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Some Developments in Nuclear 
~Lsonance of Solids 

Nuclear magnetic resonance (NMR) spectroscopy contin- 
ues to evolve as a primary technique in the study of solids. 
This review briefly describes some developments in mod- 
ern NMR that demonstrate its exciting potential as an 
analytical tool in fields as diverse as physics, chemistry, 
biology, geology, and materials science. Topics covered 
include motional narrowing by sample reorientation, 
multiple-quantum and overtone spectroscopy, probing 
porous solids with guest atoms and molecules, two- 
dimensional NMR studies of chemical exchange and spin 
diffusion, experiments at extreme temperatures, NMR 
imaging of solid materials, and low-frequency and zero- 
field magnetic resonance. These developments permit 
increasingly complex structural and dynamical behavior 
to be probed at a molecular level and thus add to our 
understanding of macroscopic properties of materials. 

UCLEAR MAGNETIC RESONANCE (NMR) INVOLVES THE 

absorption and emission of radio-frequency energy by 
nuclear spins as they oscillate and reorient in the presence 

of internal and externally applied magnetic fields. The oscillation 
frequencies and reorientation times depend sensitively on the local 
environments and on the mobility of the atoms and molecules. The 
sensitivity of the resulting spectrum to local environment in the 
sample, together with a natural isotopic selectivity, enables NMR to 
provide detailed information about structure and dynamics for many 
classes of materials (1-4). 

The interactions that determine an NMR spectrum depend, in 
general, on the microscopic orientation of the atomic or molecular 
species in a magnetic field. For molecules randomly oriented in a 
rigid lattice, the variety of possible orientations often leads to a 
correspondingly complicated spectrum. In liquids, by contrast, the 
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Magnetic 

rapid and isotropic molecular motion averages the anisotropic 
interactions and thus narrows the spectral lines. The study of solids 
is therefore complicated because line broadening and low sensitivity 
frequently obscure the spectral features from which structural and 
dynamical details are to be extracted. Development of new instru- 
mentation and analytical techniques that produce better resolved 
and more detailed spectra, however, continues to expand the 
application of NMR in various fields such as physics, chemistry, 
biology, medicine, geology, and materials science. In this review we 
describe a few recent developments in NMR (with selected refer- 
ences from the most recent literature) that demonstrate its exciting 
analytical potential in the study of solids. While the selection of 
topics and references is by no means comprehensive (or even 
democratic), we hope that it illustrates some of the novelty and 
diversity of modern NMR. 

Line-Narrowing by Sample Reorientation 
One way to narrow the broad lines in the NMR spectrum of a 

solid is to reorient the sample rapidly to average away the anisotro- 
pic effects artificially. Methods of this sort seek to resolve spectral 
details from which individual atomic sites can be identified and 
internuclear distances determined. Magic-angle spinning (MAS), in 
which a sample is rotated about an axis inclined at 54.7" (the "magic 
angle") with respect to the magnetic field, has been widely used, 
particularly for spin-% nuclei such as I3C, "N, 1 9 ~ ,  2 9 ~ i ,  and 3 1 ~ ,  to 
diminish the broadening effects of chemical shift anisotropy and 
magnetic dipole-dipole coupling. High resolution spectra in com- 
plex solids have been obtained recently for I3C in biopolymers (5 ) ,  
for 2 9 ~ i  in a zeolite (Fig. 1) (6) ,  and for ' 5 ~  in a protein (Fig. 2) ( 7 ) ,  
for example. Some recent advances in this area include development 
of fast MAS (with spinning speeds in excess of 20 kHz) (8 ) ,  MAS in 
combination with multiple-pulse NMR ( 9 ) ,  MAS with rotational 
resonance ( lo ) ,  and MAS with double resonance echoes (8). High- 
resolution structural information provided by NMR is generally 
short range in nature, and serves to complement the longer range 
periodicity to which diffraction techniques are sensitive. The ability 
to resolve Structure over short distances is especially important for 
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the study of polymers, amorphous materials, biological compounds, 
and other systems characterized by the absence of long-range order. 

Sample spinning (at the magic and other angles) has also been 
a plied to nuclei with spin >%, such as "B, 1 7 0 ,  2 3 ~ a ,  2 7 ~ 1 ,  and !f' Ga, where an additional source of spectral broadening arises from 

anisotropic quadrupolar effects (12). Although some simplification 
and resolution can be achieved by combining MAS with quadrupo- 
lar nutation techniques (13) and by the use of oriented powders 
(14), second-order quadrupolar interactions often make it impossi- 
ble to obtain NMR line widths sufficiently narrow to resolve the 

Fig. 1. Room-temperature 
29Si magic-angle spinning 
NMR spectrum of the zeo- 
lite ZSM-5 obtained at a 
magnetic field of 9.4 Tesla. 
Most of the 24 crystallo- 
graphically distinct Si sites 
in this highly siliceous poly- 
crystalline sample are re- 
solved. At higher tempera- 
tures the spectrum coalesces 

I I I I I I I I 6 I I  

to one containing 12 peaks -108 -118 
reflecting the transition to a PPm 
structure with higher sym- 
metry (14). The complexity of the structure is illustrated in the structural 
diagram of the (100) face of the ZSM-5 unit cell. [Adapted from (10) with 
permission; structural diagram courtesy of D. H. Olson, Mobil Research and 
Development Corp., Princeton, New Jersey] 

