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High-Resolution Nuclear
Magnetic Resonance Spectroscopy

Advances in instrumentation in this field are leading to
new applications in chemistry and biology.

R. C. Ferguson and W. D. Phillips

The bewildering pace of science since
World War II is well illustrated by nu-
clear magnetic resonance (NMR) spec-
troscopy (/-3). Bloch and Purcell shared
the 1952 Nobel prize in physics for their
independent discoveries in 1946 of the
phenomenon of nuclear magnetic reso-
nance (4, 5). The first commercial high-
resolution NMR spectrometer, operated
at a proton magnetic resonance (PMR)
frequency of 30 megahertz, became
available in 1953 (6). The PMR fre-
quency has since been advanced to 40
(1955), 60 (1958), 100 (1962), and 220
megahertz (1966) (6). These and other
major advances in instrumentation
greatly extended applicability of the
technique.

The exceptional usefulness of the
technique in chemistry accounts for its
rapid development; along with other
spectroscopic methods, NMR has revo-
lutionized the identification and charac-
terization of molecules, largely elimi-
nating laborious chemical procedures.
Other applications of NMR, such as
elucidation of electron distributions in
molecules, of molecular motions, and of
exchange phenomena, have attracted
the attention of physicists and biologists
also.

In some respects NMR has reached
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its maturity; most of the world’s chem-
ical laboratories are equipped with such
spectrometers or have access to them,
and the method is one of several rou-
tine analytical tools. However, the field
is far from static. New advances in in-
strumentation, especially the develop-
ment of spectrometers operating at
higher frequencies and with improved
stability and sensitivity, have not only
increased the scope of conventional ap-
plications, but have also made possible
entirely new applications. Here we shall
outline some recent significant develop-
ments in chemical and biological appli-
cations.

The Resonance Phenomenon

Nuclear magnetic resonance involves
the observation of radio frequency—in-
duced transitions between quantized
energy states of magnetic nuclei polar-
ized by magnetic fields. The basic reso-
nance condition is given by the Larmor
relation o = yH, where o is the reso-
nance frequency, y is the nuclear mag-
netogyric ratio, and H is the magnetic
field strength at the nucleus. The use-
fulness of NMR arises from the effects
of inter- and intramolecular interactions
on the values of H at the nuclear sites
in molecules.

Of the approximately 150 isotopic
species that possess permanent nuclear
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magnetic moments, about 25 have been
employed in chemical applications of
NMR; some of the more useful nuclei
are listed in Table 1. Probably more
than 90 percent of all NMR work is on
H?', with an additional 5 percent on F1?
and P31, The outstanding NMR charac-
teristics of these nuclei (natural abund-
ance; NMR sensitivity; spin, 15), as
well as their importance in chemistry,
account for this concentration of effort.
The major isotopes of some other im-
portant elements, such as C!2 and O,
have zero magnetic moment, but the
resonances of the less-abundant isotopes
C*3 and O'7 have been usefully applied
(2, pp. 988-1031, 1042-48). Improve-
ments in spectrometer sensitivity have
facilitated studies of other less-abundant
isotopes, and additions to the list of use-
ful nuclei may be expected.

Instrumentation

The essential components of an NMR
spectrometer are the magnet, sample
probe, radio-frequency (rf) units, and
accessories for recording the spectra.
Chemical shifts and spectrometer sen-
sitivity are field-dependent, so it is de-
sirable to operate at the highest field

. strength for which adequate homogeneity

and stability can be achieved. For high-
resolution spectrometers, typical re-
quirements for magnets operating in the
25- to 50-kilogauss range are a field
homogeneity of 1:108 over a volume of
about 0.1 cubic centimeter and field
and rf stabilities of 1:10? over a period
of several minutes. Formerly, iron-core
electromagnets or permanent magnets
were employed. The first commercial
NMR spectrometer operated at 7.04
kilogauss; the PMR frequency was 30
megahertz, but with improved electro-
magnet systems it was increased through
stages to 100 megahertz. Further signifi-
cant increases in field strength have
been achieved with superconducting
solenoids (7), and a high-resolution
NMR spectrometer operating at 51.7
kilogauss (PMR absorption at 220 mega-
hertz) is now used in our laboratory
(Fig. 1).

The sample probe contains electrical
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Table 1. Characteristics pertinent to NMR absorption for_ some isotopes. Nucleur'nmgnetic
resonance frequencies are for a 23.49-kilogauss field; sensitivities are expressed relative to the

same numbers of protons.

NMR

Natural

. Nuclear
Isotope frequency Sensitivity abundance spin
(Mhz) (%)
IT 100 1.00 99.98 172
H* 154 9.64 x 10 -1.56 X 102 1
H? 107 1.21 172 .
B© 10.7 1.99 x 10-* 18.83 3
B 32.1 0.165 81.17 3/2
ce 25.1 1.59 x 10+ 1.108 1/2
N 72 101 x 10 99.635 1
N 10.1 1.04 x 10-# 0.365 1/2
(0% 13.6 290 x 10+ 3.7 X 10-# 5/2
F 94.1 0.834 100 1/2
Na 26.5 9.27 X 10 100 3/2
p# 40.5 6.64 X 102 100 1/2
K 44.7 5.08 x 10 93.08 3/2
Co™ 23.7 0.281 100 7/2

coils for coupling the sample with the
rf units, for sweeping the magnetic field
through the resonance region, and for
fine adjustments of the magnetic-field
homogencity. (The last-mentioned coils
are more [requently mounted on the
pole faces of iron-core magnets,) Most
probes have provision for control of the
temperature of the sample, which is
contained in a cylindrical glass tube
supported by an air-bearing turbine
that spins the tube to average ficld
gradients across the sample.

