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1. I N T R O D U C T I O N  

Ever since N M R  was first used by chemists, there have been reports of  its use 
to study molecular motion in solid materials. In the last ten years or so, the 
interest in this area has increased hugely, and it is now surely one of the 
principal applications of solid-state NMR.  

This review surveys the studies of  molecular motion, dynamics and exchange 
in solids using N M R  that have appeared in the literature in the period 1994- 
1999. It is not intended to be exhaustive, but rather to provide a critical account 
of  work in the main areas of  interest during this time and to highlight any new 
advances. 

N M R  is an excellent method for studying dynamics of  molecules in solids; 
all nuclear spin interactions are in general anisotropic, i.e. they depend on the 
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molecular orientation within the applied magnetic field of the NMR 
experiment. Thus a change of molecular orientation is accompanied by a 
change in strength of the chemical shielding, any dipole-dipole coupling and, 
for I > ½, the quadrupole coupling. 

Very slow motions (<10 3 Hz) may be studied via two-dimensional (or 
higher-dimensional) exchange methods. In such techniques, the strength of a 
particular nuclear spin interaction is monitored during the tl period of the 
experiment. A mixing period then follows, during which molecular reorienta- 
tion may occur. Finally, the new strength of the nuclear spin interaction, 
resulting from the change of molecular orientation/chemical site is recorded in 
t2. The final two-dimensional spectrum then correlates the strengths of the 
interaction during t~ and t2 and, from this, the angular reorientation involved 
in the motion can be inferred. Repeating the experiment for different mixing 
times allows the correlation time for the motion to be determined. 

Motions with rates of the order of the nuclear spin interaction anisotropy 
can be assessed via lineshape analysis. These are generally motions of 
intermediate rates, a few kHz to tens of kHz for chemical shift and dipolar 
interactions, higher for quadrupolar interactions. 

Finally, higher-rate motions (10 6-10 9 Hz) can be examined by spin-lattice 
relaxation time studies. Spin-lattice relaxation (as other relaxation processes) 
relies on fluctuations in nuclear spin interactions induced by molecular motion. 
Thus, in cases where relaxation is dominated by one particular nuclear spin 
interaction, the spin-lattice relaxation times can be calculated for different 
motions and compared with experimentally derived values. 

These methods for studying molecular motion in solids are well understood 
and have been well documented in the literature prior to the review period. 
Therefore, it is not the intention of this review to discuss the underlying 
principles of these experiments in detail. However, there have been 
experimental and theoretical advances in all of these areas and these are 
discussed in Sections 2-4. 

The interest in molecular motions in solids has developed in part because of 
the realization that many bulk material properties are dependent on the 
flexibility and degrees of freedom of the underlying molecules. For instance, 
the flexibility of a bulk polymer ultimately rests with the flexibility of the 
constituent molecules. The ability of a material to withstand stress depends 
upon the molecular degrees of freedom that can absorb the energy of the stress 
imposed on the material. Most solid-solid phase transformations, including 
glass transitions of polymers, are accompanied by the onset (or quenching) of 
some molecular motion, and understanding how these motions arise leads to 
an understanding of the occurrence of the phase transition itself. For these 
reasons, studies of molecular dynamics in solid polymers continues apace. This 
area is discussed in detail in Section 5. 

An area that has truly blossomed in the last five years is that surrounding 
biological materials, and in particular biological membranes. The transport of 
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molecules across membranes is clearly a very important area and it could well 
be that such transport is dependent on the dynamics of at least some 
components in the membrane. The study of  molecular dynamics in solid 
biological materials is discussed in Section 6. 

A more general reason for studying molecular motion in solids is that any 
observed motion is governed by the intermolecular potential that operates in 
the :~olid. Thus, by studying the nature and rate of the motions that occur as a 
function of temperature, for instance, we can gain information on the 
inte3~nolecular potential. This is crucial if we are to understand the structure 
and properties of any material. It is this reasoning that probably underlies 
marly of  the studies of  the dynamics of molecules adsorbed in porous solids or 
on surfaces (Section 7) and of ligand dynamics in organometallic compounds, 
for :instance (Section 8). 

2. P O W D E R  L I N E S H A P E  ANALYSIS  

2.1. Basics 

By "powder', is meant samples that consist of many crystallites with random 
orientation, such that all molecular orientations are present simultaneously with 
a statistical distribution. The orientation dependence of each nuclear spin 
interaction means that, for powder samples, the NMR spectrum consists of a 
broad powder pattern for each distinct chemical site. The powder pattern can be 
considered as being made up of an infinite number of sharp lines, one from each 
different molecular orientation, the frequency of each line being determined by 
the molecular orientation itself. The lines from different orientations all overlap 
and result in the observed broad (but not featureless) line. The intensity at any 
point in the powder pattern reflects the population of the corresponding 
molecular orientation. Any molecular motion that changes molecular orienta- 
tion within a crystallite in the sample changes the spectral frequency associated 
with the crystallite; the resonance line for that crystallite now moves to some 
other part of the powder pattern. If the motion is at a rate similar to the width of 
the powder pattern, then coalesence occurs between the lines corresponding to 
the different molecular orientations that arise during the course of the motion. 
This in turn causes distinctive distortions of the powder patterns, the distortions 
being dependent on both the rate and geometry of the molecular motion. Powder 
patlern lineshapes can be simulated for likely models of the molecular motion 
and compared with experiment to reveal details of the molecular dynamics. 

Resolving powder patterns 

For simple materials, where there is only one chemical site (or a few), powder 
patterns can easily be measured on static, i.e. nonspinning, samples in simple 
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one-dimensional experiments. However, many materials of interest are 
complex, with many different chemical sites for a given nuclear species. In a 
static experiment in such cases, powder patterns from different sites overlap 
and the concomitant lack of resolution prohibits analysis of the lineshapes. 
Consequently, much effort in recent years has been directed towards resolving 
powder patterns from different chemical sites, for the purposes of studying 
molecular motion. One of the simplest methods is to use slow-speed magic- 
angle spinning. 1'2 Magic-angle spinning (MAS) has the effect of averaging 
second-rank terms in the nuclear spin Hamiltonian to zero, and so removing 
the effects of chemical shift anisotropy and so on from the NMR spectrum. 
This in itself would then remove the useful information on molecular 
reorientations that is contained in the anisotropic parts of the spectrum. 
However, under slow-speed spinning (spinning speed less than the powder 
pattern linewidth), spinning sidebands appear in the spectrum. For inhomo- 
geneous nuclear spin interactions, the sidebands are sharp, and thus sideband 
patterns from different chemical sites are relatively easily resolved. The 
important point, however, is that the intensities of spinning sidebands are 
dependent on the anisotropic parts of the nuclear spin interaction and thus on 
any motional process in the sample; the linewidth of spinning sidebands is also 
affected by molecular motion. Thus, simulation of magic-angle spinning 
sideband patterns for particular models of molecular motion can yield 
information on molecular motions in much the same way as for static powder 
patterns. An example of such use in the review period examined the motion of 
aromatic rings in two hydrogen-bonded carboxylic acid pyridyl complexes via 
13C magic-angle spinning sideband analysis. 3 In one compound, there were 
seven different aromatic 13C sites; all were resolved and their respective 
motions were analysed by simulation of their sideband patterns arising from 
13C chemical shift anisotropy at different temperatures. 

The other general way of resolving powder patterns from different chemical 
sites is to generate multidimensional NMR spectra in which the desired powder 
patterns (or magic-angle spinning sideband patterns) are resolved in one 
dimension, separated according to (for instance) isotropic chemical shift in 
another dimension. These techniques are discussed below in the relevant 
section for each type of nuclear spin interaction. 

Analysis of lineshapes 

Obtaining information from powder pattern lineshapes (or sideband patterns) 
always involves matching the experimental lineshapes to those obtained 
from simulation, and the simulations necessarily involve some model for the 
molecular motion. This model dependency is an inevitable limitation on this 
general method for studying molecular motion. The vast majority of studies 
assume some kind of Markov model for the motion, 4 that is, it is assumed that 
the nucleus/molecule jumps between N discrete sites and that the time taken to 
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move between sites is very small compared with the time of residence in each 
site. This leads to a particularly simple form for the free-induction decay (FID). 
In t]he absence of motion, the FID is simply given by 

- -  Mo(O, O) exp(iw(0, ~)t + T2) sin 0 dO d4~ 
g(t)  = 87r 2 o o 

(1) 

where M0(0, ~) is the magnitude of the magnetization at the start of the FID 
(which in turn has been determined by the preceding pulse sequence, whatever 
it n~tay be), 0 and ~ are spherical polar angles describing the orientation of 
the applied field B0 in a crystallite-fixed frame of reference, and ~(0, q~) is the 
resonance frequency of the spin in crystallite orientation (0,~). If 
the experiment is conducted under magic-angle spinning, a;(0, ~) is also time 
dependent. T2 is the transverse relaxation time for the spins (assumed here to 
be independent of  orientation). The integral in Eq. (1) is over all molecular 
orientations in the powder sample, so that g(t)  represents the FID for the whole 
powder sample. To take account of molecular reorientations using a Markov 
model, Eq. (1) is simply modified to 

1 j2~ j~ 
M0(0, ~) exp(ito(0, O)t + T2 + A) sin 0 dO d~b 

g(0  = G5~2 0 
(2) 

M0 is now an N-dimensional vector, each component being the complex 
transverse magnetization from one of the N sites involved in the Markov 
process, co is an N x N diagonal matrix whose elements are the resonance 
frequencies associated with the N sites for a crystallite orientation (0, 40. A is 
also an N x N matrix whose elements A O. are given by $~ij/Pi where f~/j is the 
rate of hopping from site j to site i and Pi is the population of site i. The final 
FID is given in this case by the sum of  the elements in the N-dimensional vector 
g(t)~, each element being the FID at time t resulting from each of the N sites. 

The Markov approach works well for high ordering potentials, that is for 
situations where there are high and sharp potential barriers between alternative 
sites. The approach, however, breaks down for small ordering potentials, where 
there are barriers of the order of k T  for at least part of the motion. The case of 
continuous rotational diffusion was treated some time ago, 5 but for many 
cases, the ' truth' probably lies somewhere between this limit and that implied 
by the Markov model. For  instance, we might imagine a case where there are 
indeed hops between different sites but where there are, in addition, oscillations 
within the potential wells defining each 'site' (Fig. 1). This situation has only 
recently received detailed attention 6. The approach uses the Smoluchowski 
model, which allows the description of diffusion in an arbitrary ordering 
potential with an arbitrary diffusion tensor. The model is computationally 
intensive, and certainly less appealing than the Markov approach as an 
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Fig. 1. An illustration of the potential governing molecular motion in a system. The 
nucleus may hop between different potential wells, and in addition oscillate within a 
well. The often-used Markov model assumes that nuclei hop between discrete sites and 
that the length of time taken to hop is very small compared with the residence time in 
each site. Such a model can only account effectively for hops between the minima of the 
potential wells in this illustration; diffusion within wells cannot be treated properly. 

algorithm. However, the work 6 shows quite conclusively that for 2H powder 
lineshapes (recorded with the quadrupole echo pulse sequence) and 2H MAS 
spinning sideband patterns there can be considerable effects on the spectrum 
arising from local oscillations within potential wells (Fig. 2). 

The difference between the Markov  model lineshapes and those from the 
Smoluchowski model is particularly pronounced when the diffusion coefficient 
is of  the order of  the quadrupole coupling constant. In the limit of  large 
diffusion coefficients, the two models converge, and in the limit of  low 
diffusion coefficients, the spectra are dominated by small-amplitude oscilla- 
tions within potential wells, which can be approximately modelled by a suitable 
Markov  model. This work strongly suggests that there could well be cases 
where analysis of  powder pattern lineshapes with a Markov  model leads to a fit 
between experimental and simulated spectra but where the fit model does not 
necessarily describe the true dynamics in the system. 

A further advantage of using the Smoluchowski model is that the fit 
parameters  resulting f rom an analysis can be directly interpreted at a 
molecular level, as they describe intra- and intermolecular interactions. T h e  
parameters  arising f rom a Markov  model - namely the relative angular 
orientation of  the sites involved in the dynamics process, the rate of  hopping 
between sites, and the populat ions of  those sites - are rather less easy to 
interpret at a molecular level. To be more specific, the site orientation 
information that arises f rom a lineshape analysis using a Markov  model is 
the relative angular  orientation of  the nuclear spin interaction principal 
axis frame in the N different sites involved in the motion. However,  this 
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Fig. 2. Calculated 2H N M R  spectra for the situation illustrated in Fig. 1, where nuclei 
can move between potential  wells and diffuse under the governing potential  within wells. 
(a) 2]H MAS spectra. (b) Static 2H spectra. The spectra are calculated as a function of  D, 
the diffusion coefficient and E0, the potential  barrier between wells. Spectra are taken 
from reference 6. 
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information is only useful if the orientation of the principal axis frame is 
known relative to some molecular frame, as only then can the molecular 
motion (as opposed to the principal axis frame motion) be revealed. In the 
case of the quadrupole interaction for 2H, this latter information can 
generally be fairly well predicted, at least for organic compounds, where the 
2H quadrupole coupling tensor is generally axially symmetric (or nearly so), 
with its unique axis along the C 2H bond. However, when the nuclear spin 
interaction in question is a chemical shift anisotropy, the principal axis frame 
orientation is usually rather less obvious (unless the nucleus is at a site of 
crystallographic axial symmetry). In such a case, knowing how the chemical 
shift anisotropy tensor moves as a result of molecular motion may not lead to 
much insight into how the molecule itself is moving. For instance, a ~3C 
experimental lineshape for an aromatic ring 13C site in a polymer may be 
fitted by a motional model that involves hopping between two sites in which 
the principal axis frame z axes are, say, 20 ° apart. This could mean that the 
aromatic ring itself is undergoing a librational motion with amplitude 20 °, or 
it could equally well be interpreted as the whole polymer chain moving in 
such a way as to shift the aromatic ring principal axis frame by 20 °. There is 
nothing in the lineshape analysis process that can remove this ambiguity. An 
ingenious experiment recently reported goes at least part way to solving this 
problem. 7 This work reports the use of a one-dimensional dipolar-shift 
experiment s for relating the chemical shift tensor orientation to that of a 
heteronuclear dipole coupling tensor orientation under the condition of fast 
molecular motion (i.e. hopping rate much greater than chemical shift 
anisotropy). In most chemical shift anisotropy lineshape measurements, the 
effects of heteronuclear dipolar coupling, for instance coupling to IH in 13C 
lineshape measurements, is removed by 1H decoupling, in order to avoid the 
massive line broadening that would otherwise result. However, the dipolar 
coupling can be useful; dipolar coupling between two nuclei, for instance 13C 
and 1H, is described by an axial coupling tensor whose unique axis necessarily 
lies along the internuclear vector. So, if the orientation of the chemical shift 
tensor can be determined relative to the dipolar coupling tensor, then the 
orientation of the chemical shift tensor relative to the molecule has been 
determined. The one-dimensional dipolar-shift experiment s applies off- 
resonance decoupling to the unobserved dipolar-coupled I H nucleus, such 
that the net field felt by this nucleus in the rotating frame is oriented at the 
magic angle relative to the applied field. This has the effect of largely 
removing the lH-1H dipolar coupling effects from the 13C spectrum. 
However, the 13C-IH dipolar coupling remains, albeit scaled by a factor of 
0.58. Now, any 13C powder patterns recorded result from the sum of the 
chemical shift anisotropy and the 1H 13C dipolar coupling scaled by 0.58. 
Consequently, the powder patterns are a sensitive function of the relative 
orientations of the two interaction tensors. In the slow-speed s or fast-speed 
limiting cases 7 (motional hopping rate much less than or much greater than 
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Fig. 3. Example spectra from the one-dimensional dipolar-shift experiment taken from 
reference 7. (a) (Top) Experimental 13C chemical shift anisotropy powder pattern for 
Ru(CsHs)2 and (below) for comparison, the dipolar shift 13C spectrum for the same 
compound. (b) Calculated dipolar-shift lineshapes for different angles (indicated) 
between the lH-13C dipolar and chemical shift anisotropy tensor principal z-axes. 

the chemical shift anisotropy), the powder patterns are easily analysed to 
reveal this vital information (Fig. 3). 

T]~e case of intermediate motional rates has not yet been addressed, but 
should be a fairly simple extension, merely requiring details of the lineshape 
simulation to be derived for this case. 

2.2. Chemical shift anisotropy lineshapes 

In the review period there have been many studies of  molecular motion using 
analysis of chemical shift anisotropy lineshapes. One that nicely illustrates what 
is currently possible concerns the motion of  13CO intercalated in C60 .9 This is a 
particularly interesting example as both the CO and C60 molecules undergo 
reorientation, with the onset of motion occurring at different temperatures for 
the two species. Furthermore, the work uses a prior calculation of the potential 
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energy surface for the intercalated molecule to derive a sensible motionat model 
for use in the analysis. This type of combined approach is likely to see much 
greater use in the future as computat ional  power becomes cheaper and the 
materials under investigation become more complex. In pure C60, the molecules 
reorient rapidly and isotropically on the N M R  timescale down to 260 K in a 
face-centred cubic (fcc) phase. At this temperature there is a phase transition to 
a simple cubic (sc) phase. Below this, there are rotational jumps of molecules 
on their crystallographic sites between symmetry-equivalent orientations and, 
additionally, jumps between symmetry-inequivalent orientations, commonly 
labelled h and p; the ratio of h to p orientations depends upon temperature. A 
glass transition occurs at 90 K, below which the ratio of  h:p orientations 
remains constant and exchange between them ceases. Intercalation with 13CO 
does not alter the crystal symmetry but simply shifts the temperatures of  the 
various phase transitions to 243 K for the fcc-sc  transition and 84 K for the 
glass transition. The work began with calculations of the potential energy 
surface for CO in its pseudo-octahedral intercalation site. ~° The CO molecule 
was assumed to sit at a site of  $6 symmetry at the centre of a unit cell, in which 
static C60 molecules are at the vertices (Fig. 4). 

Eight potential energy minima were found, each minimum corresponding to 
the CO molecule lying parallel or antiparallel to one of the four body diagonals 
of  the unit cell. The parallel and antiparallel positions on each body diagonal 

J 

8 

2 

C3 
J 

J 

Fig. 4. Schematic illustration of the eight 13C sites assumed in the model of the 
dynamics of J3CO in C60 .9 The cube represents the C60 unit cell; the CO lies at the centre 
of the unit cell, along one of the four body diagonals of the cell. The numbered vertices 
of the cell then represent the eight possible orientations of the 13CO molecule, with the 
13C pointing towards the particular numbered vertex along the corresponding body 
diagonal. One of the body diagonals is a C3 axis of symmetry. The two orientations 
along this diagonal (1 and 7) are degenerate among themselves but different from the 
remaining six orientations. The remaining six orientations (2,3,4,5,6,8) are all 
degenerate. 
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are degenerate with the body diagonal corresponding to the C3 axis through 
the unit cell being different from the other three, which are otherwise all 
degenerate among themselves. If all the C60 molecules are in the h orientation, 
it was found that the lowest energy CO orientation is (parallel or antiparallel) 
along the C3 body diagonal (6 cm 1 lower than the remaining six degenerate 
sites). However, if the C60 molecules are all in the p orientation, the six 
orientations off the C3 axis are the preferred ones by 48 cm 1. In fact, of  
course, there will be a random and frozen-in distribution of h and p 
orientations in the sample below the glass transition temperature, and so the 
true potential for a 13CO molecule will be some linear combination of the 
calculated potentials. However, the CO molecule still lies at a site of $6 
symmetry and so presumably a motional model involving eight potential 
miniraa is still appropriate. Above 245 K, the fcc-sc phase transition 
temperature, the 13C static lineshapes for CO are isotropic, indicating isotropic 
reorientation of the molecules. An abrupt change occurs with the phase 
transition at 245 K and a typical tensor powder pattern appears below this 
temperature, which broadens with decreasing temperature. These powder 
patte~:ns were all simulated 9 assuming a motional model in which the six 
degenerate sites off the C3 axis (sites 2, 3, 4, 5, 6 and 8 in Fig. 4) all exchange 
amongst themselves at rate kl. The two degenerate sites on the C3 axis (sites 1 
and 7 in Fig. 4) then exchange with these six at rate k2. It is worth noting that 
fast exchange between the parallel and antiparallel CO orientations along any 
axis corresponds to a 180 ° rotation of the 13C shielding tensor and so does not 
alter the 13C powder lineshape. The orientation of the CO 13C shielding tensor 
was assumed to be the same as for free CO, namely the principal axis 
frame lying along the molecular axes. The kl and k2 exchange parameters are 
related by 

k2 = kl e xp ( -AE /RT)  (3) 

where AE is the energy difference between the two groups of  potential minima, 
so in fitting values of kl and k2, values for AE may be determined. Above 
235 K, AE ~ 0 cm ~; in other words, all the eight sites for CO are degenerate, 
and so the CO molecule sits at a site of octahedral symmetry. This is consistent 
with the fact that the C60 molecules undergo h to p reorientations above this 
temperature, rendering the effective CO site symmetry Oh when the C60 motion 
is fasl; enough. Below 235 K, AE  depends on the ratio of CO : C60, but for the 
sample studied 9 it was between 31.3 cm I at 235 K and 39.7 cm -1 at 100 K. 
Below the glass transition at 84 K, the motional model described above was 
recognized by the authors of the work 9 to be strictly inappropriate. Once the 
C60 molecules are static, there are several different distorted octahedral sites 
possible for CO, each depending on the ratio of h:p  C60 orientations in the 
specific unit cell and their distribution around the unit cell. Nevertheless, the 
model is still a reasonable approximation and 13C static lineshapes were fitted 
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in the temperature range 4 -30  K with a (constant) value of 25.3 cm 1 for AE. 
At 4 K, all the CO molecules were localized within potential minima, with no 
exchange between minima on the NMR timescale. One important point made 
by the authors of this work is that the effect of the kl rate parameter is very 
largely to cause line broadening only. Therefore it is very difficult to extract a 
unique value for this parameter from that for T2, the transverse relaxation 
time, which also, of course, simply causes line broadening. This type of 
parameter redundancy is common and is likely to become more so as more 
complex motional models are considered. 

Magic-angle spinning with subsequent analysis of the spinning sideband 
patterns arising from chemical shift anisotropy has also been used to study 
molecular motion in the review period. In static, i.e. nonspinning samples, the 
powder pattern lineshape depends on the rate of the molecular motional 
process relative to the chemical shift anisotropy; in particular, the lineshape is 
most sensitive to motions with rates of the order of the chemical shift 
anisotropy. Under magic-angle spinning, however, the dynamic range of the 
experiment, i.e. the motional frequency range that the sideband pattern is 
sensitive to, changes, 1'2 and depends additionally on the sample spinning speed. 
This feature can be very useful, as it offers a method for studying motions that 
are out of the sensitive frequency range for static techniques. The other 
advantage of magic-angle spinning is the improved resolution it offers, often 
allowing the sideband patterns from different sites to be resolved. For rapid 
motions, the sideband pattern, as with static powder patterns, can be described 
by an effective chemical shift tensor that is the average over the molecular 
motion. The effective chemical shift anisotropy and asymmetry can give useful 
information on the angular reorientation involved in the motion (providing 
that the orientation of the true chemical shift tensor with respect to the 
molecule is known), even though the rate of the motion is unobtainable by 
lineshape analysis in this instance. An example of such an analysis is the 
reorientation of the fluorine ligands in (F3PNPh)2 (Fig. 5). 11 

F 

F 

Fig. 5. The molecular structure of (F3PNPh)2. 
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In this molecule, the phosphorus is five-coordinate, trigonal bipyramidal, 
with the ring nitrogens occupying one axial and one equatorial site; the 
fluorines then occupy the remaining one axial and two equatorial sites. 
Analysis of both 19F and 31p spinning sideband patterns in the fast-motion 
limit arising from MAS experiments in which the unobserved nucleus and IH 
are decoupled yields effective chemical shift anisotropies and asymmetries that 
suggest that the fluorine ligands are undergoing rapid axial-equatorial  
exchange. Scalar couplings are rarely observed in the solid state, but in this 
work ~l the resolution is extremely good, and 31p-19F scalar coupling is clearly 
seen. In the fast-motion limit, the 31p signal consists of a quartet, showing 
that the three bonded 19F are all equivalent on the N M R  timescale. As the 
temperature is decreased and the fluorine motion slows, so the two central lines 
of the quartet broaden, indicating that there are now two different 19F sites. 

A novel use of MAS lineshape analysis is in the study of bond 
rearrangements in the solid state. 12,13 One study 12 examined the reorientation 
of fluorobullvalene (Fig. 6a) in the solid-state via MAS lineshape analysis. This 
molecule has a C3 axis of symmetry and so a threefold jump model was used to 
simulate the experimental 13C N M R  spectra at temperatures between 293 K 
and 258 K for spinning speeds of 4.7 kHz and 10 kHz. Excellent agreement is 
obtained between experimental and simulated spectra for all 13C resonances 
with .jump rates in the millisecond range. A second study then examined 
cyanobullvalene (Fig. 6b) using the same technique. 13 However, here it was 
found that only some of the 13C resonances in the N MR spectrum were 
affected by motion; notably, only resonances from 13C in wing A of the 
molecule (see Fig. 6b) suffered line broadening, the signature of molecular 
motion. Clearly, such a localized effect cannot be due to complete molecular 
reorientation as in the case of fluorobullvalene 12. Instead, the linebroadening is 
ascribed to a very specific Cope rearrangement. There are several possible 
rearrangement mechanisms; that actually operating was deduced from two- 
dimensional MAS 13C exchange spectra, and this was then used as a model to 
analyse the one-dimensional MAS spectra as a function of  temperature to 
determine the rate of the process. The mechanism determined in this way is 
shown in Fig. 7; the rate of the process is a few hundred hertz at temperatures 
between 308 K and 323 K. 

q9 q2N  
(a) F (b) 

Fig. 6. The molecular structures of (a) fluorobullvalene and (b) cyanobullvalene. 
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Fig. 7. The mechanism of the Cope rearrangement in cyanobullvalene as deduced from 
two-dimensional MAS 13C exchange NMR spectra in reference 13. 

Another way of dealing with the resolution problem for powder lineshapes 
is to use multidimensional NMR techniques to separate powder pattern 
lineshapes (or magic-angle spinning sideband patterns) according to isotropic 
chemical shift, as mentioned previously. 

A great many techniques exist for separating chemical shift anisotropy 
powder patterns. Three of the most used are the method due to Tycko et al., 14 
variable-angle correlation spectroscopy (VACSY) 15 and the magic-angle 
turning experiment. 16 The first two of these have been adapted for molecular 
motion studies.a7' 18 However, the magic-angle turning experiment generates the 
isotropic dimension of the two-dimensional experiment by employing very 
slow-speed spinning (<100 Hz), where it can be assumed that the rotor, and 
hence the nuclear spins, are effectively stationary for periods of t l / 3 .  Any 
molecular reorientation during tl would invalidate this assumption and lead to 
a much broadened spectrum in the corresponding fl dimension of the final two- 
dimensional spectrum. 

The VACSY experiment ~5 is a two-dimensional experiment. FIDs are 
recorded in successive experiments in which the spinning angle is varied. 
Subsequent processing of the two-dimensional dataset 15 produces a two- 
dimensional experiment with an isotropic spectrum in one dimension and 
chemical shift powder patterns in the other. These powder patterns are able to 
reflect motional processes in a similar manner to a normal one-dimensional 
experiment. 17 Interestingly, the motionally averaged lineshapes are different 
from those expected from a one-dimensional spectrum of a chemical shift 
anisotropy powder pattern; they can, however, be simulated to reveal the 
details of the molecular dynamics. Moreover, the dynamic range of the 
experiment is different from that of the normal one-dimensional chemical shift 
anisotropy powder pattern measurement; in particular, the VACSY experiment 
is sensitive to slower motions than is the one-dimensional experiment. To 
understanding this, it is important to remember that powder patterns are 
sensitive to motions that have rates of the order of the interaction anisotropy. 
When spinning the sample about an axis inclined at an angle 0 to the applied 
magnetic field, the chemical shift anisotropy is averaged to an effective value of 
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Fig. 8. Results of the 13C VACSY experiment on tyrosine ethyl ester, t7 The experiment 
separates 13C (or other) chemical shift anisotropy powder patterns according to 
isotropic chemical shift. Motional details of each 13C site may then be determined by 
simulation of the relevant chemical shift anisotropy powder pattern. (a) The complete 
two-dimensional J3C VACSY spectrum. (b) Slices from the 13C VACSY experiment 
for the tyrosine phenyl ring at different temperatures. The simulations assume the 
phenyl ring is undergoing 180 ° flips at the rates indicated. All spectra are taken from 
reference 17. 
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½(3 cos 2 0 -  1) times the true chemical shift anisotropy; that is, it is averaged 
to a smaller value in general (zero if 0 is the magic angle). In the VACSY 
experiment, the sample is sequentially spun at different angles, and for every 
spinning angle (except 0 = 0), the effective chemical shift anisotropy is reduced 
from its true value, so that at all spinning angles, the spectrum recorded is 
sensitive to motions with slower rates than is the normal one-dimensional 
powder pattern, iv The VACSY experiment was first tested on 13C in 
dimethylsulfone (DMS), 17 whose dynamics in the solid state as a function of 
temperature are well known. It was then employed to study the 13C dynamics in 
solid tyrosine ethyl ester as a function of temperature (Fig. 8), where it gave a 
detailed account of the phenyl ring rotation.~V 

The chemical shift anisotropy recoupling scheme of Tycko et  al. 14 is 
particularly useful for studying molecular motions in complex solids, as its 
dynamic range can be 'tuned'. 18 In Tycko's experiment, the chemical shift 
anisotropy is removed with magic-angle spinning, but then reintroduced during 
the tl period by series of 2n + 2, n = 0, 1,2, 3, ... 180 °, pulses per rotor period. 
The effective chemical shift anisotropy that acts during tl is scaled from the 
true chemical shift anisotropy by an amount that depends on the exact timing 
of the pulses, with scalings of  0.4 to near zero being possible. 18 The scaled 
chemical shift powder patterns, which appear in the Ji dimension of the final 
two-dimensional spectrum, are sensitive to molecular motions with rates of  the 
order of the s c a l e d  chemical shift anisotropy. Thus the experimenter can choose 
the dynamic range of this experiment to suit the particular motional processes 
in their sample at the temperature of interest. ~8 This principle was demonstrated 
on dimethylsulfone by showing the different lineshapes that occurred for a single 
temperature, for experiments with different chemical shift anisotropy scalings. 

2.3. Dipolar coupfing lineshapes 

Pure dipolar coupling powder patterns are rarely used for studying molecular 
motion, for the simple reason that dipolar powder patterns that can be usefully 
analysed rarely occur. Ideally, one would wish to examine powder patterns 
arising from isolated spin pairs. Having more than two spins leads to complex 
lineshapes that would be very time consuming to analyse, and more than three 
or so spins leads to such a degree of line broadening that the lineshape becomes 
a featureless, approximately Gaussian-shaped line. In most samples, the spin of 
interest is either an isolated single spin (often the case when low-abundance 
nuclei are being considered), so that no dipolar coupling is possible, or is 
surrounded by many other spins. Often the only way to obtain isolated spin 
pairs is to specifically label the sites of  interest; this practice is becoming much 
more common, particularly in biological areas, where it seems the only hope 
for obtaining any useful structural as well as dynamical information by solid- 
state NMR. One example where specific isotope labelling has been used to 
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great effect is in a study of  the c~-relaxation process in high-density 
polyethylene. 19 The c~-relaxation process is important for material properties 
such as creep, annealing and crystallization. 19 The underlying microscopic 
chain motion is thought to be 180" chain flips, but this has never been 
determined with certainty because 13C chemical shift anisotropy, geminal 
I H 1H dipolar coupling, 13C-1H dipolar coupling and 2H quadrupole coupling 
are all invariant to 180 ° flips. As Fig. 9 shows, however, the 13C-13C dipolar 
couplJing does vary with 180 ° chain flips, and so should monitor such motions 
in the dipolar coupling powder pattern. 

For  this reason, the study in question 19 examined a sample of high-density 
polyethylene that was isotopically labelled with 13C so as to produce isolated 
13C spin pairs. Static 13C powder lineshapes were then observed as a function of 
temperature. Analysis of these by lineshape simulation shows that, indeed, the 
polyethylene chains do undergo 180 ° chain flips. The static lineshapes in this 
case result from the sum of  chemical shift anisotropy and dipolar coupling. 
However, the chemical shift anisotropy is known and, as mentioned previously, 

BO 

180 ° flip about I I  

molecular axis 

Fig. 9. Schematic illustration of how the strength of 13C-13C dipolar coupling between 
neighbouring 13C spin pairs in polyethylene changes by virtue of the change in 
orientation of the 13C-13C vector (described by 01 and 02) with respect to the applied 
field, B0, when the polyethylene chain undergoes a 180 ° flip about the molecular 
chain axis. 
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the chemical shift tensor is unaffected by the chain motion, so only the 
contribution to the lineshape from dipolar coupling is affected by the motion. 

I H-~H dipolar coupling lineshapes in organic solids are frequently used as a 
qualitative monitor of motion in a sample. In a sample with little molecular 
motion in the tens of kHz frequency range or higher, the 1H lineshape is simply 
a broad, Gaussian line; slow-speed magic-angle spinning has little effect on this 
and very rapid spinning (>30 kHz in general) is needed to produce a high- 
resolution spectrum, z° Intermediate spinning rates create sideband patterns 
consisting of rather broad sideband lines. However, any molecular motion that 
averages or partially averages the dipolar coupling on the NMR timescale can 
significantly reduce the ~H linewidth in static spectra, and produce much 
sharper sidebands in magic-angle spinning spectra. The problem is that in most 
organic samples there are several different 1H sites and, inevitably, the 1H lines 
from each overlap. Accordingly, the two-dimensional WISE (wideline spec- 
troscopy) technique 21 has become very popular; in this the IH lineshapes are 
separated according to the isotropic chemical shifts of the 13C they are bonded 
to. This is achieved by the pulse sequence shown in Fig. 10. By keeping the 
cross-polarization step in this pulse sequence very short, 1H magnetization is 
transferred only to the closest, i.e. the bonded, ~3C spins. One slight difficulty 
with this experiment is the fact that any molecular motion in the sample has the 
effect of reducing 1H-~3C dipolar coupling, and yet it is this very coupling that 
mediates the cross-polarization used in the WISE experiment. Accordingly, it is 

90 ° 
r - i  

1H I ~  ~ cp decoupling 

13 C 

Fig. 10. The pulse sequence for the WISE experiment. 21 This two-dimensional 
experiment separates IH wideline spectra according to the isotropic 13C chemical shift 
of the t3C each IH is bonded to. An initial IH 90 ° pulse creates transverse IH 
magnetization that is allowed to evolve in tj. A short cross-polarization step then 
transfers the remaining IH magnetization to the nearest 13C spin, i.e. the bonded 
one. The resulting 13C transverse magnetization is then allowed to evolve in t2 under 
magic-angle spinning, where an FID is recorded. 
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found that the IH intensities in a WISE spectrum are not quantitative if there is 
some motion in part of the sample. 22 Nevertheless, the WISE experiment has 
been used extensively in studies of dynamics in polymers and biological 
systems, as is discussed in Sections 5 and 6. A slight variation in the WISE 
experiment has recently been proposed; 23 instead of separating the 1H wideline 
spectra according to the 13C chemical shift of the bonded 13C, they can be 
separated according to the isotropic IH chemical shift. 16 This is done using 
combined magic-angle spinning and multiple pulse sequences (CRAMPS) in 
the t~ dimension of the two-dimensional experiment, so as to produce a high- 
resolution 1H spectrum in the corresponding fl dimension, while recording the 
IH wideline spectra in t2 as usual. 

A new twist on the dipolar coupling theme is to measure double-quantum 
speclra for spin -1 nuclei in a two-dimensional experiment under rapid magic- 
angle spinning. 2~ This is particularly useful in systems where the nucleus of 
interest is abundant, as the double-quantum excitation necessarily picks out 
spin pairs for study, even though these spins may be part of a much bigger spin 
system. Very fast magic-angle spinning removes the effect of dipolar coupling 
in the single-quantum dimension of the two-dimensional experiment. 24 Double- 
quantum coherence is excited in this experiment using one of various dipolar 
recoupling pulse sequences, which all have the effect of preventing the 
averaging of the dipolar coupling by the rapid magic-angle spinning. Double- 
quantum experiments of this type may be used to measure the dipolar coupling 
between pairs of spins; this is done by simulation of the spinning sideband 
patterns that appear in the double-quantum dimension of the spectrum. 25 
Rapid molecular motion in a sample reduces the dipolar coupling by a factor 
that depends on the geometry of the molecular motion relative to the 
internuclear vector defining the dipolar coupling. Thus, the geometry of rapid 
molecular reorientations can be determined by first measuring the dipolar 
coupling under conditions of very slow motion, or no motion, and then re- 
measuring at higher temperature in the regime of very rapid motion. This 
technique was used on hexabenzocoronene, which forms a columnar liquid- 
crystal phase (Fig. 11). 26 The 1H-1H dipolar coupling between the aromatic IH 
spins indicated in Fig. 1 1 was measured using double-quantum spectroscopy in 
the solid state where the molecules are near stationary. The same experiment 
repeated on the liquid-crystal phase yielded a dipolar coupling constant that 
was a factor of 0.4 smaller than the solid-state value, indicating that the 
molecules undergo rapid motion in the molecular plane, plus some additional, 
unidentified motion. 

An interesting use of dipolar coupling to study molecular motion is in the 
dipol~ar dephasing, or dipolar filter, experiment. 27 This experiment is used 
predominantly to examine quaternary 13C in organic samples. After cross- 
polarization from 1H to 13C, the 1H decoupling is interrupted for a period of 
tens of microseconds before the 13C FID is acquired. During the period of 
interrupted decoupling, the 13C signals from 13C spins bonded to IH spins 
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Fig. 11. The molecular structure of hexabenzocoronene. 

dephase under the influence of the IH-13C dipolar coupling. Only those 13C 
spins without bonded 1H then appear in the final 13C spectrum. However, 13C 
spins with bonded 1H, where the 13C-1H internuclear vector is involved in 
some reorientation process such that the 13C lH dipolar coupling is at least 
partially averaged away, also appear. One particularly good use of this 
experiment is in the study of the pyridine molecular reorientation in the tri-o- 
thymotide-pyridine clathrate compound. 28 Here a dipolar dephasing 13C 
NMR experiment showed only a slight reduction in intensities of the pyridine 
ortho and meta 13C signals compared with the normal cross-polarization 
spectrum, whereas the para 13C signal showed a pronounced loss of intensity. 
Thus, the motion of the pyridine ring affects the ~H ~3C internuclear vector for 
the ortho and meta carbons, but not that for the para carbon. Thus, the motion 
must consist of rotation about the molecular twofold axis. This information 
was then used as the starting point for a detailed 2H lineshape analysis of fully 
deuterated pyridine in the clathrate. 

2.4. Quadrupolar lineshape analysis - 2H N M R  

Although there are many quadrupolar nuclei (some 75% of NMR-active nuclei 
in fact), very few have been used in molecular motional studies except 2H. In 
contrast, 2H has been, and will almost certainly continue to be, used extensively 
in molecular motion studies. This spin-1 nucleus gives rise to quadrupole 
coupling constants in the range 160 220 kHz in most organic solids. Its static 
quadrupole-broadened powder patterns are thus sensitive to motions with rates 
in the range 104 107 Hz, which makes them ideal for studying a large range 
of motions in solids. 2H quadrupole powder patterns are generally fairly 
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o straightforward to record, a solid or quadrupole echo (90~: - ~- - 90), - T-FID)  
normally being used to circumvent receiver dead time problems. In later sections, 
it will be seen that 2H static lineshape analysis has been applied to polymers, 
biological macromolecules, adsorbed species in porous solids and organo- 
meta[lics. Magic-angle spinning 2H NMR is also being used nowadays; it has the 
advantage of giving better signal-to-noise by virtue of concentrating the intensity 
into sharp spinning sidebands rather than smearing it out over a whole powder 
pattern. Magic-angle spinning has the added advantage that 2H signals from 
different sites may be resolved. 29' 3o In the past, simulations of MAS spectra were 
considered prohibitively slow for MAS to be used routinely in motional studies. 
However, the average desktop computer now has quite sufficient power to run 
2H MAS spectral simulations in an acceptable time, so it can be expected that 
MAS will become the method of choice more often in the future. One particular 
study investigates the use of 2H MAS NMR spectroscopy to study multiaxial 
rotations or composite motions. 31 A theoretical formalism is developed to allow 
the effects of RF pulses to be accounted for, and computationally efficient 
algorithms are proposed for the necessary time and powder integrations. 