Fig. 2. Simulated (A) and experimental (B) cross-polarization-magic-angle 
spinning '% NMR spectra of wild-type staphlococcal nuclease in the solid 
state showing contributions from the nine inequivalent I5N sites associated 
with valine residues in the protein structure (shown as black dots in the 
structural diagram at the top). The NMR spectrum of this protein in solu- 
tion displays the same 15N chemical shifts, indicating that the conformations 
are similar in solution and i n  the crystal. [Adapted from (11) with permis- 
sion; structural diagram courtesy of J. S. Richardson, Duke University] 

isotropic peaks necessary for unambiguous identification of different 
atomic sites. Second-order broadening can, however, be averaged 
with new sample reorientation techniques in which the sample is 
rotated about more than one axis (15). In double-rotation (DOR) 
NMR the sample rotates simultaneously about two axes inclined at 
two "magic angles" and thus follows a continuous trajectory that 
eliminates not only first-order effects, such as chemical shift anisot- 
ropy and secular dipole-dipole couplings, but second-order quadru- 
polar effects as well. In dynamic-angle spinning (DAS) NMR similar 
results are obtained by rotating-the-sample about two axes in 
succession. Recently demonstrated for 1 7 0  in silicate minerals (Fig. 
3) (16, 17), DOR and DAS make it possible to obtain spectra of 
improved resolution from many NMR-active nuclei of 
table. Such improvements in resolution now open the door to 
structural and motional investigations of a wide range of solid 
materials containing quadrupolar nuclei. 

Multiple-Quantum and Overtone Spectroscopy 
Whereas conventional Fourier transform NMR experiments in- 

volve transitions between spin levels differing by 1 in magnetic 
quantum number (the selection rule Am = l), there are at least two 
ways (Fig. 4) to extend NMR to transitions with Am # 1. Addition- 
al structural and dynamical information can be obtained in such 
instances because the intensities and frequencies of the transitions 
depend on spin-spin couplings and on the relative orientations of 
internal and external magnetic fields. In liquid NMR, multiple- 
quantum spectroscopy is used routinely to filter transitions arising 
from groups of coupled spins and thereby to simplify considerably 
the interpretation of the resulting spectra (18). In solids and liquid 
crystals, multiple-quantum experiments, in which many quanta 
(more than 100) of radio-frequency energy can be coherently 
absorbed or emitted, have been used for studies of clustering and 
molecular conformations (19). 

More recently, overtone NMR spectroscopy, involving absorp- 
tion of single radio-frequency quanta at a multiple of the hndamen- 
tal NMR frequency, has been used to determine distances and bond 
angles in molecules. For a quadrupolar nucleus, the parameters (for 
example, intensities and frequencies of transitions) extracted from 

Fig. 3. Oxygen-17 NMR 
spectra (central transition) 
of the mineral cristobalite, 
Si02, enriched to 37% in 
170. (A) The static spectrum 
of a polycrystalline sample 
has a line width of 20 kHz. 
(B) Second-order quadru- 
polar interactions (e2qQ/h = 
5.8 MHz, q = 0) are incom- 
pletely averaged by magic- 
angle spinning, yielding a 
signal that is still about 4 
kHz wide. (C) The dynam- 
ic-angle spinning (DAS) 
soectrum shows a narrowed 
(about 200-Hz line width) c 
170 resonance at its isotro- 
pic shift, -16.7 ppm with 
;espect to the 170;&onance 
in enriched water. Spinning I I I I I I ~ I I I I I I I I I I I  
side bands accompany the 200 100 0 -100 -200 
isotropic peak at multiples PPm 
of 2.5 kHz (one-half the ro- 
tor frequency); 1 ppm corresponds to 54.2 Hz for "0 in a magnetic field of 
9.4 Tesla. [Adapted from (17) with permission] 
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Fig. 4. Spin ener levels for a quad- Single- Double. 
rupolar spin i = ynucleus, illustrat- quantum quantum Overtone 
ing the transitions observed in differ- 
ent NMR experiments. (A) The con- 

occur near the fundamental (Larmor) 
ventional single-quantum transitions L 

frequency. (8) The double-quantum 
transition connects the m = 1 and 
m = - 1 levels by means of two quan- 
ta at the fundamental frequency. In A B C 
multiple-quantum NMR, in general, 
transitions of higher order (Atn) can be involved. (C) Overtone NMR 
involves excitation or detection by means of a direct one-quantum transition 
with Am > 1 near a multiple of the fundamental frequency. [Courtesy of S. J. 
Opella, University of Pennsylvania] 

overtone spectroscopy are quite sensitive to  the relative orientation 
of the internal and external fields in molecules o r  functional groups. 
Measurements of anisotropic spin interactions for 1 4 ~  in peptide 
linkages, for example, have been used t o  establish the relative 
orientations of individual peptide planes in single crystals of simple 
proteins (20). Recent work also has combined overtone spectrosco- 
py with cross-polarization from proton spins t o  yield a substantial 
enhancement in the sensitivity of this technique in powdered 
samples (21). The application of  multiple-quantum and overtone 
N M R  should be valuable for studying molecular structures and 
organizations in polycrystalline and disordered samples. 

