium position) is
related to the energy of transition of the nuclei. Again,
we will consider only one transition (i.e., only two spin
states) so there is only one frequency of precession. This
is called the Larmor frequency, and its functional form
bears a resemblance to Eq. (3). This is because both
frequencies are related to energies that are dependent
on the angular momentum of the physical entity (atomic
nucleus or top).

One can consider that a top in a gravitational field is
analogous to the nuclei arranged in a magnetic field. The
top can be tipped to any angle in the gravitational field,
although at the atomic level the nuclei are permitted only
two positions. It is the averaging process that allows a
large number of nuclei to behave like a top. Thus, one can
imagine a large sample, a centimeter on each side, made
up of many small boxes, each a micron on a side, with a
small top in each little box (see Fig. 11). The large box
will then act as the average of all the boxes and will have
a net moment that depends on the vector sum of all the
little moments of the individual tops. This is similar to
the concept of the net magnetization of the sample M
being the vector sum of the individual magnetic mo-
ments. The vector M is aligned spatially along the same
axis as H,, i.e., the z axis (Fig. 12, t = 0), with no com-
ponent in the xy plane.

In a similar manner to the previously discussed CW
experiment, one can ask what would happen if one ap-
plied a pulse of radiofrequency power to the nuclear
sample. EM radiation is associated with both an elec-
trical and magnetic field, and would therefore exert a
torque on M, tipping the magnetic moment from the z
axis, and bringing a component of the vector into the xy
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FIG. 11. Part (A) shows collection of small
tops, each spinning independently in gra-
vitational field. Net angular momentum of
whole box can be imagined as one large
top spinning in entire box (B). Large top is
actually statistical average of small boxes
so that suddenly switching gravitational
field by turning box upside down would lead
to eventual realignment of net angular
momentum to new direction. How fast this

plane (Myy) (Fig. 12, t = a). The longer the pulse is
turned on, the greater the angle («) the magnetic vector
will turn through. Thus, for example, applying a 10-usec
pulse might cause a tilt of 45°, 20 usec a tilt of 90°, 40
usec a 180° tilt, etc. This is the basis of the 90° and 180°
pulse commonly mentioned in NMR texts. The NMR
signal can be detected only when the magnetization has
a component in the xy plane. The signal is greatest for
a flip angle of 90° (because M will then lie completely
in the xy plane), and total loss of signal occurs for a flip
angle of 180°, since then there is no component in the xy
plane.

After the RF pulse is turned off, a component of the
magnetization vector (M) will remain in the xy plane for
a finite time (Fig. 12, t = b, ¢, d) and will decay, re-
turning to its initial orientation along the z axis (Fig. 12,

RF PULSE

;
~ AT N
|

" Time te0 ‘ "

FIG. 12. (t = 0) In presence of static magnetic field, H,, nuclei with
their magnetic moments (u) generate magnetization vector, M, in
direction of H,. (t = a) Sample is exposed to rotating magnetic field,
H,, tipping magnetization vector into xy plane and giving rise to NMR
signal (see Fig. 13—point b). (t = b, c, d) H, field is turned off, and
nuclei undergo spin-lattice (T ) and spin-spin (T) relaxation, leading
to loss of magnetization in xy plane and decreased NMR signal (Fig.
13, point c). Spin-spin relaxation is depicted by fanning out of M,
vector in xy plane because of slight differences in various spin
energies secondary to spin-spin energy exchange. T relaxation (loss
of energy to environment) occurs simultaneously and is shown by
increase in magnetization in z direction. (Reprinted from Ref. 12,
by permission.)
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occurs depends, as mentioned in text, on
how fast each top in its own individual box
reorients.

t = 0) at a rate determined by the relaxation times T,
and T,. The NMR signal will vanish when the magnet-
ization vector decays completely in the xy plane. This
resonance signal, with its exponential decay (Fig. 13),
is called a free induction decay or FID.

In this type of pulse experiment, the radiofrequency
transmitter is “on” for a very short time, delivering a
brief but very intense burst of RF energy to the sample.
The decay characteristics or relaxation time constants
of the sample can be calculated by modifications of this
basic pulse experiment (see below). The reader is re-
ferred to various texts for further experimental details
(23-25).

In a relaxation experiment, the usual quantities
measured are T, and T,, the spin-lattice and spin-spin
relaxation times. T, is a measure of how rapidly the
sample can release the radiofrequency energy it absorbed
to the surrounding environment and thereby allow the
nuclei in the sample to relax to their initial undisturbed
lower-energy distribution. It is analogous to an object
being heated rapidly (radiofrequency energy in), the heat
source being removed and the time it takes to cool (loss
of energy) to its initial temperature (analogous to the
initial spin state) measured. Ninety-nine per cent of the
absorbed energy will be released to the surrounding en-
vironment after a period 5 X T).

Alternatively, T can be thought of as relaxation in the
longitudinal (z) direction whereas T, is the transverse
relaxation time (xy plane). Once a pulse has been de-
livered, both transverse and longitudinal relaxations
begin simultaneously.

Free Induction Decay (FID)

amplitude

Time
FIG. 13. Onresonance free induction decay (FID) of benzene. Point
of maximum signal strength (b) corresponds to Fig. 12, t = a. Signal
subsequently decays as nuclei relax corresponding to Fig. 12, t =
b, c, d.
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As mentioned previously, T, processes relate to loss
of energy to the environment (i.e., all the surrounding
atoms not being observed in the NMR experiment). This
causes the magnetization vector (M) to increase in the
z direction till it reaches its initial value. Concurrently
there is exchange of energy between the individual nuclei
(spin-spin or T, processes). Returning to the previous
model of the ensemble of tops, it is similar to an exchange
of small quantities of energy between the tops. The slight
energy differences caused by these energy transfers
would cause the tops to precess at slightly different rates.
If they had all started precessing simultaneously, they
would fall out of phase with each other.