An experimental advance for the recording of 2H powder lineshapes is 
the use of the quadrupolar Carr-Purcel l -Meiboom Gill (QCPMG) pulse 
sequence.32,33 This pulse sequence is shown in Fig. 12. It consists of a standard 
quadrupole echo pulse sequence, after which the echo decay is recorded 
(step 1). Following this is a series of refocusing 90 ° pulses, with a complete 
echo being recorded after each (step 2). Finally, any remaining signal is allowed 
to decay and is again recorded (step 3). The complete time domain series 
resulting from the outputs of steps 1, 2 and 3 strung together is then Fourier 
transformed. This experiment has the effect of splitting the quadrupole echo 
powder pattern into a manifold of spin-echo sidebands separated by 1/v~ (see 
Fig. 12 for definition of Ta). This in itself generates a sensitivity enhancement 
of an order of magnitude. Moreover, both the envelope of the spin-echo 
sidebands and their individual lineshapes contain information on molecular 
motions. It is once again obtained by simulating the spectrum for particular 
motional models, but the initial study 32 shows that the dynamic range of the 
experiment is at least two orders of magnitude larger than the conventional 
quadrupole echo experiment. The full dynamic range is 102 108 Hz, that is it is 
sensitive to motions that are both slower and faster than those that the 
quadrupole echo experiment can monitor. Sideband shapes tend to monitor the 
lower end of this range, while the overall sideband envelope is sensitive to 
higher-frequency motions. Some example spectra recorded using this technique 
are shown in Fig. 13. 

In the review period there have been several papers on 2H lineshape 
analysis. One of the most important is that discussing the validity of Markov 
models for modelling molecular dynamics 6 discussed previously. Another 
important paper discusses the effect of dipolar coupling on 2H lineshapes, 
with particular emphasis on ND and ND2 groups. 34 The effect of any dipolar 
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Fig. 12. The quadrupolar Carr-Purcell-Meiboom-Gill (QCMPG) pulse sequence 32"33 
for recording~H NMR spectra. Use of this sequence gives 2H spectra that are sensitive 
to molecular motions over a much wider frequency range than static or magic-angle 
spinning 2H spectra. The final FID from the experiment is the results from steps 1, 2 and 
3 strung together in a single time domain series; the FIDs are collected between the 
vertical line in the diagram for periods Ta/2, 7-a and Td, respectively, in steps 1, 2 and 3. 
All pulses are 90 ° pulses with the phases given in the diagram. The echo delays 7" 1 and ~-2 
are approximately equal, with 7-2 being adjusted so that the acquisition in step 1 begins 
exactly at the echo maximum. Step 2 is repeated M times and consists of M refocusing 
90 ° pulses with collection of the resulting echo FID after each. T3 and T4 are short delays 
designed to protect the receiver from the 90 ° pulses in step 2. 

coupling on 2H N M R  spectra is usually accounted for in simulations by 
including a Gaussian line broadening, which is considered to be orientation 
independent. This approach is sufficient if the dipolar coupling is too small to 
affect the 2H T2 anisotropy. However,  for 2H spins directly bound to 14N, the 
dipolar coupling is generally too big for this to be the case. 14N spin- la t t ice  
relaxation will then contribute to the 2H T2 anisotropy, affecting both the 
quadrupole echo intensity (in a quadrupole echo experiment), and the 
resulting 2H lineshape. The paper  34 uses calculations of  the spin density 
operator  for two dipolar-coupled spin-1 nuclei and takes into account 14N 
spin- la t t ice  relaxation effects to simulate 2H lineshapes and relative echo 
intensities for the NDz group in p-nitroaniline-N,N-d2. This work clearly 
shows that for longer echo delays (27- > 80 laS), the effects of  dipolar coupling 
must be taken into account. This is the first time dipolar relaxation of  the 
second kind (as designated by Abragam 4) in solids has received a detailed 
treatment.  With the increasing emphasis on isotopically labelled biological 
samples, where NDn groups may become common,  considerations of  this 
kind are likely to be most  important .  

The effect of  chemical shift anisotropy on 2H powder lineshapes has also 
been discussed. 35 Another  study emphasizes the importance of recording 2H 
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Fig. 13. 2H NMR spectra of DMS recorded with the QCMPG pulse sequence (see 
Fig. 12) at the temperatures shown, from reference 33. For each temperature, the 
normal quadrupole echo 2H spectrum is shown above the QCMPG spectrum for 
comparison. Also shown are simulated quadrupole echo and QCMPG spectra, also 
taken from reference 33. 

quadrupole echo FIDs from the exact echo maximum; 36 mis-setting the start of  
the b'ID away from the echo maximum can severely distort the resulting 2H 
powder pattern, as is now well known. Unfortunately, this work does not 
suggest a remedy for this problem, though it does show how the distorted 
powder patterns can be mistakenly simulated with alternative motional models 
rather than the 'correct '  one. 

Resolution of 2H powder pattern lineshapes can be a problem in uniformly 
or multiply labelled samples. In many cases, 2H labelling of  specific sites is near 
impossible, especially in more complex molecules, or in naturally occurring 
samples. In other cases, it would be excessively time consuming and expensive 
to specifically label all sites of  interest in a molecule, separately in successive 
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samples. Clearly, some method is needed to resolve 2H signals from different 
sites. Magic-angle spinning can be useful, although the chemical shift range 
of 2H is very small, so often MAS is not sufficient to resolve different sites. 
Two possibilities have been proposed for separating 2H lineshapes in two- 
dimensional experiments. In the first, 2H spinning sideband patterns (or static- 
like powder patterns) are separated according to the double-quantum 2H 
chemical shift (Fig. 14). 37 This has the effect of doubling the frequency gap 
between 2H signals in the double-quantum dimension over what would occur in 
a single-quantum spectrum, and so improves the resolution over that in a 
normal one-dimensional MAS spectrum. 

In the second method, static-type 2H powder patterns are separated 
according to the 13C chemical shift of the 13C nucleus to which the 2H is 
bonded)  8 The pulse sequence is shown in Fig. 15. Initial 13C transverse 
magnetization is generated by cross-polarization from I H. The entire 
experiment is conducted under magic-angle spinning, which averages the 
13C 2H dipolar coupling to zero. It is reintroduced by a series of  rotor- 
synchronized 180 ° pulses; 2 N - 2  180 ° pulses are applied in N rotor periods. 
Thus multiple-quantum coherences involving the 13C and 2H spins can now be 
excited, via the agency of the 13C - -~H dipolar coupling. During the first two 
rotor periods of the pulse sequence shown in Fig. 15, zero- and double-quantum 
coherences between 13C and 2H spins are excited. In the t~ period, transverse 
2H magnetization is excited and allowed to evolve; in doing so it modulates the 

~) ~ x 

Fig. 14. The pulse sequence for recording the double-quantum 2H experiment. 37 The 
entire experiment is conducted under magic-angle spinning. This two-dimensional 
experiment separates 2H spinning sideband patterns (or alternatively, static-like 2H 
quadrupole powder patterns) according to the 2H double-quantum chemical shift, so 
improving the resolution over a single-quantum experiment. In addition, the double- 
quantum transition frequency has no contribution from quadrupole coupling (to first 
order) so, the double-quantum spectrum is not complicated by spinning sidebands. 
Details of molecular motion are then extracted from the separated 2H spinning sideband 
patterns by simulation. 37 All pulses in the sequence are 90 ° pulses with the phases shown 
(the first two pulses are phase cycled to select double-quantum coherence in tL). The ~- 
delay is of the order 10 gs. The tl period is usually rotor-synchronized. 
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Fig. 15. The pulse sequence for the 13C 2H correlation experiment. 38 This two- 
dime, nsional experiment, conducted under magic-angle spinning, separates 2H line- 
shapes according to the L3C isotropic chemical shift of nearby 13C spins, i.e. the bonded 
13C in practice. The narrow black pulses are 90 ° pulses; wide ones are 180 ° pulses. The 
2H pulses are placed symmetrically within the rotor period. 

zero- and double-quantum coherences, and this is reflected in the final F ID  
recorded in t2. During the next two rotor cycles after tl, the multiple-quantum 
coherences are reconverted. A z-filter preceding the detection period ensures 
a purely absorptive spectrum. Only one data set needs to be recorded, as it 
may be assumed that the f l  spectrum (2H dimension) is symmetric about  
~21 =: 0, providing of course that 2H is set on resonance. The whole experiment 
can be considered as a solid-state H M Q C  (heteronuclear multiple-quantum 
correlation) experiment, with added 13C 2H dipolar recoupling during the 
multiple-quantum excitation and reconversion periods to get over the effects of 
magic-angle spinning. 

3. RELAXATION T I M E  M E A S U R E M E N T S  

Relaxation time measurements have long been used to characterize molecular 
motions in solids. All nuclear spin relaxation processes are mediated by 
flucltuating nuclear spin interactions, with the fluctuations (generally) arising 
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from molecular motion. A very brief description of the theoretical basis for 
understanding relaxation processes is given here simply to introduce the 
nomenclature that is used in the rest of this article. 

Relaxation is the change in time of the density matrix describing the spin 
system as the system moves back towards equilibrium from some non- 
equilibrium state imposed, for instance, by a sequence of  radiofrequency 
pulses. 39 Longitudinal relaxation, for example, restores the populations of 
the various spin levels to the equilibrium Boltzmann distribution. It thus 
affects the diagonal elements of the density matrix, which describe the 
populations of the spin levels. 39 The rate of change of  population of  any 
given spin level can be written in terms of the transition rate to that level 
from all others, and vice versa, in combination with the populations of  those 
spin levels, in the usual manner for any kinetic process. In turn, the transition 
rate between two levels i and j is given by the golden rule of quantum 
mechanics: 

Wii = - -  (Tr{l~t(t + ~-)}lTt(t)) dt (4) 
h 2 

where ft(t) is the Hamiltonian matrix in the Zeeman interaction representa- 
tion, describing the fluctuating nuclear spin interaction acting on the spin 
system. The time dependence of I2I(t) arises from molecular motions and the 
intrinsic anisotropy (variation with molecular orientation) of  the nuclear spin 
interaction. The Hamiltonian operator  in the Zeeman interaction representa- 
tion is simply 

171 = exp ( - iHz t )H  exp(+iHzt)  (5) 

where Hz is the Zeeman Hamiltonian and H is the laboratory-frame 
Hamiltonian describing the nuclear spin interaction. Equation (4) for the 
transition rate involves the ensemble average over the sample (angle 
brackets), and the trace of the product  of  Hamiltonian matrices at different 
times t and t + T. This latter term is a sum with components  of  the form 
~Lj(t + T)~Iji(t), for all i and j, where /)ii a n d  flji are Hamiltonian matrix 
elements. Many of  these terms can be zero. To gain some insight into this 
sum, we restrict ourselves to consideration to relaxation by dipolar coupling 
and write the corresponding dipolar Hamiltonian in tensorial form: 

+2 

/4( t )= Z (--1)MAzM(t)~'eM (6) 
M =  2 

where the ~ t  are spherical tensor operators and the AzM(t) are components 
of  the nuclear spin interaction tensor expressed in irreducible tensor form, 
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rather than as a Cartesian tensor and expressed in the laboratory  frame.* 
The time dependence of  the Hamil tonian due to molecular mot ion is 
expressed through the nuclear spin interaction tensor, which changes as the 
molecule changes orientation through mot ion with respect to the applied 
magnetic field in the N M R  experiment. W h e n / 4  is expressed in this form, it 
is clear t h a t / t  only has nonzero matrix elements between Zeeman spin levels 
whose m quantum numbers differ by M, where M is the index in Eq. (6). The 
nonzero matrix elements of  H then depend only on the corresponding A2M 
and the matrix elements of  the TZM operators,  which are just numbers. Thus, 
the integral in Eq. (4) can be rewritten as a sum of integrals 39 labelled 
JM(M~o) where 

JM(MO;o) = exp(-iMa~ot)CM(t) dt (7) 

in which M is restricted to 0, 1, 2, i.e. ] M ] and CM(t) is a correlation function 
describing the time dependence of the nuclear spin interaction, i.e. the 
molecular motion.  The frequency ~0 is the Larmor  frequency arising from 
the Zeeman interaction (in the case of  longitudinal relaxation). The 
function JM(MCv) is a spectral densi O, function. The correlation function 
CM(t) is given by 

CM(t) ---- (A2M(0)A~M(t)) -- (A2M(0)) [2 (8) 

The spectral density is a measure of  the amplitude of the M-quan tum 
component  of  the nuclear spin interaction oscillating at frequency M~0 as a 
result of  molecular  motion.  

I11 summary, then, all relaxation processes can ultimately be described as 
sonqte linear combination of such spectral density functions. We have here only 
explicitly considered longitudinal relaxation processes in the laboratory frame, 
but a similar case can be made for transverse relaxation, relaxation processes 
in the rotating frame and cross-relaxation processes. The spectral densities 

* The nuclear spin interaction tensor is most readily expressed in its principal axisjkame 
where only the M - 0 ,  ±2 terms are nonzero (and only the M = 0 term is nonzero for 
axial symmetry). It can then be expressed in the laboratory frame via 

(2) (a 
A 2M Z L* MM' ' ~' "7)P2M' 

M' O, ±2 

where P2M' is the interaction tensor in its principal axis frame and c~, ~q, 7 are the Euler 
angles relating the principal axis and laboratory frames; ~(21 , /3, 7) are Wigner 
rotation matrix elements. 
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involved are, in each case, JM(Mw) where a~ is the frequency of the M-quantum 
transition involved in the relaxation process, whatever it may be Larmor 
frequencies in the case of longitudinal relaxation. In transverse relaxation 
processes, the transitions involved include zero-quantum transitions, and their 
respective frequencies then appear in the relevant spectral density. In rotating 
frame relaxation, the transitions involved are those in the rotating frame, and 
so the corresponding transition frequencies are the nutation frequencies of the 
relevant nuclei. Hence, longitudinal relaxation processes are sensitive to 
molecular motions of the order of the Larmor frequency (generally tens to 
hundreds of MHz). In contrast, transverse relaxation processes are sensitive 
to very low-frequency motions, of the order of zero-quantum transition 
frequencies. Rotating frame relaxation processes fall somewhere between the 
two, being sensitive to motions in the region of the nutation frequency of the 
particular nuclear spin under a spin-locking pulse, generally tens to a few 
hundred kHz. Thus, a very wide range of motional frequencies may be studied 
by choosing different relaxation processes to monitor the motion. 

In analysing relaxation data, the dominant nuclear spin interaction effecting 
relaxation must be known, and it must exceed other effects by at least an order 
of magnitude, otherwise the data become extremely complex to interpret. 
Accordingly, relaxation times studies are often applied to 2H, where the 
dominant relaxation mechanism is nearly always through quadrupole coupling. 
In other cases, nuclei with IH bonded to them often have a dominant 
mechanism involving dipolar coupling with the 1H (providing that the chemical 
shift anisotropy associated with that nucleus is small), owing to the particularly 
large magnetic moment of IH. 

In the review period, 2H relaxation studies received much more attention 
than previously. In particular, the anisotropy (i.e. dependence on molecular 
orientation) in the relaxation of Zeeman order (as described by the parameter 
Tlz) and quadrupolar order (as described by the parameter T1Q ) has been used 
with good effect to study fast molecular motions in solids. 4°-42 T1 anisotropy 
for 2H has been used before in a two-dimensional experiment 43 where the full 
T1 anisotropy is displayed in one dimension of the experiment (T2 anisotropy 
was dealt with similarly. 43) In this early work, the full two-dimensional 
spectrum was simulated according to given motional models and molecular 
jump rates and was compared with experiment. However, the fitting of a two- 
dimensional contour plot or surface plot is notoriously difficult and perhaps it 
is for this reason that the technique has never been taken up in this form by 
other spectroscopists. In the recent studies of 2H T1z and T1Q anisotropy, the 
approach has been slightly different. The procedure in the analysis of the 
relaxation rate anisotropy is to calculate the spectral density functions (Eq. (7) 
above) for given motional models and given molecular jump rates as in the 
early study. 43'44 From the spectral densities, it is then straightforward to 
calculate the partially relaxed 2H spectral lineshapes for the particular 
inversion-recovery delays used in the experiment. A good fit of the partially 
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relaxed lineshapes then implies that the motional model and jump rate are 
possible descriptions of the true motion in the sample. In a study of the methyl 
group rotation in methyl-deuterated bisphenol-A polycarbonate at 30 °C, it 
was found that while the Tlz anisotropy could be reproduced by several 
different motional models, the combination of TIZ and T1Q anisotropy could 
only be reproduced by a single model. This was a three-site jump model, with an 
activation energy of 19.2 4- 2 kJ mol I and a jump rate of (2.9 4- 0.2) × 10 8 Hz 
at 30 °C. 4~ This same work highlights that when the molecular motion is slow 
enough to affect the 2H powder pattern lineshape, Redfield theory is not valid 
for calculating relaxation times and the stochastic Liouville equation must be 
used. in this regime, however, both the lineshapes and the orientation 
dependence of the relaxation times are sensitive to details of the molecular 
motion, allowing very accurate determinations. An earlier study 42 used a 
similar mode of analysis to examine the overall motion of the methyl groups in 
fully deuterated hexamethylbenzene. This study again concluded that the 
combined use of Tlz and T1Q anisotropies allowed for unambiguous analysis of 
the motion in terms of a combined whole-molecule rotation about the 
molecular hexad axis and methyl group rotation. 

Another study 45 used the 2H Tlz anisotropy of CD3 groups in 6-s-cis-retinoic 
acid, in 6-s-trans-retinoic acid (Fig. 16a) and in the membrane protein 
bacleriorhodopsin regenerated with CD3-1abelled retinal (Fig. 16b) to examine 
the motion of the CD3 groups. It was found that for both forms of retinoic acid, a 
three-site hopping model fitted the experimental data, but with the difference that 
the activation energy for the cis isomer was 14.5 + 1 kJmol ~ whereas for the 

(a) 

(b) 

Fig. 16. The molecular structures of (a) 6-s-trans-retinoic acid and (b) CD3-1abelled 
retinal. 
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t rans  isomer it was only 5 ± 1 kJ tool 1. The question the work aimed to answer 
was what isomer of the related molecule, retinal, is present in bacteriorhodopsin. 
Analysis of the T~z anisotropy for the CD3-1abelled retinal in bacteriorhodopsin 
produced an activation energy for the methyl group rotation of around 
9 kJmol -~, which suggested that it was the trans isomer of retinal that was 
present. This study therefore solved a structural problem by examining the 
dynamics of a pertinent functional group, in a rather unique fashion. 

Selective inversion recovery experiments i.e. only select frequencies within 
the powder pattern are excited, have also been performed on 2H for the 
purposes of studying molecular motion. Initial experiments were performed on 
deuterated dimethylsulfone (DMS) to demonstrate the utility of the experi- 
ment. 46 Selective inversion recovery curves were fitted to a suitable motional 
model, a two-site jump model in the case of DMS, to yield the motional rates as 
a function of temperature. A significant feature of this work is that the 
activation energy for the motion so obtained differs markedly from that 
obtained from earlier 13C chemical shift anisotropy lineshape studies. 

Selective inversion is not straightforward for a powder sample for a spin-1 
system suffering quadrupolar broadening. This problem was addressed in a 
further paper, 47 which proposed the use of double sideband modulated pulses. 
If only the a~o + C~Q or c~o - 0.)Q transition is excited, where a~o is the Larmor 
frequency and 02Q is the quadrupolar frequency for a given molecular 
orientation, then both Zeeman and quadrupolar order are created. Subsequent 
hard detection pulses in the inversion recovery experiment then mix the 
Zeeman and quadrupolar order, giving an apparent decrease in the selective 
inversion efficiency by a factor of 4. 47 To avoid this, one must simultaneously 
irradiate at a~0 ± C~Q; hence the need for double-sideband modulated pulses. 
The frequency-selective profile is then improved by shaping the RF pulses. 47 
The selection of pulse shape in this case is limited by the short and anisotropic 
T2 for 2H and the effects of exchange during the pulse. Consequently, it is most 
desirable to use pulse shapes with tow bandwidth duration product. 

A novel use of relaxation time studies was the examination of ultrafast 
iH transfer in polycrystalline dimethyldibenzotetraaza[14]annulene (Fig. 17), 
using 1H relaxation. 48 The rates of~H transfers in this and related compounds in 
the solid state, in the millisecond to nanosecond timescale, were derived by 
analysis of the spin-lattice relaxation times, T1, of heteronuclei located in such a 
way that their interaction with the mobile IH is modulated by the transfer 
process. The work includes a theoretical description of the heteronucleus T1 
derived for the cases of static powders, powders under magic-angle spinning and 
samples where spin lattice relaxation is isotropically averaged by magnetization 
transfer. In the example shown in Fig. 17, a 15N cross-polarization, magic-angle 
spinning Tl study was used to determine the rate of IH transfer. 

Finally, Spiess and co-workers 49 have shown how the nuclear Overhauser 
effect (NOE) can be used to study motions in soft solids, such as amorphous 
polymers. IH-1H dipolar coupling is already partially removed in such samples 
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Fig. 17. The molecular structure of dimethyldibenzotetraaza[14]annulene and the 
15 48 proton rearrangement deduced from N Ti relaxation studies. 

by the presence of considerable molecular motion; magic-angle spinning at 
relatively slow rates (<10 kHz) is usually sufficient to remove what residual 
couplings are left. Then, any cross-peaks that appear in a two-dimensional 
NOESY experiment, for instance, are due only to cross-relaxation between 
spins via the dipolar coupling mechanism. If the experiment is performed 
without magic-angle spinning, then residual dipolar couplings promote a 
coherent magnetization exchange that dominates the cross-peak intensity for 
short mixing times, and short mixing times are most desirable in a NOESY 
experiment, as the resulting data are much easier to analyse quantitatively in 
this region. The work 49 determines expressions for the rate constants for cross- 
relaxation between spins in terms of the transition rates between coupled spin 
levels; of particular note is that zero-quantum transition rates, which always 
contribute to cross-relaxation rate constants, depend on spectral densities at 
the sample spinning speed, i.e. on JM(M~R) where wR is the spinning speed. 
Thus, not surprisingly, the cross-relaxation rate curves derived experimentally 
from two-dimensional NOESY spectra (see Fig. 18 for the pulse sequence 
used) for synthetic rubber SBR 1500 (poly(styrene-co-butadiene); 23.5% 
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Fig. 18. The pulse sequence used tbr the two-dimensional NOESY experiment for 
measuring ~H ~H cross-relaxation rates in soft polymers. The entire experiment is 
conducted under magic-angle spinning. Gradient pulses are used to remove unwanted 
coherences, as this allows for much faster experiments than phase cycling. 

styrene, 76.5% butadiene distributed in random sequence) are found to be 
sensitive to molecular motions with rates of the order of the spinning speed. 
Three-dimensional NOESY spectroscopy is used to examine two-step cross- 
relaxation processes. 49 In both the two- and three-dimensional experiments, 
gradient pulses are used during the mixing times (Fig. 18) to get rid of 
unwanted coherences, allowing much faster experiments than those with phase 
cycling. 

4. EXCHANGE EXPERIMENTS 

4.1. Basics 

Exchange experiments are invaluable for studying slow molecular motions 
(with correlation times of the order of milliseconds or slower) in solids, 2° and 
accordingly have seen many applications in polymers, for instance, as discussed 
in Section 5. The essential concept of a two-dimensional exchange experiment 
is straightforward and is illustrated in Fig. 19. 

Transverse magnetization is created by an initial 90 ° pulse or cross- 
polarization step and allowed to evolve during the period tl under its 
characteristic frequency cJj. This characteristic frequency arises from the nuclear 
spin interaction that operates during tl. At the end of tl, the magnetization is 
stored along z (the direction of applied magnetic field in the N MR experiment) 
for a period %1, the mixing time, during which molecular dynamical processes 
may occur. Finally, the magnetization is returned to the transverse plane, 
where it again evolves under its characteristic frequency, this time cc2, the 
evolution being recorded as a FID. Appropriate processing 2° of the resulting 
two-dimensional time domain datasets yields a two-dimensional frequency 
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Fig. 19. Schematic diagram of a two-dimensional exchange experiment. It may be 
conducted under magic-angle spinning or on static samples. An initial excitation period 
(90 ° pulse or cross-polarization) creates transverse magnetization on the spin of interest, 
which then evolves at its characteristic frequency during 5. A pulse (90 ° for spin-2 l or 
54.7 ° for spin-l) then stores the magnetization along z (the applied magnetic field 
direction) for a mixing time rm, during which the spin may be involved in some 
motional/exchange process that changes its resonance frequency. A further pulse (again 
90 ° for spin-~ or 54.7 ° for spin-l) at the end of the mixing time then re-creates 
transverse magnetization, which now precesses at the new resonance frequency in t2, 
while an FID is recorded. The correlation time for the motion may be determined by 
repeating the two-dimensional experiment for different mixing times, ~-m. 

correlation spectrum, correlating the characteristic frequency the spin had 
during tl with that it subsequently had in t2. If  molecular reorientation or site 
exchange has occurred during the mixing time (which happens if the correlation 
time for the motion, Tc < %),  the resonance frequency after the mixing time, co2 
is different from the initial frequency before molecular reorientation/exchange, 
co~, and so the two-dimensional frequency spectrum contains off-diagonal 
intensity at (col,co2). If  there is no exchange during the mixing time, 
COl == CO2 (Tc ~> "/-m), and spectral intensity appears only along the diagonal of  
the two-dimensional frequency spectrum. Analysis of  the resulting spectrum in 
terms of molecular motion clearly relies on the resonance frequencies co~ and co2 
being constant during the tl and t2 periods, respectively, that is on there being 
no :molecular motion during these periods. It is for this reason that exchange 
experiments are only suitable for studying slow molecular motions. By 
assessing the exchange intensity as a function of mixing time (with 
rm -~" t~, t2), the correlation time for the motion can be determined; the pattern 
of  exchange intensity in the two-dimensional frequency spectrum allows the 
geometry the motion to be determined. A key feature here is that motional 
models are n o t  required to extract this latter information, in contrast with 
lineshape analyses and relaxation time studies. 

l-for the most part, exchange experiments in the solid state use either chemical 
shift anisotropy (for spin-½) or quadrupole coupling (for spin > ½) under static 
conditions, i.e. no sample spinning, to generate frequencies col and co2 that 
depend on molecular orientation. The projections onto the two spectral 
frequency axes are then the corresponding powder patterns resulting from the 
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particular anisotropic spin interaction. The resulting two-dimensional spec- 
trum is, in effect, a correlation map between the molecular orientations in 
tl and t2. Although chemical shift anisotropy and quadrupole coupling are 
most commonly used in exchange experiments, any anisotropic nuclear spin 
interaction can be employed. In one example, Schmidt-Rohr et al. used the 
dipolar coupling between isolated pairs of 13C spins in high-density 
polyethylene to label the frequencies in tl and t2.19 The experiment used static 
conditions and refocused the 13C chemical shift anisotropy, so that the two- 
dimensional exchange spectrum relied exclusively on the 13C 13C dipolar 
coupling. This work also included analysis of the experiment in terms of the 
time-evolution of a density operator expanded as Cartesian operators. 

High-resolution two-dimensional exchange experiments can be performed in 
the solid state in analogous fashion to solution-state exchange experiments by 
conducting the experiments (for spin -1 ) under rapid magic-angle spinning. 
These experiments monitor only chemical exchange, where the site exchange is 
accompanied by a change of isotropic chemical shift. Such experiments are 
generally much simpler to perform and to analyse than the static experiments, 
but obviously their field of application is much smaller, and consequently there 
are fewer studies of this type. One useful example in the review period concerns 
the dynamics of E(SiMe3)4, E = C, Si, in their low-temperature phases. 5° In 
these phases, both molecules crystallize in the P213 space group with the 
molecules centred at sites of C3 symmetry. There are two possible dynamical 
processes available to the molecules in this phase: (i) internal reorientation of 
the Si(Me)3 groups around the E-Si bonds and (ii) whole-molecule jumps 
about molecular axes that coincide with the E Si bonds. The molecular 
symmetry means that there are two different 29Si sites, in ratio 1:3 (see 
Fig. 20) and four different 13C sites (labelled 1 4 in Fig. 20) with equal 
populations. These different sites are easily resolved via their isotropic chemical 
shifts in their respective NMR spectra. Two-dimensional MAS exchange 29Si 
and 13C spectra were obtained for each compound at low temperature. The 29Si 
spectra necessarily report only on whole molecule rotations, as local rotations 
of the Si(Me)3 groups do not affect the 29Si isotropic chemical shift, and so 
cannot produce any exchange intensity. At slightly raised temperatures, for 
long mixing times, both compounds show 29Si exchange intensities that 
correspond to complete four-site exchange (i.e. whole-molecule jumps about all 
E-Si  axes), namely diagonal intensities for the two 29Si resonances in the ratio 
1:9, and off-diagonal intensity of relative intensity 3. The J3C two-dimensional 
MAS exchange spectrum can be affected by both whole-molecule jumps and 
local rotations about the E Si bonds. At the lowest temperature of 
observation, the E - Si compound shows 13C exchange only between methyl 
groups 1, 2 and 3 (see Fig. 20 for methyl group labelling), which corresponds to 
local rotations about the E Si bonds interchanging these methyl groups. Only 
as the temperature is raised is exchange between all four methyl sites observed. 
In the E - C compound, however, exchange between all four methyl groups 
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Fig. 20. The molecular structure of E(SiMe3)4, where E - Si, C. The molecule has a 
threefold axis of symmetry as indicated, giving two different 29SiMe3 sites, and four 
different I-~CH3 sites in the absence of any molecular motion. 5° 

(whole-molecule jumps) is observed at all temperatures of observation. The 
combination of 298i and 13C exchange N M R  thus serves to separate the two 
possible molecular motions so that each may be analysed. 

In static exchange experiments, powder pattern lineshapes are recorded 
indirectly in tl and directly in t2. The simple three-pulse exchange experiment 
(Fig. 19) can lead to rather distorted two-dimensional spectra as a result of 
truncation of  the tl and t2 signals, through dead-time problems (t2) or finite 
pulse lengths (h), preventing spectra with t~ and t2 truly equal to zero from 
being recorded. These truncations lead to frequency-dependent phase distor- 
tions in the respective spectral dimensions. In principle, these could be 
corrected by first-order phase corrections, providing that the loss of  information 
arising from the truncation is not too great. In practice, for the wider powder 
lineshapes arising from 2H quadrupole coupling, for instance, such corrections 
are not effective. Instead, datasets from h, t2 = 0 are produced by interpolating 
the experimentally obtained signal and extrapolating back to zero. 2° This is not 
a simple procedure, however, and requires some experience if undistorted 
spectra are to be obtained. More recently, a five-pulse sequence has been 
introduced for 2H exchange experiments 51 to avoid the truncations in the first 
place, so greatly simplifying the data processing. The five-pulse sequence 
(Fig. 21) differs from the simple three-pulse sequence by the addition of two 
7 - - 9 0  ° -  7- echo sequences, one prior to tl and the other prior to t2, to 
circumvent dead-time and finite pulse width problems. Then, the acquisition of 
the F1D can be set to begin exactly at t2 = 0, and likewise the pulse that defines 
the beginning of the mixing period can be set exactly on top of the first echo to 
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Fig. 21. The new five-pulse sequence for recording static 2H exchange spectra. 51 The 
experiment differs from the simple three pulse sequence in Fig. 19 in the addition of r 
90 ° r (or A -- 90 ° - A) echo sequences before the h and t2 periods to avoid spectral 
distortions caused by receiver deadtime and finite pulse width problems. The broader 
pulses are 90 ° pulses; the narrower ones 54.7 ° pulses. 

acquire atE = 0 spectrum. The necessary m i n i m u m  phase cycling for the new 
five-pulse experiment  is also deduced in this work. 51 

4.2. Higher-dimensional exchange spectra 

Three-dimensional  and  higher d imensional  exchange spectra can be recorded 
by simple extensions of the basic two-dimensional  pulse sequence 2° (Fig. 22). 

The resulting mul t id imens iona l  frequency spectra then correlate the molecular  
or ienta t ion  at three (or more for higher-dimensional  spectra) points  in time. 

excitation 
t3 

Fig. 22. The basic form of a three-dimensional exchange pulse sequence. This has the 
same form as the two-dimensional sequence in Fig. 19, but with the addition of a further 
mixing time rmb and evolution period, t3. The resulting three-dimensional spectrum then 
correlates the spin's resonance frequency (and through this, its position) at three 
different points in time, tl, t2 and t3, with motion potentially occurring during the (much 
longer) intervening mixing times, rma and rmb. The pulses after the excitation sequence 
move the magnetization to and from the z axis (applied magnetic field direction) as 
appropriate through the pulse sequence; thus they are 90 ° pulses for spin-~ systems and 
54.7 ° pulses for spin-I. 
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This allows assessment of the degree to which different motions or molecular 
jumps are correlated in time. An eight-pulse experiment has been proposed si 
for three-dimensional 2H exchange experiments, incorporating echo steps in 
analogous fashion to the five-pulse sequence for two-dimensional exchange. 
The generation of pure absorption mode three-dimensional 2H exchange 
spectra is also discussed; here it is most important that spectral distortions 
arising from truncation of the time domain data are avoided, sl 

Three-dimensional exchange spectroscopy is very useful in heterogeneous 
systems, such as glasses, where there is a broad distribution of molecular 
motions present. In such systems, there are often small-angle and large-angle 
jump motions present simultaneously, and it is important when understanding 
the material properties of the systems to know how these motions are 
correlated. A two-dimensional exchange spectrum can reveal that both types of 
motion are present in the system but can give no information on how they 
occur over a sequence of time. In other words, it cannot answer the question 
whether some parts of the system undergo small-angle jumps exclusively and 
others large angle-jumps, or whether those parts that undergo a certain small- 
angle jump are then likely to undergo a large-angle jump. A three-dimensional 
exchange spectrum, however, by revealing the molecular reorientation that 
occurs in two separate time periods, can give the required information. The 
only problem is that a three-dimensional exchange spectrum can take days to 
record! Accordingly, a new reduced three-dimensional exchange experiment 
has been invented that yields much of the same information as a full three- 
dimensional experiment, s2 

Three-dimensional difference correlation (3D-D1CO) spectroscopy s2 is a 
two-dimensional experiment that produces a projection of the full three- 
dimensional spectrum onto the diagonal plane shown in Fig. 23. This is done in 
practice with the three-dimensional pulse sequence of Fig. 22, but with tl = t2 

throughout the experiment, i.e. ti and t2 are increased in concert. As usual 
with two-dimensional exchange spectroscopy, two time domain datasets are 
recorded 2° and, after appropriate processing in this case, a two-dimensional 
spectrum results with frequency coordinates ~d (=~2 --a~i) and ~3, where COl, 
~2 and co3 refer to the frequency coordinates corresponding to the tl, t2 and t3 
time domain variables, aJd represents the degree of reorientation during the first 
mixing period, ~-ma; it is zero if there is no reorientation, but the larger it is, the 
larger the angle of reorientation during %a. If the signal intensity at (oJa, aJ3) is 
equal to that at (--aJd, co3), then the motion occurring in the second mixing 
period is uncorrelated with that in the first mixing period of the experiment, i.e. 
the reorientation that gives rise to the spectral frequency ~3 during t3 does not 
depend on the reorientation in the first mixing period. The method is 
demonstrated on both 13C in dimethylsulfone (DMS) and 2H in deuterated 
polystyrene. 52 

Four-dimensional exchange N M R  was introduced some time ago for 
examining the correlations between different molecular motions, s3 The 
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Fig. 23. The form of the reduced three-dimensional DICO experiment. 52 The 
experiment produces a two-dimensional experiment that is in effect, the projection of 
the full three-dimensional exchange spectrum onto the diagonal plane shown. This 
spectrum is then sufficient to determine whether two different motional processes 
revealed by the experiment are correlated. 

principal application of such experiments has been in examining polymer 
dynamics near the glass transition. Near the glass transitions, the 
(structural) relaxation process is known to be highly nonexponential.  Two- 
dimensional exchange spectra in this regime can be fitted with a distribution 
of  correlation times, but the question that remains is the following: Is this 
dynamic heterogeneity due to a spatial heterogeneity with different motional 
correlation times in different spatial regions, or does each polymer segment 
suffer motions with correlation times that themselves vary with time? The 
reduced four-dimensional exchange experiment goes part way to providing 
information to answer this question. 53 The basic scheme of the experiment is 
shown in Fig. 24. 

The initial part of the experiment (labelled A in Fig. 24) is simply a two- 
dimensional exchange experiment, except that tz is set equal to t2. Thus, at the 
end of tz, there will be a stimulated echo arising from all those polymer 
segments that did n o t  reorientate during the first mixing time Tma, or at least 
reoriented only through small angles. Providing that tl (~-t2) is long enough, 
signal from polymer segments that have reoriented significantly during Tma will 
have dephased at the end of t2, so that the only signal that goes on to the rest of  
the pulse sequence is that from polymer segments that are immobile during Imp. 
In other words, part A of the pulse sequence simply acts as a filter, filtering out 
signal from segments that have moved by more than small angles during Tma 
and leaving only signal from segments with small-angle reorientations and long 
motional correlation times Tc "> Tma. There then follows another mixing time 
~-mb, which is to allow the timescale of the motional process for the selected 
polymer segments to change, if it can. Finally, another two-dimensional 
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Fig. 24. The basic scheme of the reduced four-dimensional exchange experiment as 
performed on 13C.53 All pulses are 90 ° pulses. Part A of the experiment is simply a two- 
dime, nsional exchange experiment with tl set equal to t2. The effect of this part of the 
pulse sequence is to select out only those spins that did not reorientate significantly 
during the mixing period of part A, %1a. The remainder of the experiment then serves to 
examine whether the motional timescale of these selected components subsequently 
changes during the second mixing time, Tmb- The experiment thus probes the timescale 
of motional heterogeneity. 

exchange filter follows, with a mixing time 7-mc set equal to the first mixing time, 
Tm~. The final result from the experiment is a two-dimensional exchange 
frequency spectrum that is a function of the intermediate mixing time 7-mb , with 
frequency axes corresponding to the t3 and t4 time domain variables in the 
pulse sequence (Fig. 24). I f  the polymer segments selected in part  A of the pulse 
sequence continue to undergo only small-angle reorientations during the 
second mixing time 7-mb , the final two-dimensional exchange spectrum will look 
the same as a normal two-dimensional exchange spectrum with mixing time 
Tmc, and will consist entirely of  diagonal (or near diagonal) intensity. However, 
if t]he reorientational motion changes during Tmb to include large-angle 
reorientations with short correlation times, the two-dimensional exchange 
spectrum will contain significant off-diagonal intensity. Analysis of  the two- 
dimensional exchange spectra as a function of Tmb allows the heterogeneity in 
the motional timescales to be assessed. 

A new experiment based on much the same principles as the reduced four- 
dimensional experiment just discussed now allows the spatial heterogeneity of 
the polymer dynamics to be assessed also. 54'55 The pulse sequence for this 
experiment is shown in Fig. 25. It produces two-dimensional 13C exchange 
spectra, the initial ~3C transverse magnetization being derived from cross- 
polarization from 1H. It differs from the previously described reduced four- 
dimensional experiment only in that, prior to the Tmb mixing time, the 13C 
magnetization is transferred back to IH by cross-polarization, and the resulting 
1H :magnetization stored along z for the 7-mb mixing time. At the end of the 
mixing time, the 1H is transferred back to 13C in another cross-polarization 
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Fig. 25. Schematic pulse sequence for the reduced four-dimensional experiment to 
probe the spatial heterogeneity of molecular motions. 54'55 As for the experiment in 
Fig. 24, part A of the sequence selects out only signal from any slow components in the 
system. This experiment differs from that in Fig. 24 only in that the central mixing time, 
Tmb , provided to allow the motional timescale to change if it can, now allows IH IH 
spin diffusion instead, so that the size of the region with slow molecular motions may be 
estimated. The two other mixing times ~-m~ and Tnlc are equal. 

step, and the experiment proceeds as for the previous reduced four-dimensional 
experiment. During the Tmb mixing time in this new experiment, IH spin 
diffusion can occur, allowing spatial redistribution of the slow segment 
magnetization to spatial regions with faster motional processes. If  such 
redistribution occurs, the final two-dimensional exchange spectrum has 
significant off-diagonal intensity. Following the height of  the final stimulated 
echo at t4 :- t3 as a function of the mixing time Tmb allows the length scale of  
the dynamic heterogeneity to be assessed. If  the magnetization remains 
in motionally slow segments, the echo height approaches its theoretical 
maximum, but as the magnetization is transferred to other motional regions, 
the degree to which the 13C magnetization is refocused by the final two- 
dimensional exchange filter decreases, so the echo height reduces. The 
experiment was carried out 55 on poly(vinyl acetate) with 40% 13C enrichment 
at the carbonyl position, where it was found that the length scale of the 
dynamic heterogeneity was 3 nm :t: 1 nm. 

4.3. Improving resolution in exchange experiments 

Static exchange experiments can give immense amounts of  information on 
dynamical processes, but they suffer from an inherent lack of resolution. 
Clearly, this is not important  if there is only one chemical site for the observed 
nucleus, but it is critical if there is more than one site. Various experiments have 
been suggested in the review period to deal with this problem. 
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Perhaps the most comprehensive solution is the three-dimensional variable- 
angle, correlation spectroscopy (VACSY) exchange experiment. 56 A three- 
dimensional VACSY exchange experiment has been implemented before that 
relies on a change of spinning angle during a two-dimensional exchange 
experiment. This is technically difficult, and it limits the samples that can be 
studied, as the change of spinning angle takes a finite length of time and samples 
that have short spin-lattice relaxation times lose significant amounts of 
magnetization during this period. The new experiment 56 is much simpler to 
implement in that the change of spinning angle occurs only between successive 
two-dimensional exchange experiments, that is the experiment consists of 
recording two-dimensional exchange spectra at several different spinning angles. 