Guest Atoms and Molecules in Porous Solids 
Sorption, reaction, and thermal stability properties o f  porous 

solids are tied closely t o  the structure and function of  the framework 
and guest materials. A relatively inert probe like xenon (with two 
NMR-active isotopes, "%e and I3'Xe) can provide structural 
information about the host matrix and the symmetry of its internal 
cavities. The Xe atom has a high polarizability, which makes it 
sensitive t o  the intracrystalline environment of  molecular sieves and 
other ordered porous materials. Interactions between Xe atoms and 

Fig. 5. NMR spectra of lz9Xe 
occluded in the 0.57 nm and 
0.75 nm diameter cavities of 
136Si02.16(CH2)40.8Xe (do- 
decasil-3C). In the clathrasil 
pores, Xe atoms (0.44-nm di- A 
ameter) interact with the cage 
wall; this interaction results in R 
a downfield (higher frequency 
to the left) shift of the '29Xe 
resonance relative to a low- 
pressure gaseous Xe reference. 
The line shapes reflect the 
symmetry of the cage environ- 
ments at temperatures above 
and below the clathrasil phase 
transition at -298 K. The up- 
field peak (spectral feature to 
the right) at 376 K (A) arises 
from Xe trapped inside the 

BL 1 80 PPm , 

large cage structure; the line is 
narrow because of the cubic symmetry. The downfield Iz9Xe line shape 
(spectral feature to the left) is dominated by the anisotropic chemical shift; 
the axial symmetry of the chemical shift is consistent with the threefold axis 
of the small cage. When the tempermre is lowered to 251 K (B), the 
isotropic upfield peak is unchanged because no significant alteration occurs 
in the large cage structures. The resonance from Xe in the small cavities, 
however, changes to one characteristic of a shielding tensor that is not axially 
symmetric; this change indicates that in the small cavity, the environment of 
the confined '29Xe probe has departed from axial symmetry. [Adapted from 
(23) with permission] 

Fig. 6. Experimental two-dimensional I3C NMR spectra of polpoxymethy- 
lene at 7.1 Tesla. Motions are measured by a two-dimensional correlation 
map of initial and final orientations separated by a mixing time t, during 
which the molecular orientations change. (A) At 252 K, a spectrum along 
the two-dimensional diagonal is observed that indicates the absence of 
molecular reorientation on the time scale t, = 1 s. (9) At 370 K, the effect of 
chemical exchange is observed in the form of an elliptical ridge pattern that 
reflects the symmetry of the reorientation process. Such sharp features are 
characteristic of discrete molecular jumps. Simulations of these spectra 
indicate that the carbon atoms undergo 200" rotational jumps during t, = 
4 s, consistent with rotational jumps of the helical polyoxymethylene 
structure. At later times, multiples of the fundamental rotational jumps 
occur. [Adapted from (30) with permission] 

the host matrix perturb the Xe electron cloud, deshielding the 
nucleus and thereby expanding the range of  the observed chemical 
shift. I t  is this large cheniical shift range that permits subtle 
structural and chemical effects t o  be studied with high sensitivity 
(22'). , , 

Guest atoms and molecules introduced during synthesis o r  by 
adsorption are particularly usehl  in the study of intracrystalline 
environments in zeolites and clathrates. For example, Xe atoms can 
be used t o  probe porous solids because the 12%e N M R  line shape 
varies in response t o  changes in the pore symmetry of  the framework 
host (23, 23a). Xenon atoms are occluded in dodecasil-3C because 
they are too large t o  pass through the windows separating cavities in 
the dathrasil compound. Changes in the symmetry of  the I2%e line 
shape allow temperature-dependent changes (for example, phase 
transitions) in clathrasil structure to be observed (Fig. 5). A 
remarkable example o f  such symmetry effects o n  a macroscopic scale 
is the appearance of  quadrupolar splittings in the N M R  spectrum of  
optically polarized I3'xe gas in containers with shapes of  less than 
cubic symmetry (24). The distribution and temperature-dependent 
properties of  Xe clusters trapped in the pores of  a zeolite has allowed 
careful study of  gas-solid interaction (25). Dynamics of  the guest 
molecules in a porous matrix have been investigated with proton 
N M R  t o  study difisivity within zeolite channels (26) and with 
deuterium N M R  to probe motions of  hydrocarbons in clathrate and 
zeolite cavities (27). 

Chemical Exchange and Spin Diffusion 
When molecules reorient (by continuous rotation or  discontinu- 

ous jumps, for example) their N M R  frequencies usually change. 
This is an example of  what is generally referred t o  as chemical 
exchange. Similarly, frequencies can also be affected by spin diffii- 
sion between sites having different N M R  parameters. By monitor- 
ing the correlation among frequencies in the different time dimen- 
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Fig. 8. Spin-echo NMR im- 
ages of water in glass-rein- 
forced epoxy polymer fibers. 
The polymer phase contains 
differing amounts of water 
in the samples shown: (from 
top to bottom) 5% (top), 
10% (middle), and 20% 
(battom) H20.  The pixel 
resolution is 130 )~m in the 
1-mm-thick slices taken 
alone the l e n d  of the 5- 

Inverse temperature ( 1 0 ~ 1 ~ )  