Most high-resolution NMR spectrom-
cters employ fixed-frequency rf units
for observation of resonance absorption
as the magnetic-field strength is varied;
some have an optional frequency-sweep
mode of operation. Most modern spec-
trometers also have provision for elec-
tronic integration of the spectra for
quantitative applications.

Of the many other improvements in
design of spectrometers, better time sta-
bility is perhaps most significant. Along
with field homogeneity, time stabilitics
of the ficld-frequency relation and of
the field homogeneity are the limiting
variables affecting resolution and sensi-
tivity, Independent stabilization of the
rf units and magnet systems is difficult,
and the field-frequency relation is more
reliably maintained by means of servo
loops that employ the nuclear resonance
line of a reference compound in the ex-
perimental sample or in a separate con-
trol sample in the probe. A final touch
of sophistication is use of the resonance
of the internal reference compound to
stabilize the field homogeneity as well.

With well-stabilized spectrometers, the
repeatability of successive spectral scans
permits usc of an on-line computer to
further improve sensitivity, In the com-
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puter-of-average-transicnts (CAT) tech-
nique, n scans of the spectrum are ad-
ditively accumulated in the memory of
the computer. The theoretical cnhance-
ment of signal-to-noise ratio is n%; the
improvement is limited only by the time
stability of the spectrometer-computer
system. Ten- to 50-fold improvements
in sensitivity, requiring up to a few
hours of stable operation, are now fairly
routine.

Improvements in sensitivity were in-
itially sought for the study of small
samples (in the microliter range) and
for compounds of low solubility. How-
ever,one of the greatest current benefits
is in the examination of nuclei that are
of low natural abundance or low in-
trinsic signal strength. Some new spec-
frometers can accumulate spectra in an
on-line computer for 24 to 36 hours;
sensitivity is adequate to produce high-
quality C'3 spectra at the natural
abundance level and to obtain N'> spec-
tra on isotopically enriched samples (8).

Spectra and Molecular Structure

The parameters that describe nuclear
spin systems are the chemical shifts (8,),
the nuclear spin-spin coupling constants
(/;;), and the spin-lattice (7',) and spin-
spin (1',) relaxation times of the nuclei;
all depend. on molecular structure and
molecular motions. In solids, direct
magnetic dipole-dipole interactions dom-
inate, the relaxation times are short,
and the NMR spectra consist of very
broad lines. In liquids and gases, the
direct dipole-dipole interactions usually
are averaged to zero by rapid intra- and
intermolecular motions, the relaxation

times are much longer, and narrow-
line NMR spectra are observed. For
most purposes, high-resolution NMR
spectra are describable in terms of
chemical shifts and coupling constants.
Internal rotation, chemical exchange,
and other rate processes can, however,
affect relaxation times so as to produce
pronounced, temperature-dependent ef-
fects on the spectra. Utilization of these
effects in the study of dynamic processes
of molecules is another important ap-
plication of NMR (2, pp. 481-588; 3,
pp. 218-30, 365-99; 9).

Chemical shifts arise from partial
shielding of the nuclei from the applied
magnetic field by the electrons sur-
rounding the nuclei. Chemical shifts are
field-dependent and characteristic of the
local structural environments of the nu-
clei. Spin-spin coupling constants are
field-independent magnetic interactions
transmitted between nuclei in the mole-
cule by the bonding and nonbonding
clectrons. These spin-spin interactions
split the chemically shifted resonances
into multiplets. Coupling constants are
usually largest for directly bonded nu-
clei and decrease rapidly as the num-
ber of intervening bonds increases;
therefore they provide additional infor-
mation about the arrangements of
atoms in the molecule.

The resonance frequencies and in-
tensities of high-resolution NMR spectra
can be calculated by standard quantum-
mechanical procedures, employing the
Hamiltonian operator

1= N
H=o-2 i H(1=0) i+

E 2: . :
i<y ol
(1)

for the steady-state nuclear-spin ener-
gies. Here v; is the magnetogyric ratio
of the ith nucleus, ¢; is its screening
constant, I; is its angular momentum
operator having the projection I,; on
the axis of the applied magnetic field
H,, and J;; is the coupling constant be-
tween nuclei { and j.

Theoretical calculation of screening
constants and coupling constants is pos-
sible only for very simple molecules.’
Application of NMR to structure anal-
ysis, therefore, is based primarily on
empirical correlation of structure with
observed chemical shifts (which are
linear functions of the screening con-
stants) and coupling constants. Nuclear
magnetic resonance spectra usually are
calibrated with respect to the resonance
of a reference compound. The chemical
shift of the ith nucleus is defined as

0y = 107(H  —H )/ H = 10— v1)/ve
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and is expressed in parts per million.
Here H is the magnetic-field strength
for resonance at constant frequency,
and » is the resonance frequency at
constant field strength; the subscripts
refer, respectively, to the ith and refer-
ence nuclei. The coupling constants are
always expressed in frequency units
(hertz).

If |v; — v;|>>J;; for all sets of non-
equivalent nuclei, the NMR spectrum is
usually simple and is termed first-order.
In this situation chemical shifts and
coupling constants can be deduced di-
rectly from the spectrum. When |v; —
v;i and J;; are comparable in magnitude,
the spectrum may be quite complicated,
and approximation methods or computer
calculations that employ the Hamil-
tonian operator of Eq. 1 may be re-
quired to extract the NMR parameters.