It can be seen from the following discussion that this can lead to a three- 
dimensional spectrum in which two-dimensional anisotropic exchange spectra 
for the different chemical sites are separated according to the isotropic chemical 
shifts; associated with the different sites. Consider first a two-dimensional 
VACSY experiment (Fig. 26), in which a simple FID is collected under sample 
spinning at different spinning angles. The signal acquired has the form 

F(t) = exp([c~i ÷ OJa(0, 4))Pz(cos/3)]t) (9) 

rf  
"el = t  

rotor 

Bo ~ ..........(ii~'C2 = P2(cos6) t 

Fig. ;!6. A schematic diagram of the normal two-dimensional VACSY experiment. 
FIDs (spin-k) are collected for different sample spinning angles, rfl. After appropriate 
processing, a two-dimensional frequency spectrum is produced in which the chemical 
shift anisotropy powder patterns are separated according to the isotropic chemical shift. 
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where Wi is the isotropic chemical shift, wa is the anisotropic chemical shift, 
dependent on the spherical polar angles 0 and ~b relating the chemical shift tensor 
principal axis frame to the applied field B0, 3 is the spinning angle (with respect 
to the applied magnetic field) and P2(cos3) is a Legendre polynomial that 
describes the scaling of the chemical shift anisotropy by the sample spinning at 
angle 3. Equation (9) can be rewritten as 

F(t) = F(7-1,7-2) = exp(wiT-i ) exp(wa(0, q~)7-2) (10) 

where T 1 = g and 7-2 = P2(cos 3)t. Equation (10) has the form of the signal from a 
two-dimensional experiment. Collecting a two-dimensional dataset for many 
values of ~-j, i.e. t, the time variable in the F1D of the experiment, and of 7-:, i.e. 
different P 2 ( c o s f ) t  obtained by collecting FIDs for different values of the 
spinning angle, 3, and subsequent processing gives a frequency spectrum with 
spectral coordinates wl and w2 corresponding to the time domain dimensions 
7-1 and 7-2. From Eq. (10), the frequency dimension wl contains resonances at wi, 
the isotropic chemical shift, and w2 contains frequencies wa(0, ~), i.e. powder 
patterns associated with the anisotropic chemical shift. Now consider a two- 
dimensional exchange experiment conducted at spinning angle 3 (refer to Fig. 19 
for definitions of the frequency and time variables). The resonance frequency for 
a given crystallite during tl is 

a21 = ~iP + Wla(0, &)P2(cos 3)P (11) 

where p is the coherence order during tj and can take values of + 1. Similarly, the 
resonance frequency during t2 is 

~22 = a2i + W2a(0, q~)P2(cos 3) (12) 

where only coherence order -1  is observed. Thus, the final signal observed is 

F(t l ,  12) = exp([wip + Wla(0, ~)P2(cos 3)p]tl)  exp([wi + W2a(0, ~b)P2(cos 3)t2) 

(13) 

This equation can be rewritten in a similar manner to Eq. (9) as 

F(tl, 12) = F(T1, r2, 7-3) = exp(wla(0, ~)7-1) exp(w2a(0, 6)7-2) exp(wi<~) (14) 

where 

7-1 ---- P2 (cos3 )p t  I 7-2 = P2(cos 3)g2 7-3 = p t  1 + g2 (15) 

Equation (14) has the form of  the signal from a three-dimensional experiment 
with the time variables defined by Eq. (15). The three-dimensional time 
domain dataset implied by these variables can be collected by recording 
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normal two-dimensional exchange spectra for different spinning angles, /3. 
The final three-dimensional dataset so obtained is then interpolated onto a 
regular Cartesian grid so that it can be Fourier transformed in the normal 
manner. In the resulting three-dimensional frequency spectrum, the (wl, c~2) 
plane contains two-dimensional exchange spectra (with projections of  
chemical shift anisotropy powder patterns on each of  the wl and c~2 axes) 
separated in the a~'3 dimension according to the isotropic chemical shift, c~i. 
Complete details of the processing for the three-dimensional dataset are given 
in reference 56. 

One of  the most ingenious experiments for improving resolution is the 
ODESSA (one-dimensional exchange spectroscopy by sideband alternation) 
experiment. 57 This experiment achieves resolution by slow magic-angle 
spinning so that the powder pattern for each chemical site is broken up 
into a series of spinning sidebands and, in being so, resolves the signals from 
each site. The experiment takes the form of a normal two-dimensional 
exchange experiment (Fig. 19) except that the variable delay tl is now fixed at 
half a rotor  period, rR/2, and the mixing time, Tin, is an integer number of  
rotor  periods. After transfer of the magnetization to the z-axis, the t~ delay of 
half a rotor  period causes the magnetization associated with the different 
spinning sidebands to be polarized in alternate directions at the beginning of 
the mixing time, rm. During the mixing time, dynamic processes redistribute 
the polarization, resulting in a modified spinning sideband pattern in t> 
Analysis of these spinning sidebands then allows details of  the reorientation 
proce, ss to be determined. Equations for simulating the spinning sideband 
patterns are derived in reference 57; each pattern consists of a sum of 
subspectra, one arising from those molecules that have not moved in the 
mixing time and others arising from molecules that have moved in some way. 
The experiment is applied to both 13C and 2H in dimethylsulfone (DMS) in 
this work. 57 

Another one-dimensional experiment, which improves resolution for spin-½ 
nuclei, is the CODEX N M R  (centreband only detection of exchange) 
experiment. 5s The pulse sequence for this experiment is shown in Fig. 27. It 
is carried out under rapid magic-angle spinning, so that only the centrebands at 
the isotropic chemical shift for each chemical site remain in the spectrum. For 
an initial N/2 rotor periods, the spins evolve under the anisotropic chemical 
shift, which is refocused through the magic-angle spinning by two 180 ° pulses 
per rotor cycle. The magnetization is then stored along z as usual in an 
exchange experiment, for a mixing time that is an integral number of rotor 
periods. The magnetization is then returned to the transverse plane and allowed 
to evolve for a further N/2 rotor periods under the anisotropic chemical shift 
(by virtue of two 180 ° refocusing pulses per rotor cycle again). Finally a zero- 
quantum or z-filter is used to remove the effects of unwanted coherences. If 
there is no molecular reorientation during the mixing time, the (anisotropic) 
chemical shift associated with a given crystallite is the same before and after 
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Fig. 27. The pulse sequence for the one-dimensional CODEX (centreband only 
detection of exchange) for spin-½ nuclei. 5s The experiment is conducted under rapid 
magic-angle spinning, so that only isotropic signals are recorded in the FID. The broad 
pulses are 180 ° pulses; the narrow ones are 90 ° pulses. All the gaps between the 13C 
180 ° pulses are rR/2, where rR is the rotor period. The mixing time rm and z-filter delay 
A are both integral numbers of rotor periods. The series of l3C 180 ° pulses either side of 
the mixing time refocus the chemical shift anisotropy during these periods. Any motion 
during the mixing time, ~-m then prevents complete refocusing of the chemical shift 
anisotropy at point X, immediately prior to recording the isotropic FID. This results in 
a loss of intensity in the corresponding isotropic signal. Repeating the experiment for 
different mixing times % then allows the correlation time for the motion to be 
determined. Varying N, the number of rotor periods for which the chemical shift 
anisotropy is refocused, and/or ~-R, the rotor period, allows the geometry of the motion 
to be determined. 

the mixing time. Then, the evolution under the reintroduced chemical shift 
anisotropy is refocused at the end of the second sequence of N/2 rotor periods. 
If, however, the chemical shift changes during the mixing time as a result of 
molecular reorientation, the chemical shift anisotropy is not completely 
refocused at this point. The resulting dephasing is observed as a decrease in the 
intensity of  the isotropic chemical shift line observed via the recorded FID. The 
signal from immobile sites is removed from the final spectrum by subtracting a 
reference spectrum containing only signals from immobile sites, so that this 
final spectrum contains only intensity from sites that have suffered reorienta- 
tion during the mixing time, rm. The reorientation rate can be determined by 
varying rm in the normal manner for exchange spectra, and the reorientation 
angle by varying N&R, where 6 is the chemical shift anisotropy and rR is the 
rotor period. Thus, the reorientation rate can be found from plots of the 
CODEX intensity (for each site) as a function of rm, while the reorientation 
angle is determined from plots of the CODEX intensity as a function of N6rR. 
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Trials on DMS ss show that the CODEX intensity is a very sensitive function of 
these parameters, allowing very accurate determination of  the motional details. 

5. POLYMERS 

In the review period there have been several extensive reviews of N MR applied 
to polymers, which include studies of molecular dynamics in such systems. 59'6° 
In addition, a book on the subject has been published 2° that is essential reading 
for anyone interested in this area. 

The solid-state NMR techniques that are primarily used on polymers reflect 
the fact that motions of the polymer backbone are often relatively slow, with 
correlation times of the order of milliseconds to seconds. Accordingly, the main 
techniques used are two-dimensional exchange, both static 61 66 and magic-angle 
spinning 67"68 versions, with 13C and 2H; rotating frame relaxation (Tip) 69 73 and 
transverse relaxation (T2) 7° measurements and some 2H lineshape analysis. 74 77 
One particularly interesting application of 2H lineshape analysis is the 
investigation of why 1,4-bis(1,3-octadecadiynyl)benzene cannot be made to 
undergo solid-state polymerization. 7v The study found that the motion of the 
monomers is simply too restricted at all temperatures to allow the molecules to 
attain the alignment needed for polymerization. 

Spin-lattice relaxation measurements (T1) are also common, 78 83 though 
these of course monitor more rapid motions. Spin lattice relaxation times have 
nevertheless proved a simple but effective means of distinguishing different 
structural regions within polymer samples, i.e. crystalline and amorphous 
regions and interfacial regions between crystalline and amorphous parts. 

Two-dimensional wideline IH spectroscopy (WISE) (see Section 2) is used 
to identify regions of high mobility (amorphous regions) from regions of 
low mobility (crystalline regions), s4,Ss One particular study 86 examined the 
molecular mobilities in polyrotaxanes prepared by polymerizing acrylonitrile in 
the presence of 60-crown-20. For  the resulting poly(acrylonitrile)n-rotaxa-(60- 
crown-20)x with x/n = 0.01, the 60-crown-20 was, with WISE experiments, 
found to be phase separated, amorphous and highly mobile. A second less 
mobile region was identified and attributed to an interfacial region between the 
two components. In this particular system, the glass transition of the 
poly(acrylonitrile) was undetectable by DSC (differential scanning calorime- 
try), so 1H N M R  was employed instead to identify this transition. 

Dipolar filter techniques (see Section 3) are becoming more common for 
examining regions of different mobility in polymers, s7 In one particular study, 8s 
a dipolar filter is used initially to select JH spins from mobile regions of core -  
shell latex systems. Dipolar filters of increasing strength are then applied so 
as to obtain a characteristic decay curve for each sample. This enabled the 
mobJility of the various components in the system to be compared with the 
respective pure substances, so that the effect of mixing could be assessed. 
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Another study used the VACSY experiment discussed in Section 2.2 to examine 
the molecular motion in the crystalline region on poly(e-caprolactone) via 
lineshape analysis of 13C chemical shift anisotropy powder patterns. 79 

One of the biggest advances was in the development of experiments to 
examine the dynamic heterogeneity in polymer systems, particularly close to 
the glass transition. As discussed in Section 4, NMR experiments performed on 
polymer systems in this phase region generally result in the conclusion that 
there exists a distribution of motional correlation times. 89 91 The question is 
then how to interpret this distribution. It could reflect a spatial heterogeneity, 
or a molecular motion with an intrinsically nonexponential correlation 
function, or could arise from the dynamics at any given polymer segment 
changing with time. Three- and four-dimensional exchange and stimulated 
echo experiments have been developed to answer these questions as discussed 
in Section 4, and result in very detailed descriptions of the molecular dynamics 
in a polymer system, and in particular of the rate "memory' within the 
system.92 96 

The reasons for examining polymer dynamics are many and varied. There 
has been much emphasis of late in identifying the molecular processes 
underlying c~- and ~-relaxation processes in polymers, as described elsewhere in 
this review.19' 97 The segmental reorientation related to the c~-relaxation process 
near the glass transition in supercooled poly(vinyl acetate) was examined using 
two-dimensional 13C echo measurements. 98 It was found that the dynamics 
consisted of a superposition of ~10 ° angular jumps and rotational diffusion, 
both processes being related to the c~-relaxation process. Related to this is a 
truly novel experiment in which 2H powder lineshapes were used to monitor the 
relaxation behaviour of stress on a polymer (polybutadiene with 4-(3,5-dioxo- 
1,2,4-triazolidin-4-yl) benzoic or isophthalic acid units randomly attached) 
while the polymer was being subjected to a strain in a step-strain experiment. 99 

There is also considerable interest in examining the changes in molecular 
dynamics that occur upon curing as a result of  increased cross-linking, ~°° or 
that occur upon blending. ~°L ~02 In one example, the effects of complexation 
on the mobilities of the individual components in a poly(acrylic acid)/ 
poly(ethylene oxide) complex are studied via 13C T2 measurements. 1°3 In 
another, 13C TI~, measurements are used to monitor the effects of blending on 
molecular motion in poly(ethylene oxide)/poly(vinylphenyl) blends; here, 
blending was found to affect the proportion of phenyl rings undergoing 
librational motions, in addition to other effects on the polymer main chains.l°4 
The effect of the mode of crystallization of polymers upon the molecular 
mobility in the final material has also been investigated. 1°5 

A new area that has been examined is that of molecular dynamics in 
polyelectrolytes, 1°6 where the molecular motions responsible for the glass 
transition have been identified. Another interesting study is the effect of 
molecular motion upon the ingress of solvent into polymer material, as a 
function of  cross-linking density, l°7 In the particular case studied, of dioxane 
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diffusing into polystyrene, it was found that the density of cross-linking 
affected the phenyl ring motion, which in turn determined what type of  
diffusion process dominated. 

6. BIOLOGICAL MATERIALS 

The interest in studying biomolecules in the solid-state with N MR has grown 
hugely in the last five years, and this is fast becoming a dominant area of study. 
Most of the work to date aims at elucidating molecular structures by solid-state 
NMR,  which is outside the scope of this review. However, there have been a 
significant number of motional studies, some of which show real promise for 
the utility of  dynamic N M R  studies in solid biological samples.l°8 For many 
biomolecules, local internal molecular dynamics are important to the biological 
function. In solution-state studies, it can sometimes be difficult to separate 
whole-molecule reorientations from local oscillations. Solid-state studies 
largely circumvent this problem in many cases by reducing the rate and 
amplitude of whole-molecule rotations to a level where they have little effect on 
NMR. spectra. 

One of the principal areas of interest is, not surprisingly, the study of liquid- 
crystal-like phospholipid bilayers, which, at least to some extent, model 
phospholipid membranes in naturally occurring systems. Solid-state N MR has 
been used to examine the effect of binding proteins, carbohydrates and other 
specie.s to phospholipid bilayers, in the form of liposomes in aqueous medium. 
A typical study is that examining the effect on phospholipid dynamics of 
adding myosin or casein to liposomes consisting of pure dimyristoyl- 
phosphatidylcholine (DMPC) or DMPC and dimyristoylphosphatidylglycerol 
(DMPG) in 1 : 1 molar ratio. 1°9 Two differently labelled DMPC molecules were 
used m the study, one with the headgroup a and/3 hydrogens deuterated (d4- 
DMPC) and one with the 7 hydrogens deuterated (dg-DMPC), so that different 
regions of the headgroup could be studied separately. Any changes in the 
DMPC motion are then detected via changes in 2H lineshapes or 2H T1. There 
was no change to any 2H N M R  parameters when myosin was added to the 
pure DMPC liposomes, but in the D M P C / D M P G  liposomes changes were 
observed in both the 2H quadrupole splittings and T1 times for all DMPC 
headgroup segments. The interaction of the myosin was suggested to be 
electrostatic via the positively charged lysine residues located in the tail domain 
of myosin. /7-Casein was found to interact with both DMPC and DMPC/ 
D M PG liposomes, although the interaction was more pronounced with the 
charged liposomes. 

Another study on this same theme examined the effects of trehalose, glucose 
and hydroxyethyl starch on the motional properties of the phosphate 
headgroup of freeze-dried dipalmitoylphosphatidylcholine (DPPC) liposomes, 
this time employing 31p NMR.110 The work aimed to examine whether there 
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was any correlation between the glass-forming tendency of the carbohydrate 
and the effect of the carbohydrate on the motions of the phospholipid 
headgroup. 3~p chemical shift anisotropy lineshapes were studied as a function 
of temperature; trehalose, which is a strong glass former, was found to elevate 
the onset of headgroup rotations. Moreover, it preserves the mobility of the 
phosphate headgroups after cooling from the liquid-crystal phase. Hydroxy- 
ethyl starch, on the other hand, has little effect on the headgroup dynamics, 
despite being a good glass former. Glucose is a very effective depressant of the 
phase transition temperature of freeze-dried DPPC and elevates the onset of 
headgroup rotations. However, it does not preserve the headgroup disordering 
when cooled from the liquid-crystal phase. An earlier very detailed study also 
used 31p NMR, this time to examine the interaction of cytochrome c with 
phospholipid bilayers.lll This work utilized 31p T1 relaxation times in addition 
to chemical shift anisotropy lineshapes. 

Another study examined the effect of the anaesthetic steroid alphaxalone 
and its inactive congener, ~516-alphaxalone in DPPC model membranes via 13C 
cross-polarization, magic-angle spinning experiments. I12 Here, 13C N MR 
spectra of the alphaxalone-containing membrane show a pretransition region 
before the main phase transition. Furthermore, 13C chemical shift changes 
show that the populations of trans and gauche isomers of the lipid alkyl chains 
vary with temperature, presumably through some dynamic process. The 
respective ~3C NMR  spectra of the alphaxalone- and 616-alphaxalone-contain- 
ing membranes show that the two molecules have very different mobilities in 
the phospholipid bilayers, which may go some way towards explaining their 
different biological effects. 

Small amounts of non-ionic surfactant (tetraethyleneglycol mono-n-dodecyl 
ether) are found to have a pronounced effect on DPPC bilayers. 113 In 
particular, the order parameter of the lipid chains measured via 2H N MR is 
found to be significantly reduced, suggesting that the slower chain motions are 
affected by the surfactant. Tl studies, though, show that the high-frequency 
motions, which are dominated by kink motions of the lipid chains, are 
unaffected. 

Another important area of dynamic studies in biological samples is the effect 
of hydration upon molecular mobility in proteins and carbohydrates. The 
reason for these studies is primarily that protein dynamics, in particular, are 
crucial to their function, and so examining factors, such as the degree of 
hydration, that affect their dynamics is very important. However, it is 
obviously near-impossible to study dynamics in aqueous solution as a function 
of degree of hydration, and, since most proteins are not soluble in nonaqueous 
solvents, solid-state studies must be used. The motions at three methionine 
(Met) residues in Streptomyces subtilisin inhibitor (SSI) were studied with 2H 
N MR using a sample in which the Met residues at two crucial enzyme 
recognition sites (PI and P4) were specifically deuterated, along with one in the 
hydrophobic core. 114 The motions of the Met side-chains were then examined 
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in crystalline and powder samples as a function of hydration. Immediately after 
lyophilization, the 2H lineshapes showed that the motions of all three Met side- 
chains were effectively quenched. However, as the hydration level is increased, 
the methyl group axes in the Met residues at the P1 and P4 sites undergo 
orientational fluctuation. This increases in both amplitude and frequency as 
the hydration increases, so that, near to saturating hydration, the rate of 
reorientation is of the order 10 6 Hz. Meanwhile, 2H T1 studies yield correlation 
times for methyl group threefold rotations between 10 s and 10 -l° s, which are 
comparable with those in solution. 

Another study used IH TI, T2 and 13C T1, Tip measurements to assess the 
molecular dynamics in dry and wet solid proteins: bacterial RNAase, lysozyme 
and bovine serum albumin.115 All relaxation time data were analysed assuming 
three components for the molecular motion: methyl group rotation and slow 
and fast oscillations of all atoms. An inhomogeneous distribution of 
correlation times was found for all samples, not surprisingly given the 
inhomogeneous nature of the samples. Interestingly, it was found that 
dehydration affected only the slow internal motions of the proteins and that 
the fast ones remained unaltered. 

The one-dimensional exchange experiment ODESSA (see Section 2.4) was 
used in a study of the effects of hydration in the protein barstar and the 
polypeptide polyglycine. ~6 For  the experiments on barstar, a uniformly 
labelled 15N sample was used, and natural-abundance 13C was used for 
poly~glycine. Only the wet barstar sample showed any signs of molecular 
reorientation in this case, with correlation times between 50 and 100 ms. 

Studies of dynamics in wet and dry carbohydrates have also been performed. 
Slow motions of polysaccharide chains in native starch and retrograding starch 
gels were monitored with two-dimensional 2H exchange and stimulated echo 
experiments, j17 The effects of hydration on the dynamics of/3-cyclodextrin 
polymers have been examined with 13C T1 and 1H T O measurements, lls and 
WISE experiments were used to probe the effects of hydration on 
polysaccharide chains in maize starch forms A and B. 119 

Another very interesting area concerns the study of molecular dynamics in 
DNA oligomers. Any dynamics at a molecular level must have some effect on 
the DNA sequence-specific recognition, if only in so far that incoherent motions 
between a protein and its docking site on DNA make the probability of binding 
much smaller. 2H NMR has been used to study the local mobility at the C9pGl0 
step (see Fig. 28) in the DNA dodecamer [d(CGCGAATTTCCCG)]2.12° The 
study concludes that the furanose ring and helix backbone of dC9 display large- 
amplitude motions on 0.1 ms timescale for hydration levels characteristic of the 
B form structure (i.e. the biologically active form), though both the rate and 
amplitude of the motions are dependent on the degree of hydration. One 
particularly important result from this work is the finding that the amplitudes of 
local reorientational motions of the C - D  bonds in the furanose ring and 
backbone of dC9 are larger than those of the C D bonds in the cytosine base of 
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Fig. 28. The C9pGl0 step in the DNA dodecamer [d(CGCGAATTTCCCG)]2. Shown 
is the C9 nucleotide, with its cytosine base, furanose ring and linking phosphate group 
(C9pG10) which forms the phosphodiester backbone. The hydrogens in bold are the 
ones deuterated in the study of reference 120. 

dC9. Therefore, the nucleotide unit does not move as a rigid entity but intersects 
a locally flexible region of  the phosphodiester backbone. A similar study was 
performed on an RNA oligonucleotide, for which 2H T1 measurements were 
also used. ~21 

In other studies, monitoring molecular dynamics can give vital information 
on bonding within biomolecules. In methyl-d3-cobalamin, measurements of the 
anisotropic 2H T1 yields detailed information on the methyl group rotation 
(threefold jump, rather than rotational diffusion, with an activation energy of 
8.3 + 1.3 kJmol J).122 The energy barrier to the motion will clearly depend on 
the electronic character of the C o - C  bond. Thus, it was proposed 125 that 
following changes in the activation energy for methyl group could probe 
changes in electronic character of the C o - C  bond that accompany its 
biological role in enzymes such as methionine synthase. 

The hydrogen bonding of serine side-chains in Bombyx mori and Samia 
cynthia ricini silk fibroin has been examined by looking for restricted mobility, 
which is presumed to arise from hydrogen bonding. 123 2H lineshapes (using 
[3,3-2H2]serine-labelled samples) were used to monitor serine side-chain 
motions. The lineshapes could be simulated assuming that 25% of the serine 
side-chains were undergoing rapid three-site motion and the remaining 75% a 
slow exchange between sites of unequal occupation with a small angle of 
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librafion. The former component can be assumed to be uninvolved in hydrogen 
bonding, while the latter presumably has some degree of hydrogen bonding. 

Reference 48, discussed previously in connection with 2H T1 anisotropy 
measurements, represents an example of using molecular dynamics to infer 
details of molecular structure. 

7. H O S T - G U E S T  COMPOUN D S  

A vast range of guest molecule motions in inclusion compounds, zeolites and 
clay minerals have been studied over the years since solid-state N MR became 
more', widely available in chemistry laboratories. 

In the case of inclusion compounds, studying the dynamics of the guest 
molecule as a function of temperature, and indeed as a function of guest 
molecule, can reveal valuable information on the interaction between host and 
guest. This in turn yields some insight into the factors determining the stability 
of the inclusion compound. 

Zeolites and related materials are used as molecular sieves and catalysts, so 
mow~ment of molecules inside zeolite channels and cages is clearly an 
important  subject. However, the motions of  interest in this case would be 
largely translational. Such motions cannot be studied by solid-state NMR; 
only those motions that involve a specific change of molecular orientation or 
change of molecular site sufficiently drastic to cause a change in isotropic 
chemical shift can reasonably be studied by solid-state NMR. There are 
innumerable examples in the literature of solid-state N M R  studies of the 
dynamics of small organic molecules in various zeolites, the vast majority of 
them being 2H lineshape analyses. It has to be said that the motivation behind 
manly of these studies is not obvious. It can reasonably be argued that 
studying the host dynamics in such systems gives generic information on the 
potential exerted by the host, which is then useful in understanding sieve and 
catalytic properties. However, to gain this type of detailed information, one 
would need to perform dynamic studies at many different guest loadings. All 
guest molecules in zeolite systems have preferred occupation sites and may 
well even have preferred orientations. Studies at a single guest concentration 
will probe only those sites then occupied. Only by varying the loadings 
can large parts of  the channel/cage system really be explored, by forcing 
mole, cules into all parts of the host system and varying the populations at any 
one site. Moreover, interactions between guest molecules will also affect any 
N M R  spectrum, and such effects cannot be extracted from hos t -gues t  
interactions if only single guest loadings are studied. 

In the review period, studies on zeolite systems have proceeded much as 
before; 2H NMR  lineshape studies still predominate. However, the organic 
guest molecules now being considered are larger than previously. This brings 
with it added complications for the 2H lineshape analysis, at least for uniformly 
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labelled molecules. There are in general several different 2H sites in the organic 
molecule, each of which contributes to the observed 2H powder pattern. Add to 
this the fact that there may be several different sites within the zeolite for the 
guest molecule, each having different molecular dynamics associated with it, 
and it soon becomes apparent that unambiguous analysis of the net 2H 
lineshape is highly unlikely. There are many examples in the literature of the 
review period where broad, rather featureless 2H powder patterns, arising from 
the sum of contributions from many different 2H sites, are analysed in terms of 
very detailed and specific motional models. Often, the possibility of different 
sites for the guest molecule is overlooked completely. In consequence, there are 
many studies in this area that cannot really be said to contribute any useful 
insight into the systems studied. One clear exception to this 124 (and there are 
others) examines the reorientational mobility of n-hexane and n-pentanol in 
Dianin's compound and in zeolite 5A. This work begins by using molecular 
mechanics calculations of the host-guest  systems to produce minimum-energy 
structures, and then molecular dynamics calculations (20-100 ps trajectories at 
temperatures of 300 K and 77 K) to identify the fast motions in the system at 
the temperatures of calculation. This process yielded the following results for 
the Dianin inclusion compounds: 

• The all-trans conformation of both guest molecules was maintained 
throughout the simulation period, but the molecular axis jumped several 
times between three symmetry-related sites; this corresponds to a rate of 
101°-1012 S I. 

• The methyl groups of both guest molecules rotated, though this process 
was slower than the molecular reorientation described above. 

• For  the pentanol hydroxyl group, the hydrogen atom is preferentially in 
the gauche conformation and exhibits g~ - g  jumps. This process was 
faster than any other and the only one exhibited at 77 K. 

Similar detail was extracted for the zeolite host-guest  system. These 
motional details were then used as the starting point in 2H lineshape analyses. 
The fact that at least the fast motions at each temperature can be assumed to be 
similar to those found in the molecular dynamics calculations goes a long way 
to removing ambiguity from the analysis. Furthermore, the sites of the guest 
molecules can be taken from the molecular dynamics calculations. This 
particular work took the form of a 'proof  of concept', and indeed showed very 
clearly that the 2H lineshapes in the fast motion limit could be analysed 
assuming the motions deduced from the molecular dynamics calculations. The 
2H lineshapes at lower temperatures were then successfully simulated assuming 
that these motions slowed down. Slower motions present in the system would 
not, of course, be picked out by the molecular dynamics calculations. However, 
the contributions of the fast motions to the :H lineshapes can be extracted out 
with the aid of the molecular dynamics calculations, so leaving only the slow 
motions to be determined from the 2H lineshapes. 
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In summary, for this area to move forward, methods need to be introduced 
to provide information additional to 2H lineshapes when studying more 
complex systems. Calculations such as those just described are one real 
possibility; experimental possibilities include use of magic-angle spinning 2H 
NMR,  and using the full anisotropy of 2H Tx measurements and 13C NMR. A 
very nice illustration of the use of several different techniques in a motional 
study examined the slow alkane motions in a urea/alkane inclusion compound 
via 21-1 relaxation measurements, selective inversion experiments and two- 
dimensional 2H exchange. 125 

8. ORGANOMETALLIC C O M P O U N D S  

Molecular dynamics in organometallic compounds is a potentially important 
area, as it can influence the course of solid-state reactions, and there are many 
such reactions known for organometallic compounds. Studying molecular 
dynamics can also give useful information on both intra- and intermolecular 
interactions, which between them govern molecular dynamics. This subject has 
been reviewed extensively elsewhere.126 

A particularly good example of such use is in the investigation of agostic 
hydrogen interactions. 127 Interactions of/3-hydrogens in alkyl ligands with 
metals in organometallic complexes are well documented. There is some 
controversy over whether agostic c~-hydrogen interactions exist. If such 
interactions do exist, they might explain, for instance, the enhanced acidity of 
some alkyl complexes of tantalum and tungsten, and their tendency to form 
alkylidene complexes on addition of base. However, the evidence for agostic 
c~-hydrogen interactions in monomeric complexes is slim at present. This 
particular study examined the motions of the methyl ligands in [W(~/5- 
CsMes)Me4] [PF6] (Fig. 29). This tungsten complex is trigonal bipyramidal, 
with one axial and three equatorial methyl ligands. In one sample, the methyl 
ligands were a3C-enriched. The 13C N M R  spectra showed a temperature- 
dependent line broadening of the axial methyl ligand signal, as a result of 
interference between the 1H decoupling and methyl group motion. 128 This 
type of effect occurs when the rate of motion is comparable to the ~H 
decoupling nutation frequency, and so this experiment in itself gives an 
indication of the rate of the axial methyl ligand motion. This motion was 
examined in more detail with XH lineshape analysis and 2H T1 measurements. 
The anisotropy in the 2H TI indicated that the methyl group motion consisted 
of discrete three-site hopping, rather than continuous rotational diffusion. 
Detailed analysis of the partially relaxed 2H lineshapes from inversion 
recovery experiments at higher temperatures and quadrupole-echo lineshape 
analysis at lower temperatures gave motional rates of 10 v s -1 at 297 K and 
103 s 1 at 348 K. The activation energy for the axial methyl ligand rotation 
was determined to be 26.8 :t_ 1.7 kJ mol 1. This is very high, the activation 
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Fig. 29. The structure of the [W(rlS-CsMes)Me4] + cation. 

energies for methyl group rotations normally being between 8 and 
12kJmol-~; indeed that for the equatorial methyl ligand rotation is 
determined to be 10.9 + 0.4 kJ tool -1 from this same study. This may indicate 
that the axial methyl ligand is involved in some sort of agostic hydrogen 
interaction with the tungsten. This same work 127 also examined methyl ligand 
exchange in the [W(r/5-CsMes)Me4] + complex via selective 13C inversion 
recovery experiments. The axial methyl 13C resonance was selectively inverted 
using a DANTE pulse sequence. Any decrease in intensity of the equatorial 
methyl signal as the axial methyl signal recovers then indicates that 
magnetization has transferred from equatorial to axial ligands. At tempera- 
tures below room temperature, the equatorial methyl ~3C signal certainly 
show decreases in intensity as the axial signal recovers, but these changes in 
intensity are independent of temperature, indicating that the dominant 
process here is one of spin diffusion. Above room temperature, however, 
temperature-dependent intensity changes occur. From the timescale of the 
inversion recovery experiments, this shows that axial equatorial ligand 
exchange occurs on the timescale of 1 5 s. Another interesting point arising 
from this work 127 is the fact that the 2H powder lineshape from the equatorial 
methyl ligands shows a pronounced asymmetry in the fast-motion limit of 
methyl group rotation. This probably arises from these methyl groups being 
distorted from local threefold symmetry, presumably as a result of 
interactions between ligands, or maybe even agostic hydrogen interactions 
between the equatorial methyl ligand hydrogens and the metal. 

Another interesting study examines the exchange of carbonyl ligands in 
Cr(r/6-arene)(CO)3 complexes. 13° The CO ligand dynamics were studied 
through 13C chemical shift anisotropy sideband patterns from magic-angle 
spinning experiments. It was found that the relative ease of CO exchange 
depends upon the methyl substitution of the arene ring, with the exchange 
being more facile in complexes with less-symmetric rings. Whether this effect is 
due to differences in the metal ligand bonding or in intermolecular packing is 
not clear. 
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ABBREVIATIONS AND SYMBOLS 

a 

A(f) 
ak 

Ak 
am 

b 
B0 
b~ 
C 

C, C k 

CW 
D(f) 
DFT 
DMPC 
E(m) 

e(t) 
ESR 

F 
F T 

fo 
S~ 
f i  
A 
fQ 
FD 
FFT 
FID 
FT 
FWHM 

g(f) 
c(t) 
gG(f) 

gL(f) 

gR(.f) 

Voigt parameter (also a parameter associated with exchange 
narrowing) 
Vector of prediction coefficients 
Absorption signal in the frequency domain 
Amplitude of the kth component in the frequency domain 
Amplitude of the kth component in the time domain 
Linear prediction coefficient 
Half width of rectangular lineshape 
Magnetic induction of the main magnetic field 
Damping factor 
Vector of complex coefficients 
Amplitude or complex amplitude 
Continuous wave 
Dispersion signal in the frequency domain 
Discrete Fourier transform 
Dimyristoylphosphatidylcholine 
Energy of the state whose z component of angular momentum is 
hm 
White noise (zero mean, normally distributed) 
Electron spin resonance (also known as electron paramagnetic 
resonance (EPR)) 
Matrix of basis functions 
Transpose of F 
Frequency of the centre of a resonance in Hz 
Frequency parallel to the axis of symmetry 
Frequency perpendicular to the axis of symmetry 
Basis function 
Rescaled quadrupolar coupling constant 
Frequency domain 
Fast Fourier transform 
Free induction decay 
Fourier transform 
Full width at half maximum height 
Normalized lineshape function in the frequency domain 
The Fourier transform of g(f) 
Normalized Gaussian lineshape function as a function of 
frequency 
Normalized Lorentzian lineshape function as a function of 
frequency 
Normalized rectangular lineshape function as a function of 
frequency 



N M R  LINESHAPES AND LINESHAPE FITTING PROCEDURES 61 

h 
l 

HLSVD 
HSVD 
HTLS 
i 
I 

1(f) 
IR 
J12 

K 
k 
LP 
LPSVD 
LPTLS 
LS 
M 

m 

M(f) 
M~ 
~x 

MEM 
MRS 
N 
/7 

NAA 
NMR 

P 
P(f) 
P(.,:) 
Q 
Q(x) 
QR 
g 

RF 
r m s  

S(p) 
SNR 
SVD 
T2 

Planck constant 
Hamiltonian operator equal to a +/3 
Hankel Lanczos singular value decomposition 
Hankel singular value decomposition 
Hankel total least-squares 
Square root of -1  
Nuclear spin quantum number 
Intensity function for a powder lineshape 
Infrared 
J-coupling 
Number of signal components 
Denotes kth signal component 
Linear prediction 
Linear prediction singular value decomposition 
Linear prediction total least-squares 
Least-squares 
Linear prediction length (also degree of polynomial P(x) and 
number of parameters) 
Denotes mth linear prediction coefficient 
Magnitude signal in the frequency domain 
nth moment of the lineshape 
Operator corresponding to the x component of the magnetiza- 
tion 
Maximum-entropy method 
Magnetic resonance spectroscopy 
Number of data points (also degree of polynomial Q(x)) 
Denotes nth data point 
N-acetylaspartate 
Nuclear magnetic resonance 
Probability 
Power spectrum 
Polynomial of degree M 
Nuclear quadrupole moment 
Polynomial of degree N 
Householder triangularization 
Fractional parameter giving proportion of Lorentzian lineshape 
Radiofrequency 
Root mean square 
Entropy function 
Signal-to-noise ratio 
Singular value decomposition 
Transverse relaxation time 
Effective transverse relaxation time 
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TD 
TDFD 
TLS 
tn 

Uk 
V 

v ( f )  
v'(.f) 
Vk 
VARPRO 
voxel 
W 
WG 
WL 
X 

X 

Xt, X,. 
Xn 

2. 
Z 

Zk 
Ct 

.% 
zx] 
A t  
Aco 

Ak 
(9- 

O-ii 

T A  

,-i- c 

Ck 
X 
x I 
~ t t  

~f 

CO, O0 k 

CO i i 

COil 
b.)± 

Time domain 
Time domain-frequency domain 
Total least-squares 
Time of nth sample 
Result of singular value decomposition 
Electrostatic potential 
Voigt function 
Approximation to the Voigt function 
Result of singular value decomposition 
Variable projection method 
Volume element 
FWHM of a Voigt lineshape function (Hz) 
FWHM of a Gaussian (Hz) 
FWHM of a Lorentzian (Hz) 
Data vector 
Data matrix 
Left and right decomposition of X 
nth experimental data point 
nth model data point 
Matrix of signal poles zk 
Signal pole 
First Euler angle (also a term in a Hamiltonian) 
Second Euler angle (also a term in a Hamiltonian) 
Gyromagnetic ratio of a nucleus 
General nonlinear parameter 
Total anisotropy in frequency units (Hz) 
Sampling period 
Total anisotropy 
Deformation (also Lagrange multiplier) 
Result of singular value decomposition (singular value matrix) 
Standard deviation 
Principal axes values of the chemical shielding tensor 
Lifetime of a nucleus in state A 
Correlation time associated with diffusion 
Phase 
Static quadrupole coupling constant 
Real part of the magnetic susceptibility 
Imaginary part of the magnetic susceptibility 
SNR in the frequency domain 
SNR in the time domain 
Angular frequency 
Angular frequency tensor component 
Angular frequency parallel to the axis of symmetry 
Angular frequency perpendicular to the axis of symmetry 
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1. INTRODUCTION 

This report on lineshapes and lineshape fitting procedures is intended to give 
an appropriate overview for use by someone commencing research in this area. 
For  this reason, references to text books are given and original articles are cited 
to facilitate the examination of concepts by research workers. Although many 
of  the details given relate to NMR, the principles cover numerous applications, 
including x-ray, infrared (IR), electron spin resonance (ESR) and astronomical 
spectra. The area of each line in the frequency domain (FD) is proportional to 
the quantity of a particular entity, whereas the shape and width of a line reveal 
information about relaxation processes. Hence, in order to extract as much 
information as possible from the data, an accurate and reliable fit must be 
made to each resonance line. 

In order to obtain the most satisfactory fit in the presence of noise, it is 
advantageous to make use of as much prior knowledge about the component 
lineshapes as possible. In the case of high-resolution solution NMR, the spectra 
carl normally be assumed to be a superposition of Lorentzian lineshapes. In 
other cases, much more complicated lineshapes can be involved. 

If more than one line-broadening mechanism, such as magnetic field 
inhomogeneity, is present, then the resulting lineshape consists of the 
convolution of the intrinsic lineshape, such as a Lorentzian, with each of the 
line-broadened lineshapes. In general, this can lead to extremely complicated 
lineshapes. The observed shape of the continuous wave (CW) N M R  lineshape 
under various conditions of modulation amplitude, radiofrequency (RF) level, 
sweep rate and filter time constant has been studied extensivelyJ -4 For simple 
saturation and measurement conditions, such as slight saturation under 
intermediate passage conditions, the effects are readily described in terms of the 
Bloch equations. 5'6 For  more complicated saturation and measurement 
conditions in CW NMR,  the Provotorov theory 7'8 is required. It should be 
noted that the absorption signal is proportional to the imaginary part of the 
magnetic susceptibility, X", whereas the dispersion signal is proportional to 
the real part of the magnetic susceptibility X'. Since ~" and X ~ are related by 
the Kramers -Kron ig  relations, they are not independent. 9 Under conditions of 
negligible saturation in a slow passage CW measurement, ~"  is proportional to 
the lineshape function g(f).5 The conditions under which the pulse measure- 
ments are identical to the Fourier transform (FT) of the CW measurements in 
the high-temperature limit have been discussed extensively. 10-12 This report will 
deal mainly with lineshapes arising from the use of pulsed NMR, because of the 
current almost universal usage of pulsed NMR. 

If, in a pulsed N M R  experiment, the steady magnetic induction 13 Bo is applied 
along the z-direction and the oscillating component of the magnetic induction, 
B1 is applied along the x-direction in the rotating frame, 14 then the free induction 
decay (F1D) observed along the y-direction, detected in the in-phase channel in 
quadrature detection, is proportional to G(t), the Fourier transform ofg( f ) ,  9 and 
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is known as the absorption signal in the time domain, A(t). The corresponding 
signal in the quadrature channel is the corresponding dispersion signal D(t).15-17 
Normally, NMR spectra are displayed in the form of the absorption signal 
in the frequency domain, which is proportional to g(f) .  Sometimes, however, 
the magnitude spectra is M ( f ) = - [ A ( f ) 2  + D(f)2] 1/2 or the power spectra 19 
P ( f )  = M ( f )  2 are displayed, both of which give signals that are broader than 
the corresponding absorption signals and lack any phase information. 