Flg. 7. Spin-lattice relaxation times (TI) versus reciprocal temperature for 
29Si in albite glass at 4.2 and 9.4 Tesla. Temperatures in these studies 
approached 1500 K and special cooling features were required to permit in 
situ heating of the sample in the bore of the superconducting magnet. After 
radiofrequency excitation, 29Si spins relax toward equilibrium because of 
interactions with local fluctuating fields. The relaxation times depend on 
atomic mobility, which changes during a phase transition. In the case of 
molten silicates, chemical exchange at elevated temperature modulates the 
29Si signal, thereby decreasing the relaxation time TI. The markedly different 
TI trends on each side of the glass transition (denoted by the arrow) reflect 
different motional behavior in the liquid and vitreous regimes of the mineral 
albite (NaAISi3Os). The diagram at the top summarizes the diffusive 
dynamics that have been postulated to account for high-temperature silicate 
relaxation behavior. Shown are Si cations (black), alkali metal cations (cross- 
hatched), bridging oxygen atoms (unpattemed), and nonbridging oxygen 
atoms (shaded). Two Si sites with different numbers of bridging oxygens 
(Q") are interconverted during oxygen exchange. [Adapted from (39) with 
permission] 

tesy of W. Kuhn, Bruker 
Analytical Instruments Karlsruhe, Federal Republic of Germany] 

butadiene 'cohponent 'in 'a 

sions of a multidimensional NMR experiment (18, 28), it is possible 
to learn about the mechanisms and rates of reorientation and 
diffusion processes in solids. The mechanical properties of polymeric 
materials, for example, are closely related to microstructure and 
molecular reorientation dynamics. By means of two-dimensional 
spectroscopy applied to solid polymers, measurement of slow 
molecular reorientational motions and determination of the size of 
heterogeneous domains have been possible. The quadruple cou- 
pling of deuterium and the anisdtropic chemical shift of I3c are 
particularly useful NMR interactions that have been used to probe 
the reorientation of molecular segments. The sensitivity of these 
interactions to orientation permits one to follow the molecular 
dynamics that Influence polymer impact strength, flexibility, and 
thermal processing properties (Fig. 6) (29, 30). Different motional 
mechanisms, such as discrete reorientation jumps or angular diffu- 

rene blend cast from tolu- 
ene. The sample is a solid 
disk 3.5 mm in diameter and 
0.75 mm thick. The image 
shows variations in polybu- 
tadiene concentration in the 
disk ranging from regions 
devoid of polybutadiene 
(white) to regions of essen- 
t idy  pure polybutadiene 
(blue). It is dear that the 
immiscible polymer phases 
are not homog&eo&ly mixed in this sample. [Adapted from (43) with 
permission] 

sion, can be readily distinguished by analysis of the two-dimensional 
NMR lineshave. 

In the well-known process of spin diffusion, nonuniform spin 
order (for example, magnetization) is transported through a solid by 
means of mutual spin "flip-flops" that can occur even in the absence 
of atomic or molecular motion. From measurements of the time 
required for the spin order to come to a uniform state, the size and 
intimacy of microstructural domains in a heterogeneous sample can 
be established. Proton spin diffusion experiments are useful for 
studying solid structures with domain sizes of up to 30 nm (the time 
required for spin diffusion to occur over these distances is typically 
on the order of 1 s). Such studies are particularly valuable when the 
domains are smaller than =5 nm. near the -resolution limit of 
electron microscopy techniques. For example, the phase heterogene- 
ities of polymer blends, block copolymers, semicrystalline polymers, 
and even natural polymers such as wood fall in this range and are 
thus amenable to study. Recent spin-diffusion experiments have 
aided in discerning 2.5-nm morphological heterogeneities in a 1 : 1 
polybutadiene-polystyrene blend (31) and 1.0-nm domains in poly- 
saccharide compounds (32). In cases where spin diffusion is slow, 
for example between inequivalent naturally abundant 13C sites in an 
amino acid, it can be enhanced by rotational resonance (7, 33). In 
systems where spin diffusion i d  chemical exchange are both 
present, NMR with MAS and cross-polarization has been used to 
distinguish between competing polarization transfer dynamics (34). 
Finally, spin diffusion plays an important role in the dismbution of 
spin order for polarized nuclear targets (35). Such polarized samples 
are also used to observe nuclear spin ordering (for example, 
antiferrornagnetism) by means of spin-dependent scattering be- 
tween neutrons and nuclei (36). 
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Experiments at High and Low Temperatures 

When the temperature of a sample is varied, phase transitions and 
changes in molec~lar motion can be studied through their effects on 
s~ec&a and relaxation times. At the extreme of low temperature, 
recent experiments have been performed on solids and adsorbed 
molecules at spin temperatures in the nanokelvin to millikelvin range 
(36, 37). At the other extreme, high-temperature capabilities (ap- 
proaching 2000 K) have been combined with NMR to study 
dynamic behavior in otherwise rigid solids of interest in geology 
(38). As an exam~le. static and MAS 2 9 ~ i  NMR results from silicate \ ,  1 ,  

melts and glasses at high temperature have provided a better 
understanding of microscopic processes that govern the macroscop- 
ic properties of magmas (Fig. 7) (39). The relation between NMR 
relaxation measurements and molecular melt dynamics can be used 
to investigate magma transport behavior, in particular the diffusive 
processes on the atomic scale that control crystal growth, crystal 
dissolution, and viscous flow. The close link between local diffusive 
motions, as manifested by 2 9 ~ i  relaxation data, and bulk thermody- 
namic properties can be probed sensitively by the study of NMR 
parameters at elevated temperatures. 

