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The nuclear magnetic resonance
effect wag predicted during the
1930’s, but it escaped experimental
detection until 1946 when the tech-
nique for observation was worked
out simultaneously by Block at Stan-
ford and Purcell at Harvard. We
shall follow the Purcell method here.

Suppose that we place a sample of
material in g strong, homogeneous
magnetic field which we shall denote
by H,. If the nuclei in the sample
have magnetic moments and spin T,
then they will have 21 + 1 stable
energy states, the lower energy states
occurring when the nueclei are more
nearly aligned with the field. The
nuelei precess about the magnetic
field at the Larmor frequency, given
by o = v H,, where o = the angular
frequency of precession and v == the
gyromagnetic ratio. At room temper-
ature the interaction energy uH
(where p == the magnetic moment of
the nuclei) is much smaller than the
thermal energy, kT. Thus, there will
be only a small excess population in
the lower energy states. Let us con-
sider, as an example, protons which
have 14 integer spins,
10,000 gauss, there will be about
1,000,040 protons in the lower energy
state as compared to 1,000,000 in the
higher energy state. It is this excess
of 40 nuclei in the lower energy
state which we can observe.
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If the sample is placed inside a coil
which is perpendicular to the applied
magnetic field H, and a radio fre-
quency voltage applied to the coil,
there will be a small magnetic field
of radio frequency, which we shall
denote by H,, inside the sample and
perpendicular to the static field H,.
The r.f. field may be considered to
consist of two cireularly polarized
components rotating in opposite di-
rections about I, (fig. 1).

If the r.f. field is applied at the
Larmor frequency, then one of the
rotating components wil] produce a

torque?x E on the precessing mag-
netic moments, tending to tip them
over. The component of H, rotating
in the same direction as p produces a
tipping torque; the component rotat-
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ing in the opposite direction eancels
out since there will be a torque tend-
ing to flip spins up for as much time
as there is a torque tending to tip
them down.

During the time the gpins are be-
ing flipped over, poOwWer is absorbed
in the sample coil. Phenomenologic-
ally, this is equivalent to a change in
the magnetic susceptibility of the
sample. Thus, the effective induct-
ance and resistance of the sample
coil change during the flipping of
the spins. The spins would all be
flipped in a very short time if there
were no coupling of the spins to the
external environment, and thus, the
signal would be very short. How-
ever, since there are thermal motions
of muclei in the sample (these will
be the lattice vibrations in the case
of a solid, and random molecular mo-
tions in the case of a liquid) the spin
system ean interact with these de-
grees of freedom, and lose its excess
energy to it. The spin system, after
having absorbed r.f. power, may be
thought of as analagous to a piece
of hot metal in contact with a ther-
mal bath. The spin system, just as
the piece of metal in the analogy,
will cool down exponentially. The
time required for all but 1/e of the
equilibrium exeess of spins to reach
their lower energy state is denoted
by T,, and is referred to as the spin-
lattice relaxation time. Obviously,
T, depends upon the structure of
the material.

In addition to the spin-lattice re-
laxation, each nuclear spin interacts
with neighboring spins through their
magnetic fields. Thus the magnetie
field at the nucleus consists of the ap-
plied field H, and the local field
caused by neighboring nuelei. The
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local field is different at different
nuclei, owing to the different pos-
sible orientations of the neighbor
gpins. This effect thus leads to a
broadening of the line. The magni-
tude of this local field is of the order
of a gauss in solids. Ome can also
assign a time perameter to this
broadening effect, since o =78 H,
where 8H is the local field variation
over the nuclei and o’ is the cor-
regponding frequency spread. Then
we define T, = 2 . This type of

v& H
interaction is called the “‘gpin-spin’’
relaxation time.

There are, of course, other sources
of line broadening. For example, T,
itself contributes to the line width,
as do any inhomogeneities in the ap-
plied field H,. Still other sources of
broadening are due to the uncer-
tainty principle, saturation broaden-
ing and quadrupole broadening, if
any nuclei are present which pos-
sess an electrie guadrupole momnent.
Thus the line width and shape de-
pend upon the structure of the
sample. T, varies from 10° sec 10
about 2 sec.