Many methods for the fitting of  data obtained from pulsed N MR have been 
described in the literature. The methods may, for example, be classified as 
either time domain (TD) or FD methods. Alternatively, they may be described 
as black-box methods or as interactive methods. An excellent review is given by 
de Beer and van Ormondt. 2° There is now a consensus 21 that FD and TD fitting 
methods are equivalent in terms of ~2 parameter estimation if potential 
artifacts introduced by Fourier transformation are handled properly. TD and 
FD fitting can truly be equivalent (i.e. same X2 minima) if X 2 is determined 
over the whole data range (a consequence of the power theorem on the Fourier 
transform) and if the model used to fit the experimental spectrum is correct. 
Very often, however, the model used is only an approximation. 

Several algorithms for the least-squares fitting of high-resolution NMR 
spectra have been developed, where a Lorentzian lineshape is normally 
assumed. 22 The corresponding computer programs yield the centre frequencies 
of the transitions and the scalar coupling constants. An excellent review of both 
FD and TD fitting is given by Gesmar et al. 23 As pointed out in another excellent 
review by Stephenson 24 of linear prediction (LP) and maximum entropy 
techniques, LP works well only for a large signal-to-noise ratio (SNR). Care 
should be taken in calculating the uncertainties of the parameters of interest. For 
example, in strongly J-coupled AB systems 25 the covariances play a decisive role 
in the propagation of errors from the set {f~,f2, J12} to the set {6, s, J12} where 
6 = f l  - f 2  is the chemical shift and s = (fl  +f2) /2  is the centre of the spectrum, 
and J12 is the J-coupling. 

When the SNR is poor, and when instrumental effects are significant, e.g. in 
magnetic resonance spectroscopy (MRS), great care must be taken in the 
selection of the fitting technique used. As is well known, 26 the uncertainty in the 
model parameters increases with the number of parameters estimated. If this 
number can be reduced, the uncertainty in the estimated model parameters will 
be reduced. That is, it is always advantageous to make use of prior knowledge. It 
is possible to combine the advantages of TD fitting, e.g. ease of handling 
missing data points, with the advantages of FT fitting, e.g. ability to ignore 
unwanted resonances. This is known as T D F D  fitting. 26 

The application of the reference deconvolution technique to overcome the 
effect of magnetic field inhomogeneity in high-resolution N M R  has recently 
been reviewed by Metz et al. 27 In this technique, the observed resonance 
lineshape from a single resonance line is used to deconvolve the observed 
lineshapes to produce the Lorentzian lineshapes associated with liquid samples. 
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In another approach, the actual experimental lineshapes in accurately 
prepared sample solutions are used to fit the spectrum containing unknown 
concentrations of the same chemical species. 28 This approach relies on the 
experimental artefacts causing line broadening to be the same for both 
measurements. This technique has been applied to MRS spectra where model 
spectra of metabolite solutions in vitro have been used as a basis set of spectra 
to fit the in vivo spectra. 29 

When evaluating a fitting technique, three levels of robustness may be 
considered as follows: 

(1) An ideal spectrum with normally distributed random noise with poor 
SNR. 

(12) As above but with the addition of resonances that are not able to be 
modelled. This can occur in MRS where not all the chemical compounds 
involved are known. 

(3) As above, but with the further addition of spurious signals due to 
measurement artifacts, e.g. signals resulting from the eddy currents 
caused by the rapid switching of gradient coils in MRS. 

Although different fitting methods may produce estimates of parameters with 
the same uncertainties, the methods may differ greatly in reliability. It is thus of 
prime importance to choose an accurate method that has the greatest 
robustness for the application being considered. 

Before the fitting process is commenced, it is important that any artifacts are 
removed from the data. For example, in MRS the effects of eddy currents 
can normally be removed by using the phase information taken from an 
unsuppressed water signal. 3° 

2. NMR LINESHAPES 

2.1. Lorentzian lineshape 

The Lorentzian lineshape is obtained for liquid samples under ideal high- 
resolution NMR conditions 1° and is readily derived from the Bloch equations. 31 
The normalized Lorentzian lineshape function in the frequency domain is given by 

2 1 
g ( f )  = - -  (1) 

7rWL + { f _ f 0 ~  2 
l 

where WE is the full width at half maximum height (FWHM) (Hz) and f0 is the 
frequency (Hz) at the centre of the resonance. Note that if the normalized 
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lineshape function is expressed in angular frequency units then its amplitude is 
divided by 27r as WL must then be expressed in rad s 1 instead of Hz. As shown in 
Table l, in the TD the Lorentzian lineshape corresponds to the exponential decay 
of the FID envelope, with a time constant equal to T2. The transverse relaxation 
time, T2 is given by 

T2 : 1/(TrWL) (2) 

The Lorentzian lineshape is shown in Fig. 1 (dashed line). 

2.2. Gaussian lineshape 

Random broadening effects can dominate the lineshape and lead to a lineshape 
that is almost Gaussian. This is often the case in M R S .  32 The Gaussian lineshape 
is also a convenient approximation to the lineshape for some solids. 1° The 
normalized Gaussian lineshape function in the frequency domain is given by 

2 [ 1 ~  exp [ -  ln2 ( f - f °  / 2 ] (3) 

O )  

1 

// /, 
,0.8 

..,////0.4 

:' // 0.2 ' 0.2 

-2.5 -2 -1.5 -1 -0.5 

\ \  

\ 

\ x \  

. . . .  I . . . .  I , % - , - I  . . . .  I ~ , - ~  

0 0.5 1 1.5 2 2.5 

Frequency 

Fig. 1. The Voigt lineshape is plotted for three different values of the Voigt parameter, 
a = W L / W 6 ,  namely a = 0 (Gaussian, dotted line), a = 1 (solid line, with the component 
Lorentzian and Gaussian lineshapes having an equal width given by 
We = WL =0.6107W) and a =  oc (Lorentzian, dashed line). The frequency scale is 
given in units of the F W H M  of the Voigt lineshape, W. 
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where WG is the F W H M  and J0 is the frequency (Hz) o f  the centre o f  the 
resonance. The Gaussian lineshape is shown in Fig. 1 (dotted line). 

As shown in Table 2, the s tandard deviation, cr of  the lineshape in the F D  is 
given by 

W G  
o - - -  (4) 

2ff2 In 2 

2 . 3 .  V o i g t  l i n e s h a p e  

Although an N M R  line may have an intrinsic Lorentzian shape, it may  be 
broadened by imperfect shimming and susceptibility variations. This is often the 
case for MRS.  32 I f  these broadening processes have a r andom nature, then the 

Table 2. Amplitude and moments of various lineshapes 

Truncated 
Quantity Gaussian m'5° Lorentzian Lorentzian l° Voigt 

2 ~ln2 2 1 2#2 joc __exp(-x2) d_  ̀6 

g(O) Wo -~ 7TWL WL tan-1(2 f * /WL)  "n-3/2W L oc //2 +,.62 

2 

2 In2 

WG ~ /1- 

- 0.735/W 

i.e. WL = Wo 
w~ 

M2 --  0 -2 oo 2 f *  WE oo 
8 1 n 2  

M4 3 W~ - -  --  3o -4 oo 2 f *  3 WI./3 
64(1n 2) 2 

for #---~ cx~ 

for # ---o 0 

for # = ix/in2 

Notes 
(1) The truncated Lorentzian is defined by 

g( f )  = ~ gt(f )  Ifl ~<f* 

t 0 ].fl >f* 

(2) Since g(f) is normalized, M0 = G(0) - 1, except for the special case of the unnormalized 
truncated Lorentzian lineshape. 
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broadening function will have a Gaussian shape, leading to a Voigt lineshape, 
which is the convolution of the Lorentzian and Gaussian lineshapes. 33 35 The 
Voigt lineshape is also associated with the Lorentz Gauss transformation 
sometimes used for resolution enhancement in N M R  spectroscopy. 36 The 
normalized Voigt lineshape 37 in the frequency domain is given by 38 

2# 2 I ~ exp(--¢2) 
(5) 

where WL and WG are the Lorentzian and Gaussian FWHM, respectively and 
where 

(6) 

2 ~  
- - - f '  (7) 

Wc 

2 ~ ( f - f 0 )  
q =  

We 
(8) 

whe, re f0 is the frequency (Hz) at the centre of the resonance, a is the Voigt 
parameter, and f '  is the frequency shift of the functions in the convolution 
integral (i.e. the variable of integration). The Voigt lineshape is shown in Fig. 1 
for three different values of the Voigt parameter, a, namely a = 0 (Gaussian), 
a = 1 and a = ec (Lorentzian). 

2.4. Convolution of Gaussian and rectangular lineshapes 

For a spin system in a solid where the lineshape is determined b y  the magnetic 
dipole-dipole interaction, the lineshape function in the FD can be approximated 
by a Gaussian function gG convolved with a rectangular envelope g~:10 

g(f)  = g o ( f )  ® gR(f) (9) 

where the convolution of  g~ with gR is defined by 39'4° 

g~(f)  ® gR(f) = gG(f - - f ' )gR( f ' )  d f '  (10) 
O C 

The rectangular envelope of width 2b is given in Table 1. 
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By taking the Fourier transform of this lineshape, we can express it in the 
time domain as follows: 

gG(f)  ® gR(f)  ' GG(t)GR(t) (1 1) 

where GG(t) 
respectively. 

The Fourier transform and its inverse are defined by 31 

and GR(t) are the Fourier transforms of go( f )  and gR(f),  

and 

(X3 

g(f )  = G(t) exp(-27vift ) dt - U~ +G(t) (12) 

i 
oc 

G(t) = g( f )  exp(27vift) d f _  = ~ - g ( f )  (13) 
oo 

Thus, in the time domain, the lineshape is given by 4i 

(14) 

where sinc x = (sin x)/x. 
An example of the application of this lineshape is shown in Fig. 2a for the 

free induction decay of 19F in a single crystal of CaF2 for B0 along the [l, 0, 0] 
direction, l° Equation (14) has been used for the calculated lineshape with 
b/WG = 2.5. The corresponding lineshape in the frequency domain is shown in 
Fig. 2b. Using Eq. (14), the value of the width parameter, b, used in Fig. 2b 
was calculated from the position of the first zero of G(t) in Fig. 2a, giving 
b = 7r/20 MHz. 

2.5. Lineshapes due to exchange narrowing 

In some molecules, nuclei such as protons undergo magnetic site exchange. 31 In 
the case of spin-½ nuclei, random magnetic site exchange between two equally 
populated sites A and B gives rise to the following lineshape function. 31"42 45 

1 7 - A ( f A  __ . fB)2  
g ( f )  - (15) 

2 2 , 2 2 [f--½(fA +jB)]2 +rr  r~,(.f--JA) ( f - - fB)  
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Fig. 2. (a) The free induction decay, G(t) for 19F in a single crystal of CaF2 for B0 along 
[1,0, 0]. The experimental points are given by circles and crosses from the CW and pulse 
measurements, respectively, and the theoretical curve is that of Eq. (14), corresponding 
to an exponential decay multiplied by a sinc function. Note that F(t) is equivalent to 
G(t) in the present notation. Reproduced with permission from A. Abragam, The 
Principles of Nuclear Magnetism, p. 121, Oxford University Press, London, 1961. 
(b) The lineshape in the frequency domain corresponding to the Fourier transform of 
the theoretical curve. 

wherefA andfB are the resonant frequencies at sites A and B, respectively, and 
7- a is the lifetime of a nucleus in state A associated with site A.  46 In this 
expression, the contribution of the intrinsic width of the resonances has been 
neglected. The expression for the lineshape can be written in a more compact  
form by making the following substitutions: 

f '  = ½ (fA --fB) (16) 

A f = f -  ½ (fA +fB) (17) 
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a = 7rf~TA 

x - A f / f '  

This  gives 

(18) 

(19) 

2TA 
g ( f )  = (20) 

X 2 q- a2(x  2 -- 1) 2 

The  n o r m a l i z a t i o n  is tha t  g iv ing  a n  a rea  o f  2, s ince for a large the l ineshape  
consis ts  o f  two sepa ra t ed  L o r e n t z i a n  resonances ,  as s h o w n  in Fig.  3. 

(b) 

(c) (d) 

I'0 0 -1-0 

(e) 

1.0 0 -1-0 1-0 0 -1-0 

Fig. 3. Calculated N M R  lineshapes for equally populated two-site exchange as a 
function of the dimensionless parameter a = ~rf'~-n. The abscissa is the dimensionless 
relative offset parameter, x = A f / f '  (see Eq. (18)). (a) a = 4; (b) a = 2; (c) a = 1; 
(d) a =  1 /v~ ;  ( e ) a = 0 . 5 ;  ( f ) a = 0 . 2 .  Spectra (a) and (f) are near the slow and fast 
exchange limits, respectively. Reproduced with permission from R. K. Harris, Nuclear 
Magnetic Resonance Spectroscopy: A Physicochemical View, p. 124, Longman Scientific 
and Technical, Harlow, 1986. 
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More general situations of  multiple site exchanges with unequal populations 
where the intrinsic widths of the resonances are taken into account have been 
treated in detail by Sandstrom. 45 Numerous applications are given in the review 
by Binsch and Kessler. 47 A computer program to calculate chemical exchange 
lineshapes, taking all relaxation mechanisms rigorously into account, has 
recently been produced by Cuperlovic e t  al. 48 

2.6. Powder lineshape 

The observed magnitude of the angular frequency, 03 of  a spectral line of 
negligible width can be expressed by the Euler angles (c~,/3), which relate the 
principal axes values of the angular frequency tensor (0311,0322,0333) to the 
laboratory frame as 

03 = 0311 co s2 o~ sin 2 /3 + 0322 sin2 c~ sin 2 /3 + 0333 COS2/3 (21) 

with the convention 0333 />0322/>a)11-49 51 The angular frequency tensor is 
related to the principal axes values of  the chemical shielding tensor 
(~711, ~722, cr33) by 

03ig = 1 7 1 B 0 ( 1  - ~ i i )  for i = 1,2, 3 (22) 

For an axially symmetric tensor, we have 

03=(031[ --03±) cOS2 /3+03± =½(0311 q- 03m) q- 2 (0311 -- 032) P2(cos/3) (23) 

where/3 is the angle between the 3-axis and the direction of the magnetic field 
B0 (::-axis), and the Legendre polynomial is given by s2 

and where, for example, 

P2(cos/3)--  (3cos 2 / 3 -  1)/2 (24) 

This leads to the definition of the total anisotropy, A03, as 

A03 = 0311 - 031 (26) 

or, i:n frequency units, 

A f : f l  -f~ (27) 

0311 = 0333 (25a) 

03± = 0311 =- 0322 (25b) 
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For an axially symmetric tensor, the lineshape function or intensity function 
I(D is given by 9'51'53 

I(f) = ½ [(fl - f ± ) ( f - f ± ) l  1/2 = 1 [A f ( f_ f l  + Af)] 1/2 for f, >~f>f± 
(28) 

In the general case f33 >f22 > f l l  and the intensity function has a different 
functional form for each of the two available frequency ranges. For the higher 
frequency range f33 ~>f>f22, 

I(f) = 7v l [ ( f - - f l l )  (f33 --f22)1-l/2K(m) (29) 

with 

(f22 -Jil)(J33 - f )  
m = for f33 ~>f>J22 (30) 

(f33 - f 2 2 ) ( f -  J]l) 

For the lower frequency range f22 >f>>'fll, 

l ( f )  = 71- l[(f33 - - f ) ( f 2 2  - - f l l ) ]  1/2g(m) (31) 

with 

( f - -  f l  1)(J33 --)¢22) 
m = for f22 >.f>~fll (32) 

(f33 -f)(f22 - f l  l) 

and 

I(f) = 0 for f>f33 and f<fl l  (33) 

where 

7c/2 
K(m) = [1 - m 2 sin 0] 1/2 dO (34) 

, J o y  

Note that 0 ~<m < 1. 
Since the intrinsic lineshape has finite width, the experimentally observed 

lineshape is the convolution of I(f) with one of the lineshape functions g(f). A 
powder lineshape for an axially symmetric chemical shielding tensor is shown 
in Fig. 4 and a typical example of a general powder lineshape is shown in 
Fig. 5. Many systems yield lineshapes close to that of a powder pattern and 
the mathematical properties of these lineshapes are discussed in detail by 
Alexander et al. 5a 
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Fig. 4. A powder lineshape for an axially symmetric tensor shown as a function of 
freque, ncy. The frequency scale is given in units of AJ~ hence the intensity scale is in units 
of 1/LXf The frequency is shown increasing to the left, since it is conventional to display 
NMR spectra as if they were measured under CW conditions with the frequency held 
constant and the magnetic induction shown increasing to the right. 

I(f) 

f~ f22 fH 

f 

Fig. 5. A general powder lineshape. The shape is given by Eqs (29) to (34). 

2.7. Quadrupolar lineshape 

A nucleus with a nuclear spin I >  1 may  possess a charge distr ibution that 
has a nuclear quadrupola r  moment ,  Q. Such a nucleus may  interact with a 
nonhomogeneous  electric field possessing an electric field gradient, which can 
be expressed in terms of  the second derivative o f  the electrostatic potential,  V. 31 
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For convenience, the quantity q= is defined in terms of the electronic charge, e, 
to be proportional to the electric field gradient in the z-direction as follows: 

d2V 
eq.: - (35) 

dz 2 

The energy levels for the Zeeman-Quadrupolar  Hamiltonian are given by 31'55 

x[3m 2 - I ( I+ 1)] 
E(m)=-fomh-~ (3cos 2 0 -  1)h for -I<~m<~l (36) 

81(21- 1) 

where 

fo = I ~ I Bo(1 - ~r)/2rr (37) 

and 

X = e2Qq=/h (38) 

is the static quadrupolar coupling constant (~168 kHz) for 2H.56 58 That is, 

x[3m 2 - I ( I+ 1)] 
E(m) = -fomh -~ P2(COS O)h (39) 

4•(2•- 1) 

where the Legendre polynomial is given by Eq. (24) and 0 is the angle between 
B0 and q=. 

For I =  1, we have 

Therefore, 

E(m) = -fomh + X [3m2 _ 2]P2(cos O)h 
4 

(40) 

E ( -  1) =foh + X_ P2(cos O)h (41a) 
4 

E ( 0 )  = 0 - X P2(cos O)h (41b) 
2 

E(1) = -foh + X_. P2(cos O)h (41c) 
4 
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3X 
f 0 ~  J - E ( -  1) - E(0) -.)Co + __  P2(cos 0) (42a) 

h 4 

f~-~0 - E(0) - E(1) -)co ---3X P2(cos 0) (42b) 
h 4 

where the subscripts a t tached to f indicate the change in the values of  m 
associated with the transition. 

The  energy levels are shown in Fig. 6 and the corresponding spect rum is 
shown in Fig. 7. F r o m  Eq. (39) it follows that  the extreme posit ions ( f l  and f± )  
of  the two lines in the spectrum occur for  

(i) 0 : 0, thus P2(cos0): 1, g iv ing f l  and 
(ii" 0 = 7r/2, thus P2(cos 0 ) : - 1 / 2 ,  giving f±  

E 

m = - 1  

m=O 

o 

E o - . ~  - I  

o 

o o 

m=l 

1/4zhP2(cos 0) 

• 
l/2XhP2(cosO) 

E I -.~ o 

~ l/4ZhP2(cos 0) 

Zeeman Quadrupolar 
Interaction + Interaction 

Fig. 6. Energy level splitting due to the Zeeman interaction and the quadrupolar 
interaction for a spin-1 nucleus. The scale has been exaggerated for clarity. 
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, At'= 3/2ZP2 (cosO) 

J ~ - - ~ o  

.to - J/4zP2 (cosO) f o 

Fig. 7. Transition frequencies resulting fi'om 
quadrupolar interaction for a spin-1 nucleus. 

f o-> -1 

f o +3/4ZP2 (cosO) 

the Zeeman interaction and the 

The powder pat tern for an I = 1 quadrupolar  interaction can be obtained by 
reflecting the axially symmetric chemical shielding powder pat tern about  its 
average value, 53 as shown in Fig. 8. This follows f rom Eqs (42a) and (42b) 
having the same functional form as that of  Eq. (24). F rom Eq. (42b) we 
obtain 

f l  - f ±  = - - X - 8 for Ji *o (43) 

That  is, 

9X 
f l - f ~ = + i  for ]0-~ 1 

8 
(44) 

i.e. wl[ > a3± as used in Eq. (23) 
The lineshape for f 0 ~  1 is thus given from Eq. (28) by 

](.f0--~ -1) = I [(.~1 - - J ~ ) ( f - - . f 2 ) ]  1/2 for f= ~<f<fl (45) 
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where 

9X 
f ,  - f ±  = - -  (46a) 

8 

3X 
J]_ : f 0  - - -  (46b) 

8 

The lineshape for f l ~ 0  is given from Eq. (28) by 

I (J i~0)  = ½ [(fl - . L ) ( f - f J l - l n  for fl  <'.f<'fJ- (47) 

where 

9X 
f l  - J ] -  - (48a) 

8 

3X 
f± =f0  + -  (48b) 

8 

The total lineshape is thus the sum of these two components and is given by 

I(f) = ½ [I(f0 ~ 1) + I ( f l  -~ 0)] (49) 

This lineshape is often referred to as a Pake doublet or Pake pattern 59 and is 
shown in Fig. 8. 

2.8. Lineshape due to Brownian motional narrowing 

In many crystals, the lineshape is affected by self-diffusion of the atoms from 
one crystal site to another. The resulting lineshape can be expressed in the time 
domain as 1° 

G(t) = exp{-co:ffZ[exp(-t/~-c) - 1 + (t/%)]} (5o) 

2 is the where % is the correlation time associated with the diffusion and top 
second moment of the intrinsic line. We see that, in the limit of negligible 
diffusion, 

lim G(t) : e x p ( - c o z t 2 / 2 )  (51) 
1/%--~0 
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Fig. 8. The powder pattern for an I = 1 quadrupolar interaction. The two components 
of the lineshape given in Eq. (49) are also shown as dashed lines. The frequency scale is 
in units of X, hence the intensity scale is in units of 1/)~. The centre of the spectrum is 
located at the frequency f). 

Thus, for COpTc large, G(t) becomes a Gaussian.  By compar ison  with Eq. (14), 
we see that  the rms width COp given by 

cop = ~rWo/ ~ (52) 

This long correlat ion time regime corresponds to that found in solids, where 
wide resonance lines are obtained, which may be approximately  Gaussian in 
shape. 

Also, we have 

lim G(t) = exp(-co~-d)  (53) 
~p'rc ~ 0 

Thus for copTc small, we see f rom Table 1 that  G(t) corresponds to a Lorentzian,  
g L ( f )  with F W H M  given by 

wL = (54) 

This short correlation time regime corresponds to that  found in liquids, where 
nar row resonance lines with a Lorentzian shape are observed. 
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Since the even moments, M2n are given by l° 

= - -  ( 5 5 )  M2n ( - 1 ) n  \ d l  2n J t=0 

we find from Eq. (50) that 

and 

2 (56a) M 2 =COp 

M4 = 3w 4 2 2 - Wp/% (56b) 

for all values of re > 0. Thus G(t) corresponds to a lineshape having finite 
second and fourth moments, as required by quantum mechanics, yet yields a 
Lorentzian shape in the limit of a short correlation time. 

2.9. Comparison of various lineshapes 

Some,' of the most common lineshapes are tabulated in Table 1. The Lorentzian, 
Gaussian and Voigt lineshapes are shown in Fig. 1. The use of an approximation 
to the Voigt function is shown in Fig. 18. A detailed tabulation of the properties 
of the Gaussian and Lorentzian lineshapes and their first and second derivatives 
is given by Poole. s° The FWHM of the Voigt function, W, in terms of the 
FWHM of the component Lorentzian, We, and that of the component Gaussian, 
WG, is given both in tabular and graphical form by Van de Hulst and Reesinck. 34 

In Table 1, the frequency is measured from the centre of the resonance, which 
is taken as the origin. For the more general case where the centre of the 
resonance occurs at a frequency Jo, f in g(f)  is simply replaced by ( f - f  o) and 
G(t) is multiplied by cos(27cfot). This latter result is a consequence of the Fourier 
transform frequency-shifting theorem applied to the even function g(f).41 The 
lineshape functions in the TD are those associated with a pulse and are defined 
for t>  0. The lineshapes for the corresponding spin echo signal, for which 
- e c  < t < oc, are obtained by replacing t by ]t] in the expressions given, 
provided T2 ,> T¢, where T¢ is the effective value of T2. 31 Other more 
complicated lineshapes occur in particular situations. For example, under 
certain conditions a super-Lorentzian lineshape occurs for vesicles, 6° 63 given by 

2 / i  1 + O I P2(~)[ 2 

g(f )  7rWL 2 d# (57) 
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where # = cos 0 and Q = M2rTc T2 where Mzr is the residual second moment  and 
Tc is a correlation time associated with the rotational diffusion equation. This 
lineshape is shown in Fig. 9. 

Another  example is the deuterium N M R  lineshape from chain segments in 
a deformed elastomer, which can be expressed in terms of  the deformation,  
A, as 64 

]/2 

g+ I f l + - - , A  + g _  I f l - - -  A 
2 2 

(58) 

where 

/ V  = 2fQ (P~(cosO))v 
71" 

(59) 

0.12 

0.I0 

W 

-~ 0.08 

_J 
~L 

0.06  i , ' / "  " '"~ 
.j A f ,  

, "  I I ',~ Z o ," I I ",, 
O04  ,"  I ~ ,, 

,," / ~ \ , .  
." / \ 

0.02 \ .o°" / 

0 
-2oo -,~o -go go ,~o 200 

Fig. 9. The solid curve depicts the super-Lorentzian lineshape g(w) for a single spin 
species in vesicles according to Eq. (57) for O = 100. The frequency scale is given in 
units of I/T2. The wide skirts on which the sharp line is superimposed are illustrated by 
the plot of 10g(w) versus co (dashed curve). A Lorentzian line (× 10) of width 100/T2 is 
shown for comparison (small-dashed curve). Reproduced with permission from M. 
Bloom, Chem. Phys. Lipids, 1975, 14, 107. ~) 1975 American Chemical Society. 
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with 

g+( f ,  A) -- exp[-3NTrAf/fQ] 
W h e n  

~f 
Ifl~<--, 

2 

g (J; A) = exp[3NTrAf/fQ] 
and when 

Af 
Ifl~>--, 

2 

g_ ( f ,  A) = exp[3 NTrAf/fQ] { 1 - erf  / 

(60) 

(61) 

(62) 

I=1.58 

t~  

e~ 

O 
z 

0.0012 

0.0008 

0.0004 

J 
0 . . . .  

-2000 -1000 0 

) 

k.._ 
1000 2000 

Frequency/Hz 

Fig. 10. Circles show the data from a strained poly(butadiene) network with the 
corresponding theoretical fit for the deformation ratio A =  1.58. Reproduced with 
permission from M. E. Ries, M. G. Brereton, P. G. Klein, I. M. Ward, P. Ekanayake 
and H. Schneider, Macromolecules, 1999, 32, 4961. 
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with 

I NTr (63) 
z(.f)  ---- fQ 

where fQ is the rescaled quadrupolar coupling constant, 65 N is the number of 
statistical segments between cross-links, erf is the error function 66 and the 
Legendre polynomial is given by Eq. (24). Note that the symbol v in Eq. (59) 
indicates that the excluded volume interactions are taken into account. The 
deformation A is given by the length of the deformed sample divided by its initial 
undeformed length. The experimental data and corresponding theoretical fit for a 
strained poly(butadiene) network for A = 1.58 is shown Fig. 10. Other examples 
of complicated lineshapes are the Gauss Lorentz product curve 37 and the Kubo 
Tomita curve. 67 Since a lineshape can be expressed in terms of its moments, the 
moments of some of the most commonly used lineshapes are given in Table 2. 

3. APPROXIMATIONS TO NMR LINESHAPES 

3.1. Approximations to the Voigt lineshape 

The Voigt function can be expressed in terms of the real part of the complex 
error function, 68 71 

V(a,f) - - -  ~ i (64) 
 3/2wL 

where z = q + i# and the other symbols are defined in Eqs (5) to (8). This can 
be written as 38'69 

2# 
V (a,f) = - -  ~t{exp(-z 2) erfc(-iz)} (65) 

7rl/2 W L 

where erfc is the complementary error function. The Voigt function can then be 
approximated by an appropriate complex Taylor series expansion. 7° A 
numerical tabulation of the dimensionless form of the Voigt function has 
been given by Faddeyeva and Terent'ev. 72 The Voigt function can also be 
expressed as a series expansion. 73 Using a Taylor series expansion valid for 
# ~> l/x/2, the width of the Voigt function, W can be approximated by 74'75 (3) 

W = W L  l +  for # ~ > - -  (66) 
4# 2 V/2 
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For a Voigt function that is almost Lorentzian, the extent of  Gaussian 
broadening can be visualized by plotting the dispersion of the lineshape, D(f) 
against the absorption, A(f) .  76,77 For a pure Lorentzian lineshape, a circle is 
obtained. Hence, the extent of the departure from this circular shape indicates 
the extent of the Gaussian broadening. 

Using a Taylor series expansion in the TD it can be shown that, to a good 
approximation, 7s the Voigt function can be written as V', a linear combination 
of Lorentzian, gL(f) and Gaussian g~(f) functions having the same width, 
W = WL = We, namely 

V'(f) = rge(f) + (1 - r)gG(f) (67) 

where r is the fractional parameter that varies the relative contributions of 
gL(f)  and gG(f).  Since the use of V' instead of V results in errors of less than 
0.72% in the calculation of the area of the lineshape over the full range of the 
Voigt parameter, as shown in Fig. 11, this approximation is appropriate to 
minimize computational time. A more general numerical approximation to the 
Voigt function in which WE ¢ We has also been evaluated. 75 

3.2. Moment expansions 

The lineshape of a crystalline solid can be expressed in terms of a moment 
expansion1°'62 

M2n t 2n 
a(t)= Z ( - 1 ) " - -  (68) 

n = 0 2n! 

where the moments are defined by 

Mn = I (~ -cv°)ng(cv)d~ (69) 

Note that G(t) is also the reduced autocorrelation function.l° The above series, 
however, converges very slowly. In practice it is therefore necessary to use a 
modified moment expansion that converges more rapidly. In order to obtain an 
explicit expression for G(t), we consider a single crystal containing only one 
species of nuclei with spin ½ such that the nuclei are located at the points of a 
lattice. We further assume that the only interaction present is the nuclear 
dipole-dipole interaction. It can be shown that 1° 

G(t) = tr{exp(i~'  I t)Atx exp(i~ '  1 t)ktx} (70) 

where ktx is the operator corresponding to the x component of the 
magnetization and tr stands for trace. 
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Voigt parameter, a 

Fig. 11. The peak area residual between the Voigt function and the approximated Voigt 
function is shown as a function of the Voigt parameter, a. This diagram was obtained by 
replotting the information in S. Bruce, J. Higinbotham, I. Marshall and P. H. Beswick, 
J. Magn. Reson., 2000, 142, 57. 

The secular part ~ i  is a sum of two terms ~ and 3:1° 

,,/2h 2/10 
Ct -- Z bjkt/" Ik (71a) 

127c j<k 

,',/2 h 21/, 0 
b/kI~l~ (71 b) 

47r j<k 

where 

b: =3(1  _ 3cos O:)/r k (71c) 

and I / i s  the spin operator of the j th  nucleus, rjk is the vector separation of the 
j th  nucleus from the kth nucleus, Ojk is the angle between rjk and B0, 31 is the 
gyromagnetic moment of  the nucleus, 

[a, ~tx] = 0 (72a) 

[/3, ~tx] ¢; 0 (72b) 

[c~,/3] ¢ 0 (72c) 
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Because of  Eq. (72c) we expand the exponential  exp[it(c~ +/7)] as 

exp[it(c~ +/3)] = exp(i /3t)X(t)  exp(ic~t) (73) 

where X(t )  is a correct ion term to take care of  the noncommutabi l i ty  of  ~ and 
/3, given by 

X( t )  = exp(-i /3t)  exp[it(c~ + fl)] exp(-ic~t) (74) 

This correction term is now approximated  by a power series 

~ c~ t n (75) 
X(t)  = 1 + n! 

This leads to G(t) being expressed as a series expansion:l° 

F.(Or' 
G(t) = Z n! (76) 

n 

The series in Eq. (76) converges more  rapidly than that  in Eq. (68) owing to the 
presence of  t r igonometr ic  functions of  time in F,( t ) .  For  the case of  a simple 
cubic lattice, we obtain 12 

G(t) = U(t) V(t) (77) 

where 

U(t) = H '  cos(oaj~t) (78) 

and 

1 
V(t) = 1 - - 

6 

}2 
' coikt tan(aJikt ) - ~-~'  {aJjJ tan(aJj~t)} 2 

k 

){ } 2 , , 
+ - (~jkt) 2 ~ cojkt tan (cojkt) 

9 k J 

' 1 -- Z (a)/kt)3 tan(~jkt) 
k 

1 , , 

12 (Wik t) 2 Z (cOjk t) 4 
k 

(79) 
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and where 

3#0 ( ,~2h/ r3)(1_ 3c°s  20jk) 
wjk = 16---~ 

(80) 

where rjk is the distance between the kth and j th  nuclei and 0jk is the angle 
between rjk and B0. The prime notation indicates the exclusion of the diagonal 
term j =  k. In order to evaluate Eq. (79) for 19F nuclei in CaF2, the terms 
corresponding to the first 26 closest fluorine nuclei were evaluated individually, 
and the terms corresponding to more remote nuclei were collected into another 
sum by a power series expansion. This latter quantity was found to be isotropic 
to within + 5 %  for the orientations considered. The fluorine nearest-neighbour 
separation was taken to be 272.5 pm. The results for B0 along the [1,0,0] 
direction are shown in Fig. 12. ~° 

3.3. Rational function expansions 

The N M R  lineshapes obtained in MRS are often assumed to have a Voigt 
lineshape. 32'79 The Voigt lineshape, however, does not have a simple analytical 
form. None the less, as shown earlier, the Voigt lineshape can conveniently be 
approximated as a linear sum of Gaussian and Lorentzian lineshapes. 33,v8 
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Fig. 12. The free induction decay of 19F in a single crystal of CaF2 with B0 along the 
[1,0, 0] direction. The crosses and circles correspond to the experimental data and the 
solid line is calculated from Eq. (76) using only terms up to t 4. Note that F(t) is 
equivalent to G(t) in the present notation. Reproduced with permission from A. 
Abragam, The Principles of Nuclear Magnetism, p. 118, Oxford University Press, 
London, 1961. 
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Rational functions were introduced by Maltempo 8° for approximating 
resonances having generalized spectroscopic lineshapes. These functions have 
two main advantages, namely being entirely general even if the lineshape is 
asymmetric and not requiring any preliminary knowledge of parameters. 

To describe symmetric lineshapes, Maltempo 8° defined linear combinations 
of normalized Lorentzian and Gaussian lineshapes (hybrid lineshapes) as the 
function 

g ( f )  = r g L ( f )  + (1 - r ) g G ( f )  (81) 

with the lineshapes having a common width parameter, ~' in magnetic 
induction units given from Eq. (22) by 

~'= ~wLI7 = ~ w c / ( 7  l , / gn -5 )  (82) 

The rational function approximations to the Lorentzian and Gaussian 
lineshapes were written as 

1 fll q- f12 Id2 
S(u, f l , )  - - -  ( 8 3 )  

O" V r~ f13 q'- f14 hi2 q- f15 u4 

with the coefficients as given in Table 3, where the function has been fitted over 
the range -1 .86~ '  to +1.86a'  for the variable u = B / a '  and where the magnetic 
induction is measured from the centre of the resonance. 8° 

The resulting fit for the case of the Gaussian is shown in Fig. 13. For  the 
same fitting range, various hybrid lineshapes, corresponding to different values 
of r, were also fitted by rational functions and are shown in Fig. 14. 

Bergmann et al. 81 have investigated two overlapping resonances of 
Lorentzian shape using rational functions. More recently, Roberts et al. s2 

have introduced a method that can be applied, in principle, to any number of 
overlapping resonances. This is an iterative method of determining a rational 
function that fits a given lineshape in a least-squares sense. For the case of m 
Lorentzian lines, the degree N of the denominator is 2m, while that of  the 

Table 3. Coefficients of the rational function approximation 

fll + fl2u 2 
S(u, f13 = 

f13 q- f14 u2 q- f15 u4 

Gaussian (G) 1 -0.203 659 0.997 332 0.674 201 0.519 307 
Lorentzian (L) 1 0 1.772 45 1.772 45 0 
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Fig. 13. Normalized Gaussian (G) lineshape (1/~'x/~) exp ( -B /~ ' )  2 and rational 
function (A) approximation (1/a'x/~)S(B/cr',/3i) for C =  1.86 ( m =  1). Note that 
a ~ = ,v/2a where ~ is the standard deviation of the Gaussian in magnetic induction units 
and Maltempo uses h to represent B. Reproduced with permission from M. M. 
Maltempo, J. Magn. Reson., 1986, 68, 102. 
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Fig. 14. Normalized Gaussian (G), normalized Lorentzian (L), and hybrid lineshapes 
for various values of m (C = 1.86); (a) m = 0.25, (b) m = 0, (c) m = 0.25, (d) m = 0.5, 
(e) m = 0 . 7 5 ,  ( f ) m =  1.0, ( g ) m =  1.25. Reproduced with permission from M. M. 
Maltempo, J. Magn. Reson., 1986, 68, 102. 
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numerator, M is 2 m -  2. In partial fraction form, the lineshape, g(x) is 
described by 

Ak 
g(x) = 

k = 1 (X - -  OZk) 2 -~- (/~k) 2 
(84) 

where the real numbers Ak, ~k and/3k (k = 1,2, ..., m), are to be estimated from 
the fit. 

From a computational point of view it is important to ensure that the 
problem is not ill-conditioned so as to maintain numerical stability. Therefore, 
the use of rational functions as proposed by Bergmann et al. 81 is combined with 
the e, stablished practice of fitting polynomials to given data using orthogonal 
polynomial bases. 83 A system of linear equations is solved at each iteration. 8~ 
Hence, the condition number 83 of this system may be used to monitor 
numerical stability. 

Tile outline of  this method is as follows. For  the given data (xi,f), 
i =  1, ..., n, two polynomials P(x) and Q(x) of maximum degrees M and N, 
respectively, are sought so that the quantity 

Ji P(xi) ] 2 
L =  i=1 ~ -- Q(xi)J 

(85) 

is a minimum. In terms of the equations determining the coefficients of the 
numerator and denominator polynomials, this is a nonlinear problem. It may, 
however, be reduced to a sequence of linear problems by considering the 
following quantities for the kth iteration: 81 

L (k)= ~ w(k)(xi)[fiQ(k)(xi)- p(k)(xi)]2 
i 1 

k = 1,2, ... (86) 

where 

w ( k ) ( x )  __-- [ Q ( k - 1 ) ( X ) ] - 2  (87) 

An iteration is begun by providing a reasonable starting form for the 
denominator polynomial Q(°)(x). For example, the results presented were 
obtained using Q(°)(x)= 1 + x + x 2 +  . . .  + x  N. Since, at the kth iteration 
stage, W(k)(x) is known, L (k) may then be minimized to obtain P(k)(x) and 
Q(k)(x) by solving a system of linear equations. Termination is reached when 
corresponding polynomials of consecutive steps are sufficiently close to each 
other. There is no guarantee, however, that this will happen, although 
numerical experiments indicate that this is usually the case. 
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This method is illustrated in Fig. 15 for the simulated spectra for the AAIB 
type spectrum for C26 and C27 of 16.67 mol% [25,26,27-13C]cholesterol in 
dimyristoylphosphatidyl choline (DMPC) vesicles at 90 MHz. The simulated 
spectrum is plotted using 100 data points, where 1% noise (i.e. SNR of 100) has 
been added. The solid line represents the fitted lineshape. The parameters 
obtained from the fit are compared with their known values in Table 4. Since 
each component in the spectrum corresponds to a quadratic factor of the 
denominator polynomial (cf. Eq. (84)), estimates of the position and width of a 
line may be determined from the real and imaginary parts, respectively, of the 
appropriate zeros of the denominator polynomials (ak ± iflk, k = 1, ..., m). 