The 60- and 220-megahertz PMR
spectra of N-sec-butyl aniline (Fig. 2)

H\ /H CH.CH.
(p)H— —NHCH
VRN CH,
H H
(m) (o)

illustrate the sensitivity of high-resolu-
tion NMR spectra to structure, and the
advantages of operating at the highest-
possible frequency. The 60-megahertz
spectrum is a perturbed first-order spec-
trum, with some confusing overlap of
resonances. The 220-megahertz spec-
trum is almost completely first-order.
The resonances are readily assignable
to protons or groups of equivalent pro-
tons having chemical shifts, in parts per
million, of 7.05 (m), 6.58 (p), 6.39 (o),
3.37 (NH), 3.12 (CH), 1.27 (CH,),
0.92 (CH,), and 0.77 (CH,). The rela-
tive intensity of each of the multiplets
is proportional to the number of pro-
tons in the group. The line spacings in
each multiplet are equal to the coupling
constants, and the number of lines in
the multiplet is n + 1, where n is the
number of nuclei producing the split-
ting. Thus the doublet at 0.92 part per
million is due to the CH, group at-
tached to the CH group, and the triplet
at 0.77 part per million is due to the
CH; group attached to the CH, group.
Except for the CH, multiplet, all can
also be analyzed by first-order coupling
considerations.

Detailed analyses of the NMR spec-
tra of many compounds have established
that chemical shifts and coupling con-
stants are highly characteristic and to a
large extent independent of the other
groups present in a molecule. Extensive
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structure-parameter correlations provide
a basis for interpretation of the spectra
and for establishment of the structures
of compounds (2, vol. 2). One of the
unique advantages of NMR, moreover,
is that spectra can often be interpreted
without reference to data from structur-
ally related compounds; this feature
is particularly important in the study of
new compounds of unusual structure.

Chemical Shifts and
Spin-Spin Couplings

Although the origins of chemical
shifts and coupling constants are un-
derstood rather well in a formal sense,
and rigorous quantum-mechanical de-
scriptions of the phenomena have been
developed (2, pp. 59-200; 3, pp. 165-

98), quantitative agreement between
theoretically and experimentally derived
parameters is the exception rather than
the rule. Explicit solutions of the quan-
tum-mechanical problems require mo-
lecular-orbital or valence-bond wave
functions which usually are inadequate
approximations for calculation of NMR
parameters. Nevertheless, theoretical
treatments have yielded several useful
qualitative and semiquantitative predic-
tions of the relations between structure
and NMR parameters. Situations in
which one factor or effect dominates
have yielded the most useful theoretical
results, as in the following examples.

The effect of an external magnetic
field on an aromatic ring system, such
as benzene, can be described in terms
of an induced circulation of the de-
localized =-electrons that produces aniso-

Fig. 1. The Varian HRSC-1X superconducting-solenoid NMR system. One of us (R.C.F.)
is inserting a sample into the probe. The probe assembly is rotated and raised
for insertion of the probe barrel into the room-temperature bore of the solenoid
cryostat (behind his head). Other major components are (right to left) the solenoid
power supply, the spectrometer console, and the C-1024 time-averaging computer..
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tropic local fields. These fields either
add to or subtract from the external
polarizing field (/0). This ring-current
model (Fig. 3) has accounted for many
chemical shift phenomena where aro-
matic systems were involved; important
examples are found in the PMR spectra
of the porphyrins (/1), such as deu-

teroporphyrin IX (Fig. 4). The methine
protons (a, B, vy, 8) exhibit resonance
at an anomalously low field that, how-
ever, is consistent with their in-plane
positions exterior to the ring, where the
field resulting from the ring current re-
inforces the external field. The NH pro-
tons are located inside the porphyrin

60 MHz
1 i Il ) 1 L |
7.0 6.0 50 40 3.0 2.0 10 ppm

,i 220 MHz
i
1

1 ] | {, (1 1 { i i | {

7.0 65 6.0 '35 30 25 20 1.5 1.0 ppm

Fig. 2. Proton magnetic resonance spectra of N-sec-butyl aniline. The internal reference,
tetramethylsilane, is here assigned a chemical shift of zero (8-scale); another frequently
used convention is the r-scale, in which » = 10 — 3.

N -

.‘/

Fig. 3. Ring-current model for benzene. The six pw-orbitals centered on carbon are
indicated by the figures of eight. The delocalized circulation of the w-electrons is
depicted by rings above and below the plane of the hexagon.
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ring, where the ring-current field should
oppose the external field; and indeed
the NH resonance occurs several parts
per million to high field of its normal
position.

An important contribution to the
chemical shift, especially for nuclei
other than protons, arises from the mix-
ing of ground and excited electronic
states of the molecule. An especially in-
teresting series in which this term dom-
inates was found in the Co%® resonances
of octahedrally coordinated Co(III).
Theory indicated that, if this “paramag-
netic” term dominated, the Co% chem-
ical shift should be linear function of
the longest wavelength of electronic ab-
sorption in these complexes (/2); Fig. 5
shows this prediction to be verified (13).

