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It is my pleasure to present Volume 71 of Annual Reports on NMR, which consists
of a collection of reports on advances in many scientific areas due to the applica-
tion of NMR techniques. The volume commences with an account of ‘Magnetic
Resonance of Systems with Equivalent Spin-1/2 Nuclides’ by J.A. Weil; ‘Protein
Dynamics as Reported by NMR’ is presented by Z. Gaspari and A. Perczel;
‘Virtual MRS: Spectral Simulation and its Applications’ is covered by B.J. Soher,
K. Young and L. Kaiser; F.H. Larsen reports on ‘Simulation of Molecular Motion of
Quadrupolar Nuclei in Solid State NMR’; finally, ‘NMR Studies of Disorder in
Condensed Matter Systems’ is discussed by K.P. Ramesh. My thanks are due to all
of these reporters for their interesting and timely contributions.

G. A. Webb

Royal Society of Chemistry
Burlington House
Piccadilly, London, UK
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Abstract The terms ‘equivalent’ and ‘exchange’ are defined and discussed, beginning at

a fairly elementary level. In contemplating the fields of NMR and EPR spectro-
scopies, we pursue the concept that the principles and pursuits of one give us
access to those of the other. It is discussed herein that for n>2 nuclei, the
NMR spectra have a more complicated form than anticipated from the usual
oversimplified analysis, the latter predicting n+1 multiplet lines with inten-
sity ratios given by the coefficients of the binomial expansion. Discussion of
the underlying theory, invoking exchange degeneracy and the appropriate
permutation group theory, is included or referred to. Numerous molecular
examples featuring equivalence of nuclides are presented. A discussion of the
parameter matrices and ‘tensors’ encountered in magnetic resonance
spectroscopy is included, with attention paid to their measurability and
symmetry properties.

Key Words: NMR, EPR, Spin—spin coupling, Equivalent nuclides,
Spin-Hamiltonian energies and eigenstates, Exchange degeneracy.

1. PREAMBLE

We begin by stating details of our assumptions, definitions and nomenclature,
largely summarizing information to be found in the standard textbooks."”

1.1

1.2

1.3

We shall restrict ourselves to electronic ground-state properties of the chemi-
cal species to be encountered. This implies the lowest energy manifold of spin
states as well as lowest energy angular momenta (herein: spins). We shall deal
only with nuclides having spin of 1/2. We shall invoke only ordinary
quantum mechanics, staying clear of the relativistic aspects as much as
possible. This includes, of course, the curvature of our space.

The angular momentum variables all enter as quantum-mechanical operators,
whose eigenvalues may be measurable.

The total angular momentum of a particle is given via its square: the expres-
sion [J(J+1)](h/2n)?, where 2] is a non-negative integer. We shall call |
the primary spin quantum number. The angular-momentum vector °J cannot
be measured with exactness; only its magnitude [J(J +1)]Y*(h/2n) and one
M;(h/2m) of its spatial components can be simultaneously known. For
nuclides, ] is denoted by I, and for electrons S. We ignore relativistic situations
(appreciable spin—orbit coupling where these are not good quantum num-
bers). In what follows, every angular momentum will be taken as unit-less.
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1.5

1.6

1.7

1.8
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The other quantum number, Mj, describing the same angular momentum is of
course its projection in some direction, called the quantization axis, which is
chosen for our convenience. There are 2] + 1 values allowed for the secondary
spin quantum number: —J, —J+1, ..., J—1, . One can usefully think of a
classical analogue of °FJ: vector J, as precessing about the axis of quantization.
The word “particle’ (e.g. nuclide or electron) is used routinely, and has ascribed
to it measured properties such as total energy E, as well as spin parameters [ and
M. However its actual definition is fraught with danger (particle/wave conun-
drum, and its sub-structure mystery), and the concept of its exact size is
nebulous. Its electrical charge too does not bear too close a scrutiny, because
of its potential sub-structure composed of other smaller ‘particles’. It seems clear
that all the particles in our Universe interact, at some range, to some extent.
We shall not need to explicitly consider herein the linear momentum of any
particle.

The total energy E of a particle too can never be known exactly, since there
always are unknown additive contributions to it, and also if there is any
probability that it can change to some other energy state: leading to ‘lifetime’
broadening of the energies of both states.

The property ‘magnetic moment’ u too has similar limitation. A non-zero such
dipolar moment implies presence of charge within the particle (even though its
total charge may be zero, e.g. the neutron). We can consider only ‘paramagne-
tism’, and hence take p as proportional to the angular momentum J. Thus the
moment too can be though of as a vector, °’p, known via its magnitude and one
projection. As indicated, it too in fact is a quantum-mechanical operator.

The proportionality can be expressed as “Pp= =+ fig® FJ, where f§ (called the
magneton, in usual units J/T) is a collection of natural constants, and g is a
3 x 3 dimensionless real matrix in three-space. Some authors refer to g as a
second-rank tensor, but in fact (strictly speaking) it is not.® For a detailed
discussion, consult Section 9 below. We shall not use the term “tensor’, unless
this is unavoidable.

For all electrons, .= |e|(h/2m)/(2m,) called the Bohr magneton, and for free
electrons: g =g.Us, where Uj is the 3 x 3 unit matrix. Here 1, is the mass of the
electron.

For all nuclides, 8, =|e|(h/2m)/(2m,) called the nuclear magneton. Here 1,
is the mass of the proton. For bare unshifted nuclides, g="¢,Us.

The precession frequency, called the Larmor frequency, is defined to be gfB/
h, where B is the magnitude of the external magnetic field acting as the
quantization axis for the spin.

The nuclear paramagnetism too is given via a matrix g. When a nucleus
experiences a chemical shift, due to neighbouring electrons, one writes
8n="9n(Us — &), where o is called the shift matrix. The latter represents the
effect of the neighbouring electrons circulating in applied field B, and tending
to oppose it (hence the minus sign). It is important to properly define the
parameters related to nuclear shielding and chemical shift, as discussed by
Jameson.’
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1.9 Parameter matrices, their principal values and directions

The principal values constitute the quantum-mechanical (energy, interac-
tional) information about the spin system at hand. The principal directions
are orientational information, and in fact are not true directions, since they
have no sense of pointing, that is no polarity. Their axis length is for conve-
nience taken to be +1, that is normalized. Any principal value and any axis
component may have either algebraic sign, to be measured.

The Zeeman splitting parameter matrices are called g both for electrons
and nuclei. {However, for electrons, it is not customary to depict the devia-
tions from g. by expression g=g.(Us —&)}. Matrices g can always be taken
as real symmetric, to describe measured data, and it follows that then
there exists a special spatial Cartesian coordinate system, the principal axis
system (determined by the local symmetry, if any). Here g is diagonal,
exhibiting its principal values (e.g. in EPR, see Ref. 7, Chapter 4). However,
from theory, the ‘true’ matrix g can turn out in some situations to be
non—symmetric.10

The same considerations hold true for the exchange parameter matrices J,
as well as for the hyperfine matrices A encountered in EPR. An example of
a measurement of parameter sets J can be found in Ref. 11.

1.10 For nuclei with spin>1/2, there is the whole field of nuclear quadrupole
spectroscopy, basically zero-field NMR, measuring local electric-field gradi-
ents and arriving at quadrupole parameter matrices P. Here too the equiva-
lence or not of nuclei is important.

1.11 The reader can find a discussion of the relationship of magnetic resonance
parameter matrices and symmetry-related sites to the possible crystal sym-
metries in an available review article.'?

1.12 One way of dealing with the symmetry of the molecular species considered is
to realize that, within any interval of time, there never is anything but a trivial
symmetry (identity operation only). In other words, every part of every molec-
ular species is continuously moving, and there is exact zero probability of
catching it to the last decimal place in its ‘equilibrium” position.

Furthermore, this seemingly suicidal viewpoint is valid not only if any motion
of sub-particles is occurring but also when all the interactions with the rest of the
universe are brought in. Also, in every sample containing numerous molecules,
there are impurities and other defects, and of course the finite size of the sample
yields surface effects—observable in some approximation.

Perhaps, it will be useful to the reader to realize that the perversions
and predilections found in the present chapter arise since the author is not
a typical NMR guru, but rather has primarily practiced solid-state EPR spectros-
copy. On the other hand, he has accumulated appreciable liquid-solution NMR
experience. The author, together with S.M. Nokhrin and D.F. Howarth, has
teamed on some studies of equivalence of nuclei as implying certain subtle
phenomena in EPR.1314
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2. INTRODUCTION

Despite the presence of the above-cited limitations, one can make excellent prog-
ress in understanding magnetic resonance phenomena when one ignores some of
those realities.

2.1 We shall safely consider certain chemical species as composed of particles:
electrons and nuclides.

2.2 We may or may not explicitly consider motions of the species and their
components. Thus the 3D symmetry of the set of particles located in certain
spatial positions will be used.

2.3 Classical viewpoints ignoring quantum-mechanical aspects are often fruitful,
for example the idea of precession of the particles and/or their spins.

2.4 Motional magnetism, caused by rotation, vibration or translation of charged
particles will be ignored. Thus all diamagnetism aspects will enter only
implicitly. Thus we will not focus on static magnetic susceptibility theory
(e.g. magnetizability) or measurements.

2.5 We shall herein be dealing with magnetic resonance spectroscopy. When
unpaired-electron spins and nuclear spins both are present, one cannot
always distinguish between EPR and NMR; for example, see atomic hydrogen
at sufficiently low applied magnetic fields."

2.6 Presumably it will be clear to the reader than in 21st century NMR, compu-
terology has so advanced and is readily available, so that most parameters can
be adequately estimated from theory.

2.7 We shall not be shy in citing classical works going back to the early decades of
magnetic resonance spectroscopy.

3. EXCHANGE ACTIONS AND INTERACTIONS

The term ‘exchange’ so frequently used in quantum mechanics and magnetic
resonance spectroscopy is often allowed to be ill-defined. We will attempt to
rectify this situation. For instance, the question lingers for ‘exchange of particles”:
exchange for what? Clearly the word ‘interchange’ is more apt. With quantum-
mechanical identical particles, interchange in fact means interchange of the labels
that the observer has attached to the particles, and not actual interchange of the
particles themselves: See Ref. 16, Chapter 18.

3.1. Electrons

The individual electrons in any pair (labelled i and j) are completely indistin-
guishable. A good description of the interchange phenomenon and theory may be
found in Ref. 17 (Chapter 4, and beyond), as well as in Ref. 16. The so-called
exchange interaction energy is merely a part of the total coulomb repulsion energy
between the electrons, and involves the spatial orbitals.
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In addition, the electron spin system also exhibits an exchange energy, often
called the Heisenberg exchange, denoted by ], °’S;®°’S; where ], represents a
coulombic repulsion term (Ref. 7, Section 6.2.1) not to be confused with the
primary angular momentum quantum number J. In general, the scalar ], can
be anisotropic, that is generated via a 3 x 3 matrix.

Higher terms, biquadratic in the spin operators °FS, also can occur.'®S in-spin
anisotropic interactions of the type D*[S;®S;] are known for electrons, ° where
D is a parameter vector; this expression is the antisymmetric part of the most
general bilinear spin—spin interaction. Observation of a field-induced magnetiza-
tion in SZIE)Cuz(BO3)2 via ''"B NMR has revealed the presence of such an interaction
therein.

3.2. Nuclei

Nuclei are of course more compact in space and more massive than electrons are,
and slower in typical speeds, and hence do not approach each other as readily.
While individual nuclides of the same isotopic species are indistinguishable, this
aspect is not as important with regard to actual physical approach and
interchange.

However, indirect magnetic exchange interactions between nuclear spins
occur readily, and yield much information. This type of nuclear spin-spin inter-
action is mediated by the intervening electrons (Ref. 3, Chapter 5), via magnetic
hyperfine interactions with the members of the electron pairs. The interaction
parameter | generally used is called the spin—-spin coupling parameter. It does not
depend significantly on any applied field B. This ‘indirect’ spin—spin interaction is
generally taken to be isotropic, unlike the direct magnetic dipolar interaction
between the nuclear spins—which most often is negligibly small, especially
since it is effectively diminished by any molecular motions present. Generally,
J does depend on the temperature of the medium.

Of course, as is well known, the indirect nuclear interaction is the cause of the
multiplet structure observed in most NMR spectra.

4. EQUIVALENT NUCLIDES WITHIN A MOLECULAR SPECIES

Just as with the concept of molecular symmetry discussed above, the reality is that
no two nuclei in any molecule can ever be caught as being exactly equivalent.
However, at usable time scales, the concept of equivalence is useful and powerful.
A modest list of some molecules containing ‘equivalent’ nuclei can be found in
Appendix 1, together with references.

4.1. NMR in gases

Studies of atomic and molecular species in the gas-phase are not uncommon, and
this research field has been quite widely reviewed.”'>* One attractive feature is that
extrapolation to zero pressure yields information about isolated species. Of course
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anisotropic properties tend to be averaged out, but isotropic spin-spin interactions
are detected and can give information about equivalence (or not) of nuclides. For
the latter, the 'H DNMR example of NN-diethylacetamide is edifying [Ref. 24,
Figure 7]. Other good examples, for which all shift and spin—spin parameters
have been measured as a function of gas density, are CH,F,? as well as BF;.2°

4.2. NMR in non-viscous liquids

Here then, the molecular species can be deemed to be tumbling rapidly enough so
that we need consider only the time average value of the shift matrix o, that is its
isotropic component. Usually the systems are so dilute that the molecules can
be considered not to ‘see’ each other.

Following Abragam, let us consider nuclides all of the same isotopic variety
and let us demand in NMR that they have identical chemical shifts, presumably
over a very appreciably wide temperature range. These nuclei will be called
‘isochronous’, since they will all have the same Larmor frequency.

The chemical shift (in Hz) of any particular nuclide is proportional to its g,
value. Thus, different isotopes, such as 'H and H, cannot be isochronous. Also, it
is worth noting that replacing one isotopic species by another at some distance
from a given nuclide can affect the location of the latter’s NMR line.””

Now consider any set of isochronous spins within a molecule. These will be
called ‘equivalent’ if and only if (iff) each member of the set has the same sets of
coupling parameters | (conceivably with different values: see example below)
with all the other spins. Abragam gives examples: In difluoromethane CH,F,
(equilibrium molecular point symmetry group G=Cy,), the protons are equiva-
lent (and so are the fluorine nuclides). In 1,1-difluoroethylene C,H,F, (G=Cyy),
there are no equivalent nuclides since each '’F has different couplings with the
two protons, and vice versa. In bromine pentafluoride BrFs (G=C,,), there are
two types of fluoride: four F anions form a square base and the other is at the apex
of a pyramid occupied by the Br. The four are equivalent, even though the
J linking to adjacent F differs from the ] to F across the square.

In other later works (e.g. Ref. 5), the terms ‘isochronous” and ‘anisochronous’
are often replaced by the usage ‘chemically equivalent’ and ‘chemically non-
equivalent’. The above-cited conditions on the | interactions have led to the
nomenclature ‘magnetically equivalent’ and ‘magnetically non-equivalent’. Note
that isochronous nuclei are not necessarily chemically equivalent.

Nuclei are chemically equivalent if they can be interchanged by a non-trivial
symmetry operation. Nuclei interchangeable by a pure rotation (C,,, n=2,3,4, ...)
are called ‘homotopic’. Nuclei related only by a centre (i) of inversion or by a plane
(0) of symmetry are said to be ‘enantiotopic’ (also “prochiral’).

A great deal of work has been done in measuring chemically equivalent and
inequivalent nuclei, using complex and sophisticated pulse techniques, often
while rotating the samples (e.g. MAS: magic angle spinning, a technique devel-
oped ca. 50 years ago). We shall not herein pay attention to the details of the actual
instrumental techniques.
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43. NMR in crystalline solids

For experiments on molecular crystals, Ref. 28 distinguished the following three
cases. ‘exchange’ between:

(a) magnetically equivalent nuclei, that is between members of pairs of nuclei
inter-related by lattice translation and/or spatial inversion.

(b) congruent nuclei, that is nuclei related by other than the operations cited in
category (a).

(c) inequivalent nuclei.

An interesting example is available of inequivalent nuclei becoming equivalent
on raising the temperature and going through a phase transition, reversibly. This
occurs in squaric acid C4(O),(OH),, studied by single-crystal 13C NMR,? and later
(2004) also by 70O NMR. Here, MAS was used to narrow the lines sufficiently to
observe the changes in the isotropic parts of the chemical-shift matrices. The phase
transition occurs at 373 K.

5. THE EFFECTS OF MOTIONS

Of course, all multi-atomic species are actively vibrating, usually at frequencies
much higher than those of nuclear magnetic effects. Thus NMR generally
measures parameters time-averaged over vibrations. We shall not deal with this
aspect herein.

5.1. Internal molecular rotations and interchanges

In molecular species, whether individual or embedded in a liquid or solid,
internal motions can occur. For instance, entities such as phenyl or methyl groups
or of course hydrogens, can go on and off the main frame and possibly
interchange. Furthermore, even if they stay bonded in place, their environment
can change. For example, consider the picryl protons in molecule 2,2’-diphenyl-
1-(2,4,6-trinitrophenyl)hydrazine, in liquid solution, which at low temperatures
yields an AB spectrum (two pairs of NMR lines).*® At sufficiently high tempera-
tures, hindered internal rotations within the molecule occur sufficiently
frequently (i.e. cause the environment of the A and B protons to interchange
sufficiently frequently) that A and B appear to be chemically equivalent—yielding
a single 'H line. Thus equivalence of nuclei can be a time-average phenomenon.
Other examples are readily available: for example see Ref. 3, Chapter 6.

5.2. Intermittent crystal rotations

Single-crystal EPR and NMR measurements involve spectral measurement at
fixed orientations relative to the applied magnetic field B, and rotating the crystal
(about some selected axis by set angles) between such measurements. Then ‘road
maps’ can be constructed of line positions (or intensities) versus the positional



Magnetic Resonance of Systems with Equivalent Spin-1/2 Nuclides 9

x-Rotation y-Rotation z-Rotation
0\ S— 180°
Y %\ VA N
TAPN
¥ g SO
I\ NA_
AT NN~
—N\ATLNAT g S, . S
\
—
NN o AN
80 0 100 0 100 0
ppm ppm ppm

Figure1 Three line-position and line intensity roadmaps as a function of rotation angle (deg), for
rotations about three orthogonal rotation axes, obtained from solid-state 3lp cross-polarization
(CP) NMR spectra at fixed magnetic fields of 4.7 T, for single-crystals (space group C2/m) of TMPS
(tetramethyldiphosphine sulfide). One sees the spectra from two site types occurring in
abundance ratio 1:2, each with a spin—spin doublet structure. Taken from Ref. 31.

angles. Figure 1 gives an example of such experimental measurements. It is from
such data that the parameter matrices can be obtained.

5.3. Random molecular rotations

In liquid samples (and in gases), the individual molecules rotate randomly (above
cryogenic temperatures) with frequencies large compared to those of nuclear
magnetic effects. Then each parameter matrix present can be taken as reduced
to a single parameter (times the 3 x3 unit matrix), and of course the sample
becomes effectively isotropic.

5.4. Sample rotations

Often, in liquid-phase as well as in single-crystal NMR work, the samples are
deliberately spun, often at special orientations (magic angle) relative to B. This
will average out dipolar interactions, often narrowing the observed lines by
substantial amounts. For example, see Ref. 3, Section 7.10 and Ref. 4, Chapter 8.
Under some circumstances, additional lines (spinning sidebands) are generated
by the MAS technique.***

The paper by Jeschke et al.** deals with single-crystal NMR of *'P (I=1/2,
100% natural abundance) of P,O;,, following on the earlier polycrystalline
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study.® This oxide has space group R3c, proper rotation group Dj, and hence is
trigonal with six molecules per standard unit cell. The local equilibrium symmetry
of each molecule turns out to be T4 (providing an overall A;B NMR system).
Thus one can visualize a basis of three P(5+) equivalent atoms with another
slightly different P(5+) on the three-fold axis above that plane. The word ‘equiva-
lent” here implies identical sets of principal values of the chemical-shift parameter
matrix g,, which in fact are uniaxial. However, the unique principal axes point in
three different directions, along P-O bonds. Each P is bonded to four oxygen
anions, one being a terminal double bond. There are no P-P bonds. The major
contribution of this chapter is the careful examination of the MAS frequency,
relative to the chemical-shift magnitude(s), and the effects of the spinning on the
NMR lineshape. There is no evidence of fluxional motions interchanging the
P cations, unlike the situation in PFs cited below (see Section 8.6).

6. EXCHANGE DEGENERACY

The concept of ‘exchange degeneracy’ is of appreciable import herein (see
Section 7.1 below). Baym (Ref. 16, p. 391) defines it by considering the permuta-
tions P among a set of identical particles as applied to a Hamiltonian operator °"H
symmetric in these. Various of the different energy eigenstates of °°P °PH will be
degenerate, with such superpositions not affected by Zeeman interactions.'?

7. SPIN-SPIN INTERACTIONS OF SETS OF DISTINCT PARTICLES

7.1. Basics 1

In EPR spectroscopy, the isotropic part of the hyperfine spectrum arising from the
interaction between an unpaired electron and a set of n equivalent nuclei is given
by spin-Hamiltonian term A °FS ¢ (°PT; + °PI, +- - -+ °PL,,). This yields line positions
of the multiplet and relative intensities to first approximation following the multi-
nominal scheme (Pascal triangle), as depicted in Table 1, taken from Ref. 7, p. 61;
Also note our Appendix 2.

In complete analogy with this, for a nucleus with spin I, interacting with a
set of n equivalent other nuclei, the spin-Hamiltonian term is J °PIye(°PL; +
PI,+---4°PI,), and the same table applies to yield the spin-spin multiplet
(see Ref. 36, p. 247, and Ref. 5, p. 26) for nuclear spins [=1/2.

The extension to higher spin is known.*”

The above widely accepted notions using the Pascal triangle turn out to be not
quite quantitative, as will now be discussed.

The situation has been elucidated in a series of recent papers: ‘Magnetic
resonance in systems with equivalent spin-1/2 nuclides’."*'**** These works
deal with EPR examples, that is each with an unpaired electron exposed to a set of
n equivalent I=1/2 nuclei. For our present purpose, we can deem the electron to
have been replaced by some spin-bearing nucleus to be examined by NMR.
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TABLE 1 Relative line positions and relative intensities of first-order multiplets arising from
indirect coupling between a spin-bearing nucleus and a set of n equivalent other nuclei having
spin [
A =1/2 (i=1.2, ... ,n)
No. of No. of First-order line Binomial
nuclei lines positions/s, intensity ratios
n 2/+1 M,
0 1 0 1
1 2 12 1/2 1 1
2 3 10 1 1 2 1
3 4 3/2 1/2 1/2 32 13 3 1
4 5 21 0 1 2 1 4 6 4 1
5 6 5/2 3/2 1/2 1/2 3/2 5/2 1 5 10 10 5 1
6 7 32 1 01 2 3 1 6 15 20 15 6 1
B =1 (i=1,2, ...,n)
No. of No. of First-order line Multinomial
nuclei lines positions/s, intensity ratios
n 2/+1 7
0 1 0 1
1 3 10 1 11 1
2 5 21012 12 3 2 1
3 7 3210123 1 36 7 63 1
4 9 432 101234 1 4 10 16 19 1610 4 1

Triangles displaying the relative EPR line positions and intensities arising from the interaction of an electron-spin
moment with the spin moments from 1 equivalent nuclei, each with spin I;. The composite spin ‘I is a sum over all the
individual spins I,. (a) ;=1/2; (b) I;=1. The right-hand triangles represent the coefficients in the expansion of
[1+x+x%+---+221]". The triangle for [;=1/2 is usually attributed to Blaise Pascal. Note that the sum across any row is
(2I;4+1)" and that every non-peripheral integer is the sum of the 2I;4 1 integer closest above it. From Ref. 7.

The above papers tackle the problem by use of group theory, that is the permuta-
tion groups P, associated with interchanging the equivalent nuclei. It turns out
that certain energy degeneracies are in place for n > 2, fewer than at first expected,
which are not lifted by any external magnetic field. Thus not all states assumed as
being degenerate in the Pascal view actually are so. Thus certain splittings of the
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magnetic resonance spectra are present, although these may be small and difficult
to discern. This too is so for the NMR situation.

7.2. Basics 2

It has been shown from theory, in a classic pioneering paper by Gutowsky, McCall
and Slichter,* that NMR multiplets are unaffected by the interactions between
structurally equivalent nuclides within any molecule. Such homonuclear
couplings of course are present, but their contributions to the spectrum cancel.
The proof of this theorem is given for orthogonal conditions B along z and B,
along x, with interaction Hamiltonian for the coupling of form J;J;*J;, under rapid
tumbling circumstances (i.e. liquid-solution NMR). It may pay to examine this
result under more stringent conditions. Appendix 2 presents a computer-based
example of equivalence in NMR spectroscopy.

8. SELECTED MOLECULES WITH EQUIVALENCES

We now turn to consideration of certain ‘simple” molecules, to serve as examples
of ideas and applications of NMR spectroscopy.

8.1. Molecular hydrogen

In a sense, when considering equivalence between atoms in a molecule, diatomic
hydrogen is the simplest situation. However, in reality, just the opposite is found
to be true.

The magnetic properties of the H, molecule as arising from its two electrons
are well known, both experimentally and from basic theory. Thus accurate calcu-
lations of its magnetic shielding and its dipole magnetizability (susceptibility)
tensors are available (e.g. see Refs. 41 and 42).

For 'H,, the electrons are paired in the ground state, and the nuclei each have
spin-1/2 and thus are fermions. Hence, the molecule must obey rigid quantum-
statistical laws, consistent with the Pauli exclusion principle.”® This causes H,
molecules to occur in nature in either of two quite inequivalent forms, called ortho
and para hydrogen, which are hardly interconvertible.

The total angular momentum °FJ; of each molecule is the sum of the rotational
and the two nuclear spin vector operators. The coupling between these is suffi-
ciently weak that one can safely make use of the individual quantum numbers of
the two. Details of the situation have been discussed by Bloom.**

In 0-H,, the two nuclear spins appear as coupled to form an I(total) =1 species,
with three states having M;=—1, 0, +1 respectively. Thus it is NMR-active.*’
Furthermore, only rotational states with odd quantum numbers can be occupied.
Thus the rotational ground state has N=1: a triplet of states. In other words, 0-H,
can never stop rotating, about any axis perpendicular to its molecular axis #.

On the other hand, in p-H,, the two nuclear spins appear as coupled to form
an I(total) =0 species, with a single state having M;=0. Thus it is NMR-inactive.
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Only rotational states with even quantum numbers N can be occupied. Thus the
rotational ground state has N=0: a singlet. It follows that hydrogen gas is a
mixture of components in a 3:1 ratio of abundance, and that o-H, molecules
continue to rotate even when cooled, when unimpeded.

Consider isolated molecules of H,. Within each rotating molecule, the electron
cloud distorts due to the rotation and thereby creates a local magnetic field B,
acting on the two nuclei. In the absence of external fields, the Hamiltonian is

°PH = E ,°’N" @ °PN + un;’N" @ PI + E .°PLT o °PI + D {(°PI ;> — °P[?/ 3).
On the right-hand side, the terms represent:

(1) The pure rotation energy of a diatomic molecule [Ref. 46, e.g. Chapter 2],
which is not in fact rigid (the inter-nuclear distance depends on quantum
number N, which is often denoted by symbol J).

(2) The energy is that of the magnetic field B, set up by the rotation, acting on each
nuclear magnetic moment. Field B, points along the axis of rotation, and for
N=1 has a magnitude of 2.7 mT. ¥

(3) The coupling between the electronic orbital angular momentum and the
nuclear spin moment. Here symbol L denotes the electron orbital angular
momentum. Electronic currents are caused by the non-spherical electronic
orbital motions, affecting the bond length (rgr~0.075 nm) and causing a
magnetic field acting on the nuclei.

(4) The direct through-space magnetic coupling between the two nuclear mag-
netic moments. The magnetic field at one proton due to the other is 3.4 mT.Y
Also, the first nucleus perturbs the nearby electrons, which effect is carried by
them to the second nucleus, yielding an indirect nuclear spin—spin coupling.

To supplement the above, in the presence of an external magnetic field B, one
must add the Zeeman Hamiltonian

PHy = —fB,B" e [g, e PI+ g e PN |,

where f,, is the nuclear magneton, and 3 x 3 matrix g, contains the chemical shift
correction and here is deemed to be the same for both protons.

Dihydrogen can be cooled into a liquid and then a solid phase. Thus solid-state
proton NMR is feasible, including single-crystal work. The gas-phase (200 torr,
room T) "H FT-NMR spectrum at 200 MHz exhibits a single line.**

At sufficiently high applied magnetic fields, the frequency-swept NMR spec-
trum, for solid H, at ca. 1 K, consists basically of transitions M;— M;—-1 for M;=+1
and 0.* These two lines are split somewhat by the dipole-dipole term set out above.

One activity of lively interest has been the development of understanding the
mechanism(s) of the nuclear paramagnetic to diamagnetic transition, that is the
ortho — para phase transformation.*® Such conversion in solid dihydrogen at ambi-
ent pressure is mainly due to magnetic dipole-dipole interaction between the
nuclei of pairs of neighbouring ortho molecules, with the energy released being
carried away by phonons.*” The dominant quantized lattice excitations invoked
are called rotons and librons.”
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Further and later NMR studies revealed the presence of peaks from o-H;
dimers and trimers.’*>* Such clustering increased as the temperature was low-
ered beyond ca. 0.1 K. The interaction between pairs can be thought of as being of
the electric quadrupole-quadrupole type. In the single-crystal work, one can
discern pairs differing in being either in or out of the basal plane of the crystal.
A typical distance between them is 0.4 nm. The energy diagrams for any one o-H,
molecule showing the splitting for the nine states can be found in Ref. 53, Figure 2.
It is to be noted that the two protons become inequivalent at most relative
orientations and positions of the two members of the dimer. Thus here, were it
not for likely rapid rotations, direct spin-spin interaction between the proton
moments within an o-H, molecule could become observable.

8.2. Methane

The CH,; molecule is of course highly symmetrical on the time average, its
equilibrium configuration being tetrahedral. Thus a single 'H NMR line is to be
seen, in the gas-phase, since molecular rotation too is not a factor there.

However, the NMR properties of solid-phase methane are very complex, due
to subtle effects associated with the permutation symmetry of the nuclear spin set
and molecular rotational ’runnelling.55 Nuclear spin states Iy =0 (irred. repr. E),
1(T) and 2 (A) are observed. The situation is made more complicated since, as the
solids are cooled and the individual molecules go from rotation to oscillation,
several crystal phases become available, and slow transitions between them take
place. Much work has been done in the last century on this problem, including use
of deuterated versions of methane; for example see Refs. 56-59. Much detail has
emerged from NMR lineshape analysis and relaxation time measurements, and
kinetic studies. For example, the second moment of the 13C resonance is found to
be caused by intermolecular proton—carbon spin-spin interaction.®” Thus proton
inequivalence within the methane molecules is created.

Comparisons have been made between the two analogous molecules CH, and
CF,. In the latter, clusters of molecules are seen via '°F NMR, at various tempera-
tures and pressures,61 in various phases. Intermolecular potentials have been
derived and compared for the two molecular species, as a result of gas-phase
NMR studies.”®

8.3. The hydrazines

An obvious example of nuclear equivalence is evident in hydrazine, H,N-NH,,
for both types of nuclides therein. This molecule’s capability to take on protons
and form various cations leads to interesting NMR (and EPR) phenomena. An
excellent summary of the NMR aspects of hydrazine and its alkyl/aryl derivatives
is available, to be found in the two-volume tome by Eckart Schmidt.®®

The proton NMR spectrum of highly purified NoH4 (anhydrous liquid, at
298 K) consists of a single line, its width (ca. 36 Hz) presumably being due to
quadrupolar relaxation of the neighbouring "*N nuclei.**
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Removing one electron produces the planar S=1/2 free-radical ion (*N,H,)™,
which has three n electrons, a spin population of ca. 0.5 on each nitrogen, and
equilibrium symmetry D5.%° The single-crystal EPR reveals that matrix A(MN) is
uniaxial along an axis II, for both nitrogens. II is a principal axis of the rhombic
g matrix. The four hyperfine matrices A(‘H) portray an unusually large anisotropy
(principal values A;/(gefe)=40.2, —1.3, —2.1 mT). The crystal structure of the
hydrogen-oxalate host N,H5(HC,O4) is monoclinic (point group Cp,, and thus
containing two symmetry-related molecules 1 and 2 per standard unit cell:
Ref. 12). The structure is described using Cartesian axes a, b, ¢*, with b the monoclinic
axis. In plane ac*, external field B yields EPR spectra in which 1 and 2 appear as
equivalent, as expected. Crystal rotation such that B_L b causes all four protons of the
molecule to appear equivalent. In the plane B_LII, these protons act as equivalent in
pairs. More details may be found in the fine paper: Ref. 65. Also, the '*N hyperfine
and the nuclear quadrupole coug)lings of (*N,?H,)" were obtained from singlgle-
crystal rotations, using ENDOR.®® Thermal EPR studies (ca. 283-333 K) of the "*N
hyperfine splitting revealed torsional vibrations of the N-N bond,”” and electron
spin echo (ESEEM) explored the T dependence of the phase-memory relaxation
time®®; also note Ref. 69.

Graduating now to the diamagnetic cation [H,N-NH;]", one finds much of
interest. NMR (of 'H, 2H, "Li, N, 15N) and other measurements of (H,N-NH5;)
(HSO,) and similar salts, and especially of Li(H,N-NH3)(SOy), reveal ferroelectric
behaviour and substantial capability of proton conductivity/diffusion through the
crystals (e.g. Refs. 70 and 71).

Finally, we touch upon the hydrazinum cation [HsN-NH;]"", which has been
much studied by NMR, for some 50 years now. In aqueous solution, it acts as a
weak acid. Internal rotations of the molecules exist, and it is known that the two
NH; groups within the molecule generally are not equivalent when in a solid
phase such as in the sulfates.”>74

8.4. Benzene and the C¢Hg isomers

This aromatic time-honoured species, first prepared by Faraday in 1825, is of course
a highly symmetric stable molecule, C¢Hp, featuring six equivalent protons, yield-
ing an ‘uninteresting’ single NMR line. The term ‘aromatic’ implies presence of
enhanced diamagnetic currents provided by electrons in the species.”>”®

In the gas-phase, benzene shows a single line,”””® and can yield useful informa-
tion regarding the diffusion/transport properties. Benzene trapped within pores in
glasses and silica gels too yields results, about pore size and adsorbed versus liquid-
phase conditions.”” Chemisorption on alumina-supported platinum catalysts leads
to disclosure as to how and where the benzene molecules are located, via 'H NMR.®°

Benzene was the first molecule studied by NMR within liquid crystals, that is
oriented in nematic liquids.** This opened up much research, using benzene,**
leading to information about the chemical-shift anisotropy and selected spin-spin
couplings. Isotope substitution too played a major role; for example see Ref. 83.
The '"H NMR powder spectrum at ca. 225 K gave principal values of the proton-
shift parameter matrix.** Various isotopically labelled versions of benzene
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dissolved in liquid crystals, using 'H and '>C NMR, have led to quantitative
information about the indirect spin—-spin parameter matrices Jcy and Joc, which
were theoretically modelled.!!

Things become complex indeed when we consider all possible combinations

6C + 6H featuring covalent bonds: four per carbon and one per hydrogen. There
are 217 of these,** becoming 328 if diastereomers and enantiomers are taken into
account, nearly all unknown and likely highly unstable. We list the four valence
isomers of benzene (see for example: Ref. 85), all of which appear fairly promi-
nently in the literature (note Figure 2):

1)

2
@)
4)

Tectadiene=Dewar benzene=bicyclo[2.2.0]hex-2,5-diene, featuring 1 pair
(‘H quintet) and 1 quartet (‘H triplet) of equivalent protons. Not planar;
time-average symmetry C,, 5687

Benzvalene = t'ricyclo[3.1.0.02’6]hex—3-ene, featuring three pairs of equivalent pro-
tons (two 'H triplets and one quintet). Not planar; time-average symmetry Co,.** "
Prismane =Ladenburg benzene:tetracgrclo[Z.0.0.02’6.03’5], featuring two pairs
of equivalent protons (single 'H, single 3C line). Time-average symmetry Dsp.?
Bicyclopropenyl (2,2) = (3'-cycloprop-1-enyl)-3-cycloprop-1-en, featuring two
pairs of equivalent protons (*H: one singlet and one doublet). Time-average
symmetry Do, >

In the table below are given the valence isomers of benzene (for definition and explanation
see the article, benzene and its isomers, resonance, vol. 6, no. 5, pp. 74-78, 2001). A few
properties that are listed here give an idea of how different and interesting such isomers
could be. These structures can be found among the 217 structures given in this poster.

Structure Name Source Properties

Petroleum, coal tar, | Colourless liquid,
Benzene trimerization of b.p.80°C; m.p.5.5°C.

acetylene, natural | stable. Has relatively
- products, etc. pleasant odour.
(carcinogenic).

Industrially a very
important compound).

Dewar benzene; Van Tamelen Unstable, t;,,=2 days.
Bicyclo[2.2.0]hex-2, |and Pappas86 Rearranges to benzene.
5-diene (stable in pyridine soln).

Benzvalene; Wilzbach et al.91 Stable in solution.
Tricyclo[3.1.0.02:6] Katz et al.?0 Explosive in pure state.
hex-3-ene Foul smelling.

) Odourless liquid.

Prismane; Katz and Acton92 Explosive. Stable at RT in
Tetracyclo[3.1.0.024 toluene, at 90°C isomerizes
.03.6]- hexane to benzene, t;,=11h.

Bicyclopropenyl (2,2); | Billups and Stable below 10°C,
(3’-cycloprop-1-enyl)- | Haley93 above that, decomposes
3-cycloprop-1-ene to an unknown solid.

Figure 2 The valence isomers of benzene, as taken from the poster associated with Ref. 54.
Courtesy of the Indian Academy of Sciences.
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All of these isomers of benzene have been prepared, and their "H and *C NMR
spectra have been observed. We see that in going from benzene itself to the four
valence isomers, the breakdown in atom equivalence leads to four very different
"H NMR spectra (and also four very different >C spectra), allowing structure
proof for each isomer. In principle, interconversion studies and rate studies
thereof could be accomplished by NMR spectroscopy.

We can next consider, as an annulene other than benzene, the very unstable
enigmatic cyclobutadiene, see Refs. 94 and 95, which was first prepared some 40
years ago.” The '*C NMR spectra from doubly labelled **C molecules * suggest
that the two valence isomeric forms: square and rectangular, interconvert rapidly
even at ca. 25 K. The energies and some NMR parameters of the two forms have
been estimated recently from theory,” as have those of benzene in its ground
state—for comparison. More work is needed to establish exactly where the
electron singlet and triplet states occur.

8.5. Cyclopropane

Perhaps, it is appropriate to remind the reader that sophisticated analytical papers
using NMR appeared already 40+ years ago. Thus 'H (60 MHz) NMR spectra of
cyclopropane molecules containing a single '*C in natural abundance were ana-
lyzed quantitatively,99 for the solute in a nematic solvent at 348 K, revealing the
several direct Dy and indirect [y spin-spin interactions, as well as Jcy on the
labelled carbon. The presence of the '*C atom of course causes inequivalence of
the protons, yielding 2 of one type and 4 of another. Work on (CH,); continues; for
example see Ref. 100.

8.6. Fluxional molecules

We now turn to some fluxional molecules: these feature dynamics in which atoms
interchange between symmetry-equivalent positions, without bond breaking nec-
essarily occurring.

The CH5" cation has been prepared, but is quite unstable. It is of great interest,
especially to theorists, since it is a fluxional species which features a potential energy
surface with many minima of more or less the same total energy. In this quintessen-
tial carbonium ion, the barriers to proton exchange are so low that transfers persist to
lowest cryogenic temperatures, that is there is no rigid molecular structure. Recent
theory suggests that the molecule can be thought of as basically a pyramidal CH;*
species bearing a H, molecule bonded to its fourth vertex, with all four vertices
equivalent.'”! The result s that all five protons appear to be equivalent. No definitive
'H or '*C NMR spectra have yet been obtained.

The CHs"' cation is isoelectronic and isostructural with the neutral molecule
BHs. Both have equilibrium point group C,. Comparisons between various
relevant compounds yielded prediction of some NMR parameters of the
methonium ion.'"

As a second example, we can cite a relatively simple molecule: PF5, which was
first measured by '°F NMR in the early days, in the gas phase.*’ There was no
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splitting besides the *'P contribution, despite the known asymmetric structure.
It was Berry who suggested the explanation: presence of a rapid ‘pseudorotation’
taking place in the trigonal bipyramid.103 Thus relatively small movements of
the fluorine atoms can interchange two identical but differently oriented
molecular configurations. On the measured time scale, all five fluorine atoms
act as equivalent. A similar phenomenon occurs in the square pyramidal
molecule IFs.