It should be emphasized that for this approach to be successful, several 
data points per peak and a relatively high SNR are required. Under these 
conditions, a fit by a rational function provides a robust method for obtaining 
starting values for the nonlinear least-squares fitting techniques listed in 
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Fig. 15. Simulated spectra for C26 and C27 of 16.67 mol% [25,26,27-13C]cholesterol in 
DMPC vesicles for a spectrometer operating at a frequency of 90 MHz. The simulated 
spectrum is plotted using 100 data points, where 1% noise (i.e. S/N ratio of 100) has 
been added. The solid line represents the fitted lineshape. Reproduced with permission 
from D. E. Roberts, Y. Z. Wu, R. Yusaf, J. Higinbotham, A. J. Shand and I. C. 
Malcolm, 1997, Magn. Reson. Chem., 35, 468. © 1997 John Wiley and Sons Ltd. 
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Table 4. Averages of parameter values obtained from the rational function fitting 
procedure from 100 sets of data with SNR = 100 

Parameters Species Exact value Fitted value 

Intensities C26a 1.007 0.999 ± 0.037 
C27a 1.023 1.029 + 0.042 
C26b 1.228 1.230 ± 0.036 
C27b 1.210 1.200 ± 0.028 

Positions C26a 22.0293 22.0361 ± 0.03 
(ppm) C27a 22.1401 22.1306 ± 0.03 

C26b 22.4165 22.4170 ± 0.001 
C27b 22.5272 22.5290 + 0.001 

Widths C26a 0.035 575 0.0357 4- 0.0013 
(ppm) C27a 0.035 575 0.0368 -4- 0.0017 

C26b 0.035 575 0.0371 + 0.0011 
C27b 0.035 575 0.0354 + 0.0001 

C26 and C27 of [25,26,27-J3C]cholesterol. 

Tabie 5. Note that in the paper by Roberts et al., 82 a factor of  1/n is missing in 
the definition of E in Eq. (18) in that paper. 

4. L I N E S H A P E  FITTING P R O C E D U R E S  

4.1. Criteria for a good fit 

The essential criteria for a good fit are that the returned parameters should be 
as accurate as permitted by the data and that the fitting process should be 
robust. The theoretical limit on the uncertainties of each of the parameters in 
the model is given by the Cram6r -Rao  lower bound. The Cram6r -Rao  bound 
applies to any unbiased estimator 0(y) of a parameter vector, 0, using 
measurements, y. The measurements are described by their joint probability 
density function p(y  I 0), which is influenced by 0. 

Providing p(y lO)  is sufficiently 'well behaved' the Cram6r -Rao  bound is 
given by 

cov 0 (y)/> F 1 (88a) 

where the Fischer information matrix 84 is given by 

{; ( F = E), Io lnp(y  I O) lnp(y  I O) (SSb) 
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where Eylo is the expectation value associated with the measurements, y, and 
parameters, 0, for the function shown in braces, s4 In the case of Gaussian noise, 
nonlinear least-squares fitting in the frequency domain yields parameter 
estimates whose standard deviations approach those given by the Cram~r-Rao  
lower bounds, a° Note that using prior knowledge reduces the number of 
parameters to be fitted and this in turn lowers the Cramdr-Rao  lower 
bounds. 2° 

4.2. Nonlinear least-squares fitting in the time domain (Levenberg-Marquardt 
method) 

Probably the most straightforward method of  performing a nonlinear least- 
squares fit is to use the well-established Levenberg-Marquard t  method. 85 87 
The Levenberg-Marquard t  algorithm employs an appropriate compromise 
between the downhill gradient direction and the direction given by the 
Gauss -Newton  algorithm, s4 The objective is to minimize the value of  X 2 (see 
Eq. (96)). If the static magnetic induction B0 is homogeneous and is taken to 
be along the z-direction and the RF magnetic induction B1 is taken to be 
along the x-direction in the rotating frame, then the measured real 
component  of  the free induction decay resulting from an RF pulse is 
proport ional  to the y component  of the magnetization and can be written in 
the time domain as 

K 

My(t) = Z Ak cos(27rJ~t) exp(-t/Ta*) + e(t) 
k = l  

(89) 

where K is the number of  resonances, e(t) is the nmse, Ak is the amplitude, fk 
is the frequency and T~ is the effective transverse relaxation time of the kth 
resonance. In Eq. (89) each resonance is assumed to have the same value of 
T~, as this is often a good approximation in MRS. 

The Fourier transform of My(t) is given by 

K 
* • 2 I My(f )  = Z ak[1 + [2rcT2(f-J~:)] ] + e ( f )  

k = l  

(90) 

where e(f) is the noise in the frequency domain and 

ak = Ax T~/ At (91) 

where At is the sampling interval. 
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It can be shown that the standard deviation of the noise in the time domain, at 
is related to the standard deviation of the noise in the frequency domain, af by 88 

a f - -  x/Nat (92) 

where N is the number of  data points. 
For each resonance, k, the SNR in the time domain, ~t~ is defined by 

k~t~ = Ak/o- t  (93) 

Similarly, the corresponding SNR in the frequency domain, ffJf~ is defined by 

~fk = ak/o-f (94) 

From Eqs (91) and (94) we obtain, for all resonances, 

• ,/ '~f =- v ~  zXt/T~ (95) 

The procedure was tested on simulated time domain MRS data where the 
model data consisted of metabolite peaks at 3.2, 3.0 and 2.0 ppm representing 
choline, creatine and N-acetylaspartate (NAA) respectively, with correspond- 
ing values of Ak of  1.0, 1.0 and 3.0 units, s9 White noise of specified standard 
devilation, at, was then added. The Levenberg-Marquardt  method requires 
suitable initial values for each of the nine parameters being fitted. The initial 
values of the three frequencies were taken as their known values. An 
exponentially decaying curve with a constant offset parameter was fitted, 
using a nonlinear least-squares fit, to the envelope of the free induction decay, 
M y ( t ) ,  in order to obtain an initial value for T~ and for the amplitudes, each of 
which was taken to be one-third of the amplitude of the envelope. The constant 
offset was added to account for the presence of the noise. 

For each fit, the normalized value of ~2 was calculated using 

N 

X 2 = [ I / ( N -  M)I ~ [[M~,(ti) - M~:(ti)]/crt] 2 (96) 
i=1 

t 

where M =  9 is the number of parameters and My is the fitted function 
dependent on the M parameters. 

For  the simulated data, for each SNR, 50 data sets were created, each with 
T~ = 100 ms and each with a different noise component with the same at. 
The values of ~t for NAA used were 6, 3, 1.5, 1.0 and 0.75. For the fit 
corresponding to t~tt = 6, a value of 1.08 for ~2  w a s  obtained. The calculated 
values of all nine parameters were found to agree with the known values within 
the calculated error limits. As the SNR is decreased, the fit became 
progressively less satisfactory, as expected. The fit for ~t = 1.5 is shown in 
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Fig. 16a, with the corresponding frequency domain  plot shown in Fig. 16b. In 
this case, all the calculated values o f  the parameters  were found to agree with 
the known values, within the calculated error limits, except for the T~ values 
for the creatine and N A A  peaks. The robustness o f  the technique is shown by 
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Fig. 16. (a) Fit of synthetic data in the time domain for which the SNR of the NAA 
peak in the time domain is 1.5. (b) The fit shown in (a) plotted in the frequency domain. 
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the dependence of the calculated parameters on the actual noise added for a 
particular value of at. The dependence of the amplitude of the NAA peak on 
the actual noise added is shown in Fig. 17. Notice that even for tI/t = 1.5, one of 
the 50 values of A3 was spurious, indicating a lack of robustness. The fitted 
values for each of the nine parameters were found to be centred about their 
known values, as shown in Fig. 17 for A3; that is, the fit was unbiased, as 
required. Substituting the values N = 4096, At = 0.25 ms and T{ = 100 ms into 
Eq. (95), we obtain ~ r / ~ t  = 6.25. For  the data shown in Fig. 16, the measured 
value of ~ r / ~ t  was 6.6 4- 0.3, in agreement with the calculated value. It should 
be noted that in order also to obtain a satisfactory estimate of the 
corresponding T~ values, a SNR greater than 1.0 was required. 

The model function of a sum of exponentially decaying sinusoids can be 
approximated by a first-order Taylor expansion. In this way the nonlinear 
dependence on parameters is approximated by linear dependence on small 
updates of these parameters. 2° 

4.3. Nonlinear least-squares fitting in the frequency domain (Levenberg- 
Marquardt method) 

Fitting in the frequency domain is readily visualized graphically and the well- 
established Levenberg-Marquardt  method 85 is straightforward to implement. 
This method is applicable to any lineshape function. For example, Marshall et 
al. 32 have used V t ( f ) ,  an approximation to the Voigt function, when fitting 
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Fig. 17. The dependence of the amplitude of the NAA peak, A3, o n  the actual noise 
added for various SNRs. 
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MRS spectra from the human brain. In order to improve the robustness of the 
:~2 minimization, an internal parameter R was used, defined by r = exp( -  I R [). 
The arctangent function, however, is preferable as it has a continuous 
derivative around R = 0. The equal asymptotic behaviour of this function 
towards 0 and 1 ensures that r remains within this valid range. We have 
subsequently found that using r = (arctan(R)+ ~r/2)/Tr gives better perfor- 
mance. The fit can be conveniently performed using only the real part of the 
complex spectrum. Thus the normalized ;~2 is given by 

N - M i = I  

2 
K 

Akg~',(fok, Wk, rz,) -- My, 
k = l  

O" 
(97) 

where N is the number of  data points and K is the number of resonances and 
where, for the ith point, a is the standard deviation of the noise, Mvi is the 
measured real part of the magnetization in the frequency domain, and g~, is 
the approximation to the Voigt lineshape. Further,  for the kth resonancei'A~ 
is the area, J6~ the frequency at the centre, Wk the F W H M  and rk the 
fractional parameter. The number of parameters, M, depends on whether 
parameters such as Wk are taken to be the same for two or more resonances. 
All the parameters were normalized internally so that they had equal weight 
in the fitting algorithm. Convergence of the Levenberg Marquardt  algorithm 
was usually achieved within one minute, when the change in model 
parameters fell below the 1 part in 104 limit. An example of  the fit of  V' ( f )  
to a simulated Voigt function, V(f) ,  for the three metabolites choline, 
creatine and NAA is shown in Fig. 18. The value of 1.01 obtained for ~2 
indicates a satisfactory fit. 

This technique has been extended to the fitting of two-dimensional N MR 
spectra, 9° In the cores of large molecules such as peptides and proteins, well- 
chosen areas need to be selected in order to avoid exorbitant computation time. 
Initial parameter estimates corresponding to the appropriate portion of the 
multidimensional X 2 surface are of crucial importance to ensure convergence to 
the global minimum corresponding to the correct parameter set. 

4.4. VARPRO 

The variable projection (VARPRO) method was devised by Golub and 
Pereyra. 9~ Subsequent authors have given less rigorous but more readable 
accounts.92 94 Essentially, this is a nonlinear method, but the amplitude 
parameters, which appear in a linear fashion, are treated separately with a 
subsequent reduction in the dimensionality of the least-squares fitting problem. 
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Fig. 18. Example of synthetic IH NMR spectrum, consisting of metabolite peaks at 3.2, 
3.0 and 2.0 ppm representing choline, creatine and NAA, respectively. The metabolites 
have peak areas corresponding to time domain amplitudes of 1.0, 1.0 and 2.5 units, 
respectively, and all have a T2 value of 300 ms. In this case, 2 Hz Gaussian line 
broadening has been applied to simulate the effect of imperfect shimming, and normally 
distributed random noise of amplitude 0.2 units has been added. The result of fitting 
with the Voigt approximation lineshape model is shown in dashed line. Also shown are 
the residuals for the Lorentzian (L), Gaussian (G), Voigt (V) and HLSVD (H) models. 
Reproduced with permission from I. Marshall, J. Higinbotham, S. Bruce and A. Freise, 
MagJ~. Reson. Med., 1997, 37, 651. © 1997 John Wiley and Sons. 

The data  model  is 

K 

2n = Z ckf~(~k, t,,) (98) 
k = l  

where the 2,  are the model  data  points (n = 0, 1, ..., N - 1) as a function o f  the 
sample times t,, the ck are the (complex) amplitude coefficients, and the fk are 
user-defined basis functions (k = 1, 2, ..., K) that  involve the parameters  7k in 
an arbitrary,  nonlinear fashion. The method could also be applied in the 
frequency domain,  in which case the samples would be at discrete frequencies. 
In matrix form, Eq. (98) can be written as 

= Fc (99) 

where i is the model  data  vector, F is the matrix o f  basis functions evaluated at 
the sample times, and e is the vector of  complex coefficients. Rather  than carry 
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out a complete nonlinear least-squares fit of the experimental data vector x to 
the model (i.e. minimizing ] x -  ~ 12), the complex amplitudes are removed 
from the expression by substituting c = (F+F)-1FTx, where F T represents the 
transpose of F. This expression arises from the normal equations of the least- 
squares criterion, 85 and substitution leads to 

I x  - ~ 12 = I x  - F ( F T F ) - I F T x  ]2 (lOO) 

This expression is minimized to find the nonlinear parameters 7k. The 
amplitudes are then solved for in a linear fashion. Removing the amplitude 
parameters from the nonlinear fit saves computing time, as fewer parameters 
need to be fitted simultaneously and starting values are not required. Starting 
values are, however, required for the nonlinear parameters, and they may be 
obtained from, say, a preceding linear fit using linear prediction singular value 
decomposition (LPSVD), for example. 92 

It is possible, and indeed desirable, to incorporate prior knowledge in the 
nonlinear fit. This knowledge will typically relate to the phases and multiplet 
structure of spectral resonances. The aim is to determine the best fit of the data 
to a physically meaningful model, which may not be the best fit in a purely 
mathematical sense. Thus Hankel Lanczos singular value decomposition 
(HLSVD) (which is unable to use a p r i o r i  knowledge) has been shown to 
produce unphysical fits at low SNR, whereas VARPRO (using prior 
knowledge) gave much better results with the same data. 95 Similarly, VARPRO 
produces better results than noniterative methods when applied to strongly 
overlapping resonances. 96 In fitting the many spectra produced by a chemical 
shift imaging experiment, Spielman e t  al. 97 saved processing time by assuming 
that all the metabolite resonance frequencies were fixed relative to the water 
resonance frequency of each spectrum. 

Although most implementations of VARPRO have concentrated on using 
exponentially damped sinusoids for the basis functions (i.e. Lorentzian 
lineshapes), there is no reason why more realistic models (e.g. Gaussian or 
Voigt 32) should not be used. 

More recently, it has been shown that solving the complete nonlinear least- 
squares problem (i.e. minimizing I x - ~ 12) is more robust than the VARPRO 
technique. 98 

4.5. Linear prediction and related techniques 

Linear prediction and state-space methods are grouped together here because, 
although the philosophy behind the two methods is different, the mathematics 
involved is very similar. In both cases, the data-fitting problem is made linear 
by constructing a matrix from the observed data points, and the model 
equation is then solved by linear means. The nonlinear model parameters are 
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extracted from the eigenvalues of the matrix equation, and it is in this step that 
the two methods differ. The methods are noniterative, and starting values are 
not required. It is, however, not easily possible to make use of a priori 
information about the nature of the signal. 

The original linear prediction and state-space methods are known in the 
nuclear magnetic resonance literature as LPSVD and Hankel singular value 
decomposition (HSVD), respectively, and many variants of them exist. Not  
only do these methods model the data, but also the fitted model parameters 
relate directly to actual physical parameters, thus making modelling and 
quantification a one-step process. The analysis is carried out in the time 
domain, although it is usually more convenient to display the results in the 
frequency domain by Fourier transformation of  the fitted function. 

In both cases, the model in question is a summation of K exponentially 
decaying sinusoids 

K 

2n = Z Ck exp[(bk + iwk)t~ + kbk] (101) 
k = l  

where the model data points are 2n (n = 0, ..., N -  1), and the K amplitudes, 
damping factors, angular frequencies and phase angles are ck, bk, a3k and ~k 
respectively (bk < 0). The sample times are t~ = n At, where At is the sampling 
interval. The model spectrum thus consists of Lorentzian lineshapes. An 
overview is given by Hoch and Stern. 99 

Linear prediction (LPSVD and derivatives) 

The linear prediction (LP) method stems from work by Kumaresan and 
Tofts, 1°° and was introduced into the N M R  literature by Barkhuijsen and 
colleagues) °1 In essence, the method is a descendant of  Prony's method. De 
Beer has written useful reviews of the methodfl °'93 

For  a noiseless signal consisting of a sum of decaying sinusoids described in 
Eq. (101), each measured (complex) signal value xn can be written as a 
weighted sum of the M preceding data points as 

M 

Xn = Z amXn m (102) 
m = l  

where M is the prediction length, the am ( m =  1, ..., M) are the linear 
prediction coefficients, and n can take any value between M and N -  1. In 
general, the variables are complex. 

This is known as the (forward) linear prediction equation, because the time 
series can be used to predict subsequent data points. For  a single sinusoidal 
component, Eq. (101) reduces to 2n = c exp[(b + ico)n At], where the phase 
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factor is absorbed into the constant c. It is immediately evident that we may 
write :~n = ~n l exp[(b + iw)At]. Thus each data point can be predicted exactly 
from the previous one, and the prediction length M is equal to 1. Obviously, it 
is not possible to infer the initial amplitude of the signal directly from the 
prediction coefficients• The l inear  combination of components in Eq. (101) 
ensures that Eq. (102) also holds for the complete model function with a 
prediction length of M. 

If N data points are sampled during a FID, then it is possible to write a total 
of ( N -  M) linear prediction equations of  the form of Eq. (102). The resulting 
matrix equation is 

Xl X2 

X2 X3 

XN M - 1  XN M 

XN M XN M +1 ]i j 
XM+ 1 aM 1 X M + 2  

z 

XN 2 a2 [ XN 1 

XN 1 al  l XN 

(103a) 

o r  

X a  = x ( 1 0 3 b )  

where X is an (N - M) by M matrix having Hankel structure, i.e. the entries 
along any antidiagonal are equal, a is a vector of dimension M containing the 
required prediction coefficients, and x is a vector of ( N -  M) data points. 

For  a signal with a relatively small (but generally unknown) number K of 
components, Eq. (103) forms an overdetermined set that can be solved in the 
presence of  experimental noise in a least-squares sense. The inversion of  
matrix X required to solve the equation is generally carried out by singular 
value decomposition 1°2 (SVD; hence the acronym LPSVD), which is both 
robust and allows one to estimate K from the relative sizes of the eigenvalues. 
SVD is a factorization method for ordinary least-squares that can indicate 
where the cause of  any ill-conditioning lies 84 and it plays a vital role in 
reducing the ill-conditioning associated with the LP technique. ~°3 SVD is 
usually provided as a 'black box' function in numerical analysis packages, 
with the intermediate step of  reduction of the matrix to bidiagonal form 1°4 
being hidden. For  perfect, noiseless data, there are exactly K nonzero 
eigenvalues, and the rank of the matrix equation can accordingly be reduced 
by truncation. In the presence of  noise, the first K eigenvalues correspond to 
the signal components,  while the remaining ones correspond to noise. These 
latter ones will be smaller, and inspection of  the relative values allows 
reduction of the rank of Eq. (103) by setting them to zero. SVD and 
truncation of matrix X gives the matrices UKAKVV~, which are shown 
schematically in Fig. 19. 
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Fig. 19. Singular value decomposition of matrix X. The number of data points is N, the 
model order is M, and the rank is K (N ~> M > K). The signal information is contained in 
the shaded regions. The remaining rows and columns contain noise information and 
may be discarded. Adapted from de Beer and van Ormondt, in N M R :  Basic Principles 
and Progress, Vol. 26 (eds Diehl et al.), p. 202, Springer-Verlag, Berlin, 1992. © 1992 
Springer-Verlag. 

It can be shown that the roots of the characteristic polynomial of Eq. (103) 
giw~ the various frequencies and damping constants] °° Thus the next step is to 
calculate the roots of 

z M _ a l z  M I . . . .  a M = O  (104) 

Depicting the roots as vectors in the complex (z) plane, the frequencies are 
found from the angular arguments and the damping factors from the respective 
radii. Having found the frequencies and damping constants, only the signal 
amplitudes and phases (i.e. the complex amplitudes) remain to be found. 
Because the amplitudes appear linearly in the model, as shown in Eq. (101), 
they can be found by a simple matrix inversion, after substitution of the 
frequencies and damping factors for all N data points. In the presence of noise, 
a least-squares procedure is used to find the most likely solution. 

In the presence of noise, and without knowledge of the number of 
components, the prediction order M is taken to be greater than the suspected 
maximum number. A problem with the LPSVD method is the difficulty of 
clearly distinguishing the signal roots from spurious roots due to noise. All 
stable signals are decaying (i.e. bk < 0), so that the roots corresponding to true 
signal components can be made to lie outside the unit circle by b a c k w a r d  

prediction. By contrast, spurious roots due to noise lie within the unit circle 1°° 
and hence can be distinguished. The distinction becomes blurred as the SNR 
falls. Delsuc 1°5 proposed carrying out both forward and backward prediction 
to assist in picking the correct roots, since the signal roots will be reflected 
across the unit circle whereas the noise-related roots are insensitive to the 
prediction direction.l°° Various other strategies for root picking and correction 
are possible, for example, with forward LP, replacing each (noise-related) root 
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outside the unit circle with either its reflection into the unit circle, or by a 
corresponding point on the unit circle. 

The computational efficiency of LPSVD has been discussed by several 
authors.~°6' 107 The singular value decomposition is the limiting step, requiring 
of order (N 3) calculations. For large prediction lengths, M, the polynomial 
rooting time also becomes significant. 1°6 

Tang 1°8 suggested using a Householder triangularization (QR) decomposi- 
tion 66 of the data matrix X instead of a full SVD. This offers a reduction in 
computation time, but at the expense of reduced accuracy, especially when the 
signal-to-noise ratio is low. 

In an analysis of errors, Barkhuijsen and colleagues 1°9 showed that the 
Cram6r-Rao  bounds can be used as estimates of the random errors in the 
parameter estimates. 

Various refinements to the basic LPSVD method include using the noise 
singular values to correct the signal singular values, ~°°' ~01,109 restoration of the 
Hankel structure of X after truncation of  the noise singular values, 11°' 111 and 
regularization of Eq. (103) to determine K.11 l, i 12 

Although it is customary to solve the matrix equation (103) by the least- 
squares method, this is actually not quite correct. The data points in the vector 
x are also contaminated by noise, and so in fact a total least-squares (TLS) 
method (LPTLS) is more appropriate. ~13 119 It can be shown that the TLS 
method minimizes the effects of noise in the LP solution vector by subtracting 
the effects from the singular values, resulting in an improved estimate of 
the spectral parameters. Least-squares does not perform a similar noise- 
compensating procedure, and for this reason TLS produces better results than 
least-squares for data with a poor SNR. 114 A general explanation of the 
solution of the total least-squares problem is given by Golub and van Loan. 12° 
A geometric interpretation of the difference between LS and TLS is possible.121 

Prior knowledge may in fact be used even though LPSVD is a linear 
procedure. The number of spectral components K may be known exactly, thus 
guiding the truncation of the SVD. Furthermore, the frequencies of the spectral 
components may be known, so that the correct roots can be readily picked (or 
replaced with the theoretical values) during the polynomial rooting. 118 

State-space method (HSVD and derivatives) 

One of  the weaknesses of the linear prediction method is the need to find the M 
(complex) roots of  a polynomial. In the presence of noise, it is difficult to 
separate the true signal-related roots from the spurious roots due to the noise. 
A rather different approach to the signal identification problem was proposed 
by Kung, 122 and introduced into N M R  by Barkhuijsen and colleagues. 123 
Despite its origins in state-space theory, many of the processing steps involved 
are markedly similar to those of the linear prediction method. Useful reviews 
are those by de Beer and colleagues. 2°'23 
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The time-domain signal model is again given by Eq. (101), which can also be 
written as 

K 

= Z e zT, (lO5) 
k - I  

where the zk are the signal poles defined as Zk = exp((bk + i~k)At), and bk 

and "~k are, as previously, the damping factors and angular frequencies, 
respectively. The ck are now complex amplitudes, having absorbed the phase 
factors ~k of Eq. (101). 93 

A data matrix X is formed from the N data points exactly as in Eq. (103). 
The essence of the HSVD method is that X can be written as the product of  

two matrices X = XIXr, in which the left-hand matrix Xl has Vandermonde 
structure, with each row being equal to the previous one postmultiplied by Z, 
where Z is a K by K diagonal matrix whose diagonal elements are the zk 
(k =: 1, ..., K). 123 The required signal frequencies and damping factors are then 
immediately available without the need of polynomial rooting and root 
selection. There is, however, no direct method of performing the Vandermonde 
decomposition of X. Instead, a singular value decomposition is first carried out 
(hence the acronym HSVD), after which Z can be calculated from the left-hand 
signal vectorsJ 23 Truncation of the decomposed matrix eliminates the noise- 
related components just as for the LPSVD method. The signal poles Zk (i.e. the 
frequencies and damping factors) may then be used in Eq. (105) to perform a 
least-squares fit to the data and hence determine the amplitudes Ck. Prior 
knowledge may be used at this stage, for example by replacing the estimated 
frequencies by theoretical values. Alternatively, the amplitudes may be 
obtained from the first column of Xr. 

The most time-consuming stage in HSVD (and indeed in LPSVD) is the 
singular value decomposition of the data matrix X. In general, the number of 
operations needed for SVD is proportional to the cube of  the matrix 
dimensions, and so decomposition times rapidly become impractical for long 
data sets. The Lanczos algorithm, 124 however, can be used to exploit the special 
Hankel structure of X.125' 126 The SVD diagonalization can be carried out by an 
iterative process in which the larger eigenvalues (corresponding to the true 
signal components) are found long before the noise-related eigenvalues. The 
process can be stopped before total conversion has been achieved, with 
significant saving of  computation time. Furthermore, each iteration requires 
the multiplication of a circulant matrix with a vector, which can be carried out 
efficiently by a fast Fourier transform.lZ7 This approach has become known as 
the Hankel -Lanczos  SVD (HLSVD) method. The time taken for the Lanczos 
SVD algorithm is (ideally) proportional to the square of the matrix size, thus 
offering a substantial increase in speed over the conventional SVD. For  noisy 
data, the increase in speed is less impressive, and HLSVD is not well suited to 
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finding all the singular values, as many iterations are necessary for evaluating 
the noise-related ones. 126 Close singular values are more efficiently determined 
using a low-rank revealing decomposition. 128 

Total least-squares has been applied to the H SVD method (HTLS), 117,118,129 
and, as in LPSVD, has been found to improve its performance slightly. Van 
Huffe1117 found that the TLS-based LP method had better resolution and was 
more robust than LPSVD. 

Applications 

Linear time domain analysis of NMR signals has been popularized by 
Barkhuijsen and colleagues, who first applied the LPSVD method to synthetic 
data and to an in vivo 31p signal obtained from a mouse 1°1 (Fig. 20). The 
spectrum was successfully modelled when compared with a conventional 
Fourier transform analysis. The method has been used with prediction lengths 
as great as 2400 for the analysis of complex ~3C signals, 13° with a computational 
time of approximately one day. In a later paper, a modified (fast) version was 
used with M = 13 000.131 LPSVD has also been applied to the analysis of 2D 
N M R  signals of  liquids. 132 

With the introduction of the HSVD method, the difficult step of  polynomial 
rooting was avoided. Comparisons of  LPSVD and HSVD generally show that 
the results are very similar, with only minor differences in the parameters of the 
smallest spectral components 93 (Fig. 21). Incorporation of the Lanczos 

b 
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-2.5 0.0 2.5 
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Fig. 20. LPSVD applied to an in vivo 31p spectrum. Curve a, FFT of original signal 
with first three data points missing; curve b, FFT of LPSVD fit of same data. 
Reproduced with permission from Barkhuijsen et al., J. Magn. Reson., 1985, 61,465. 
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Fig. 21. Comparison of LPSVD and HSVD analysis of an in vivo 31p spectrum. 
Curve a, FFT of original signal; curve b, LPSVD fit; curve c, HSVD fit. Note that 
LPSVD and HSVD select different features for the smallest (ninth) component. 
Reproduced with permission from de Beer et al., Israel J. Chem., 1988, 28, 249. 

algorithm125, 126 for rapidly finding the most significant signal components has 
made H(L)SVD analysis a practical proposition on commonly available 
computers. 

When K is not known, it has been found preferable to set the prediction 
length M to approximately half the available number of  data points N. ~7' J~s 

Generally speaking, linear time domain analysis is able to determine the signal 
frequencies accurately, but the linewidth and amplitude estimates are not as 
good. The best results are obtained by using a total least-squares version, and 
applying prior knowledge as far as is possible with such noniterative 
techniques]IS' ~7. l~S Koehl 1~5 found that using a total least-squares version of 
LPSVD reduced the bias in parameter estimates of  a complicated simulated 13C 
specl•rum. Van Huffel 117 found that using HTLS instead of HLSVD reduced the 
errors in estimates of  damping factors and amplitudes by 20-40% at low SNR 
(< 3 dB). At higher SNR there was little difference in the errors. Chen 1 is showed 
that using prior knowledge of strong signal components gave an improvement in 
the estimation of neighbouring weaker signals. 

AI! modest  SNR, nonlinear least-squares methods (either in the time or the 
frequency domain) have been found to give more accurate results than linear 
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methods such as HLSVD. 133 For high-quality data the difference becomes 
negligible. 

Both the linear prediction and state-space methods are directly applicable 
only to exponentially decaying sinusoidal signal components,  which corre- 
spond to Lorentzian lineshapes. Non-Lorentzian (e.g. Gaussian or Voigt) 
lineshapes will be fitted by these techniques as linear sums of Lorentzian 
components.  Although the data may be accurately modelled, the fits are then 
mathematical  rather than having physical significance. One important  
application is in the removal of  the residual water resonance from proton 
spectra. 2°'134 As a result of  experimental water suppression techniques, the 
residual water peak will have a non-Lorentzian lineshape, which may, however, 
be modelled as a sum of Lorentzian components. Removal of  those 
components having central frequencies within a selected range around the 
ideal water resonance frequency then provides effective suppression of the 
residual water signal, including any long tails, regardless of  its lineshape 
(Fig. 22). The same technique can be used to remove any unwanted spectral 
component  whose model function is not known, 126 and this is probably one of 
the most useful applications of  the methods discussed in this section. 

NAA 
Cho 

0.5 Frequency (kHz) -0.5 

Fig. 22. Removal of residual water signal by HSVD. Curve a, FFT of original signal. 
The horizontal bar indicates the water region; curve b, FFT of the signal after water 
components have been identified by HSVD fitting and subtracted. Reproduced with 
permission from de Beer and van Ormondt, in N M R :  Basic Principles and Progress, 
Vol. 26 (eds Diehl et al.), p. 202, Springer-Verlag, Berlin, 1992. 
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4.6. Maximum-entropy techniques 

Unfortunately, there is great scope for confusion, as two distinct techniques 
include the phrase 'maximum entropy' in their names. The first technique, due 
to Burg, 135 uses the autocorrelation coefficients of the time series signal, and is 
effectively an alternative means of calculating linear prediction coefficients. It 
has become known as the maximum-entropy method (MEM). The second 
technique, which is more directly rooted in information theory, estimates a 
speclLrum with the maximum entropy (i.e. assumes the least about its form) 
consistent with the measured FID. This second technique has become known 
as maximum-entropy reconstruction (MaxEnt). The two methods will be 
discussed only briefly here. Further details can be found in references 24, 99, 
136 and 137. Note that Laue et al.136 describe the MaxEnt technique although 
they refer to it as MEM. 

Maximum-entropy method ( MEM) 

Burg 135 derived a means of estimating a power spectrum from the limited 
number of autocorrelation coefficients of a short time series, without adding 
extra information. It can be shown that this approach leads to equations 
identical to an autoregressive LP method, with the power spectrum P(f) given by 

a0 
P(f)  = (106) 

k 1M 2 1 + ~ akz k 

Here, M is the model order, and z the complex variable as usual. This is an 
efficient way of representing a spectrum P( f )  that consists mainly of sharp peaks, 
and is known as the all-poles or autoregressive model. Once the coefficients a of 
the model have been found, the spectrum can be evaluated at arbitrary 
frequencies within the sampling range, to ensure that no narrow details are lost. 
By considering the linear prediction (LP) model (Section 4.5) as a filter in the 
time domain, it can be shown that the required coefficients are simply the 
negative of the LP coefficients. Alternatively, Burg 135 gave a recursive derivation. 
His algorithm was developed for stationary data, and is not particularly well 
suited to the decaying signals encountered in NMR. 99 The MEM method must 
be used with care, particularly in the choice of model order M. Usually, best 
results are achieved when M is set to about ten times the expected number of 
peaks. If  set too low, smoothing of spectral details occurs, and, if too high, 
spurious peaks are created. Figure 23 shows the effect of varying M in the 
reconstruction of an in vivo proton spectrum. The computational burden is 
proportional to the product MN, where N is the number of data points, and so is 
generally much greater than for a (fast) Fourier transform. 



110 JOHN HIGINBOTHAM AND lAN MARSHALL 

Maximum-entropy reconstruction (MaxEnt) 

In this technique, a spectrum is generated to have maximum entropy (in the 
information theory sense) 138 subject to being consistent with the observed 
FID 136,139 This inverse problem is solved iteratively. At each stage, the inverse 
Fourier transform of the spectrum is taken as an estimate of the FID and 

(a) FFT (b) MEM (M = 20) 

(c) M = 35 (d) M = 40 

i i 

(e) M = 80 (f) M = 200 

J 
Fig. 23. Performance of maximum-entropy method (MEM) on an in vivo IH spectrum. 
Curve (a) FFT of original data; curves (e)-(f) MEM with reconstruction orders 20, 35, 
40, 80 and 200, respectively. Reproduced with permission from J. Wild, PhD thesis, 
University of Edinburgh, 1998. 
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compared in a least-squares sense with the experimental FID, and the 
parameters are updated to improve the match. 2° Specifically, the function 

S(p) - A Z l x i -  xi 12 (107) 
i 

is maximized, where S(p) is the entropy of the model spectrum, A is a Lagrange 
multiplier, xi are the experimental data points, and 2i are the model data points 
found by inverse Fourier transformation of the spectrum. S(p) is given by 
Shannon's expression 138 

S(p) = - Z Pn logpn (108) 
n 

Deconvolution of undesirable features using a priori knowledge (for example of 
decay rates or J-coupling) may be possible by modifying the inverse Fourier 
transformation step. Optimization of Eq. (107) is carried out by an iterative 
process136,140 with several control parameters that can influence the resulting 
spectrum. The maximum-entropy reconstruction method is inherently non- 
linear, with both noise and signals near the baseline being attenuated relative 
to larger signals (and noise). Spectral quantification is therefore difficult. In 
addition, the computational load is high, typically two orders of magnitude 
greater than for the comparable FFT. MaxEnt is most useful when the time 
domain data are truncated, or when it is desired to incorporate a priori 
knowledge at the deconvolution stage. ~41 Daniell and Hore m introduced a 
modified version that defines the entropy in terms of spin magnetizations 
rather than a power spectrum. This variation can deal with signals of arbitrary 
phase. 

5. S U M M A R Y  

Of the various common NMR lineshapes, the Lorentzian occupies a special 
place. It is the basic lineshape of high-resolution NMR, the easiest to fit 
accurately and reliably, and also the simplest to treat mathematically, being 
derived from the Bloch equations. One can, of course, consider both the 
Lorentzian and Gaussian lineshapes to be special cases of the Voigt lineshape. 
On the other hand, the lineshape consisting of the convolution of a Gaussian 
with a rectangular lineshape is fundamentally different in character from these 
shapes since, in the time domain, it contains negative portions. 

Various least-squares techniques have been applied to fitting high-resolution 
spectra in the frequency domain. 142' 143 Owing to the high SNR and artefact- 
free nature typical of high-resolution NMR spectra, fitting such spectra is 
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straightforward. If  the spectrum includes CH2 groups observed at short echo 
times, then the spectrum can have a complicated appearance and needs to be 
carefully modelledJ 44 As an alternative to performing a conventional fit of  
high-resolution spectra, a line listing can be performed using the 1D filter 
diagonalization method. 145 This enables essential information, such as coupling 
constants, to be readily extracted. 

Exchange-broadened N M R  spectra have been fitted successfully using a 
nonlinear least-squares routine that uses an interpolation between the Gauss-  
Newton and negative gradient directions and that appears to be superior to the 
standard Levenberg Marquardt  algorithm. 142 Lineshapes that result from a 
two-site jump motion, based on the stochastic Liouville equation, can be 
calculated using commercial spreadsheet softwareJ 46 

A comparison of the various fitting techniques is given in Table 5. Most of  
these techniques depend either explicitly or implicitly on a least-squares 
minimization. This is appropriate, provided the noise present is normally 
distributed. In this case, least-squares estimation is equivalent to maximum- 
likelihood estimation. 147 If  the noise is not normally distributed, a least- 
squares estimation is inappropriate. Table 5 includes an indication of how 
each technique scales with N, the number of  data points, for the case in which 
N is large. A detailed discussion on how different techniques scale with N 
and also with the number of  parameters, is given in the PhD thesis of 
Vanhamme. 148 

In the T D F D  technique, the model signals are calculated in the TD, 
simulating the sampling as closely as possible, and then Fourier transformed to 
obtain the discrete FD model spectra. The data are then fitted in the FD, with 
respect to TD model parameters, minimizing the value of  ~2. This method 
circumvents the main disadvantages of both FD and TD fitting, i.e. it can 
handle truncated data sets while retaining straightforward frequency-selected 
fitting. 26 This technique can fit any arbitrary lineshape, as can VARPRO. It 
can also cope with missing data points, due for example to water suppression 
artefacts 21 and is robust with respect to variations in the starting values used 
for fitting. This technique has been applied to Voigt lineshapes obtained from 
astronomical spectral data. 149 

When using 'black box' N M R  spectra fitting procedures, e.g. those based on 
SVD, the use of prior knowledge decreases the Crambr-Rao  bounds and 
improves the resolution and accuracy of the estimated parametersJ 5° When 
estimating the signal parameters from time-domain data, an improvement in 
accuracy can be achieved by making use of known frequency intervals of the 
peak locations. TM Continuous regularization can be used to improve the 
estimate of the number of  component signals with poor SNR when using 
LPSVD. An enhancement procedure followed by LPSVD provides a 
maximum-likelihood estimator. 111 It is of interest to note that many of the 
ideas presented here are applicable to other disciplines. The maximum-entropy 
method of deconvolution, for example, has been applied to astronomy. 152 
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MRS spectra can also be fitted in the time domain using the heuristic 
optimization techniques of a genetic algorithm or simulated annealing. The 
simulated annealing algorithm has been found to be slightly more robust. 153 As 
an alternative to performing a fit of MRS spectra, an artificial neural network 
analysis can be performed. 154 This technique gives similar results to lineshape 
fitting but is more easily automated. 154 If a particular resonance is repeatedly 
measured, for example in a kinetic study, then principal-component analysis 
can be employed to obtain an accurate estimate of the amplitude of that 
resonance in each spectrum. ~ 55, ~ 56 

Bayesian probability theory 157 can also be applied to the problem of N M R  
parameter estimation: this approach incorporates prior knowledge of the 
N MR parameters and is particularly useful at short aquisition times ~58 and 
when the FID contains few data points. 159 Bayesian analysis gives more precise 
estimates of the NMR parameters than do methods based on the discrete 
Fourier transform (DFT). 160 The amplitudes can be estimated independently of 
the phase, frequency and decay constants of the resonances. 161 For the usual 
method of quadrature detection, it is appropriate to apply this technique to the 
two quadrature signals in the time domain. 162-164 

Systematic use of all available a priori  information can enable complicated 
MRS spectra to be adequately characterized, even in the presence of  large 
baseline signals and relatively poor signal-to-noise ratios. 165 In the automated 
spectral analysis used by Soher et a/., 165 the model is calculated in the time 
domain but the optimization is done in the frequency domain. The use of the 
time domain simplifies the inclusion of filtering and truncation effects. It also 
allows the efficient calculation of  the Voigt (Lorentzian-Gaussian) lineshape. 
On the other hand, optimization in the frequency domain simplifies the 
incorporation of the baseline estimation procedure when using a wavelet 
shrinkage technique.144 The process begins by correction of Bo frequency shift 
differences in a series of spectra from the same object, relative to tabulated 
values, producing a Bo map. The Bo map is then smoothed using a robust two- 
dimensional filtering technique. 166 Initial amplitude estimates are then made 
for the major identifiable metabolite peaks. Using these estimates, initial values 
are then calculated for any remaining metabolites, assuming that they exist in 
their normal concentrations relative to the main metabolites. A metabolite 
model spectrum is then subtracted from a copy of the input spectral data, 
giving the baseline and unresolved metabolite resonances. The wavelet 
technique, which scales as N logN is then used to estimate the baseline. 167 
The estimate of the baseline is then subtracted from the original input spectrum 
and a Levenberg-Marquardt  nonlinear least-squares fit is used to estimate the 
metabolite resonance parameters. On the other hand, using a polynomial 
fitting procedure to estimate the broad background features of a spectrum 
interferes with correct parameter estimation of broad N M R  components. 168 
Formation of a parametrized model for the baseline signal contributions is 
unlikely, owing to limited understanding of  their origins as well as the 
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Fig. 24. Results from the fit of a single voxel from a J-refocused PRESS MRSI data set 
acquired at 4.1 T with 40 ms TE. (a) The top spectrum is the spectral data (thin line) 
overlaid with the fit result (heavy line), the middle spectrum is spectral data with only the 
baseline fit overlaid, and the bottom spectrum is the residual spectrum. (b) An expanded 
plot of the metabolite signal only (with baseline fit subtracted) in the top spectrum and the 
summed metabolite fits (without baseline) in the middle spectrum. The bottom spectrum 
contains the labelled, individual metabolite fits, with the vertical scale increased by 2. 
Reproduced with permission from B. J. Soher, K. Young, V. Govindaraju and A. A. 
Maudsley, Magn. Reson. Med., 1998, 40, 822. ~:) 1998 John Wiley and Sons. 
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unpredictable effects o f  lipids and water suppression applied before data  
acquisition. 165 An  example o f  the large number  o f  metabolites that can be 
quantified in a single voxel is shown in Fig. 24. 