Nuclear magnetic resonance can pro-
vide useful information about structure
and electron distributions for certain
paramagnetic chelates and coordination
compounds of the transition metals.
Delocalization of electrons from the
transition metal to the ligand groups by
way of metal-ligand o- or =-bonding is
the dominating effect in these instances.
For example, in Ni(IT) N,N’-bis-(p-1,3-
butadienylphenyl) aminotroponeimineate
(Fig. 6) there is a partial delocalization
of the two unpaired electrons of nickel
into the =-electron system of the amino-
troponeimine ligand. The resonances of
the protons of the ligand, instead of be-
ing spread over a range of about 100
hertz as in the diamagnetic zinc chelate,
extend over a range of about 6,700
hertz (Fig. 6). The large displacements
of the resonances, called isotropic hy-
perfine contact interaction shifts, are at-
tributable to unpaired electron spin
density in the pr-orbitals of the carbon
atoms to which the protons are at-
tached; carbon p=-spin densities can be
estimated from the NMR contact shifts
(14). Electron distributions in many or-
ganic ligands, and details of metal-
ligand bonding have been elucidated by
this approach (/5). Contact shifts have
also been employed to study electron-
transfer reactions (/6) and ion-pair for-
mation in solution (77). Kowalsky has
observed in the PMR spectrum of cyto-
chrome-c large contact shifts (/8) whose
interpretation may lead to deeper un-
derstanding of structure and electron
transport in paramagnetic molecules of
biological significance.

The nucleus-electron hyperfine con-
tact interaction also makes a major con-
tribution to nuclear spin-spin coupling,
especially between directly bonded nu-
clei. For hydrocarbons, theory predicts
that the contact contribution to the
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Cts—H* spin-spin coupling should de-
pend on the s-characters of the carbon
orbitals binding the protons. Thus

C13—H?* coupling constants in methane,
ethylene, and acetylene should vary

COOH COOH
Fig. 4. Deuteroporphyrin IX.

300

400 500
WAVELENGTH, Aj mp

600

Fig. 5. The dependence of Co™ chemical
shifts on the crystal field splitting in some
octahedrally coordinated Co(IIl) com-
plexes. The crystal field splitting is here
reflected in the longest wavelength elec-
tronic absorption. [From Freeman et al.

(3]
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Fig. 6. A 6Q-megahertz PMR spectrum of Ni(Il) N,N’-bis-(p-1,3-butadienylphen
ture, 25°C; internal reference, tetramethylsilane. [From Eaton and Phillips (15)]

21 JULY 1967

linearly with the squares of the s-
characters of the hybrid bonding or-
bitals of carbon. These orbitals are sp?
for methane, sp? for ethylene and ben-
zene, and sp for acetylene, and the cor-
responding squared s-characters are,
respectively, 1/4, 1/3, and 1/2. Agree-
ment between theory and experiment
for this series is excellent (19).

For nuclei not directly bonded, nu-
clear spin-spin coupling strongly de-
pends on bond angles. This fact is per-
haps best illustrated for the case of
ethane, where the coupling between
protons across the C—C bond is a
function of the dilhedral angle in the

bond system. Karplus utilized valence-
bond functions to calculate the theoret-
ical dependence of the H'—H' cou-
pling on the dihedral angle (Fig. 7) (20).
This relation has been employed exten-
sively in conformational analyses of
cyclic and highly hindered open-chain
compounds.

Ordering in Liquid Crystalline Matrices

In principle, the more quantitative
aspects of molecular geometry are de-
rivable from direct nuclear dipole-
dipole interactions, which are usually
larger by orders of magnitude than
chemical shift and spin-spin coupling
effects. For example, instead of a
single resonance, the PMR spectrum of
oriented H,O molecules would be a
doublet with a peak-to-peak separation of

AH = (34°/7°) (3cos*s—1) 2)
where pn is the proton nuclear-mag-
netic moment, r is the proton-proton
internuclear distance, and 6 is the angle
between r and the external magnetic

Hes — /Hd
Hao o /C_C\H
m C"C\ e
JPPE
)
N B9 N
+
7©; Ni
% N772
]
H
c=c’ H
/ N~
H H,C—C\H

field. Nuclear dipole-dipole splittings
have been employed to obtain internu-
clear distances and angles in some solid
organic and inorganic systems. An im-
portant application concerned the orien-
tation of water molecules in hydrated
collagen; the intramolecular dipole-
dipole interaction of the protons of
water was used as the probe (27). The
method, however, has proved to be of
limited utility because of the complex-
ities of dipole-dipole splitting patterns
that are encountered for systems more
complicated than two-spin systems,
and because of severe line-broadening
effects that accompany intermolecular
dipole-dipole interactions in the solid.
Dipole-dipole splittings are usually
averaged to zero by the rapid tumbling
motion of the molecules in liquids or
solutions. (This averaging of dipole-
dipole interactions is, of course, what
makes high-resolution NMR spectro-
scopy possible.) Saupe and Englert:
showed, however, that the phenomenon
of nuclear dipole-dipole splitting could
be combined with the orientation prop-
erties of liquid crystalline systems to
produce an important new approach to
the geometry of molecules (22).
Certain compounds exhibit, over a
well-defined temperature range, charac-
teristics that have been described as
liquid crystalline; such materials exist
in one or more phase modifications con-
sisting of one-dimensionally (nematic)
or two-dimensionally (smectic) ordered
arrays of molecules. The swarms or ar-
rays of a nematic-phase system can be
appreciably aligned (more than 75 per-
cent in some instances) by magnetic
fields of only a few thousand gauss. Be-
cause of this ordering effect, nematic-
phase compounds give rise to widely
split dipole-dipole multiplets even
though they exhibit a viscosity ap-
proaching that of a normal isotropic
liquid. Nematic systems may be em-

60 Mc/sec
CDClz SOLVENT
(CH3)4Si REFERENCE

+ 3123

~v-

~ L+4493

a

yDaminotroponeimineate. Solvent, CDCl,; tempera-
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Fig. 7. Dependence of H—H spin-spin
coupling, in the bond system, on angular
H_ H
~c—c”
rotation about the C—C bond (the dihe-

dral angle ¢). [From Karplus (20)]

ployed as ordering solvents, and the
partial orientation of the solute pro-
duced by the nematic matrix is mani-
fested in resolved dipole-dipole splittings
of a few hertz to a few kilohertz. A
special virtue of this approach is that
intermolecular dipole-dipole interactions
are effectively averaged to zero by the
relatively mobile liquid-crystal solution,
so that the intramolecular dipole-dipole
splittings are resolved.