Similar effects may occur in molecule CIF;, which has an equilibrium T-shaped
structure (G=Ca,). Both gas and liquid-phase '’”F NMR measurements have
been reported (yielding an AB,-type spectrum),104 and some theoretical analyses
exist. 105106

Next, cyclohexane: If it had a planar 12C carbon skeleton, it would exhibit but a
single "H NMR peak. This is not the case, and it is well known that this species has
a set of possible configurations, which can and do interconvert.'”” The puckered
ring can occur in the ground state ‘boat’ form, in the ‘twist-boat” form and the
high-energy ‘chair’ form. NMR spectroscopy has contributed more than a little to
our knowledge of the energetics and interchange kinetics. In the chair form, the
protons occur in axial and equatorial positions, and are thus inequivalent with
respect to the two sets. Interchange between the two sets occurs, via flipping of the
carbon atoms, so that dynamic NMR is very ag)t: See Ref. 108, pp. 102-107 for
NMR in liquid CS,, Ref. 109 in the gas—phase,1 Y for the neat plastic crystalline
phase. NMR shielding of many different cycloalkanes have been reported.111 The
twist-boat conformation has been observed fairly recen’dy112 in a substituted
cyclohexane.

Perhaps the ultimate example of fluxional molecules is bullvalene (C;oHjo:
tricyclo[3.32.04,6]deca-2,7 9-triene), a multi-ring hydrocarbon containing three
double bonds. Equilibrium point group =Cgs,. The number of interchanging iso-
mers is huge: 10!/3=1,209,600. Early studies of the interchanges (Cope rearrange-
ments) were done in liquid tetrachloroethylene, with spin-echo NMR at
26.85 MHz, '3 yielding rearrangement rates and activation energies (also see
Ref. 114, where presence of but a single H peak was reported). Thereafter, the
valence-bond isomerization rates were studied by 'H NMR of bullvalene in a
nematic crystal solvent at 143 K5 A single-crystal deuterium NMR study of
bullvalene too is available, demonstrating simultaneous occurrence of molecu-
lar re-orientations and the fluxional behaviour.

Finally, site jumping of the three bulky ligands (SisCisHi4) among the
four equivalent Si atoms of a central tetrahedral Sis cage bearing a —1 charge
number has been seen with 2°Si NMR, ie., the four Si cage atoms act
as equivalent.117

9. SPIN-HAMILTONIAN PARAMETERS

We now wish to discuss the topic of what parameters are in fact measurable with
magnetic resonance spectroscopy.
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The spin-Hamiltonian operator can be written as the sum of a large number of
terms: for example, see Equation (A3) in Appendix 3. As may be seen therein, the
convention for the two Zeeman terms (electron spin and nuclear spin) is that their
signs differ, due to the difference in charge of the two most basic particles to be
dealt with: the electron and the proton. Hence the g values of these particles are
taken to be both positive.

The sub-structure varies sufficiently from nuclide to nuclide that the bare-
nuclear g factors °g, occur frequently with either sign. The chemical shifts are
relatively minor, so that °g, sets the sign for matrix g,. With electrons, g is
generally positive in all unpaired-electron species except for a few cases of
heavy atoms in which the magnetic levels occur in reverse order.

9.1. Zeeman term

For simplicity in this complex topic, let us begin by considering only a single
Zeeman term of the spin-Hamiltonian. For notation, consult app. 3.

9.1.1. Two conventional choices for °°H
Choice 1 °H = f BT o g e °PJ (see Ref. 7, Equation 4.4c)

in the case of a single spin-bearing particle exposed to a constant externally
applied magnetic field B, aligning the magnetic moment (angular momentum
operator °PJ). The magneton f is a positive scalar, by definition.

We shall consider a spin [=1/2.

Then there are two spin states, labelled by eigenvalue PJ,=M_ =+1/2.

The above is derived from quantum mechanics, via a definition of the aniso-
tropic magnetic moment operator. What are the conditions this imposes on 3 x 3
matrix g?

However, first of all, consider what difference would arise if we had picked

Choice2 PH=pJTe g'eB

instead. How are matrices g and g’ related?
The non-negative® difference AU in energy eigenvalues of the system=gfB,
where B=BTen=nTeB >0, and

g=[nTe(geg’) en] ' for Choice 1 (see Ref. 7, Equation 4.12),
whereas AU=¢’'fB with

/ T / /T 1/2 B
g = [n O(g og )on} for Choice 2.
How are g and ¢’ related? Since we deal with the same data set, they mustbe equal.
 The difference AU is by definition that of the energy of the upper state minus that of the lower state. This positive energy

difference is set equal to hv, where the frequency v of the excitation magnetic field is taken to be positive. The latter is
usually linearly polarized.
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Hence
geg =geg".

Thus g = +g'. We can choose the plus sign, with impunity. Thus Choices 1 and
2 are completely equivalent. We will select Choice 1.

The question of sign of g is another matter. The convention AU=gfB makes g
non-negative, at least for usual spectroscopic purposes. Thus it might be better to
write |g| in this equation.

9.1.2. ‘Squared’ parameter matrix

Since it is scalars g(n) that are the measurable quantities, from line positions, we
can obtain the ‘squared’ matrix G = g e g!. Basically it is a set of magnetization
components M e n that are measured. The matrix G is necessarily symmetric.b
Note that G must be real, and is a true second-rank tensor.

Since G is real symmetric, it is a normal matrix.” This guarantees that it can be
transformed into diagonal form by a unitary transformation, in fact by a real
orthogonal transformation. Thus it has a principal axis system, and a set of three
principal values which are all non-negative.

Strictly speaking, as we will see, it is matrix G which should be reported in the
literature, along with its principal properties.

Note that we cannot access g directly! Can one achieve this at all?

Obviously there are two approaches: One from basic quantum-mechanical
theory of the chemical species at hand, and the other from EPR experimental data!

The choice of matrices g that yield a given G is far from unique.”

Note also that matrix g is not necessarily real or symmetric.

However, one can always find a real symmetric g that will suit, and will
reproduce the data set g(n), but it may not be the one arising from basic quantum
theory describing the chemical species being dealt with.

Since one can attain the diagonal form G4 from an appropriate real orthogonal
transformation R ¢ G e R™!, one can then take the square roots of its principal
values to attain a diagonal matrix g4 (with signs arbitrary!), and return the latter to
the original coordinate system using the ‘backward’ transformation R'e g.*R
to yield a matrix g.

© Bven if it were not, the relation to the experimental value g(n) filters out its antisymmetric part, so that the latter can be
ignored [Ref. 12, footnote 5]. Note also that, in general: A®B#B® A. Thus the inequality in Y'oy—=(Y'oy)T£(yeY) =
Y ®Y" occurs for most arbitrary matrices Y.

¢ Normal matrix: By definition, any complex square matrix A is a normal matrix iff

ATeA=AeAT

where A" is the conjugate transpose of A. That is, a matrix is normal if it commutes with its conjugate transpose. It is
Hermitian by definition if A = A" Thus AT®A is Hermitian. If A is a real matrix, then AT=A"; thus it is normal if
ATOA=A®AT,

Normality is a convenient test for diagonalizability: every normal matrix can be converted to a diagonal matrix by a
unitary transform, and every matrix which can be made diagonal by a unitary transform is also normal (but finding the
desired transform requires much more work than simply testing to see whether the matrix is normal).
¢ Changing the signs simultaneously of certain trios (e.g. {gv gy §)) of elements of g will leave G untouched. Our
own investigation, making the arbitrary simplifying condition g'®g=g®g", discloses that possible matrices g can
be asymmetric and also complex, for any given real symmetric G.
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Is there any other physical measurement, other than the one cited above, that
could give more info about the matrix g? Yes, det(g) is in principle available,
yielding a product combination within g unless of course det(g)=0 (i.e. g singu-
lar). It can be obtained by comparing the spectral intensities using the two possible
circularly polarized excitation fields; this yields the sense (sign) of precession of M
about B; see Refs. 118-121. Since the spectral intensity in our case is not zero for
one of the polarizations, we can take det(g)#0.

If g can be diagonalized, then we can say that det(g) is the product of its three
principal values, and we can say that this product defines the sign of g. The sign of
course gets lost when one takes the product geg' =G.

9.1.3. Situation g isotropic
If the scalar g is isotropic (i.e. not a function of n), then G= ¢°U;, where Us is the
3 x 3 identity matrix. It follows that ¢> must be real. Hence ¢ must be either pure
real or pure imaginary. We can insist that g be pure real.

In NMR, the shift parameters g tend to be much closer to being isotropic than
they are in EPR.

9.1.4. Asymmetry of g

By asymmetry of any 3 x 3 real matrix Y, we mean that in general at least one set of
its off-diagonal paired elements Y;;# Y};, in some coordinate system. This is not to
be confused with its situation regarding principal values: If all three are identical,
we call this the isotropic case; if only two are equal, we call that the uniaxial case,
and if all three are distinct, that is the rhombic case.

As it turns out, matrix g must be real but is not necessarily symmetric,'** % as
discussed in terms of EPR. The asymmetry exists if the local symmetry is low
enough: triclinic or monoclinic (see Ref. 12, Table I). The same concepts are valid
in NMR_ 126128

Matrix asymmetry is linked to the existence of anisotropic spin—orbit cou-
pling,'* and the presence of sufficiently low-symmetry electric fields (static and
dynamic).

We do want to emphasize that the nuclear shift matrix too is generally asym-
metric.'”” Such effects would show up with nuclei which exhibit very large
chemical shifts.'*®

9.2. Coupling parameters

We now address the question of how to attain from experimental data the
coupling parameter matrices, denoted here by symbol Y, existing in spin-Hamil-
tonian terms.

9.2.1. Entanglement

If one or more spin-coupling terms also occur (e.g. hyperfine or nuclear spin—
spin), then each such spin-Hamiltonian parameter matrix Y occurs in the transi-
tion energy and intensity expressions within combinations of type
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[{n"e(geYeY eg")en}/g’]"”,

that is Y is entangled with matrix g; see Refs. 129, [12, Footnote 4], [130, Equations
(27) and (28)], and also [7, Equation 6.55]. The set of matrices Y includes the
hyperfine coupling parameter matrices A, and the nuclear—nuclear spin interac-
tion matrices J. The latter of course can portray interaction between identical
nuclides, or different nuclides.

We see that even if g were isotropic, we would still have somehow to extract Y
from its square combination, in analogy with the above pure g case. This is made
problematic since there is good reason to believe that Y is asymmetric in some
physical (hyperfine) situations.

In some physical situations, namely when the hyperfine energy is small com-
pared to the nuclear Zeeman energy, then the hyperfine splitting is linear in (the
projection magnitude of) matrix A; for example, see Ref. 131. Then, provided that
g is anisotropic (note Ref. 128 on this point), one can detect asymmetry of A
directly from EPR line-position measurement: see below.

9.2.2. Asymmetric matrices Y
Thus it has been well established in the literature that these matrices are in general
asymmetric.

9.2.2.1. Hyperfine matrix (A) asymmetry There are numerous (20-30) papers deal-
ing with this topic in some manner. These include Refs. 131-135, as well as 128 and
129.

As a fine example of the actual measurement of a parameter matrix asymme-
try, we cite the collaborative effort,'>? which reported the quantitative measure-
ment via ENDOR of superhyperfine splittings attributed to neighbours of oxygen
O™ contaminative defects (with S=1/2) in x-irradiated BaFBr single-crystals.
Here g is anisotropic, and the local symmetry is Cy,. While ¢ was taken to be
symmetric, the matrix A(*F) required to fit the line-position data was found to be
highly asymmetric. ENDOR of course measures NMR transitions by using EPR
spectroscopy.

9.2.2.2. Nuclear spin—spin matrix ()) asymmetry Discussions of the theory of
asymmetric nuclear spin-spin coupling matrices and their relation to local sym-
metry exist.1*1% However, experimental evidence dealing with this topic seems
to be non-existent or else very sparse.

9.3. Reported NMR measurements of matrix g, and/or J properties

There are various publications reporting measurement from single-crystal or
liquid-crystal NMR of parameter ‘tensor’ properties. They all assume these matri-
ces to be symmetric. These works include Refs. 11,31,138,139.

In closing this section, it is fair to point out that much more work on parameter
matrix analysis and asymmetry is needed, that is better experimental evidence
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and first-class ab initio simulations. It will be interesting to establish how relevant
matrix asymmetry actually is in the NMR field.

10. SPECTRAL DEGENERACY

We now wish to outline the situations in which nuclei can appear as equivalent for
certain magnetic-field (B) orientations chosen relative to single-crystal orienta-
tions in magnetic resonance (NMR and EPR) spectroscopic work. This topic has
been covered in considerable detail in an earlier publication.'?

For adequate simplicity, we return to consider the case when there is only a
single Zeeman splitting term in the spin-Hamiltonian. For a given matrix g, much
depends on the relations of its principal values. If all three such values are
identical, then of course only one spectral line is observed, at all orientations of
n=B/B, where B>0. Except in that isotropic case, it becomes important what
crystal symmetry is at hand: there are 11 distinct cases (Laue groups).'?

Besides the crossing of lines from different symmetry-related species (for
examples, see Figure 1), (i.e. points where two species act as equivalent), there
are also cases in which pairs of ¢ matrices are equivalent at all orientations of B;
these are discussed/listed in Ref. 12. Furthermore, there are ‘planes of degener-
acy’, in which B can be rotated without separation of lines from sets of such
species; these too are discussed in excruciating detail.

As discussed above, the parameter matrices are usually measured using line-
position data from rotations of B in three orthogonal planes. However, with
various crystal symmetries, it is possible to attain the same goal using multiple-
site data obtained from B rotated in a single plane.'” This can be very useful.

Finally, one can ask the question regarding magnetic species in a crystal of
unknown symmetry: What can be learned about the symmetry from the rotational
magnetic resonance data? This too is explicated in Ref. 12, as well as in Ref. 140.
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APPENDIX 1. SOME MOLECULAR SPECIES CONTAINING
EQUIVALENT NUCLEI

H,C= CF, Ref.2
CH3Br Ref. 2
CH3FX Ref. 2
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CH,F, Refs. 1,25
C2H2F2 Ref 1

ClF; Ref. 104

BrFs Ref. 1
Dichloroacetaldehyde CL,CHCHO Ref. 1
2-Bromo-5-chlorothiophene BrCIH,C,S Ref. 1
1-Fluoro-3,4,5-trichlorobenzene C¢H,CIF - Ref. 5
1,4-Difluoro-2,3-dichlorobenzene C¢H,Cl,F, Ref. 5
Tropolone CcHsO, Ref. 26
1-Chloro-4-fluorobenzene CcH,CIF  Ref. 6
Tricyc10(3.3.2.04’6)deca—2,7,9—triene =Bullvalene C;oH;y Ref. 113
Tetraphosphorus decaoxide P4O;9 Refs. 29,33
Dimethyl sulfone (DMS) (CH3),SO, Ref. 141

Free radicals

*CHj; Ref. 39

*C¢Hy™ Ref. 7

*CH,OH Ref. 7

Glycolic acid radical ®C(OH)HCO,H Ref. 7
Hydrazine cation radical ®NH,-N H," Refs. 65,67

APPENDIX 2. A COMPUTER-BASED EXAMPLE OF EQUIVALENCE
IN NMR

It seems incumbent to produce an NMR example of the equivalence theorem (see
Section 7.2), using our in-house quantitative computer program EPR-NMR.'** For
this purpose, we have ‘generated’ the chemical proton (+1) species "H('Hx)s,
where the latter three nuclides were taken to be equivalent. Thus there will be 16
spin states. To begin with, we considered an isotropic system. The 500.0... MHz
spectrum (external field B=11.74334 T) illustrating the example is shown in
Figure 3. The primary line positions were taken arbitrarily to occur at chemical-
shift positions —0.10..., and 0.10... ppm (three times). This is identical to the
statements for the nuclear g values: go =—5.5856904166 and gx = —5.5856915338.
The coupling parameters J4; for nucleus A to the other nuclei (i=2, 3, 4) were
taken arbitrarily to each be 10.0... Hz. It turns out that indeed, the spectrum is
independent of the various “tested” (from 0 to 10,000 Hz) numerical values of the
other three coupling parameters J;; (existing among the equivalent protons Hx).

Note the deviations (Figure 3) of the spectrum from simplest first-order beha-
viour (deviations from Pascal triangle estimation).

Next, we can take species 'Ha('Hy); to be anisotropic. First, let all eight
parameter matrices Y be simultaneously diagonal (principal-axis system x, y, z),
with their third diagonal elements gs,=—5.5856904166, ¢x,=—5.5856915338,
J122=J132=J14,=10.0. .. Hz, then we obtain the same line positions as in Figure 3
for all sets of three identical J;; (and arbitrary diagonal elements Y, and Yy), when
external magnetic field B||z.
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Figure 3 A simulated 'H pulsed NMR spectrum of an idealized chemical species "Ha('Hy)s,
nominally taken at fixed carrier frequency vo=>500.0. .. MHz. Here the Zeeman field B is deemed
to be kept fixed at 11.74334 T, and Fourier transformation yields the spectrum. There are 6 (A) and
6 (X) distinct lines of appreciable intensity (12 and 14 transitions, respectively), with each individual
line depicted as a Lorentzian with half-width 0.1 Hz.

For any arbitrary coordinate system used to express matrices Y, spectrum
Figure 3 is again obtained as long as the matrix projections along the applied
field direction obey the correct equivalence conditions.

If we return to the case of the diagonal matrix set, we can consider the isotopic
species 2HA(*Hy)s (spins 1) and add a set of four nuclear quadrupole parameter
matrices (traceless, say with Ps,=1.0 Hz). It is found that here too, the NMR
spectrum is independent of the coupling constants between the equivalent nuclei.

Finally, clearly, if instead of the above we were to consider the unpaired-
electron chemical species "H’5(*H)s, the same equivalence properties would
show up in the simulated fixed-field or fixed-frequency EPR spectra.

APPENDIX 3. TENSORS IN MAGNETIC RESONANCE SPECTROSCOPY

Not all members of the magnetic resonance community have the realization that
the common generally angle-dependent properties (scalars g, gn, D, A, P, ...) are
not obviously related to tensors as carefully defined by mathematicians. Thus,
despite the frequent usage by some scientists of the word ‘tensor’, it is far from
obvious that there is such a thing as for example a g tensor (Zeeman splitting for
electron), a g, tensor (Zeeman splitting for nucleus and chemical-shift tensor), or
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an A (hyperfine) tensor, as is stated in some of the literature. Herein, the ‘ins and
outs’ of the concepts involved will be explored.
Consider any real 3 x 3 matrix

My M My
M= My M» Mo, (A1)
Mz Mz Ms;

that is a set of nine scalars (18 if the elements were allowed to be complex). The set
may be merely a ‘simple’ array of numbers with no other mathematical properties.
Usually however, other aspects are specified (Footnote €). For our purposes, we
differentiate between parameter matrices and transformation matrices (see below):

When the matrix M is a parameter matrix Y (i.e. describing some physical property
of the system considered) then the sub-indices of its elements Y,z (range o, f =1, 2, 3)
may indicate action on the physical system of two different physical ‘agents” (e.g.
E'eYeF) described using the same three-space coordinate axis set. Here symbol
denotes matrix multiplication. However, alternatively, it is legitimate and possible to
describe the two agents E and F by using two different sets of coordinate axes.

Often in science, one associates transformation properties under coordinate trans-
formations with the sub-index labels of a matrix M=R. And, one can associate such
behaviour separately for each member of the index pair. Thus, the human in charge has
the freedom to construct relationships between two different coordinate systems, each
linked to one of the indices. Generally, R is real orthogonal but not symmetric.

When both indices are linked to the same coordinate system, we can (and formal
mathematicians do) call Y a second-rank tensor, providing that Y describes some
physico-chemical property of a natural system and obeys the relation (Footnote *):

b= (ReYeR") = X;R,RysY,s integerso, f,a,ball range from 1 to 3
(A2)

(for instance, see Ref. 143, Equation (3.19)) when the coordinate system is changed
via one or more proper (or improper) rotations (R) of the coordinate axes. Super-
script T denotes transposition, of a matrix [or of a vector (column < row)]. How-
ever, if the indices are linked to different coordinate systems, then Y is not a true
tensor. Thus a second-rank tensor is a 3 x3 matrix, but a 3 x3 matrix is not
necessarily a second-rank tensor.

The relationships between the concepts ‘matrix” and ‘tensor’ are also discussed
by Goldstein et al. [Ref. 144, pp. 188ff]. The term ‘tensor’ (most important in our
case above: the ‘second-rank’ tensor) is rigorously defined in the text book by

¢ An important consideration is whether the matrix (tensor) Y is a symmetric one. If so, its principal axis system is an
orthogonal set, and otherwise not. In the symmetric case, the principal axis system is Cartesian. Also, here, one need not
consider the difference between covariant and contravariant indices [Ref. 144, pp. 289ff]. With skew-symmetric tensors,
the principal axes are not orthogonal. When one can restrict oneself to coordinate transformations between orthogonal-
axis sets, one can limit oneself to ‘Cartesian’ tensors [Ref. 153, pp. 127-136].

f Valid for axial tensors and also for polar tensors (see the text). Note also that, for the sake of simplicity, we will ignore
translations of the origins of the axis sets.
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Nye.145 Nye carefully defines the terms ‘matrix” and ‘tensor’, and also points out
(p. 35) that all tensors can be represented by matrices, but that the converse is not
true. For similar information, also see the books by Arfken and Weber, 4
Brand,'* Lovett,'*® Sands,'*° and by Wooster.'®°

It will now be useful to consider pseudo-tensors. Pseudo-vectors, alias axial
vectors (unlike polar vectors), are invariant under the spatial inversion operation
on the coordinate system, which changes a Cartesian set between left and right.
Polar vectors change sign upon inversion. On the other hand, pseudo-scalars are
numbers which change sign under such transformation, while ordinary scalars do
not. A pseudo-tensor is a quantity which transforms like a true tensor under
spatial rotations, but which transforms like a true tensor plus a change of sign of
all its components under spatial inversion. Note the major difference between the
above three definitions of ‘pseudo’.

We shall now consider various examples of matrices Y as they occur in a
routine spin-Hamiltonian, such as is set out below (Equation (A3)). Matrices g,
g, and A are not necessarily symmetric (however, in practice this effect is usually
ignored).

A basic reason for existence of the above-stated problem is that the parameters
cited are linked to quantum-mechanical angular-momentum (spin) operators, for
instance via the “usual’ spin-Hamiltonian operator

PH,=f,BTegePS— f BTeg ¢PI+PSTeDePS+ P e PePI+PSTe AP+ ..
(A3)

appropriate for presence of a single electron paramagnetic system (spin S) and one
nuclear spin (I). Here (as indicated) °PHg, °FS and °PI (but not applied magnetic
field B) are operator matrices (1 x 1) in the n-dimensional spin space, symbols B,
°PS and °FI denote pseudo-vectors (and represented by column vectors=3x 1
matrices) in our usual three-space (Euclid et al.), while g, g,, D, P and A are 3 x3
matrices expressed in that three-space (see Footnote 8). Each such parameter
matrix generally has its own principal axis system. We note that the g, g, and A
terms in Equation (A3) contain two different spin operators, while the D and P
terms contain the same such operator twice. Hence the two indices in the matrices
D and P necessarily refer to the same coordinate system.

We can call the terms shown explicitly in Equation (A3) ‘quadratic’ terms;
other (higher-order) terms can exist [Ref. 7, Section 6.7]. The above spin-Hamilto-
nian is used to obtain the energies (and hence also transition energies) of the spin
system considered. Another, similar spin-Hamiltonian (with the excitation mag-
netic-field amplitude vector B, replacing B in Equation (A3)), yields the transition
relative intensities. The line positions and intensities obtained are expressed in
terms of the scalar (‘tensors’ of zeroth rank) parameters g, g, D, P, A, ..., derived
as projections from the matrices g, g,, D, P and A."?

5 Also see papers by Skinner and Weil,"***>* wherein some of the same problems are discussed in terms of polyadics. Thus

the physical parameters are contained in the polyadics, with for example dyadics represented by 3 x 3 matrices.
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See Abragam and Bleaney’s book [see Ref. 151, pp. 651ff] for some discussion
of the situation for matrix g, wherein it is stated that g is not a true tensor.
The essence here is the difference between the concepts of actual spins and
fictitious spins.

One question to be settled is how the formal definition of ‘tensor’ involves the
quality of the vectors projecting onto Y, that is how are products of type E' e YF
affected by whether vectors E and F are axial or polar [see Ref. 152, p. 98]. The
latter authors, Pake and Estle, make the statement that for example g is not a true
tensor due to this characteristic. Our thought is that both axial and polar tensors
are tensors as defined by mathematicians. Then too, the question arises: if Y is a
tensor, how does one decide in practice whether it is an axial tensor or a pseudo-
tensor?

It appears that the three-space basis associated with each spin vector operator
is ‘arbitrary’. Thus operator °PS (and/or °FI) need not necessarily be taken as
quantized along some obvious physical direction, such as that of an applied
magnetic field B. In other words, spin operators °FS and “PI need not be expressed
in the same space, that is to be quantized along the same spatial directions (i.e. the
spin projection quantum numbers may be measured along different selected
directions in our three-space). The most general case, which occurs when the
two quantization axes are not aligned, prevents the parameter matrices from
being tensors.

One can explore what functions of each parameter matrix are actually obtain-
able by scientists using the above spin-Hamiltonian, via the measurable line
positions and relative line intensities of magnetic-resonance spectra; see publica-
tions by Skinner and Weil'*%1% for some aspects of this. The question as to which
parameter matrices occurring in Equation (A3) are directly available from experi-
mental data is far from trivial’?°; matrices 8, 8, and A are not, while their squares
(see below) are.

The 3 x 3 matrices g' *g, g°g", 8. *8n 8n*8n', AT*A, AeAT, D and P are all
true second-rank tensors, whereas g, g, and A are not necessarily so (note Ref. 7,
Section 4.4). Note that the task of deconvoluting (say) gleg to arrive at g is a
vexing one; for instance, the ‘sign” of g is not readily available (i.e. all of the nine
elements of g can be multiplied by — 1 with no change to g" »g). However, the sign
is available from det(g), which is measurable, if g is not singular: see Refs. [7,
Section 4.4], 135 and 154. Attaining matrix ATe A or A*AT has its own problems:
see Ref. 7, Section 6.8.

The question of whether matrix g can be singular, symmetric, or even complex
must be left for another discussion. Similarly, the relationship between the matri-
ces occurring in quadratic terms in “PH, of the form E'eYeF and the ‘opposite’
form EeY' oF', when E+£F, also deserves some discussion.

Much of the above is predicated on the major question, still to be completely
and formally settled, as to whether, in quantum mechanics, specification of the
quantization axis Z, for one spin leaves the quantization axes for all other spins in
the system arbitrary, rather than compelling all of these to be identical to Z;.

The above appendix material is a slightly updated copy of the ‘tirade’ pub-
lished in Ref. 8.
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Abstract Among biomolecules, proteins fulfil the most diverse roles. Recent advances

in NMR-spectroscopy demonstrate that these molecules can be character-
ized by motions on a wide range of time scales, and besides their three-
dimensional (3D) structures, dynamics is also fundamental to truly understand
their biological activity. The present review focuses on NMR techniques
suitable to assess the internal dynamics of proteins from picoseconds to
minutes. After a brief introduction of protein motions and different techni-
ques used to capture them, we describe the dynamical aspects of a diverse
set of NMR observables in detail. We also present some examples of inves-
tigations on various systems aimed to understand Dynamics—Structure—
Activity Relationships (DSARs) of proteins.

Key Words:  Protein structure, Internal dynamics, Conformational ensemble,
Conformational averaging, NMR observables, Dynamics—Structure—Activity
Relationship.

1. INTRODUCTION

Human perception is poised to treat objects as entities with a defined shape in the
3D space. The fourth dimension, time, is usually considered as a separate coordi-
nate and is traditionally not linked inherently to object properties even though, for
example in the case of living “objects”, birth and deterioration are typically
accompanied by drastic changes in shape. Moreover, the temporal aspects of
objects are approached conceptually differently for both ends of the size scale of
our known world: physicists describe the universe in terms of the space-time
concept, considering a set of four interdependent coordinates, and for elemental
particles “location and velocity”” notions—according to Heisenberg’s uncertainty
principle—are not plausible to separate. Biomolecules—like proteins—are nano-
particles and belong close to the regime where both quantum mechanical and
classical physical phenomena are relevant. However, we are tempted to picture
them as entities with a well-defined 3D shape which is used to explain their
biochemical function. This otherwise tremendously useful description dates
back to the early days of structural biology (E. Fischer) and was supported by
the basically static structures determined by X-ray crystallography for over half a
century. However, it is now clear that proteins are highly dynamic over a wide
range of time scales and their description cannot be complete without understand-
ing the nature of their internal motion(s).

Before describing the protein world, let us reflect on motion and time scales in
general. When we consider human life on Earth, we observe a very wide range of
different motions, naturally distinct from—but not completely dissimilar to—
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those relevant for macromolecules. Taking the example of a car race on a circuit,
each car is speeding over the course of the race according to its own instantaneous
speed. Over the full race, the average speed of the car can be calculated, but this
figure will tell us nothing about its actual instantaneous speed ““distribution”,
since the car may not have held any particular speed for longer than seconds.
When zooming out of the track for an aerial view for example as seen from a
helicopter above, many cars on different positions of the circuit will be seen. In the
middle of the race, at a significant time after its start, the overall picture at
different snapshots will be very similar with cars scattered over the full track.
This is a vague analogue of the ergodic hypothesis, that is the states assumed by a
single entity over time are similar to the states assumed by many entities at a
single moment. If a fly is buzzing around in the cockpit of a racing car, its
movement can be described in two ways. First, we might attach our reference
coordinate system to the car and we will observe the familiar random pattern of
insect flight. However, if we observe the motion from the circuit (grandstand), we
will see the superposition of the motions of the car and the fly within. If we draw
the trajectory of the fly over several circles of the race, we will be able to separate
the two motions because of their different and characteristic contributions to the
trajectory and time scale. However, this would be a far more complicated problem
if we were to observe only a few seconds of the race. In the latter case, only the
different speeds and nature of motions could be of help and we would most
probably need sophisticated mathematical methods to complete such a separa-
tion. Having a slow camera taking pictures at every minute only, it would also
hinder the identification of the contributions from different movements. Finally,
all these motions considered are superposed to Earth’s own orbiting and spinning.
It is important to note that events on Earth cannot only be quicker (occur on
shorter time scales) than its geological motions as for example plate tectonics
occurs on a time-scale orders of magnitudes slower. Thus, a complete description
of the flight of the fly in the cockpit would require the use of time scales from
seconds to millions of years,” spanning over 13 orders of magnitude. This is not
unlike in proteins, where in solution state both much slower and faster motions
than their diffusion occur regularly, spanning also more than 10 orders of magni-
tude of time scales, ranging form from picoseconds to seconds/minutes/hours.

In proteins, all these different motions are localized within one macromolecule
or a few molecules bound to each other. Thus, the space of motions is limited
compared to the car race picture, just as if we were to explore the motions of
selected parts of the engine and the cockpit during the race. Clearly, movements of
the pistons and the crankshaft occur on a different time scale than that of the
wheels or the full car, not to mention the driver-controlled steering wheel and
transmission. In summary, molecular motions cover a wide range of time scales,
occur in a spatially limited manner and, unlike cars and racing events, are not
even directly observable. That is why we need sophisticated experimental tech-
niques to characterize dynamics in biomacromolecules.

* Provided the fly lives long enough.
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In this review, we present NMR spectroscopic techniques currently used to
study protein dynamics at various time scales. Instead scrutinizing each tech-
nique, we put emphasis on their fundamentals. On the other hand, we enumerate
a number of NMR-derived parameters and discuss their relation and relevance to
macromolecular motions. As a complement, we briefly describe several other
techniques capable of capturing protein dynamics, as synthesis of different meth-
ods is the most fruitful way to understand biomolecular processes.

2. MOTIONS AND TIME SCALES IN PROTEINS

Conformational motions in proteins span at least 14 orders of magnitude in terms
of time scales, from picoseconds to minutes/hours (Scheme 1).

An important reference point is the rotational correlation time of the protein
molecule itself, denoted 7., (also the notation 1., is used) corresponding to the time
required for the molecule to rotate one radian (Scheme 1). The rotational motion/
diffusion of the molecule can be isotropic or anisotropic and depends on the size
and shape of the molecule as well as on solvent viscosity. Thus, in aqueous

Loop, hairpin closure
0.1us <> 10ms

~ Catalysis
Secondary structure & 1us < 1s

formation; 10ns <> 1ms

H/D
exchange

Protein folding
1ms<«1h

Rotational diffusional
correlation time
1ns<7,<10ns

R1, R, NOE (

Backbone dynamics
‘\_f 1ps < 10ns

Side-chain rotation
0.1ps <> 10ps

Aggregation
1s <> 1year

Diffusion NMR

Scheme 1 The motional time scale of proteins covers over 14 orders of magnitude, starting from
the slowest one (formation of aggregates requires typically minutes to hours) up to the fastest
event; side-chain rotation (<ps). NMR-based techniques capable of capturing dynamics at
different time scales are shown boxed and positioned approximately at their relevant range of
time scales.
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o1 U

Fast dynamics Fast dynamics

Scheme 2 Protein dynamics and ligand recognition. Fast motions are indicated by different
shadings, slow motions by different (narrow vs. elongated) shape. Ligand binding shifts the
population and is associated by changes in the fast dynamics.

solutions, motion is influenced by temperature and, to a lesser extent, the pH and
viscosity. In proteins, 1. is usually on the order of nanoseconds. Internal motions
can be slower or faster than this overall rotation. If molecular motion is character-
ized by a slow and a fast time scale with the respective correlation times 7. and 7.,
then the resulting characteristic time t can be expressed as!

= et (1)
where 1, is the internal correlation time. Protein function is always connected to
partner recognition, the latter being either another protein, nucleic acid, a small
ligand, water or just a single electron. Proteins in general exist in multiple confor-
mational states in solution, which is perturbed upon interaction. The mechanism
and the time scale of this perturbation vary for different proteins. The currently
emerging view is that most proteins work, at least to some extent, via the mecha-
nism called conformer selection.? This means that the conformational diversity of
the free proteins in solution covers those in the bound form, in other words, the
states with high affinity towards the ligand are present in free form. Ligand
binding modifies the energy of the different states and thus shifts the population
towards the bound forms just like in any other chemical equilibrium (Scheme 2).

3. REPRESENTATION OF PROTEIN STRUCTURE AND DYNAMICS

All representations of proteins are models of the actual structures themselves.
These models can be built for different purposes, thus may or may not contain
information about specific aspects of interest.” The most common representations
of proteins are based on 3D atomic coordinates, constituting the basis of the
Protein Data Bank (PDB) format used to store as many as 63,000 macromolecular
structures in the PDB* as of February, 2010. These models, the majority of them
determined by X-ray crystallography, are generally static in nature and give the
impression that proteins adopt a single or just a few well-defined conformations
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in their native state. NMR-derived structures are more often represented by
multiple conformers (multiple models in the PDB file), mostly because the
NMR-derived structural parameters are compatible with all of them. The other
reason is that these ensembles are sometimes believed to represent some of the
internal dynamics of the proteins investigated. However, this is not necessarily
the case, given that another important aspect of selecting models to be deposited
in the PDB is the high similarity between the models to demonstrate that the
experimental parameters correspond to a well-defined structure. Thus, these
structures can be regarded as over-refined ones with the aim of approaching the
precision of X-ray crystallography (see below). Another way of representing
molecular structures is to use internal coordinates such as bond lengths, bond
angles and torsion angles. Although not used in current databases, such internal
representations are used by several programs used for structure calculations (e.g.
CYANAY).

A common approach to describe protein motions is the use of (auto)correlation
functions. An autocorrelation function C(t) can be defined as:

C(t) = Letre (2)
5

Such a function characterizes the “memory” of the arrangement of a set
of vectors within the sample (for more see Ref. 6). This form is valid for a vector
(e.g. bond vector defined by two atoms) fixed to the molecule, thus its motion
is completely determined by the isotropic molecular tumbling of the protein
(characterized by ). If the vector motion has an additional, fast and spatially
restricted component characterized by 7., the correlation function becomes some-

what more complicated:

1 1
C(t) = §s2e*f/fc +2(1- §%)e !/ (3)

where 0<S%2<1 reflects the extent of the spatial restriction and is denoted as
generalized order parameter. Order parameters related to motions on different
time scales are widely used in describing protein motions and are discussed in
more detail below. For different forms of the correlation function see Ref. 1, a
comprehensive review on protein dynamics in the ps—ns time scale and hetero-
nuclear relaxation.

In practice, the Fourier transform of the correlation function, denoted as
spectral density function, J(w), is more often used to express the interrelationships
of parameters"”:

o0

J(@) =2 L C(t) cos(wt) dt @)

° The relation between the correlation function and the spectral density function is analogous to that of between the FID
and the (FT)-NMR spectrum, a Fourier pair well-known for NMR spectroscopists.
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For example, in the above case (Equations (2) and (3)), the corresponding
spectral density functions are as follows:

2 Y (R Gl
f<w>—§<m> " ](w)_5(1+<wrc>2+1+<wf>2> B

For the relationship between 1, 7. and 7., the last of which is not explicit above,
refer to Equation (1).

In all of the above descriptions and equations, it was assumed that molecular
tumbling is isotropic in the solution. This is an idealized case that can be approxi-
mated by real proteins only in fortunate instances. In general, proteins exhibit
totally anisotropic tumbling”; but in special cases, the simplification of only an
axially symmetric motion is used, for which two of the molecular axes are
assumed to be identical and thus the corresponding rotational diffusion tensor
can be simplified.

Adding dynamical information to the static conformers can be achieved in
several ways. In crystallography, B-factors (see below) are assigned to each atom
representing the uncertainty in its coordinates caused primarily by thermal fluc-
tuations. In exceptionally high-resolution structures even the anisotropy of these
fluctuations can be depicted. In NMR, it is not possible to obtain information
about the fluctuations of all atoms but only of selected motions of certain
atom types (see below). Therefore, it is much more common to define order
parameters reflecting the extent of the conformational space occupied by the
bonds involved in the detected motions.® The general form of the order para-
meters can be written as:

=Y (v (0.0)(V5(0.9)) ©)
k=-2

where i is the locus investigated, Y,/ (©,d) is the spherical harmonics of the
degree 2k for the vector direction given by the polar coordinates @ and .
Angular brackets denote integration over the vector directions. Equation adapted
from Ref. 9.

The value of the general order parameter S* is between 0 and 1. Value 0 corre-
sponds to totally unrestricted motion, while value 1 to fully restricted motion.
As these parameters are commonly interpreted within the internal molecular
reference frame,” the value of 1 means that the bond is constrained to a fixed
orientation and all of its motions correspond to the overall tumbling of the
molecule.

Such parameters can be derived from a number of NMR measurements and
can be treated similarly to B-factors although with lower resolution (e.g. an order
parameter obtained for backbone NH bond vector is assigned to all bonds of the

¢ The internal molecular reference frame, although commonly used, is far from being defined unambiguously. The reason
of this is that due to the dynamics of the molecule there is no “fix part” which could be objectively chosen for reference. In
practical applications, measurement of geometric parameters relative to the reference frame is often implemented by using
least-squares fitting of the backbone atoms of the conformers investigated before obtaining the values.
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residue in question). Such B-factors can be used in representations where the
colours or thickness of the lines corresponding to the residues are proportional
to these parameters.

Order parameters can also be calculated from an ensemble of structures given
in Cartesian coordinates:

377002 ;o2 02 o o o 1
Sgb:§<<x§b> +<y5b> +<Z§b> +2<xabyub>2+2<xabzub>2+2<yabzab>2> 5 7)

where S, is the order parameter for the bond between atoms a and b, and Xqp are
the normalized components of the bond vector. Equation adapted from Ref. 10.

Consequently, there are approaches to convert NMR-derived order para-
meters into structural information in the form of conformational ensembles
of 1:)1‘o’ceins.10’11 Such ensembles, in contrast to those obtained by ““conventional”
NMR calculations, reflect directly the experimentally observed dynamics at
the time scale probed by the parameter actually used. The latter set of structures,
often denoted ‘“dynamic conformational ensembles”, have the advantage of
direct visualization of the conformations available for the protein and can be
compared to other conformers of the same protein obtained under different
conditions (most prominently binding partners) in a straightforward manner.
Structural ensembles can of course be “back-transformed” to residue-specific
numbers such as local RMSD values which can be used to generate the represen-
tations described above.

4. EXPLORING PROTEIN STRUCTURE AND DYNAMICS: A BRIEF
OVERVIEW OF TECHNIQUES

In contrast to macroscopic objects, molecules cannot be observed directly: we
cannot see them and thus cannot acquire information on objects smaller than
0.2 pm (diffraction limits). We have to rely on different techniques yielding
different types of information about proteins. Each technique probing the struc-
ture will be sensitive to dynamics on different time scales, and no single technique
can be expected to give (and no known technique is indeed capable of giving)
information relevant to all time scales applicable to internal motions of
macromolecules. Thus, it is important to stress that we are only able to build
models of biomolecular structure and dynamics® which might be appropriate
to the description and understanding of selected but by far not all existing aspects
of protein dynamics and function. In the following section, we will overview
techniques that can be used to get structural and dynamic information on proteins.

