
/. Introduction 

NMR shares with all other branches of spectroscopy a perpetual desire to 
improve the resolution of its spectra. Better resolved spectra usually imply 
more information about the sample or object under investigation. One part 
of the hostile line broadening is always due to the apparatus (although 
occasionally it may be totally negligible), while another arises from the 
physical properties of the sample at hand. Fighting the former is an engineering 
problem. In the pioneer years of high-resolution NMR in liquids it was, 
indeed, a very severe problem. Nowadays for NMR in liquids it can be con-
sidered to have been solved for most practical purposes. Nevertheless, the 
instrumental limitation of resolution is still one of the most important 
specifications of a high-resolution NMR apparatus. 

The situation is quite different for NMR in solids. Even in the early days of 
NMR spectroscopy in solids the instrumental contribution to the linewidths 
was usually very small in comparison to the physically inherent widths of the 
lines. The major source of NMR line broadening in solids is the dipolar 
coupling of the nuclear spins. The nuclear spins "see" not only the applied 
field, but in addition dipolar fields originating in the nuclear magnetic 
moments associated with the spins of all neighbor nuclei. It is the magnitude 
of the vector sum of all magnetic fields at the site of a given nucleus that 
determines where that nucleus will "appear" in the NMR spectrum. As the 
applied field usually exceeds by several orders of magnitude the internal 
dipolar fields, only those components of the latter matter that are parallel or 
antiparallel to the applied field. This statement contains what is usually called 
"truncation" or restriction to "secular" terms of the dipolar Hamiltonian. 
We shall come back to this topic in detail in Chapter IV. 

Whether the field contribution from a neighbor nucleus is parallel or anti-
parallel to the applied field depends among other things upon the spin 
orientation ofthat nucleus. Under normal circumstances the spins are oriented 
almost completely at random. The dipolar field that a nuclear spin "sees" is 
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therefore the sum of contributions the signs of which are unrelated and 
equally likely to be plus or minus. 

Therefore, for the ensemble of spins in a macroscopic sample there exists 
a distribution of the magnitudes of the magnetic field, which is reflected in the 
NMR spectrum of the sample as the so-called dipolar line broadening. For 
samples containing abundant spins with "large" magnetogyric ratios, such as 
protons or fluorines, a typical value of the root mean square width of the 
dipolar field distribution is 10 G. If the same nuclei are observed by NMR, 
the lines will have a width of about 40 kHz. 

By contrast, NMR lines in liquids are typically as narrow as 0.1-1 Hz. 
Why are they so narrow? After all, by melting a solid with an NMR linewidth 
of 40 kHz the nuclear spins and their magnetic moments do not just disappear. 
As is probably familiar to anyone who undertakes to read this volume the 
reason for the narrow NMR lines of liquid samples is the rapid, random, 
isotropic reorientational and translational motions of molecules in liquids. 
The components of the dipolar fields parallel to the applied field that the 
nuclear spins present to each other are not only dependent upon the nuclear 
spin orientations but also upon the orientations of their internuclear vectors 
with respect to the applied field. It is via this spatial orientational dependence 
of the dipolar fields that molecular motions are able to modulate them. 

Provided the time scale of the molecular motions, and hence of the modu-
lation of the dipolar fields, is considerably shorter than the inverse of the 
dipolar linewidth of the solid sample any reference spin "sees" effectively 
only the time average of the (secular) dipolar fields of its neighbors. This 
phenomenon of "motional averaging" is by no means restricted to dipolar 
fields, nor to NMR, but is completely general and very widespread in physics. 
We shall treat it mathematically in Chapter IV. 

The time scale of molecular reorientations in nonviscous liquids is, on the 
one hand, 10~1 0-10_ 1 1 sec—which is much shorter than the inverse dipolar 
linewidths of the corresponding solids—and, on the other hand, the average 
of the secular dipolar fields over isotropic molecular motions is zero. This 
explains why NMR lines of liquids (and gases) are so narrow. 

The trouble with obtaining high resolution by random, isotropic molecular 
reorientational motions is that not only the dipolar fields of the nuclei, but 
all anisotropic interactions of the spins are averaged out at the same time. 
That means the positions of the NMR lines in spectra of liquids—where we 
can measure them with high precision—carry no information about any kind 
of anisotropic interaction of the spins, for instance, anisotropic nuclear 
magnetic shielding. Spectral information about anisotropic spin interactions 
can only be obtained from NMR spectra of solids—where the lines are broad 
and where, consequently, the line positions often cannot be measured 
accurately enough to extract the desired information. 

In order to get access experimentally to this kind of information a number of 
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ingenious schemes have been worked out. They all rely on "motional 
averaging" as described above, but abandon random, isotropic, fast molecular 
motions as the means for introducing the "motion" into the system. To 
achieve "selective averaging" more specific, anisotropic motions are used 
instead. We shall consider a variety of them in Chapter IV. 