The F'° spectrum of a solution of
hexafluorobenzene in the nematogenic
solvent p-di-n-hexyloxyazoxybenzene is

shown in Fig. 8 (top) (23). Since all
fluorine atoms of C.F, are equivalent
by symmetry, the molecule should pro-
duce only a single unsplit F'? resonance
in the absence of manifestations of di-
pole-dipole interactions, but in the ori-
ented state all the spin-spin coupling
constants and the nuclear dipole-dipole
interactions between the o-, m-, and p-
fluorines are observed. The observed
spectrum of CF, is well reproduced by
a computer-simulated spectrum (Fig. 8)
that was obtained by treating the mag-
nitudes and signs of the six spin-spin
and dipole-dipole interactions as fitting
parameters. Dipole-dipole interaction
parameters derived in this fashion are
proving to be extremely useful in de-
termination of molecular geometry and
estimation of intranuclear distances.

Synthetic Polymers

High-resolution NMR has proved
useful in elucidating the structures of
polymers, and in providing quantitative
data for relating structure to poly-
merization variables and to polymer
properties. Since NMR parameters are
most sensitive to short-range effects, the
spectra of polymers are similar to the
spectra of small molecules possessing
related structures. Resonances of poly-
mers are, however, significantly broader
and more difficult to resolve and inter-
pret.

Although containing only a single

type of monomer unit, homopolymers
often have distinguishably different ar-
rangements of monomer units within
the polymer chains. For example, the
polymerization of chloroprene (2-chloro-
1,3-butadiene) proceeds mainly by 1,
4-addition; the basic repeat units are
—CH,CCl=CHCH,—, with the trans:
cis ratio ordinarily being about 10.
Three different arrangements of pairs
of repeat units are possible:

head-to-tail,
—CCl=CHCH.CH.CCI—=CH—

head-to-head,
—CH=—CCICH.CH.CCI—CH—

tail-to-tail,
—CCl==CHCH.CH.CH=—CCI—

The CH, resonances of the head-to-tail,
head-to-head, and tail-to-tail pairs of
polychloroprene are found at 2.35, 2.50,
and 2.20 parts per million (Fig. 9). The
relative frequencies of occurrence of
these pair arrangements are readily de-
termined by measurements of intensities
at 220 megahertz, but with difficulty at
60 megahertz (24).

Nuclear magnetic resonance is un-
questionably the best and sometimes
the only method for determining the
stereoregularity (tacticity) of vinyl poly-
mers and other polymers possessing
asymmetric centers in the polymer chain.
Bovey and Tiers (25) found that two-
monomer (dyad) and three-monomer
(triad) tactic placement effects could be
observed in the 40-megahertz spectra of
poly(a-methyl methacrylate) (PMMA);
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Fig. 8. (Top) A 60-megahertz F* spectrum of a 40-mole percent solution of hexafluorobenzene in p-di-n-hexyloxyazoxybenzene.
(Bottom) A computer simulation in which the six spin-spin couplings and dipole-dipole interactions were used as fitting param-

eters. [From Snyder and Anderson (23)]
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in 220-megahertz spectra of PMMA
one can resolve tetrad effects and detect
pentad effects.

In PMMA the CH, resonances are
affected by the relative optical configur-
ations of the adjacent asymmetrically
substituted carbon atoms. Possible
nearest-neighbor environments of CH,
groups are

?HE li-l,,. CH.
ddor Il —C*—C—C*— isotactic dyad
| ]
X H: X
CH: H X
oL
dlorld —C*—C—C*— syndiotactic
[ | dyad
X H CH:

where X = COOCH, and the asterisk
indicates asymmetric centers. In the
isotactic dyad, the environments of pro-
tons H, and H; are nonequivalent, and
their chemical shifts consequently differ.
The PMR of such CH, groups consist
of four peaks (a so-called A4B-pattern).
In the syndiotactic dyad, the chemical
shifts of the two CH,, protons are equal
and give rise to a singlet resonance. In
PMMA the chemical shifts are also af-
fected by the optical configurations
about the next-adjacent asymmetric car-
bon atoms. There are six tetrad arrange-
ments such that three A4B-patterns and
three singlets are predicted.

Resonances of the methyl groups at-
tached to the asymmetric carbon atoms
are sensitive to triad placements, of
which there are three:

ddd or il
C‘DHZ: ?HJ C‘:HJ
?%—CHT—?&—CHT—?*
X X X
isotactic (Z) triad
ddl or lid
(llH;k ICHa )‘(
—CI*——-CHz—C*—CHg»—(IZ‘?——
X X CH,
heterotactic (H) triad
did or ldl
O A
—C*—CH—C*—CH_: ?—
X CH.: X

syndiotactic (S) triad

The chemical shifts of the central
methyl groups in each of these triads
are different. In the 220-megahertz
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| | |
2.50 2.35 220 ppm

Fig. 9. A 220-megahertz PMR spectrum
of polychloroprene, CH. region. Ten-per-
cent solution in carbon disulfide at 40°C;
internal reference, tetramethylsilane.

spectrum of PMMA (Fig. 10), methyl
triad resonances appear in the order S,
H, and I at, respectively, 1.03, 1.14,
and 1.27 parts per million., The line
shapes and chemical shifts of these
resonances are influenced slightly by
the S:H:I ratio, probably because of
pentad placement effects. The three
singlet CH, resonances that arise from

[ - 1 l

I

different tetrad arrangements appear at
1.92, 1.99, and 2.05 parts per million,
respectively. The doublet resonances
centered at 1.51 and 2.16 parts per mil-
lion are due to two of the expected
CH, AB-patterns, which overlap; the
other tetrad arrangement occurs infre-
quently in this sample and its reso-
nances are not observed.