4 In natural sciences, it is common to have models to understand entities and phenomena. In structural biology, all known
protein structures are models in that sense. However, for a structural biologist the word “model” usually means a purely
theoretical set of coordinates of proteins most often built without any experimental structural data on the modelled system
(e.g. a “homology model”) and therefore the word has a slightly negative overtone.
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4.1. Electron microscopy

Different variants of electron microscopy (EM) can be used to visualize the shape
of proteins and their complexes over the size of several nanometers. The basic
principle of EM is to take 2D pictures of the particles immobilized on a surface.
3D reconstruction of the particle shape is possible if the pictures represent a
sufficient range of the possible aspects corresponding to different orientations of
the particles on the surface. Due to its relatively low resolution and static nature of
imaging, EM is not capable of discriminating subtle structural changes associated
with fast motions. However, cryo-EM is a leading technique today in studying the
shape of different functional states of supramolecular complexes such as the
ribosome.'? This requires that the distinct molecular states should be available
for isolation and stabilization for the course of the investigation—a hardly achiev-
able condition in practice. Shape contours obtained by EM can be “filled” with
higher (e.g. atomic) resolution details obtained using other techniques, resulting
in approximate models for the conformations and interactions of protein compo-
nents within complexes.13

4.2. ECD and VCD spectroscopy

UV or Electronic (ECD) and Vibrational Circular Dichroism spectroscopy is
commonly used for rapid, non-atomic level structural analysis of proteins.
The secondary structure content of proteins adopting a well defined and single
conformer can be analyzed and the induced structural shifts can be monitored via
CD. Well-established post-experimental data analyzing methods are used for the
interpretation of a variety of global structural information. For the more dynami-
cal systems, as peptides and protein fragments are, such a “simple” CD based
structure elucidation suffers severe inherent limitations. Unlike for globular pro-
teins, mobile parts and fragments less frequently adopt a single 3D-fold in a time
average manner. These units can exhibit an ensemble of conformers composed of
a multitude of substantially different structures, picked up in principle, both by
ECD- and VCD-spectroscopy. The interpretation of these raw spectral data
of highly dynamic molecular systems can be awkward. In situ deconvolution
algorithms (singular value decomposition,14 variable selection,'® locally linear-
ized model,' self-consistent method,"” principal component factor analysis,"®
neural network,'® matrix descriptor,20 convex constraint analysiszl) could be of
great help.

43. UV fluorescence

A variety of experimental setups were developed for structure analysis of pro-
teins, based on the excitation of the tryptophan moiety (the most brightly fluores-
cent proteogenic amino acid residue), that produces an intrinsic fluorescence
emission of a folded protein. Tryptophane residues excited at wavelength values
around 280-290 nm emit at a characteristic wavelength range (330-350 nm) thus
reporting on how much this residue is buried within the protein. Techniques such
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as fluorescence quenching (FQ), fluorescence resonance energy transfer (FRET),
flourescence correlation spectroscopy (FCS), etc. were successfully applied for
studying folding propensities of globular proteins as well as their re- and unfold-
ing processes. There are additional nice FRET measurements on the internal
dynamics of intrinsically disordered proteins (IDPs), such as Sup35 prion, in
Ref. 22. As sensitive as CD-spectroscopy on folding and dynamics this method
also lacks atomic resolution. By presenting an environment sensitive picture on
structure and dynamics it has its merits, but it is unsuitable to monitor site and
residue-specific changes over time.”

4.4. Hydrogen—deuterium exchange mass spectroscopy (HXMS)

FT-IR spectroscopy can detect various exchange phenomena but unless the protein
is selectively isotope-labelled it is unsuitable to do so in a primary sequence-
specific manner. On the contrary, sequence-specific information can be pulled
out not only by NMR spectroscopy (see below) but also by hydrogen/deuterium
exchange MS; HXMS.** This method has its merits especially for studying folded
proteins with regions where H/D exchange is of limited velocity; time scale of
exchange not below the MS-range can be detected. This method has a higher
sensitive compared to NMR and can be used for larger macromolecules as well. >
When combined with limited protease digestion, regions of the protein can be
characterized in term of internal dynamics and flexibility. This method was found
effective for detecting slow time-scale protein motions related to allostery,
and enzyme functions. Furthermore, a brief review related to IDPs is available
in Ref. 23.

4.5. X-ray diffraction

Real crystals do not fulfill the perfect repetition of the unit cell in three dimen-
sions. While at larger scale crystal dislocations and twinning deteriorate periodic-
ity, at the atomic level static and dynamic disorder take effect. Dynamic disorder
is caused by the thermal motion of atoms around their equilibrium positions,
which can be larger scale motion as well. Co-existence of different atoms at the
same spots of different unit cells (e.g. molecules adopting different conforma-
tions) causes static disorder. Classical crystallographic methods cannot discrimi-
nate between static and dynamic disorder because the resulting electron density
maps are averages of molecular conformations over the volume of the crystal and
over the whole period of the diffraction data collection. Disorder can be described
at different levels depending on the quality of the experimental data (i.e. resolu-
tion) using the atomic displacement parameter (ADP) (U or B-factor: B=_87r°U).*
Assuming the thermal motion of the atom is spherically symmetric, U is isotropic,
and it is the square mean shift of the atom with respect to its average position
during vibration (Ueq = (d?)). Anisotropic ADPs are better description of atomic
scale disorder in the crystal, typically used with atomic resolution data. Macro-
molecular crystals, even though they usually diffract weaker, allow only isotropic
description of ADPs, or even averaged values only. An intermediate and effective
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description of anisotropy in macromolecular crystals is to model isotropic ADPs
and anisotropic motion (translation, libration and screw motion27) for more rigid
domains within the same macromolecule.

As a result of static disorder, often alternate positions of atoms can be resolved
in electron density maps. In macromolecular crystals, some of the flexible regions
possess variable conformers and as a consequence none of the individual ones can
be detected in electron density maps. Thus, dynamics between several energeti-
cally similar states and /or larger amplitude makes to vanish more mobile sequen-
tial subunits. In practice, more than two or three conformer makes detection and/
or assignment impossible. In other words lower than 25-33% of relative popula-
tion of conformers is unseen by diffraction methods.

Using modern synchrotron X-ray sources from the late 1990s, it has been
possible to study complex dynamic behaviour of proteins using Laue techniques.
The structures of the intermediates and transient states of enzymes involved in
their catalytic cycles can be identified and the respective time scale 100 ps to
100 ms can be assigned. The analysis of the bacterial photoreceptor photoactive
yellow protein revealed that by taking snapshots at every 150 ps throughout
the photocycle of 10ns to 100 ms, five distinct intermediate structures could
be identified and used to establish a reasonable chemical kinetic mechanism.?®
Consequently the chemical mechanism of the process can be formulated.?” Recent
advances made possible sampling picosecond dynamics of the protein by
100-150 ps time resolution of measurement.’* 2% New frontiers include 5D time
and temperature dependent studies® as well as developing new techniques to
further shorten time scale of the experiments.35 Time-resolved Laue studies
require photoreaction-initiated systems for triggering the reaction uniformly in
the whole crystal volume rapidly with respect to the process under study to
explore dynamics of the sub-ns—ms range in these systems. For systems present-
ing a significantly slower motion of s—/ time scales initiation is not restricted to fs
photo reactions, but it can be carried out by for example substrate diffusion.
Intermediates of these systems can be freeze-trapped, so there is no need for
using Laue techniques.?’(”37

In conclusion, common diffraction techniques are typically unable to refer to
subunits and sequences of significant dynamics, but are usually able to identify
the dominant conformers/conformations. More specific approaches can report on
events (e.g. series of reaction(s) and allosteric conformational changes) happening
in the crystal state at slower (s-h) or even faster (ms—us) time scale of motion.
However, even the latter approaches are “blind” to highly flexible regions of
proteins structures with many conformation possibilities appearing at ms—ns
time scale of motion.

4.6. Molecular modelling

Molecular modelling is a technique that is used both with and without incorpor-
ating experimental data. Carefully performed ““pure” simulations can be quite
useful as guides for experiment design and interpretation leading to new insights
of macromolecular dynamics and function.*® Here, we focus only on techniques
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which use experimentally determined distance-type or dynamics-related
restraints incorporated as extra energy terms in addition to the force field used.
Approaches combining theory and experimentally derived data are regarded as
efficient and reliable tools for the “conversion” of measurements to molecular
structure(s) even though atoms as well as their interactions are treated classically
instead of using a more adequate quantum mechanical description.®

Current trends involve the computation of structurally heterogeneous
conformer ensembles whose diversity is aimed to reflect the observed dynamics
of the molecule at a specific time scale. This is in contrast with the traditional
structure determination/representation, where a single static conformer is both
expected to correspond to experimental data and be sufficient to explain biological
function.” Thus, the recently emerging “dynamical ensembles” of proteins repre-
sent new kinds of protein structural models. We will discuss the impact of this
paradigm shift in detail below.

5. NMR SPECTROSCOPY FOR DETERMINING PROTEIN
STRUCTURE AND DYNAMICS

X-ray crystallography keeps its role as the leading method for determining protein
structures at the atomic level. Until recently, the role of NMR in structure elucida-
tion was almost exclusively confined to small and medium-sized proteins not
suitable for the production of well-diffracting crystals. Therefore, a fruitful com-
plementary role-casting emerged where the static structures obtained from crys-
tallography were ““dressed up”” with solution-state dynamical information, the
field where NMR shows its real strength. In the last decade, intrinsically unstruc-
tured proteins of all sizes, also not amenable to crystallization, joined the popular
NMR targets. Moreover, sophisticated structure determination techniques
emerged recently that are capable of generating structural ensembles directly
showing the observed mobility of proteins. In the following sections, we will
briefly overview the basics of biomolecular NMR, then give a detailed account
of the observation of dynamical features observed by NMR, and finally present
examples that highlight the role of protein internal dynamics in biological
processes.

5.1. Basics of biomolecular NMR

The present suitability and versatility of NMR to study macromolecules has been
made available, among others, by the pioneering work of Nobel laureates
Richard R. Ernst and Kurt Wiithrich (Nobel Prize in Chemistry, 1991 and 2002).
The established protocol of structure determination by NMR consists of the

¢ Macromolecular structure determination uses much less experimental information per atom than small molecule NMR
or crystallography, thus all commonly used structure calculation methods rely heavily on different force fields using
parameters derived from studies of small molecules.’

" Recognition of slow motions during for example enzyme catalysis (closure of the binding site, etc.) have been of course
recognized and represented by 2 (sometimes 3) separate conformers, but as seen as different states, they were not put
together in a single ensemble.
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following steps: (i) preparation of the sample by chemical synthesis or biotechnol-
ogy, including thorough purification, (ii) spectrum acquisition and processing,
(iii) resonance assignment manually or automatically, (iv) evaluation of spectral
information to obtain restraints for (v) structure calculation, refinement and
validation.

Samples from natural sources contain only protons as NMR active nuclei,
other observable isotopes (most commonly 13C and N at 1.1% and 0.36% natural
abundance, respectively) have to be incorporated chemically or biochemically.
On the technical details of isotope labelling of proteins there are exhaustive
reviews and some perspectives available.”**!

Most NMR experiments in biomolecular spectroscopy are either used for
resonance assignment or to obtain specific structural and/or dynamical informa-
tion. Notable exceptions are homonuclear 'H-'H nuclear Overhauser effect
(NOE)-based measurements used for both purposes. Resonance assignment
requires prior knowledge of the amino acid sequence of the protein,
corresponding to the complete chemical structure of the molecule. The two main
steps of the assignment process are spin system identification where information
on the possible type of the corresponding amino acid residue is obtained and
sequential assignment, where the spin systems are ordered and thus specifically
assigned to residues at given positions of the polypeptide chain.*> While the
former step always relies on experiments based on chemical connectivity (magne-
tization transfer using scalar couplings), the latter might also utilize direct spin—
spin couplings (2D NOESY, 3D HSQC-NOESY). In general, sequential assignment
is more straightforward and reliable when multi-dimensional (3D or even higher)
heteronuclear experiments (HNCA, HNCOCA, HNCACB, CBCACONH, etc.) are
recorded and through-bond connections are used for sequential assignment.
Consequently, so-called triple-resonance experiments (containing information
about 'H, *C and °N nuclei) are the most common subjects of modern automatic
assignment protocols.43’44 A new direction in resonance assignment is to reduce
the measurement time, ranging from 1-2 days to 1-2 weeks for widely used 3D
experiments by using experiments where signal-less spectral regions are not
(extensively) sampled.45 These and other fast NMR techniques require suitably
adjusted spectral processing and/or assignment tools.

5.2. Dynamical information from NMR

Practically all NMR observables bear information on the dynamics of the investi-
gated molecules. This is a quite inherent feature of solution-state NMR measure-
ments as there are 10°~10" solute molecules in the sample tube, and all of them
are interconverting from one conformer to another on a range of time scales. Thus,
all parameters obtained are essentially time- and ensemble averages of a high
number of conformers and their proper interpretation should take this into account.
In other words, in a general case no single conformer can be expected to fulfill all
measured parameters simultaneously.*® Apparently, this is in contrast with the
considerations above for ““conventional” structural calculations where multiple
structures were compatible with the data used. This problem can be referred to as
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the underfitting/ overfitting problem, where the actual number of NMR parameters
and calculated conformers determine the balance between the two cases. This will be
discussed in more detail below.

5.3. Chemical shifts

Chemical shifts (CSs) are the most common NMR parameters obtained as the
result of the assignment process as a prerequisite of all subsequent analyses. As a
consequence, large data sets of CSs and their analyses are available; therefore,
their relation to protein structure and dynamics is well documented. The basic
observation is that CSs, especially Ho and Co values depend heavily on the local
conformation of the peptide chain. This relationship can be further refined by
additional factors such as the spatial environment of these atoms. Currently,
applications such as SHIFTX* are capable of calculating CSs from 3D protein
structures and, as a reversal, protein folds can be reconstructed solely on the basis
of CS information.***’ Moreover, internal dynamics of proteins can be estimated
solely on the basis of CSs.””'

To use CSs as indicators of local structure, a reference CS set is needed. There
are many attempts in the literature to generate such a set, many involving highly
flexible short peptides.”” Other approaches involve careful analysis of database-
deposited shifts from globular proteins.”** In practice, it is advisable to use
sequence-dependent correction factors for these shifts, especially for intrinsically
unfolded proteins.”® Another important practical aspect is the accurate determi-
nation of the CS values which requires correct spectral referencing, an issue well
documented in literature but still not always easily followed in practice.

CSs are also sensitive indicators of molecular motions. A well-known basic
NMR phenomenon is coalescence, that is that separate signals corresponding to
distinct conformational states merge at higher temperatures indicating that the
energy barrier separating them can be easily passed by molecules with higher
internal energy. In other words, NMR is able to discriminate between slow and
fast molecular motions on the relevant time scales. This is also true for molecular
interactions, as exemplified by monitoring ligand binding to protein at various
concentrations of the interacting partners. Depending on the binding constant, the
exchange between the free and bound form of the molecules can be slow or fast
relative to the NMR CS time scale. When the exchange is slow, two separate signal
sets will be observed for the two states, whereas for fast exchange, each signal will
gradually shift its position according to the protein:ligand molar ratio. In both
cases, a rough estimate of the binding constant can be calculated based on the
peak volume ratios (slow exchange) or CSs at different titration points. In the
so-called intermediate exchange regime, the extreme line broadening may result
in the loss of identifiable signals.

In accordance with these considerations, a number of dynamic features can be
observed in proteins as early as in the resonance assignment stage. Several
residues might give rise to duplicate signals indicating slow interconversion
between distinct conformations. The most prominent example of this is the
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cis—trans isomerization of peptide bonds before proline residues. On the other
hand, as CSs are sensitive to local conformation, their actual value manifests as an
average of rapidly interconverting conformations.

Signal dispersion, that is the CSs and their ranges occupied by the signals are
commonly used to assess the folded /unfolded nature of a polypeptide chain and
is one of the most straightforward ways to identify IDPs.?® More sophisticated
methods define the extent of foldedness, the fraction of molecules or even its
segments adopting compact conformation, by comparing CSs to those observed in
a well-folded species.”” CSs calculated for invisible states of proteins, that is low-
populated conformations with slow exchange with the dominant one(s), are used
in characterizing these states and comparing them to the observable ones (see
below).

5.4. Nuclear Overhauser effect

The nuclear Overhauser effect (NOE, nOe) is the traditional basis of biomolecu-
lar structure determination in NMR.*> Homonuclear (‘H-'H) NOEs can be
obtained from 2D NOESY or 3D HSQC-NOESY type experiments. However, as
homonuclear 2D NOESY spectra contain a vast amount of information about all
'"H-"H interactions, only those involving 'Hs attached to isotopically labelled
heteroatoms are accessible with heteronuclear 3D experiments. Bearing informa-
tion on spatial relationships regardless of chemical connectivity, NOE peaks
can conveniently be converted to '"H-'H distance restraints used in structure
calculations. The volume of the NOE cross-peak is approximately proportional
to di 4; and thus, in principle, (assuming the same dynamics for the "H-"H spin
pairs) can be converted to a more or less exact internuclear distance. This
requires the use of a reference distance, for example the fixed distance between
geminal or aromatic ring protons. In practice, NOE-derived distances are more
often categorized into distinct ranges such as 1.8-2.5, 1.8-3.5 and 1.8-5.0 A
where 1.8 A is the distance of two close but non-overlapping protons. This latter
procedure acknowledges that exact distances are practically impossible to be
obtained due to the internal flexibility of proteins, spin diffusion, relaxation and
conformational exchange phenomena. Moreover, the Overhauser effect itself
takes time to build up requiring that the two protons remain spatially close for
several milliseconds. Thus, only a small fraction of close 'H-'H distances is
observed as NOEs and the volumes of the corresponding signals are heavily
influenced by conformational variability and dynamics. In highly flexible mole-
cules, only intraresidual and sequential NOEs can be typically observed in spite
of that long/range transient interactions might be present in the polypeptide
chain.
The ensemble-averaged NOE distances can be obtained as®®:

Tens = <r76>_1/6 (8)

where 1 is the interproton distance in the selected conformer.
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5.5. Scalar couplings

In proteins, three-bond scalar couplings are an important source on backbone and
side-chain conformation. The conformation dependence of scalar couplings can be
quantitatively described with the Karplus equation59 (] =A*cos?0 +B*cos 0+C,
where 0 is the dihedral angle between the two vicinal nuclei for which the coupling
is measured and A, B and C are constants). In protein structure determination,
adequately selected couplings are often used to set up dihedral angle restraints in
the form of ranges within which the backbone or side-chain dihedral angles are
restricted. There are several types of couplings measured routinely, for example
3 THounN for ¢, 3] Hotp1/p2 and 3]NHB] /g2 for 4, etc. using different 2D and 3D experi-
ments (e.g. B-COSY, z-COSY, E-COSY, HNCA-J, HNHA).

The Karplus equation refers to a rigid molecule or to the case of a single
conformation in a flexible one. However, in proteins, a number of conformations
contribute to the observed couplings arising as a time and ensemble average.
Considering a conformational ensemble, scalar coupling can be calculated
for each conformer using available Karplus parameters (e.g. from quantum
chemical calculations) or, oppositely, “dynamic” Karplus parameters can be
computed using experimentally derived restraints.”® The former case is an
important tool for validating structural ensembles representing the dynamical
heterogeneity of proteins (see below). For the averaged coupling affected by the
protein backbone dihedral angle ¢, the following Karplus relationship can be
formulated®:

¥Jens = A{ cos®(¢ + 0)) + B{cos(¢ + 0)) + C 9)

where 0 is a correction angle needed because of the usage of ¢ instead of the
dihedral angle defined by the NH and Ho hydrogens. Angular brackets represent
conformational and across-ensemble averaging. Note that not the dihedral angles
themselves but the derived quantities are averaged because of the effect of cou-
plings on the magnetization is instantaneous (Ref. 6). More recently, techniques
for measuring scalar couplings through H-bonds have emerged. These can be
used to directly probe H-bond networks and their dynamics in biomolecules.
Moreover, in contrast to NOEs couplings through H-bond arise instantaneously,
requiring no build-up time. An optimized equation for calculating the J-coupling
across the H-bond from geometrical parameters is®*:

13 e (02, p, o) = {—1.31 cos?0, + [0.62 cos?p + 0.92 cosp + 0.14] sin’0, }

exp [_32(7’H0’ — 7’?{0/)}

10)

where ro is the H-O' atomic distance with a reference value r%o, =176 A, 0, is
the H-O'-C’ angle and p is the H-O'-C’-N dihedral angle.

Recently, correlations between 2] couplings and protein secondary structure
have been described, opening new ways for structure determination and
validation.®>%*
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5.6. Residual dipolar couplings (RDCs)

Dipolar couplings constitute the second largest term of the Hamiltonian but
are effectively averaged out by isotropic molecular tumbling in solution.®®
Hence, they are not observable in the majority of standard NMR experiments.
Detection of RDCs requires that the orientation of the molecule with respect
to the external magnetic field should be non-random, thus rendering the
vector between the specified pair of nuclei (for which the RDC is measured)
partially aligned. This is usually achieved by the use of dilute liquid crystal-
line media such as bicelles or filamentous bacteriophages which, in lucky
circumstances, do not adversely affect the structure and dynamics of the
protein to be studied. RDCs are measured analogously to scalar couplings
which also means that the acquisition of two spectra is always necessary, a
measurement in isotropic solution to determine J-couplings and another in
oriented media yielding the sum of RDC + J-coupling values for each nuclei.
Nowadays, RDCs are one of the most powerful NMR parameters in describ-
ing the structure and dynamics of both folded and unfolded pro’ceins.66 RDCs
contain information about relative orientation of internuclear vectors, and, in
addition, also their dynamics up to the millisecond time scale. The use of
RDCs is greatly facilitated by the fact that they can be calculated from atomic
coordinates and thus can be used for structure refinement® and validation.®®
If multiple sets of RDCs are available for a given system (e.g. from different
media or for different pairs of nuclei), cross-validations between different RDC
sets can also be performed increasing the reliability of the obtained structures.
In general, observed RDCs represent an average over all conformations and
their alignments present in the sample69:

N
Dens _%;ka(Q)PZ(C’z{) de (11)

where N is the number of conformers, Q is the orientation of the molecule in the
liquid crystal, P, is the second-order Legendre polynomial, wy is the orientation-
dependent weight of the kth conformer and c.f is the projection of the
internuclear vector c in conformer k along the external magnetic field (z axis).
The orientation of the protein is governed by multiple factors including shape and
electrostatics, thus if these are different for distinct conformers, the alignment will
be conformer-specific, hence the conformer-dependent weighting factor w is taken
into account.

In practice, calculation of RDCs from structure can be basically done in two
ways: either a common alignment tensor can be used for all molecules, or the
alignment of each molecule can be taken into account separately. The former
approach is suitable for molecular dynamics calculations of well-folded pro-
teins,”” where the conformation-dependence of the alignment can be ignored.
However, the latter is necessary for treating molecules with highly diverse con-
formations, such as IDPs.
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5.7. Heteronuclear relaxation experiments and analysis

One of the most widely used tools to assess protein dynamics are different hetero-
nuclear relaxation parameters. These are in intimate connection with internal
dynamics on time scales ranging from picoseconds to milliseconds and there are
many approaches to extract dynamical information from a wide range of relaxa-
tion data (for a thorough review see Ref. 1). Most commonly >N relaxation is
studied, but *C and ?H relaxation are the prominent tools to characterize side-
chain dynamics.70 Earliest applications utilized 15N Ty, T, relaxation as well as
heteronuclear (*H-'°N) NOE experiments to characterize N-H bond motions in
the protein backbone.”! The vast majority of studies applied the so-called model-
free approach to translate relaxation parameters into overall and internal mobility.
Its name contrasts earlier methods where explicit motional models of the N-H
vector were used, for example diffusion-in-a-cone or two- or three-site jump, etc.
Unfortunately, we cannot obtain information about the actual type of motion of
the bond. As reconciliation, the model-free approach yields motional parameters
that can be interpreted in each of these motional models. There is a well-established
protocol to determine the exact combination of parameters to invoke for each bond,
starting from the simplest set to the most complex one until the one yielding
satisfactory description is reached. The scheme, a manifestation of the principle
of Occam’s razor is shown in Table 1.7

In Table 1, §? is the general order parameter describing bond motions at the
ps—ns time scale, 7. is the characteristic correlation time for these motions and Rex
is the conformational exchange term representing motions on the ps-ms time
scale. Internal motions on the ps—ns time scale are considered as the superposition
of fast and slow motions characterized by sz and 1; as well as S.2 and 1. Here,
$2=5.252 and 1r<15<7..”* In models 14, $>=57 (i.e. S2=1) and 1. ="1s.

In practice, relaxation parameters are measured as a series of HSQC-type
spectra as a function of a variable time delay, and peak heights (or volumes) are
used to fit relaxation rates.”®> The next step is the determination of the overall
rotational correlation time of the molecule, typically from the T; /T, ratio obtained
for the residues. In such calculations, outliers are generally excluded, that is those
residues for which Ry or 7. is significant (residues with T;/T, ratio well above
and below the average, respectively, Ref. 71). The second step is to determine the
best fit between the relaxation parameters R;, R, and heteronuclear NOE and the
motional parameter sets. The correspondence between these can be expressed

TABLE 1 Parameter sets commonly used in the model-free formalism

Set Parameters Notes

1 s 74— 0 (14<20 ps), slow internal motions negligible

2 S, “Original” model-free parameter set, 7. =1¢

3 52, Rex Conformational exchange term is considered

4 S% 1, Rex Original set+ conformational exchange term, 7o =1¢

5 S% Sf2, Ter Rex 14— 0, . =17,. Fast and slow internal motions are considered
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with the spectral density function: the form shown in Equation (3) corresponds to
the original model-free parameter set (set 2 in Table 1). The interrelationships of
relaxation parameters and the spectral density function are given as (if both
"H-""N dipole—dipole (DD) and °N CSA relaxation contribute to the relaxation
processes):

Ry = (& /4)[J(on — on) + 3] (on) + 6] (0n + on)] + (o)
Ry = (d2/8)[4](0) + J (w1 — on) + 3] (on) + 6] (wn) + 6] (0 + on)]
+(c?/6)[4](0) + 3] ()] + Rex
NOE = 1+ (d/4R1) (yu1/7n)[6] (0 + on) = J(0n — on))]
d = (uohynyn/8m*) (i)
c = wnAc/V3

where y is the permeability of vacuum, & is Planck’s constant, yyy and yy are the
gyromagnetic ratios of 'H and '®N nuclei, respectively. The N-H bond length is
given by ryp and its value is commonly taken as 1.02 A and Ac is the CS
anisotropy of 5N nuclei, usually taken as —160 ppm.74 The equations are shown
as in Ref. 72.

There are several programs capable of performing the calculation of model-
free parameters from relaxation data, such as Modelfree” and Tensor2.”

Although the model-free formalism is very popular and offers a good pictorial
representation of protein motions, it is not always straightforward to perform. For
example, there might be cases when the isotropic model for the overall rotational
motion is not sufficient but no reliable anisotropic solution can be obtained.
Furthermore, several bond motions cannot be described sufficiently with any of
the five parameter sets listed above. Last but not least, only the generalized order
parameter can be directly assigned to a physical picture of the motions, neither
Te Nor Ry offers a straightforward interpretation. Hence the growing popularity of
spectral density mapping approaches, where the values of the spectral density
function J(w) are determined at sgecific frequencies. From these, we discuss
reduced spectral density mapping7 in brief below.

Reduced spectral density mapping aims at determining the values of [(w) at
three frequencies:

(12)

-3 3 -9
4(3d? 4+ ¢%) 2(3d% +¢2) 10(3d? + c?) R
1
{ (0)) 1 0 —7 Ry
J(on =| Gizra 5342 +¢2) || I
J(0.87wp) (32 +¢) ( 1+ c) %(NOE — 1R,
0 0 =7

(13)

where d and c are defined as for Equation (12). Equation is adapted from Ref. 77.
The advantage of this approach is that at a single magnetic field the three values of
J(w) can be obtained from the three commonly measured relaxation parameters in
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a straightforward manner applying only a linear relationship. Thus, in contrast to
the model-free approach this analysis is always feasible at the cost of resulting
parameters with no direct links to physical motions. Nevertheless, reduced spec-
tral density mapping can be extremely useful especially in assessing differences in
dynamics of two or more ;)rotein states, for example at different temperatures or
free/ligand-bound forms. 7

For motions on slower time scales, relaxation dispersion methods are the most
powerful ones to characterize distinct states adopted by a protein during its
dynamical fluctuations. These methods are applicable when there is substantial
CS difference between the states studied. The two approaches for quantitative
measurements of protein motions in the pis—ms regime are the relaxation-compen-
sated Carr-Purcell-Meiboom-Gill (rcCPMG) and the off-resonance rotating-frame
measurements denoted R ,,.78 Both measurements aim at the separation of R.°, the
intrinsic transverse relaxation rate and additional terms in the observed R, that
originate from the exchange processes broadening related to the transition
between two (or more) conformational states of interest.

The rcCPMG approach relies on a series of experiments with different 7,
delays between the 180° pulses in the CPMG pulse trains used to measure R,
relaxation rates. For two-state kinetics in the fast exchange limit, the dependence
of R; on 7, can be formulated as’®:

Ro(1/tep) = RS + ey /kex [1 — 2 tanh (kextep/2) / (kexTep) |
¢ex = PAPBAWZ (14)
We = \/ﬁ/fcp

where p, and pg are the relative populations of conformational states A and B,
respectively, separated by the CS difference Aw and w, is the effective magnetic
field.

The rotating-frame R;, relaxation can be expressed as

¢exk€><
2 2
kex We

_on\1/2 (15)
We = (wlz + Q2

0 = arctan(w1/Q)

78,79,

sin%0

R1p = Ry cos?0 + RYsin®0 +

where 0 denotes the tilt angle and w, is the amplitude of the effective spin-locking
field and @ is the average resonance offset.”” In both rcCPMG and R;, experi-
ments, R, is measured as a function of the effective magnetic field w. because R,
dephasing at distinct w, values is influenced by the conformational exchange
process differently. The obtained data can be used to fit a number of parameters
of the conformational exchange process such as the CS difference between the
states, Aw and rate constants. In practice, measurements at different external
magnetic fields are required to eliminate ambiguities in parameter fitting.”® The
real power of such analyses is that not only the magnitude but also the sign of Aw
values can be obtained,®® thus, having the CSs for the dominant conformer—that
is that gives rise to the signals in the measured spectra such as HSQCs—at hand,
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CS values of the lowly populated, “invisible”” state can be obtained. Naturallg,
when the kinetics is not two-state, more complicated models should be invoked. o

5.8. Paramagnetic relaxation enhancement

The principle of paramagnetic relaxation enhancement (PRE) is the increase in
relaxation rates due to dipolar interaction between a nucleus and the unpaired
electron in a paramagnetic probe.®’ The PRE effect is considerably large, thus,
distances up to 20-35 A can be mapped depending on the probe used. Intramo-
lecular probes comprise metal ions, the use of which is evidently limited to several
metalloproteins, whereas spin probes, such as nitroxide stable radicals or chela-
tors binding a paramagnetic metal ion, can be linked chemically to virtually all
proteins for example to cysteines occurring naturally or introduced artificially
into the sequence. In practice, probes are preferred that can be conveniently
switched from the paramagnetic to the diamagnetic state by reduction with for
example ascorbic acid. These probes, for example N-(1-oxyl-2,2,5,5-tetramethyl-3-
pyrrolidinyl) iodoacetamide or PROXYL in short ensure that the only difference
between the two states is the presence or absence of the unpaired electron.

The transverse PRE I'; is the difference between the R, rates in the paramag-
netic and diamagnetic states of the system and can be calculated from peak
intensities in R, experiments at two time points without the need for relaxation
rate fitting®":

1 Idia<Tb)Ipara(Ta)

Iy = Ry para — Rodia = 1
g Zpara 2.dia Tb - Ta nIdia(Ta)Ipara(Tb)

where the two time points T, and T}, can be T=0 and T=AT chosen to minimize
the error in I';. Accurate measurements require specific pulse sequences for
obtaining 'H relaxation in N-H groups.**

The distance dependence of the PRE is (r~¢), but its actual interpretation is
complicated due to the fact that most paramagnetic probes contain flexible linkers
between the attachment site to the protein and the actual paramagnetic centre.
Thus, in structure calculations the different conformers of the probe should be
taken into account.”'

Because of the strength and long-range nature of PRE, it is particularly useful
in detecting and characterizing low-populated species occurring during protein
dynamics. The requirements for this are that the distance between the paramag-
netic centre and particular protons investigated should be shorter in the minor
than in the major species and the exchange rate between the two species A and B
should be fast relative to the I', time scale: kex > I'sp — I'24. When these apply, the
observed PRE is the weighted average of the two populations™":

(16)

ISP = paloa +pslas (17)

If the distance in the minor state is considerably shorter than in the major one,
the observed PRE will be dominated by the minor conformer even when its
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population is around 1%. The distance of the paramagnetic centre and the
observed proton can be calculated as™®:

Kep 3Tep
=|—14 —_— 18
r |:I—-2 < TeP + 1 + wIZ_I,L%P ( )

where K is 1.23 x 10732 cm® s 2 for the interaction between a free electron and a
proton, wyy is the proton Larmor frequency and Tep 1S the correlation time for the
electron—nucleus dipole-dipole interaction which is in the range of 107°-1078s
and can be estimated from the I'; and I', relaxation rates.®* In random coil
conformation, the theoretical range of the PRE effect is ~15 residues from the
attachment site. In denatured or IDPs, any further effect indicates deviations from
a completely random chain meaning transient long-range interactions within the
protein.

5.9. H-D exchange followed by NMR

Proton-deuteron exchange experiments correspond to a direct probe of the
environment and dynamics of N-H amide groups in proteins.*> In one of the
simplest setup, measurements are taken at regular intervals after dissolving
the freeze-dried sample in D,O. Naturally, exchange can also be monitored in
the D-H direction. H-D exchange can be followed by multiple techniques (e.g.
IR spectroscopy) but only NMR yields resolution at the atomic level. The basis of
the NMR experiments is that deuterons do not give rise to a signal in "H-based
experiments and thus the decrease in the peak volumes in subsequent spectra
yields direct information about the amount of still proton-bearing sites. Besides
temperature and pH, H-D exchange rates depend on the conformation of the
protein and the exact position of the observed residue within as exposed groups
exchange faster. Conformational motions that “open” buried groups to the
solvent also influence the exchange rates and can be characterized by suitable
experiments.

One way of enhancing the precision of the measured exchange times even
for proteins with fast H-D exchange is the use of interrupted H-D exchange
where the exchange process is quenched at a given time point typically by
lowering the pH or the temperature of the protein solution. In a common pulse-
labelling experiment, the unfolded protein is incubated in D,O environment
where folding can be initiated and exchange is slow. At a given time point, the
protein is transferred to aqueous environment at basic pH where exchange
rapidly occurs. After slowing down the exchange at acidic pH, and leaving
the folding process to finish, groups buried early during folding will remain
deuterated and can be identified. For several proteins, quenching of the
exchange can also be achieved by inducing the quick adoption of a tightly
packed native conformation for example by adding a cofactor such as heme for
myoglobin86 or flavin adenine mononucleotide (FMN) for flavodoxin.?”
Subsequent NMR measurements might even be made in aprotic organic solvents
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with careful corrections to the additional exchange caused by the residual water
in the lyophilized sample.*

Assuming that the closed state is dominant (k, < k.), the observed exchange
rate key can be expressed as:

koki
o = 2 (19)

This equation simplifies to kex=k, if k. < k; and to kex =koki/k. if ki< k.. The
former condition is called EX1, where the conformational openings are the rate-
limiting step of the exchange and the latter condition is referred to as EX2, where
the equilibrium constant for local opening together with the intrinsic exchange
rate determine the H-D exchange process.

A useful concept is the introduction of H-D exchange protection factors, which
can be defined using the exchange rates of unfolded, folded or partially folded
intermediate species:

P(N) = kex(U) /kex(N)
Pstruc (I) = kex(u)/kex (I)

where Pgc(I) is the structural protection factor for a given site in the folding
intermediate. In practice, when the k.(I) cannot be measured directly, the appar-
ent protection factor P,pp(I), can be used. P,p,(I) can be derived from the boxed
part of Scheme 3, contains contributions to the exchange rate from unfolding
events, and is always smaller than Pg,(I). Scheme and equation are adapted
from Ref. 89. Pyic(I) is related to the structure of the intermediate whereas P,p(1)
yields information primarily about its stability.89

(20)

A
ko, k;
Sclosed(D) - Sopen(D) —_— Sexchanged(H)
kC
B
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UH) ————— IH) " N(H)
kiy Kni

Scheme 3 (A) General scheme of HD-exchange in structure S. The D and H in brackets refers to
the deuterated and protonated species, respectively. (B) A simplified folding scheme with
unfolded (U), folded (N for native) and one intermediate (1) state with H-D exchange considered.
Adapted from Ref. 89.
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6. EXAMPLES HIGHLIGHTING THE ROLE OF PROTEIN INTERNAL
DYNAMICS IN BIOLOGICAL PROCESSES

In the followings, using the parameters outlined above we present several
detailed examples of biological and biochemical applications of these methods.
The previewed examples are divided into two groups: the first one contains
studies about motions slower than the overall rotational correlation time of the
molecule (t.); while the second group enumerates faster internal motions.
Although all proteins exhibit both types of motions, studies generally focus only
either on one or on the other.

6.1. Characterization of systems with supra-z. motions

Motions slower than the overall correlation time of the molecule are effectively
probed by relaxation dispersion methods. Examples of biological applications
include demonstration of correlation between the intrinsic dynamics of an
enzyme and its catalytic rate’ as well as contributing to the mapping of the
activation pathway of a signalling protein.*® Below we select only a few cases
with the intention of highlighting the versatility of the method on its own and in
combination with other NMR-derived data. We conclude with a different tech-
nique, RDC-based determination of a structural ensemble yielding details of
molecular recognition processes at the atomic level.

The KIX domain of the CBP (CREB-binding protein) transcriptional coactivator
protein binds to a number of interaction partners. The KIX domain structure is
composed of three densely packed helices. To investigate the presence of excited
states in this domain, >N backbone and '*C methyl relaxation dispersion methods
were applied on suitably labelled samples.”’ For all residues, the relaxation
dispersion profiles obtained for both methyl '*C and backbone N nuclei were
consistent with a two-state exchange process between states G (ground) and E
(excited state). For all 13C shifts and '°N shifts in the first two a-helices of KIX, the
magnitude of the CS differences |Aw| agrees well with the difference between the
observed native state and sequence-corrected random coil shifts, suggesting a
folding—unfolding event as the source of the chemical exchange observed. In
contrast, the third helix exhibits considerably smaller N CS changes (Figure 1.).
This suggests that although all sites probed the same partial unfolding event, the
third helix largely retains its conformation in the high—energly state as its backbone
N shifts are only moderately affected but changes in '°C methyl shifts are
consistent with the disruption of tertiary contacts.

H-D exchange experiments corroborated these findings as slow exchange
rates could be measured only for residues in the third helix while all other
residues exhibited very fast exchange. The rates measured in the third helix
correspond to (KgeKugr)kint, Where Kgg is the equilibrium constant for the G-E
transition, Kygy, is that for the unfolding of the helix and ki, is the intrinsic H-D
exchange rate. Thermodynamic parameters calculated from denaturation experi-
ments and the obtained value of Kyg; indicate that about 25% of molecules in the
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Relaxation dispersion profiles for two selected residues in KIX. Residue numbering corresponds to that of PDB file 2AGH.”” The two

isoleucines pack against each other, 1611 is in helix 2 while 1660 resides in helix 3. Images courtesy of Bianka Szalainé Agoston.
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excited state are largely unfolded. The overall picture is summarized in Figure 2.
The helix unfolding event cannot be observed directly in NMR as it is too fast
(<10 ps) to give rise to a measurable CPMG dispersion effect.

A more detailed picture of the folding of the SH3 (Src homology 3) domain of
the Fyn protein kinase has been obtained by relaxation dispersion experi-
ments.”>”* SH3 domains bind proline-rich sequences and are key components of
proteins involved in protein tyrosine kinase signalling pathways. The folding of
the SH3 domain of the Fyn protein kinase has been extensively characterized by
stopped-flow and NMR experiments. CPMG relaxation dispersion analysis
revealed that the Fyn SH3 domain is essentially a three-state folder with an
intermediate state.

@ values correspond to the ratio of relative destabilizations between the native
folded state (N) and a chosen TS or intermediate calculated for a mutant and the
wild-type protein,” yielding information about the environment of the mutated
residue in the state of interest (Scheme 4). @ values of 1 indicate that the neighbor-
hood of the mutated residue is native-like in the TS or intermediate whereas a @
value of 0 indicates that its environment is not formed. Values between 0 and 1
may reflect partially folded structures or multiple folding pathways so their
interpretation requires caution.
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Awyl ~0-8ppm
~97% G N PP
X |Aa)N| <2ppm
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Figure 2 (A) Ribbon representation of the structure of the KIX domain (PDB 2AGH). The third
helix is colored red/yellow, Ile611 is highlighted in orange and 1le660 in red. (B) Schematic
representation of the interconverting KIX species. The third helix is shown in grey. E; is the
partially folded sub-state in the excited state and E, is the unfolded sub-state. N |Aw)| values as
well as the derivation of the observed H-D exchange rates for residues outside (white back-
ground) and within (grey background) the third helix are shown. Image adapted from Ref. 91.
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Scheme 4 Derivation of @ values in a three-state folder protein. Outline of the folding process
and the folding rates are shown in the upper right inset. U denotes the unfolded state; N, the
folded native state; and I, the folding intermedier. The respective transition states between them
are denoted TSy, and TSyn. The extent of relative destabilization (AG) for a particular mutant is
shown above the states. Calculation of @ values is shown in the lower right inset. Adapted from
Ref. 94.