Not all of them rely upon motions in ordinary coordinate space. Recall 
that the (secular) dipolar field set up at the site of some reference spin r by its 
neighbors (denoted /) depends on both the lengths and orientations of the 
internuclear vectors rir and on the orientations of the spins /. Analogous 
statements apply, of course, to other types of nuclear spin-spin interactions. 
Molecular motions affect the dipolar fields via the latter's spatial orientational 
dependence. They can, obviously, also be affected via their spin orientational 
dependence. 

This has been exploited for many years for a number of purposes including 
resolution enhancement. Traditionally the techniques used are not described 
as "averaging" but as "spin-decoupling." 

We want to emphasize, however, that all spin-decoupling techniques used 
in NMR can be understood in a way completely analogous to "motional 
averaging in spatial coordinate space" as "motional averaging in nuclear 
spin spaces." 

In the same way nature provides motions in spatial coordinate space— 
thermal molecular motions—it also provides motions in spin spaces. These 
thermal spin fluctuations assure that nonequilibrium distributions of spin 
orientations disappear in the course of time. 

With respect to averaging of nuclear spin-spin interactions there is one 
important quantitative difference between thermal spin fluctuations and 
thermal molecular reorientations: the latter are usually fast, at least in 
nonviscous fluids in comparison with nuclear spin—spin interactions, whereas 
the former are fast only in exceptional cases. In Chapter VI we shall cite one 
such case (proton-iodine "self-decoupling" in frww-diiodoethylene). 

In order to achieve resolution enhancement by motional averaging in spin 
spaces the nuclear spins must, therefore, usually be stirred artificially. This 
can be done by irradiating the spins with properly chosen rf fields. High-
resolution NMR spectroscopists and makers of high-resolution NMR 
equipment distinguish hetero- from homodecoupling. By heterodecoupling 
they mean stirring spins belonging to a spin species other than the observed 
spins by applying an rf field at the Larmor frequency of the former spin 
species. They speak of homodecoupling when the irradiated and the observed 
spins belong to the same spin species. In this case, however, the observed and 
the irradiated spins must be "chemically shifted" so that the difference between 
homo- and heterodecoupling really is only a quantitative or technical one, 
and not one of principle. The need to differentiate between stirred and 
observed spins or more generally between stirred and observed degrees of 



4 I. INTRODUCTION 

freedom seems to erect a barrier that prevents the experimenter from over-
coming the dipolar coupling of like spins in solids. This barrier, however, 
exists only as long as one takes into consideration only random motions. 
Stirring the observed spins violently in a random manner means inevitably 
losing the desired spectral information. 

However, the barrier can be overcome by bringing into play coherent 
motions. Coherent motions can be imposed on the spatial degrees of freedom 
of the system by physically rotating ("spinning") the sample. Depending on 
the orientation of the axis of rotation with respect to the applied field a variety 
of line-broadening spin interactions, including dipolar couplings between like 
spins, can be suppressed in this way. 

Coherent motions can be imposed directly on the observed spins by exposing 
them to coherent, either cw or pulsed rf, irradiation. Because of the lack of 
inertia effects it is easier in practice to impose coherent motions on spin than 
on spatial degrees of freedom. The price one has to pay is that one must follow 
certain rules in observing the nuclear spins (see Chapter IV). 

While sample spinning about an axis perpendicular to the applied field has 
been crucial for the development of high-resolution NMR in liquids it was 
the "invention" of the so-called magic-angle sample-spinning technique that 
marked the beginning of high-resolution NMR in solids; but it was only the 
introduction of coherent averaging techniques in spin spaces that really gave 
it the final boost it needed to become firmly established. 

Coherent motions in either spin or coordinate spaces do not "just enhance 
generally" the resolution of NMR spectra. Their effect is always to suppress 
(to average out, as we say) certain spin interactions and to let certain others 
survive. Whether or not a given type of spin interaction will be suppressed by a 
certain type of motion depends on the structure of the relevant Hamiltonian 
with respect to both its spin and space variables. Because of the crucial role 
the structures of nuclear spin Hamiltonians play in high-resolution NMR 
both in liquids and solids we devote the following chapter to their study. 

Before beginning we want to mention, however, that there is at least one 
way of overcoming dipolar line broadening in solids that is not based on any 
kind of motional averaging. We stated above that it is the virtually complete 
randomness of the nuclear spin orientations under "normal circumstances" 
that causes the dipolar line broadening. Therefore, the conceptually simplest 
way to overcome this broadening is to line up all the spins neatly, in other words 
to polarize the sample highly. Samples with nuclear spin polarizations of the 
order of 90% can truly be called "abnormal." Nevertheless, the Saclay NMR 
group headed by Professors Abragam and Goldman has succeeded in pre-
paring samples of CaF2 with 1 9F spin polarizations approaching or even 
exceeding 90%, and they have indeed observed a substantial narrowing of the 
1 9F NMR linewidth when the 1 9F polarization approached 100%. 