The apparatus used for the detec-
tion of the resonance signal is shown
in ficure 2. (Al apparatuses used
were based on the same principles
but varied somewhat in their de-
tails.) The magnetic field H, is
swept back and forth approximately
1 gauss about its normal value. The
r.f. signal generator is set on a fre-
quency such that the resonance oC-
curs when H, is at about the middle
of its sweep. A bridge is used simply
to prevent saturation of the receiver
by the oseillator. The bridge is then
balanced, and since the cathode-ray
tube sweep may be thought of as
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plotting gauss on the x axis, a signal
appears on the sereen as a plot of
signal vs magnetic field.

Figure 3 (left) shows such a plot
for glycerine. The sweep length is
about .4 gauss, and the sweep time
about 3 seconds. The line width of
about 30 milligauss is here due to
the inhomogeneity in H,. Figure 3
(right) shows the dispersion curve,
which is obtained by a somewhat dif-
ferent type of bridge unbalance.

There are many applications of the
method, such as the study of chem-
ical struecture, structure in solids,
measurement of diffusion constants,
ete.

It was discovered quite early that
when paramagnetic ions are added
to water, the proton spin-lattice re-
laxation time deereases from about
2.3 sec to 10°% see, the relaxation time
being proportional to the econcentra-

tion of paramagnetic ions. Selwood
and his group utilized this effect to
study the rate constant of the re-
action Eu" — Eu'™" + e catalyzed
by zine. By simply measuring T, as
a function of time after introducing
zine into the H,O - Eu™, the reac-
tion rate could be determined.

Pake and Gutowski found the line
shape for compounds in solid form
containing groups with two protons
to be similar to that shown in figure
4. (In this case the phase-unbalance,

Fia. 3.
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or inductive change in the sample, is
shown.) An analysis of this system
by Van Vleck led to values of the
proton-proton bonds distances in 1,
2 dichloroethane. Similar investiga-
tions have been ecarried out with
other compounds.

The line shape for a 3-proton sys-
tem is shown in figure 5. A group
at the University of Tokyo utilized
this difference in line shape between
the two kinds of groups to prove that
in hydrogen perchlorate monohy-
drate (H C1 O4 - H,0), the water of
crystallization is bound as the oxon-
ium ion (OH,").

In 1949, Knight found that the
position of the resonance depends to
some extent on the chemical bonding
of the nueleus. This effect is due to
the small local field produced at the
nucleus by the orbital electrons. This
‘‘chemical shift’’ has been studied
extensively by Arnold and Packard
at Stanford and Gutowski at the Uni-
versity of Illinois. They have utilized
this small shift, which ranges from
a few milligauss up to a half gauss,
to study the electron distributions in
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a number of organie and inorganic
phosphorous and flourine com-
pounds. More recently, it has been
found that a number of these com-
pounds do not have single lines, but
have a number of lines. From this
Gutowski and Slichter have shown
the existence of a coupling between
nuclei in a molecule through the
orbital electrons. Experiments of
this type require an extremely homo-
geneous magnetie field.

Our research program consists of

applying these

effects to suitable

F16. 6.—Protons in acetic acid show-
ing —COOH peak separated from —CH,
peak.

problems in biochemistry and phar-
macology. The problem to which we
are devoting most of our efforts in-
volves the inactivation of the enzyme
cholinesterase by diisopropyl fluoro-
phosphate (DFP). The question is,
Is the fluorine transferred to the
cholinestarase molecule? Also, we
are attempting to measure the rate
constant of the reaction. The fluorine
resonance in DEFP consists of two
lines. It the fluorine is transferred
to the cholinesterase molecule so that
it is bound to a different atom phos-
phorous, the splitting should disap-
pear, and the resonance position shift
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slightly. The rate of disappearance
should be broportional to the rate
of change of the relative amplitudes
of the signals from the unreacted
DFP and the reacted DFP. If the
fluorine is merely transferred to the
solution as free F, the shift will be
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different than if it ig transferred to

the cholinesterage.

There are a large number of such
problems in biology which should
lend themselves to solution by this

technique.