In the case of a variant of Fyn SH3 (A39V /N53P/V55L), CPMG relaxation data
obtained at 1520 °C can be fit to two-state kinetics corresponding to the I~ N
transition, allowing the determination of CSs in state I. At higher temperatures,
using a three-state model U1+~ N was appropriate. From these data, all the
thermodynamic parameters needed for the calculation of @ values shown in
Scheme 4 could be extracted. The results obtained indicate that there are non-
native contacts in the intermediate state involving B strand 1, which adopts its
native conformation only in the folded state, whereas strands 3 and P4 are
already formed in the first transition state TSy

Recent developments in relaxation dispersion experiments allow the determi-
nation of atomic-detail 3D structures of low-population excited states. This is
based on experiments capable of extracting not only CSs but also RDCs of the
excited state (Scheme 5). CS changes upon alignment can be derived for the high-
energy “invisible” state according to a suitably designed measurement cycle
where the Aw values for the excited state are obtained both in isotropic and
anisotropic medium.”®®” RDC values for the excited state can be obtained by
recording spin-state selective CPMG relaxation dispersion experiments yielding
frequency differences between the TROSY components corresponding to
|Av—AD/2| and between anti-TROSY components to |[Av+AD/2[.”

Such measurements have been applied to a model system exchanging between
free and ligand-bound form of an SH3 domain where the low-populated state
could either be the free or the ligand-bound form according to the concentrations
applied. This setup allowed explicit testing of the methodology as measurements
yielding information on the excited state could be verified by direct measurements



62 Zoltan Gaspari and Andras Perczel

under different sample conditions. Moreover, a high-quality atomic resolution
structure of the excited state could be calculated from the data obtained®
(Figure 3).

Conformationally heterogeneous states of proteins can be determined using
NMR-derived structural data and suitable molecular dynamics techniques.'”
Residual dipolar couplings have been shown to represent motions in ubiquitin
slower than its correlation time.!°! Using an extensive set of residual dipolar
couplings, namely, 36 sets of amide NH, 6 sets of HNC’ and NC’ as well as 11

A@gnisor AD ) .
RDC s 27 Anisotropic
/ Relaxation medium
Directly dispersion

measurable ~
Awy=Aw1+ Awigo— Atgpiso

Awy
Aa’iso
Relaxation Isotropic
dispersion medium

Ground Invisible
state high-energy
state

Scheme 5 Interrelation and measurement scheme of chemical shift and RDC values in a two-
state system where the high-energy state is scarcely populated. Adapted from Ref. 96.

Figure3 Ten lowest-energy conformers of the excited (Arklp peptide-bound) state of the Abplp
SH3 domain determined using restraints from residual anisotropic interactions. Note the
remarkable fit of the conformers demonstrating the precision of the restraints used. Drawn from
PDB structure 2K3B.”
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Figure 4 EROS ensemble of human ubiquitin determined using NOE and orientational restraints.
Drawn from structure 2K39.'%2

sets of methyl group RDCs, a 116-membered conformer ensemble of human
ubiquitin has been calculated.'®? The simulation was done using ensemble-aver-
aged NOE and orientation restraints implemented in the GROMACS molecular
dynamics package,67’103 using a protocol designated EROS for “‘ensemble refine-
ment with orientational restraints’” by the authors. The resulting ensemble reflects
the internal dynamics of ubiquitin up to the microsecond time scale (Figure 4).
Intriguingly, the structural diversity of the ensemble covers the range of known
conformational changes occurring during partner binding observed in ubiquitin-
containing molecular complexes by X-ray crystallography. This observation
suggests that binding partners select from the existing conformational equilib-
rium in solution, thus not induced fit, rather conformer selection accompanied
by a population shift explains partner recognition for ubiquitin (see above). The
prevalent pincer-like motion observed for the molecule affecting the binding
interface suggests that functionally relevant motions dominate the internal
dynamics of ubiquitin. Moreover, these motions ensure that the entropic cost
for high-affinity binding remains low even when allowing the recognition of a
number of different partners.

6.2. Characterization of systems with sub-7. motions

Studies focusing on fast internal motions generally use heteronuclear relaxation
experiments most commonly interpreted within the model-free framework.
In this section, we start with proteins with well-defined structure and after
describing more flexible systems arrive to the class of IDPs.
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6.2.1. Proteins with considerable rigidity

Complement control modules (CCPs) occur frequently in modular proteins of the
immune system and are thought to modulate both intra- and inter-molecular
interactions ultimately regulating the activation of specific proteases. Internal
dynamics of the CCP1-CCP2 module pair of the complement protease has been
mapped by "N relaxation experiments in order to localize its possible interaction
sites and regions of enhanced flexibility. Although model-free parameters could
be extracted for the isolated CCP1 and CCP2 modules, no diffusion tensor could
be reliably obtained for their covalently linked construct CCP1CCP2. Thus, the
mobility of the free and tandem occurring domains could be compared using
reduced spectral density mapping.'**

In the graphical form of the reduced spectral density mapping analysis
depicted in Figure 5, the solid line represents the single motion limit, thus dots
near the line represent amide N-Hs with motion following the overall tumbling of
the full molecule. The overall correlation time can be estimated by the average
position of the dots relative to the single-motion line as its intersection with a line
fitted to the dots yields 0.4*7..”” Thus, the increase in molecular size of the tandem
construct relative to the free modules can clearly be deduced. In general, residues
with high J(wn) and low J(0) values exhibit largely unrestricted motion whereas
those with increased J(0) are affected by chemical exchange. The internal mobility
of the CCP modules investigated, especially that of CCP1, shows remarkable
changes upon linking to the C-terminal CCP2 domain. This notion is corroborated
by the observed CS changes in the tandem construct relative to the free modules
calculated as the weighted average of °N and 'H amide shifts for each residue'®
(Figure 5). Largest changes are observed on surface loops corresponding to
putative protein:protein interaction sites in the modules.

Smaller proteins are generally more flexible even when stabilized by disulfide
bridges. This is indeed the case for the 35-residue canonical serine protease
inhibitor SGCI (Shcistocerca gregaria chymotrypsin inhibitor), for which model-
free analysis of '°N relaxation data yielded general order parameters around 0.7
throughout the molecule.'® The relatively high flexibility of these molecules
contrasts the still accepted rigid lock-and-key theory for canonical serine protease
inhibition stating that no conformational changes occur in the rigid protease
binding loop upon interaction with the target enzyme. To analyze the role of
dynamics in molecular recognition at atomic detail, dynamically restrained
conformer ensembles'”” were generated using S* and NOE data. To avoid both
over- and under-fitting, the MUMO (Minimal Under-restraining Minimal Over-
restraining)'® procedure was applied where NOE restraints are applied in a
pairwise manner over the simultaneously refined conformer replicas whereas
all replicas are restrained by the amide NH S* values.

The resulting ensemble reflects the ps—ns time-scale internal dynamics of the
inhibitor (Figure 6) and is superior to that determined by ““‘conventional” struc-
ture calculation methods aimed at refining each replica for best agreement with
NOE data. Improvements are observed both in terms of conforming to ideal
geometry and correspondence to observed Ho CSs. Moreover, specific interac-
tions are more restricted in the dynamical ensemble than in the conventional one,
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Figure 6 (A) Scheme of the MUMO calculations used for calculating the dynamic conformation
ensemble of SGCI. (B) Dynamic conformational ensemble of SGCI with the protease binding loop
shown in dark grey. (C) Result of the principal component analysis on the inhibitor structures
depicting that the dynamic conformational ensemble (blue circles) contains the conformers of
corresponding to the enzyme-bound state (red boxes).

clearly indicating that the resulting high conformational diversity is not a non-
specific feature stemming from relaxing the restraints by applying them to the
ensemble rather to individual conformers. The dynamic conformational ensemble
contains conformers highly similar to the protease-bound form of the inhibitor,
suggesting that not a rigid lock-and-key interaction rather conformer selection is
appropriate to describe the process of enzyme binding. However, as the confor-
mational motions are faster than the intermolecular association rate, they are not a
limiting factor in the recognition process, which in fact yields a scenario consistent
with the rigid-body model neglecting conformational fluctuations.'®

6.2.2. Dynamics of intrinsically disordered and unfolded proteins

Unlike for globular proteins, internal motions of IDPs can hardly be interpreted
within the framework of the Lipari-Szabo model-free formalism. IDPs are domi-
nated by segmental motions with low or negligible cooperativity between
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subunits, the approach fails as the global rotational diffusional correlation time as
a single reference measure cannot be defined in a meaningful way. Instead,
reduced spectral density mapping can be applied, where J(0), J(wn) and
J(0.87wy) frequencies are of significance. Tracing dynamical properties along the
primary sequence is of primary interest for IDPs revealing local and residual
structural preferences, such as hydrophobic clusters, residual secondary struc-
tural elements and transient long-range contacts. Recently, various types of relax-
ation measurements have been successfully applied for a number of IDPs; the
transcription factor specific for the expression of bacterial flagella and chemotaxis
genes. FlgM,110 the 393-residue long tumour suppressor p53,111 a-synuclein, the
major protein component of amyloid-like deposits in Parkinson’s disease,!'? etc.
as collected and meticulously reviewed in Ref. 23.

6.2.2.1. Residual structural elements holding functionality The identification and
characterization of minor populations of residual structural elements within a
highly mobile and unfolded or intrinsically disordered structure is a continuous
challenge. For the urea and acid unfolded state of apomyoglobin not only the
kinetic folding process was proposed''® but also PRE measurements uncovered
the presence of a collapsed state populated as low as 5%.''* In fact, multiple
distinct hydrophobic clusters of differing thermodynamic stability could be iden-
tified. Interestingly enough, these sparsely populated states can have some native-
like character.

Calpastatin is a specific inhibitor of calpain, a calcium-activated intracellular
cysteine protease made responsible of several physiological and pathological
phenomena.'”® The complete sequence-specific assignment of the 121 non-Pro
residues (out of the 126) enabled the detailed characterization of its backbone
dynamics in solution.''® Both CSI data and '°N relaxation rates in conjunction
with heteronuclear NOE values demonstrate that two out of the three conserved
subdomains A (Ser12-Gly30) and C (Ser87—Cys105) present low (5-10%) but
significant amount of helical backbone conformations. In addition, subdomain B
(Met50-Arg70), the primary determinant of inhibition, also has non-random
backbone fold. Binding to calpain takes place through a few specificity-determi-
nant residues connected by variable flexible linkers separating subdomains A
from B and B from C. The exact binding mode of calpastatin to the enzyme has
been recently revealed by X-ray crystallography."'” This atomic resolution picture
agrees perfectly with the independent NMR study: a tripartite binding mode was
revealed, in which the disordered inhibitor wraps around, and contacts, the
enzyme at three points clearly facilitated by flexible linkers. The residual helical
elements of subdomains A, B and C of specific dynamics determine target enzyme
binding. The preformed structural elements together with their flexibility on the
ps—ns time scale permit a unique combination of specificity, speed and binding
strength governing the regulation of calpain.''®

6.2.2.2. Turning disorder to order can hold functionality ~SecA is a helicase-like
motor coupling ATP hydrolysis with the translocation of extracytoplasmic sub-
strates.""” It was shown that SecA takes advantages of such a mechanism, namely
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its conserved domains close to the nucleotide cleft undergo cycles of disorder—
order transitions which is coupled to functional catalytic states. These state transi-
tions are controlled by Arg-fingers acting between the domains. The disorder—
order interconversions are coupled to ligand binding and yield the basis of not
only the catalytic activity but also that of allosteric regulation.

The catalytic action of dUTP hydrolase (dUTPase), an enzyme preventing
uracil incorporation into DNA by lowering the amount of dUTP in the cell,
involves ordering of its flexible C terminal tail region. The disorder-to-order
transitional shift detected by NMR is obvious as the sharp resonances of the
disordered tail of the homotrimer (total MW over 60 kDa) get broadened and
became undetectable (Figure 7) by 'H-'>N heteronuclear correlation spectros-
copy.'?® This can be observed as the ““disappearance’ of eight sharp resonances
corresponding to eight residues of the C-terminus upon ligand binding. Such a
conformational shift and fundamental alterations in backbone dynamics put light
on the kinetics of the enzymatic mechanism and suggest allosterism in the
eukaryotic dUTPase.

Detailed atomic-level characterization of IDPs can result in the generation of
highly diverse conformational ensembles which can be analyzed analogously to
those generated for folded proteins. One approach is highly similar to conven-
tional structure calculations involving restrained molecular dynamics while an
alternative way is to generate a high number of conformers with varying degree of
randomization and validating the resulting ensemble against experimental data.'*'
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Figure 7 Heteronuclear correlation spectra ("H-""N HSQC at 500 MHz) of D. melanogaster
dUTPase without substrate (A) and with a,3-imino-dUTP. The indicated peaks that change their
internal dynamics and diminish, Gly149-Thr156 of the C-terminus, are those involved in substrate
binding.
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Figure 8 First 20 members of the structural ensemble of PDEy Drawn from structure PDB ID
2JU4® with the program MOLMOL.'

The first approach was used for calculating a structural ensemble for the y subunit
of phosphodiesterase 6 (PDEy), a key protein in signal transition during vision
(Figure 8). Restraints used for the calculation comprise NOE data, backbone dihe-
dral angles estimated from CSs and PRE values defining long-range interactions in
the molecule. Analysis of the ensemble revealed that partner binding of PDEYy is
achieved by conformer selection, as preformed structural elements characteristic for
the complex are clearly present in solution.®?

The intrinsically disordered tau protein, a regulator of microtubule organiza-
tion in neurons, is a major component of amyloid-like aggregations in a number of
neurodegenerative diseases. Its atomic-level structure was examined by generat-
ing 50,000 conformers and validating them against NOE, scalar coupling and RDC
data. Conformers generated using a structural library-based approach termed
flexible-meccano'* did not yield satisfactory agreement with experimental para-
meters, thus, specially setup molecular dynamics simulations allowing higher
conformational freedom at four sites in the protein were performed. The results
revealed that type I B-turn conformational elements are prevalent in the solution
structure of tau, whose significance as enhancers or inhibitors of aggregation
remains elusive.'**

7. CONCLUDING REMARKS

From the simpler resonance line-shape and H/D-exchange analysis to the more
complex studies of inherent dynamics, occurring on various time scale of motion,
NMR remains a good choice to investigate protein flexibility and plasticity. If line-
broadening due to exchange and inhomogeneity is minimized (or completely
eliminated), then half-width, Avi2, of a line becomes proportional to RZ*, the
transverse relaxation rate constant.

Rz* = Rz + Rinhomo + Rexchang37 Avip = Rz* /T[ (21)
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In other words, by simply looking at a resonance signal its shape can refer to its
relaxation, more precisely to its Rj.

Based on random fields, relaxation theory R, decreases as molecular tumbling
gets faster and more effectively averages the residual dignolar broadening. Both in
the fast and slow motion limits, R, is proportional to 7.

R, =2y°B} 1. and R, =7)"B: 1. (22)
Thus, the line shape determining R, correlates with the rotational diffusional
correlation time; 7.

Avyjp = Ry = 1. (23)

Therefore a larger molecule of spherical shape ““wanders around’” more slowly
and thus produces a broader signal, a phenomenon primarily responsible for the
size limit of proteins accessible by NMR methods.

For a globular protein of approximately spherical shape, the isotropic tum-
bling rate can be characterized by the rotational diffusional correlation time, 7., as
described above. Assuming that the protein fits in a sphere of radius r, then the
viscosity (1) and temperature (T) of the sample determines ..

_ 4nnr’
 3ksT

(24)

Tc

Alternatively, the number of the amino acid residues, N, forming a globular

protein is proportional with 7.:'*>

9.148 x 1072 2416
Te = ; exp( T )NO'% (25)

However, if the time averaged structure of the polypeptide or protein is less
spherical, or if it contains disordered or loosely folded parts, or if it is an IDP, than
the “characteristic’” 7. will not reflect its global motion any more. In case of
asynchronized and fragmental backbone motion R, drops. For example, the
above mentioned quasi spherical CCP1 protein composed of some 60 residues
presents an (R,) of about 7 Hz when '°N relaxation is completed. The twice as
long calpastatin (hCSd1)''® also described above contains over 120 amino acid
residues, nevertheless is (Ry) is around 3.5 Hz rather than the “expected” 14 Hz.
Furthermore, the dimer of CCP1-CCP2 composed of about the same number of
amino acid residues has an (R,) of about 13.5 Hz (Figure 9). Interestingly enough,
the calpastatin dimer (hCSd1-hCSd2), approximately 250 residues long, has about
the same (R;) value.

Thus, globular proteins above a certain size are largely inaccessible to NMR
methods, whereas IDPs can be characterized regardless of their size.

The major paradigm of structural biology is that the amino acid sequence
determines protein structure and function. Recent advances in understanding
protein dynamics calls for an extension of this picture by including that protein
dynamics, essentially coupled to function, is also encoded in the primary
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Figure 9 For quasi spherical proteins, the molecular size (measured here by N, the number of
amino acid residues) is proportional to R,. However, IDPs (circled), dominated by asynchronized
and fragmented motions exhibit lower R, values than expected based on their length.

sequence. This extension is consistent with the observation that proteins with
similar 3D structure exhibit characteristic differences in their internal dynamics
at a given time scale, with possible connection to their specific function.'*® Also,
comparison of mesophilic and thermophilic enzymes revealed that the dynamics
of homologous counterparts are different at any given temperature but are similar
at conditions optimal for catalysis.'*® Thus, functionally relevant dynamics, like
structure, could be optimized during evolution to perfection catalysis/ligand
binding/partner regulation and other functions. As highlighted with the exam-
ples above, dynamics at various time scales can be relevant for function, from
nanoseconds in highly flexible systems like IDPs or small proteins to microse-
conds in typical globular proteins usually described by a single structure implic-
itly suggesting a well-defined, relatively rigid conformation.

To understand the links between dynamics and function, direct representation
of the conformational space sampled during dynamics is needed, for example by
using dynamically relevant structural ensembles. This represents a paradigm shift
compared to the use of single or highly similar ““representative structures’”” aimed
at approaching the precision provided by X-ray crystallography. Moreover, the
standard tools of assessing the quality of NMR structures are not necessarily
applicable: for example high RMSD is no longer a sign of low precision and the
structures should be evaluated against NMR parameters as an ensemble, not as
individual conformers.

Although in the past years, significant progress has been made in generating
dynamically relevant ensembles, these methods are still not used widely used. Such
calculations require efforts beyond the current routine of protein structure determi-
nation by NMR both from the experimental side, as heteronuclear relaxation and /or
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RDC data should be collected, as well as by means of computational analysis. The
problem is even less tractable for IDPs where the size of the ensemble covering all
relevant motions and reproducing the measured NMR parameters is a key issue.
Furthermore, the diversity of such structural ensembles poses difficulties in their
analysis by structural bioinformatics tools.'*”

Further consequences of internal dynamics are functional analyses like in silico
docking methods for which proper representation of protein flexibility is a major
challenge.'” For studies incorporating molecular flexibility to understand and
predict biological processes, we propose the term DSAR for Dynamic—Structure—
Activity Relationship analysis. Incorporating the internal dynamics of binding
partners into drug development might open new avenues to the development of
more potent and selective inhibitors. Although the classic lock-and-key view on
protein-ligand interactions proved extremely fruitful in the past decades, should
be extended into the fourth, time dimension to allow for the representation,
analysis and design of dynamic locks with flexible keys.
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library and simulation application formats. They may be command line driven
or have a graphical user interface. Regardless of the top level “wrapper”, the
underlying elements typically make use of object-oriented programming
techniques to map NMR operators and elements directly to software objects.
This simplifies the learning curve for researchers by allowing them to create
simulations with terminology closely matched with either NMR physics
notation or pulse sequence program language style. The design and imple-
mentation of spectral simulations depends greatly on the level of complexity
needed to achieve the desired specificity in results, tempered by the compu-
tational time required. Spectral simulation methods provide fruitful oppor-
tunities for pulse sequence development. They can be used to optimize
existing pulse sequence settings for the observation of specific metabolite
structures. They can also be applied towards shortening the development
time for new sequences. Also, the spectral estimation output from a simula-
tion can serve as the input to a model driven spectral analysis algorithm for
estimating the content of both in vitro and in vivo MRS signals. Specific case
studies for each of these areas, and observations on their design and results,
are given.

Key Words: Spectral simulation, Clinical MRS, Pulse sequence simulation,
Virtual spectrometry.

1. INTRODUCTION AND BACKGROUND

Methods for acquisition and analysis of magnetic resonance spectroscopy (MRS)
in biomedical applications have undergone significant evolution over the past
decade. The developments of improved MR instruments for both animal and
human studies; improved spatial localization techniques; and enhanced compu-
tational capabilities that power increasingly sophisticated spectral analysis algo-
rithms are just a few examples. For in vivo measurements, MR spectroscopic data
is complicated by the resonance group overlap and complex shapes for metabolite
signals of interest. Methods to improve detection of specific spectral contributions
include: spectral editing,l’7 spectral fitting using constrained parametric model
optimization and incorporating a priori metabolic information,*'¢ and use of
multi-dimensional spectral acquisition methods.'”'* In all of these areas of
research, spectral simulation methods are becoming increasingly important
sources for a priori information to improve and extend these techniques.

1.1. Technology improvements

Simulation techniques have been used in scientific studies for decades, but only
the advent of open source tools, increases in desktop computational power and
broad access to commodity super-computers have made these techniques readily
available to individual investigators. So, what is “spectral simulation”? For the
purpose of this chapter we will define it as ““The estimation of the results of an
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MRS experiment based on known physical principles”, and in particular for
clinical applications, the estimation of in vivo or in vitro experiments.

The technological improvements that have facilitated spectral simulation
include both CPU speed and computer memory size. In 1978, the Intel 8086
processor ran at 5 MHz. In 1993, the typical high-end CPU was the Pentium Pro
60 which ran at 60 MHz. By comparison, in 2005, a typical Pentium 4 was running
at 3.8 GHz, a 760 and 63-fold increase in speed, respectively. Since then, power
dissipation issues have begun to drive CPU design leading to multi-core
approaches on a single CPU die. This makes a direct comparison more difficult
but still serves to improve the usability of spectral simulation which often can
easily incorporate distributed processing methods.

In a similar fashion, computer memory and data transfer rates have also
increased since 1993. Intel introduced the first ever RAM chip in 1970 with 1024
bits of storage space and a transfer rate of 500 Hz. In 1994, a typical PC had 16 MB
of RAM with a transfer rate of 66 MHz. And in 2010, typical PC memory can be up
to 64 GB in 8 GB modules with 1033 MHz transfer rate. It is the access to this level
of technology today that enables spectral simulation calculations to take place on a
single user workstation that would previously have required mainframe or even
super-computer performance.

The adoption and spread of modular programming techniques and open
source software philosophies have also advanced the growth of spectral simula-
tion. In particular, object-oriented programming methods and the push for easily
reusable code has greatly facilitated the development of user friendly libraries and
applications for MRS researchers. The use of object representations of the physics
underlying spectral acquisition enables a researcher with little experience in
computer programming to more quickly become a proficient user of a given
library. Equivalently, it enables programmers to design more flexible graphical
user interfaces that resemble the software interface a researcher might actually use
at an MR spectrometer. Another important consideration is the growing trend by
the computing community to encourage open source software projects. This
philosophy simplifies access to spectral simulation software for users at many
technical and economic levels and creates communities that are constantly
improving or extending a given project.

1.2. The power of “what if?”

The foremost benefit of spectral simulation tools is to simplify the exploration of
various “what if?”” scenarios in MRS experimentation. Spectral simulation is
much like the first “’killer app” for the personal computer, VisiCalc. That program
enabled users, originally in business but eventually in a wide variety of fields, to
model and ask “what if”” questions about a range of mathematical and business
trends. It simplified laborious pencil and paper calculations that took hours or
days into electronic operations that took seconds. As a PC application, no longer
was it just large corporations with specialized software and mainframes who
could afford to mathematically model business trends. The introduction of a
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simple, low cost and generalized tool for mathematical manipulation brought
about a major shift in how the business community approached its field.

Spectral simulation tools provide a similar opportunity for MR researchers. In
its simplest form, spectral simulation allows changes in a data acquisition to be
observed without having to program an MR pulse sequence and scan a volunteer
on an actual MR scanner. This is particularly convenient in a clinical research
setting where scanner time costs are high and access can be scarce. However,
simulation methods additionally provide researchers with the ability to run
“experiments’’ on instruments that are not available at their institution. Variations
in the “samples’ can also be part of a simulation and the effects of their variability
on the MR results calculated. Properly characterized, a spectral simulation can
incorporate the effects of any physical equipment or environment on a given
sample.??!

Spectral simulation methods provide fruitful opportunities for pulse sequence
development. They can be used to optimize existin% pulse sequence settings for
the observation of specific metabolite structures. % They can also be applied
towards shortening the development time for new sequences. Finally, the spectral
estimation output from a simulation can serve as the input to a model driven
spectral analysis algorithm for estimating the content of both in vitro and in vivo
MRS signals.n’m’24 This is most typically useful in clinical research where loca-
lized data acquisitions result in signal to noise (SNR) and line shape constraints as
well as in complex overlapping metabolite resonance groups.

These benefits for spectral simulation do come with limitations and/or chal-
lenges as well. Most have to do with trading-off inclusion of prior information
sufficient to describe the environment against the amount of computational power
or computation duration needed for a simulation. These topics will be discussed
in more specific detail in later sections.

1.3. Spectral simulation software overview

As described previously, the growth of open source programming projects and
increases in computational power have contributed greatly towards making spec-
tral simulation techniques available to individual investigators. Since the early
1990s, there have been a number of reports of NMR simulation libraries®®2® and
applications®***° which have sought to provide the functionality for spectral
simulation in either a more optimized or user friendly fashion. The growth in
available tools reflects the consensus among MR scientists that simulation meth-
ods are a necessary step in the development of increasingly sophisticated data
acquisition/analysis methods for the study of complex molecular systems.

A brief (and incomplete) list of publications describing a variety of MRS and
MRI simulation packages is given in Appendix A. These packages contain a range
of claims for mathematical completeness and computational speed. They are
implemented on a variety of hardware and software platforms including: C++,
Mathematica, Java, Windows/Intel, MacOS and Linux/Unix. Only a few claim to
be completely cross-platform compatible, though many have unofficial imple-
mentations on unsupported platforms. There are many levels of sophistication
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in terms of whether the packages are code libraries or GUI-based applications.
Some packages are slanted more towards traditional high field liquid and/or
solid state NMR experiments while others are organized to support localized,
clinical MRS experiments. Despite their outward differences, all are based on
similar underlying principles. To simplify the discussions of and examples for
spectral simulation, the remainder of this chapter will focus on just one of these
packages, the GAMMA C++ spectral simulation pacl(age25 as it is a well designed
and frequently used package that served as the basis for many of the packages that
came later and its authors were pioneers in the field of spectral simulation.

1.4. The GAMMA spectral simulation library

Introduced in 1994, the GAMMA C++ library is a flexible and efficient tool for
describing and simulating MR experiments. Despite the increase in available
tools, GAMMA has maintained a strong presence in the field due to its flexibility,
performance, straightforward elegant design and standard C++ implementation.
There have been over 300 reports in the literature that include spectral simulations
making use of the GAMMA library.'*?*?”-5¢ While many of these are reports for
high field NMR experiments, a growing number of more recent reports are for
uses in clinical MRS investigations including both pulse sequence design and
spectral data analysis applications.

Speaking practically, the development of GAMMA embodies a straightfor-
ward design. It uses multiple levels to separate the user from the complexity of the
MR physics while conserving the inherent physics-based structures familiar to an
MR experimenter as shown in Figure 1. It also embodied good programming
practices that consider short/long term usability and expansion, namely:

1. A mathematics layer to deal with computational issues independent from the
physics.

2. An MR spectroscopy layer to provide the user with familiar physics operations.

3. A spectrometer console layer to ease the transition from experiment to
simulation.

1. Machine code

2. Programming language

3. Mathematical computation

4. Spectroscopic simulation

5. Virtual spectrometer

Figure 1 Virtual spectrometer application layers.
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. Leverages latest generation computer language features to simplify the above.
Allows for easy expansion of the tools.

Considers overall computational load.

. Granular code for ease of reuse.

. Cross-platform support.

® N Ul

GAMMA is a good example of many of the benefits and compromises listed
previously. The bulk of the library was the doctoral work of Dr. Scott Smith at the
Eidgenoessische Technische Hochschule (ETH) in Zurich, Switzerland. Subse-
quently, Dr. Smith took a job at the National High Field Magnetic Laboratory in
Florida. Both sites shared in hosting a web site to provide open access to the
source code, examples, documentation and compiled binaries for many platforms
and compilers. As a code library, many of the obstacles to cross-platform support
go away, especially the need to support an application across different graphical
user interfaces.

As an object-oriented implementation, code to implement a typical simulation
often is similar to the code format used on actual NMR consoles. Most of the
underlying code to implement the MR physics is hidden within a given object,
leaving the user only to learn how to piece together GAMMA objects to create
desired “pulse sequence” and ““data acquisition” steps. An ongoing drawback to
packages like GAMMA is a requirement for at least a minimal knowledge of
object-oriented programming, C++ in the case of GAMMA. Also, many provide
only rudimentary tools for the display, storage and analysis of simulation results.
This requires a certain level of programming expertise among users and likely is
one of the more significant obstacles to adoption of spectral simulation techniques
in the clinical MRS arena. Some recent efforts, such as GAVA (GAMMA Visuali-
zation and Analysis) a graphical interface for plotting and storing GAMMA
simulation results,'>*” have attempted to further reduce the required program-
ming knowledge for scientific end users by providing interfaces to packages like
GAMMA in “simpler” languages such as IDL and Python. By wrapping GAMMA
in a fourth generation language, such as Python, rather than creating a new
package in Python, programming is made more straightforward via the Python
interface while the computational efficiency of C++ is generally maintained. And
maintaining computational efficiency is generally very important, particularly in
simulations of current high field experiments that can require simulation at a large
number of spatial points.

The current status of GAMMA exemplifies the robustness of the open source
software philosophy. GAMMA has had an active user community for over 15
years, although it has waned somewhat with the development of other simulation
libraries and applications with less programming intensive interfaces. In 2008,
ETH partnered with groups at Duke University and UC San Francisco, and with
the support of the High Field Magnet Laboratory at Florida State University, to
give GAMMA a “makeover”’. With the funding of the NIH, GAMMA was refac-
tored to utilize existing optimized math libraries to speed up its internal calcula-
tions. It was also “wrapped” to make its objects available within the Python
programming language. The upshot of the “PyGAMMA" module for Python is
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that GAMMA spectral simulations can now be written and run without needing
to be compiled. And the learning curve for a fourth generation programming
language is much lower than that for C++, thus positioning it well for a new
generation of MR researchers to integrate into their workflow.

In this report, we use the GAMMA library as a primary example of NMR
simulation development and usage. It encompasses specific implementations of
the Mathematical Computation and Spectroscopic Simulation sections via a spe-
cific programming language, API. At the same time, it serves to compare and
contrast the issues surrounding specific platform implementations and how these
underpinnings can be wedded to a full virtual spectrometer simulation and
analysis environment where multiple spectral simulations can be compared or
optimized.

2. FROM PHYSICS TO OBJECT-ORIENTED PROGRAMMING

2.1. NMR physics basics

As described above, simulation is playing an increasingly critical role in both the
acquisition and processing of the complex spectra produced in modern spectro-
scopic imaging protocols. For acquisition, simulation plays a key role in the design
of the types of pulses and pulse sequences required for detecting the extremely
weak signals produced by a number of biologically important metabolites such as
N-acetylaspartate (NAA), choline containing compounds (Cho), creatine (Cr),
glutamate (Glu), glutamine (GIn), GABA, myo-inositol (myo-Ins) and lactate
(Lac) to name a few. For processing, accurate modelling of metabolite signals is
required. These signals are a product of both the intrinsic metabolite character-
istics such as chemical shift and spin coupling as well pulse and pulse sequence
characteristics. In the case of the metabolites mentioned previously and which
produce weak signals, simulations for both acquisition and processing typically
require use of the full quantum mechanical formalism for producing sufficiently
accurate approximations to the experimentally observed spectra. There are special
cases for which the classical Bloch formulation is adequate and more efficient*®”’
but this chapter focuses on the more typical and complex cases that require a full
quantum treatment.

The original GAMMA paper contains an excellent description of what is
required of a simulation package that implements a reasonably complete model
of the quantum mechanical evolution of a spin system under the influence of a
pulse sequence. For anyone seriously interested in the implementation details
required for NMR simulation consultation of that paper is highly recommended.
Here an overview is provided for completeness.

A complete description of the quantum mechanical wavefunction for any
given spin system in an ensemble of spin systems is both infeasible and unneces-
sary, given that in NMR spectroscopy it is the properties of the nuclear spins that
are of primary interest. And as NMR experiments deal with a large ensemble of
spin systems the basic element required for a complete description of the system is
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the density matrix (density operator), the quantum statistical mechanical equiva-
lent of the wavefunction. The traditional NMR treatment divides the full quantum
system into two components, the spin system and its surroundings, which for
historical reasons is referred to as the lattice. As a result, the wavefunctions for the
different molecules in the sample depend on the lattice variables and together
form an ensemble of wavefunctions referred to collectively as a mixed state. Each
subensemble of the mixed state is described by a wavefunction ¥ and a probabil-
ity density P(¥) that quantifies the contribution of the subensemble to the full
mixed state.

To provide a definition of the density matrix in terms of fundamental wave-
functions first consider the generalization of the expectation value from quantum
mechanics to quantum statistical mechanics. In the quantum statistical case, an
additional average over the probability density needs to be considered in the
calculation of the expectation value:

<A>:[ (P)(PA|P) drfzjm e defilAlj) = Zj@imm (1)

y 7

The matrix elements c;c; vary between particular systems but the matrix elements
Ajj do not. The ensemble average of the matrix elements:
vij = Ci¢; (2)

form the density matrix ¢;;. Then the expectation value of property A in a mixed
state is obtained as follows:

(A) = Tr{cA} (3)

So to obtain expectation values relevant to any particular experiment one needs an
estimate of the density matrix at the time of measurement. For an NMR experi-
ment, this typically requires the ability to estimate the time evolution of the
density matrix for the pulse sequence used for the experiment. The time depen-
dent differential equation that describes the time evolution of the density matrix,
known as the Liouville-von Neumann equation is given by

d .
$G(t) = —i2n[H,o(t)] — I'{o(t) — Oint} (4)
where H denotes the Hamiltonian of the spin system, and I" denotes the relaxation
superoperator. For example, a typical Hamiltonian used in simulations is the free-
precession laboratory-frame Hamiltonian for N scalar coupled spins:

—_

i—

N N
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When considering relaxation, a Liouville space representation is typically used in
which the Hamiltonian and density matrix are represented as superoperators in
addition to the relaxation operator being represented as a superoperator. Once a
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solution for the Liouville-von Neumann equation has been found the resulting
density matrix, transformed to a suitable representation, can be used for calcula-
tion of expectation values of interest.

Simulation packages such as GAMMA take advantage of the fact that evolu-
tion of the density matrix under the Liouville-von Neumann equation is well
approximated by a small number of easily applied transformations of the density
matrix, namely free evolution can be represented by a simple unitary transforma-
tion and application of ideal RF pulses can be represented by a simple rotation.
Real RF pulses can be effectively modelled as a succession of ideal RF pulses. The
beauty of this method is that fairly complex, realistic effects, such as evolution of
coupled spin systems through complex pulses, can be modelled by a straightfor-
ward combination of these simple building blocks.

2.2. Mapping physics operators to computational objects

Many packages utilize the power of objected-oriented languages, C++ in the case
of GAMMA, to extend the language to include NMR specific objects. Given the
above list of elements required for simulation of NMR experiments, a fairly
straightforward mapping from abstract objects such as the Hamiltonian to
computational objects can be made. Table 1 shows a short exemplary list of object
mappings from GAMMA, but for an in depth, detailed description of such map-
pings, see the original GAMMA manuscript.

Much of the simplicity of use for the GAMMA library lies in the general
operator class defined to provides a mapping for spin systems, Hamiltonians,
density matrices and a number of other NMR specific elements (e.g. Table 1, lines
1-4). This hides much of the unnecessary detail from users and in effect creates an
easy to use, NMR specific language. These operators are specifically set to evalu-
able operations by grouping one or more GAMMA objects (Table 1, lines 5-7). In
the case of the Hamiltonian, line 7, this can be done by specifying very specific low
level objects or through the use of intermediate object (e.g. Hes() and HJ()) which
pre-group specific assignments.

Simulated “pulse sequences” are built line-by-line similarly to operator assig-
nations. Typical operations on a spin system’s density matrix, such as the appli-
cation of a pulse or evolution over time ¢, can be applied explicitly in an operator
by operator manner (Table 1, lines 8-9) or through the use of built-in grouped
operators (Table 1, lines 8-9 alternative coding). Either way, the user has complete
control to structure the object-oriented code in a manner which reads almost as
naturally as the original physics notation itself. Two examples of spectral simula-
tion pulse sequences coding are shown in the next section.

23. Examples of simulated pulse sequence coding

In Figures 2 and 3 are shown the GAMMA C++ code for a simulated spin-echo
pulse sequence using ideal RF pulses and a simulated PRESS pulse sequence that
accounts for a non-ideal RF pulse envelope, crusher gradients and spatially
varying RF refocusing due to resonance group chemical shift offset and



86 Brian J. Soher et al.

TABLE 1 Sample mappings of physics operators to GAMMA library objects and code

Description Analytic GAMMA code

1. Declare a spin system AB spin system spin_system AB(2)

2. Declare density a(0), a(t) gen_op sigma0, sigmal
operators

3. Declare a H gen_op H
Hamiltonian

4. Declare an (A) complex a
expectation value

5. Assign a density ago=F, sigma 0=Fz(AB)
operator

6. Assign a detection =~ A=F" A=Fp(AB)
operator

7. Assign a Hamiltonian H = fylo, + fili- + ] H=f0e]z(AB,0) + f0*Iz(AB,0) +
[ozI1z + ToxTix + Toyloy | Jo [ 12(AB,0) ® Iz(AB,1) +

Ix(AB,0) ® Ix(AB,1) +
Iy(AB,0) * Iy(AB,1)];
OR
H=Hcs(AB)+HJ(AB)

8. Apply (n/2), pulse  ¢(0) = e (*/2Fugel™2Fs sigmal=exp(—Ie (P1/2) Fy(AB))
esigma0e exp(I® (P1/2)*Fy(AB));

OR

sigmal = Iypuls(AB, sigma0, 90)
9. Evolve for time t o(0) = e~ ZiHtgoe2mift  gigmal =exp(—2eP[e[eHet) ®

sigmaQe exp(2ePIe]eHet);

OR

sigmal = evolve(sigma0, prop

(Ht))

bandwidth limited RF pulses. For brevity, the coding shown for the two examples
are not complete C+4 programs. Only the portion that demonstrates the initiali-
zation and organization of the GAMMA MR simulation is shown.

Figure 2 shows the code for the spin-echo pulse sequence. In lines 1-7, NMR
object variables are declared. In lines 9-16, these objects are assigned values or
specific NMR operations. A lactate spin system is read in from a file using a
standard GAMMA text file format. Lines 2024 are the code for the actual
90°,-delay-180°,-delay-acquire pulse sequence. In line 26, the density matrix is
parsed into a transition table for the specified observation operator. And the
“write_results” function in line 27 converts the GAMMA transition table into
three arrays of ppm, area and phase values; one value for each line found in the
transition table. This is a fairly trivial example, and the use of ideal pulses is often
not sufficient to account for real-world artefacts in a simulation, but it shows how
the object-oriented style of coding results in short amounts of code that is easy to
read and comprehend. When compiled with the Visual Studio C++ compiler on a
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01 // spin-Echo simulation - code initialization -------

02

03 spin_system sys;

04 gen_op H, D, udelay, sigma0O, sigmal;

05 acquirelD ACQ;

06 TTablelD mx;

07 double tel=0.010; // delay period in [sec]

08

09 sys.read(‘lactate.sys’); // spin system prior information
10 sigma0 = sigma_eq(sys); // set equilibrium density matrix
11

12 H = Hcs(sys) + HI(sys); // define the Hamiltonian

13 D = Fm(sys); // define observation operator
14 acquirelp ac(p, H, 0.001); // set acquisition parameters
15 ACQ = ac;

16 udelay = prop(H, tel*0.5); // set propagation parameter
17

18 // Pulse Sequence Code -----=---—-—commmmmmmmmoooo

19

20 sigmal = Ixpuls(sys, sigmaO, 90); // ideal 90 degree RF pulse

21

22 sigma0 = evolve(sigmal,udelay); // evolve system for time TE/2
23 sigmal = Ixpuls(sys, sigmaO, 180); // ideal 180 degree RF pulse
24 sigma0 = evolve(sigmal,udelay); // evolve system for time TE/2
25

26 mx = ACQ.table(sigma0); // acquire transition table

27 write_results(mx, freq,ampl,phas); // parse and output transitions

Figure2 A simple example of GAMMA C++ code that initializes objects and organizes them into
a spin-echo pulse sequence simulation that uses ideal RF pulses.

Windows Core 2 Duo 2.6 GHz platform, the executable takes less than one second
to complete.