Identification and quantitative anal-
ysis of end groups and of chain branches
of polymers are other useful applica-
tions of NMR. Polyethylene, for ex-
ample, is composed mainly of long-
chain (CH,), sequences. However, at
220 megahertz the resonances of CH,,
—CH=CH,, >C=CH,, and —CH
=CH-— groups that occur as chain
ends and branches can be measured
quantitatively at their typical concen-
tration levels of 0.01 to 1 percent. The
improved resolution and higher sensi-
tivity of high-frequency spectrometers,
and enhancement of signal-to-noise ratio
by the CAT technique, significantly in-
crease the applicability of NMR to end-
and branch-group analyses of poly-
mers.

The monomer ratios in copolymers
often can be determined most conve-
niently and reliably by NMR. Moreover,
the relative frequencies of various ar-
rangements of monomer sequences can
be determined and employed to provide

| | !

2.0

1.5

ILO ppm

Fig. 10. A 220-megahertz PMR spectrum of poly(a-methyl methacrylate); CH. and
a-CHj; regions. Ten-percent solution in o-dichlorobenzene at 165°C; internal reference,

hexamethyldisiloxane.
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Fig. 11. A 94.1-megahertz FY spectrum of a vinylidene fluoride—hexafluoropropylenc

copolymer at 100°C. External reference, trichlorofluoromethane.

better understanding of polymerization
processes and polymer properties. The
F' spectra of vinylidene fluoride~hexa-
fluoropropylene copolymers, and of
other  fluorine-containing  polymers,
have proved more useful than their H*
spectra because of the large chemical
shifts of fluorine resonances (approxi-
mately 10 times greater than proton
shifts).  Poly(CHx=CFz/CF2=CFCF?3)
is a lincar polymer having many differ-
ent arrangements of —CH,CF,— and

CF;
I
—CF.CF—

units. In the F'? spectra of this polymer
the CF3, CF2, and CF resonances fall
in the ranges 70 to 80, 90 to 120, and

RIBONUCLEASE

180 to 185 parts per million, respecc-
tively (Fig. 11). The monomer ratio can
be calculated readily from .the (total
CF,):(total CF.) intensity ratio. The
CF, resonances are due to the comono-
mer arrangements

CF,

|
—CH.CF.CFCF.CH.CF.— (at 7.4 ppm)
CF,

—CH.CF.CF.CFCH.CF.— (at 75.9 ppm)

These two arrangements also produce
two CF resonances. The strongest reso-
nance of poly(CH,=CH,) appears at
91.9 parts per million and is character-
istic of head-to-tail vinylidene fluoride
sequences; additional CF. resonances

appearing at 95.7, 114.0, and 116.3
parts per million arise from sequences
containing head-to-head and tail-to-tail
pairs (26). The corresponding reso-
nances in Fig. 11 are split into more-
complicated patterns by chemical shift
differences due to the presence of hexa-
fluoropropylene. Various other arrange-
ments of comonomer sequences are
responsible for the remaining CF, reso-
nances. The relative intensities of the
resonances depend on the monomer ra-
tio and on the relative frequencies of
occurrence of different five-monomer
unit sequences.

The sensitivity of NMR to conforma-
tions about single bonds provides a
promising approach to the study of
conformations of linear macromolecules
in solution. From NMR spectra of
polystyrene and model compounds,
Bovey et al. (27) have concluded that
the preferred local conformation of iso-
tactic polystyrene is helical. Since NMR
is sensitive only to time-averaged local
conformations, further developments in
theoretical analysis of polymer spectra
and the relation of local polymer con-
formations to other measurable prop-
erties are desirable.

Nuclear Magnetic Resonance

of Biopolymers

An outstanding need in modern bi-
ology is for a physical approach that
will provide information about struc-
ture and interactions at multiple atomic
sites of proteins in aqueous solution.
Nuclear magnetic resonance can in
principle distinguish the component
amino acids of proteins on the basis of
side-chain proton chemical shifts. The

11% IN D,O
60 megahertz
38°C
pH 7.5
) | ! 1 bsp
8 6 4] 2 O ppm

Fig. 12. A 60-megahertz PMR spectrum of an 11-percent solution of ribonuclease in D.O.

264

SCIENCE, VOL. 157



many near-equivalences of the side-
chain protons of the 20 different com-
ponent amino acids lead, however, to
severe overlap of their resonances. The
60-megahertz PMR spectrum of ribonu-
clease (Fig. 12), for example, is a vir-
tual continuum. The factor of 11:3 en-
hancement in chemical shift, realized
by increase of the PMR frequency
from 60 to 220 megahertz (Fig. 13), is
sufficient to produce spectra that are
more adequate for elucidation of as-
pects of structure and interaction of
proteins. Indeed the improvement in
resolution of protein spectra at 220
megahertz is so dramatic that it com-
pels one to contemplate the possibilities
in PMR spectra of proteins at even-
higher frequencies.