Before a fitting routine is used on experimental data,  it should always be 
tested first on trial data  with known parameters  and SNR.  For  each set o f  
parameters  for a given SNR,  a set of, say, 50 spectra should be generated with 
different noise having the same s tandard deviation. 32 The distribution o f  each 
fitted parameter  should be checked to verify that it is free f rom bias, relative to 
its known value, as shown in Fig. 17. I f  the fitting procedure has been correctly 
applied, then the uncertainties in the fitted parameters  should satisfy the 
C r a m 6 r - R a o  lower bounds.  This procedure also checks the robustness o f  the 
fitting technique. 

In conclusion, it is clear f rom all the considerations above that, before 
performing a N M R  lineshape fitting procedure,  it is essential to select an 
appropr ia te  lineshape. The choice o f  the lineshape should be based on a proper  
unders tanding of  the physical properties o f  the system. Using prior  knowledge 
can improve the reliability of  the fitted parameters  significantly. 92 Finally, it 
should be stressed that both  T D  and F D  fitting techniques give equivalent 
results provided potential artefacts are handled properly. 21 
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1. I N T R O D U C T I O N  

Most N M R  spectroscopists have on some occasion examined the Periodic 
Table of NMR-act ive  nuclei with 13C, 170, etc., and contemplated that at first 
glance essentially the whole Periodic Table is potentially open to study by 
NMR.  Solution-state N M R  studies of  nuclei with small magnetic moments  
exist, but often when papers report data concerning such nuclei the information 
is obtained not by simple direct excitation but indirectly using polarization 
transfer techniques such as INEPT and DEPT,  and /o r  by using reverse 
detection methods. 1 As many  of these indirect methods are not available in the 
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solid state, direct detection is often the only option and consequently solid-state 
N M R  studies of  low-7 nuclei are sparse. It was recently pointed out that a 
general review of molybdenum N M R  devoted a 1% to solid-state work. 2 Some 
more perspective on the scarcity of  N M R  of  low-7 nuclei comes from analysis 
of  recent annual reviews of N M R  (e.g. references 3,4), that reveals of  the 
reported solid-state N M R  studies typically <0.5% come from nuclei that have 
a small magnetic moment  and are classified here as low-7. The small number of  
solid-state N M R  reports is certainly not due to a lack of potential applications. 
For  example, in the field of  the structural physics of  inorganic materials there 
are many questions that could be answered by 47'49Ti NMR,  such as how the 
coordination of titanium changes with composition in titanium silicate and 
titanium aluminosilicate glasses. This review examines the background to the 
difficulties of  studying nuclei with small magnetic moments by solid-state 
NMR,  and details such work as has been carried out on them. The article has 
been aimed at researchers who want to apply N M R  to understand materials 
and who have some N M R  background, but are not necessarily N M R  
specialists. It would be wrong to claim that this article is completely 
comprehensive, but it is hoped that a significant fraction of the conventional 
solid-state N M R  carried out on the nuclei examined has been captured. 
Sufficient details are given that someone wanting to observe such a nucleus for 
the first time will be able to find a suitable set-up compound and can estimate 
the experimental approach and conditions to use for the best chance of  success. 

First, clarification is required of  what is meant by 'low-7'. Any definition will 
be somewhat arbitrary, but a convenient definition taken here is one that arises 
from the frequency ranges of magic-angle spinning (MAS) N M R  probes 
provided by the major manufacturers. Standard MAS N M R  probes normally 
tune down to 15N. Low- 7 nuclei are therefore taken as those that resonate 
below 15N, so that on a spectrometer equipped with a 9.4 T magnet this is 
below 40 MHz. This convenient working definition will be adopted in this 
review. The lower end is truncated at a resonant frequency of 10 MHz, since 
most commercial spectrometers will not operate below this frequency. The 
nuclei that satisfy this definition, along with some of their relevant properties, 
are listed in Table 1. This article also concentrates on the applications such 
nuclei have found in conventional solid-state N M R  studies. There are always 
cases of  applications where particular circumstances overcome the difficulties 
of  observing such nuclei. For  example often in magnetic materials the very 
large internal fields aid observation of low-"/nuclei with a specific case being 
Y2Fe17. 5 However, this is relatively unusual compared to most materials and 
such unusual cases will not be dealt with here. 

Given the high natural abundance of some of these nuclei, they initially 
appear  attractive. However, the small magnetic moment  strongly counters any 
natural abundance advantage owing to a number of  factors. First, at fixed field 
there is the fraction of nuclei that contributes to the net magnetization of the 
sample, which from the Boltzmann factor is proportional  to 7. Then the net 



Table 1. N M R  proper t ies  o f  low-7 nuclei 

Isotope 

Natural Quadrupole Quadrupole Sternheimer 
abundance (A) u0 at Relative moment broadening antishielding 

Spin (%) 9.4 T receptivity" (fm2) 7 f a c t o r  b factor (%~)' 

57Fe 
89y 

lO3Rh 
lO7Ag 

lO9Ag 

169Tm 

183 w 

2.19 12.952 4.2 x 10 -3 

100 19.668 0.696 

5 100 12.689 0.180 

51.82 16.192 0.197 

48.18 18.614 0.279 

100 33.070 3.216 

l 14.40 16.647 0.061 

14N 1 99.63 28.912 2.841 2.02 N.A. -6.7 

25Mg ~ 10.13 24.504 0.397 19.94 8.60 -4.1 

33 S 3 0.76 30.724 0.040 -6.78 3.30 -52.2 

35C1 3 75.53 39.236 8.091 -8.17 3.75 -42.0 2 
37C1 _3 24.47 32.660 1.514 -6.44 2.80 -42.0 2 
39 K 3 93.10 18.688 1.079 6.01 4.27 -21.8 

43Ca 7 0.14 26.952 9.1 x 10 3 -4.08 1.39× 10 -~ -18.8 

47Ti 5 7.28 22.584 0.224 29 19.73 9.0 

49Ti 7 5.51 22.592 0.225 24 5.74 -9 .0  

53Cr 3 9.55 22.604 0.196 -15  21.9 -6 .6  

61Ni 3 1.19 35.796 0.092 16.2 16.18 

67Zn ~ 4.11 25.072 0.173 15.0 4.76 -21.9 z 
73Ge 9 7.76 13.992 0.095 -17.3 2.62 -8.7 5 
83Kr ~ 11.55 15.440 0.188 25.3 5.08 -85.5 

85Rb* -5 72.15 38.740 11.177 27.4 10.27 -52.8 2 
87Sr 9 7.02 17.396 0.164 33.5 7.91 47.8 

91Zr _5 11.23 37.319 1.549 -20.6 6.02 -26.6 2 
95Mo _5 15.72 26.168 0.751 -2.2 0.98 -209 

2 
97Mo 5 9.46 26.716 0.481 25.5 12.88 -209 

99Ru 5 12.72 18.456 0.213 7.9 1.80 2 
I°lRu ~ 17.07 20.684 0.402 45.7 53.75 

l°Spd _5 22.23 18.400 0.368 66.0 125.5 2 
131Xe* 3 21.18 32.980 1.350 12.0 9.62 2 
135B,1. 3 6.59 39.936 0.746 16.0 14.12 • 

177Hf 7 18.50 16.168 0.278 336 1566 2 
189Os 3 16.10 31.344 0.880 85.6 513.3 

201Hg* 3 13.22 26.580 0.441 38.6 122.9 

* Not dealt with in this article as other more suitable nuclei exist. 
"Relative receptivity: the receptivity 6 given by 73A 1(1 + 1) relative to 13C adjusted for quadrupolar 
nuclei by the fractional contribution of the central transition. 
t, Quadrupole broadening factor: the second-order quadrupolar broadening of the central transition 
which is proportional to 

Q2(l(I+ 1) -- 3)2 

,7(21(21- 1)) 2 

and has been normalized to 27A1. 
c Stemheimer antishielding factor is given where meaningful calculations have been carried out for ions 
with closed-shell structure e.g. AI 3+, CI . Where possible given for a lattice, 8 and if not for free ions. 
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magnetization is proportional to this fraction multiplied by the magnetic 
moment, which itself is proportional to 7. Thirdly, the NMR signal is produced 
according to Faraday's law of electromagnetic induction by the rate of 
precession of this total magnetization in the NMR coil, which is also 
proportional to 7. Hence the intrinsic sensitivity per spin is proportional to 73 . 
How strongly this factor affects sensitivity can be appreciated by considering 
89y. The intrinsic nuclear sensitivity compared to 13C (i.e. per magnetic 
nucleus) is only 7.5 × 10 3, so that despite having natural abundance of 100%, 
compared to 1.1% for 13C, 89y still only has a relative receptivity of 69.6% 
compared to 13C. Often the situation is even worse than this as the relaxation 
needs to be taken into account. Although the relaxation strongly depends on 
the actual time dependence of the interactions, all other things being equal, 
smaller magnetic moments usually lead to less efficient relaxation for low-7 
nuclei, greatly lengthening the experimental time needed to acquire an 
adequate signal-to-noise (S/N). There are always exceptions to this where 
conditions are much more favourable for observation. A good example of this 
is for l°9Ag. A high proportion of the reported solid-state NMR studies for 
l°9Ag come from silver-containing glasses in which the silver ion exhibits high 
ionic mobility that shortens the relaxation time, easing observation of this 
nucleus. Also for 89y there are a disproportionate number of reports of solid- 
state NMR from the high-temperture superconductors related to YBa2Cu307. 
This is a result of the intense interest in understanding these materials, but also 
because the relaxation of less than a few seconds made 89y much more 
tractable in this system than in other materials where relaxation times of many 
minutes are often observed. 

For nuclei with a spin I >  ½ there is the additional factor of the nuclear 
quadrupolar interaction which, although it is an electrical interaction, affects 
the NMR spectrum. 1°'11 In Table 1 there is one integer spin (14N) where all 
the transitions experience first-order broadening so that in all but the most 
symmetric cases extremely broad resonances will be observed, with a width 
proportional to UQ (=e2qQ/h, where eQ is the nuclear quadrupole moment and 
eq is the maximum component of the electric field gradient). The effects this has 
on observation will be explored in more detail below. For non-integer spin 
quadrupole nuclei, the noncentral transitions experience the same first-order 
broadening but the central (½, -½) transition only experiences quadrupolar 
broadening to second order. The second-order broadening is proportional to 
u~/uo, which means in the high-field limit (/JQ '~/J0) the central transition is 
much narrower than the satellite transitions. The most important point for 
low-,y nuclei is that this broadening scales inversely proportionally with the 
Larmor frequency (u0). Hence, working at lower frequency as a result of the 
magnetic moment will result in a broader line compared to working at higher 
frequency. This adds to the problems of sensitivity. There is also the problem of 
detection in that, owing to a number of factors, wider lines are prone to 
distortions that have to be carefully compensated for. 
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2. EXPERIMENTAL APPROACHES 

One of  the key factors in making low- 7 nuclei more accessible is improving 
the sensitivity. The most direct way is by the application of ever higher 
magnetic fields. The snapshot this review gives is at a time when there is 
beginning to be increased access to N M R  spectrometers of 14.1 T and above 
dedicated to research on solids. Many of the nuclei in Table 1 that appeared 
intractable in the past in all but very special cases are certainly worth 
revisiting at the higher magnetic fields now available. The situation should be 
continuously monitored as higher magnetic fields are developed. The basic 

n7/4 for spin -1 nuclei. The situation is even better for sensitivity increases as ~0 
non-integer spin quadrupole nuclei because of the additional narrowing of the 
second-order quadrupole broadening so that the sensitivity of the experiment 

.11/4 
increases as B 0 . 

The most common experiment in FT N M R  is the application of a single 
pulse followed by acquisition of the free induction decay (FID). 12 This is 
certainly the most direct way of performing an FT N MR experiment; but there 
are many potential pitfalls. Those that are particularly relevant to low- 7 nuclei 
relate to effects that corrupt the start of the FID. Although they are numerous 
in origin, it is possible to divide these effects into two groups, viz. deadtime and 
probe ringing. Deadtime refers generally to all effects that result in the 
spectrometer being unable to accurately record the N M R  signal. It is usual to 
split these effects into those from the probe 13 and those from other electronic 
parts of  the spectrometer (e.g. filters). The probe deadtime can be readily 
understood: voltage associated with the nominally square pulse envelope 
cannot drop instantaneously to zero at its end because of the time constant of 
the probe circuit. This is conveniently described using the quality factor Q of 
the circuit. Q can be considered as the Larmor frequency/full width half 
maximum of the tuning curve, which also equals woL/R. Then the probe 
deadtime is given by 14 

Q 
tdead = (1)  

71-/J 0 

The time tdead represents the time constant for the exponential decay of the 
voltage induced by the transmitter pulse in the coil. It is longer for higher-Q 
probes and for lower resonance frequencies, hence this is a more marked 
problem for low-7 nuclei. Working at higher applied magnetic fields, the 
consequent increase in resonance frequency for a given nucleus does improve 
the situation. There are other electronic sources of deadtime including 
filters,iS, 16 the preamplifier, the receiver and even the cables. These, however, 
usually have much higher bandwidths than the probe itself and hence the decay 
times are much shorter than from the probe. 
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Often the improvements sought in the deadtime in working at higher 
magnetic field are not as marked as one might expect from experience of 
working at a similar frequency for other nuclei at a lower magnetic field. The 
start of the FID can also be corrupted by ringing. Ringing is often used as an 
all-embracing term that describes effects that induce a voltage in the coil that is 
not an NMR  signal. One source can be attributed to electromagnetic effects of 
the pulse interacting with the surroundings (e.g. the probe body) so that either 
mechanical and /or  reradiation effects occur. An obvious source of mechanical 
ringing is the force exerted on the wire in the very high magnetic field as the 
time-varying current of the pulse is present. This can cause acousto-mechanical 
effects in the coil that continue for some time after the pulse is turned off and 
produces a short lived pseudo-FID. The overall efficiency of this process is 
given by 12" 13 

Ec = (2) 

dV~,(1. +kzPZu--~V 4 J 

where kl and k2 are constants, 13 B0 is the applied static magnetic field, p is the 
resistivity of the metal, d is the bulk density, Vs is the acoustic wave velocity 
and u0 is the Larmor frequency. This clearly shows that at constant B0 the 
situation is worse at lower frequencies so will affect low-7 nuclei more. It also 
shows that at constant frequency the situation is worse at higher B0. The short- 
lived nature of such ringing causes a broad spectral feature that may look like a 
broad resonance or a baseline distortion. 

These effects can be reduced by careful probe design, such as the coil 
orientation, and construction of the probe body. Different materials have 
very different ringing properties; for example, copper, silver and gold are 
mechanically and electrically favourable for the coil. At 16.9 MHz, taking the 
same diameter wire and using freestanding coils of silver, copper-silver alloy 
and copper-beryll ium alloy produces ringing of 45, 80 and 2001us, 
respectively. Anchoring the coil either on a slotted holder or by cementing/ 
glueing it to a surface can significantly reduce the ringing compared to a 
freestanding coil. There is a trade-off here though, as any former will reduce 
the filling factor and this reduces sensitivity, which is one of the key 
considerations for low- 7 nuclei. In static probes there is usually a choice to be 
made, but in virtually all magic-angle spinning probes the coil is freestanding. 
There are other sources of deadtime/ringing and a common one is the acoustic 
oscillations that can be set up in ceramic chip capacitors. These can often show 
strong ringing effects at particular frequencies. A lot of research has gone into 
reducing these effects and has been reviewed by Gerothanassis, 17 where 
extensive referencing of the primary literature is given. 



RECENT PROGRESS IN SOLID-STATE NMR OF LOW-7 NUCLEI 127 

In observing broad spectral lines, all the normal considerations 12 apply of 
using short enough pulses (pulse length Tp) to have sufficient bandwidth P(u) 

to fully excite the lines: 

A sin 2 7rTp(u0- u) 
P(u) - (3) 

( ' 0  - u )2  

This consideration is possibly more stringent for low-7 nuclei where, at least for 
quadrupolar nuclei, second-order line broadening effects can be much more 
significant. A common way to overcome deadtime/ringing problems is to form 
a signal with an effective time zero point outside the deadtime, i.e. an echo. 
There is a multiplicity of methods for forming echoes (see references 12, 18, 19 
and references therein). Most methods are two-pulse sequences, e.g. the classic 
spin echo consisting of 90 °-~- 180 ° with refocusing at T after the second pulse, 
whose effect can be explained for noninteracting spin-½ nuclei using a classical 
vector model. Hard RF-pulses are preferred for uniform excitation over broad 
lines. A particularly useful echo sequence proposed by Kunwar et al. 2° 

combines quadrature phase cycling with further cycling designed to cancel 
direct magnetization (the remaining FID) and ringing effects. The rotation 
produced by the second pulse in two-pulse echo experiments is not critical. In 
practice, the best choice is the second pulse of twice the length of the first, with 
the actual length being a trade-off between sensitivity and uniformity of the 
irradiation. Thus, for low-'), nuclei the use of short pulses that correspond to 
significant pulse angles, so as to produce significant sensitivity, means that a 
high power transmitter is necessary. There is also a trade-off in the size of coil, 
with smaller coils producing higher Bi fields, and hence better lineshapes from 
the shorter pulses that can consequently be applied. However, there is a loss of 
sensitivity because of the smaller sample. In recording echoes there is an 
important practical consideration - applying the echo moves the effective t = 0 
position for the FID outside the region where it is corrupted. However, in order 
that phasing problems do not re-emerge, the data sampling rate used should be 
sufficient to allow this point to be accurately defined. If T2 is sufficiently short 
that an echo time can be used that allows the whole echo (both before and after 
the: maximum) to be accurately recorded without an unacceptably large loss of 
intensity, there is no need to accurately define the new t -- 0 position. Fourier 
transformation of the whole echo (which effectively amounts to integration 
between -4-oc) followed by magnitude calculation removes phasing errors, 
producing a pure absorption lineshape with the signal-to-noise , /2 larger than 
that obtained by transforming from the echo maximum. 

Other pulse sequences have been derived to remove the baseline distortions 
introduced by deadtime and ringing. These are detailed and compared 
extensively in the article by Geronathassis. Iv The principle of most of these 
approaches is that signal and artefacts show differing coherence with the 
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pulses, so that, with a suitable combination of pulses and phase cycling, 
artefacts cancel. Sequences involving three pulses became popular and one of 
the most widely accepted approaches was the ring down elimination (RIDE) 
sequence.21 23 The main problem with many of these sequences is that at 
relatively low pulse powers offset effects severely degrade the effectiveness of 
the sequence. To overcome this and the effects of RF inhomogeneity and mis- 
setting of the pulse angle, composite 180 ° pulses were shown to be much 
better. 22 More recently, reduction of ringing effects in one-pulse experiments 
have been considered. A practical solution that has been applied is to use a 
single pulse where the phase is modulated +x, which appears to have 
significant advantage in cancelling ringing. 24 Peizoelectric properties of the 
sample can also produce ringing effects. Often, changing the physical state of 
the sample, e.g. going from a single crystal or a coarse powder to a fine powder, 
can help considerably. Again, echo experiments are usually used and detailed 
calculations of echo formation to cancel out peizoelectric effects have been 
presented. 25 

Once lines become broader than about 200 kHz it becomes difficult to record 
resonances accurately using direct pulse techniques. To overcome these 
difficulties, several approaches have been adopted based on the philosophy 
that although the line is broad it can be recorded using a series of narrow- 
banded experiments that overcome the distortions introduced into a broad 
spectrum. One of these approaches is to carry out a spin-echo experiment using 
relatively weak RF pulses, recording only the intensity of the on-resonance 
magnetization and repeating the experiment at many frequencies to map out 
the lineshape. This approach works but is extremely time-consuming because 
each frequency step requires accurate retuning of the probe. Schemes that 
automatically retune the probe, based for example on the reflected power, 
would give much impetus to this approach. An alternative is to sweep the main 
magnetic field. There are several examples of sweeping the main magnetic field 
for solids dating from the earliest days of NMR, but only a limited number 
reported using superconducting magnets, with a recent example 27A1 in ~- 
A1203. 26 Control of the field can be completely automated and integrated with 
the pulse programme. As with the stepped frequency experiment, relatively 
soft pulses are applied, and although strictly the on-resonance part of the 
magnetization should be used, experience shows that using the spin-echo 
intensity directly accurately reproduces the lineshape. This field sweep 
approach could be extremely useful as an alternative way of examining nuclei, 
especially low-',/ nuclei for which narrowing techniques do not yet offer 
widespread opportunities for improved resolution and often the quadrupolar 
parameters provide the best discrimination between different phases and sites. 

The most common solid-state NMR approach is magic-angle spinning 
(MAS). For higher-'y nuclei the tendency in recent years has been to employ 
ever faster spinning by using smaller diameter rotors. This is especially true for 
quadrupolar nuclei. As noted above, the second-order quadrupolar broadening 
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is usually worse for nuclei with smaller magnetic moments, so that fast spinning 
would seem attractive. However, the ability to narrow a wider range of lines by 
spinning faster is usually more than outweighed by the reduction in S/N from 
using a smaller sample, so that a compromise often needs to be reached. 
Usually a range of diameters of MAS probes is desirable, but the optimum size 
is probably 7-9.5 mm. The large increase in sensitivity with even larger rotors 
(e.g. 14 ram) is also often useful. As always, accurately setting the magic angle 
is very important. If the probes have restricted tuning ranges so that the nuclei 
usually used for setting the angle (e.g. 23Na, 27A1, 79'SlBr) cannot be observed, 
alternatives need to be sought. From Table 1 good candidates for setting the 
angle using the quadrupole satellite technique are SSRb in RbC1 and 39K in 
KBr. Alternatively, 14N could be used if compounds can be found that are not 
too stringent regarding the accuracy with which the angle needs to be set for 
an)' spinning sidebands to be seen, and that have sufficient sensitivity for ready 
observation of the sidebands. Another possible candidate compound for setting 
the angle is Mo(CO)6, as the sidebands are sensitive to angle but observation is 
not limited only close to the angle and it gives a reasonably strong signal. Since 
deadtime/ringing effects can be significant at the lower frequencies used, it is 
usual to acquire the MAS FID using an echo. The echo spacing is then set to an 
integral multiple of the period of the MAS rotation. There are of course many 
other solid-state NMR approaches that have been developed, especially for 
quadrupolar nuclei, and there is no reason in principle why these cannot be 
used for low-7 nuclei. Techniques 11 such as double angle rotation (DOR), 
dynamic angle spinning (DAS) and multiple quantum would yield useful 
information from low-7 nuclei, but again the main problem is one of 
sensitivity. 

One of the advances that made solid-state NMR of dilute spin-½ nuclei 
(especially carbon) more attractive was cross-polarization (CP). One advantage 
of CP is the enhancement of the signal (proportional to the ratio 7H/TX, where 
CP is from a nucleus with gyromagnetic ratio 7H to one with a value of 7x). 
There is also the advantage that the recycle time of the experiment is governed 
by the relaxation time of the source nucleus, which is usually shorter than that 
of 1:he observed nucleus. Given that this is already a big advantage for a nucleus 
such as 13C where the signal enhancement can be ~4, there are even larger gains 
to be had with low- 7 nuclei where, for example with 89y, this advantage could 
be increased to ~20. As the recycle time is governed by the T1 of the abundant 
spin, there is usually also a gain in being able to recycle faster, which should be 
more marked for nuclei with smaller magnetic moments. These big advantages 
can naturally only be gained in systems where there are sources of 
magnetization (e.g. with 1H, 19F, 31p). There is also an important hardware 
consideration in that to achieve CP the Har tman-Hahn  match condition 
(3'ttBm = 7xBlx) must be met. As B1 is the RF field generated by the pulse at 
the respective Larmor frequencies for the two nuclei, this means that the power 
on the X-side has to be high for low-'), nuclei. This puts significant strain on the 



130 MARK E. SMITH 

probe and the preamplifier electronics. Schemes exist for reducing the power 
requirement on the X-side to achieve the matching condition, such as time- 
averaged precession and off-resonance effects. Another practical problem is 
that in setting up the spectrometer for CP a standard needs to be used. Weak 
signals can make this an extremely laborious process and Sebald has reviewed 
CP to less commonly observed spin-½ nuclei including low-'7 nuclei, with 
suggestions for set-up compoundsfl 8 With modern spectrometer architecture 
the situation is much improved compared to a few years ago since much of the 
matching process can now be automated. The linearity of the amplifiers means 
that changes in settings can be made more predictably and that spectrometers 
can be set up much more reproducibly between sessions. If one is setting up on 
a nucleus for the first time it is often advantageous to set the CP condition 
approximately by measuring the output powers directly on an oscilloscope. 

3. SPIN-~ NUCLEI 

3.1. Yttrium-89 

Even in diamagnetic materials 89y has quite an extensive shift range (Table 2). 
Several studies have reported 89y MAS NMR from Y203 that show two 
resonances28 31 with a shift difference of ~40 ppm in the ratio 3:1,  which 
agrees with the crystal structure that has two YO6 environments. In Y203 T~ 
for both sites has been determined to be just under 4 h. 31 To examine the effect 
of nearest-neighbour (nn) and next-nearest-neighbour coordination (nnn), a 
series of crystalline aluminates and silicates were observed. 3° Trends included 
the shift increasing with a greater number of  nn oxygens, and increases in 
electronegativity of the attached group resulting in the 89y shift becoming less 
paramagnetic. However, it was clear that there was strong overlap from the nn 
and nnn effects so that detailed structural assignments based on the chemical 
shift alone need to be approached cautiously. There was also a wide range of 
linewidths in these compounds, varying from 10 to 170 Hz. The very narrow 
lines greatly aid observation. T1 for Y3A15OI2 was just over 1 h and the 
reduction compared to Y203 was attributed to the additional dipolar coupling 
to 27A1.3! This study also determined the chemical shift anisotropy (CSA) by 
using static spectra, which gave for Y3A15O12 103 ppm, and for Y203 109 and 
102 ppm for the two sites. 89y NMR data were also reported for the first time 
for Y202S, which had a significantly larger CSA of 161 ppm, and a longer Tj 
of 6.6 h compared to Y203. 31 

89y NMR has also been reported extensively from yttrium sialon ceramics. 
Yttria is an important sintering aid for densifying silicon nitride. The properties 
of  the sialon produced are determined by the nature of the grain boundary 
phase, which is usually a crystalline or glassy yttrium sialon. The often 
disordered nature of  such phases can mean that broader 89y resonances are 
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Table 2. Summary of 89y solid-state NMR chemical shifts 

Compound 6iso (ppm) * Ref. 

Y(NO3)3 - 6HzO -55,  -53.2 29, 41 
Y2(SO4)3 • 8H20 -46,  -50  29, 41 
Y(OAc)3 • 4H20 47, 45 29, 41 
Y(acac)2 • 3H20 27, 21.8 29, 41 
YzO3 314 315, 330? 28-31 

270-273, 289? 
(BizO3)0.6(Y203)0.4 275 34 
Y202S 293? 31 
Y(OH)3 66 28 
YA103 214.5 30 
Y3AI3Oi2 222, 237? 30, 31 
Y2SiBe207 163 28 
Y2SiO5 237, 148 30 
oz-Y2Si207 144 30 
/3-Y2Si207 208 30 
~-Y2Si207 198 30 
6-Y2Si207 122 30 
Y2Sn207 149 35 
Y2Tii207 65 35 
Y2CI3 762, 506 40 
YCI3 -230 40 
YF3 - 112 42 
YCI~- 6H20 58 29 
YBr3 ' 6H20 80 42 
Y2Si303N4 185-160.5 32 
Y4Si2OTN2 202-214 32 
YSi3N5 391, 506 33 
Y2Si3N 6 394, 510 33 
Y3Si3N6 497 33 
c~-YH0.12 3590 43 
6-Y(H,D)l.92 910, 760 43 
6-Y(H,D) I.98 920 43 
6-Yl-I 1.99 946 44 
YH1.99+0.1 905 44 
YB~.2Cu307 - 103.2 45 
Y2BaCuO5 - 1250 45 

*Shift relative to dilute aqueous YCI3 except for t which are relative to 1.5 moll 1 aqueous 
Y(NO3)3. 
N.B. In all tables the values from the quoted references are given (for some the shift reference has 
been made consistent). Papers vary widely in the quality and accuracy of the data, which the 
intcrested reader should check. 

produced that militate against  89y N M R  observat ion.  However,  paramagnet ic  
doping can greatly reduce Tl, al lowing observat ion,  with Eu 3+ found to 
produce effective relaxat ion while not  producing significant b roadening  of the 
resonance. 32 In YSiN compounds  the nn  effect of  ni t rogen produces the 
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expected positive shift from oxides. 32'33 Y2Si303N4 and Y4Si207N2 could be 
readily distinguished on the basis of the 89y NMR shift and, although the lines 
from the secondary phases formed in Si3N4 sintered with yttria were quite 
broad, the nature of the secondary phase was clearly determined to be one of 
these from the 89y NMR. This showed that the grain boundary phase formed 
became more yttrium-rich with increased heat treatment. 33 

One of the most useful applications of 89y NMR has been to probe atomic 
positions and distributions in solid solutions. For  example, in (Bi203)o.6(Y203)0.4 
the shift of the 89y NMR resonance at 275 ppm (very close to one of the sites 
in Y203) indicated that the yttrium ions prefer centrosymmetric sites created by 
the oxygen-vacancy pairs. 34 In Y2 ~.LnyM207 (Ln = Ce, Pr, Nd, Sm, Eu, Yb; 
M = Sn, Ti) the addition of the paramagnetic ions greatly reduced the S9y Tl 
and also gave rise to additional resonances. 35 These extra signals were attributed 
to substitutions of a Ln ion for yttrium in the nnn shell. In the pyrochlore 
structure these sites led to environments of the form Y(OY)6 x(OLn)x. The 
isotropic shift is different for each lanthanide but each shows an additive change 
with x. The exact nature of the source of this shift is unclear, probably being a 
combination of through-space and through-bond effects. The detection and 
assignment of the additional resonances means that the atomic distribution and 
hence the solubility in the solid solution can be determined. The sensitivity to the 
atomic distribution has consequences for determining rare-earth location with 
application to laser and phosphor materials. 89y MAS NMR has thus been 
applied to examine the red phosphors Eu-doped Y20336 and Y202 S37 and Tb- 
doped Y3A15012, 38 a green phosphor. In all three of these studies additional 89y 
resonances could be observed that were assigned to nnn substitution by a rare- 
earth ion. By examining the linewidths and intensity of the different resonances, 
correlation to the brightness of the phosphor clearly showed that optimum 
brightness properties were produced when the rare-earth distribution was most 
homogeneous. Production of Y3A15012 by a hybrid gel route was followed by 
89y MAS NMR. 39 It was shown that the yttrium environment did not change 
from that in the initial gel to the final bona fide YAG environment until after 
crystallization occurred. 

Room-temperature 89y MAS N M R  of YCI3 and Y2C13 showed very strong 
deshielding in the latter compound (Table 2) due to direct Y - Y  bonding giving 
rise to d-bonding states. 4° In CP studies various compounds were studied for 
their CP characteristics and Y(NO3)3 - 6H20 was determined to be a good set- 
up compound even though it exhibits a broad match condition. 4~ A reasonable 
S/N was achieved on this compound using a 7 mm rotor at 7.05 T with four 
pulses using a 10 s delay. From the series of hydrates of  Y(NO3)3, Y2(SO4)3, 
Y(OAc)3 and Y(acac)3, extremely narrow MAS N M R  resonances (10-20 Hz) 
were obtained. The optimum contact time in these compounds was found to 
be quite long, in the range 8-30  ms. Static spectra showed CSA in the range 
27-75 ppm. 41 Other CP studies of 89y have included a range of yttrium 
alkoxide complexes and compounds where the optimum contact time was 
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typically 20 ms. 42 In these compounds the number of environments was 
reflected in the number of 89y resonances observed, so that solid-state NMR 
can be used to fingerprint ligand environments and hence determine the purity 
of bulk samples. 

Yttrium and hydrogen can form a range of compounds that have potential 
applications in hydrogen storage, with extensive NMR studies that have 
included 89y. These materials can show significant Knight shifts, which in the 
dihydride was determined to be 0.11%. In c~-YH0.18 no 89y NMR signal could 
be detected below 350 K, which was attributed to insufficient hydrogen pair 
orde, ring. At higher temperatures, averaging due to hydrogen diffusion 
produces a single 89y line with axial symmetry and a typical shift of 0.359%. 
Dihydride phases formed with deuterium showed two signals that merge at 
higher temperatures and can be associated with hydrogen ordering. 43 1H 89y 
CP was applied to ~-YHI.99 and YH1.99+0.1, and both showed a single peak but 
with very different CP characteristics that were attributed to differences in the 
room-temperature hydrogen motion. 44 On cooling, as the hydrogen motion is 
reduced, separate lines become apparent, again associated with hydrogen 
ordering. 

Study of high-temperature superconductors related to YBazCu307 and 
YBazCu408 has extensively exploited 89y solid-state NMR. The yttrium ion 
resides between the CuO2 planes that are believed to be central to the 
superconductivity of these materials. The NMR-determined Knight shift is the 
most direct way of probing at the atomic scale the temperature dependence of 
the spin susceptibility of these materials, reflecting both the spin and orbital 
character of the coupling in these highly correlated systems. The NMR 
measurements place significant experimental constraints on the theoretical 
attempts to model the electronic behaviour of these materials. In the late 1980s 
accurate measurements of the 89y shift were first reported and were broken 
down into contributions from the s and d bands. It was found that in 
YBazCu307_6 changes in the shift with oxygen content were due to lowering of 
the density of d-states at the Fermi level. It was also realized that the static 
linewidth gave an estimate of the penetration depth of the magnetic field. 45-5° 
89y NMR measurements showed that this shift scaled directly with the spin 
susceptibility and, as all three elements in the structure measured by NMR 
(170, 63Cu ' 89y) showed similar temperature dependences of their shifts, this 
was taken as evidence of the properties of the system being determined by a 
single spin fluid. There have been a number of much more complete reviews of 
the general application of solid-state NMR (including 89y NMR) and the 
theory used to probe high-temperature superconductors. A recent one is by 
Rigamonti e t  al . ,  51 which refers extensively to the primary literature and to 
other previous reviews of this topic. 

]-'he structural chemistry in these compounds is very rich, with a wide range 
of substitutions into the different sites occurring, particularly for the plane and 
chain copper sites in YBaz(CUl_xM~)3OT. 52 55 Some elements (e.g. Fe, Co, A1 
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and Ga) substitute on the chain site, whereas others (e.g. Ni, Zn) go into plane 
sites. Substitution into the planes has little effect on the structure and 
properties, whereas that into the chain site causes the structure to change to 
tetragonal, which also affects T~. The change of structure is neatly 
demonstrated by the extrapolation of all series with differing levels of doping. 
Those showing chain substitution extrapolate at x = 0 to - 9 0 + 2  ppm, 
whereas for plane substitutions this point is -103  ±1 ppm. 53 In YBa2Cu4Os, 
Zn and Ni again substitute into the CuO2 planes, whereas Ca goes in between 
the planes. Intraplanar impurities lead to T~ being rapidly depressed, whereas 
substitution between the planes has relatively little effect. 56 The complexity of 
these studies and the detail with which they probe the underlying physics is 
highlighted by recent studies that (i) used 89y NMR data 57 to show that in 
YBa2Cu307 6 the density of states has a peak that is pinned at the Fermi level 
and grows with overdoping, and (ii) used 89y T1 measurements to indicate that 
the energy of the spin dynamics near q (wave vector) = 0 had to be strongly 
temperature dependent to be consistent with other experimental data and the 
one-band model of  the system. 5s A recent elegant experiment used 89y on 
16/180 isotopically exchanged YBa2Cu408 to examine the role of phonons in the 
spin and pseudo-gaps, and showed that the pseudo-gap correlations were 
independent of the superconducting pairing correlations. 59 

In these materials below Tc a flux lattice exists giving rise to a variation in the 
internal magnetic field. 89y NMR measurements provided evidence of the field 
distribution in this state. 6° The flux lattice motion could also be followed by the 
89y resonance in slightly underdoped YBazCu30761 and this motion also 
produces an additional contribution to the ~ of 89y. Analysing relaxation 
data in these systems is very complex as there can be many different sources 
of relaxation effects (e.g. fluctuations of the copper moments can also 
contribute). 62 In YBa2Cu408 the magnetic field dependence of the temperature- 
dependent 89y T1 showed that the activation energy of thermal depinning was 
proportional to the applied magnetic field. 63 These examples are meant to 
provide some flavour for the extensive use that has been made of 89y solid-state 
N M R  to probe high-temperature superconductors. 

3.2. Silver-107,-109 

Solid-state NMR study of silver would be helpful in understanding areas 
from fast ion conducting glasses to organometallic complexes of biological 
significance. The majority of solid-state NMR work to date has used l°9Ag 
owing to its higher sensitivity. In keeping with being a heavy metal, silver shows 
a significant chemical shift range (~1000 ppm) making it a sensitive probe of 
crystallographic inequivalence. Silver is found in a range of local coordinations 
(typically two to four) and, given the large shift range, the more asymmetric of 
these are likely to exhibit significant CSA, although the number of accurate CSA 
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measurements for silver is extremely limited. In materials where Tl is long and 
there are strong sources of  magnetization, CP is advantageous• After the study of 
various possible CP set-up compounds, silver lactate has been suggested. 64 A 
characteristic of most silver CP is the long contact times typically used (10- 
50 ms). The signal gain in performing CP was illustrated using silver lactate, 
where no FID was observable under single-pulse acquisition whereas CP 
produced a clear signal in one scan. To date it appears that all CP has been 
performed using 7 mm MAS rotors with spinning speeds typically in the range 
2.5-4.5 kHz. As these spinning speeds appear sufficient, there could be 
adwmtage in using larger volume CP MAS probes with 9.5 10 mm diameter. 

The sensitivity of silver NMR chemical shifts is illustrated by a series of studies of 
silver thiolates and related compounds. 65 67 In [(C6Hs)4P]2[Ag4(SCH2C6H4CHzS)3] 
• 6CH3OH there are four crystallographically inequivalent AgS3 sites, three 

looking very similar and the fourth on the threefold axis more distorted. The 
1°gAg NMR  spectrum shows three closely spaced peaks between 1203 and 
1230 ppm and a fourth peak at 1083 ppm. The shift range of AgS2 
environments (790 890 ppm) is shifted upfield compared to AgS3 (950- 
1250 ppm). Silver sites also show a significant range in their CSA with values 
(Ac0 of 570 to 2120 ppm reported from such compounds. 65 The trans and 
gauche forms of layered silver butanethiolate were readily distinguished, each 
having two inequivalent silver sites. 67 The large chemical shift characteristics of 
silver have also resulted in compounds that show some structural and/or  
atornic disorder not producing observable N M R  signals. 

The silver halides and related compounds have been the most-studied 
materials using l°9Ag N M R  (Table 3) with several studies reporting the 
chemical shift of silver iodide. 6s-71 Silver iodide is of central importance to 
silver-based fast ion conducting phases and glasses and it displays significant 
polytypism, with the isotropic chemical shift of the polytypes covering a range 
of r~100 ppm. TM The chemical shift of the silver halides shows an inverse 
halogen dependence. 6~ In many materials there can be significant silver ion 
motion, sometimes even at room temperature, which means the N MR spectra 
often show single peaks at a position that is a weighted average of the different 
environments in the structure. In the c~ and ¢3 polymorphs of RbAgaI5 and 
KAg415 a single resonance is observed. 6s In the /3-phase of RbAg415 the 
decrease in site symmetry from the ~ phase to trigonal manifests itself as an 
observable CSA. 68 On further cooling to the -y-phase, the silver N M R  signal is 
lost completely owing to a combination of T1 lengthening and the greatly 
reduced motion resulting in significant linebroadening. In AgxCui xI solid 
solutions 1°9Ag silver N M R  spectra show a decreasing shift with increasing x. 
Ab initio calculations within Gaussian 94 using a double-~ basis set related the 
shift change to decreases in the bond length of the Ag!3 tetrahedral units via 
changes in d-hole and p-electron densities. 72 

Studies of AgI • Ag20.  B203 glasses have shown complex phase behaviour, 
with shift changes observed for silver depending on whether it is coordinated to 
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Table 3. Summary of l°9Ag solid-state NMR chemical shifts 

Compound ~iso (ppm)* Ref. 