Figure 3 shows the code for the PRESS pulse sequence that accounts for a non-
ideal RF pulse envelope, crusher gradients and spatially varying RF refocusing
due to resonance group chemical shift offset and bandwidth limited RF pulses.
Code to initialize NMR object variables has been left out but would be similar to
lines 1-7 in Figure 2. Also for brevity, the code to read in the RF pulse profiles from
file to an array has been left out. In lines 6-8, the base template for a Hamiltonian is
assigned and then Hamiltonian arrays in the X and Y direction are declared and
calculated to determine spatial variations due to localization gradients. The simu-
lation then loops over all X, Y voxels (typically a 40 x 40 matrix depending on the
variability of the RF pulse profile of interest) in lines 10-11. Lines 13-15 defines
shaped RF pulses that depend on the X, Y location and the original RF
pulse profile for the refocusing 180° pulses in the X and Y directions. Lines
17-19 excite the spin system with an ideal 90° pulse and evolve for a given time.
Lines 21-25 simulate the effects of a localized (shaped) 180° pulse with crusher
gradients on either side. Lines 27-28 remove higher order transitions and evolve
the spin system. Lines 30-34 simulate the effects of the second localized 180° pulse
with crusher gradients on either side. In line 39, a weighted sum of all spatially
localized simulations is kept. In line 42, the summed density matrix is parsed into
a transition table for the specified observation operator. And the “write_results”
function in line 27 converts the GAMMA transition table into three arrays of ppm,
area and phase values. This is a more complete example of the care that must
be taken to account for real-world variability in spectral simulations used in
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01 // PRESS simulation - spatial dependencies and non-ideal RF pulses
02

03 // Code for simulation initialization and variable definition

04 // Code to read real pulses into GAMMA objects pulsel and pulse2

05

06 HO = Hcs(sys) + HI(sys); // define Hamiltonian

07 Hzgrad(sys, HO, Hx); // modify base Hamiltonian to reflect
08 Hzgrad(sys, HO, Hy); // localization pulse offset in x,y
09

10 for (x=0; x<xvoxels; x++) // loop over all x,y locations
11 for (y=0; y<yvoxels; y++)

12 {

13 // create shaped pulses propagators for position x,y

14 U1l80x = Shxpuls_u(sys, pulsel, Hx[x], "1H", timel, 180);

15 U180y = Shxpuls_u(sys, pulse2, Hy[y], "1H", time2, 180);

16

17 // run PRESS sequence for position x,y

18 sigma = Iypuls( sys, sigma, 90.0); // ideal excitation

19 sigma = evolve( sigma, UDelay0); // propagation

20

21 // x localization 180 pulse and crusher gradients at x,y

22 for (n=0;n<4;n++) temp[n] = evolve( sigma, Rz(sys, n*90.0));
23 for (n=0;n<4;n++) temp[n] = evolve( temp[n], U180x );

24 for (n=0;n<4;n++) temp[n] = evolve( temp[n], Rz(sys, nd*90.0));
25 sigma = (temp[0]+temp[1]+temp[2]+temp[3])/4.0;

26

27 zero_mqc( sys, sigma, 2, 1); // filter for desired states
28 sigma = evolve(sigma, UDelayl); // propagation

29

30 // y localization 180 pulse and crusher gradients at x,y

31 for (n=0;n<4;n++) temp[n] = evolve( sigma, Rz(sys, n*90.0));
32 for (n=0;n<4;n++) temp[n] = evolve( temp[n], U180y );

33 for (n=0;n<4;n++) temp[n] = evolve( temp[n], Rz(sys, nd*90.0));
34 sigma = (temp[0]+temp[1]+temp[2]+temp[3])/4.0;

35

36 zero_mqc( sys, sigma, 2, 1); // filter for desired states
37 sigma = evolve( sigma, UDelay2); // propagation

38

39 sigma_total += (sigma/nvox); // final result = sum of x,y
40 }

41

42 mx = ACQ.table(sigma_total); // acquire transition table
43 write_results(mx,freq,ampl,phas); // parse and output transitions

Figure3 GAMMA C++ code to implement a PRESS pulse sequence simulation that accounts for
the use of real RF pulses and the application of gradient crushers around refocusing pulses.

clinical MRS; however, the actual amount of code is still relatively short and also
easy to read.

2.4. Spectral simulation design considerations

The implementation of spectral simulations benefits from a number of practical
considerations. First, keep in mind that the amount of prior knowledge available
versus that which is actually used in the simulation can result in calculations
ranging from the very simple to very complex, with computational times that vary
accordingly. Next, the results depend on the accuracy of the prior information
(Garbage In = Garbage Out). Also, in the immortal words of Don Knuth, “‘Prema-
ture optimization is the root of all evil.” In other words, it is important to give
sufficient thought towards including all necessary elements in simulations and in
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improving the simulation code but do not forget to finish at some point and see if
it works. And, finally, a simulation is only as good as the data to which it is
compared. This is particularly true at the field, gradient strengths and shim
homogeneities achieved by clinical and in vivo research MR scanners.

The GAMMA C++ style of spectral simulation is just one approach. Other
libraries that make use of object-oriented languages (Java in PINMR) will have a
similar structure and natural programming style. Other libraries that are based on
more traditional procedural languages (C, Fortran, IDL, Matlab) will have less of
an NMR physics notation, and may require more familiarity with programming.
Finally, a number of spectral simulation application options exist whose control
inputs are styled more like the scripts (SIMPSON) or timing tables (SPINEVOLU-
TION) that are used on NMR consoles to describe the RF pulses and gradients in a
pulse sequence. Some of these packages are more computationally powerful
(relating to the size of spin systems that can be modelled) or have better optimized
simulation algorithms leading to shorter processing times. On some, there are
graphical user interfaces (PJNMR and VirtuaNMR) to simplify simulation setup.
There are benefits and trade-offs for all of these, but the underlying functionality
in all of them is that demonstrated by the examples above. In the final analysis,
pick a platform and package that is comfortable to program in, meets your
performance requirements, and allows you to create the simulations and analysis
of results that you are seeking.

3. PRACTICAL APPLICATIONS AND IMPLICATIONS

Some of the motivations to pursue spectral simulation in a clinical MRS setting
include: providing metabolite prior information for use in parametric spectral
analysis procedures, pulse sequence parameter optimization for observation of
specific metabolite structures and shortening times for pulse sequence develop-
ment. This section will describe, in some detail, examples of each with particular
regard for the design and level of prior information inclusion of each simulation
and the clinical use of the results.

3.1. Case 1—Prior metabolite information for improved
spectral analysis

One widely used application of clinical MRS spectral simulation is the creation of
prior information for spectral analysis and fitting routines. Well-defined meta-
bolite prior information results in more consistent and complete estimations of the
actual data. One example of a parametric model used to fit clinical MRS data is
shown below.

=

M N(m)
= FFT Z AmA”l —i wo+m;"+<p1)t+("" 'HDO] X L:’(t) (6)

m=1 n=1
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7o

The terms subscripted in “n” in this equation comprise the normalized set of
resonance lines we extract from the transition table in our simulation. From the
areas, frequencies and phases parsed from the GAMMA transition table object at
the end of the spectral simulation, we can create either an idealized or fully
parameterized spectrum such as shown in Figure 4.

A major class of spectral fitting routines (including LCModel, MIDAS-FITT
and jMRUIH'13'24) use combinations of expected metabolites basis functions to fit
MRS data as shown in Figure 5. The spectral simulations that create these basis
functions are typically set up to run a single pulse sequence with one set of
parameters for multiple metabolites. The major consideration in these cases is
over how much prior information needs to be included to achieve usable meta-
bolite models. Often the expected SNR levels and typical data quality of clinical
MRS data preclude the need for the use of more complicated simulations. Many of
the spectral analysis models for clinical PRESS, STEAM® and spin-echo MRS
metabolite data from 1.5 and 3T MR scanners are created using simulations
with ideal RF pulse objects and exact evolution timings. Some of the effects not
accounted for in the simulation, such as relaxation (a.k.a. line shape), are subse-
quently accounted for in the analysis model in later programs, and others, like
crusher gradients, simply are often not needed mathematically.

A benefit to simplifying simulations is that it becomes easier to modify simu-
lation code to investigate pulse sequence parameter ranges or to troubleshoot
mismatches with actual data. However, sometimes additional levels of physics or
programming complexity are necessary to accurately simulate the MRS data. This
is particularly true for high SNR single voxel data and metabolite edited MRS data
at higher fields where more spectral detail can be seen.

Simulated basis spectra of the metabolites expected in a data set can also be
used to improve estimates for starting parameter values. This can be important for
both computational speed and fitting accuracy. A simulated basis spectrum has
known phases and frequencies for an idealized absorption spectrum. An estimate
of the zero and first order phases for the raw data can be made either by
maximizing the integral under prominent metabolite singlet peaks or by maxi-
mizing the correlation of a basis function model to the raw data over a limited
PPM range. Similarly, B, shifts in the actual data can be corrected using peak

Lineshape
scaling

Simulation
results
Phase

1l L Byshift [\

Figure 4 Example of a spectral simulation result for NAA from a PRESS TE =30 ms simulation
reconstituted for use as a basis function. The ideal area, frequency and phase values of all
transition lines in the simulation have global lineshape, phase and B, shift applied and are summed
to create the representation of a whole metabolite.
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Figure5 Use of metabolite basis functions to fit clinical MRS data. (A) Final metabolite + baseline
fit (black) overlaid on raw data (grey). (B) Non-parametric baseline signal estimation (based on
wavelet filtering). (C) Metabolite basis functions modulated via scaling, By shift, lineshape and
phase 0 and phase 1 to optimally fit raw data. (D) Residual spectrum of metabolite + baseline
minus the raw data.

searches or correlation measures. Many clinical data acquisitions contain non-
parameterized signal contributions (a.k.a. baseline signals), such as from residual
water, lipids or macromolecules, that need to be estimated for an accurate optimi-
zation of the parameterized model. Metabolite simulations provide useful infor-
mation for estimating these signals by suggesting regions where metabolites
signal contributions are minimal. Finally, metabolite basis functions can also be
used to set optimization parameter constraints. These can range from the trivial,
such as allowing only positive metabolite peak areas, to the complex, such as
constraining a multi-parameter lineshape model to be within a maximum and
minimum overall line width based on a prominent metabolite peak’s estimated
line width.
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3.2. Case 2—Pulse sequence optimization for specific metabolites

Pulse sequence optimization is another active area for clinical spectral simulation
research. As opposed to the previous example that simulated a particular pulse
sequence for one set of parameters and multiple metabolites, a given simulation
can be coded to act as kernel for data acquisition parameter optimization for one
particular metabolite. This might include calling the kernel for a variety of
sequence timings to determine their affect on metabolites that is a STEAM
sequence’s TE/TM settings. Or, as in this example, summing a series of timing
results such as for a TE-averaged PRESS sequence.

The 2004 paper by Hurd et al.®! describes a pulse sequence that through TE
averaging, allowed a typical PRESS sequence to yield the f1=0 slice of a 2D
J-resolved spectrum. This method allows improved discrimination of Glu, Gln,
N-acetyl compounds (NAA+NAAG), Cr and Cho peaks. Whereas a typical
clinical PRESS MRS acquisition acquires multiple averages at one TE, TE-aver-
aged PRESS acquires and sums multiple averages of data at multiple TE values.
Two of the effects demonstrated in the Hurd paper were the effect of field strength
on the Glu peak at 2.35 ppm, and the number of TE steps that were averaged.
A partial recreation of their results is shown in Figure 6. This figure shows that
Glu discrimination improves as field strength increases. It also suggests that the
results for 128 TE values with TE step size of 2.5 ms gives almost the same results
as 16 TE values with TE step size of 20 ms, so long as the total number of averages
are the same.

This example brings up an important consideration for staging simulations.
While there are a number of ways to explore TE-averaged data acquisitions, it is
typically more computationally efficient to output an array of results for various
TE values and use a subsequent coding step (either in C++ or another language)
to determine the best combination to achieve your goals, rather than re-computing
sequence timings in GAMMA. This observation typically generalizes to any
spectral optimization which depends on combinations of a limited number of
metabolite results rather than on changes to the underlying NMR physics of the
base spectral simulation.

3.3. Case 3—Real-world RF pulses and spatially varying artefacts

The code shown in Figure 3 is an example of a spectral simulation that requires
additional complexity to account for real-world artefacts that affect all meta-
bolites” final forms. This code simulates a PRESS pulse sequence that (1) uses
real-world (non-ideal) RF pulses and (2) accounts for the spatially varying chemi-
cal shift offset artefacts that they cause in J-coupled metabolites. The chemical shift
offset artefact arises from variations in the spatial distributions of the excitation/
refocusing pulses due to the chemical shift of each spin. For coupled spins, this
can result in phase variations leading to signal cancellation. The magnitude of this
effect is a function of the chemical shift difference between coupled partners and
the bandwidth and shape of the localizing pulse, which is typically limited by the
strength of the available gradients and RF power. Because the initial excitation
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Figure 6 Effects of field strength, step size and number of steps on glutamate in a TE-averaged
PRESS data acquisition. Spectral simulation results have had a line broadening of 0.04 ppm
applied. Spectral separation effects are shown in (A), and a comparison of 128 steps of 2.5 ms
versus 16 steps of 20 ms (each ranging from TE =35-355 ms) are shown in (B) and (C).

pulse requires less power than subsequent refocusing pulses, the chemical shift
offset artefact in that localization direction is minimal and can be ignored in the
spectral simulation. The use of an ideal 90° pulse in the simulation greatly reduces
the computation time of the simulation. Because this effect is typically attributed
to only the localized refocusing PRESS RF pulses, it is often referred to as the
““4 compartment” artefact due to the distributions of spins that are affected by
(1) both 180° pulses, (2) 180° X-direction pulse only, (3) 180° Y-direction pulse
only, or (4) neither 180° pulses. This distribution of effects can be seen in the
greyscale images in Figure 7.

In this example, a 30 x 30 spatial matrix was used to simulate the spatial
variations inside and outside the nominal PRESS box prescription (shown as
dotted white line in greyscale images) for the two refocusing RF pulses. Two
arrays of 30 Hamiltonians each, calibrated for localization effects in the X and Y
localization directions, were created. For each of the 900 X, Y values, a PRESS
simulation was run using the appropriate Hamiltonian for each localization
direction. Figure 7 shows a plot of a lactate doublet and quartet for X=15 and
all Y spatial locations. Also shown are greyscale maps of the quartet and doublet
peak integrals for each X, Y location. Variations in phase and amplitude can be
seen in regions that did not experience full 180° refocusing pulses in both direc-
tions, up to and including inverted spectra. The final lactate basis function for the
specified data acquisition consists of the sum of all 900 X, Y locations. This step
assumes coherence of the spin systems across the measured region which has
been shown to be a reasonable assumption in various phantom studies.

The primary consideration for this experiment was to determine the spatial
digitization needed to sufficiently capture the effects of the chemical shift offset
artefact. To determine this, the actual RF pulses used for the clinical data acquisi-
tion needed to be available for use in the GAMMA simulation. Many spectral
simulation packages can import this type of information for use in a simulation,
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Figure 7 Example of chemical shift offset artefact in a PRESS sequence lactate acquisition.
The variations in scale and phase for both the quartet and doublet resonance groups (4.1 and
13 ppm) are shown for all Y-locations at the central X-location in the greyscale images shown.
The nominal voxel prescription is shown as a dotted white line each greyscale image.

but it must also be available from the MR scanner manufacturer. A further
description and discussion of these sorts of spatially varying artefacts and their
affects on metabolite basis functions are given in Ref. 47.

3.4. Case 4—Real-world pulse sequence development by
spectral simulation

This final example showcases the development of the PRESS+4 pulse sequence,
by Kaiser et al.”* to improve detection of the brain metabolite GABA using
spectral editing. Here, a single pulse sequence and set of parameters were opti-
mized to improve the accuracy and visibility of just one metabolite. The primary
clinical issue was that detection of GABA in the human brain is compromised of
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low in vivo concentration and spectral overlap with other metabolites. The stan-
dard of comparison for the PRESS+4 development was the widely used pulse
sequence, MEGA-PRESS.®? This sequence allows spectral separation of GABA
from other metabolites but suffers from a significant SNR reduction due to the
“4 compartment” artefact that results from chemical shift offset artefacts
(described above), especially at higher field.

The primary consideration for PRESS+4 development was the fact that spec-
tral editing sequences depend on highly optimized narrow band RF pulses to
either excite (ON) or not excite (OFF) specific resonance groups of the metabolite
of interest. For GABA, the multiplet at 1.9 ppm is used to create two states in the
GABA multiplet at 3.0 ppm depending on whether the editing RF pulse is ON/
OFF. By subtracting the two data states, unedited metabolites are nulled but
edited metabolites are emphasized. Similarly, by adding the two states, the edited
metabolites can be nulled, making the unedited metabolites easier to observe. The
fact that GABA is a J-coupled metabolite makes the editing possible but also
allows errors due to chemical shift offset to affect the results. For this reason, the
PRESS+4 technique was developed primarily using spectral simulation techni-
ques which both optimized and included real pulses and accounted for spatially
varying artefacts within its design. The final PRESS+-4 sequence was compared to
spectral simulations of the MEGA-PRESS sequence. All simulations were demon-
strated to agree extremely well with both phantom and clinical results.

Figure 8 displays the cartoon representations of the MEGA-PRESS and
PRESS+4 pulse sequences. The primary difference between the two is the addi-
tion of a non-localized refocusing 180° pulse between the two localized 180°
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Figure 8 MEGA-PRESS and PRESS+4 pulse sequence timings, pulses and gradient
representations.
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refocusing pulses. Spectral simulations were carried out at 4 T for both MEGA-
PRESS and PRESS+4 sequences using the GAMMA library. To reduce the com-
plexity, the PRESS simulations assumed an ideal 90° excitation pulse without the
volume selection gradient and identical localized spin echo 180° pulses in the
other two directions. The simulation method used for the gradient volume selec-
tion with 180° pulses is described in detail elsewhere.’® The RF editing pulse
(duration =19 ms) with SLR shape (bandwidth =90 Hz) was initially generated in
MATPULSE®® and digitized to 190 points. The frequency shifts for the EDIT ON
and OFF conditions of PRESS+-4 were accomplished prior to importing into the
GAMMA program by multiplying the time domain pulse shape by the appropri-
ate exponential function containing the corresponding frequency. All experiments
were carried out with TE=72ms (for MEGA-PRESS: t11=6 ms, 12=36 ms,
13=30 ms; for PRESS+4: 11=14=6 ms, 12=13=30 ms). It was shown by these
simulations that while the MEGA-PRESS method suffers significant GABA signal
loss (~20% for the difference spectrum), that the GABA signal intensity in
PRESS+4 is reduced by only 2% compared to a non-localized condition at 4 T.
Results for each of the four compartments in MEGA-PRESS and PRESS+-4 are
shown in Figure 9 for the EDIT ON and EDIT OFF conditions. It shows the
distribution of GABA outer peak intensity at 3 ppm for the area selected by the
two ideal 180 pulses in both sequences. Representative GABA peaks at 3 ppm
from each compartment of the simulated area are also shown in Figure 9. For the

MEGA-PRESS

Figure 9 Four compartment results for GABA multiplet resonance group at 3.0 ppm for
MEGA-PRESS and PRESS+4 in a 64 x 64 spatially localized spectral simulation. Both edit ON
and edit OFF states are shown.
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EDIT OFF case in the MEGA-PRESS sequence, the GABA phases in compartments
2 and 4 added destructively with compartments 1 and 3. This spatial interference
artefact in the MEGA-PRESS sequence induced signal loss of 40% in the EDIT OFF
spectrum compared to non-localized conditions. In contrast, the PRESS+4 results
in Figure 9 show the GABA outer peak distributions where all four compartments
contained spectra with similar phases. As a result, the GABA intensity loss in the
EDIT OFF spectrum due to the four compartment artefact is negligible (less than
1% compared to non-localized simulation). The PRESS+4 edit ON GABA outer
peaks in the total spectrum are slightly reduced (~4%) compared to MEGA-
PRESS, mainly due to the contribution from the first compartment.

To further improve the performance of PRESS+4, asymmetrical RF editing
pulses were investigated to reduce signal loss in compartment 1. Results are
shown in Figure 10. If symmetrical RF editing pulses are used, the PRESS+4
time of evolution in compartment 1 is t1+ 16, whereas for MEGA-PRESS the
time of evolution in the same compartment is t1. If asymmetrical editing pulses
are used in PRESS+4, the total time of evolution for the GABA signal at 3 ppm can
be reduced to 0 because maximum amplitudes of those pulses occur at different
times compared to symmetrical excitation, resulting in different time evolution for
GABA during the asymmetrical editing pulses.

X Diff
., all four comp

Time (ms)

Edit on
first comp

Edit on

T
3ppm 3ppm

— PRESS +4, asym edit pulses
------ PRESS +4, sym edit pulses
—— MEGA-PRESS

Figure 10 The effects of using symmetric (top left, dotted line) or asymmetric (top left, black) RF
editing pulses in MEGA-PRESS and PRESS+4 experiments.
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Figure 10 shows the maximum phase pulse shape that causes GABA to be
refocused sooner compared to a symmetrical pulse (by ~5 ms). This pulse asym-
metry essentially negates the 71 evolution period and the second editing mini-
mum phase pulse (not shown) negates the 76 evolution. As a result, the GABA
signal in compartment 1 for the EDIT ON scan is at the maximum amplitude as
shown (solid thick line). Also shown is the sum of all four compartments for the
EDIT ON scan and the final difference spectra for all four compartments for the
MEGA-PRESS and PRESS+4 with symmetrical and asymmetrical pulses. It is
obvious that the contributions of other compartments are significant enough to
make the outcome of symmetrical and asymmetrical pulses in PRESS+-4 approxi-
mately the same (but still significantly better than MEGA-PRESS in the final
difference spectrum). However, asymmetrical editing pulses were found to be
superior to symmetrical editing only for volume selective RF pulse bandwidths
>1 kHz because the contributions from compartments 2 and 3 become smaller for
higher bandwidths. This form of spectral simulation can be applied in any PRESS-
based experiments at higher field, where the 4 compartment’ artefact is thought
to be particularly detrimental.

Figure 11 compares GABA simulations (left) with 100 mM GABA phantom
data (right) for the edit OFF (top), edit ON (middle) and difference (bottom)
spectra collected by the MEGA-PRESS and PRESS+4 methods. Phantom and
in vivo experiments were carried out on a Bruker MedSpec 4.0 Tesla system.
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Figure 11 Comparison of phantom data acquisition (right) with spectral simulation results (left)
for the MEGA-PRESS (grey) and PRESS+4 (black) sequences.



Virtual MRS: Spectral Simulation and its Applications 99

RF pulses and timings were identical to those used in the spectral simulation.
Overall, Figure 11 demonstrated good agreement between simulations and exper-
imental data. The small deviations between the simulation and the phantom data
were likely caused by T, differences between different GABA proton groups and
line shape distortions from eddy currents (not accounted for in the simulations).
The calculated increase in GABA intensity (18%) at 3.01 ppm in the difference
spectrum for PRESS+4 compared well with observed a 17% increase in phantom
spectrum.

4. CONCLUSIONS

As demonstrated by the previous examples, spectral simulation has become a
well-defined tool for use by clinical MR researchers. It is available in many
different forms, from libraries of NMR physics functions, to command line or
GUI wrapped applications. Many of these are available for free through the
adoption of open source software methodologies, which also fosters extended
communities for each spectral simulation project. There are a number of signifi-
cant roles for which spectral simulation tools have already proven to be impor-
tant, including as a source for metabolite spectral analysis prior information and
as a platform for improved RF pulse and MRS sequence design. With the advent
of higher clinical field strengths, it can be expected to play an increasingly
expanded and important role in all of these areas.

APPENDIX A. A BRIEF LIST OF SIMULATION LIBRARIES
AND PACKAGES

POMA: A complete mathematica implementation of the NMR product-operator
formalism—Guntert et al. JMR: 101A, 103-105 (1993). POMA is a flexible imple-
mentation of the product operator formalism for spin-1/2 nuclei written for
Mathematica. It provides analytical results for the time evolution of weakly
coupled spin systems under the influence of free precession, selective and non-
selective pulses, and phase cycling. As part of Mathematica, it requires a license,
but the source code is free. Mathematica also provides a framework for visualiz-
ing and storing results.

Computer simulations in magnetic resonance: An object-oriented program-
ming approach—Smith et al. JMR: 106A, 75-105 (1994). This publication describes
the GAMMA simulation library. This package is written in C++ and was one of
the first open source packages to fully embrace an object-oriented programming
approach to map NMR physics operators to C++ objects. It provides for both low
and high level and manipulation of the density matrix, where high level opera-
tions are typically constructed from amalgams of low level objects. This provides
great flexibility for constructing simulations at whatever level of complexity is
needed. Both 1D and 2D NMR experiments can be performed on user defined
metabolites. The original software was supported by two major laboratories but
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required some knowledge of C++ programming. Binary installation packages are
available for most major operating systems. Storage and visualization of results
depends mainly on third party software programs for which GAMMA can create
compatible output files. In more recent years, the C++ library has been wrapped
by Python to provide compiler-free manipulation of the NMR objects.

The virtual NMR spectrometer: A computer program for efficient simulation
of NMR experiments involving pulsed field gradients—Nicholas et al. JMR: 145,
262-375 (2000). This is an application written in Matlab that provides an intuitive
graphical user interface, similar to a real spectrometer, to assist in pulse sequence
design. Both 1D and 2D NMR experiments can be performed on user defined
metabolites. As part of Matlab, it requires a license, but the source code is free. The
application itself provides a variety of ways of interacting with the data, and
Matlab also provides a further framework for visualizing and storing results.

SIMPSON: A general simulation program for solid-state NMR spectroscopy—
Bak et al. JMR: 147, 296-330 (2000). This is “computer spectrometer”” package
written in Tcl which provides a scripting language, similar to a real spectrometer,
to simplify the design of simulated “pulse sequences”. The simulations them-
selves are written as scripts, but the SIMPSON package provides graphical tools
for post-processing, viewing and manipulating data. To speed up processing,
some of the internal algorithms are written and compiled into C modules that
are accessed by Tcl. Both 1D and 2D NMR experiments can be performed on user
defined metabolites. The Tcl language does not require a license, and the package
is free. Binary installation packages are available for most major operating
systems.

PJNMR: A platform-independent graphical simulation tool for NMR spectro-
scopy—Letourneau et al. JMR: 161, 154-167 (2003). This is a “Pure Java” simula-
tion package that can simulate pulse sequences using a “‘spectrometer like”
interface. Only spins systems of three or less spin 1/2 nuclei can be simulated
which limits its general applicability. However, as a Java-based program it is
easily cross-platform compatible. The program provides a graphical display of
density matrix state and magnetization vectors for each nucleus.

BlochLib: A fast NMR C++ tool kit—Blanton, JMR: 162, 269-2838 (2003). This
simulation library is very similar to the GAMMA library. However, the author has
taken advantage of other existing math and optimization libraries (ATLAS, MIN-
UIT, FFTW) to considerably speed up the calculation of simulations containing
larger spin systems. Users need some knowledge of C++ programming to use this
package, and visualization and storage of results depend on third party packages.
Both 1D and 2D NMR experiments can be performed on user defined metabolites.
BlochLib contains functions to output to a number of standard formats, Matlab for
example. The use of external math libraries adds additional dependencies to the
installation of this package but can be very worthwhile if large or exceedingly
complex simulations are required. Binary installation packages are available for
most major operating systems.

SPINEVOLUTION: A powerful tool for the simulation of solid and liquid state
NMR experiments—Veshtort et al. [MR: 178, 248-282 (2006). SPINEVOLUTION is
a command line driven spectral simulation application. It takes as an input a text
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file that describes the simulation using language similar to many console pulse
sequence programming languages. Both 1D and 2D NMR experiments can be
performed on user defined metabolites. There are no facilities for graphical
visualization or manipulation of results, but a number of functions for standard
data format output are provided. A primary feature of SPINEVOLUTION is that it
contains many optimized methods for speeding up calculation of spectral results.
Users have great flexibility for selecting which methods to use. Binary installation
packages are available for most major operating systems.

Development of an FMRI simulator for modeling realistic rigid-body motion
artifacts—Drobnjak et al. MRM: 56, 364-380 (2006). This publication describes the
FSL POSSUM (Physics-Oriented Simulated Scanner for Understanding MRI)
package. This package allows users to produce realistic simulated MR images
for fMRI and other MR imaging applications. It can account for a variety of input
objects and acquisition artefacts. It creates accounts for these effects both across a
“brain volume” as well as “through time”’. It is listed here to demonstrate how
researchers in other fields are using simulation techniques to anticipate and
evaluate changes in MR data. While many of these simulations deal only with
water, more and more are including contributions from both water and lipids to
more effectively visualize changes due to off resonance artefacts.
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of the EFG-tensor, the spin-quantum number and different dynamical
processes. This comparison enables determination of the most sensitive
experiment for analysis of molecular dynamics of quadrupolar nuclei.

For spin-1 nuclei, both QCPMG and single-pulse MAS experiments were
suitable for dynamics studies of nuclei having Cos typical for H or °Li. In case
of ™N, the single-pulse MAS experiment was the method of choice for
investigation of dynamics for Cgs larger than 750 kHz at 14.1T.

For Cos in the MHz range dynamical effects on the single-quantum (SQ)
and double-quantum (DQ) "N coherences were compared. Hereby it was
demonstrated that the DQ lineshape was not broadened as much as the SQ
lineshape as the DQ transition is not affected by the first-order quadrupolar
Hamiltonian.

Dynamical effects of a two-axis 3-by-2-site jump process as can be
observed in DMS-ds were investigated by both QCPMG and MAS simulations.
Besides rather interesting line broadening effects when both rate constants
were in the intermediate regime, it was observed that the QCPMG experi-
ment is more sensitive towards motional effects than MAS if either of the
two rate constants is in the fast regime.

For the half-integer nuclei, the effects of a two-site jump process was
explored for a range of nuclei with different Cgs, spin-quantum numbers
(1) and Larmor frequencies (o). As for spin-1nuclei, significant line broadening
of either sidebands and changes in the overall lineshape was observed in an
intermediate dynamic regime. These effects and the range of the intermedi-
ate regime were shown to be highly dependent of the three parameters listed
above. Comparing the four experiments (QE, QCPMG, MAS and QCPMG—
MAS) on the central transition of a fictitious *°K site performing a two-site
jump revealed that the QCPMG—MAS experiment is most sensitive towards
dynamics as changes in both overall lineshape and spin—echo sidebands
were observed. Higher order jump processes (3-, 4-, 6-site jumps) were also
explored and by these it was noted that the width of the central transition in
the fast limit decreases with the order of the jump process.

Key Words: QCPMG, MAS, Quadrupolar nuclei, Solid-state, Multiple-site
jump, Molecular motion.

1. INTRODUCTION

Analysis of molecular motion in solids using NMR spectroscopy has been a devel-
oping field during the past decades. In this context, “H NMR is the most used
approach but recently a number of other quadrupolar nuclei have been studied.
This includes spin-1 as well as half-integer quadrupolar nuclei such as “Li and *’Na.

More specifically, determination of “H dynamics by solid-state NMR has been
used for a broad range of applications ranging from studies of glass formers," small
molecules in larger host matrices,>™ ionic rotors,’ selectively deuterated sites®” or
functional groups in macromolecules.®>” Also the dynamics of selectively labelled
amino acids'”!" or nucleic acids in RNA'? have recently been explored.
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By far the most used experiment for such analysis has been the static quad-
rupolar echo (QE) experiment.w’15 Using this experiment and subsequent line-
shape analysis, detailed information about the dynamics may be extracted. The
QE experiment has been shown to be more sensitive towards dynamic processes
than the single-pulse experiment'® and several approaches for lineshape analysis
of jump processes up to N sites have been developed."”'® During the years,
several improvements to the original QE experiment have been introduced. One
of the experimental challenges has been excitation of the up to 350 kHz wide
lineshape and therefore the effect of finite pulses has been explored. When no
dynamics are present Bloom et al.'” solved the problem analytically but in the
presence of dynamics numerical simulations were required. To compensate for
effects of finite rf-pulses, composite pulses®®** were introduced that minimize the
pulse distortions when using low or intermediate rf-field strengths. Another
improvement was the extension of the QE experiment to the Quadrupolar Carr-
Purcell-Meiboom-Gill (QCPMG) experiment using a train of refocusing pulses
during acquisition to obtain a sensitivity gain by an order of magnitude.23’24
Furthermore, multi-dimensional homonuclear ?H experiments were developed
and anghed to obtain very accurate information about jump and diffusion pro-
cesses.

In addition to the previously mentioned experiments designed for static sam-
ples, single- Eulse and QE magic-angle-spinning (MAS)?*7! as well as off-MAS
experiments” were used to explore ’H dynamics in detail. Even 2D 2H MAS
experiments correlating double- and single-quantum coherences were suggested
for samples with multiple 2H sites™ but so far not employed for studies of
dynamics.

Regarding 2H NMR, a number of studies were performed on compounds
containing paramagnetic nuclei®* 38 where the paramagnetic effects of unpaired
electrons must be taken into account. As this affects both lineshape and relaxation,
the theoretical approach is somewhat different and this will not be dealt with any
further in the present work.

In principle, all of the experiments mentioned above would be applicable for
the other two NMR active spin-1 nuclei: °Li and N. Solid-state °Li NMR have so
far been utilized in materials research®*? and even exchange experiments on OLi
enriched Li,SiO4 have been performed.42

Solid-state spectroscopic studies of N are traditionally performed by
Nuclear Quadrupole Resonance (NQR) spectroscopy due to the large quadru-
polar coupling constants but recently a broad range of compounds have
been investigated by single-pulse MAS NMR spectroscopy.”>* This included
4N MAS NMR applications in materials research®>** as well as amino acids®
and model compounds for biological membranes.? Two-dimensional
HMQC type experiments* " were also used to correlate either 'H or *C to
N using evolution of either single- or double-quantum coherence for N
in order to extract the parameters for the EFG-tensor. In this context, a particu-
larly interesting result regarding dynamics is the motional effects of the NH-
and NHs'-groups in the polypeptide AAG observed by “N-'H HMQC
spectra.*’
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Most of the studies mentioned above employ motional models using single-
axis jump dynamics but multi-axis dynamics were also explored for “H both
experimentally30’33’51 and purely ’cheoretically.52

The motion of half-integer quadrupolar nuclei is so far less studied but they are of
particular interest because of their structural significance in ion-exchange materi-
als,”* > modifier ions in glasses,56 or active sites in metallo-proteins.w’60 Therefore,
experimental analysis of the dynamic properties for these nuclei is a key issue in
order to gain important insight into these classes of materials and molecules.
Recently, the effects of molecular dynamics have been studied in detail for half-
integer quadrupolar nuclei®*® with emphasis on applications within materials
research. These studies have been performed using the either single-pulse, spin—-
echo or inversion recovery experiments under static or MAS conditions. Combined
with lineshape simulations, this has provided information about the dynamics.
Depending on the magnitude of the quadrupolar coupling constant, these types of
experiments were conducted either on the central transition or when excitation of the
satellite transitions were possible—using the full spinning sideband manifold.®®

Most NMR-groups exploring effects of molecular motion tend to develop their
own software to simulate these effects. Recently the simulation program EXPRESS
developed by Vold and Hoatson®® was presented. By this program, effects of
dynamics can be simulated (see Table 1 in Ref. 69 for details) but so far effects of
finite rf-pulses and the motional effects on satellite transitions in half-integer
quadrupolar nuclei are not included.

In the present work, 1D QE, QCPMG, single-pulse MAS and QCPMG-MAS
experiments for analysis of multi-site jump processes involving quadrupolar
nuclei will be examined theoretically and by simulations. For this purpose, the
Hamiltonian includes the first as well as secular second-order terms for both the
CSA- and EFG-tensors, the second-order EFG-CSA mix-term and for spin-1 also
the secular third-order term for the EFG-tensor. In addition effects of finite
rf-pulses will be explored. Previously this has been presented for either
half-integer quadrupolar nuclei’’ or spin-1 nuclei’* only.

2. THEORY

The calculations presented here are based on the density operator formalism
using the Liouville-von-Neumann equation and the theoretical approach is con-
fined to quadrupolar nuclei subjected to EFG as well as CSA-interactions. Follow-
ing the approach of Barbara et al.,*” the Hamiltonian for an N-site jump may be
written as

p = i[p, Heot| + k(PpP — p), 1)

where p is the density operator, Hy. is the effective Hamiltonian, k is the exchange
rate and P is a permutation operator. The density operator can be expressed as a
linear combination of operators forming a complete basis set. For a spin-1 nucleus,
a complete basis set consists of dim = ((2I+1)*— 1) basis operators for each of the
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N sites resulting in a total of R=N-dim operators. Therefore the density operator
may be written as

R
p(t) =Y mi(H)0, (2)
i—1

1

where {O;}X | denotes a complete set of basis operators and 1,(t) denotes the time
dependent coefficients m,(t), i=1, ..., R. It is noted that

N
p(0) = pop(i) Ly, (3)
i=1

in which pop(i) denotes the population of site i. In the following pop(i)=1/N
corresponding to equally populated sites. Using the form of Equation (1), the
coefficients m,(t) in Equation (2) must fulfil

R
ni(t) = ZLijmj(t)» (4)
j=1

which has the general solution

t

i (t) = Texp (J L(t) dt)ﬁ)(to), (5)

to
where the Dyson time-ordering operator,”” T, is used for evaluating the integral
when L(t) is time dependent—for example, under MAS conditions. The exact
expression for L(t) will be developed in the following.

An adequate basis set may be obtained from Bowden et al.”> which was
developed for multiple-quantum experiments. In this formalism, the irreducible
spin operators Tq”,n:O,...,ZI; g=-mn, ..., n, of }*gnk n and order g form an
orthogonal basis set. The orthonormal operators, T , derived from these form a
complete basis set. These are defined as

- 2 +n+1)!