Imaging in Solid Materials 
Mapping of NMR data into spatial images (magnetic resonance 

imaging and magnetic resonance microscopy) provides a noninva- 
sive means of characterizing the internal structure of intact objects 
(40). Having been adopted for routine use in medicine, imaging 
techniques are now being extended to problems in materials science. 
Imaging techniques yield planar or three-dimensional pictures from 
selected regions of an object by measuring parameters such as 
nuclear spin density, chemical shift, or relaxation time in the 
presence of externally applied magnetic field gradients. This infor- 

Frequency (kHz) 

Fig. 10. Low-field (15 gauss) NMR spectrum of solid propionic acid, 
obtained at 4.2 K by direct detection with a dc-SQUID spectrometer and use 
of circularly polarized radio-frequency saturation. In addition to the NMR 
transitions at the Larmor frequency and twice the Larmor frequency (wo and 
2a0), absorption induced by quantum tunneling of the methyl group 1s 
observed (w, and wo + w,). The peaks correspond to the transitions shown in 
the inset. The labels A, E,, and Eb refer to the classification of the methyl 
proton spin states according to the irreducible representations of C3. 
[Adapted from (48) with permission] 

mation is encoded and interpreted to transform spatially dependent 
NMR parameters into highly resolved images of complex solids or 
of fluids in solid materials. As in medical imaging methods, NMR 
can probe structural features in solids containing intercalated water 
by providing images of the spatial distributions of the mobile fluid 
(Fig. 8) (41). 

The usual NMR imaging techniques, which are sensitive to fluids, 
are of little use for solid materials lacking mobile components. The 
spatial resolution in images of such solids is severely compromised 
by the effects of homonuclear dipole-dipole coupling and other 
anisotropic interactions. Multiple-pulse and sample spinning meth- 
ods can diminish the effects of these interactions and enable images 
to be obtained for heterogeneous solid materials. Indeed, with such 
techniques, NMR images of rotating samples can be obtained (42) 
that provide spatial resolution in the range of 50 ym in solid 
polymer blends (Fig. 9) (43). Methods that employ sample spinning 
together with rotating field gradients are suitable for probing 
domains of chemical interest not amenable to acoustic or optical 
obsen7ation. Imaging of solid samples is now well under way with 
both multiple-pulse (static) and sample spinning NMR techniques 
(44). 

Low Frequencies and Zero Field 
Removal of the magnetic field typically present in a solid-state 

NMR experiment restores the isotidpy of space, and many of the 
broadening effects are therefore absent. For this reason, dipolar 
couplings (which depend on intermolecular distances) in disordered 
samples can often be better studied at low or zero magnetic field. 
Several techniques are used to overcome the accompanying problem 
of low sensitivity, among them field cycling with magnetic field 
pulses (19, 45) and the use of a superconducting quantum interfer- 
ence device (SQUID) (46). For example, quantum tunneling of the 
methyl group in polycrystalline propionic acid can be detected 
directly: in a high field, the relevant NMR transitions are strongly 
forbidden by sykmetry, but they have been observed indirectlyby 
field cycling (47); with the use of a dc-SQUID spectrometer, 
however, methyl group tunneling is evident in a directly detected 
low-field NMR spectrum (Fig. 10) (48). Zero-field magnetic reso- 

Flg. 11. Conventional high- 
field (A) and fictitious zero- 
field (B) proton NMR spec- 
tra of polycrpstalline deuter- 
ated benzene (meta- 
C6H2D4). In high-field 
NMR (A) spins are quan- 
tized in the direction of the 
external magnetic field, and 
a broad spectrum with no 
resolved dipole couplings 
between spins is produced. 
In the presence of a ficti- 
tious zero field (B), induced 
by rotating the sample and 
applying a synchronized se- 
quence of pulses, the spins 
are effectively quantized 
along local fields in the ro- 
tating frame and the spec- 
trum collapses to the charac- 
teristic zero-field, three-line 
pattern from which the pro- 
ton dipolar couplind is easi- 
ly determined. [Adapted 
from (51) with permission] 

8 4 0 -4 -8 
kHz 
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Flg. 12. Orientations of the ma et- A 
ic field (with respect to r coorEate 
system fixed in the sample) over 
which the spherical harmonics (Y,,) 
that characterize the transformations 
of first- and second-order NMR in- 
teractions are averaged away. Mo- 
tions conforming to the 12 direc- 
tions defined by the vertices of an 
icosahedron (A), or its 20 faces, the 
vertices of a dodecahedron (B), re- 
move harmonics of ranks 1 = 1,2,3, 
4,5,7,8,9, 11, 13,. .. Inthecase 
that only even 1 values (for example, 
2, 4, 8) need to be removed, the 
center of the icosahedral symmetry B 
is unnecessary, and half of the direc- 
tions suftice. These directions can be 
accommodated by discontinuous 
jumps or by continuous trajectories 
that involve rotations about two 
axes. Trajectories of this type can be 
employed for dynamic-angle spin- 
ning NMR (15-17) in which case 
the magnetic field reorients relative 
to the space coordinates of the sam- 
ple, and for fictitious zero-field 
NMR (50) in which case the field 
reorients relative to both space and 
spin coordinates. [Adapted fiom 
(52) with permission] 

nance is also sensitive to molecular reorientation through efFm on 
lineshape and relaxation (49). Both pulsed-field cycling and SQUID 
detection should allow more widespread application of zero-field 
NMR and low-frequency nuclear quadruple resonance to the study 
of solid materials by increasing the sensitivity to low-frequency 
transitions. 