Manifestations, in PMR absorption,
of the conformational changes that ac-
company protein denaturation are illus-
trated in the temperature dependences
of the PMR spectra of ribonuclease
(Fig. 13) and lysozyme (Fig. 14) (28).
The PMR spectrum of ribonuclease at
22°C (below its denaturation tempera-
ture of 65°C) is markedly different
from that at 72.5°C (Fig. 13). In the
denatured or random-coil form, all
component amino acids give rise to
resonances that are essentially those of
the free amino acid; the spectrum of
the denatured form of the protein is
very much that of a superposition of
the resonances of the component amino
acids, weighted by the amino acid com-
position of the protein. In the random-
coil form, the side chains of component
amino acids are largely unconstrained
and exhibit chemical shifts that do not
strongly reflect the amino acid sequence
of the protein, In other words, in the
random-coil form, nearest-neighbor in-
teractions and conformational proximity
effects do not appear to play a major
role in determining the chemical shifts
of the side-chain protons.

In the native form of the protein,
many new resonances appear and the
intensity distribution of resonances over
the spectrum is markedly altered (com-
pare the 22° and 72.5°C spectra of Fig.
13). Side-chain mobility seems to be
greatly constrained in the native con-
formation and most of the side chains
are closer together or at least more en-
vironmentally perturbed than in the
random-coil form. Consequently, in the
folded conformation, electrical and
magnetic effects of short-range nature
can produce quite appreciable chemical
shifts, and the resonances of each amino
acid reflect its local environment.
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For illustration: the resonance ab-
sorption by the aromatic moieties of
histidine, phenylalanine, and tyrosine
of ribonuclease in the denatured form
(the 6.8 to 7.8 parts-per-million region
of the 72.5°C spectrum, Fig. 13) can be
analyzed in straightforward fashion. In
contrast, the various shielding environ-
ments experienced by the side chains
of the aromatic residues in the native
(folded) conformation of the protein are
reflected in the appearance of multiple
rather than single peaks for each chem-
ically nonequivalent proton. Spectral
coincidences among the four histidine
residues of ribonuclease are at least
partially removed in the folded con-
formation, as are coincidences among
the six tyrosine residues and among the
three phenylalanine residues.

An especially revealing manifestation
of tertiary structure in proteins is seen

l

pH 6.8

in the high-field resonances of lysozyme
that appear in the +1 to —1 part-per-
million region of the spectrum only in
the folded form of the molecule (Fig.
14). These resonances reversibly disap-
pear as the enzyme is denatured either
thermally or by classical denaturants
such as guanidine or urea. These high-
field resonances are attributable to ring-
current shifts induced in side-chain pro-
tons of amino acids that are forced
close to the faces of the aromatic rings
of the histidine, tyrosine, phenylalanine,
and tryptophan residues in the protein’s
native conformation. High-field ring-
current shifts qualitatively similar to
those observed in lysozyme appear as
well in the PMR spectra of the folded
conformations of cytochrome-c, myo-
globin, and hemoglobin. Additionally,
in these heme proteins shifts of up to
4 parts per million are attributable to

RIBONUCLEASE
11% IN D,O
220 megaheriz

22°C

72.5°C

1 L 1 1 1

.

10 8 6

4 2 0 ppm

Fig. 13. Proton magnetic resonance spectra (220 megahertz) of ribonuclease in its
native (folded) conformation (top) and of thermally denatured ribonuclease (bottom).
Insets are expanded versions of the 6.8 to 7.8 parts-per-million region of resonance
absorption. The resonance at O part per million arises from the internal reference
sodium 2,2-dimethyl-2-silapentane-5-sulfonate.
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proximity of residue side chains to the
very large ring-current fields of the ex-
tended r-electron system of the por-
phyrin ring.

In other studies, perturbations of the
PMR spectra of cofactors (29), sub-
trates, and inhibitors (30) complexed to
enzymes have been observed, and sub-
trate-induced conformational changes
in enzymes have been detected. Aggre-
gation of protein subunits into oligomers
and polymers is, incidentally, reflected
in PMR line widths. It appears that
high-frequency PMR spectroscopy will
become a most fruitful approach to
elucidation of the structures and inter-
actions of proteins in solution.

The relatively few nonequivalent pro-
tons in nucleic acids (in contrast to
proteins), and their fairly uniform dis-
tribution into “aromatic” and “satu-
rated” types, have resulted in more-
successful applications of 60-megahertz
PMR to nucleic acids than to proteins.
Nevertheless, at 220 megahertz, PMR
spectra of nucleic acids also are greatly
improved, and a recent application to
DNA illustrates the type of information
to be derived. The two extreme high-
field resonances that are observed at
220 megahertz for thermally denatured
DNA are assignable to the methyl pro-
tons of the component thymine nucle-
osides. The relative intensities of the
two methyl resonances of thymine in
DNA are species-specific and have been
shown (37) to reflect directly the thy-
mine nearest-neighbor base ratio (Ap7T
+ GpT):(CpT + TpI), A, G, T, C, and
p being, respectively, adenine, guanine,
thymine, cytosine, and phosphate. De-
tailed analyses of other regions of the
high-frequency PMR spectra of nucleic
acids can be expected to yield much
more information regarding structure
in this important class of compounds.