1 \/(Zn +1)(21 — n)12" (2n!)T; o, ©

The theoretical approach will take use of these operators. The effective Hamil-
tonian will be described for a single site, site v, but for simplicity the formalism
omits the index v unless it is absolutely necessary as the expressions are equiva-
lent for all sites in the N-site jump process. For a system including both CSA-
and quadrupolar interactions, the effective Hamiltonian for a single site during a
pulse is

Hit = HY +HS +HY + H? + HS) + Hi (7)

in which Ho™ and Hp® denote the first order and the secular parts of the second-
order quadrupolar interaction, respectively, H," includes the isotropic as well as
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the anisotropic part of the chemical shielding, H, @ is the secular part of the
second-order CSA, Hp, .? is the second-order EFG/CSA mix-term and H,¢ repre-
sents the rf-operator for a pulse with phase 0. The Hamiltonians operators
corresponding to the various interactions are given both in the standard Zeeman
basis and in the T," basis:

1 1
HY = o)) f(aﬂ I(1+1)) = 0y T? (8)

2 21 22
HY = oY (-8B +4I(I+ 1)L, — L) + 0 (218 +21(1 + 1)L L)
{\/Z(Swgl) *ngn)TSf (%1(1+1) 3 ( Eg )fwég )>Té when [ > 1,

(cogz) — wgl))Té, when [ =1,
©)
Hz(rl) = - <\/§wo + wiso>Iz = - (\/%wa + wiso) Tév (10)
HE = oo (REDRI(-D)E = —pon(REORI-D)TY, (11)
HE, = 5o (REDRE(-1) + RE(-1RE (1)) (3 ~ 1(1+ 1)
(12)
- ff% (RER7(-1) + RA(-DR (1)) T3,
Hy = U—)wrf (Ix cos(t) +1, sin(@))
= \/—_25 (cos(0) (T} —T',) —isin(0)(T} +T1)). (13)

Schematically the effective Hamiltonian for a pulse having phase 6 may be
written as

Higt = aT} + b((cos(0)(T} — T',) — isin(0) (T} + T5))) + T2 + dT3
1

. R . 1 G
= AiT(l, —i—Aﬁ1 cos(@)(Ti — 74,) —isin(0) (Tl +h )
o o (14)
- d .
+%T(2) +A_3T(3)7
¢ G

where g, b, c and d are given by

1
a = —| Wiso + ga)a — EwO(Ri(]‘)R{(_l))
(15)
(4I(I+1)=3) r @) (@
NCLES RN I
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1
b= \/;‘Urh (16)

\/g a g
e= o)+ 5 (RORE(=1) + RA-DR] (1)), (17)
2v2 (22)
i \/_( +w ), when [ > 1, (18)
0, when [ =1
and
Wisp = 51500)07 (19)
w; = woR{ (0), (20)
N 27‘ECQ
12120 1) 21
o) = o E0), @)
@) ; Q1 pQ
) @y . .
0y = 200 RY(HRp () (23)

and Co=¢°q?/h denotes the quadrupolar coupling constant, w,s=—7B is the
rf-field strength, wo = —yBy the Larmor frequency and d;, and J,, the isotropic and
anisotropic chemical shift (CSA), respectively. In their principal axis frames (P),
the non-zero elements of the EFG (superscript Q)- and CSA (superscript ¢)-tensors
are glven by RPQ( 2)=Rp22)=—-1o/2, RS(0)=+/3/2 and Rp’(-2)=
Rp?(2)=—0,m,/2, R§(0) = \/3/26,, respectively. The spatial parts of the tensors
in the laboratory frame (L) for the vth site are calculated as

2 2 2

2
Z Z Z ng(] (“pc 1,7.81?C v7yPC v) D](<;31 (“CRyﬂCRWCR)Dg,)n(wrt7ﬁRLa0)a

m=—2k=-2j=-2
(24)

2

Z Z Z ZRP(J D<2 “PP>ﬂ;P7V?>I’)

m=-2 k==2 q=-2 j=-2 (25)
2
X DE,]? (O‘pc o ﬂpc o Vpc u) D}EJL(O‘CRa Bcrs }'CR)D,%’)"(U),L Bre,0),

where the Euler angles Qpp” = (0tpp’, frp’, ypp°) transform the CSA-tensor from
its principal axis (P) system into the principal axis system of the EFG-tensor.
Qpc,sz(ocpC, 03 Prc, 2, pr,vQ) are the angles describing the transformation
from the principal axis frame (P) of the EFG-tensor into the crystal fixed frame
(C) for site v. These may be given by18
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ngc_’v:(e,@MN_l))? ve{l,....N},0e0:2n,¢p€[0:7].  (26)

The angles for powder averaging Qcr=(tcr, fcr, Ycr) describe the trans-
formation from the crystal (C) frame into the rotating frame (R) in case of
MAS. Qrp=(w,t, frr, 0) are the Euler angles transforming from the rotating
frame to the laboratory (L) frame, where w, denotes the spin-rate and fry, the
rotor angle relative to the static magnetic field. It is important to note that the
Hamiltonians are periodic with the rotor period and that the centerband (m =0)
is independent of the ycg angle. Taking the first point into account makes it
computational favourable to make the rotor period an integral number of
the dwell time and reuse the Hamiltonian after the first rotor period. The
second point implies faster calculation of the centerband as integration only
requires two powder angles. For static samples Equations (24) and (25) are
reduced to

2 2
RE(m) = > > REGIDS (2R, ) D ects e 0), (27)
k=—2 j=—2
kS S 2 2 2
Rim =" > > RRGID (@)D (2f, ) D(ect o0 (28)
k=—2 g=-2 j=—2

Having expressed the Hamiltonian in an appropriate basis, the elements of the
L-matrix in Equation (4) can be determined using the form of Equation (1).
Arranging the basis operators according to their order and rank:

{1 15 0 T T T (29)
the L-matrix for an N-site jump must be of the form
A1 — (N -1)kE kE kE
L= KE A= (N=DKE - kE . (30)
KE KE KE Ay — (N — DKE

where E is the identity matrix and the entries of A, may be calculated as
Ay(m,n) =i([Omo, Hiotw] Ono), ve{l,...,N};mne{1,...,dim}, (31)

where Hi,, denotes the effective Hamiltonian for site v. It is noted that the
A,-matrices and thereby the L-matrix during free precession are block-diagonal
consisting of 1x 1, ..., 2I x 2I matrices as different coherence orders do not mix
when no rf-pulses are present. This means that the exponential of the L-matrix
may be evaluated using N x N, ..., (2N)I x (2N)I dimensional sub-spaces when
dynamics is included for an N-site jump.
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~21 -1
One specific sub-matrix, Ly, operating on the basis operators T} , ..., T, for an
N-site jump during free precession can be evaluated analytically because of its
high degree of symmetry. That is,

—(N —1)kE - kE
Ly — k:E —(N = 1)kE--- kE 7 (32)
kE kE - — (N =1)kE
which means that
Xl X2 e X2
11X X - X
exp(Lot) = 52 ! 2|, (33)
X - X0 Xy
in which
X1 = (1+(N-1)e™)E, (34)
X, = (1-e M)E. (35)

The signal obtained for a single crystallite corresponding to the orientation
Qcr=(ocr, Bcr, Ycr) is calculated using

Sig(i’7 QCR) =Tr (I_H,(t, QCR)) . (36)

That is, only parts of the density operator containing terms with I ncontrlbutes
to the signal. Noting that I, =V 10T; and using that the T, operators
form an orthonormal basis only T_; contrlbute to the signal. Taking into account

that
711 =T (Tl) i (37)

T(I+ ) \/“Tr(TlT1>

1/ (38)
— V10Tr <T1 (Tl) > = V10,
the total powder signal for an N-site jump process may be calculated as
2n n 2n
V10 N
sig( iy J J J Zm 1.0(t, Qcr) dacr sin(Ber) dBer dycr, (39)
000 vt

. . ~1 .
where m _ 1,01(1‘, Qcr) denotes the coefficient of T_; for the vth site.
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2.1. Specifically for spin-1 nuclei

In the case of spin-1 nuclei, an extra term is added to the Hamiltonian: the third-
order quadrupolar term, HQ(3) .

=0 0% (000 5011 R0 3 (QpQ(_ 112 1 RQ Q2 | 2
H, (t)—w—% BRE(0)RE (1)Rp (—1) — g(RL(Z)RL(—l) +RL(_2)RL(1)> Ty
(40)

The spatial part of this will be added to ¢ in Equation (17). For spin-1 nuclei, it
is noted that dim =8 and that the A, matrix during an x-pulse (0=0) is given as

2a, bV2 0 0 0 0 0 0

W2  a, co\/3/2 bV3 0 0 0 0

0 ¢332 a 0 b 0 0 0

0 bV3 0 0 0 0 bV3 0

A=l \({— b 0 0 b \of o | @Y

0 0 0 0 b —a, —cn/3/2 0

0 0 0 b3 0 —cyy/3/2 —a, bv2
L0 0 0 0 0 0 bv2  —2a, ]

Note that during delays (no rf-field strength) the matrix is block-diagonal
consisting of 1 x 1 and 2 x 2 matrices. Therefore, during periods of free precession
the corresponding L-matrix for an N-site jump process, Ly, is then readily block-
diagonalized into two N x N matrices (D; having T _ 2,1,2 as basis operators and D5
having Tz,vz as basis operators) and three 2N x 2N matrices (D, having {T_l,f,
T_ 1,,,1} as basis operators, D3 having Tolvk,k =1,2, as basis operators and D, having
{Tu,z, Twl} as basis operators). The effect of the D3 matrices is calculated as for
general spin-1. Among the remaining matrices, the N x N blocks D; and D5 cannot
be further block-diagonalized but the two 2N x 2N blocks, D,, Dy, dealing with
+1Q operators can be further block-diagonalized using the following procedure.
It is only demonstrated for —1Q operators but it is noted that

exp(Dat) = exp(th)+. (42)

The form of the D, matrix is

By — (N —1)kE kE kE

kE B, — (N—-1)kE ... kE
D> = : 2 : ) : kE (43)

kE kE kE By — (N —1)kE
in which B, are 2 x 2 matrices of the form:
iay icy4/3/2

B, = . 44
icy£/3/2 ia, (44)

T Complex conjugate.
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This matrix may be diagonalized by the matrix:
171 1
— 71 _
u=u _\/E{l —1}' )

The effect of each U matrix is a change of basis from {T_ 1,1,2,T, 1,1,1} to
j(l/\/ﬁ) (T%LU + Tll‘v) (1/Vv2) (T%LU = Tllvv) } Introducing the block-diagonal
N x 2N matrix, Sy:

Sv=| 1 (46)
0o --- 0 U
the matrix L, =SnD,Sy "' can be obtained. Subsequent reordering of the matrix

elements in even and odd numbered rows and columns performed by the
matrix Ry

1, i=1,...,N and j=2i—-1,
Rn@,j)=4¢1, i=(N+1),...,2N and j=2(i—N), (47)
0, elsewhere
leads to
L, = RySnD2Sy'Ry! = Ly 0 (48)
0 Ly
in which

L, :k-1+diag(i(av+ (\/372)c) fN-k), (49)
Ly :k-l—l—diag(i(ay—( 3/2>cv> —N-k), (50)

where 1 denotes the N x N matrix having 1 in each entry and diag(x,) denotes a
diagonal matrix having x, in the vth entry. Hereby only N x N matrices need to be
diagonalized during delays.

The signal obtained for a single crystallite corresponding to the orientation
Qcr=(ocr, fcr, Ycr) is calculated using:

sig(t, Qcr) = Tr (L1, (t, Qcr))- (51)

That is, only parts of the densﬂty operator containing terms w1th I_ contributes to

the signal. Noting that I —V/10 T and using that the T operators form an

orthonormal basis only T_, contrlbute to the signal. The total powder signal for
an N-site jump process is therefore calculated as

12

2n
J m! 1v (t, Qcr) docr sin(fcr) dfer dycrs (52)
0 v=1

27t

V10
sig(t) = o J
0

U
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1
where m _ 1,2,1(t, Qcr) denotes the coefficient of T_; for the vth site. Focusing on the
final signal, the coefficient vector m may be transformed into the new basis and
separated according to the L, and L,, matrices. That is,

_ %(Wl%ltv + ml,l,v) u
I :(MWJ). (53)
ﬁ(mflﬁv - m—l,v) e
Hereby the signal, sig(t), is defined as
\/_ 21 n 2n N
sig(t) = 8 J J J Z U (t, QCR — Ump(t, Qcr)) docr sin(fcgr) dfcr dycr-
ooo !
(54)

. s . . ~2
For detection of double quantum (DQ) coherence, it is the coefficients of T_,
that are of interest.

2.2. Two-axis jump processes

The approach described above may be extended to 2-by-2-site jumps or 2-by-3-site
jump as observed for 2H in, for example, thiourea-d, or DMS-ds. From a computa-
tional point of view, these two jump processes resembles the 4-site and 6-site jump
processes, respectively, regarding matrix dimensions, but the presence of two rate
constants k; and k, complicates matters. So far only single axis jump processes
have been described. In order to generalize to multi-axis processes the following
example may be useful. A more comprehensive description of such processes may
be found in the work of Kristensen et al.>*%?

23. 2-by-2-site jump

In this case a two-axis jump process is studied. The two-site jump around the first
axis is characterized by a rate constant k, whereas the rate constant for the jump
around the second axis is k. During free precession only the +1Q coherence is of
interest and therefore the matrix of interest is

[iay —K" ici\/3/2 K 0 k 0 0 0 |
iCl 3/2 ia1 -k’ 0 K 0 k 0 0
K 0  im—k' ic/3/2 0 0 k 0
Ld _ 0 K iCz 3/2 iﬂz -k’ 0 0 0 k
k 0 0 0 ia3—k' ic3\/3/2 K 0
0 k 0 0 ic3\/3/2 ias—K' 0 K

0 0 k 0 K 0 ias—k' ics\/3/2
| 0 0 0 k 0 K ics/3/2 iag—k" |

(55)
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in which k" =k+k This matrix can be block-diagonalized using the S, and Ry-
matrices:

imf -k K k 0 0 0 0 0
K imf-k 0 k 0 0 0 0
k 0 imf-K K 0 0 0 0
g 0 k Ko imf -k 0 0 0 0
L, = RiS;LaS; 'Ry = 0 0 0 ‘o imy — k" K k 0
0 0 0 0 K imy; — K’ 0 k
0 0 0 0 k 0 imy -k K

0 0 0 0 0 k Ko imy -k

(56)

where m" = a; +¢j\/3/2 and m;” = a; — ¢;1/3/2.

2.4. 2-by-3-site jump

Likewise the L-matrix for a two-axis jump process performing a three-site jump
around one axis and followed by a two-site jump around the other axis having
rate constants k, and k3, respectively, is then defined as

A1 — (ka+2ks)E kGE kE k.E 0 0
JaE Az — (ko +2k3)E kE 0 koE 0
L= ksE ksE Az — (kz Jrzk";)E 0 0 kE
- kE 0 0 Ag— (kz + 2k3)E ksE ksE
0 kyE 0 ksE Asf(kz +2k3)E ksE
0 0 kE ksE ksE Ag— (kz +2k3)E

The example illustrates, for example, two rotating methyl groups undergoing a
two-site jump—as in dimethyl sulfone. Grouping the six deuterons as 1, 2 and 3 on
the first carbon and 4, 5, and 6 on the second carbon, the A; matrices are calculated
for the combined rotation in the three-site jump and the two-site jump.

As for the 2-by-2-site jump, the L,-matrix for a 2-by-3-site jump process
(such as for DMS-dg) can be determined to be

[im{ —k ks ks ka 0 0 0 0 0 0 0 0
ko imi -k ks 0 k 0 0 0 0 0 0 0
ks ko imi -k 0 0 ke 0 0 0 0 0 0
ke 0 0 imf-k ks ks 0 0 0 0 0 0
0 k 0 ks imd—k ks 0 0 0 0 0 0
L 0 0 ky ks ko imf —k 0 0 0 0 0 0
. 0 0 0 0 0 0 imi-k Kk ks k 0 0
0 0 0 0 0 0 ks imy —k ks 0 ke 0
0 0 0 0 0 0 ks ks imy —k 0 0 ke
0 0 0 0 0 0 ke 0 0 imy-k ks ks
0 0 0 0 0 0 0 ke 0 ks ims —k ks
0 0 0 0 0 0 0 0 k ks ks img —k

where k, =k, + 2k, m]+ =a;+¢j/3/2 and m; =a;— cj\/3/2.

2.4.1. Evolution of 0Q coherence

For jump processes around a single axis, a quite nice expression for the matrix
associated with evolution of zero-quantum coherence is obtained. In the case of
2 x 3-site jump process, the corresponding Ly matrix is given by
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~k O k O k O k O O 0O 0 O
0 -k, 0 k O k O k O 0 0 O
ks 0 -k 0 k O 0 O k O 0 0
0 ks 0 -k 0 k O 0 0 k 0 0
ks 0 k O -k O 0O O 0 0 k O
0 ks 0 k 0 -k 0O 0 0 0 0 k
Lo= kk 0 0 0 0 0 -k 0 Kk 0 k 0 (57)
0 kk 0 0 0 0 0 -k 0 k 0 K
0 0 k O O 0 k 0 —k 0 k 0
0 0 0 k O 0 0 k 0 —k 0 K
0 0 0 0 k O k 0 k 0 —k O
L0 0 0 0 0 k 0 k 0 k 0 —k|

By rearranging elements corresponding to {To,v2 and To,vl},ve {1,...,6} respec-
tively, leads to the following block-diagonal matrix:

(M1 O
LdO - |: 0 M1 :| ) (58)
where
—ks k3 k3 kz 0 0
k3 _ks k3 0 k2 0
ks ks —ki O 0 ko
M, = 59
! kh 0 0 —k ki ks (59)
0 ky 0 ks —ks ks
0 0 k k k —k
It is noted that the M;-matrix can be further diagonalized by the matrix
1(E E
Hereby
—2ks k3 ks 0 0 0
ks —2ks k3 0 0 0
_ | ks ks —2ks 0 0 0
My=UsMills"= | 5 g 07 o(htks) ks PR B
0 0 0 ks —2(ky+k3) k3
0 0 0 k3 k3 —2(](2 + k3)

Note that these two blocks are of the form k31 +k4qE, where kg denotes a linear
combination of the rate constants. When calculating the exponential of such a
matrix, it is worth noticing that 1 and E commute and furthermore that
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exp(kstl) = E+ % (exp(mkst) — 1)1, (62)

where m denotes the dimension of the 1- and E-matrices.

3. NUMERICAL SIMULATIONS

All calculations were performed on a Dell Inspiron 8200 (Laptop) equipped with a
2.0 GHz Pentium IV processor using homemade Fortran 77 programs. The pro-
grams employ the zgeev-routine from the LAPACK-package’* for diagonalization
and determination of eigenvalues and eigenvectors of matrices with complex
entries.

All calculated spectra employ 6;5,=0.0 ppm and the simulation parameters are
displayed in Table 1. For an N-site jump around a single axis, the Euler angles for the
vth site were defined by the orientations Qrgc,v = (0,n/3,0(2%/N)),v =0,...,(N = 1).
In the maximum intensity plots, the intensities were normalized relative to a
dynamic process corresponding to k=10° Hz.

TABLE 1 Parameters for simulations

Data Co dw vif

set Nucleus (kHz) No T2 (ps) ta(us) t4(ps) M® (us) (kHz)  Av® (kHz)
P1 Li 30 01 325 325 400 100 20 50 2.0
P2 ’H 200 01 305 305 400 200 20 250 5.0
P2b  2H 200 01 305 305 200 20020 250 10.0
P3 4N 500 0.1 304 300 100 200 0.5 250 10.0
P4 N 750 0.25 0.4 10.0
P5 4N 1000 0.25 04 40 10.0
P6 4N 1200  0.25 33.3 30.0
P7 4N 2400 0.25 33.3 30.0
P8 N 3600  0.25 33.3 30.0
PY* 183cs 225 0.47 5.0 2.0
P10 BNa 337 0.10 1.0 4.0
Plla ¥K 2.0 0.50 100 100 1000 40 5.0 31.25 1.0
P11b %K 2.0 0.50 0.33 20.0

Pllc %K 2.0 050 50 46 500 20 5.0 31.25 1.0 (20.0)

? M is the number of repeating units in the QCPMG experiment.

b Av=Av, (spin—echo sideband separation in QCPMG) =v, (MAS spin-rate). Except for parameter set P11c. In this case,
Av,=1.0 kHz and v,=20.0 kHz.

¢ CSA-parameters: d;s, = — 225 ppm, d,=—90 ppm, 7, =0.44, Qpc"=(90,23,90).
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3.1. Spin-1 nuclei

The simulated spectra are calculated for three spin-1 nuclei having Larmor fre-
quencies of 43.34, 73.580 and 76.753 MHz corresponding to '*N at 14.1 T and °Li
and ’Hat11.7 T, respectively.

Two experiments were explored: the single-pulse MAS and the QCPMG
experiment. The latter may be presented as

(m/2)g =11 = (1/2) )y — 12— ACq.(1a/2) — |13 = (T/2) 1y — Ta — AC‘I(“?)} . Acq.(ta),

where (¢)y denotes a ¢-pulse with phase 0, 7; a delay and Acq.(r) acquisition
during a period t. It is noted that the spin—echo sideband separation is calculated
as Av,=1,” 1. All QCPMG spectra are calculated using 71 =73=230.0 ps employing
real pulses.

The °Li and ?H single-pulse MAS FIDs have been calculated using ideal
excitation and 20,250 data points whereas 32,800 data points were calculated for
the "N FIDs using parameter sets P3-P5 and 60,000 data points for parameter sets
P6-P8. It should be noted that different dwell times have been used for different
magnitudes of Cy in order to comply with piecewise constant Hamiltonians
during each time increment. For the same reason, the FIDs corresponding to
rotor-synchronized acquisition are simply generated from the standard FIDs by
extracting the rotor echoes only. Unless stated otherwise in the figure captions, the
FIDs have been apodized by Gaussian line broadening of 50 Hz prior to Fourier
transformation.

Powder averaging was obtained by using 6765 (o.cr, fcr) angle-pairs according to
the Zaremba scheme” for the QCPMG and the rotor-synchronized "N MAS FIDs
using parameter set P6 whereas 28,657 (single quantum (SQ) coherences) or 75,025
(DQ coherences) Zaremba angle-pairs were utilized for calculation of rotor-synchro-
nized FIDs for parameter sets P7 and P8. For the MAS spectra with full spinning
sideband manifold, 610 Zaremba (xcr, fcr) angle-pairs and 19 equidistantly
distributed ycg-angles were employed for the H and °Li MAS calculations. The
corresponding "*N MAS spectra used 987 (acg, fcr) angle-pairs and 37 ycg-angles.

Computation times for "N FIDs employing parameter set P3 and k=10° Hz
varied between 2.41 min (two-site jump, QCPMG) and 12.6 min (six-site jump,
QCPMG) for the calculation of a static QCPMG FIDs. The computation time
for an MAS FID with ideal excitation was 14min for a two-site jump and
83 min for a six-site jump. In these calculations, the density operator was set to — I,
when acquisition begins. Calculations of the rotor-synchronized "*N SQ- and DQ-
FIDs corresponding to parameter set P7 required 20 and 32 min, respectively.

3.2. Half-integer quadrupolar nuclei

Calculations were performed for nuclei having spins of 3/2, and 7/2. The Larmor
frequencies were 23.325,105.8 (I=3/2), and 52.45 (I=7/2) MHz. This corresponds
to K at 11.74 T and *Na and 'Cs at 9.4 T.
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The QCPMG/QCPMG-MAS pulse sequence may be depicted as
(1/2)g =11 = (W) — T2 = Acq.(1a/2) = [13 — (1) — 74 — Acq.(1a)]" — Acq.(1a),

where (¢) denotes a central transition selective ¢-pulse, 7; a delay and Acq.(r)
acquisition during a period 7. For QCPMG-MAS, the condition 2pT, =13+ 14+t + 1,
where p is an integer, ¢, is the duration of a selective n-pulse, and T, the rotor period,
must be fulfilled.

Based on the previously observed significant effect of finite rf-pulses in
QCPMG?* and QCPMG-MAS"! spectra, this effect is included in all calculations.
The rf-field strengths were all in the central transition selective regime using the
condition (21Cq)/(41(2I — 1)|wys|) > 3. This means that the nominal pulse widths
were divided by (I+1/2).

Powder averaging was obtained by using 6765 («cr, fcr) angle-pairs according
to the Zaremba scheme” for the static spectra whereas 610 Zaremba (xcr, fcr)
angle-pairs and 20 equidistantly distributed ycr-angles were employed for the
QCPMG-MAS calculations. The single-pulse MAS (ideal excitation) spectra for
BNa and *Cs were calculated using 610 Zaremba (ocr, fcr) angle-pairs and 19
equidistantly distributed ycr-angles whereas 4181 Zaremba (acr, fcr) angle-pairs
and 19 ycr-angles were used for the **K spectra.

Processing times were 2.5 min (two-site jump, [=3/2) for the calculation of a
static QCPMG FID whereas 2119 min were required for a QCPMG-MAS
FID (two-site jump, I=3/2). For comparison, an ideal single-pulse MAS FID with
32,000 complex points using parameter set P10 required 19 min, an FID with 16,000
complex points employing parameter set P9 used 67 min and an FID with 32,000
complex points employing parameter set P11b required 103 min. The significantly
longer processing time for the QCPMG-MAS calculation compared to a static
QCPMG calculation is in part caused by the fact that the numerical integration
needs to be performed for three Euler angles instead of two for a static. More
importantly, the non-diagonal entries in the Hamiltonian during delays demand
for time-ordered propagation in these periods which includes a diagonalization for
each time increment whereas only one diagonalization is required for each delay in
the static case.

4. RESULTS AND DISCUSSION

4.1. Spin-1 nuclei

In Figure 1, a series of calculated MAS (rows M1 and M2) and QCPMG (rows Q1
and Q2) spectra employing various magnitudes of Cg corresponding to parameter
sets P1-P5 in Table 1 and different effective Hamiltonians are displayed. In rows
Q2 and M2, the EFG-interaction is included up to second order whereas only the
first-order term is included for rows Q1 and M1. No differences are observed for
typical °Li and *H parameters as displayed in the first two columns but in the
third column representing a '*N-site with a C of 500 kHz minor intensity differ-
ences are observed between the MAS spectra beyond 4300 kHz. Differences are
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Figure 1 Simulated MAS (rows M1 and M2) and QCPMG (rows Q1 and Q2) spectra corresponding to the static limit (k=107 Hz) of a two-site
jump process corresponding to parameter sets P1-P5 in Table 1. In rows Q1 and M, the Hamiltonian includes the only Ho™ whereas both Ho™ and
HQ‘Z) are included for the spectra in rows Q2 and M2. Gaussian line broadenings of 30 (A), 50 (B) or 75 (C—E) Hz were applied prior to Fourier
transformation.
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also observed in the QCPMG spectra. In between the real QCPMG peaks sepa-
rated by integral multiples of 1/ 7, from the transmitter position some additional
small peaks out-of-phase with the ordinary spin-echo sidebands are present.
These effects become more pronounced for larger Cs and their intensity at higher
frequencies increases in the QCPMG spectra. For C of 1.0 MHz (column P5), it is
still possible to phase the MAS spectra whereas the effect of the second-order
quadrupolar Hamiltonian makes it impossible to produce in-phase QCPMG
spectra. The reason for this is the lack of a common refocusing pulse for first
and second-order terms in the Hamiltonian.

From these results, it is evident that QCPMG experiments may be performed
when the second-order quadrupolar effect is adequately small. In the present
calculations, the Cp-limit for the QCPMG spectra is around 750 kHz at 14.1 T
but this limit is of course higher at higher magnetic field strengths.

Recently, there has been a great interest in exploring 4N in inorganic, organic
and biochemical environments. Apart from a high natural abundance, this nucleus
is characterized by a low Larmor frequency and a relatively large quadrupolar
moment which makes it a challenge to work with from an NMR point of view. In
order to compare the spectra produced by either QCPMG or single-pulse MAS
experiments, simulated spectra of a 14N -site having parameters corresponding to
parameter set P3 are displayed in Figure 2. In Figure 2, the calculated QCPMG
spectra in column A correspond to a two-site jump process whereas the spectra in
column C are due to a six-site jump process. Comparing columns A and C, an
efficient narrowing of the width of the overall lineshape in column C is clearly seen
at faster jump rates whereas major changes in the overall lineshape except for the
width are observed in column A. This is in good agreement with results obtained
previously2’76 stating that the motional averaged quadrupole coupling constant,
CQ, for three-site or higher order jump processes in the fast limit is
Cq = Cq(1/2) (3 cos? (ﬁlgc,v —1). It is noted that the average is zero if fpc, o2
is the magic angle. In"addition, severe broadening of the spin-echo sidebands is
observed for k=10* Hz in column C that almost collapses into a lineshape.

The MAS spectra in Figure 2 are calculated for a two-site jump (column B) and
a six-site jump (column D). Significant spectral differences are observed when
comparing columns B and D corresponding to a two- and six-site jump process,
respectively. In column B, the spinning sideband manifold is collapsed into a
lineshape for k= 10°-10° Hz whereas the severe motional broadening is observed
in the range k= 10%-10° Hz for the six-site jump in column D. Besides this effect, a
more pronounced overall line narrowing effect is observed as in the QCPMG
spectra (columns A and C). Comparing the effects of dynamics as evaluated by
QCPMG or MAS experiments both experiments are subjected to line broadening
of either spin—echo sidebands or spinning sidebands. Moreover an overall change
in lineshape due to averaging of the EFG-tensor is observed. While the latter effect
is similar for the two experiments, the line broadening effect of the spinning
sidebands in the MAS is more pronounced than for the spin—echo sidebands in
the QCPMG experiments. This means that the line broadening effect is more
efficiently induced by modulation of the spatial part of the Hamiltonian than by
modulation of the spin-part of the Hamiltonian.
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Figure 3 Maximum intensity as a function of log(k) for simulated "N (43.34 MHz) spectra using
parameter set P3. The intensity profile for a two-site jump is shown by a solid line for the MAS
experiments and by squares for the QCPMG experiments. For the six-site jump process, the
triangles correspond to the intensity profile for the MAS experiment and the filled circles for
the QCPMG experiment.

The intensity profiles displayed in Figure 3 illustrate the effect of two- and six-
site jump processes for either MAS or QCPMG experiments. In case of the two-site
jump process, no significant gain is obtained at higher jump rates whereas inten-
sity gains by 5.8 (QCPMG) and 7.6 (MAS) are observed for the six-site jump.
However, the intensity of the spectra in the intermediate regime is lower for the
higher order processes. The higher intensity gain in the MAS spectra reflects that
the line narrowing effect due to fast dynamics not only narrows the overall line-
shape but also the individual spinning sidebands.

4.2. Dynamic effects in "N MAS spectra by SQ or DQ coherences

For half-integer quadrupolar nuclei, the effect of dynamics may be probed by
analysis of the central transition.®’**”° This transition is not influenced by the
first-order quadrupolar interaction but only by the second-order quadrupolar
interaction. Studies of this transition are not an option for nuclei having integer
spin-quantum numbers but the second-order quadrupolar interaction may be
studied by rotor-synchronized acquisition of MAS spectra as the first-order quad-
rupolar interaction is averaged out whereas the centerband is influenced by the
second-order quadrupolar interaction and the CSA. Recently a whole range of
correlation experiments involving *N have been suggested. Such experiments
pave the way for NMR analysis of proteins having all isotopes present in natural
abundance. Among these experiments are the 'H/"C~"*N HMQC experiments*’~
50 jn which DQ N coherence is correlated with SQ coherence of either H or C in
proteins. One benefit of choosing the DQ transition is that this is not affected by
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the first-order quadrupole Hamiltonian. Similar to the central transition in half-
integer quadrupolar nuclei. In sulfa drugs, Cos ranging from 2.2 to 4.4 MHz were
reported 7 and for polypeptides and thiourea Cps around 3 MHz were
obtained.”””® In order to explore "*N MAS as a general tool for dynamic studies
of such sites a series of simulations corresponding to parameter sets P6-P8 in
Table 1 were performed. Acquisition of the full spinning sideband manifold for a
site having parameter sets P7 and P8 would be prohibited by the Q of most NMR
probes and therefore the focus is on rotor-synchronized acquisition. Rotor-
synchronized MAS spectra for '*N corresponding to a two-site jump process
employing parameter sets P6-P8 observing either SQ or DQ coherences are dis-
played in Figure 4 columns Al, Bl and C1 (S5Q coherence) and A2, B2, and C2
(DQ coherence), respectively. Similar effects of molecular dynamics on the SQ
coherence are observed for all parameter sets. Starting from the slow motion limit,
a line broadening effect sets in when the dynamic process becomes faster, then an
intermediate regime with zero intensity spectra is reached and hereafter the line-
shape starts narrowing due to faster dynamics. From these spectra, it is evident
that the intermediate region is a function of the magnitude of Cy and that this
region becomes broader when Cg, is increased. For parameter set P6, three ‘zero
intensity” spectra for k= 10°-10” Hz are obtained whereas four of such spectra for
k=10°-10® Hz are present for garameter set P8. The effect of the second-order
quadrupolar shift (SOQE = (Cp* /40vo)(1 —|—(nQ2 /3))) is also very prominent. For
the spectra of the corresponding DQ coherences, the effect of dynamics is quite
different. Starting from slow dynamics, a slight line broadening sets in at k= 10%
(P6) or 10° (P7,P8) Hz followed bX a change in lineshape occurs in the intermediate
regime k= 10°-10° (P6) or k=10°-10" (P7,P8) Hz. No further changes in the line-
shape appear at faster jump rates. In Figure 5A, the intensity profile for the SQ
coherences is presented whereas the profiles for the DQ coherences are displayed
in Figure 5B. The profiles are significantly different. While the intensity of the SQ
coherences exhibits a broad minimum in the regime k= 10°-108 Hz, the intensity
profile of the DQ coherences is of almost sigmoidal shape with a slight intensity
decrease in the regime between start and end level. It is seen that the DQ-spectra
are not broadened beyond detection at any rate for the two-site ;ump and that the
most significant motional effects take place in the regime 10°-10” Hz. This actually
makes DQ-correlated N experiments more attractive than SQ-correlated experi-
ments as the line broadening effects are much more shallow and it is possible to
follow the dynamic process through several orders of magnitude.

It should be noted that the DQ-spectra presented here are obtained assuming
ideal excitation. To accurately simulate the DQ projections from the HMQC
experiments, real time rf-pulses should be included and the calculations should
be performed for the indirect dimension of the HMQC sequence.

4.3. Multi-axis jump processes

Jumps around multiple axes are of course more complex to deal with than rotations
around just one axis. A number of studies were performed on such systems.?*?*?!
Presently, a comparison of the *H single-pulse MAS (ideal excitation) and the
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Figure 4 Simulated "N (43.34 MHz) rotor-synchronized MAS spectra corresponding to a two-site jump process and detection of either single-
quantum (columns A1, B1, C1) or double-quantum coherence (columns A2, B2, C2). The spectra in columns A (A1,A2) are calculated using parameter set
P6, whereas parameter sets P7 and P8 are used for columns B (B1, B2) and C (C1, C2), respectively. Gaussian line broadenings of 75 (A1, B1, C1), 50 (A2, B2)
or 100 (C2) Hz were applied prior to Fourier transformation. The logarithm of the rate constant k is indicated at each row of spectra.
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Figure 5 Maximum intensity as a function of log(k) for simulated N (43.34 MHz) MAS spectra of
a two-site jump process detecting either (A) single-quantum coherence or (B) double-quantum
coherence. In both plots, the solid line corresponds to parameter set P6, the solid triangles to
parameter set P7 and the solid squares to parameter set P8.

QCPMG (real pulses) experiments is performed in order to verify if different
effects are observed when modulating either the spin-part (QCPMG) or the spatial
part (MAS) of the Hamiltonian. The results for a rotation around a Cs-axis (rate
constant k;) followed by rotation around a C,-axis (rate constant k,)—similar to
what is observed in DMS-d¢—are displayed in Figures 6 and 7. At room tempera-
ture and above the three-site jump in DMS-d, is extremely fast and usually only the
two-site jump is considered for this compound. This effect can be followed in the
upper row of both figures where k;=10"" Hz and k; is varied. In the *H QCPMG
spectra (Figure 6), it is noted that only minor differences for k3=10° Hz are
observed when comparing the first two columns corresponding to k=1 and
100 Hz. Besides these two columns, comparison of either rows or columns in the
remaining part of the figure reflects changes in either overall lineshape or line
width of spin—echo sidebands when at least one rate constant is changed by at least
two orders of magnitude. A rather interesting feature is the dramatic narrowing of
the overall lineshape for k3=10°Hz and k,=10°-10'" Hz. Moreover, a major
broadening of the spin—echo sidebands is observed for k3 =10* Hz and all k,-values.

The corresponding “H MAS spectra (Figure 7) display different features. First
of all, the columns corresponding to k=1 and 100 Hz are identical. Likewise for
the rows corresponding to k=1 and 100 Hz. In addition only minor differences
between the columns k, =10% and 10'° Hz as well the rows for k3 =108 and 10'° Hz
are observed. This indicates that no changes are observed when any of the rate
constants are in the slow or the fast limit.
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by Gaussian line broadening of 50 Hz prior to Fourier transformation.
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Comparison of the MAS and the QCPMG spectra reveals a range of differ-
ences, in particular when comparing the rows corresponding to k3 =10° Hz or the
columns for k, =10° Hz. In both cases, the spinning sideband manifold of the MAS
spectra is heavily broadened whereas significant line broadening in the QCPMG
spectra is only observed for (ks,k2)=(10%10°) Hz and (10°,10* Hz and to a lesser
extent (10°,10°) Hz. Besides the intermediate regime, obvious differences between
QCPMG and MAS spectra are also observed when comparing rows for ky=108
and 10'° Hz as well as columns for k,=10% and 10'° Hz. In both cases, these rows
and columns are identical for the MAS spectra whereas differences are observed
in the QCPMG spectra. Likewise, differences in the QCPMG spectra for the two
rows corresponding to k=1 or 100 Hz were observed whereas these two rows
were identical in the MAS spectra. This suggests that the QCPMG experiment is
more sensitive towards motional changes if one of the rate constants is in the fast
regime or if k3 is in the slow regime. Overall the differences between the MAS and
QCPMG spectra illustrate that the effect of motion affects the spin-part and the
spatial part of the Hamiltonian by different mechanisms.

4.4. Half-integer quadrupolar nuclei

Half-integer quadrupolar nuclei span a large part of the periodic table and covers
spins from 3/2 to 9/2. Regarding observation of these nuclei by solid-state NMR
spectroscopy, the experiments of choice depend upon the magnitude of the
quadrupolar coupling constant, Cp,, in particular. To demonstrate the effects of
dynamics on nuclei having different Cgs, Larmor frequencies and spin-quantum
numbers, examples of two-site jumps for MAS spectra of '**Cs, Na and *’K
using parameter sets P9, P10 and P11a, respectively, are displayed in Figure 8. The
purpose of this figure is to compare motional effects on the spinning sideband
manifolds and therefore the signal corresponding to the central transition in *Na
and *°K is cut off at the maximum intensity of the spinning sidebands. Overall the
effects of the dynamics follow the same trend. At slow jump rates, the spectra are
not affected by dynamics, then in the intermediate regime line broadening sets in
and at faster jump rates the spinning sidebands become narrow. It must be noted
that the overall width of the spinning sideband manifold at fast jump rates is
smaller than at very slow dynamics. Comparison of columns A, B and C reveals
that the jump rate at which the line broadening effect induced by motion sets
in depends on the magnitude of Cp, spin-quantum number and Larmor
frequency. Comparing columns A and B, significant line broadening was noted
for k=10-10" Hz for "**Cs and k=10*-10” Hz for *Na. In column B, the spinning
sideband manifold was even broadened to what looks like a static lineshape when
k=10°-10° Hz. Column C corresponds to a *°K site with a rather large Cy and in
this case the motional line broadening affects the dynamic regime k=10*-10° Hz
with ‘static lineshapes’ for k=10°-10. Altogether, these observations demonstrate
that motional line broadening sets in at lower jump rates for smaller quadrupole
effects and that the regime of severe line broadening (‘static lineshape’) is
extended for larger quadrupole effects. Figure 9 displays the corresponding
intensity profiles. In agreement with the line broadening observed in Figure 8,
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Figure 8 (A)Simulated MAS spectra of **Cs (52.45 MHz) (column A), 2*Na (105.8 MHz) (column B) and **K (23.325 MHz) (column C) corresponding to a
two-site jump process and ideal excitation. Parameter sets P9, P10 and P11 have been employed, respectively. The logarithm of the rate constant
k is indicated at each row of spectra. Gaussian line broadening of 20 (A), 50 (B) and 200 (C) Hz were added prior to Fourier transformation.
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Figure 9 Maximum intensity as a function of log(k) for simulated MAS spectra of a two-site

jump process for >Cs (parameter set P9, solid line), Na (parameter set P10, solid triangles) and
%K (parameter set P11, solid squares).

the intensity profile, for example, '*>Cs shows a minimum in the range = 10°~10° Hz
whereas broader minima were observed for the two other nuclei. Besides this, the
intensity gain in the fast jump limit reflects the overall line broadening of the
lineshape. This effect is most pronounced for *’K and '**Cs where gains of 3.7
and 1.9, respectively, are obtained. For *’Na, the gain is only 1.1 due to only minor
reduction in the width of the overall lineshape.

When larger Cgs are presented, it is often an advantage to study the central
transition as this is not affected by the first-order quadrupole Hamiltonian. The
effects of two-site jump dynamics on a *’K site observed by QE, QCPMG (param-
eter set P11a), MAS (parameter set P11b) and QCPMG-MAS (parameter set P11c)
experiments are shown in Figure 10. In column A, the static QE and QCPMG
spectra are displayed whereas the MAS and QCPMG-MAS spectra are shown in
column B. In both columns, the motional line broadening is initially observed for
k=102 Hz in the QCPMG as well as the QCPMG-MAS spectra. More severe line
broadening is observed in all spectra k=10 Hz and at faster jump rates changes in
particular the overall lineshape and the width of the spin-echo sidebands in the
QCPMG-MAS spectra are detected. At jump rates k=10° Hz, a line narrowing
effect sets in and above k=10® Hz only minor line narrowing of the spin-echo
sidebands were observed for the QCPMG-MAS spectra. From this comparison,
the QCPMG—MAS experiment looks very promising as effects on both overall
lineshape as well as broadening/narrowing of the spin-echo sidebands were
present in the regime k=10°-10" Hz.

Taking an experimental point of view variable temperature experiments used
for dynamics studies are easiest to perform under static conditions as rotation of
the sample cause frictional heating and at very high or very low temperatures it
may be difficult to construct MAS probe that would allow sufficiently fast
spinning when studying half-integer quadrupolar nuclei. This makes the
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Figure 10 (A) Simulated *°K (23.325 MHz) QE and QCPMG spectra (column A) employing
parameter set P11a (M =0 and acquisition of 1224 points for the QE spectra) and single-pulse MAS
(parameter set P11b) and QCPMG—MAS spectra (parameter set P1ic) corresponding to a two-site
jump process. In column A, the upper spectra for each rate constant correspond to the QE spectra
and in column B the single-pulse MAS spectra are the upper spectra for each rate constant. The
logarithm of the rate constant k is indicated at each row of spectra. The QCPMG and QCPMG—
MAS spectra were apodized by Gaussian line broadening of 25 Hz prior to Fourier transformation,
whereas line broadenings for 250 and 200 Hz were employed for the QE and single-pulse MAS
spectra, respectively.

QCPMG experiment a good choice as it is sensitive to motion and is more sensitive
than the QE experiment. In Figure 11, effects of 2-, 3-, 4-, and 6-site jumps on a 39K
site using parameter set P11la are displayed. At slow jump rates the spectra are
similar in the four columns but even at k=100 Hz motional line broadening of the
spin—echo sidebands is observed in columns B (three-site jump), C (four-site jump)
and in particular D (six-site jump). In the intermediate regime k=10°-10°Hz,
changes in both overall lineshape and width of spin—echo sidebands are observed.
The latter is most pronounced for three-site jumps or higher. No changes in the
overall lineshape were observed for k >10® Hz. For spin-1 nuclei, it has been demon-
strated that for three-site jumps or higher the lineshape in the fast jump re§ime is the
same.>”® Looking at the spectra in Figure 11 for the fast limit (k=10'"Hz), it is
evident that they become narrower as the order of the jump process becomes higher
and does not converge towards the same lineshape at fast dynamics.