Ag[CH3CHC(OH)CO2], silver lactate 345.9, 320.2, 219.7, 210.7 64 
Ag[CH3CO2], silver acetate 401.2, 382.7 64 
Ag(CH3C6H4SO3) 44.1 64 
Ag(CsH702) 471.6 64 
AgN(SOzMe)2 210.3 64 
AgN(SOzMe)2 -0.25H20 182.8, 130.7, 32.5 64 
Ags[(S(CHz)3NMez)3(S(CH2)3NMezH)3](CIO4)2 1228, 826 65 
[(C6Hs)aP]2[Ag4(SCH2C6H4CH2S)3]. 6MeOH 1230, 1220, 1203, 1083 65 
AgS(CHz)3CH3 (all-trans) 962, 952 67 
AgS(CHz)3CH3 (all gauche) 1083, 1048 67 
((CH3)4N)2[Ags(SC6Hs)7] 1141,980 65 
Agz(1,5-pentaethiolate) 900-1300 65 
[P(C6Hs)3Me][AgI3] 675 65 
Ags{#z-S(CH2)3N(CH3)2}3 1228, 826 65 

{#2-S(CH2)3NH(CH3)2}3(CIO4)2 
AgI 710, 728, 680 68, 69, 71 
AgC1 370, 353.5, 409 68, 69 
AgBr 350, 350 68, 69 
AgF -110, 125 68, 69 
KAg415 810 68 
RbAg415 790 68 
Ag26IisWgOt6 580 68 
Ag2MoO4 130 71 
AgPO3 96 77 
Ag4P207 383 77 
Agl0Si4013 320 80 
AgNO3 -87 79 
Silver metal -5253 79 

* Relative to dilute aqueous silver nitrate. 

iodide groups or borate groups. 7°'73 l°9Ag NMR was able to follow crystal- 
lization and phase separation, and their dependence on composition. 7° TI 
measurements have been interpreted to indicate that there are two sites 
undergoing very different rates of motion. 73 There has been some dispute 
whether N M R  provides unambiguous evidence for different structural sites and 
sites with differing mobilities. Compositions in the system AgI • xAgzMoO4 show 
resonances from the iodide and molybdate end members and an intermediate 
peak at 548 ppm attributable to the glassy phase that formed. 71'74 Crystallization 
of glasses at 2AgI • Ag2MoO4 produced a powder pattern that was characteristic 
of an axial CSA of ~70 ppm. 71 

l°9Ag T1 and T2 measurements of glasses with x = 0.375 and 0.50 in the 
system (Agl)x(AgzS - GeS2)l x suggest that on the N M R  timescale all the silver 
ions are mobile. 75 In some tellurite-based AgI fast ion conducting glasses, silver 
N M R  showed several signals that were attributed to oxyiodide and iodide 



RECENT PROGRESS IN SOLID-STATE NMR OF LOW--,/NUCLEI 137 

environments. 76 In these glasses the silver mobility increased with AgI content. 
For  glasses in the system (AgI)x(Ag20)y(P2Os)l x ), over the temperature range 
50 to - 85  °C, rapid narrowing of the l°9Ag resonance was observed. The 
spectra from the glasses were compared to crystalline AgPO3 and Ag4P207. 
One resonance was observed, and from accurate quantification it was clear that 
there is one region with the iodine effectively uniformly distributed throughout 
the structure. The silver is in fairly rapid motion at room temperature through 
the structure. Comparison of glassy and crystalline AgPO3 revealed a shift 
difference of  90 ppm that is probably related to changes in coordination 
number between the two states. 77 

In, Ag9GaSe6, l°7Ag and l°9Ag spectra and relaxation times were measured as 
a function of temperature and applied magnetic field. TM Three different phases 
were, observed. In the high-temperature cubic phase (I) T1 was independent of 
applied magnetic field strength. In the fast-motion limit the ratio of relaxation 
times for the two silver isotopes indicated that the main relaxation mechanism 
was scalar coupling of the first kind via an exchange interaction. In the low- 
temperature phase (III) a very broad silver line (~1000 ppm) was observed that 
was related to CSA. l°9Ag N M R  was also applied to follow the process of 
forming silver particles supported on SiO2, r/-Al203 and zeolite A. 79 Signals 
were detected from metallic silver, AgNO3 and AgC1 but not from Ag20 
nor Ag202. Initially, after drying a solution of AgNO3, a resonance that 
approached that of bulk AgNO3 was observed. After reduction, silver is 
formed that gives a resonance at 5252 ppm in particles that exceeded 50 nm. 
Smaller particles did not produce any observable resonances as surface effects 
broaden the resonances owing to interaction with conduction electrons. 
Adsorption of oxygen, chlorine and hydrogen chloride onto the surface of 
these silver crystallites had no effect on the silver N M R  spectrum. 

3.3. Tungsten-183 

Tungsten has a lower receptivity than both yttrium and silver and, from the very 
few solid-state NMR  studies that have been carried out, also shows extremely long 
T1 values. Also, since it is a heavy metal, it can be anticipated that in all but the 
most symmetric environments CSA will spread the intensity over a very broad 
spectral range. In alkali tungstates and W(CO)6, crystallography suggests very 
symmetric tungsten environments, which is reflected in very narrow MAS N MR 
resonances (6 Hz in the case of W(CO)6) with no spinning sidebands. 81 WO3 has 
two crystallographically inequivalent, equally abundant WO6 sites and two 
resonances are observed (Table 4). 81 In the Keggin compound H3[P(W12040)] • 
nH20 a single resonance with a very large CSA was detected. The direct 183W 
MAS NMR  spectra reported required between 7 and 43 h to collect. 

To improve both sensitivity and recycle delays when protons are present, 
CP can be applied. 82 Typically extremely long contact times (~100 ms) are 
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Table 4. Summary of JS3W solid-state NMR chemical shifts 

Compound 6iso (ppm)* Ref. 

LizWO4 -40 81 
NazWO4 -63 81 
K2WO4 - 18 81 
Cs2WO4 36 81 
CaWO4 29 81 
SrWO4 33 81 
BaWO4 - 78 81 
WO3 -414, -438 8 ! 
W(CO)6 - 3470 81 
H3[P(W12040)]" nH20 - 174 81 
(NH4)2WS4 3639.6 82 
(NH4)eWO4 -38.6, -55.8, -63.6, -80.0, 95.6, 82 

-107.4, -115.9 
H2WO4 -251.1 82 
(CsHs)W(CO)3Pr i -3377.9, -3386.8 82 

* Relative to saturated aqueous Na2WO4. 

optimal, which puts considerable strain on the high-power amplifier at the 
tungsten frequency. For  optimizing CP, (NH4)zWS4 was the best compound.  
(NH4)2WO4 was unusual requiring a significantly shorter opt imum contact 
time (5 10 ms) and showed seven isotropic resonances, but there is no 
available crystal structure for comparison. I f  structural H20 molecules were 
used as the source of CP, no signal could be detected, lS3W N M R  appears to be 
very sensitive to structural detail as, although a signal could be readily detected 
from CsHsW(CO)3Pr i, in changing the ligand to Bu t no CP signal could then be 
detected. CP is only a real advantage if Tip is favourable, but even then such 
experiments often required in excess of  15 h. On the basis of  the limited data set 
collected, it is difficult to say whether it is going to be possible to distinguish 
WO4 and WO6 on the basis of  the chemical shift. The difficulty of  the 183W 
solid-state N M R  studies to date indicate that it is still far from routine. 

4. Q U A D R U P O L A R  NUCLEI  

4.1. Nitrogen-14 

14N belongs to the select group of nuclei with integer spins. Quadrupolar  nuclei 
of  this group have no (½, -½), so that all transitions are first-order quadrupolar  
broadened. This means that all the intensity is spread over ~2r, Q and this can 
be very demanding on the spectrometer, as for the satellite transitions of  
non-integer spins. CQ for nitrogen has been determined in the range 0 - 8  MHz 
with typical values of  3 - 4  MHz. s3 The number of  solid-state N M R  studies of 
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14N has been very limited even though it is 99.63% abundant. The interest in 
nitrogen N M R  is nevertheless indicated by the number of studies that employ 
the spin-½ isotope 15N, often going to the expense of enriching the sample. The 
importance of nitrogen in many fields of science and technology means that 
nitrogen N M R  of solids could be widely applied. Several ingenious approaches 
have been developed to improve the resolution of 14N N M R  spectra. One of 
these is overtone spectroscopy which irradiates at approximately twice the 
Larmor frequency. 84 If the quadrupole interaction is sufficiently large that 
second-order quadrupole effects are significant, then the ( -1  *-~ 1) transition 
becomes weakly allowed. In powders the spectrum is still structured, which 
allows the interactions to be deduced, but is a factor 6u0/CQ times narrower. 
This was applied to some solids of biological interest. Consideration has also 
been given to improving the signal intensity of echoes for 14N and the 
generation of double-quantum coherence in two- and three-pulse sequences, s5 
In cases where 14N is dipolar coupled to a spin-½ nucleus, the N M R  interaction 
parameters can be deduced from the modulation of the response of the spin-½ 
nucleus. Examples of this include spin-locking s6 the 14N for different periods of 
time and applying short pulses to the 14N in the REAPDOR experiment. 87 The 
magnetization is transferred through quasi-adiabatic processes as MAS causes 
level crossing. 

Otiher approaches for recording broad 14N lines have adopted the philosophy 
that lhe spectra can be recorded piecewise, as in a frequency-stepped approach 
that has been applied to 14N in KNO3. 8s However, these approaches are very 
time inefficient as only a small fraction of the spins are excited at any particular 
instant. To overcome this, an approach that slowly rotates the sample 
(~1 rpm) has been introduced termed Rotisserie. ~3 This significantly increases 
the sensitivity and reduces the recycle time necessary, greatly reducing the 
lengtlh of the experiment, and has been applied to Si3N4. 83 The approach has 
been extended to use the rotation concept to measure the modulation effect of 
an echo formed, which again contains information about the interaction 
parameters in the STEAMER experiment. 83 

In some organic phases where there is high site symmetry (and usually high 
motion as well), narrow resonances have been observed. For example in 
((CH3)3NCzHs)C104 phase II CQ = 8.1 kHz. In ((CH3)3NC2Hs)NO3 two 
narrow nitrogen resonances were detected at - 8  ppm for the organic nitrogen 
and -338.2 ppm for the nitrate relative to the accepted reference standard, 
nitromethane. 89 A range of teraalkylammonium and related salts have all been 
measured and give C O in the range 10-200 kHz. 90'91 

14N N M R  studies of single crystal have allowed CQ to be deduced in, for 
example, NH4ClO4, 92 NH4AI(SO4)2' 12H20, 93 Ba(NO3)294 and KNO3 .95 By 
detailed analysis of the single-crystal pattern from KNO3, elements of the 
chemical shift tensor could be determined, with the largest component 
measured as 149.6 ppm. 96 The single-crystal rotation pattern of Li3N also 
shows evidence of CSA. 97 Two things emerge immediately from inspection of 
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the literature of 14N from inorganic solids. First, there is no agreement on a 
suitable spectral reference. In the relatively small selection of papers, at least 
five different references were chosen. The other problem with nitrogen is that 
T1 can be very long, with values determined of 41 s in NH4C10492 and 1080 s in 
A1N. 98 For hexagonal BN a 30 minute delay was allowed between pulses. 99 
Improvements in MAS probe technology, particularly in stability and control 
of  the spinning speed, mean that MAS is possible for 14N even when the 
quadrupole interaction is large. As the quadrupolar interaction is inhomoge- 
neous, the wide lines will split up into a series of sharp sidebands in a crystalline 
sample. Ammonium halides gave sharp MAS spectra, and the chloride and 
bromide differ in peak position by only ~2 ppm. 14N MAS N M R  spectra have 
been reported from A1N 98 and hexagonal BN. 98,99 In hexagonal BN simulation 
of the sideband manifold needed both quadrupole and CSA interactions to fit 
with the CSA of 160 + 2 0  ppm. 99'1°° The spectrum from cubic BN had very 
many fewer sidebands, which were ascribed to the dipolar interaction. There 
was clear shift difference between NB3 and NB4 units of ~70 ppm. The 14N 
spectrum has also been recorded from the cubic metal TiN, which shows a 
Knight shift (Table 5). l°l In the solid solution TiCxN1 x, as carbon was added 

Table 5. Summary of solid-state NMR interaction parameters for 14N 

Compound 6iso (ppm)* C o (MHz) z/ Ref. 

Si3N4 N.D. 
KNO3 373.2 
NH4CIO4 N.D. 
ND4C104 N.D. 
NJH4SCN ll 

I N.D.  
II N.D. 

Cubic BN -17.6 
Hexagonal BN 612 
A1N N.D. 
TiN 359.5t, 338t 
NHaAl(SO4)2 • 12H20 N.D. 
(NH4)2504 

Site I N.D. 
Site II N.D. 

NH4C1 0 
NH4Br 2.2 
Li3N N.D. 
Ba(NO3)2 N.D. 
Pb(NO3)2 350.2 
NH4IO4 N.D. 
NH4ReO4 N.D. 

0.140 

2.1 0 83 
0.751 0.022 95 

0.053568 0.1288 92 
0.052530 0.1257 92 

0.093 1 104 
2.28 ~0.04 104 
~0 100 
0.01, 0.142 0 98, 100 

<0.01 0 98 
101 

0.196 N0 93 

0.15443 0.684 105 
0.11571 0.749 105 

N0 N0 102 
N.D. N.D. 106 
0.505 0 97 
6.998 0 94 
N.D. N.D. 102 
0.013 0 107 
O.050 0 108 

* Chemical shift relative to solid NH4CI except t which are reported relative to liquid ammonia. 
N.D., not determined or not given. 
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there was a change of shift that can be rationalized in terms of a change of the 
density of states. The static spectra became much broader in the solid solution. 
Although there was no discernible quadrupolar structure, it is possible that 
the local site symmetry is being reduced in the solid solution, producing a 
significant electric field gradient. The lines could consequently be much 
broader and hence only be partially excited. 

Further 14N MAS N M R  studies have recently appeared using the principle 
that tlhe first-order quadrupole interaction is inhomogeneous, so that provided 
the angle is accurately set the resonance should narrow under MAS. 
Procedures were described to add sidebands to enhance the S/N and to use 
variable spinning speeds to determine the centrebands.l°2 A mixture of KNO3, 
Pb(NO3)2 and NH4CI was taken and quantitatively deconvolved using this 
approach. 1°2 Slight deviations from the magic angle cause residual broadening 
in the lineshape, but if the angle is known this shape can be used to deduce the 
interaction.l°3 NHaC1 would appear to be a good secondary reference for solid- 
state NMR,  as it has a narrow MAS signal and can be observed with good S/N 
in a single scan. It has a shift of 342.4 ppm from the primary nitrogen reference 
of liquid nitromethane.103 

4.2. Magnesium-25 

Magnesium is an element whose structural role is significant in many fields 
of science and technology. Particular applications include earth sciences in 
minerals and melts, in technologically important high-temperature ceramic 
materials, and in bio-inorganic chemistry where it is one of the most important 
elements in cellular biochemistry. The same type of question is posed as for 
other elements such as aluminium; can the N M R  parameters (particularly the 
chemical shift) distinguish different local coordinations (e.g. MgX4 and MgX6)? 
In terms of modern MAS techniques, the first report on some simple 
compounds showed that cubic materials such as MgO, MgS and Mg2Si give 
very narrow MAS resonances (<50 Hz at 8.45 T). 109 In less symmetric 
compounds the lines were much broader, with some showing second-order 
quadrupole structure from which 8i~o could be deduced. Some were too broad 
to be narrowed with MAS at 8.45 T, and it was then difficult to deduce the 
isotropic chemical shift. MgC12 with an unknown state of hydration gave a very 
different spectrum from that determined for MgCI2.6H20 at 77 K using a 
level-crossing technique. 11° For  compounds in which the chemical shift could 
be determined, it appeared that the shift difference between MgO6 and MgO4 
was ~25 ppm. 

The shift and T1 were measured in MgO from room temperature up to 
1300 °C. T1 was long at all temperatures (~50 s) and ~5i~o only varied from 25 to 
27 ppm across the whole temperature range. The change of 6iso was in the 
opposite direction to that expected from simple bond length versus shift 
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correlations, and arguments for the observed change of shift were advanced in 
terms of thermal vibration increasing orbital overlap. LIt In nanocrystalline 
MgO prepared using hydrolysis of Mg(OCH3)2, as the particle size increased 
from 3 to 35 nm, the linewidth decreased from 2 kHz to 450 Hz and the shift of 
the peak position increased from 18 to 25.3 ppm, the latter close to the position 
of bulk MgO. I~2 In particles below 3 nm the broadening effects presumably 
related to disorder precluded observation of the 25Mg resonance. Additions of 
nickel to MgO have also been followed by 25Mg NMR. 113 A single-crystal 
study of Mg(OH)2 from which CQ and ~iso w e r e  deduced found that the 
linewidth was a strong function of rotation angle of the crystal, which was put 
down to mosaic spread of the crystal.114 Even though the Mg O bond is quite 
ionic, a small CSA contribution to the linewidth of ~6 ppm could be deduced. 
Thermal decomposition of brucite was followed by 25Mg NMR, supporting 
the idea that there was coherent growth of small domains on MgO that 
subsequently coalesced into crystallites, j15 Mg(OH)2 was added as a fire 
retardant in ethylene vinyl acetate copolymers. 25Mg NMR was used to 
characterize the phases before and after combustion and showed that 
formation of a glassy phase was at the heart of the fire retardancy action. 116 

To find the range of NMR interaction parameters for 25Mg in silicates, a 
study examined 18 minerals at 11.7 T using spinning at 20 kHz with single 
pulse excitation. 117 Linear back-prediction was applied to try to overcome the 
100 las preacquisition delay. Ti for these minerals varied from 0.2 s (talc) to 
15.9 s (MgO). Another study compared akermanite (MgO4) to diopside 
(MgO6) in 25Mg-enriched specimensJ 18 All this work agreed with the earlier 
work on the shift range, except that it suggested that the total separation 
between MgO4 and MgO6 might be slightly larger at ~40 ppm. Results for an 
unusual MgO5 unit were reported from grandidierite. 119 Some very accurate 
single-crystal data have been reported on forsterite using dynamic nuclear 
polarization 12° and the quadrupole interaction was calculated using super- 
position analysis based on the structural distortion of the oxygen coordination 
tetrahedra, lzl CQ in such silicates appears to be typically 2-3.2 MHz. For  the 
MgO6 units various correlations were tried between measures of the structural 
distortion (DI, '0 in Eq. 4) and CQ. 117 The best correlations were those related 
to the bond angles: 

12 

10i-001 
12 

D I =  i =  1 "WJ ' ~ = Z ] t a n ( 0 i  - 0 0 ) [  ( 4 )  
1 ~ v o  i = i 

where Oi is the actual bond angle and 00 is the bond angle for an undistorted 
octahedron. In minerals a key question is related to any motion of magnesium. 
N MR measurements up to 1400 °C on a single crystal of forsterite allowed the 
magnesium exchange between different sites to be deduced, and the measured 
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values; are consistent with the estimates of hopping frequency based on 
diffusion. 122 High-temperature NMR work of magnesium has been extended 
into tlhe melt. On melting, the shielding increases by ~4 ppm, suggesting that 
there is an increase in the average coordination of magnesium. It is probable 
that in melts magnesium prefers to take on octahedral coordination. 123 Tl 
measurements suggest that the motion of magnesium is strongly coupled to the 
motion of the network and, as the linewidth is related to T1, that viscosity is the 
fundamental limitation on observing magnesium in melts. 

Thermal decomposition of magnesium-containing minerals is a technologi- 
cally important process. 25Mg NMR of decomposition of the carbonates 
magnesite 124 and dolomite 125 showed that MgO formed significantly before it 
was detected by X-ray diffraction (XRD). With hydrotalcite, in the initial 
mineral a clear second-order quadrupolar lineshape is observed and then, as 
heating progresses so that water loss, dehydroxylation and carbonate break- 
down occur, the distinct lineshape is lost and the peak shifts progressively 
downfield, with MgO forming at 600 °C. t26 Heating to 1200 °C further narrows 
this line, but surprisingly no formation of spinel was detected. Thermal 
decomposition of chrysotile was shown by solid-state N M R  to be more 
complex than previously supposed] 27 As dehydroxylation occurs, an Mg-rich 
amorphous phase forms that probably has Mg in octahedral coordination and 
that then transforms to forsterite at 670 700 °C. There is evidence that some 
magnesium signal is lost in such amorphous intermediate phases, presumably 
owing to large quadrupolar broadening that results in the signal being 
undetected under the conditions used. Thermal decomposition of talc was 
shown by 25Mg to directly form orthoenstatite, with magnesium remaining in 
an octahedral coordination throughout. 128 Synthetic hectorite is closely related 
to talc: and shows a similar thermal decomposition pathway. 129 As dehydroxyl- 
ation begins to disrupt the phyllosilicate, layer distortion of the octahedral 
magnesium sites causes broadening of the N M R  signal and a loss of intensity. 
Mixtures of magnesium hydroxide and hydrated silicic acid were ground 
together; one was left at room temperature for 6 months and compared to one 
heated to 80 °C for 2 h.13° The extent of reaction of these two samples was very 
similar, with 25Mg MAS N M R  being one of the probe techniques showing that 
a poorly crystalline layer magnesium silicate formed. 

MgO is used as a sintering aid to densify Si3N4. In studies carried out on 
samples with 10 wt% MgO sintered in the range 1500-1700 °C, peaks at positive 
shift were observed as well as a broad peak from - 6 9  to - 8 5  ppm. The positive 
peaks were close to the nitrides MgSiN2 and MgA1SiN3 (Table 6). 33 The negative 
shift peak probably corresponds to some related glassy phase containing four- 
coordinate magnesium. The reaction mechanism for densification was proposed 
to be surface SiO2 reacting with MgO to form forsterite followed by reaction of 
this with Si3N4 to form a glassy Mg Si -O N phase that will not readily 
recry,~tallize. In examining the utility of solid-state 25Mg NMR for characterizing 
biochemicals, a study was carried out on four Mg2+-binding complexes 
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Mg(H20)4L2 where L = methylmalonate, formate, acetate and orotato. 131 The 
MgO used in the initial synthesis was 99% 25Mg-enriched. Clear quadrupole 
lineshapes were observed from all four, with the orotato complex providing the 
first solid-state 25Mg NMR observation of an asymmetric centre, i.e. five 
oxygens and one nitrogen. Magnesium formate dihydrate has two inequivalent 
magnesium sites with a complex lineshape resulting from spectral overlap. 
Application of 3Q MAS NMR clearly resolved two sites. In some of the 25Mg 
MAS NMR work on silicates there was a strong overlap of the different sites and 
3Q MAS NMR could usefully be applied to these situations as well. 

For low-7 nuclei there are often early reports of NMR from metallic 
specimens because of the short TL due to relaxation via the contact interaction 
with conduction electrons. There were early NMR reports of the Knight shift 
from elemental magnesium in powder 132 and single-crystal form.133 With much 
higher magnetic fields now available, many of these early studies can usefully 
be revisited. A study at 9.4 T showed that there is in fact a small temperature 
dependence of the Knight shift, and that as the melting point was approached 
there was a sharp increase in the Knight shift in keeping with a first-order 
phase transition. ~34 CQ was determined from observation of the singularities of 
the satellite transitions, and showed a T 15 dependence.135 Comparison of static 
and MAS NMR spectra showed only partial narrowing, indicating that the 
second-order quadrupole interaction was making a significant contribution to 
the linewidth. In work-hardened magnesium there was a small increase in the 
linewidth of the central transition but the non-central transitions were 
significantly smeared out owing to the distribution of electric field gradients.136 
Dilute alloys of aluminium in magnesium are increasingly used in the 
automotive industry since they are lightweight. In Mg-(6% )A1 the 25Mg 
NMR spectrum is very similar to that of pure magnesium except for a small 
change of shift and the singularities of the satellite transition again being 
smeared because of a distribution of interactions as aluminium substitutes into 
the framework. The static 25Mg NMR spectrum of the intermetallic alloy 
Mg17Al12 was also reported. 136 Three sites with distinct Knight shifts were 
reported, with spectral integration giving their ratio as 1.1:3.6:12, very close 
to that expected from the structure of 1:4: 12. 

4.3. Sulfur-33 

Applications of solid-state NMR of sulfur are potentially very wide ranging, 
including mineral processing, high technology, (e.g. semiconductors, optoelec- 
tronics) polymer processing (e.g. vulcanization) and biochemistry. Yet the number 
of reports of 33S solid-state NMR is extremely sparse, reflecting the difficulties of 
observing a low-7 quadrupolar nucleus with a natural abundance of only 0.76%. 
Early reports on 33S included the paramagnetic c~-MnS 138 for which information 
was obtained about the transferred hyperfine field, and ferromagnetic EuS in 
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which the internal magnetic field at the sulfur site extrapolated to 0 K was 
detel~mined to be 1.71 T. 139 The most studied 33S resonance in the solid state has 
been that of ZnS, with at least seven reports existing in the literature. 22' 140-145 A 
study compared the cubic and hexagonal forms of ZnS, with the latter showing 
what appeared to be a second-order quadrupolar powder pattern with analysis of 
the lineshape giving an estimate of CQ and the CSA. TM The cubic form gave a 
much more symmetric spectrum, but there was a difference in the isotropic shift 
between the polymorphs of only ~3 ppm. 

An extensive study examined static 33S N M R  spectra at 11.7 T from 26 
different sulfides and sulfates at natural abundance. 22 The pulse width response 
of al]L the samples indicated that only the central transition was being excited. 
The lineshape from hexagonal ZnS was again analysed in terms of a mixture of 
interactions and yielded a CSA of (23 4- 1) ppm. The sulfates tended to show 
broader resonances than the sulfides, with more evidence of second-order 
quadrupolar broadening. Most of the time distinct lineshapes could not be 
observed, so that linewidth was used to make an upper estimate of CQ (or more 
precisely the composite interaction constant ( = X/C~)(1 + r/2/3)). The sulfates 
clustered into a small shift range of 320-338 ppm but with a much wider 
variation of CQ of 0.53 2.3 MHz. Those sulfates crystallizing in the K2SO4 
crystal structure (except (NH4)2804) all gave identical second-order quad- 
rupolar powder patterns and there was no obvious correlation of CQ with the 
counterion. The sulfides, by comparison, covered a much wider shift range of 
-347  to 291 ppm. The linewidths of the sulfides were much smaller, reflecting 
the smaller CQ. The chemical shift trends in the sulfides could be explained 
by straightforward electronegativity arguments involving ionicity and bond 
overlap effects. The shifts of post-transition metal sulfides could be rationalized 
in terms of Harrison's bond orbital model, whereas for the alkali and alkali- 
earth sulfides a Kondo Yamashita approach was more appropriate. 22 The 
temperature dependence of the shift of some of these sulfides was measured, 
and was in the range 0.007-0.116 p p m K  -1. 

A more recent study has gone to even higher field (14.1 T) and applied MAS at 
15 18 kHz.145 Typical narrowing on MAS was ~ 10, indicating that in most cases 
there' are a number of contributions to the static linewidth for sulfur. An 
interesting experiment compared a static spectrum at 4.7 T to MAS at 14.1 T 
using ~10 times as much sample at the lower field. Even with the much larger 
sample at the lower field, achieving a comparable S/N between the two 
experiments required 40 times longer averaging at the lower field. CaS and 
NH4AI(SO4)2 • 12H20 are good candidates as secondary solid references for 33S 
as they have MAS linewidths of only 10 and 18 Hz, respectively. The alum is 
probably favoured as it has a T1 of only 0.23 s compared to 23 s for CaS. 145 
When the other broadenings were removed under MAS, four of the ten 
compounds showed second-order quadrupolar lineshapes. On the limited 
selection of compounds examined to date by solid-state NMR, the quadrupolar 
interactions observed do not appear to be as large as might be anticipated from 
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the large Sternheimer antishielding factor. I t  needs to be asked how representative 
are the parameters  repor ted  so far. Nevertheless, the da ta  in Table 7 should 
encourage further s tudy by solid-state 33S N M R .  It will be interesting to see what  
sort  of  spectra can be obta ined from glassy materials  and  a number  of  key 
questions in the structural  chemistry o f  sulfur could then be examined.  

4.4. Chlor ine -35 , -37  

The two chlor ine  i sotopes  have s imilar  magne t ic  mome n t s  with L a r m o r  
frequencies differing by ,-,20%. A l t h o u g h  37C1 has  only  75% o f  the second- 

Table 7. Summary of solid-state NMR interaction parameters for 33S 

Compound 6iso (ppm)* CQ (MHz)I" Ref. 

ZnS, wurzite -231, -234, -235, 0.43~, N.D. 22, 144, 145, 142 
-229 

ZnS, zincblende -228, -230 N.D, N.D. 22, 144 
CdS -284 N.D. 22 
Li2S -347 N.D. 22 
Na2S -338 N.D. 22 
MgS - 174 N.D. 22 
CaS -28.5,  -28.5 N.D. 22 
SrS 42.8 N.D. 22 
BaS 291 N.D. 22 
PbS -297, -293,  -300 N.D. 22, 22, 145 
NaSO4 330 (338, 333) 0.82 22, 145 
NaCa(SO4)2 338 0.71 22 
Na2Mg(SO4)2 " 4H20 321 2.2 22 
CaSO4 326 1.0 22 
CaSO4 • 2H20 337 0.77 22 
BaSO4 N.D., (353, 326) 2.3 22, 145 
K2SO4 334 1.13 22 
RbESO4 329 1.01 22 
Cs2S04 335, (331,326) 0.97 22, 145 
T12SO4 320 1.03 22 
Li2SO4 321 N.D. 22 
(NH4)2SO4 328, 331 0.59 22, 145 
KAI(SO4)2 • 12H20 327, (330, 325) 0.79 22, 145 
RbAI(SO4)2 • 12H20 334 0.56 22 
CsAI(SO4)2" 12H20 331 0.53 22 
NH4AI(SO4)2 - 12H20 333, 331 0.53 22, 145 
TIAI(SO4)2. 12H20 332 0.56 22 

* Chemical shift relative to liquid CS2, some are peak positions not the isotropic shifts, see original 
references. Numbers in parentheses represent singularity positions of MAS powder patterns. 
t Estimated upper limit of the quadrupole effect parameter, except :~ which is based on lineshape 
analysis. 
N.D., not determined or not given. 
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order' quadrupolar broadening compared to 35C1, the greater natural 
abundance of 35C1 results in a receptivity 5.34 times greater than that of 37C1, 
so that 35C1 is usually favoured for N M R  study. Much magnetic resonance 
data exists for chlorine, but the great majority of it has been nuclear 
quadrupole resonance (NQR) since in materials where strong covalent bonding 
is pre, sent CQ values as high as 80 MHz are not uncommon. 146 The immediate 
implication of such high values for the quadrupole interaction is that in many 
cases the normal high-field limit is not reached, and attempts to carry out 
N M R  experiments in high magnetic fields will be in the complex regime where 
the energy level separation is determined by both interactions and the 
quadrupole interaction is not a simple perturbation of the Zeeman levels. 

A 35'37C1 MAS N M R  study at 11.7 T of the alkali and ammonium chlorides 
showed that they all exhibit narrow resonances spread over a shift range of 
~150 ppm. 147 The equality of the shift values from the two isotopes indicated 
that no quadrupole effects were present. The shift values were confirmed by a 
second MAS study at 9.4 T. 148 KCI gave a very narrow MAS N M R  signal 
(~20 Hz) and would make a good secondary reference. Both papers examined 
correlations of the observed shifts to structural parameters. As was found for 
the shifts of sulfur, the theory of Kondo and Yamashita rationalized well the 
observed shift trends. In CuC1 35C1 NMR data showed that there was a 50 ppm 
change of shift in varying the temperature from -150  °C to the melting point 
just above 400 °C.149 

A recent and extremely elegant study reported chlorine NMR results from 
a wide range of perchlorates] 5° MAS at 14.1 T was applied and included 
observation and simulation of all the transitions (i.e. including the satellite 
transitions). This combined approach allowed the N M R  interactions to be 
determined accurately. The perchlorates are shifted by ~1000 ppm from the 
chloride region. The observed parameters were discussed in terms of the number 
of perchlorate sites and their site symmetry. The 13 compounds investigated 
covered an isotropic chemical shift range of only ~20 ppm. However, the 
quadrupolar parameters varied much more widely. Hydration could also be 
followed as there were very noticeable effects on CQ. 37C1 MAS N MR spectra 
were also recorded for a selection of the materials. The isotropic chemical shifts 
deduced from the simulations agreed with the 35C1 results and the ratios of 
35CQ/37CQ were in the range 1.23-1.28, in excellent agreement with the 
theoretical prediction of 1.269. The reduced second-order quadrupole broadening 
for 3vCl may favour its application when MAS can only just narrow a resonance, 
but this work 15° clearly showed that its lower intrinsic sensitivity means that it is 
significantly more difficult to produce as good quality spectra as from 35C1. 

From a detailed analysis of the rotation pattern of a single crystal of 
NH4CIO4 at room temperature, the 35C1 quadrupolar and chemical shielding 
tensors were deduced. 92 The extreme principal components of the CSA tensor 
differed by 18.1 ppm. Other 35C1 measurements of perchlorates included one- 
pulse observation of the phase changes in a range of n-methylammonium 
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perchlorates. 151 Changes of the local motions in the different phases resulted in 
different averaged values for CQ, providing insight into changes in the motions. 
From 35C1 NMR relaxation measurements in piperdinium perchlorate, CQ was 
deduced and showed that in the cubic phase (I) isotropic reorientation of the 
perchlorate anion was occurring.152 In pyrrolidinium perchlorate both phases I 
and II gave narrow chlorine resonances.153 Double-resonance techniques were 
used to measure the rotator phase of CH3NH3C104 .154 

In C4H9NH3C1 and C4H9ND3C1 CQ and Tj were measured in the rotator 
phase above 241 K. CQ decreased rapidly with increasing temperature owing to 
increasing self-diffusion. 155 At most temperatures IH decoupling showed that 
there was strong dipolar coupling in this phase. The 35C1 quadrupolar tensors 
have been determined precisely for both the high-temperature (>164 K) and 
low-temperature (<46 K) phases of (CH3)3NCH2COO. CaCI2.2H20 using 
single-crystal NMR studies. 156 35C1 NMR studies of cocaine hydrochloride at 
7.0 T used a stepped frequency approach and were able to record an 
undistorted centreband lineshape despite CQ being in excess of 5 MHz. j57 

In more complex inorganic materials, 35C1 NMR has been reported from 
phases such as the X-ray storage phosphor BaFC1, allowing the quadrupolar 
parameters to be deduced (Table 8). 158 The anion dynamics, interlayer 
structure and phase transitions of the mixed metal layered hydroxides 
hydrotalcite and hydrocalunite have been investigated by 35C1 solid-state 
NMR. 159 Such materials exhibit significant permanent anion exchange 
capacity, and the interlayer structure and anion dynamics are central to this 
role. 35C1 NMR showed that the two systems investigated were very different. 
35C1 static NMR spectra were collected as a function of both relative humidity 
and temperature. From hydrocalunite a well-defined lineshape was observed 
for 35C1 at most temperatures, whereas for hydrotalcite it was much less well 
defined. The phase transition for hydrotalcite occurred over a much wider 
range of temperature than for hydrocalunite and this was related to the degree 
of atomic order within the layers. Sodalite cages can be used to encapsulate 
metallic clusters such as Nas-n-pAgnCl2_p. Na4CI clusters give a relatively sharp 
peak at -122 ppm. 16° As silver is added there is at first no change except for a 
weak peak that corresponds to AgC1 forming on the surface. Then at very high 
silver exchange levels a line appears at -310 ppm, attributed to Ag4C1 clusters. 
The 3SC1 MAS NMR lineshapes, although narrow, show characteristic tails to 
negative shift, indicating a distribution of CQ. When 1 was exchanged, the 35C1 
peak position showed some variation, indicating that the clusters are sensitive 
to the distribution of nearby clusters. 

4.5. Potassium-39 

At 93.1% natural abundance, 39K appears to be quite an attractive nucleus for 
NMR, having a relative receptivity, considering the central transition alone, 
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Table 8. Summary of solid-state NMR interaction parameters for 35C1 

Compound ¢~iso (ppm)* CQ (M Hz) r/ Ref. 

NH4C1 74.0 0 0 147 
LiC1 5.2 0 0 148 
NaCI -46 .1 , -45 .8 ,  0 0 147, 148 

- 4 4  
KCI 3.07, 3.9 0 0 147, 148 
RbC1 44.7, 45.0 0 0 147, 148 
CsC1 109.4, 109.9 0 0 147, 148 
AgC1 - 7 0 0 160 
Trime, thylammonium perchlorate N.D. 0.318 0.6 151 
Guanidinium perchlorate N.D. 1.48 0.6 161 
LiC104 988.2 1.282 0.34 150 
LiC104 • 3H20 999.9 0.695 0.00 150 
NaCIO4 998.3 0.887 0.92 150 
NaCIO4. H20 993.9 0.566 0.90 150 
KCIO4 1003.2 0.440 0.88 150 
RbCIO4 1003.4 0.537 0.87 150 
Mg(C104)2 990.2 2.981 0.57 150 
Mg(C104)2 • 6H20 

1 1000.6 0.309 0.00 150 
2 999.5 0.475 0.00 150 

Ba(CIO4)2 983.6 2.256 0.58 150 
Ba(CIO4)2 • 3HzO 994.6 0.383 0.00 150 
Ba(CIO4)2 • 6H20 998.4 0.328 0.00 150 
(CH3)4NCIO4 1003.3 0.307 0.00 150 
NH4CIO4 991.5 0.6949 0.755 92 
C4H4NH3C1 N.D. 1.2 ~0 154 
(CH3)3NCH2COO • CaC12.2H20 

HT N.D. 4.871 0.882 156 
LTI N.D. 5.667 0.80 156 
LT2 N.D. 4.875 0.776 156 

Cocaine hydrochloride N.D. 5.027 0.2 157 
BaFC1 N.D. 2.38 0 158 
CsHIoNH2C104 ~1000 1.12 0~" 152 
Hydrocalunite Ca2AI(OH)6CI. 2H20 30 2.87 ~0 159 

* Chemical shift from aqueous NaCI. 
N.D., not determined or not given. 
1, 2 distinct sites; HT - high temperature; LTI, LT2 distinct low temperature sites. 
t Assumed value. 

c o m p a r a b l e  to that  o f  13C. A g a i n  its quad rupo l e  na ture  and in pa r t i cu la r  its 
small  magne t ic  m o m e n t  have l imited the n u m b e r  o f  sol id-s ta te  N M R  studies. 
The mos t  extensive s tudy to date,  on 16 mode l  po t a s s ium salts, examined  stat ic  
powder  samples  using a solid echo pulse sequence]  62 The relat ively small  
d ipo la r  coupl ing  in mos t  o f  these c o m p o u n d s  mean t  tha t  for  the observed  
central  t rans i t ions  the powder  pa t t e rn  s ingulari t ies  were sharp.  These 
l ineshapes could  be accura te ly  s imula ted  using only CQ and r/, ind ica t ing  tha t  
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CSA contributions were very small. Most of the compounds contained single 
potassium sites but even for those with two inequivalent sites, there were 
sufficient resolved spectral features to allow accurate and unambiguous 
simulation. 162 For KOH N M R  showed that around the antiferroelectric phase 
transition CQ varied slowly, whereas r/ changed very rapidly, indicating the 
first-order nature of this change. 163 A single-crystal rotation study of KNO3 
confirmed that CSA makes only a small contribution to the lineshape. 95'96 
The extreme components of the shift tensor differed by only 18 ppm. In the 
temperature range 295-375 K CQ decreased by ~ 10%. Static N M R  spectra of 
potassium halides at 9 . 4T  produced linewidths of 8.4-14.7 ppm. 148 The 
isotropic shifts varied by ~37 ppm through the series. 

There is much geological and agronomic interest in potassium. A study 
showed that on the basis of the shift of the centre of gravity of the potassium 
N M R  line it appeared that the tectosilicate orthoclase at ~205 ppm could be 
distinguished from phyllosilicates, where the centre of gravity was below 
40 ppm. 164 An important agronomic challenge to spectroscopy is to distinguish 
exchangeable or available potassium from that which simply remains in the 
structure of minerals such as montmorillonite. There is known to be a change 
of availability as minerals undergo wetting and drying, with less becoming 
available with time. Wet montmorillonite samples showed two superimposed 
potassium signals. The broader line was identical to that observed in dry 
samples. The narrow resonance was thus attributed to exchangeable potassium 
that became mobile on hydration. There was a correlation between the 
exchangeable potassium determined by independent chemical means and the 
integral of the narrow potassium component. 

One of the earliest studies used level crossing to generate the signal from the 
larger proton source. Eleven different compounds were examined, including 
potassium hydrogen diformate. 165 CQ varied in the range 1.20-2.33 MHz. All of 
these studies indicate that potassium shows considerable promise for examining 
materials. This is likely to be even truer today with the much higher fields and 
faster spinning now available. The CQ values observed for 39K are typically 
1-2  MHz in inorganic materials, so only moderate MAS is demanded. Little 
attention has been applied to the shift range, although the work on silicates 
suggests that it may be useful. Also, 3Q experiments would offer improvements 
in resolution and, provided that sufficient sensitivity could be generated, this 
would offer a good way to examine accurately the chemical shift range. Although 
alkali metal ions are thought to be less biochemically important than divalent 
metal ions, it has recently been suggested that in biological macromolecules there 
could well be some cases where such ions play a crucial role. 166 39K results on 
K • monensin revealed CQ of ~3.2 MHz, 2° but the potassium environments in 
some biomolecules may have CQ values considerably smaller than this. 