At a nuclear level, the individual spins would also no
longer precess at the same rate. The radiofrequency
energy emitted by the various nuclei would also be out
of phase and would not add coherently, leading to loss
of signal. The latter process occurs at a rate different
from the buildup of magnetization in the z direction (T,
process), which is effected only by release of energy to
neighboring atoms (environment) and not by energy
exchange within the sample (Fig. 12).

T, and T, are usually not equal. In tissue, T is usually
about 10 times as great as T,. T, must always be less
than or equal to T, since when the magnetization has
returned to its initial equilibrium position (in the z di-
rection) there can be no residual component in the xy
plane. The time-dependent behavior of the magnetiza-
tion is described by the Bloch equations:

M M
—&t_x = v(MyH, + M;H, sinwt) — T—:,
dM M
Tx = y(M_H, coswt — MyH,) = =% (7)
t T
d : L —
Ml = ‘Y(—MxHI Sinwt - MyHI coSwt) Ml Mo’
dt T

where w, is the resonance frequency, M,, M,, and M,
are cach the magnetization in the x, y, and z direction,
and M, is the initial magnetization.

FIG. 14. (a) Off-resonance FID of benzene e
(C-13) showing decaying sine wave of i 'ﬁ
single frequency. (b) Frequency-domain

C-13 NMR spectrum of benzene, consist-
ing of single peak corresponding to single
frequency seen in part (a).
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In addition there is always some inhomogeneity in the
magnetic field. Returning to the previous model, this
means each little box is at a slightly different resonance
frequency, so that the tops will slowly fall out of phase
with each other. Similarly, the nuclei will resonate at
slightly different frequencies due to field inhomogenei-
ties, and will fall out of phase with each other. Thus, even
though there may be magnetization in the xy plane, there
will be no signal because of destructive interference, so
that T, as determined by the decay of an FID will be less
than the intrinsic T,. It is often designated T*,.

Fourier-transform NMR. A serious drawback to CW
NMR spectroscopy is the time wasted while one is
scanning between peaks. This is not a serious problem
with strong signals but in a sample where the resonance
peak is weak and requires signal averaging (i.e., re-
cording the spectra numerous times and averaging them
to improve the quality of the spectrum) this can be a
serious drawback.

In an ideal system, one could excite all frequencies
simultaneously to minimize time spent not recording
actual data. This can be achieved by using pulse NMR.
The signal recorded is the FID discussed previously. All
resonances surrounding a central frequency are detected.
An equivalent high-resolution spectrum similar to that
obtained by conventional (continuous wave) techniques
can be generated from the Fourier analysis of FID. The
latter calculation is complex and is done on a com-
puter.

The excitation of all frequencies simultaneously (in
addition to the spectrometer frequency) is caused by the
fact that switching the radiofrequency pulse on and off
introduces sidebands of the main frequency; these con-
tain all the neighboring frequencies and can therefore
excite all neighboring resonances simultaneously.

The concept of Fourier-transform NMR spectroscopy
can be thought of by the analogy of determining the
frequencies of several tuning forks. One could match
them individually to the correct frequency using a vari-
able frequency note (similar toa CW experiment). Al-

frequency
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Lauryl alcohol at 50.3 MHz

FID

Fourier transtorm spectrum

HOCHZCHCHp Cip Chg Cip Cip Ciip CHpCia Cip City

| JLL f
| o Jw_

ppm from (CH3) 4 Si

FIG. 15. (A) Complex C-13 NMR FID arising from neat lauryl alcohol
at 35°C. (B) Fourier transform of Fig. 15(A) showing C-13 high-
resolution spectrum of neat lauryl alcohol.

ternatively, one can excite all of the tuning forks simul-
taneously causing them to oscillate concurrently. One
could analyze the resultant waveform called a time
spectrum (viewed on an oscilloscope) that is analogous
to an FID, and resolve the various frequencies of the
tuning forks electronically (frequency spectra) in a
manner similar to the Fourier-transform process.

Figure 14 is an off-resonance C-13 NMR FID of
benzene (in which all the carbon atoms are equivalent).
If one ignores the decay, the FID is similar to a sine wave
with a single frequency. The decay in the sine wave is
caused by relaxation processes. The damped sine wave
is a plot of signal intensity against time or a time-domain
spectrum. Since there is only one frequency present, it
can be determined by measuring the interval between
cycles of the sine wave. Figure 14B is the frequency
equivalent of Fig. 14A, showing a one-frequency ab-
sorption spectrum.

While simple spectra and FIDs can be interconverted
visually, a complex FID such as is generated by a C-13
NMR spectrum of neat liquid lauryl alcohol (Fig. 15)
is far too difficult. However, by use of the Fourier-
transform method, with a computer to do the calculation,
the frequency-domain spectra can be calculated.
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An important advantage of pulsed experiments is that
the calculation of relaxation times is markedly simplified.
This is done by tailoring the pulse sequences, as will be
discussed more fully in a later paper.

Summary. Our discussion has shown how an effect at
the nuclear level can be transformed into spectra that
potentially yield chemical, biological, and medical in-
formation. This is possible because magnetic fields can
turn many useful nuclei into “transmitters” that can be
identified and located within a molecule spectroscopi-
cally.

In addition, the time-dependent behavior of the nuclei
allows one to compute relaxation times. This is the
amount of time it takes for a perturbed system of nuclei
to return to its initial state. The relaxation times are a
measure of the relative mobilities of molecular species
and are very sensitive to changes in the molecular envi-
ronment, such as solvent effects, ionic strength, and the
presence of various ions. We shall see in future sections
how valuable this is for NMR imaging.
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