A recent alternative approach to zero-field NMR makes it possible 
to conduct experimen&hntirely in a high magnetic field by rapid 
sample reorientation together with a train of synchronously applied 
radio-frequency pulses (50). Such a "fictitious zero-field" experi- 
ment has the advantages of zero-field NMR (for example, the 
measurement of internuclear distances and radial disthbution 
functions in amorphous and polycrystalline solids) but with the 
full sensitivity of high-field NMR (Fig. 11). Furthermore, this 
new method allows the study of materials with short relaxation 
times and preserves the isotopic selectivity of high-field NMR and 
thus permits the application of heteronuclear spin decoupling 
experiments and other selective spin excitation schemes not easily 
accomplished in zero field. 

It has been pointed out (51, 52) that the optimal trajectories 
imposed on spin and spatial variables in fictitious zero-field NMR 
are identical to those involved in reorientation of the sam~le when 
second-order effects are removed by (say) double rotation or 
dynamic-angle spinning ( I S 1  7). In both cases, second- and fourth- 
rank tensors are being averaged. In dynamic-angle spinning the 
symmetry underlying the motional averaging is that of the icosahe- 
dral group. Icosahedral symmetry is relevant because, in the rotation 
group, only irreducible representations of dimensions 21 + 1 with I 
= 0,6,10,12, . . . contain the totally symmetric (scalar) representa- 
tion of the icosahedral subgroup. In order to realize this symrne- 
try, motion involving at least six discrete orientations or rotation 
around two axes is necessary (Fig. 12). Symmetry considerations 
of this type offer exciting possibilities for multiple-pulse and 
iterative schemes (53), as well as for applications of NMR to study 
the high-rank tensor order parameters that characterize con- 
densed systems such as blue phases (54) and icosahedral quasicrys- 
tals and glasses (55). 

Conclusion 

Modem NMR techniques are now able to produce images of the 
insides of intact objects, to probe structure, molecular order, and 
clustering in solids, and to monitor the effects of motion over an 
enormous range of time scales, fiom picoseconds to megaseconds. 
One of the primary challenges in the ongoing development of NMR 
as an analytical tool for solid materials is to increase sensitivity 
further. Traditionally, magnetic resonance signal intensities are low 
because of the low equilibrium spin polarizations at room ternpera- 
ture and the low fiequencies (energies) of the electromagnetic 
radiation involved. Signal-to-noise limitations place constraints on 
the sizes of samples and the concentrations of species that can be 
studied, and also restrict the spatial resolution achievable by imag- 
ing. The recent exploitation of low-temperature spin polarization 
and superconductive detectors is one step in the direction of 
increased sensitivity. Other developments such as optical pumping 
and detection (24,56) and the recent use of spin order arising from 
quantum symmetry (in pure parahydrogen, for example) (57) can 
contribute to the analytical capability of solid-state NMR. Perhaps 
we are closer to the ideal of observing single nuclear spins, an 
accornplishrncnt recently reported for processing electron spins 
detected by means of a scanning tunneling microscope (58). 

NMR continues to reverse the onset of rigor mortis and remains a 
lively area of research both in fundamental developments and in 
applications. We anticipate an exciting future in the study of a wide 
range of solid materials including polymers, catalysts, semiconduc- 
tors, proteins, minerals, alloys, and ceramic superconductors. The 
possibility of correlating macroscopic material properties with mi- 
croscopic structure and motion is one exciting outcome of continu- 
ing developments in the NMR of solids. 

REFERENCES AND NOTES 

1. W. S. Warren, Ed., Advarcc in Magnetic Resonance (Academic Prcss, San Diego, 
1989), vol. 13; P. Diehl, E. Fluck, R. Kosfcld, Eds, NMR Basic Principles and 
Progress (Springer-Vcrlag, Berlin, 1989); J. W. Emsley, J. Feeney, L. H. Sutcliffc, 
Eds., Rogress in NMR Spemoscopy (Pegamon, Ncw York, 1989), vol. 21. 

2. G. A. Webb, Ed., Annual Rcport on NMR Spectroscopy (Academic Press, London, 
1989), vol. 21. 

3. M. Munowitz, C o h m e  and NMR (Wilcy, Ncw York, 1988). 
4. C. P. Slichtcr, Principles ofMagnetic Resonance (Springer-Vcrlag, New York, ed. 3, in 

e m ) .  
5. H. Said and I. Ando, in (2), pp. 209-290. 
6. C. A. Fyfe, H. Swbl, G. T. Kokotailo, G. J. Kennedy, G. E. Barlow, J. Am. Chem. 

Soc. 110,3373 (1988). 
7. H. B. R. Cole, S. W. Sparks, D. A. Torchia, in preparation. 
8. R. A. Wind, S. F. Dec, H. Lock, G. E. Maacl, J. Magn. Reson. 79, 136 (1988). 
9. C. E. Bmnnimann, B. L. Hawkins, M. Zhang, G. E. Macid, Anal. Chem. 60,1743 

(1988); H. Roscnbcrgcr, G. Scheler, E. Kiinsmcr, Fuel 67, 508 (1988); R. K. 
Harris, P. Jadwn, L. H. Mcnvin, B. J. Say, G. H'igclc, J. C h m .  Soc. Faraday 
Trans. 1 84,3649 (1988). 

10. D. P. Raleigh, F. Crcuzet, S. K. Das Gupta, M. H. Levio R. G. Griffin, J. Am. 
Chem. Soc., in prcss. 

11. T. Gullion and J. Schacfcr, J. Magn. Reson. 81, 1% (1989). 
12. 0. H. Han, H. K. C. T i e n ,  E. Ol&dd, J. Chcm. Phys. 89,6046 (1988); R. K. 