One of the few MAS studies of potassium has been on the superoxide KO2 
using a 7.5 mm MAS probe spinning at 5 k H z .  167 The two polymorphs (cubic 
and tetragonal) show different temperature-dependent shifts and co-exist over 
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the temperature range 353-423 K. The source of the temperature-dependent 
shift is simple paramagnetism reflected in a temperature-dependent, Curie-like 
susceptibility. Another chemically curious range of chemicals from which 39K 
N M R  has been reported are alkalides and electrides. These are stoichiometric 
salts with alkali metal cations complexed by crown ethers, cryptands or 
hexamethylhexacyclen, and charge balanced with an alkali metal anion or a 
trapped electron. 168 39K powder spectra were identified from both the positive 
and negative ions. The cations in these systems have CQ values at the upper end 
of the range detected for 39K (Table 9). In some cases such as K+(15C5)K - 
(15C5 = 15-crown-5 ether) only the K -  signal was observed. The loss of some 
signals was ascribed to very rapid relaxation broadening the resonance. The 
relative shifts of the lines can be explained in terms of the electron 
configurations of the different ions. 

In KNO2 the 39K TI in the low-temperature plastic crystal was found to be due 
to NO 2 motion. 169 KSCN undergoes an order-disorder antiferroelectric phase 
translition on conversion of the orthorhombic phase to a tetragonal one at 415 K. 
A two-dimensional 39K NMR experiment that separated the homogeneous and 
inhomogeneous contributions to the spectrum showed the disordering process to 
be dynamic. 17° Mixed crystals KxRbl xX (X = Br, I) form complete solid 
solutions. Each series was referenced to the pure halide end member, and each 
well-defined compound (e.g. K3RbI4, K2Rb2Br4) gave a distinct 39K shift. TM This 
allowed the atomic distribution in mixed crystals at other compositions to 
be deduced. The residual MAS linewidths were used to estimate CQ to be in 
the range 0.35-0.53 MHz. 39K MAS NMR was reported from KNiF3 in the 
temperature range 180-450 K. 172 Changes of shift were correlated to the 
susceptibility and showed that the isotropic hyperfine interaction was nonzero. 
In the antiferromagnetic state a signal could still be observed just below the 
transition temperature, but it was rapidly broadened at lower temperatures. 

Over the last few years the biggest use of solid-state 39K N MR has been to 
examine potassium fulleride (K3C60), which shows several structural phase 
changes and superconducts at lower temperatures. ~73 177 Signals are usually 
observed from the tetrahedrally and octahedrally coordinated sites, which are 
in the ratio of 2 : 1 expected from the structure. These can be symmetric peaks 
with no sign of quadrupolar structure, although slight structural distortions 
have been shown to give rise to an asymmetric distortion of the tetrahedral site. 
The tetrahedral resonance splits in K3-xC60 and has been analysed in terms of 
cation vacancy interaction, which can account for the temperature dependence 
of  the distorted line. 173 Exchange between the different tetrahedral sites is 
themmlly activated and in potassium fullerides the splitting disappears above 
~200 K. 175'176 The resonances all also show a very similar temperature 
dependence to that of the 13C signal, which together with T1 data shows that 
the electron density is the same as at the carbon site, indicating a uniform Pauli 
susceptibility. The temperature variation of the shift is dominated by the 
orbital contribution of the susceptibility. 176 
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Table 9. Summary of s01id-state NMR interaction parameters of 39K 

Compound 6iso (ppm)* CQ (MHz) r/ Ref. 

KF 22.6 N.D. N.D. 148 
KCI 47.8 N.D. N D .  148 
KBr 55.1 N.D. N.D. 148 
KI 59.3 N.D. N.D. 148 
KOH N.D. 1.680, 1.682 0.104 162, 163 
KNO3 N.D. 1.322, 1.326 0.173 92, 162 
KHCO3 N.D. 1.490 0.239 162 
KCO3 N.D. 1.536, 1.546 0.860, 0.63 162 
KC103 N.D. 0.978, 0.995 0.689 162 
KC104 N.D. 0.738 0.274 162 
K2SO4 N.D. 0.958, 0.864 0.043, 0.90 162 
KHSO4 N.D. 0.614, 1 .220  0.356, ~1 162 
KBF4 N.D. 0.780 0.69 162 
KNO2 N.D. 0.056 N0 162 
KAI(SO4)2' 12H20 N.D. 1.956 0 162 
KBrO3 N.D. 0.952, 0.968 0 162 
KHzAsO4 N.D. 0.904 0 162 
KH2PO4 N.D. 1.694, 1.680 0 162 
KN3 N.D. 0.518 0 162 
KIO4 N.D. 0.107, 0.300 0 107, 162 
KReO4 N.D. 1.148 0 108 
KNiF3 100 N.D. N.D. 172 
K2SiF6 - 17 N.D. N.D. 172 
K.monesin N.D. 3.2 0.52 20 
18-crown-6 ether. KNO3 N.D. 1.80 0.37 20 
K+(15C5)e 20 1.5 N.D. 168 
K+(C222)e - 58 2.72 0 168 
K+(C222)K - 10 2.70 0 168 
K+(C222)Na 0 2.65 0.25 168 
K+(15C5)2C1 - 19 0.87 0.40 168 
K+(15C5)2I -60  1 N.D. 168 
K+(15C5)zK 10.2 N0, 0.9 N.D., 0 168 
K+(C222)K 19 N.D. N.D. 168 
K3C60 -90, -30  N.D. N.D. 176 

* Shifts measured relative to dilute aqueous KCI. 
15C5 = 15-crown-5 ether; C222 = cryptand(2.2.2). 
N.D., not determined or not given. 
K indicates potassium to which parameters refer. 

4.6. Calcium-43 

Early observations of calcium in the solid state used either double resonance 178 in 
CaF2 or adiabatic demagnetizat ion at low temperature. 179 ~H-43Ca CP was one 
of the first experiments that reported more convent ional  N M R  spectra. ~s° CP 
used a 46 kHz spin-locking field on the protons that was matched to the central 
t ransi t ion of the calcium. Opt imum CP was achieved with a contact time of 
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20-30 ms, and as was noted above for CP on the spin-½ low-7 nuclei, this places 
severe RF strain on the X-nucleus side of the hardware. Calcium acetate 50% 
isotopically enriched was measured and two signals were observed. A narrow 
(24 Hz) resonance was observed close to 60 ppm and a broader more structured 
signal that covered the range - 5 0  to 10 ppm. It was unclear whether the 
structure was from second-order quadrupole effects or from overlapping lines. 
As l~.his work was carried out at only 4.7 T, working at significantly higher 
applied magnetic field would help in understanding this structure. 

An area where 43Ca N M R  has been applied to try to understand local 
electronic structure is in the calcium-containing high-temperature ceramic 
superconductors.18~-184 The calcium resonance probes the spin susceptibility at 
the calcium site, which is usually sandwiched between CuO2 planes. Effects of 
temperature and doping levels on the spin susceptibility can thus be followed. 
Below the superconducting transition temperature the 43Ca N M R  linewidth 
provides information about the magnetic field distribution caused by the vortex 
lattice. 184 In (Bi, Pb)zSr2CaCu2Os+x and (Bi, Pb)2Sr2Ca2Cu3Oi0+x the quad- 
rupolar and shift parameters were deduced for the main calcium site. 183 In 
(Cao.sLa0.5)(Bal.25La0.vs)Cu3Oy 43Ca MAS N M R  showed a relatively symmetric 
line that results from the relatively high symmetry of the cations in the central 
plane. 182 

Examining calcium N M R  in the sol-gel formation of calcium silicate, a 
broad symmetric peak was observed in the initial sol at ~50 ppm. 185 
Immediately after gelling, the resonance was effectively too broad to observe. 
Then, with ageing of the gel, a peak reappeared that was broader than in the 
initial sol but at approximately the same peak position. The implications were 
that the disorder in the initial gel caused a large distribution of the N MR 
interaction parameters, which was reduced after ageing for 6 months. As there 
is effectively no change in the peak position, the calcium environment appears 
to remain the same throughout the whole process. 43Ca MAS N M R  was also 
reported from model compounds (CaO, CaCO3, Ca(OH)2) related to those of 
importance in cement and concrete formation. ~86 

All of the more recent 'conventional' solid-state N MR observation of 43Ca 
has been on samples with significant (>50%) isotopic enrichment. However, 
the relatively ionic nature of the Ca O bond means that CQ tends to be small 
and that even modest MAS rates will narrow the N M R  signal. The main 
problem then to be overcome is the very low sensitivity (Table 1), which is 
largely a result of the low natural abundance of 0.14%. By using large volume 
rotors (>9.5 mm with 14 mm preferred), adequate S/N can be typically 
achieved by averaging for ~ 1 day. This situation should improve still further as 
higher magnetic fields are applied. 43Ca spectra from natural-abundance 
samples were reported for 12 compounds that included silicates, carbonates 
and sulfates (Table 10). 187 A shift range of ~160 ppm was observed, but there 
was no resolution of the different sites at 8.45 T in samples containing multiple 
calcium sites. 
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Table 10. Summary of solid-state NMR interaction parameters of 43Ca 

Compound 6p (ppm)* Au (Hz)t Ref. 

Ca(CH3COO)2 60, -20  24, 600 180 
Ca silicate gel 50 2-3 kHz:~ 185 
CaO 128 20 187 
CazNaH(SiO3)3 45 500 187 
KFCa4(Si8020) • 8H20 7 200 187 
CaAlz(OH)2(Si207) • H20 - 6  470 187 
Cas(PO4)3 • (OH,F) -22  900 187 
Ca2MgSi207 - -  21 700 187 
Ca6[AI(OH)612(SO4)3 • 26H20 2 360 187 
Calcite, CaCO3 14 i 250 187 
Aragonite, CaCO3 -34  80 187 
CaSiO3 - 9  1400 187 
CaSO4 • 2H20 -28 500 187 
CaTiO3 13 1000 137 
CaA1407 45.7 i 1300 188 
CaAII2019 -52.6 80 188 

* MAS 6p, peak position from saturated aqueous CaCl2 solution. 
~-Au, MAS linewidth, except ++ which is the static linewidth. 
' Isotropic chemical shift. 

Aragoni te  and calcite, po lymorphs  o f  calcium carbonate,  gave very different 
43Ca MAS N M R  spectra. Calcite showed a characteristic second-order  
quadrupolar  lineshape that  was simulated with 6iso = 14 ppm, CQ = 1.40 M H z  
and ~7 = 0. The resonance f rom aragonite was much narrower,  with no 
discernible features. The static spectrum from aragonite was ~20  times broader  
than under  MAS,  suggesting that  CSA was an impor tant  cont r ibutor  to the 
static linewidth. This was further reinforced as the static spectrum could be well 
simulated by CSA parameters  alone. CQ for calcite is one o f  the very few 
to have been reported. A value has also been measured for CaA14OT, where 
tSiso = 45.7 ppm, CQ = 3.5 M H z  and ~/= 0.188 The observed shifts f rom all the 
compounds  were correlated to the mean C a - O  bond length and within each 
different class of  compounds  very similar gradients o f  the correlations were 
observed. 187 Calcium is such an impor tan t  element in a number  o f  applications 
(minerals, cements, bones, etc.) that  as higher fields become available more  
N M R  studies will be reported. 

4.7. Titanium-47,-49 

Titanium is a componen t  o f  some technologically impor tant  and scientifically 
interesting materials; for example, there are electrical ceramics based on 
titanium oxide such as BaTiO3 and lead zirconate titanate. The presence o f  
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titanium in silicates dramatically changes physical properties such as thermal 
expansion and refractive index of glasses, and the catalytic activity of 
microporous materials. However, there are few solid-state Ti N M R  studies 
published to date. The main experimental difficulty is that both isotopes have 
moderately large quadrupole moments (Q) in the ratio 49Q/47Q = 0.8275. It is 
usually the second-order quadrupolar-broadened central (1, _½) transition that 
is observed where the relative broadening is A//47/A/J 49 "-~ 3.437. A quirk of 
titanium N M R  is that the isotopes have extremely similar 7 values; even at 
14.1 T the resonance frequencies differ by only ,-,9 kHz so that with the width 
of the resonances observed most spectra will consist of completely overlapped 
resonances from the two isotopes. A practical point is that spectra can be 
referenced against the secondary standard of SrTiO3. This cubic material 
produces sharp MAS N M R  lines that are easily observed. According to Dec 
et a/. 189 SrTiO3 is shifted by -843  ppm against 49Ti in neat, liquid TiCI4, the 
conventional shift standard for titanium. Hence the data reported in Table 11 
can be related back to the primary shift reference. 

TiO2 is an important material in its own right in many applications, such as 
white pigment. There are three polymorphs, anatase, rutile and brookite, all made 

Table 11. Summary of solid-state NMR interaction parameters for 49Ti 

Compound ~Siso (ppm)* CQ (MHz) 71 Ref. 

TiO2, anatase , , -195 4.6, 4.7, 4.79 0, 0, 0 192, 191, 190 
TiO2, rutile ~0 13.9 0.19 190 
TiO2, brookite - 100 6.04 0.55 193 
Ti203 1100 N.D. 0 190 
SrTiO3 0 0 0 
FeTiO3 4500 N.D. >0 190 
CaTiO3 -10.5 + 1, N.D. 2.75, <3.7 0.70 137, 190 
CdTiO3 (ilmenite) 30 11.1 0.10 137 
CdTiO3 (perovskite) 40 4.07 0.40 137 
MgTiO3 - 150 15.52 0.0 137 
PbTiO3 153 9.98 0.0 137 
BaTiO3 112 3.7 0.0 137 
YeTi207 30 24.0 0 205 
LiT~204 -300 17.6 ~0 200 
Ti metal 2750 9.25 0 190 
TiAg 3155 ~0 ~0 190 
Ti3AI 3600 13.9 0.1 190 
TiAI 5000 14.0 0 190 
TiAI2 3300 8.5 0.70 190 
TiAI3 27 500 14.39 0 190 
TiB2 2750 12.35 0 180 
Till2 (cubic) 3293, 2600t N.D. N.D. 203, 204 

* Chemical shifts quoted relative to solid SrTiO3, except t. 
N.D., not determined or not given. 
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up of TiO6 units with the connectivity and relative orientation of these octahedral 
units distinguishing these polymorphs. Anatase has the most symmetric site with 
the smallest CQ and, with correct excitation conditions on a static sample, allows 
the nested lineshapes from both isotopes to be recorded accurately. 19°'191 By 
spinning anatase, the 49Ti lineshape was clearly seen by Dec et al., 189 but with the 
spinning speeds applied the 47Ti centreband was mixed in with the sidebands from 
49Ti. A static powder study in which the 49Ti resonance of rutile was accurately 
recorded 19° agreed with the parameters deduced from a single-crystal study. ~92 
Brookite shows shift and quadrupolar parameters intermediate to the other two 
polymorphs (Table 11). 19° 194 A natural sample gave a much broader line than a 
synthetic sample, presumably owing to the natural sample containing some 
paramagnetic centres. For Ti203 no well-resolved lineshape could be observed 
from either isotope and there was a relatively large shift of 1 100 ppm due to the 
paramagnetic shift induced by the Ti3+. 19° 

A recent study has reported 47"49Ti solid-state N M R  spectra from TiO2 gels 
formed by hydrolysis of Ti(OPri)4 and heated at 200-700 °C. 195 In the gel 
heated to 200 °C, which is still amorphous, a surprisingly narrow resonance 
was observed. This indicates that either the TiO6 units are quite symmetric or 
that partial averaging of the quadrupolar parameters is occurring. Heating 
between 500 and 600 °C produces some complex lineshapes, but it was 
convincingly shown that these lineshapes could be decomposed into those of 
anatase and rutile, with the amount of rutile increasing with heat treatment. 
These samples only gave broad X-ray reflections, whereas the N M R  lineshapes 
were very similar to those of the bulk crystalline materials. This implies that 
small but well-crystallized particles are present. 

The important piezoelectric and ferroelectric properties of BaTiO3 have meant 
that there have been several reports of the titanium N M R  of this phase. Above 
the Curie temperature in the cubic phase, n a r r o w  47'49Ti resonances are observed 
in static NMR  spectra from powders taken using a magnetic field of 7.05 T, but 
were lost in the tetragonal phase formed on cooling. 196 There have been three 
recent single-crystal rotation studies of the titanium resonances in BaTiO3 at 
room temperature. 197-199 The static single-crystal studies of Sommer eta/., 197 
Bastow 198 and Kanert e t a / .  199 gave values of 49Ti CQ equal to 3.65, 3.78 and 
4.03 MHz, respectively. In a recent powder study three different samples of 
BaTiO3 all gave static NMR spectra consistent with CQ = 3.7±0.1 MHz. 137 
Bastow 198 reported a CSA contribution of ~40 ppm to his rotation pattern. Dec 
et al. showed in a limited range of such materials that the nature of the second 
cation influences the 47'49Ti NMR spectra with variations of the chemical shift, 
although they only reported peak positions. 189 A recent more extensive study of 
ATiO3 perovskites and ilmenites used static and MAS spectra at 14.1 T to 
further examine the structural influences on the NMR interaction parameters. 137 
Very clear lineshapes could in general be observed that allowed the interactions 
to be accurately deduced. CQ showed a general increase with increasing shear 
strain, although the direct correlation was not very strong. For the perovskites 
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there was a reasonable linear correlation of 6is o with the mean T i - O  bond length, 
although interestingly it was in the opposite direction to that normally observed 
for nuclei. The key question that has yet to be answered is that of the ability of 
solid-state titanium N M R  to distinguish different local coordinations of titanium 
(i.e. TiO4, TiO5, TiO6). This would allow titanium NMR to be applied to many 
scientifically and technologically significant problems and is an area where there 
is much current activity. In FeTiO3 a broad line with no distinct singularities was 
observed. FeTiO3 is paramagnetic at room temperature and the transferred 
hyperfine field from the Fe 3~ produces a large positive shift. 190 Lil +.~Ti2 xO4 is a 
superconductor with a critical temperature of ~ 12 K. 47, 49Ti static N MR spectra 
were recorded in the range 160-330 K for the stoichiometric composition 
(x = 0) and as a function of composition (x < 0.1). 2oo A negative Knight shift 
was observed, indicating that core polarization was probably dominant. C e 
decreased monotonically with increasing temperature. 

There were early N M R  reports for titanium itself using field sweeping 
techniques at 4 K. 2°1'2°2 Recently the NM R parameters deduced from the early 
work have been confirmed by FT N M R  at room temperature. 19° By recording 
the (+3, +½) satellite transitions, CQ was deduced, which was then used to 
simulate the central transition, where an axial Knight shift of 70 4- 10 ppm was 
necessary for accurate simulation. Titanium N M R  was reported from a series 
of intermetallic titanium aluminides and TiAg. 19° Knight shifts in the range 
5000-2750 ppm were reported along with CQ values up to 14.4 MHz 
(Table 11). In TiAI3, titanium showed an axial component of the Knight shift 
of 800 4- 50 ppm. In TiAg, the titanium has a very small electric field gradient 
and the observed spectrum consisted of narrow resonances from the central 
transition of 47'49Ti split by the 6 kHz from the magnetic moment difference, 
superimposed on partially excited satellite transitions. 

TiB2 is a hexagonal metal. The very small Knight shift observed must be due 
to approximate cancellation of the positive and negative contributions to the 
shift. 19° The titanium Knight shift of the cubic and tetragonal phases of Till2 
and its temperature variation has been measured. 2°3'2°4 In alloys with 
vanadium substitution, the Knight shift decreases as vanadium is added. 2°3 
The solid solution TiCl_xNx is a face-centred cubic structure with the lattice 
parameter varying closely to linearly with x. 1°1 The electric field gradients are 
expected to be small and the peak positions at 11.7 and 14.1 T showed very 
little change, with both isotopes clearly visible. Spectra from intermediate 
compositions were broader than those of the end members and the spectra 
showed a gradual evolution with composition. 

4.8. Zinc-67 

The ZnO4 site of ZnO is axially symmetric, which is manifest in the 
quadrupolar lineshape with r /= 0. Commercial ZnS samples are often mixtures 
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Table 12. Summary of solid-state NMR interaction parameters for 67Zn 

Compound ¢5iso (ppm)* CQ (MHz) 7/ Ref. 

ZnO 238, 240.1,240 2.4, 2.4065, 2.40, 0, 0 189, 144, 206 
2.38 

ZnS 
cubic 378, 380.5, 381.9 ~0 - ,  0, 0 142, 144, 206 
hexagonal 360, 365 N0, <0.5, <0.4 

ZnSe 276.3, 276 N0 -- 144, 206 
ZnTe 87.6 N0 144 
ZnSO4.7H20 10 1.70 0.2 206 
Zn(CH3COO)2.2H20 0, 1237 5.3, 5.34 0.87, 0.819 206 
Zn(CH3COO)2 260, 245 2.42, 2.42 0, 0.1 206, 210 
K2[Zn(CN)4] 291 0 208 
Zn 1776 11.983 0 209 
C u  I . o lZno .99  1879 N.D. N.D. 209 
Zn(CIO4)2- 6H20 -3  <0.2 N.D. 208 
Zn[ImH]4(C104)2 291 2.80 0.4 208 
Zn[SC(NHz)2]4(NO3)2 359 3.15 1.0 208 
Zn(OOCH)2 • 2H20 

I -10 6.05 0.99 212 
II 0 9.52 0.39 

Zn(OOCCH3)2(C3H4N)2 155 8.20 0.62 212 

* Shift relative to dilute aqueous Zn 2+, except t shift measured relative to 1 mol 1 I ZnCI2. 
N.D., not determined or not given. 
I and II are distinct sites. 

of  the two polymorphs, wurtzite and zincblende, and some 67Zn spectra show 
two field-independent peaks. 189,2°6 A solid-state N M R  analysis of  the whole 
zinc chalcogenide range showed that in all the hexagonal forms there was a 
CSA contribution to the static lineshape. 144 67Zn spectra were obtained from 
pure samples of the two forms of ZnS. A single-crystal rotation pattern of ZnO 
followed the change in UQ in the temperature range 250-400 K. a44 A recent 
powder study of  ZnO also determined both the quadrupole and chemical shift 
parameters as MAS removes CSA, leaving the spectrum determined by 
quadrupole effects. These quadrupole parameters can then be combined with 
CSA to simulate the static spectrum. 2°6 The CSA parameters derived agreed 
with the earlier single-crystal work. For ZnS the components of the CSA tensor 
in the hexagonal form were 61l = 380 + 2 ppm and ~522 = ¢~33 = 358 + 2 ppm. 144 
ZnSe is a cubic phase and the MAS linewidth was only 16 Hz, 206 so that it 
would make a useful secondary reference material. Heavily doped ZnO is of 
technological interest since it is a transparent electrical conductor with, for 
example, application to advanced optical displays. Aluminium and gallium 
were added in the range 0.03-3 at% to form a solid solution. As gallium was 
added, the distinct second-order quadrupole lineshape of the 67Zn spectrum 
was blurred through a distribution of CQ values, although the overall linewidth 
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remained approximately constant. 2°7 The 67Zn shift also changed in an 
approximately linear fashion with impurity concentration. 

Zinc sulfate provides a ZnO6 unit. It appears that the isotropic chemical 
shift ranges of the tetrahedral and octahedral coordinations are separated 
by ~200 ppm. 2°6 Analysis of all static 67Zn lineshapes, except from cubic 
materials, requires both quadrupolar  and CSA contributions. There also 
appears to be a direct correlation between the sizes of the CSA and 
quadrupole effects. MAS of K2[Zn(CN)4] produces a high-resolution 67Zn 
N M R  spectrum with a linewidth of  only 23 Hz and a T~ of 0.77 s at 9.4 T. 
Ij(67Zn, 13C) of  88 Hz could be clearly observed. 2°8 Recording the central and 
satellite transitions of zinc metal at room temperature allowed all the N M R  
interaction parameters to be determined, including the axial component  of 
the Knight shift of  - 124  ppm. 2°9 The temperature dependences of Kiso and 
CQ were determined in the range 149-432 K. Zinc acetate and its hydrate are 
good model compounds for determination of  the interaction parameters of  
zinc to be expected in biochemical applications. On hydration, the zinc 
coordination increases from 4 to 6 as water molecules enter the structure and 
there is a big change in the isotropic chemical shift. 2°6 The octahedra are quite 
distorted and this is reflected in the much larger CQ in the hydrated form. 
A detailed single-crystal study of 67Zn in the acetate has been carried out and 
showed that although CSA effects are small they significantly affect the value 
of CQ. 210 

Zinc is one of the most important metal centres in metalloproteins and N M R  
should be a good probe of the local structure of zinc-binding sites. 67Zn MAS 
N M R  spectra were recorded from zinc complexes with imidazole and thiourea, 
which provided ZnN4 and ZnS4 centres, respectively. 211 There was an 
approximate correlation of CQ and the structural distortion characterized by 
the mean bond angle deviation. An interesting comment was that it had not 
been possible to record 67Zn N M R  spectra from unsymmetric coordination 
centres. TM Further spectra from model compounds have been collected using 
the QCPMG approach. 212 In Zn(OOCH)2 • 2H20 there were two inequivalent 
zinc sites. Both are sixfold coordinate, but in one all the oxygens come from 
formate groups whereas in the other four come from water molecules and the 
other two from formate groups. The inequivalent sites differ in isotropic 
chemical shift by only 10 ppm, whereas their C o values differ by >50%. 
Zn(OOCCH3)2(C3H4N2)2 provides a tetrahedral coordination centre with 
differing nearest neighbours yet is observable. This signal from a tetrahedral 
site again shows a big shift from the region of octahedral resonances. By 
extrapolation from the S/N obtained on this compound it was suggested that 
on a metalloprotein 3.7 years would be necessary to achieve the same S/N. 212 It 
was then made clear that this is obviously the worst possible scenario and that 
many significant improvements are likely to bring this down to a workable 
timescale. 67Zn solid-state N M R  could see many interesting applications over 
the next few years. 
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4.9. Zirconium-91 

Zirconium plays a central role in a number of recent important material 
developments such as high-toughness ceramics and solid oxide fuel cells. The 
first report of  solid-state 91Zr NMR appears to have been from the cubic metal 
ZrZn2 .213 Knight shifts were also reported from the isostructural metals ZrV2, 
ZrC2 and ZrMo2, 214 and also from zirconium metal at 4 K. 215 Recent high-field 
room-temperature measurements on zirconium metal determined CQ and ~1, 
and compared one-pulse and stepped frequency methods of recording the 
resonancef116 91Zr N M R  has also been used to study amorphous Zr Cu 
alloys 217 and to examine the internal field in ZrFe2. 218 The cubic metals ZrCo 
and ZrC, and tetragonal ZrH2 all gave relatively narrow resonances (11- 
16) kHz. 216 In the hydride and the carbide some minor subsidiary structure was 
observed in the resonances, which is probably due to structural defects. 
Analysis has been given of the density of states in ZrH2 from consideration of 
the Knight shift and Ti. 219 

The first NMR measurement yielding CQ on an insulating phase was from a 
single crystal of zircon (ZrSiO4, Table 13). 220 The linewidth of the resonance 
showed considerable variation on rotation, which probably results from mosaic 
spread and also a range of  field gradients arising from defects. From fitting the 
rotation pattern it was clear that there was a sizeable axial CSA of ~183 ppm. 
MAS of the cubic material BaZrO3 produces a narrow NMR line. js9'221 This 
makes it a good candidate as a secondary solid-state NMR reference 
resonating at 208.1 ppm from saturated Cp2ZrBr2 in THF. 221 Orthorhombic 
SrZrO3 has a more distorted local zirconium structure and a broader resonance 
is produced that shows some sign of second-order quadrupolar structure. The 
CQ obtained for zircon means that at 9.4 T the linewidth for the central 
transition will be ~350 kHz. This is well beyond narrowing by any accessible 
MAS speed but is also beyond what can be recorded undistorted by direct pulse 
techniques (i.e. one-pulse, echoes, etc.). Hence, in examining the polymorphs of 
ZrO2 a pointwise stepped frequency approach was used. 222 This approach is 
time consuming but yields undistorted lineshapes from which the quadrupolar 
parameters can be derived. The four zirconias covered a remarkably small 
isotropic chemical shift range of N10 ppm. The polymorphs were much better 
discriminated on the basis of the quadrupolar parameters. This allowed 
deconvolution of spectra to estimate the phase composition of mixtures in 
transformation-toughened zirconias. To stabilize the tetragonal and cubic 
forms at room temperature, a second oxide (e.g. MgO, Y203) needs to be added 
to form a solid solution. The level of dopant is highest for the cubic phase, for 
which only a featureless line was observed, 222 probably as a result of  the atomic 
disorder in the solid solution producing a range of electric field gradients. 

The stepped frequency approach has been adopted in a range of more 
complex zirconium-containing compounds including NaZrO3, 223 Na2Zr- 
SiOs, 224 where the two crystallographically inequivalent zirconium sites could 
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Table 13. Summary of solid-state NMR interaction parameters for 91Zr 

Compound 6iso (ppm)* CQ (MHz) r / Ref. 

Zr metal (hcp) 3292 18.2 0 216 
ZrCo 3377 0 - 216 
ZrC 127 0 216 
ZrH:: 2262, 2550t N0 - 216, 219 
A13Zr 40 7.3 0 225 
m-ZrO2 7 23.1 N0.1 222 
t-ZrO2 12 19.1 0 222 
o-ZrO2 N.D. 17 0.8 222 
BaZrO3 0 N0 0.05 N0 189, 221 
SrZrO3 -30~, -12 N.D., 0.678 N.D., 0.6 189, 221 
Ba2ZrO4 -29 N.D. N.D. 221 
NaZrO3 ~0 14.6 0.15 223 
Na2ZrSiO3 N0 29.4 0.70 224 
CaZrO3 -285 1.288 0.5 226 
CuZr2(PO4)3 -374 0.318 0.9 226 
RbZr2(PO4)3 -341 1.591 0.2 226 
AgZr2(PO4)3 -375 0.637 0 226 
NaZr2(PO4)3 -359 0.848 0 226 
Cs2ZrF6 -399 2.682 0 226 
Li2ZrF4 -454 1.481 0 226 
ZrF4 N.D. 53.7 0.30 227 

* Shift references taken from BaZrO3 which is 208.1 ppm from Cp2ZrBr2. 
t Referenced to RbC1 solution and scaled from the magnetic moment of 85Rb. 
:~ Peak position. 
N.D., not determined or not given. 

not be distinguished from the 91Zr NMR, and A13Zr. 225 In most inorganic 
materials it appears that the best discrimination is via CQ. A related stepped 
echo approach was applied to a range of zirconium-containing phosphates and 
fluorides and for these materials CQ values were much smaller, typically 1-  
2 MHz (Table 13). 226 ZrF4 represented at significant challenge to record, with 
the static lineshape of the central transition itself extending over H1.5 MHz. 227 

4.1[). Molybdenum-95,-97 

The two isotopes of molybdenum have close resonance frequencies, differing 
by only 2%. The higher sensitivity and significantly smaller second-order 
quadrupolar broadening of 95M0 make it the preferred nucleus for N M R  
study. These factors outweigh the fact that if quadrupole relaxation is 
dominant, 97M0 relaxes much faster. In solid anhydrous NazMoO4, where 
relaxation of both isotopes has been determined, quadrupole relaxation does 
dominate T1, with the values for 95M0 and 97M0 being 132 and 1.1 s, 
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respectively. 228 Long relaxation times in common with many of the other nuclei 
examined in this review are often a big drawback for molybdenum. Early solid- 
state NMR  studies of molybdenum included 95Mo and 97Mo of anhydrous 
cubic Na2MoO4 at 6.2 MHz (!). Both isotopes showed very similar spectra, 
indicating that quadrupole effects were small. Even so, the 97Mo data took ~6 
times longer to collect to produce a comparable S/N. 229 In moving to higher 
magnetic fields, a study at 19.55 MHz reported static NMR spectra from 14 
inorganic molybdatesfl 3° Alkali molybdates generally gave CQ ~ 0 MHz. The 
three polymorphs of KzMoO4 could be readily distinguished on the basis of CQ 
and ~iso. As the local structural distortion increased, there was clearly an 
increase in CQ. It should be noted that in general this work did not take into 
account CSA when determining CQ from the lineshapes and subsequent studies 
showed that CSA could be very large. In materials where the quadrupole 
interaction was small, so that the isotropic chemical shift could be more exactly 
determined, the 95Mo resonances moved to higher shift as the Mo O bond 
length decreased. A more recent MAS report of Na2MoO4 • 2H20 showed that 
MAS alone was sufficient to remove the dipolar coupling to produce a well- 
defined second-order quadrupolar lineshape from which CQ and 71 could be 
deduced. 2 The static spectrum then allowed the span of the CSA to be 
estimated as ~200 ppm. 

It was unclear from early work whether on the basis of  the N M R  spectrum 
MoO4 and MoO6 could be directly distinguished. Spectra were subsequently 
obtained from a much larger range of  compounds to try to determine the type 
of structural information that 95Mo N M R  could provide. Some of the 
materials were closer to the polyoxomolybdenum materials of interest in 
catalysis. 231 A combination of  static and MAS measurements at 9.4 T, with 
MAS speeds of typically 3 - 4  kHz, was used, with the peak positions and 
linewidths for both measurements given. In several cases the spectra 
consisted of strongly overlapping resonances from different sites, even under 
MAS, so that unambiguous deconvolution at a single magnetic field is 
extremely difficult. The static spectra are hampered by the presence of  
comparable second-order quadrupole interactions and CSA effects. Hence a 
degree of uncertainty must remain in the simulations of  spectra from 
materials such as (NH4)2M0207 and (NH4)6Mo7024" 4H20 where two and 
three components,  respectively, are fittedfl 3~ Such spectra could usefully be 
repeated today using the much higher magnetic fields and faster MAS 
available. The difficulties presented in the simulations are further illustrated 
by MOO3, where comparisons between static and MAS spectra were made in 
two studies at 9.4 T and where there was disagreement between the N M R  
parameters derived from the spectrafl 2s,231 One of  the main interests in 
molybdenum is as a surface species in heterogeneous catalysis. In looking at a 
series of samples MoO,~-A1203 with loadings in the range 3 -24%,  there was 
evidence in the spectra of  several species that changed relative intensity with 
loading. 23T 
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Further work was carried out on a series of aryldiazenido-, organohydra- 
zido- and unsubstituted polyoxomolybdates that closely mimic species playing 
a central role in hydrodesulfurization catalysts. 232 This later 95M0 N MR data 
gaw: evidence that octahedral and tetrahedral species could be distinguished. In 
spectra with both species present, the tetrahedral sites appeared to give much 
narrower resonances than the octahedral sites. In complexes where there were 
inequivalent octahedral sites, the complex lines could be fitted to multiple 
components, often with very different quadrupole asymmetry parameters for 
the different sites. These NMR parameters were subsequently related to the 
degree of structural distortion determined from the X-ray crystallography. The 
effects of cobalt, caesium and potassium on molybdena-alumina catalysts were 
also followed by 95M0 solid-state NMR techniques. 233 As many of these species 
are protonated, IH-95Mo CP has been developed and investigated in detail for 
(NI=[4)6Mo7024 • 4H20 and (Bu4N)2M02O7 .234 Efficient CP was achieved at 66 
86% of the theoretical maximum. In adjusting the matching condition by 
varying B1, structure was found and this was attributed to the different 
transitions being matched. The optimum contact times were 20-30 ms and the 
molybdenum Tip was long compared to the other relaxation processes, making 
it suitable for CP. 

One of the most important species formed in surface interactions is Mo(CO)6 
and there have been at least six solid-state NMR reports. 2'23°'23~'235-237 The 
quadrupolar interaction is small, so that all transitions are readily observed 
(~70 kHz) in a one-pulse experiment. By considering the central and satellite 
transitions and using static and MAS measurements, all interaction parameters 
could be accurately deduced. From the static central transition the principal 
components of the CSA tensor were deduced as -1843, -1855 and 
-1865 ppm. The satellite transitions provided information on the quadrupolar 
parameters. The relative spatial orientation of the elements of the different 
tensors was discussed. In the MAS spectra, weak peaks could also be detected 
arising from 1j(95Mo, 13C) coupling of 68 Hz. 2 Mo(CO)6 would make a good 
solid-state NMR  reference compound for molybdenum, with its narrow line 
that can be observed in a single scan. The spectrum is also sensitive to angle 
setting. The data on Mo(CO)6 were improved still further in a single-crystal 
study using a two-axis goniometer probe. 237 This study confirmed in more 
detail the orientations from the powder work and greatly improved the 
reliability of the Euler angles of  the relative tensor orientation. 

The 95Mo NMR spectrum was measured from a mixture of MoSe2 and 
Mo!tSe4, with the resonances from each being identified. 228 There was a third, 
broader component which was attributed to disordered material present. The 
large shift and relatively rapid relaxation (<1 s) of Mo3Se4 is caused by 
conduction electron effects. MoS2 gave a static 95Mo NMR lineshape that was 
dominated by quadrupolar effects but had a similar shift to MoSe2. For MoSi2 
the satellite transitions allowed CQ to be deduced, with the central transition then 
providing an estimate of the lower limit for Kax of 17 ppm. MAS did not narrow 
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the spectrum from Mo2C, indicating that quadrupolar effects dominated the 
lineshape. 95Mo MAS NMR of a series of (AgI)y[(AgO)x(MoO3)l ,-]1-y. glasses 
showed that when x = 0.5 only MoO42- groups were present, whereas when 
x < 0 . 5  along with these isolated tetrahedral units there were octahedral 
molybdate units with attached molybdate tetrahedra. 238 

4.11. Miscellaneous nuclei 

So far only half the nuclei listed in Table 1 have been dealt with. If reports of 
solid-state N M R  of these nuclei are few, then those concerning the remainder 
(except in unusual applications such as magnetic materials) are decidedly scant. 
Strontium-87 would be a useful nucleus that could be applied to a number of 
interesting material problems (e.g. piezo- and ferroelectrics). Cubic materials 
give narrow resonances (e.g. SrO, SrS) and a good standard for setting up 87Sr 
experiments is SrTiO3, which gives an MAS linewidth of  ~40 Hz at 8.45 Tfl 4° 
53Cr N M R  has been reported from the ferromagnets CdCr2S4 and CuCr2Se4 .241 
An echo was formed by multiple-quantum effects and contained information 
about the magnetic hyperfine interactions. 61Ni N M R  was examined in the 
approximately equiatomic alloy Ni49.6Also.4 at 9.4 T, giving a shift of 
1220 ppm. 242 This can be compared to a value obtained on the same alloy of 
1890 ppm at 1.6 T. 243 This discrepancy reflects the difficulty of the lower-field 
measurement, and the critical nature of the value of the magnetic moment 
taken to calculate the diamagnetic position. 

Germanium is a nucleus very rarely studied by any form of NMR, but recently 
spectra were reported from single crystals of germanium with differing isotopic 
contents. 244 Local lattice distortions arising from isotopic disorder produced 
quadrupole effects in the NMR lineshape. 99Ru and l°lRu N MR spectra were 
measured in RuO2, SrRuO3, CaRuO3 and Sr2RuO4. 245 These compounds exhibit 
various magnetic and superconducting properties that N M R  can usefully probe. 
For ruthenium itself, all the transitions could be detected. From these 
observations it was possible to deduce that Kiso = 6700 ppm and that 
CQ = 1.93 and 11.2 MHz for 99Ru and l°lRu, respectively, both with r /=  0. 
The ratio of the C o values agrees exactly with the ratio of the quadrupole 
moments of the two isotopes. In RuO2 only the central transition of 99Ru could 
be detected, from which it was determined that C o = 21.1 MHz and ~ = 0.74. 

5. SUMMARY AND CONCLUSIONS 

Low-7 nuclei still represent a tiny fraction of the total solid-state N MR output 
each year. For  the nuclei examined in detail here, most had reports of N M R  
measurements from the very earliest days of NMR. However, over the last 
decade a significant new emphasis has become apparent in some of the N MR 
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work on these nuclei. There were reports from conventional materials using 
relatively straightforward N M R  techniques such as direct excitation, CP and 
MAS. Hence these recent measurements are certainly closer to the standard 
methodology of the solid-state N M R  spectroscopist. The impetus behind this 
has been the technological advances of NMR. Most importantly, higher 
magnetic fields have increased sensitivity and, consequently by operating at 
higher frequencies, reduced difficulties such as ringing, and for non-integer- 
spin quadrupolar nuclei reduced second-order quadrupolar effects. After 
sensitivity, a common theme was the very long relaxation times that are often 
encountered. Although still difficult, a number of the nuclei in Table 1 can 
probably now be more widely studied. 

The difficulty of the nuclei reviewed here varies widely, and some of those 
examined in this review are likely to find much wider application in the near 
future. Of the spin -1 nuclei, yttrium and silver can be classified as 'readily' 
observable, particularly in circumstances where their relaxation is enhanced (e.g. 
when paramagnetic centres have been added or there is significant motion). Of 
the quadrupolar nuclei some are certainly worth studying systematically at high 
field. Those that merit immediate further attention are 25Mg, 39K, 47'49Ti and 
possibly 43Ca and 67Zn. The MAS work on 14N98'99'1°2 certainly indicates that 
relatively narrow resonances, albeit making up extensive sideband manifolds, 
could be available. It should again be emphasized that even nuclei with large 
quadrupole interactions can have very long relaxation times in the solid state, 
and this should not be underestimated in trying to observe these nuclei. The 
progress that solid-state NMR in general has made over the last 20 years has 
been astonishing. Study of some low-')' nuclei by solid-state N MR is likely to 
blossom over the next ten years. This review gives a snapshot of the subject's 
development at March 2000. It is hoped that the activity in this area is such that 
in ten years' time it will need significant updating. 
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