Summary

The rapid development of NMR
spectroscopy has been characterized by
a succession of discrete, significant ad-
vances in instrumentation, as well as by
less dramatic but cumulatively impor-
tant improvements in instrument per-
formance, experimental techniques,
spectral analysis, and theory. Most sig-
nificant are the advances in magnet
technology, which within 13 years in-
creased the available field strengths
from 7.04 to 51.7 kilogauss (with cor-
responding increase in the PMR fre-
quency from 30 to 220 megahertz).
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Fig. 14. Four 220-megahertz PMR spectra
of lysozyme in D.O.

Great improvements in spectrometer
stability and in the coupling of spec-
trometers with on-line computers have
so improved sensitivity that some nu-
clei possessing less favorable NMR
characteristics can now be studied.
While initially applicable only to
relatively simple molecular systems,
high-resolution NMR is now being used
cffectively in studies of such large and
structurally complex molecules as ste-
roids and other natural products, syn-
thetic polymers, proteins, and nucleic
acids. Characterization of molecular
structure continues to be the “bread and
butter” application. Available methods
for analysis and interpretation of spec-
tra are highly satisfactory whenever nu-
clear relaxation effects can be neglected;
spectral fitting methods based on the
time-independent Hamiltonian operator
yield accurate values for the chemical
shifts and coupling constants. Although
empirical correlation of these NMR
parameters with structure has far out-
paced quantitative theoretical treat-

ments, useful contributions to NMR are
being made by quantum chemistry, and
vice versa.

Nuclear magnetic resonance has been
applied extensively to molecular rate
processes, but quantitative treatments of
spectra in terms of kinetic parameters
have been possible only for very simple
cases. However, the development of
digital-computer methods based on
time-dependent Hamiltonian operators
(including nuclear relaxation times) is
in progress; since many types of chem-
ically important rate processes can be
studied by NMR, these applications will
become increasingly useful. In this area
also, spin-echo NMR techniques will be
employed extensively (32).

The development of superconducting
solenoids for high-resolution NMR at
frequencies of 220 megahertz and
higher offers bright promise for further
advances. The most significant contribu-
tions of high-frequency PMR spec-
troscopy will probably be in the study
of biopolymers and synthetic polymers.
Elucidation of structures and interac-
tions of nucleic acids and proteins in
solution promise a much better under-
standing of the highly specific biological
functions of these complex molecules.
Similarly, more detailed knowledge of
the structures of synthetic polymers is
important in control of their end-use
properties in fibers, films, and molded
products.

Other applications of NMR, only a
few of which have been mentioned, are
more readily accomplished with im-
proved modern instrumentation, and in-
creased use of NMR is to be expected.
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Antibody Variability

Somatic recombination between the elements of
“antibody gene pairs” may explain antibody variability.

The amino acid sequences of poly-
peptides are uniquely controlled by the
DNA of corresponding structural genes.
Mutational events in the germ line
alter these genes and lead to changes
in the structure of polypeptides in later
generations. A frequently observed
result of mutations is the replacement
of single amino acid residues, probably
caused by single base-pair changes in
the DNA (7). Less frequently the
mutational events are more complex:
a gene may be duplicated and sub-
sequent divergent evolution may cause
the descendants of the ancestral gene
to code eventually for related but not
identical polypeptides (2). Once a gene
has been duplicated, triplications and
higher orders of repetition arise rela-
tively easily by unequal but homologous
crossing-over between the duplicated
genes (3). An unequal crossing-over be-
tween tandem duplicated genes can be
represented as 2 X 2— 3+ 1 which
correctly implies that the loss of the du-
plication is as likely as the reciprocal
event, the formation of a triplication.
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By extending these principles, one sees
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in the germ line. Despite the potential
instability of a multiple gene system, an
obvious explanation of the variability
of antibodies is that an animal carries
in its genome a gene for every type of
antibody polypeptide it may need. I
will refer to this explanation of anti-
body variability as the simple multiple-
gene hypothesis.

Lederberg (4) in 1959 proposed an
alternative explanation that antibodies
might be controlled by a small number
of hypermutable genes. These hyper-
mutable -genes, transmitted regularly in
the germ line, were presumed to under-
g0 somatic mutation during the develop-
ment of the immune system. I will refer
to this as the somatic mutation hypoth-
esis. The simplicity of the idea is ap-
pealing, and genetic mechanisms might
be expected to have evolved to ensure
that the needed hypermutability would
be maintained and controlled. Lederberg
in 1959 had little experimental informa-
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tion on the types of variability actually
existing in antibodies, and so did not
propose any specific genetic mechanisms
for obtaining hypermutability.

Experience with the genetic behavior
of a partial gene duplication (Hp?)
in the haptoglobin system (5) led me,
in 1963, to propose a mechanism that
could permit antibody genes to be
hypermutable in a genetically controlled
way (6). I suggested that chromosomal
rearrangements, caused by somatic
crossing-over between duplicated re-
gions of DNA in antibody genes, would
lead to genetically predisposed variabili-
ty. A specific model was considered re-
quiring inversions within the antibody
genes; it was compatible with the
limited peptide data available at that
time (see 7). The model was sufficiently
specific that it could very easily be
tested.

The major source of experimental
data available at present on the nature
of antibody variability is indirect. Na-
tural antibodies produced by single cells
can be detected, but their isolation and
characterization is still impossible.
Individually uniform monoclonal im-
munoglobulins are available only from
humans (8) and mice (9) with multiple
myeloma—a malignancy frequently
leading to the production of large
quantities of antibody-like proteins.
These myeloma immunoglobulins con-
sist of light and heavy polypeptide
chains (10) and show serological types
(8) similar to those observed in natural
antibodies (/7). The myeloma proteins
are, however, much more homogenous.
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