Harris, J. Magn. Reson. 78, 389 (1988); H. D. Morris and P. D. Ellis, J. Am. 
Chem. Soc. 111,6045 (1989). 

13. A. Samoson and E. Lippmaa, J. Magn. Reson. 79,255 (1988); R. Jansscn and W. 
S. Vccman, J. Chem. Soc. Faraday Trans. 1 84, 3747 (1988). 

14. C. C o ~ p o u l o s ,  H. C. Lee, E. Ramli, L. Rcvcn, T. B. Rauchhs, E. Ol&cld, 
Phys. Rev. B 39,781 (1989); C. Bcrthicr, Y. Bathicr, P. Butaud, M. HorvatiL, Y. 
Kitaoka, P. SCs;msul, paper prrscntcd at the 10th Intcmational Socicty of 
Magnetic Resonance (ISMAR) Mcedng, 16 to 22 July 1989, Moninc, Fnnce; 
Bull. Magn. Reson., in press. 

15. A. Llor and J. Virlet, Chem. Phys. Len. 152,248 (1988); A. Samoson, E. Lippmaa, 
A. Pines, Mol. Phys. 65, 1013 (1988). 

16. B. F. Chmdka, K. T. Mudcr, A. Pies, J. Stebbins, Y. Wu, J. W. Zwanziger, 
Nature 339,42 (1989). 

17. K. T. Mucllcr, B. Q. Sun, G. C. w a s ,  J. W. Zwanziger, T. Tcrao, A. Pines, J. 
Magn. Reson., in press. 

18. C. Griesinger, 0. W. Smcmcn, R R. Ernst, ibid. 84, 14 (1989). 
19. A. Pies, in Roceedings of the 109th School of Physics "Enrico Fenni," B. Maraviglia, 

Ed. (North-Holland, Amsterdam, 1988), pp. 43-120. 

SCIENCE, VOL. 246 



20. P. L. Stewart, R. Tycko, S. J. Opella, J .  Chem. Soc. Faraday Trans. 1 84, 3803 
(1988). 

21. A. N. Garroway and J. B. Miller, J .  M a p .  Reson. 82, 591 (1989). 
22. A. Gedeon et al., J .  Phys. Chem. 93,2563 (1989); C. Tsiao et al., Langmuir4, 1219 

(1988); E. G. Derouane and M. E. Davis, J .  Mol. Catal. 48, 37 (1988). 
23. J. A. Ripmeester, C. I. Ratcliffe, J. S. Tse, J .  Chem. Soc. Faraday Trans. 1 84, 3731 

(1988). 
23a.M. A. Springvel-Hoet and J. Fraissard, Chem. Phyr. Lett. 154, 299 (1989). 
24. Z. Wu, S. Schaefer, G. D. Cates, W. Happer, Phys. Rev. A 37, 1161 (1988). 
25. M. G. Samant, L. C. de Menorval, R. A. Dalla-Betta, M. Boudart, J .  Phys. Chem. 

92, 3937 (1988); B. F. Chmelka, A. V. McCormick, L. C. de Menorval, A. Pines, 
in preparation. 

26. J. Kirger, H .  Pfeifer, W. Heink, Adv. Magn. Reron. 12, 1 (1988). 
27. M. S. Greenfield. R. L. Vold, R. R. Vold, Mol. Phys. 66,269 (1989); T. Bernhard, 

H. ~ i m m e r m a ~ ,  U. ~aebkrlen, J .   hem. phyE., in press;' I. Kustanovich, D. 
Fraenkel, Z. Luz, S. Vega, H .  Zimmermann, J .  Phys. Chem. 92, 4134 (1988). 

28. K. Wuthrich, Science 243,45 (1989); G. W. Vuister, P. de Waard, R. Boelens, J. F. 
G. Vliegenthart, R. Kaptein, J .  Am. Chem. Soc. 111, 772 (1989); L. E. Kay, D. 
Marion, A. Bax, J .  Magn. Reson. 84, 72 (1989); M. H. Shenvood, D. W. 
Alderman, D. M. Grant, ibid., in press. 

29. C. S. Schmidt, B. Blumich, H. W. Spiess, J .  Magn. Reson. 79, 269 (1988). 
30. B. Bliimich, A. Hagemeyer, K. Schmidt-Rohr, H .  W. Spiess, Ber. Bunsenges. Phys. 

Chem., in press. 
31. D. L. VanderHart, Die Makromolekular Chemie, paper presented at the 9th 

Specialized Ampere College on Magnetic Resonance in Polymers, 10 to 14 July 
1989, Prague, Czechoslovakia, in press. 

32. S. Lacelle and B. C. Gerstein, Biopolymen 27, 1619 (1988). 
33. M. G. Colombo, B. H. Meier, R. R. Ernst, Chem. Phys. Lett. 146, 189 (1988). 
34. H. H.  Limbach, B. Werhle, M. Schlabach, R. Kendrick, C. S. Yannoni, J .  Magn. 

Reron. 77. 84 11988). > - - , -  - , 
35. P. A. Fedders, Phys. Rev. B 38, 4740 (1988). 
36. T. A. Jyrkkio, M. T. Huiku, 0. V. Lounasmaa, K. Siemensmeper, K. Kakurai, M. 