This is in good agreement with the intensity profiles in Figure 12B that clearly
shows that the intensity in the fast limit increases when the order of the jump
process is increased. In the regime k=10’-10° Hz, it is noted that the intensity of
the two-site jump is not as heavily reduced as in the higher order jump processes.
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Figure 1 (A) Simulated *’K (23.325 MHz) QCPMG spectra employing parameter set P11a corresponding to a two-site jump (column A), three-site
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Figure 12 Maximum intensity as a function of log(k) for simulated *°K spectra shown in Figures 10
and 11. (A) The intensity profiles for a two-site jump using the QE (solid triangles), the QCPMG
(solid line), the QCPMG—MAS (solid circles) and the single-pulse MAS (solid squares) experiments.
(B) The intensity profiles of the QCPMG experiment for a two-site (solid line), three-site (solid
triangles), four-site (solid squares) and a six-site (solid circles) jump process.

Going back to the four experiments examined in Figure 10, the corresponding
intensity profiles are shown in Figure 12A. It is noted that the maximum intensity
of all experiments is reduced in the regime k=10°-10 Hz, but the level of reduc-
tion is quite different. The smallest reduction was observed for the MAS experi-
ment and secondly the QE experiment whereas the QCPMG (static or MAS)
experiments were more significantly reduced. At jump rates faster than 10° Hz,
the intensity increases steadily for all but the QE experiment. The reason for the
local intensity maximum is ascribed to the singularity around —3.5 kHz in the QE
spectrum. This singularity is broadened at faster jump rates.

5. CONCLUSIONS

In this work, it has been demonstrated that periodic modulation of the
Hamiltonian describing a dynamic process introduces spectral effects that depend
upon the nature of the modulations. For both MAS and QCPMG experiments,
sidebands are broadened in the intermediate dynamic regime and a significant
narrowing of the sideband manifold is observed for higher order jump processes
due to averaging of the anisotropic part of the quadrupolar tensor.
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Both experiments are applicable for acquisition of H and °Li spectra and for
these nuclei only first-order EFG- and CSA-terms in the Hamiltonian are required.
For Cgs below 750 kHz, both 4N QCPMG and MAS experiments are applicable at
14.1 T but above this Cg limit the hardware demands make it very difficult to
employ the QCPMG experiment and single-pulse MAS must be the method of
choice for such applications. For larger Cgs, indirect detection of either N SQ or
DQ coherences using rotor-synchronized acquisition is suggested. In this context,
the DQ lineshape is not as severely broadened as the SQ lineshape as it is not
affected by the first-order quadrupolar Hamiltonian.

Two-axis *H dynamics for a system with a Cs-axis rotating around a C,-axis
have also been explored and these results suggest that the QCPMG experiment is
more sensitive than the MAS experiment towards motional effects if either of the
two rate constants is in the fast regime.

For half-integer nuclei, MAS experiments have also been explored focussing
on the effect of the spinning sideband manifold. Similar to what is observed for
spin-1 nuclei, significant line broadening of the spinning sidebands was observed
in a regime that depends on Cp, I and the Larmor frequency.

The sensitivity of the QE, QCPMG, MAS and QCPMG-MAS experiments
towards motional effects was also compared and even though the QCPMG-
MAS were most sensitive due to effects on overall lineshape as well as on spin-
echo sidebands, the QCPMG experiment is considered the best suited experiment
for practical purposes. Effects of 2-, 3-, 4- and 6-site jumps in QCPMG experiments
of a second-order quadrupolar broadened lineshape showed that the spectrum in
the fast limit becomes narrower when the order of the jump process is increased.
This is in contrast to what is observed for spin-1 nuclei. In common for all the
quadrupolar nuclei examined in this work, a more severe line broadening mecha-
nism was observed in the presence of HQ(D than if only HQ(2) were present. The
latter was shown for the central transition in half-integer quadrupolar nuclei and
DQ coherences in spin-1 nuclei.
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glass transition temperature for a given system. The microscopic origin of this
behaviour is quite interesting and is a subject of intensive research.

Origin of disorder is different in different systems. In dipolar glasses, the
origin of disorder is traced to the shuttling of H-bonds between the possible
positions. In parent compounds, at higher temperatures, there is equal probabil-
ity of H-bonds being found between the two oxygens of the two adjacent PO,
groups, while below a particular temperature T (defined as the ferroelectric (FE)
transition temperature), they freeze to one of the possible positions. In a dipolar
glass system (FE 4 AFE mixed system), the system goes to a frustrated state with
the disappearance of the phase transition resulting in an orientational disorder.
As a result of this, the rate of H-bond motion in these systems, now will have a
wide range of distribution starting from 107> to 10~ s. Similarly in FE relaxors,
one can find substitutional disorder due to the changes in the charges of the
different cations resulting in random-fields (RFs) and random bonds. The main
sources of disorder in conducting polymers (CPs) are sp” defects in the chain,
chain ends, chain entanglements, voids, morphological and doping defects. CPs
are partially crystalline and partially amorphous, the volume fraction of the
crystalline regions and the size of the crystalline coherence length play a
dominant role in the charge transport. In general, the disorder induced localiza-
tion plays a dominant role in the transport properties of CPs.

Our main aim in this review is to study the effect of disorder in dipolar
glasses, FE relaxors and CPs. NMR is a powerful local probe for providing
information about the distribution and dynamics of local RFs, and character-
istic of such systems. While the quadrupole-perturbed NMR line shape analy-
sis gives details about the distribution of local RFs, spin—lattice relaxation
studies can give information on the dynamics in the frustrated state of these
systems. Many modifications and new methods have been adopted to use
NMR to explore the effects of disorder on measurable quantities. Other than
hydrogen, many NMR friendly nuclei such as deuteron, 87Rb, *°Sc, 2>Nb, 2°7Pb,
20571, etc. are used to study these systems. Further, two-dimensional deute-
rium NMR exchange spectroscopy is also applied to study these materials.

Key Words: Dipolar glasses, Ferroelectric relaxors, Conducting polymers,
NMR line shape, Disorder, Local polarization related to the line shape,
Symmetric/asymmetric quadrupole-perturbed NMR, H-bonded systems,
Spin—lattice relaxation, Edwards—Anderson order parameter, Dimensionality
of conduction, Proton, Deuteron tunnelling.

1. INTRODUCTION

Disorder in condensed matter system is a vast area of research and has seen
tremendous progress due to the addition of new systems and techniques. Nuclear
magnetic resonance (NMR) being a local probe has played an important role in
exploring the rich physics hidden in these systems.

Disordered systems can be broadly classified into spin glasses, dipolar

glasses/pseudo-spin glasses, canonical glasses, conducting polymers (CPs),
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amorphous systems, etc. In this chapter, we have attempted to briefly bring out
the use of NMR, in particular pulsed NMR technique in these systems. In this
review, we have concentrated only on the NMR studies in dipolar glasses, ferro-
electric (FE) relaxors and CPs. Even among these systems, we have taken only a
few representative systems to discuss the analysis of NMR data and their inter-
pretation. Our main aim is to show, how a traditional technique like NMR and its
measurable parameters can be used to unravel the rich physics in disordered
materials. In this respect it may not be a comprehensive review, but aids the
students/researchers to practice applicability of NMR to new systems. Typical
examples have been discussed in detail whenever the clarity is needed.

2. DIPOLAR GLASSES

The condensed matter systems of proton/deuteron pseudo-spin glasses have
captured the attention of both experimentalists and theorists for quite some
time. In contrast, to magnetic spin glasses the cusp in the dielectric susceptibility
is rounded and the freezing takes place over an unusually large-temperature
interval far above the glass transition temperature Ti. The microscopic origin of
this behaviour in dipolar glasses points towards a basic difference between
dipolar and spin glasses. These are absent in spin glasses but present in proton
and deuteron glasses. There is still another feature which distinguishes proton
and deuteron glasses from spin glasses, namely, the occurrence of random-fields
(RFs). The term dipolar glasses refers to the systems of regular lattice, some of
whose sites are occupied by constituents containing a dipole or quadrupole
moments. These moments have orientational degrees of freedom. They interact
with one another and below some freezing temperature “T¢”’ their motion slows
down and they freeze into a configuration which is devoid of long-range dipolar
order.! These systems can be prepared by mixing an FE and an anti-ferroelectric
(AFE) material which are isostructural. The most common example of this type is
the mixed system of the FE rubidium dihydrogen phosphate (RDP) and AFE
ammonium dihydrogen phosphate (ADP). It has been found that this mixed
system (NH4),Rb;_H,PO, (RADP), for a certain concentration range
(0.22<x<0.74), shows frustration effects at low tempera’cures.2 Other members
of this family are listed in Table 1.

The origin of disorder is traced to the shuttling of H-bonds between the
possible positions. At higher temperatures, there is equal probability of H-bonds
being found between the two oxygens of the two adjacent PO, groups. In parent
compounds, they freeze to one of the possible positions below a particular tem-
perature T; defined the FE transition temperature. In an FE 4+ AFE mixed system,
the following new interactions arise. For example, in RADP, there is what is called
as RF because of the electric charges sitting on the corresponding cations, random
bond as the bond between the cations are different in mixed systems."’

A brief review of the literature on the mixed crystals of KH,PO,4 (KDP) is
available which covers the early part of the preparation and characterization
of these systems. Over 30 different parent compounds have been identified.
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TABLE 1 List of FE+ AFE systems studied by NMR technique

System Nuclei investigated References
Rb, _(NH,),H,PO, (0.2<x<0.8) Proton and ¥Rb NMR 3

Rb; _(ND,),D,PO, (x=0.45) Deuteron and ¥Rb NMR 47
Rb;_(NH,).H,AsO, (x=0.32) Deuteron NMR, ’As NQR 8
Rb;_(Ndy),D>As0, (x=0.32) Deuteron NMR, °As NQR 9,10
Ki_+(NH,),H,PO, (x=0.25,0.51,0.61)  Proton NMR 11

Rb,_, TLLH,PO, (x=0.3) 205T] and %Rb NMR 12
BP,BPL; H NMR 13,14
BP,GPI; H NMR 15,16
DBP(; _DBPI, 2D NMR 17,18

Further their deuterated analogues along with their mixed crystals offer a wide
variety of substances with lot of interesting physical properties.?’ Since then, there
are many techniques which have been used to explore the novel physics hidden in
them.

NMR is a powerful technique for providing information about the distribution
and dynamics of local RFs, characteristic of such systems. While the quadrupole-
perturbed NMR line shape analysis gives details about the distribution of local RFs,
spin-lattice relaxation (SLR) studies can give information on the dynamics in the
frustrated state of these systems. From the literature, it can be seen that most of the
NMR experiments have been carried out in RADP mixed systems and its deuterated
analogues. ETH group published a number of results®** on various mixed crystals.

As mentioned earlier, one can have a range of parent compounds which can
form such mixed systems which show a wide range of concentration and they
have well-defined phase diagram as a function of concentration.”* Depending
upon the ionic radii of the parent compounds, their FE or AFE transition temper-
ature and structural details, the phase diagram (Figure 1) may be symmetric
(isostructural) or asymmetric (otherwise).

In strongly disordered systems such as spin glasses where there is an infinite
number of order parameters the situation is radically different, as there is no long-
range structural ordering and no sharp change in the NMR frequency at any
temperature. The NMR technique* is nevertheless capable of providing useful
information about strongly disordered systems as the quadrupole-perturbed
NMR frequency of a given nucleus depends on the local RF #; and the NMR line
shape reflects the distribution and dynamics of the local RFs v;(t) =v;(h(t)).

NMR measurements in these systems have allowed for the following. A
determination of the local-polarization distribution function W(p) and the
Edwards-Anderson order parameter gga in the weak substitutional disorder
limit (x=0.5) ongoing through T.. The results showed that W(p) is asymmetric
below T. and symmetric above T, and that gg» makes a discontinuous jump on
going through T, in view of first-order nature of this transition.

Use of NMR technique for the study of mixed systems is mainly by R. Blinc’s
group from J. Stefan Institute, University of Ljubljana. Proton and deuteron
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Figure 1 Phase diagram of deuterated RADP (NH,),Rb;_,H,PO, as a function of x.

glasses are solid solutions of H-bonded FE (e.g. RbH,PO4) and AFE (e.g.
NH4H,PO,) crystals, where randomly competing interactions lead in a certain
concentration range Xmin <X <Xmax to frustration and the occurrence of a glassy
phase without FE and AFE long-range order. Another feature which distinguishes
proton and deuteron glasses from spin glasses, namely the occurrence of RFs,
which are absent in spin glasses.

2.1. Method of detection

A pulsed NMR spectrometer, with a variable frequency and variable temperature
facility is best suited for the study of these disordered systems.”**” For dipolar
glasses and relaxor systems, a spin echo Fourier transformation NMR spectra of
the system have been measured in a wide bore superconducting magnet
(~typically at 9.2 T).

In this section, we will be concentrating mainly on the use of NMR technique
based literature on dipolar glasses and the information obtained from them. The
NMR nuclei studied in dipolar glasses are H, 2H and ®Rb and 3'P. 2%’Pb, **Sc and
%Nb are other nuclei which are studied in relaxor materials.

Generally, the relaxation in these materials is attributed to the reorientation of
the symmetric groups and motion of hydrogen bonds. The normal behaviour of
(1) single exponential magnetization recovery, (2) relaxation time versus temper-
ature exhibiting a BPP behaviour, (3) FE and AFE phase transition observed in
parent compounds will disappear in the mixed system. New features observed
are (a) the recovery of the non-equilibrium magnetization is non-exponential,
showing a signature of spatial inhomogeneity, resulting from a cluster distribu-
tion (b) anomalous line broadening of the line width requiring wt,>1, and
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w1 T2 < 1, suggests the distribution of 7., from 10~ 046107 3s. (c) The existence of
a T; minimum in the region of onset of dielectric losses implies a tremendous
slowing down of the proton intra-bond (O-H-O) switching motion from 10~ Mo
10 % s, not observed in KH,PO,-type crystals. Our main concern is to interpret
this behaviour with proper reasoning. The range of 7. observed in the mixed
system raises a question whether a glass transition temperature T can be defined
at all. Many NMR methods® have been adopted to explore their properties which
are discussed in the following sections.

2.2. Line shape analysis

In disordered materials, there will be an inhomogeneous distribution of resonance
frequency f(v) arising from each physically non-equivalent site in the unit cell,
instead of a single homogeneous resonance line as in translationally invariant
crystalline materials. The inhomogeneous broadening of the resonance lines has
different origins in different types of glasses. In magnetic spin glasses, the ran-
domly distributed local magnetic fields are responsible for this, whereas in the
proton (deuteron) pseudo-spin glasses or in quadrupolar glasses the randomly
distributed electric field gradients (EFGs) which interact with nuclei of non-zero
electric quadrupole moment are responsible for the broadening. Because of the
spatial disorder, EFG tensor components are randomly distributed in both orien-
tation and magnitude. The resulting inhomogeneity of the electric quadrupole
interaction is essentially static in nature and reflect quenched random disorder in
the lattice. A study of the inhomogeneous frequency distribution (line shape) thus
provides useful information with respect to static disorder in these glassy sys-
tems. A 2D NMR inhomogeneous versus homogeneous line shape separation
technique can be used to se?arate out the inhomogeneous and homogeneous
part of the line shape.”® In ®Rb *D NMR experiment in the proton glass (PG)
system (ND,),Rb;_,D,PO, with x=0.44, Dolingek?® have shown that the
homogeneous line shape is Lorentzian while the broad, highly asymmetric
inhomogeneous line shape is given** by Equation (1).

1 1 1 (tanh_lp)2>
W(p) = o[ - Ll@anh p) 1
() /3](271(11+A))1/21_P2e P( Zﬁzfz(quA) (1)

23. Spin—lattice relaxation studies

Apart from extracting the local RF distribution and the determination of gg from
the analysis of NMR line shapes, SLR studies can reveal the molecular dynamics
characteristics of PGs. Most of the SLR studies in these systems have been per-
formed using the quadrupolar nuclei like *Rb and *D, other than 'H, the advan-
tage being that the quadrupolar interaction can provide a probe for studying
either structural variations or molecular motions in the vicinity of the quadrupolar
nuclei and this being especially useful in monitoring the deuteron dynamics in the
O-D---O bonds, as the freeze-out of protons (deuterons) in this bond is a
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characteristic feature of the PG state. Furthermore, quadrupolar interactions being
electrostatic in nature are sensitive to the effects of electric dipolar disorder. The
other NMR nuclei in RADP/D-RADP systems namely 'H and *'P which are spin-
1/2 nuclei are not that extensively used as the quadrupolar nuclei. However many
PG properties, such as freezing of polarization cluster ordering, stretched expo-
nential relaxation behaviour, etc. can be observed by means of dipolar relaxation
of a spin-1/2 nucleus. There is also an advantage in using spin-1/2 nuclei in that
the quadrupolar nuclei will have multiple transitions from the unequally spaced
energy levels, whereas the spin-1/2 nuclei have got only a single transition.
Owing to the multiple transitions in quadrupolar nuclei, it is often difficult to
separate out the effects due to a distribution of correlation times from the multi-
level quadrupolar effects.*

The reason why NMR spectroscopy is so successful in the study of D-RADP
system is the existence of local and non-local NMR probes in this system. While,
the covalently bonded deuteron sees only the local polarization, but not the
polarization of the neighbouring deuteron, the ionically bonded Rb observes a
range about +2 lattice constants and is thus capable of distinguishing between
different spatial correlations of deuteron order. Furthermore, the characteristic
time scale of NMR for time averaging is in the order of millisecond, and can be
extended to the order of 100 s by means of 2D NMR exchange measurements.
It can thus be considered as a quasi-static investigation method.**

2.4. 1-Dimensional and 2-dimensional O—D---O deuteron
exchange NMR

1-Dimensional (1D) NMR, using line shape, estimating the Edwards—Anderson
parameter gg,, is applicable to systems, on the time scale of the order 10 °~10"® s
and this method fails for the direct determination of ggs on longer time scales.

The use of quadrupole-perturbed 1D *H NMR spectroscopy and in particular
two-dimensional (2D) “H NMR exchange spectroscopy do look very promising as
regards elucidating the details of the hydrogen dynamics. Such investigations are
also expected to give new insight into the discrepancy between the higher rates of
chemical exchange and lower electrical conductivity (DBP)—and vice versa
(DBPI)—recently observed.

The 2D deuterium NMR exchange spectroscopy has been made using the
technique of Schmidt et al.*! The corresponding pulses sequence selects the signal
of the form

aan(tm) cos(waty) cos(waty)+

apg(ty) cos(wpty) cos(wpty)+ @)
aap cos(waty) cos(wpty)+

apa(tm) cos(wpty) cos(waty)

Fee(ty, t, t) = e/ Tem (/T2

The first two terms in the bracket give—after a 2D Fourier transform—the
diagonal peaks in the spectrum, where as the last two terms give the cross-peaks.
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The ratio of the intensities of the cross-peaks and the diagonal peaks are related to
the glass order parameter gga

1—gga 3)

R(XHOO):l-i-QEA

R is always smaller than 1. If ggA #0. A 2D NMR experiment, thus always the
measurement of R(x — o00), and always the determination of g4, in the slow motion
regime, where the determination of gg from line shape is no longer possible.

2.4.1. RADP system (deuterated)

The problem which makes experimental studies of proton and deuteron glasses so
difficult is that the Edwards—Anderson order parameter gga characterizing the
deuteron glass has no macroscopic conjugate field and is therefore hard to mea-
sure. Here, Blinc et al.’ have shown that quadrupole-perturbed NMR allows a
direct experimental determination of the average local-polarization distribution
function W(p) and its second moment, the Edwards—-Anderson order parameter
gea. Thus an experimental determination of f(v) (line shape function) immediately
yields the probability distribution of local polarization W(p) or the second moment
of f(v) is directly proportional to the Edwards-Anderson order parameter. One
should note that there is a clear separation line between high temperature ergodic
pseudo-spin-glass phase characterized by a single-order parameter §=gga from
the non-ergodic low temperature phase characterized by an order parameter
function g(x) with O<x<1.

Deuteron and ¥Rb NMR data have been reported for D-RADP-55. The tem-
perature dependence of both the O-D-O deuteron and the 87Rb % — —15 SLR rates
show broad and asymmetric minima near 90 K. This has to be contrasted with the
findings in the pure compounds.

Line shape studies of ®Rb and deuteron NMR lines have thrown more light on
the frustration in the system. Blinc et al.’ have shown clearly the measurement of
second moment can be related to the Edwards—Anderson spin-glass order param-
eter in the glass phase.

Blinc et al.* in a classic paper on the NMR line shapes in PGs have presented
the relation between the RF distribution and the quadrupole-perturbed NMR line
shape for both first-order and second-order quadrupole effects. Static as well as
time fluctuating RFs have been considered. By evaluating the local RF distribu-
tion, Blinc et al.* have evaluated the Edwards—Anderson (gEa) order parameter.

The Edwards-Anderson spin-glass order parameter is defined as 2

doa = (570 = (1)), @

where N is the number of lattice sites, (- - -) represents the thermal average, while
[ - -]ap denotes the disorder average that is, the simultaneous average over ran-
dom bonds and RFs. It has to be noted that S“=+1 represents the two possible
positions of the reorientable dipole in the case of proton/deuteron pseudo-spin
glasses.
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The average probability distribution of the local polarization p is defined as
1
Wip) =520 = (7)) = [o(p = (7))o ()

It is well known that the first moment of the distribution W(p) is the total
polarization P, which is zero in the absence of a homogeneous external electric
field, while its second moment is related to the ggs order parameter5 as

Jea = JdPPZW(P) (6)

In the case of RADP or D-RADP, W(p) can be evaluated using the Ising pseudo-
spin model with infinitely ranged random interaction and quenched RFs.”>** The
Hamiltonian is expressed as

1
H = *Q;MS?SJ-Z - Z{:ﬁ&z (7)

where J;; denotes the infinite-range quenched random interactions between the
pseudo-spins S;“ and f; represents the random local longitudinal field at the site .
The random interactions J; and fields f; are independently distributed according
to the Gaussian distribution,

1 i
D(]ii) = W exp <— 2]]2)

D(f) = ﬁ exp (— ﬂ> (8)

where J? and A are the variance of the distributions with mean zero. In order to
perform the average over the disorder in Equation (8), the replica formalism as
known from the theory of spin glasses is used.” For the replica symmetric phase,
the average probability distribution of the local polarization is given as

1 1 exp( 1(tanh1p)2> ©)

P = B (2n(q+A)) 211 C2p(q+ A)

Blinc etal.* have plotted the distribution function for A=0.35 and several values
of reduced temperature T/]. For T<Tg=], W(p) exhibits a two peak structure with
maxima near p==+1. At TxTg, W(p) flattens out and for T > T, it becomes bell-
shaped distribution with a maximum at p=0. With increasing temperatures, the
width of W(p) decreases and for extremely high temperatures it behaves asymptot-
ically as limy_,..W(p) =d(p). They have measured the O-D- - -O deuteron and 5Rb
Y% — —¥% quadrupole-perturbed NMR spectra for RADP single crystals with
x=0.44, at an orientation where the relation between w and p is close to being
linear. The inhomogeneous broadening has been found to be much larger than the
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homogeneous line width v measured by the Hahn echo. By subtracting the contri-
bution due to the homogeneous line width, they have obtained the temperature
dependence of the Edwards—Anderson order parameter from the second moment
of the ¥Rb % — —% line shapes. The temperature dependence of the parameter g
could not be fitted either using a pure glass-transition model (>0, 4=0) or by a
pure RFmodel ( J?=0, 4#0) for any value of ] or 4. This indicates an RF smearing of
the Ising pseudo-spin glass transition in D-RADP as predicted by Pirc et al.® To
extract the local-polarization distribution function from the NMR data, they have
studied the O-D---O deuteron line shapes as a function of temperature.* The
experimental deuteron line shapes and W(p) have shown the predicted change
from a single-peaked structure at high temperature to a double peaked structure at
low temperature. All the line shape results have been obtained in the fast motion
regime. To conclude the section on the relevance of line shape analysis as applied to
proton/deuteron glasses, the following points are worth mentioning again: (1) The
determination of the quadrupole-perturbed NMR line shape allows for a determi-
nation of the local RF distribution W(p) and a determination of the Edwards—
Anderson spin-glass order parameter gga and (2) the deuteron as well as Rb
quadrupole-perturbed NMR data show that in these systems one deals with an
RF smearing random-bond”’ type pseudo-spin glass transition and not with an RF
type freezing or a classical random bond type spin-glass transition.

8Rb and ?H NMR in D-RADP-55 have been reported by Blinc et al.® In this
work, they have demonstrated that the distribution of the RFs which breaks the
local symmetry of the high-temperature phase can be extracted from the differ-
ence between the inhomogeneous and homogeneous NMR line shapes. Their SLR
data show that the local freezing dynamics is determined by the randomly biased
freeze-out of the O-D---O deuteron intra-bond motion. The temperature depen-
dence of both the O-D---O deuteron and the *Rb (%4— —¥) SLR rates show broad
and asymmetric minima near 90 K. The anomalous diffusion of D;PO, defects is
thought to determine the 8Rb and ?H relaxation at low temperatures. The mini-
mum in the ?H NMR T; around T=180 K is attributed to the relaxation due to the
NDj, reorientation and it follows a BPP behaviour with temperature.

Dolingek et al.” have reported the existence of quantum tunnelling in these
systems. This has been observed from the temperature-independent behaviour of
8Rb and *H NMR SLR times at low temperatures (1.6<T <10 K). Quantum
tunnelling in these systems refers to the tunnelling of protons/deuterons in the
double-well potential. In a 3P NMR relaxation time measurements by Chen
et al.> in D-RADP systems, have found an additional T; minimum at low tem-
peratures apart from the BPP T; minimum at high temperatures. The low temper-
ature minimum has been attributed to the extreme slowing down of the O-D---O
intra-bond motion which is unique to the glassy phase.

2.4.2. RADP system (protonated)

Salient experimental features exhibited by RADP/D-RADP type mixed systems
are (1) diffuse scattered intensities at temperatures less than 100 K, (2) a broad
rather than a sharp Cusp in the dielectric susceptibility experiment at the PG
transition temperature (unlike in spin glasses), (3) deviation of the temperature
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dependence of the lattice constant from normal anharmonic behaviour, (4) the
appearance of well-defined librational modes of cations at temperatures less than
100 K, (5) the extreme slowing down of proton/deuteron dynamics resulting in
additional Ty, in the PG state, (6) quantum tunnelling phenomenon at very low
temperatures (T <10 K), (7) appearance of double peaks in the NMR spectrum as
well as asymmetric broadening of the NMR spectrum in the PG phase, (8) the
different phases exhibited by these systems with a change in the ammonium
concentration and (9) isotope effect.

%Rb and 'H SLR rate as a function of temperature is a very important parame-
ter which shows the suppression of phase transition and reveals the frustration in
the mixed system. Temperature dependence of T; in any ordered system can be
described by the well known Bloembergen-Purcell-Pound (BPP) type expression.
However, disordered systems show deviations from BPP behaviour, showing a
broad distribution of relaxation times. The magnetization recovery shows a
stretched exponential recovery of magnetization following M(7)=My(1 —2*exp
(—1/T4)") where « is the stretched exponent.

Slak et al® have measured the %Rb and 'H NMR SLR rates in
Rbyg 35(NH4).6sHoPO4 as a function of temperature at a Larmor frequency of
30.78 MHz. The proton T; is dominated by the NH, reorientations and exhibits
a broad minimum near 175 K. The activation energy for the NH, reorientation is
found to be 13.4 kJ /mol (138 meV) and the correlation coefficient is of the order of
103 s. From room temperature, down to 120 K, the temperature dependence of
T; could be explained by the BPP theory. The departure from the BPP behaviour
below ~120 K is attributed to a distribution in the relaxation times.

From 300 to 120K, the 3Rb SLR time T; slowly increases with decreasing
temperature which is attributed to 90° reorientations of the H,PO, groups. Below
120 K, the ®Rb SLR time starts decreasing with cooling and passes through a
minimum around 30 K and then increases with a further decrease in temperature.
The process of intra-bond jump has been invoked to explain the relaxation beha-
viour below 120 K. The intra-bond hydrogen jump modulates the EFG around the
8Rb nucleus thereby affecting the relaxation. The minimum occurs when the
intra-bond jump becomes of the order of the nuclear Larmor frequency
(wote=1). The authors have proposed two models to explain the *Rb T, beha-
viour; in one model they have proposed an Arrhenius law with a temperature-
dependent distribution of hindering barriers and in the other model they have
assumed a Vogel-Fulcher law®® with a temperature-independent distribution of
activation energies.

NMR is rather limited in its frequency range. It has however the important
advantage that it is site-specific and allows the detailed determination of the local
behaviour of a given elementary dipole. Blinc et al.* has carried out NMR experi-
ment to verify the deuteron intra-bond motion in deuteron glasses is a pure
Arrhenius-like thermally activated process or whether deuteron tunnelling effects
become important at low temperatures.

Blinc et al.* have carried out a measurement of the ¥Rb SLR rate in a
Rbg 55(ND4)0.42D-POy single crystal in a wide temperature range allowed for a
discrimination between classical thermally activated deuteron jumping across the



150 K. P. Ramesh

potential barrier between the two equilibrium sites in the H-bond and phonon-
assisted incoherent deuteron tunnelling. The results show that thermally acti-
vated deuteron intra-bond jumping dominates above 55 K whereas at lower
temperatures phonon-assisted deuteron tunnelling becomes rate determining.
This result seems to be the first direct evidence for incoherent phonon-assisted
deuteron tunnelling in H-bonded systems.

Kind et al.”’ reported on the first observation of the dynamics of correlated
hydrogen switching among the six Slater D,PO, configurations, induced by
unpaired D;PO, and DPO, Takagi group diffusion in a deuteron glass
Rbg 5NDy5D,PO,4. The results obtained by 2D 3lp exchange NMR prove the
validity of the Slater-Takagi ice rules and allow for the direct determination of
the correlation time for the unpaired Takagi group visits to a D,PO, group. Their
experimental method is based on the fact that *'P chemical shift tensors
discriminate among different H,PO, configurations.

2.4.2.1. Low temperature properties of proton and deuteron glasses  Solid solutions
of hydrogen-bonded FE and AFE crystals such as Rb;_(NHy4),H,PO, form in a
certain concentration range a glassy phase, where no macroscopic symmetry
change occurs on cooling down to the lowest temperatures reached. It is usually
assumed that the motion of the protons or deuterons in the double-well O-H---O
potentials is randomly frozen out at low temperatures implying a static quenched
disorder characteristic of orientational glz;ls,sees.38’39

In view of the fact that specific heat measurements*’ show the presence of
dynamic disorder and possible quantum tunnelling at low temperatures. To check
this hypothesis, Blinc et al.* have performed a site-specific search for this motion.
Deuteron intra-H-bond motion seemed to be the most likely candidate for this
kind of dynamic disorder. Blinc et al.*! have measured ¥Rb, deuteron SLR time at
low temperatures, as well as performed a 2D deuteron exchange NMR experiment
on the O-D- - -O deuterons in D-RADP and Rbg ¢g(NDy)g.3.D,AsO4 (DRADA-32).

At lower temperatures, the A’ —B and A< B’ intra-H-bond exchange time
becomes low on the NMR time scale so that we are in the slow motion regime
(4w>>1). The deuteron NMR frequency now depends on the instantaneous value
of the pseudo-spin S/

Vi =Vo+ vy + V1SiZ (10)

Here, the information on deuteron motion can be obtained by 2D exchange
NMR*' where the observation window-determined by the mixing period
(Figure 2)—for intra-H-bond exchange is extended by five orders of magnitude
into the 10>-10° s region.

When no chemical exchange between two physically non-equivalent sites A
and B takes place, one finds in such an experiment in the w;—w, plane only
diagonal peaks at positions waa—wgp. If however chemical exchange does take
place, cross-peaks appear at wag-wpa A positions.

The X-bond O-D—O, 2D deuteron exchange NMR spectrum in DRADA with
x=0:32 at 40 K is shown in Figure 3 at mixing times t,,; =10 and 30 s. Cross-peaks
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are clearly visible at t,,;x=10s and become as strong as the diagonal peaks at
tmix =30 s. From the time dependence of the relative intensities of the cross-peaks

I tmi
R =-4B — tanh <ﬂ> (11)
IAA Texch

Their measurements showed 7o nx15s at 45K and 236 s at T=24 K. This
demonstrates that dynamic intra-H-bond deuteron disorder O-D- - -O < O---D-O
is still present in DRADA at low temperatures in the glassy phase. A measure-

RF-pulse

t1 texch t2

I

Preparation Exchange Observation

Figure 2 Radio frequency pulse sequence for a 2D deuteron exchange NMR experiment.

DRADA-32
T=40K
thix=10s ?
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40 30 20 10
/27 (kHz)

Figure3 2D O-D---O deuteron exchange NMR spectra of DRADA-32 at T=40 K for t,,=10 and
30 s. In addition to the diagonal peaks, the O-D- - -O < O- - -D—O exchange cross-peaks are clearly
visible.
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ment of the temperature dependence of the intensities of the O-D- --O deuteron
lines relative to (NDg);_»(KI), with x=0.2 showed that no intensity is lost
between 100 and 20 K so that in 7¢q, all O-D---O deuterons move from one
equilibrium site in the H-bond to another (A < B).

2D deuteron exchange NMR and 87Rb SLR time measurements in (DRADA-32)
PGs show that the O-H---O dipoles are not completely frozen out at low
temperatures but show dynamic features characteristic of incoherent tunnelling.
RADP and D-RADP are thus quantum glasses. A comparison of W, ' SLR
rates show that minima occur at 90 K for D-RADP-42, whereas at 25K for
RADP-50, thus demonstrating the tremendous isotope effect in the intra-H-bond
dynamics.

Specific heat measurements® indicate that the assumption of static frozen
glass disorder at low temperatures may be too restrictive and that the intra-H-
bond hydrogen motion may still persist in the form of quantum tunnelling.
To check this hypothesis, 2D deuteron NMR and 87Rb and ?H SLR measurements
were carried out at low temperatures. With site-specific NMR measurements, it
was also hoped to identify the microscopic nature of the “‘two-level” states which
determine the low T glassy properties of these systems.

A Q
:é, TA:\I{—B—7 TQ:E (12)

In Figure 4, the local-polarization distribution W(p) is shown as a function of
p at zero temperature for a fixed RF variance 4/J*=0.1 and various values of Q /
J=To/Tc=2,12,1and 0.75. Whereas W(p) is single peaked for cases I, II, and III
(i.e. at large Tq/Tg), it becomes double peaked in case IV where Tq/Ts<1. The
decrease of Q has here a similar effect on W(p) as the decrease in temperature in
the RB-RF model without tunnelling.
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Figure 4 Local-polarization distribution W(p) at zero temperature for a fixed RF variance
A/J*=0.1and various values of the tunnelling frequency Q/J=T,/T;=2 (I)1.2 (11),1 (111}, and 0.75 (IV).
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Blinc et al.** have carried out studies on the temperature and angular depen-
dence of the ND, deuteron using FT NMR spectra for a series of mixed
Rb;_+(NDy),D,POy single crystals at 42.462 MHz. The temperature dependence
of the ND, deuteron NMR line shape shows a doublet spectrum between 290 and
158 K. They have observed acid deuteron freeze-out for above T in the title
compound and the results are interpreted as a result of RF smearing induced by
substitutional disorder which acts as a ordering field conjugate to the Edwards—
Anderson spin-glass order parameter and induces a finite value of the order
parameter far above the nominal transition temperature Tg. This results in a
random gradual O-D---O deuteron freeze-out which in turn produces a broaden-
ing of the NMR line.

¥Rb (¥4— —%) NMR spectra were measured by Blinc et al’® in
Rbyg.45(ND4)o.55D,PO4 by FT of the off-resonance spin echoes of the above single
crystal. The 8Rb magnetization recovery was found to be describable by a
“stretched”” exponential recovery function, while in pure RDP it was single
exponential, for the same orientation of the crystal. The shift of 87Rb T; minimum
from 30 K in the un-deuterated system to 90 K in the deuterated one demonstrates
the importance of the H-bond dynamics in the transition. The t values deduced
from the fit show a tremendous slowing down of the deuteron intra-bond motion
from 10~ s at room temperature to more than 10~2s at 30 K that dominates the
87Rb as well as the freezing dynamics. The formation of quasi-static, randomly
oriented, locally polarized clusters is best seen from the asymmetry of the inho-
mogeneous 8Rb (Y2 — —14) line shape (Figure 5A) for c||Hy. The observed asym-
metry of the line shape shows that the principal source of line broadening is static

A
= Experiment
g — —— Theory
50kHz
—
B 9(p)
T=140K
-0.5 0 0.5
P

Figure 5 (A) ®Rb (2 — —15) NMR line shape for c||Ho and T=140 K. The solid line represents the
fit to theoretical expressions. (B) Static and quasi-static RF distributions g(p) deduced from
inhomogeneous ®’Rb line shape.
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on a T, time scale. The obvious explanation is that nuclei in differently polarized
clusters have different resonance frequencies and that ergodicity is broken on the
NMR time scale as p is non-zero. The distribution of resonance frequencies f(v) is
then simply related to the spatial distribution g(p) of static RFs (Figure 5B).

Thus, ¥Rb NMR studies on Rbg 45(NDy)g55D,PO;, reveal that the deuteron
““pseudo-spin-glass’ transition is just not a simple kinetic slowing down process,
but due to a gradual condensation of randomly polarized clusters. The results
provide novel information on the temperature dependence and distribution of
local RFs and their dynamics. Further, the NMR data suggest that the “pseudo-
spin O-D-O deuteron intra-bond motion determines freezing dynamics.

fv)dv =g(p)dp (13)

2.4.3. Rb;_,(NH,4),H,AsO, systems

Sobol et al.® have measured proton SLR time (T;) in Rb; _,(NH,),H;AsO, systems
in the range 100—-4.2 K. Magnetization recovery was found to be non-exponential
in the entire range of temperature. The MR data fit to a stretched exponential
recovery and the exponent o was found to be temperature dependent implying
broadening of the distribution of microscopic correlation times p(t') with decreas-
ing temperature.

It is not clear, whether the experimentally observed random local freezing of the
deuterons in the O-D---O bonds in deuteron glasses corresponds to a true thermo-
dynamic phase transition or whether one deals with a dynamic phenomenon which
only seems static because of the finite observation time of the experimental techni-
ques. The recently observed*” splitting between the field-cooled and zero-field
dielectric susceptibilities below an instability temperature T seems to speak for the
occurrence of an Almeida-Thouless-like thermodynamic phase transition in deu-
teron glasses. It is well known that 1D NMR and EPR allow a direct measurement of
the Edwards—Anderson order parameter gz only on time scales of 10~ °~10~ ® s and
2D exchange NMR possibly seems to be a better technique for such slow motions.

An important open question regarding PGs, in general is that whether in these
systems one deals with an equilibrium phase transition or with a metastable
kinetic phenomenon observed because of the finite experimental observation
time. It is known that on the frequency observation scales of SLR and line shape
studies (10°~10° Hz), the deuteron/PG phase appears static. But 2D exchange
NMR extends the frequency of observation window into the millihertz region.
Dolinsek et al.” have measured (1) Proton and deuteron SLR time (2) *D exchange
NMR O-D-O deuteron study in Rbg ¢g(ND4)o 32D2As04 single crystal to verify the
random pseudo-spin Ising model, namely the O-H-O bonds are the elementary
reorientable two position dipoles. They determined O-D---O deuteron intra-bond
exchange time Texch in Rbg ¢s(NDy)o .32 D2AsO; as a function of temperature. They
have detected very slow fluctuations in the H-bond double minimum potential
which averages out the H-bond asymmetry and the glass order parameter to zero
at long-enough times. They have concluded that the glass state in PGs is not a
thermodynamic long-lived state but a kinetic phenomenon.
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Blinc et al."” have reviewed the present understanding of two recent advances
in proton and deuteron glasses namely, (a) the determination of gga and W(p) in
the “weak substitutional disorder’” limit (J,>]) via ”>’As NQR and NMR and
(b) the application of 2D “exchange” deuteron NMR to the study of deuteron
inter- and intra-bond transfer rates in deuteron glasses on time scales 1-103s.

Blinc et al.'” have performed 2D exchange NMR experiments to find the direct
determination of intra- and inter-H-bond deuteron exchange in Rbyg ¢5(IND4)o 32
D,AsO,, containing the case that the two sites, between which exchange takes
place, giving rise to clearly resolved distinct absorption peaks. The results agree
with the basic predictions of the random bond RF Ising pseudo-spin model of
deuteron and PGs.

2.4.4. Ki_,(NH,),H,PO, systems

In order to fully understand these systems, Kannan et al.'' have taken up detailed
investigations in the mixed systems composed of FE potassium dihydrogen
phosphate (KDP) and anti-ferroelectric ADP. The results of the investigations
carried out in these mixed systems (NH,),K;_,H,PO4 (KADP) for x=0.25, 0.49,
0.61, using "H NMR SLR time measurements as a function of temperature down to
4.2 K. Their T; experiments have revealed, apart from the T; minimum due to the
ammonium group reorientation at higher temperatures, additional T; minima at
low temperatures. Further, they have found that the nuclear magnetisation recov-
ery follows a stretched exponential on decreasing the temperature of the sample,
which is a typical characteristic of glassy systems.** Surprisingly, they found that
on further cooling, at very low temperatures (T <20 K), the nuclear magnetisation
recovery tends to become single exponential.