Steiner, K. N. Clausen, J. K. Kjems, Phyr. Rev. Lett. 60, 2418 (1988). 
37. P. Kuhns, 0 .  Gonen, J. S. Waueh, 1. Maan. Reson. 82, 231 (1989). . . 
38. J. F. Stebbins and I. Farnan, ~c;nce-245,'257 (1989). 
39. I. Farnan and J. F. Stebbins, in preparation. 
40. P. Mansfield, J .  Phys. E. 21, 18 (1988); P. C. Lauterbur, X. Zhou, C. S. Potter, B. 

Voth, J. C. Alameda, Jr., R. L. Magin, paper presented at the 10th ISMAR 
Meeting, 16 to 22 July 1989, Morzine, France; Bull. Magn. Reson., in press. 

41. C. F. Jenner, Y. Xia, C. D. Eccles, P. T. Callaghan, Nature 336,399 (1988); W. A. 
Edelstein, H .  J. Vinegar, P. N. Tutunjian, P. B. Roemer, 0 .  M. Moeller, in 
Proceedings ofthe Society of Petroleum Engineers 63rd Technical Conference, Houston, 2 

to 5 October 1988 (Society of Petroleum Engineers, Richardson, TX, 1988), pp. 
101-112. 

42. D. G. Cory, J. W. M. van Os, W. S. Veeman, J .  Magn. Reson. 76, 543 (1988); S. 
Matsui, K. Sekihara, H. Shiono, H. Kohno, ibid. 77, 182 (1988). 

43. D. G. Cory, J. C. de Boer, W. S. Veeman, Macromolecules 22, 1618 (1989). 
44. A. A. Samoilenko, D. Yu. Artemov, L. A. Sibel'dina, J E T P  Lett. 47, 417 (1988); 

J. M. Listemd, S. W. Sinton, G. P. Drobny, Anal. Chem. 61, 23A (1989); J. B. 
Miller and A. N. Garroway, J .  Magn. Reson. 82, 529 (1989); Y. Ogura and K. 
Sekihara, ibid. 83, 177 (1989); C. G. Fry, A. C. Lind, M. F. Davis, D. W. Duff, G. 
E. Maciel, ibid., p. 656; P. J. McDonald, P. F. Tokarczuk, S. P. Cottrell, M. R. 
Halse, J. H .  Strange, paper presented at the 10th ISMAR Meeting, 16 to 22 July 
1989, Morzine, France; Bull. Magn. Reson., in press. 

45. R. Kreis, A. Thomas, W. Studer, R. R. Ernst, J .  Chem. Phys. 89,6623 (1988); F. 
Noack, M. Notter, W. Weiss, Liq. Cryst. 3, 907 (1988); J. Duchiewicz, J. W. 
Hemel, T. Jakubowski, P. Kozhowski, Z. Olejniczak, S. F. Sagnowski, paper 
presented at the 10th ISMARMeeting, 16 to 22 July 1989, Morzine, France; Bull. 
Magn. Reson., in press. 

46. J. Clarke and R. H. Koch, Science 242, 217 (1988); N. Q. Fan, M. B. Heaney, J. 
Clarke, D. Newitt, L. L. Wald, E. L. Hahn, A. Bielecki, A. Pines, IEEE Trans. Mag. 
25, 1193 (1989). 

47. S. Clough et al., Phys. Rev. Lett. 60, 136 (1988). 
48. C. Connor, J. Chang, A. Pines, Rev. Sci. Instnrm., in press. 
49. Yu. A. Serebrennikov and M. I. Majitov, Chem. Phys. Lett. 157, 462 (1989). 
50. R. Tycko, Phyr. Rev. Lett. 60, 2734 (1988). 
51. R. Tycko and G. Dabbagh, in preparation. 
52. A. Samoson, B. Q. Sun, A. Pines, in preparation. 
53. H. Cho, K. T. Mueller, A. J. Shaka, A. Pines, Mol. Phys. 67, 505 (1989). 
54. D. C. Wright and N. D. Mermin, Rev. Mod. Phys. 61, 385 (1989). 
55. D. R. Nelson, in Solid State Physics, H.  Ehrenreich and D. Turnbull, Eds. 

(Academic Press, New York, 1988), vol. 42, pp. 1-90. 
56. G. Tastevin, P. J. Nacher, L. Wiesenfeld, M. Leduc, F. Lalot, J .  Phys. France 49, 1 

(1988); J. J. Ho, C. Wang, R. A. Bernheim, J .  Chem. Phys. 89,2635 (1988); T. E. 
Chupp, E. R. Oteiza, J. M. Richardson, T. R. White, Phys. Rev. A 38, 3998 
(1988); C. von Borczyskowski, Adv. Magn. Reson. 12, 113 (1988); K. P. Dinse, J .  
Mol. Strctct. 192, 287 (1989). 

57. M. G. Pravica and D. P. Weitekamp, Chem. Phys. Lett. 145, 255 (1988). 
58. Y. Manassen, R. J. Hamers, J. E. Demuth, A. J. Castelleno, Jr., Phys. Rev. Lett. 62, 

2531 (1989). 
59. We are grateful to Robert Griffin, Paul Steinhardt, and Robert Tycko for helpful 

advice. B.F.C. is an NSF postdoctoral fdow in chemistry and A.P. is supported by 
the Director, Office of Energy Research, Office of Basic Energy Sciences, Materials 
and Chemical Sciences Division of the U.S. Department of Energy. 

"The greenhouse certainly seems to have its effect on Hobbs." 

6 OCTOBER 1989 ARTICLES 77 