2.4.5. Rbg;Tlo3H,PO,
Wu et al.'? have investigated PG behaviour in Rbg ;Tly ;H,POs—using 205T] and
87Rb NMR. A solid solution of FE RbH,PO, and AFE TIH,PO, (TDP) with x=0.3
has been prepared to look for substitutional disorder of Rb" ions by TI" ions.
Thallium-doped RDP system shows a PG behaviour around 50 K, exhibiting a T;
minimum in thallium NMR. This indicates the tremendous slowing down of
proton intra-bond (O-H-O) jump motion. They also observed an onset of PG
behaviour (progressive freezing) starts around 147 Kitself, revealed as a deviation
of thallium T; as well as the appearance of double exponential magnetization
recovery of ¥ Rb NMR. The high value of T; observed in thallium system shows
that magnetic dipolar interactions are responsible for relaxation in this system in
contrast to RADP system which is quadrupolar in nature.

8Rb NMR showed a single exponential recovery of magnetization. T} initially
started decreasing with decreasing temperature and exhibited a shallow mini-
mum at about 147 K, on further cooling below this temperature, the magnetization
recovery showed a double stretched exponential with intensity ratio of 45:55. This
demonstrated the existence of two *’Rb sites with a spatial inhomogeneity result-
ing in a cluster distribution.
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2.4.6. Betaine phosphate/phosphate mixed crystals (protonated)

Blinc and co-workers have extensively studied, the disordered systems RADP and
RADA and to a much lesser extent KADP and KADA and their deuterated
analogues®**** using *H and *Rb NMR. In these systems, O-H---O bonds
form a three-dimensional (3D) network of hydrogen bonds connecting the phos-
phate tetrahedra. On the other hand, in the BP-BPI family, the H-bonds linking
the phosphate or phosphite groups, form quasi-1D chains, resulting in highly
anisotropic characteristics. The reduced effective dimensionality of the dipolar
coupling has also stimulated considerable theoretical interest in the BP-BPI family.
Thus, disordered systems like BPL;_,)BP,, prepared from a combination of FE and
AFE compounds, are very interesting to investigate, particularly, to know how
structural (site-specific) or orientational disorder may affect the dynamics of the
proton groups, as a function of temperature. The underlying microscopic random-
ness due to local fluctuations of composition can result in static lattice strains which
can have notable effect on the SLR time as observed in NMR experiments.**

Mixed systems made from a combination of FE and AFE compounds exhibit
various effects of disorder in different temperature regions, and the type of effects
observed depend on the technique and the window of observation employed.
Dielectric studies®®*® in BPL;_,BP,, with H-bonded networks, have revealed
deviations from Curie-Weiss law, a progressive broadening of dielectric loss
curves and dispersion of dielectric constant at sufficiently low temperatures,
which were ascribed to the gradual freezing of the O-H-O dipoles in random
orientations. These systems are interesting to investigate, particularly regarding
the effect of structural (site-specific local variations) or orientational disorders
on the dynamics of proton groups as a function of temperature. In these systems,
inter-proton magnetic dipolar interaction, modulated by the internal motions—
both classical reorientation as well as quantum rotational tunnelling is largely
responsible for the proton SLR and '"H NMR SLR is therefore an appropriate
technique to study the dynamics of symmetric proton groups like CHj, trimethy-
lammonium (TrMA), etc. in the presence of disorder.

In this section, we have discussed BPI;_,)BP, and its deuterated analogues.
Other system which is taken up for study is BP.,GPIL;_,, where BP is AFE and GPI
(glycine phosphate) is FE. In contrast to BPI;_,)BP, system, one can expect severe
deviations as both cation and anion are different and also their cell dimensions
also have quite a bit of mismatch.

Ramanuja et al.'* have carried out proton NMR relaxation measurements in
AFE betaine phosphate (BP), FE betaine phosphite (BPI) and the mixed system
BPI(;_,BP,, at 11.4 and 23.3 MHz from 300 to 80 K for x=0.0, 0.25, 0.45, 0.85, and
1.0. The temperature dependence of SLR time T; exhibits two minima as expected
from the BPP model in parent compounds BP and BPI. The Larmor frequency
dependence of T; in the mixed system is rather unusual and exhibits different
slopes for the low-temperature wings at the two frequencies, which is a clear
experimental evidence of the presence of different methyl groups with different
activation energies (E,) indicating disorder.

'H SLR time (T;) measurements'* have been extended to much lower tem-
peratures (1004 K) in BPI;_,)BP,, in the same frequency range to study the
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effects of disorder. The T; data have been analysed following Lourens” model,
which show a gradual transition from classical reorientations to quantum tunnel-
ling motions. At lower temperatures (when thermal motions become too slow),
differences (due to disorder) in the local environments of the reorienting groups
result in a distribution in the activation energy (E,) and the energy gap of the
ground to the first excited torsional level (Eg;). Below 50 K, the system moves into
the quantum tunnelling regime and the magnetization recovery shows biexpo-
nential behaviour which is another signature of disorder.

Proton NMR relaxation measurements have been carried out by Ramanuja
et al.’® in the mixed system of AFE betaine phosphate (BP) and FE glycine phos-
phate (GPI), BP,GPI;_, at 11.4 and 23.3 MHz from 300 to 100 K for x=0.3, 0.4,0.5,
0.6, 0.7 and 0.8. The temperature dependence of SLR time follows the BPP model
in the parent compounds, while the Larmor frequency dependence of T in the
mixed system is rather unusual. The T; curve exhibits different slopes for the low-
temperature wings at the two frequencies, which is a clear experimental evidence of
the presence of different methyl groups with different activation energies (E,),
indicating disorder. For x=0.3 and 0.4, biexponential recovery of magnetization
has been observed below 190 K, showing that the degree of disorder varies with
the concentration. The temperature dependence of relaxation time data has been
interpreted in terms of NHj, trimethylammonium and methyl group reorientations.

The 'H NMR T, study15 of mixed systems of BP,GPI;_, in the temperature
range 300 > T >100 K shows the following features. In all these mixed systems, the
T; dependence on temperature does not show the expected features of the BPP
model of relaxation. The activation energies of the NH;, TrMA and CHj; groups
exhibit a distribution with concentration and Larmor frequency. These observa-
tions are attributed to the presence of disorder in the mixed system varying as a
function of the relative concentrations. In the concentrations 0.3 and 0.4, the
magnetization recovery becomes non-exponential below 190 K and two values
of T, viz. a short T1g component corresponding to the mobile set of protons and
along Ty;, component corresponding to the non-reorienting set of protons, were
observed, which is ascribed to disorder.

'H NMR SLR time (T;) studies'® in (BP,GPI(;_y)) have been extended down to
low temperature range 1004 K, at two Larmor frequencies 11.4 and 23.3 MHz.
Analysis of T; data indicates the presence of a number of inequivalent methyl
groups and a gradual transition from classical reorientations to quantum tunnel-
ling rotations. At lower temperatures, microstructural disorder in the local envir-
onments of the methyl groups, results in a distribution in the activation energy
(Ea) and the torsional energy gap (E(). For certain values of x, the magnetization
recovery shows biexponential behaviour at lower temperatures.

2.4.7. Betaine phosphate/phosphate mixed crystals (deuterated)

1D NMR parameters such as SLR time and line shape measurements give infor-
mation about the dynamics of the intra-bond O-H-O motion along with reorien-
tational motion of symmetric groups in the dipolar glasses. However, the
information obtained from such studies is limited hence reports of such studies
are meagre. In the corresponding deuterated analogues much more information
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can be obtained as quadrupolar interactions being electrostatic in nature, are
sensitive to the effects of electric dipolar disorder (orientational disorder).

With this in view, 1D and 2D ?H NMR measurements on selected single
crystals of DBP;_,DBPI, mixed crystals, were performed by Totz et al.'” in order
to study the static and dynamic behaviour of the deuterium atoms in the hydro-
gen bridges and in the methylene groups. In the 2H NMR spectra of the mixed
crystals, it is possible to distinguish between DBP and DBPI molecules. Further-
more, for all deuterons the EFG tensors could be determined. A characteristic
dependency of the high-temperature phase transition on the phosphate concen-
tration x was derived from the changes of the 1D ’H NMR spectra. Authors
suggested a model, which describes this dependency qualitatively, underlines
the anti-ferrodistortive character of this transition. Furthermore, from the line
shape variations, the occurrence of processes of exchange between several deuter-
ons, including DBP and DBPI molecules, was concluded. The presence of
exchange between different molecules in the chains was confirmed by means of
analyzing the cross-peaks of 2D 2H NMR exchange experiments. The observation
of this charge-transport process along the chains from the microscopic point of
view is very important for the understanding of electrical conductivity processes
in these crystals.

The 2D deuterium NMR exchange spectroscopy is applied to study18 the
hydrogen mobility in partially deuterated mixed crystals of betaine phosphate
(DBP) and betaine phosphite (DBPI), DBP;_,DBPI,. In these crystals, chemical
exchange processes of deuterons between different hydrogen bridges occur which
are studied by the 2D °H NMR technique over a wide temperature range in the
slow-exchange regime. For the case of DBP,_,DBPI, with several deuteron sites
taking part in the exchange, the analysis of the quantitative exchange behaviour
required a combination of time-domain analysis of our 2D NMR data with
mixing-time and temperature-dependent measurements. Different exchange
rates for each two-site exchange, all showing Arrhenius behaviour, were obtained
for DBP, 3DBPI, ;. For crystals with different phosphite concentration x, the dif-
ferences towards DBP(;DBPI,; were established. A good correlation between
NMR results with conductivity data (from dielectric measurements) was drawn
and an estimation of charge carrier densities was made.

3. NMR STUDY OF RELAXOR FERROELECTRICS

There are many questions about relaxors. Are they similar to dipolar glasses
where elementary dipoles exist on the atomic scale or is the relaxor state indeed
characterized by the presence of nanosized polar cluster of variable sizes and
orientations.

Relaxor ferroelectrics®’ ™ (RFEs) have attracted considerable attention in
recent years due to their unusual physical behaviour. Relaxors are technologically
important as transducer/actuator materials. Relaxors are intermediate between
dipolar glasses and classical FEs and exhibit both substitutional and charge
disorder. They exhibit very large dielectric, piezoelectric, and electromechanical
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responses and hence are technologically important for many applications**® such

as capacitors and piezoelectric devices.”® The key to the understanding of the
nature of relaxors is their local structure. At any temperature between 1000 and
4 K the average symmetry of PMN, for instance, is cubic. This is true even on the
micrometric scale. Experiments on the nanometric scale have however, shown
that the local structure is different from the average structure. Burns et al>!
suggested that randomly oriented polar nanostructure appears below 925K.
Very little is known about the microscopic nature of these nanoclusters. Unlike a
normal FE, the dielectric constant of an RFE exhibits a high peak, over a broad
temperature range, with strong frequency dispersion; which clearly indicates
relaxation processes at multiple time scales.> Their common feature is site and
charge disorder as different cations with different charges and ionic radii ran-
domly occupy equivalent lattice sites. They exhibit strongly dispersive giant
dielectric and electrostrictive anomalies at T,,, but in contrast to normal FEs no
symmetry change down to 0 K. Hence, they do not exhibit regular FE phase
transitions. Thus, relaxors are substitutionally disordered complex perovskites.

Substitutional charge disorder in FEs giving rise to quenched electric RFs is
probably at the origin of their relaxor behaviour.> Fluctuating polar nanoregions
(PNR) in the paraelectric regime are related to the spatial fluctuations of the RFs.
Meta stable pinned nanodomains in the FE regime are at the origin of non-Debye
dielectric response, non-exponential relaxation, ageing and memory effects.

In analogy to spin glasses and dipolar glasses, they also show a great difference
between the field-cooled and zero-field cooled susceptibilities demonstrating
breaking of ergodicity. Their behaviour seems to be determined by ‘“‘polar
nanoclusters” embedded into a neutral matrix. NMR study of these relaxor
systems is expected throw light on the question, whether, the relaxor transition
is a transition to a dipolar glass state or FE state broken up into nanodomains due
to quenched RFs.

A number of important questions, however, still remain open. The first is
which ion displacements Pb or Nb/Mg/Sc are responsible for the formation of
polar regions? What is the nature of non-polar matrix into which polar clusters are
assumed to be embedded? Are the polar clusters and the non-polar matrix
dynamic or static entities? Another still open important problem in PMN relaxor
is related to microscopic inhomogeneities in the site occupancy of the Mg>" and
Nb®* cations and their role in the formation of the polar regions. An existence of a
1:1 Mg/Nb ordered microregions is still discussed in literature. Since the 1:1 Sc/
Nb chemical order in PbSc;,,Nb;,,05 really exists, a comparative study of the
high-temperature local structure of these two relaxors is of interest.

It should be stressed that the diffraction methods do not provide complete
characterization of lattice distortions and ionic shifts in relaxors due to the com-
positional disorder of these materials and nanometric scale of polar order. Thus,
local methods such as magnetic resonance and, in particular, NMR can be
extremely useful in this case. In NMR experiments, the nuclei are sensitive to
their local environment at a distance less than 1-2 nm. In addition, NMR operates
at a much longer time scale (10°~10° s) in comparison with the neutron or X-ray
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methods that also provide the possibility to distinguish between static and
dynamic ion shifts.
The systems and their abbreviations used for RFE are as follows:

PbSCl/sz1/203 PSN
Png1/3Nb2/3O3 PMN

(1 fx)Pb(an/3Nb2/3)03:beTiO3 PZN:PT
Pb(SC1 /2T81/2)03 PST
erBal,be206 SBN

Tetragonal tungsten bronze oxides

Tinte et al.>* have reviewed the literature on FE relaxors. It is generally
accepted that RFE properties are associated with an intrinsic local structure of
PNR,”° the precise nature of which remains controversial. Phenomenological
models for solids with random chemical disorder show how local dipole moments
(e.g. o-centered ions) in a polarizable lattice can lead to relaxor behaviour,” but do
not address nanoscale short-range chemical order that enhances relaxor proper-
ties in the important family of Pb(B,B'(1_.))O;3 perovskites.58 Previous simula-
tions™® of microscopic models for PSN and PMN indicated a very strong
spatial correlation between PNR and short-range chemically ordered regions,
but no conclusive evidence of a relaxor state was found; for example, the Burns
temperature®' T was not located.

Tinte et al.”* have carried out molecular dynamic simulations of first-principles
based effective Hamiltonian for PSN under pressure and of PMN at ambient
pressure that clearly exhibit a relaxor state in the paraelectric phase. Analysis of
the short-to-medium range polar order allows them to locate Burns temperature
Tg. Burns temperature is identified as the temperature below which dynamic
nanoscale polar clusters form. Below Tj, the relaxor state characterized by
enhanced short-to-medium range polar order (PNR) pinned to nanoscale chemi-
cally ordered regions. The calculated temperature—pressure phase diagram of
PSN demonstrates that the stability of the relaxor state depends on a delicate
balance between the energetics that stabilize normal ferroelectricity and the aver-
age strength of quenched “random’” local fields.

3.1. Lead magnesium niobate PMN

Lead magnesium niobate, PbMg; ,3Nb,,303 PMN, is probably the best investi-
gated relaxor crystal. Salient features observed in this system are (1) it displays
high dielectric permittivity over a broad temperature range with a significant
frequency dispersion (¢'=220,000 at T,,~265 K) and (f=1 kHz) and giant electro-
striction.*8 Contrary to normal FEs, such anomalies are not directly linked to a
structural phase transition but related to relaxational processes. Indeed X-ray and
neutron-diffraction studies in PMN showed no evidence for a structural phase
transition down to 5 K; the symmetry remains cubic on an average, at all tem-
pera’cures,62 contrary to the PbSc;,oNb;,,03 PSN relaxor, which undergoes a
spontaneous cubic-thombohedral phase transition at Ty, ~355 K.®*** Structural
refinement results have shown that the local structure is different from the
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average cubic one for both of the relaxors, and even at T>> T,. For instance, Pb>*
ions are randomly shifted below ~650 K, that is, far above T 25%* At this high
temperature, the optic index of refraction n(T) deviates from a linear temperature
dependence as it was first evidenced by Burns and Dacol.”® They assumed that
this unexpected high-temperature deviation arises from small, randomly ori-
ented, very local regions of non-reversible polarization that begin to appear
with in the otherwise non-polar crystal structure below T4, which is called the
Burns temperature. The formation of PNR was also confirmed by observation in
the PMN X-ray and neutron diffuse scattering that appears below T4.5>

Since the first synthesis67 of the classic PbMg;,3Nb,,303; (PMN) material in
1961, relaxor FEs have been the subject of ongoing experimental and theoretical
investigations due to their fundamental scientific interest and their importance in
technological applications such as capacitors and piezoelectric devices.”® Relaxors
exhibit a wealth of interesting physical phenomena, which first appear at the
so-called Burns temperature (Tp) significantly above the Curie temperature T..
Most prominently, below T, relaxor systems display a deviation of the inverse
dielectric constant (1=) from the Curie-Weiss law®® [Figure 1(a)] as well a strong
dependence of the frequency. Microscopically, modelling of the frequency depen-
dence has revealed a wide range of relaxation times and divergence of the longest
relaxation times close to Tc.ég’ Y Since the landmark paper of Burns and Dacol,®!
these effects have been ascribed to the appearance of PNR at the Burns tempera-
ture and their subsequent growth as the temperature is lowered. The PNRs are
postulated to consist of groups of many correlated dipoles that move together
slowly and would explain the long relaxation times that are observed.>>”!
Grinberg72 has reviewed the literature on PMN relaxor. Despite the intense
research, the structure and dynamics of PNR and the relaxor phase in general
on an atomistic level remain poorly understood.

The **Nb and *°Sc NMR spectra in PbSc; /,Nb; ,,03 (PSN) and PbMg; /3Nb, /303
(PMN) disordered relaxor FEs at the temperature T > T,,, where T, <~ 355 and 265 K
for PSN and PMN respectively, have been studied by Laguta et al.” Spectral
analysis was performed on the base both of the analytical description of NMR
lines shapes, allowing for homogeneous and inhomogeneous broadening related
to a random distribution of the EFGs and numerical Monte Carlo method taking
into account EFGs originated from random distribution of Mg, Sc and Nb ions
(which may be shifted or not) over B-type cation sites. The observed Y2« —%
transition spectrum of the “Nb and *°Sc nuclei in the PSN was shown to contain
a narrow (3—4 kHz) almost isotropic part and a broad strongly anisotropic part.
These two components of NMR spectra are related to 1:1 Sc/Nb ordered and
compositionally disordered regions of the crystal, respectively. It was shown that
in the disordered regions Sc®*, Nb°+ and O* ions are shifted from their cubic
lattice sites in one of three possible directions. On the contrast, in PMN the NMR
spectrum of ’Nb contains practically only the broad component. The portion of
unbroadened spectrum that may correspond to ideal 1:2 regions accounts only for
1-2% of the total integral intensity. No evidence was obtained about existence of the
1:1 regions in PMN. The NMR data demonstrate that in PMN the cubic symmetry
at T>T,, is locally broken due to ions” shifts similar to that in disordered PSN.
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The values of the ion shifts were estimated in the point charges point dipoles
approximation of the EFGs calculation both in the PSN and PMN.

Probably” the primary cause of RL behaviour is the electric charge disorder
giving rise to quenched RFs. Their fluctuations are at the origin of polar nanodo-
mains, which create disordered domain states upon cooling provided that the
order parameter has continuous symmetry.”> A remarkable exception is 3D uni-
axial systems, whose ground state is ordered as expected for the RF Ising model
(RFIM) system. They are expected to reveal new criticality due to a T=0 fixed
point’® and strongly decelerated critical dynamics.”” In the archetypical solid
solution PbMg; ,3Nb; /305 (PMN),”® no RFIM criticality is observed due to the
high pseudo-spin dimension of the order parameter, P, which might be described
by an eight state Potts model.”” Very probably the low-T ground state is a glassy
one as described within the mesoscopic spherical random bond RF (SRBRF)
theory.*

Blinc et al.”' have carried out **Pb NMR in an electric field. They have
observed separately the anisotropic **’Pb spectra of FE like polar clusters and
isotropic spectra of spherical glass matrix into which the polar clusters are
embedded, confirming the model proposed by Burns and Dacol. They concluded
that PMN to be an incipient FE.

3.2. Uniaxial relaxors—strontium barium niobate

Strontium barium niobate (SBN) is a prototypical relaxor system, which belongs to
the tetragonal tungsten bronze oxide family. Cubic relaxors like PbMg; ,3Nb; /303
contain fluctuating PNR in the paraelectric regime, which are related to the spatial
fluctuations of relaxor FEs which destroy the FE phase transition and give rise to a
glassy state, while, uniaxial systems like Sr;_.Ba,Nb,O4 exhibit RFIM behaviour
with non-classical critical exponents, for example a:~0.

The uniaxial RL crystal Srg ¢1—CeyBag 30Nb,Og (SBN61:Ce, 0 <x <0.02) with its
two-component polar order parameter fulfils the conditions of a ferroic RFIM.*'
At temperatures T>T,. polar precursor clusters have been evidenced for
example by linear birefringence®™ and susceptibility® experiments. After
freezing into a metastable domain state at T<T., nanodomains with a fractal
size distribution have been observed using high resolution piezoresponse force
microscopy.®*

There are always questions about relaxors, that whether, the relaxor transition
is a transition to a dipolar glass state or FE state broken up into nanodomains due
to quenched RFs.

The relaxor transition in cubic perovskite relaxors (PMN, PSN and PST) and
tungsten bronze relaxor (SBN) has been studied by NMR.** The observed spectra
consist of a narrow %2« —% central transition superimposed on a broad back-
ground due to satellite transitions. The chemical heterogeneity, responsible for
relaxor properties is reflected in the structure of the central transition part. The
latter is composed of two components, one due to ordered and the other due to
disordered regions. Despite of the fact that the macroscopic symmetry does not
change when relaxor transition occurs, a non-zero quadrupole coupling constant
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determined from NMR clearly demonstrates the broken local symmetry by form-
ing nanodomains due to quenched fields. Thus NMR study in these relaxors
clearly shows that they do not exhibit regular FE phase transitions, but their
behaviour seems to be determined by “polar nanoclusters” embedded into a
neutral matrix.

“Nb NMR investigations relaxor FE PMN at 450 K have been studied by
Glinchuk et al.%¢ The peculiar features of the observed NMR lines are wide
shoulders and a very narrow central peak, the line shape being strongly asym-
metrical in the case of B||[001] and practically symmetrical for B||[011]. The
analytical description of NMR lines, allowing for homogeneous and inhomoge-
neous broadening related to a random distribution of the EFG has been per-
formed. The fitting of the theory and observed line shapes had shown the
existence of microregions with (001), (011) and (111) ion shift directions.

The temperature dependence of the Edwards—Anderson order parameter gga
and the local-polarization distribution function W(p) have been determined in a
PMN single crystal using 2D-Nb NMR by Blinc et al¥ A glass like freezing of
reorientable polar clusters occurs in the temperature range of the diffuse relaxor
transition, whereas the NMR spectra corresponding to pinned nanodomains do
not change with temperature. The obtained form of W(p) as well as the tempera-
ture dependence of ggs can be well described by a newly proposed spherical
random bond-random field (SRBRF) model of relaxor FEs.

4. CONDUCTING POLYMERS

4.1. Disorder in conducting polymers

Charge transport in CPs is dictated by a variety of phenomena that is generally
accounted as due to the disorder. The main sources of disorder in CP are sp”
defects in the chain, chain ends, chain entanglements, voids, morphological and
doping defects.®® CPs are partially crystalline and partially amorphous, the
volume fraction of the crystalline regions and the size of the crystalline coher-
ence length play a dominant role in the charge transport. In general, the disorder
induced localization plays a dominant role in the transport properties of CPs.
Furthermore, the extent of disorder, depends on the parameters controlled in the
preparative conditions of CPs, which depends on various methods of synthesis
like casting films of molecules with high molecular weight from the solution,
electrochemical deposition of polymer chains from solution of monomers, evap-
oration of molecules and other chemical methods. Consequently, on the
microscopic level each film is different. However, by variation in synthesis
conditions like temperature, current control in case of electropolymerization,
solvent and spin casting conditions, give a handle to control the extent of
disorder and consequently, the macroscopic transport properties in these sys-
tems (Figure 6).
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Figure 6 Disorder in conducting polymers.

4.2. Charge transport in conducting polymers

Even though these materials are being studied from over two decades, there are
many questions about, the nature of charge carriers and the dimensionality of
electrical conduction.

Charge transport studies in CP as a function of temperature, and magnetic
field have given lot of insight into the conduction mechanisms. A charge carrier
population in these systems can do one of the following processes, depending on
the temperature. At high temperatures, they get thermally excited and move from
trap to the free band, with an activation energy equal to the traps-“free” band
difference. At low temperatures, they can perform Variable Range Hopping
(VRH), and at much lower temperatures, when the thermal energy is not enough
for VRH, they may tunnel between localized states.

The M-I transition in doped CPs is mainly governed by the extent of disorder,
inter-chain interaction and doping level.***° It is well known that disorder poten-
tials can localize the electronic states. If the random component of the disorder
potential is large with respect to the bandwidth, then the localization of electronic
wave functions can occur. In the presence of strong disorder, the overlap of the
wave functions drops off exponentially and the system moves towards the insu-
lating regime.

In CPs both fibrillar and globular morphologies have been observed. In fibril-
lar morphology, the chains are extended; as a result, it is possible to have deloca-
lized states along the chain length. In globular morphology, the chains are coiled
up, which tends to localize the electronic states and favours the formation of
granular-type material. Since CPs are partially crystalline and partially amor-
phous, the volume fraction of the crystalline regions and the size of the crystalline
coherence length play dominant roles in the charge transport.

The electronic wave functions in the crystalline domains are delocalized with
respect to that in amorphous region. If the volume fraction of crystalline regions
exceeds 50% and wave function of the delocalized states overlaps quite well, then
the system “’sees’” only an averaged-over disorder potential; moreover, in this
case, some metallic features can be observed.®’ On the other hand, when there are
large-scale inhomogenities, as in amorphous regions, granular regions, metallic
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islands, etc., then the random fluctuations in disorder potentials are high. As a
result, the intrinsic metallic features are suppressed and the system moves
towards the insulating regime. In general, the disorder induced localization
plays a dominant role in M-I transition and in the transport properties of CPs.®*%

CPs are distinguished from other polymers because they posses sp> hybridized
backbone. They are important because of their light weight, easy processibility and
electrical properties of metals. Further, their use in making devices such as LED
and molecular detection make their study more important.*** Application of
conductive polymers more directly linked to their conductive nature, which
depend on the doping. The conductivity will change considerably in the presence
of oxidizing and reducing environment, hence can be used as sensing elements.
PPY and PANI can be used as gas sensors for gases like NO,, SO, and H,S.
Polypyrrole (PPy) is one of the most studied CPs due to its environmental stability,
ease of fabrication and high conductivity when doped. Because PPy films expand
and contract in response to applied electrochemical potentials, they have been
proposed for use as soft actuators.”® Even though these materials are being studied
from over two decades, there are many questions about (1) the nature of charge
carriers, (2) the dimensionality of electrical conduction. CP films of the type poly-
pyrrole (PPY), polyaniline (PA), poly thiophene, poly 3-methyl thiophene (P3MT)
and many other organic conductors belong to another family of disordered materi-
als. Poly (3-alkylthiophenes) (P3ATs) show great promise as electronic and optoe-
lectronic devices such as light-emitting diodes and field effect transistors.
Particularly, the regioregular versions of P3ATs have received much attention
because they show high crystallinity and high Conductivity.91 13C NMR in P3BT
has been carried out by Yazawa et al.”' to investigate the structure and molecular
dynamics around 340 K, the phase transition temperature for poly 3-butyl thio-
phene (P3BT). They observed a shoulder signal for C4'(methyl) carbon below 33 K,
indicating the presence of at least two chemically inequivalent methyl carbons.

Even though the charge transport studies in CPs as a function of temperature,
and magnetic field have given lot of insight into the conduction mechanisms like
VRH, polarons, etc., NMR being a local microscopic probe, would give a better
understanding of the systems. A correlation between NMR data and transport
mechanism can unambiguously give a comprehensive information about the
system Many reviews related to NMR study of CPs are available for example
Kahol et al.,*? Mehring93 and Mizoguc:hi.94

In this review, we have concentrated mainly on the NMR study of these
systems. NMR being a local microscopic probe, it is expected to reveal the
information about the type of charge carriers, their dynamics and dimensionality
of motion, etc. Further, it is interesting to derive such information from NMR
observables, looking for any universality in their behaviour, etc. have been
addressed. All these polymers being organic based ones, with hydrogen being
one of the important constituent in the polymers backbone is an added advantage,
as hydrogen atom has the highest sensitivity with respect to NMR because of its
high vy (gyro magnetic ratio). Further, in addition to the hydrogen in the backbone,
there are some alkyl reorienting groups like CH3, C;Hs, etc. Fluorine is contained
in the dopant of the polymer, while "°C in some enriched samples.
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Spin dynamics methods have widely proved to be a powerful tool to study the
dynamics of polarons and thus the transport properties in CPs at the chain
scale.”®™” This is of particular interest in CP since disorder which is present at
every scale in most of them makes the intrinsic transport properties difficult to be
observed using conventional macroscopic techniques. One of these methods is
based on measurements of the nuclear SLR time, T; as a function of the NMR
frequency. Obviously this method fails when the relaxation is not exponential and
no T; can be clearly determined. Such a situation has been observed several times
in CP%%% and is generally attributed to the existence of heterogeneities. As a
matter of fact, a granular structure is invoked to account for several different
experimental data, of which inhomogeneous doping is often considered to be the
origin. Mabboux et al.'® has theoretically investigated the NMR relaxation in
heterogeneously doped CPs and found it to be non-exponential.

It should be mentioned here that there are other resonance methods like
ESR,”*1%! whose line width can be used to derive complimentary information
about the spin dynamics, which is not discussed here.

4.3. NMR in conducting polymers/organic conductors

NMR experiments on representative systems like CPs and organic conductors are
presented in the next section. Majority of the work reported in CP and organic
conductors are concentrated on doped polyacetylene (PANI), polypyrrole (PPY)
and poly thiophene (PT). But, before discussing the experimental results, it is
better to review the NMR theory as applicable to CPs/organic conductors. A brief
presentation of the same has been given here for the ready reference.

4.3.1. NMR theory for conducting polymers

There are many theories which are proposed to explain the temperature and
frequency dependence of relaxation rate in CPs and the details of which can be
obtained from any of them. However, Soda et al.'%2 has discussed it in more detail,
which is used to analyse the experimentally observed T; data in CPs with rele-
vance to the corresponding physics.

The determination of the conduction mechanism in CPs is a key missing piece
of information in the understanding of these important materials. NMR T; data
and Korringa type analysis'® of T; data can help to explore the important issues
concerning the nature of conduction mechanism. The starting point is the relaxa-
tion mechanism developed for metals (Li, Al and Cu) which is discussed in detail
in literature. NMR T data metals are interpreted in terms of the interaction of the
conduction electrons with the nucleus. There are two parts which are responsible
for such electron nuclear interaction (1) the well known contact term, (2) dipolar
interaction between charge carriers and nuclear magnetic moment. If the contact
term is the only mechanism responsible for relaxation then the 1/T; versus T
follows Korringa relation, that relates the T; to the Knight shift in metals. How-
ever, when the other interactions are present then the 1/T; temperature will show
deviations from Korringa relation. There are many possible models which have
been proposed to explain the NMR experimental data in CPs. In this section, we
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have considered some representative systems and discussed the data interpreta-
tion. Some new understanding and conclusions have been derived which are
presented.

Inherent in the derivation of the Korringa equation were assumptions of
spherically symmetric nuclear wave functions and independent electron block
wave functions. CPs are morphologically very different from metals. Spherically
symmetric wave functions cannot accurately describe the asymmetry of the sp”
hybridized polymer backbone. Furthermore, electron correlations and Coulombic
repulsions are not dealt with in the Korringa theory which make significant
contributions in CPs. NMR relaxation studies have been reported on charge
transfer comglexes such as TTE-TCNQ [Soda et al.'®?], fluoroanthene, (PFq)
[Sachs et al.'”*]. The CT complexes provide an intermediate step towards a theory
for T, relaxation in CP. The first theoretical approach to a Korringa type equation
for organic conductors was done by Soda et al. on the TTF-TCNQ system.

The ““modified”” Korringa equation can be written as
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In this equation, « is the isotropic Knight shift and Sy is the Korringa enhance-

ment factor, which takes into account the low dimensionality or anisotropy of the

conduction as well as electron correlations. Thus, Sy lumps all the complications
into one parameter and is given by
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In this expression 7, is the inter-chain hopping time and t is the phonon
scattering time along a chain. The quantity e= (d*/a?) is the ratio of the anisotropic
to isotropic contribution of the hyperfine interaction and J(w) is the spectral
density of the interaction, with w, and w, being electron and nuclear precession
frequencies respectively,
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In addition Ko(x) and Kyr(o) are given by the following equations:
1—a)
Ko(2) = (1 — a)'/2, Ko(o) = L= 17
o) = (1=, Koo =0 (17)

Korringa enhancement factor is a function of four parameters: the Coulombic
repulsion energy («), the two correlation times (7, and t;) and the hyperfine
anisotropy (€). These are fit parameters to fit T; data. For a classical metal, € and
o=0 which gives Sy=1, the Korringa result. In a highly anisotropic conduction
charge transfer complex Sy ranges from 50 to 500, indicating the a large deviation
from a normal metal.'®®
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Thus measuring the SLR time as a function of temperature gives a simple
diagnostic tool for assessing, whether the hyperfine relaxation is dominant in the
system. Similarly, the plot of relaxation rate (1/T;) as a function of Larmor
frequency (o) gives information about the dimensionality of conduction.

The spectral density function, f(w), reflects the electronic spin motion and
depends sensitively on the dimensionality of the process. For 1D diffusion,

f(w) = (1/2D || )"/ (18)

where D is the intra-chain diffusion rate.

4.4. Dimensionality and 1/T; versus frequency plot

Following the above equation it is obvious that if a plot of 1/T; versus 1/\f is
linear, the system is categorized as 1D. At low frequency, the 1D diffusion breaks
down because of inter-chain hopping and 2D or 3D behaviour is expected. In two
dimensions, f(w) displays a logarithmic divergence, while in three dimensions, it
is nearly constant. The crossover between 1D and 2D or 3D regimes occurs at
w=~D, which is the inter-chain diffusion rate.!%

The frequency dependence of NMR SLR time is a powerful method to study
the spin dynamics in CPs.'”” They reveal the microscopic dynamics of the charge
carrier, polaron or conduction electrons. Therefore, interpretation of the NMR
relaxation rate is useful, but difficult as other additional mechanisms like the
localized paramagnetic centres and molecular motions of reorienting symmetric
groups also make considerable contributions to the NMR T;.

In the same way, 1/T; versus temperature behaviour also give a wealth of
information. At all temperatures measurements on a given nucleus have values of
1/T,T that decrease with increasing field. This behaviour is different from the
frequency and field-independent behaviour associated with relaxation due to
conduction electrons in a conventional 3D metal. Clark et al.'” has carried out
1/T;T measurements in PPYPF,; and P3MT samples.

The power spectrum of the local magnetic field fluctuations shows different
features at different Larmor frequency and temperature. The interpretation of the
results is that the dominant source of these fluctuations is spatial transport of the
electrons along the polymer chains and the frequency and temperature depen-
dences reflect the details of their motions.

4.5. Method of detection

NMR being a window-dependent technique, the range of Larmor frequency plays
an important role in the study of CPs. In CPs there are many interactions which
are possible for SLR. Whenever the relaxation has contributions from additional
mechanisms such as reorientation of symmetric groups present in the dopants
such as PFg, AsF, etc. and presence of moisture then the scenario becomes more
complicated and one has to carefully analyse the data. Further, the lower fre-
quency measurements show 3D behaviour while at high frequencies the system
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shows a typical quasi-1D behaviour. These issues will be addressed while dis-
cussing the NMR results in representative systems. Generally experimentalists in
this area have used'®” Larmor frequencies ranging from 10 to 960 MHz. Many
other workers have worked from 300 K down to few milli Kelvin. Such extreme
experimental conditions are known to sort out many unresolved issues or may
lead to additional information.

4.6. Sample preparation and experimental methods

Several conjugated polymers such as polyaniline, polypyrrole and poly thiophene
have been prepared by chemical methods using doping. The electrical conductiv-
ity of these polymers has been controlled by (i) the type of dopant, (ii) the
concentration of doping, (iii) the conditions of doping (the current density, tem-
perature of reaction, etc.)

Samples are chopped into tiny pieces to avoid skin-depth problems at the
Larmor frequency. Spin echo (n/2-1-mn/2, 90° phase shifted) or free induction
decay (FID) (n—t—m/2) sequences are used for T; measurement depending on the
sample and the sensitivity of the spectrometer.

Some of the features observed in CPs are

(1) Frequency dependence of 1/T;.
(2) 1/T, versus temperature data showing deviations from Korringa-relation.

Some representative systems like CPs and organic conductors on which NMR
experiments have been conducted giving information about the dimensionality,
power law behaviour are presented in the next section.

4.6.1. NMR in CP films
Majority of the work reported in CP films are focused on doped polyacetylene
(PANI), polypyrrole (PPY) and poly thiophene (PT).

1/T, versus 1/f/? fit clearly shows the one-dimensionality of the system
deviations have been observed at low frequencies. Many such reports are
known in the literature. Even though, many experimental studies of 1/T; versus
temperature are reported, no explicit model have been proposed to explain this
data.

Nechtschein et al.'?*° have carried out a detailed study of 1/T; with fre-
quency and temperature, both in undoped and doped polyacetylene (PA). Their
data analysis shows that PA is quasi-1D system throughout the temperature range
of study, except at very low temperatures. Their analysis further, showed that, the
intra-chain diffusion follows power law behaviour, T"; n=0.65 above 50 K, and
T"; n=1.5 below 50 K. These arguments along with Sach’s model'! may result in
an empirical model for 1/T; versus temperature data in a limited range of
temperature.

Mizoguchi et al.''? also have carried experiments of 1/T; versus temperature
as well as frequency dependence studies in FSOs-doped PA (10°S/cm). They
have done the experiments at considerably low NMR frequencies and over a
wide temperature range. Their T; analysis with frequency shows quasi-1D
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behaviour at high frequencies, while the fit deviates at lower frequencies. They
conclude that the system tends to behave like a 3D system at low frequencies.
Their observation of 1/T; maximum at high temperature at all the three frequen-
cies is ascribed to the molecular motion of FSO; groups, moisture and other
reorienting groups.

Proton 1/T; of heavily doped polyacetylene films with different dopants such
as FSO;H, HCIO,, iodine, bromine and potassium was measured by Shimizu
et al.""? and the behaviour expected for a quasi-1D metal was not found. Some
of them showed a time dependence of 1/T;. They have deduced the temperature
dependence of resistivity from the 1/T; and 1/T; versus temperature shows TS
behaviour above 40 K and deviates from such behaviour below 40 K. Mizoguchi
and Kuroda'” have given a comprehensive review of many investigations of
NMR relaxation of both 'H and "°C in undoped polyacetylene.

'H NMR study of I, doped poly[2-buthoxy-5-methoxy phenylene vinylene]
(PBMPYV) has been carried out by Lee et al.' They found magnetization recovery
to follow a stretched-exponential form M(t)=Mo[l—exp(t/T1)"] with
n=0.810.03, which is characteristic of a system with distribution of the correlation
time. 1/T; versus f~ /% in samples with different conductivity follows f~ 172 depen-
dence over 2040 MHz range indicating the main SLR is 1D spin diffusion.
A correlation between 1/T" and dc conductivity has been made which is found
follow a simple power law.

'H T studies in metallic PPyPF¢ have been carried out by Clark et al.'® and
Singh et al.'¥% at 960 and 383 MHz over 1.7-55 and 1.7-200 K respectively. The rate
at lower frequency is 2-8 times faster than that at high frequency depending on
temperature. Although the microscopic details do not fit the model for 1D diffu-
sion, the dominant proton T; relaxation is due to conduction electron motion.
They found that at high field and low temperatures where the Zeeman energy,
gusH >kgT, below which the Spin Diffusion Paramagnetic Centres (SDPC) is
expected to freeze-out; hence T; measurements at such low temperatures elimi-
nate nuclear spin diffusion to paramagnetic centers as a competing mechanism
leaving only relaxation by translational motion of electrons.

4.6.2. NMR in organic conductors
Wieland et al.'' have carried out frequency-dependent proton SLR rate studies
in organic metal (PERYLENE),(AsFg)o75(PFg)o.35x0.85CHCl,. 1/T; versus
(vp)"'/? showed a linear dependence showing a signature of a 1D motion of the
spins. 1/T; versus temperature in the range 300-180 K showed a linear variation
as expected of an organic metal. Below 180 K, it exhibited a phase transition from a
organic metal (above 180 K) to a semiconducting conductor below 180 K. 1/T;
maximum observed around 50 K, which was ascribed to their coupling to the °F
spins of reorienting PF4 groups. This also supports the view that 'H relaxation
shows signatures of relaxation due to 1D motion of spins as well as reorienting
groups depending on which process dominates at the temperature under
consideration.

Sachs et al.'”* have carried out 'H T, measurements in (FA),PF, organic
conductor over a wide range of frequencies from 14 to 200 MHz at 293 K. 1/T;
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versus (v.)” /2 data at high Larmor frequencies follow linear behaviour at 293 K,
supporting the evidence of 1D diffusive motion. Lattice imperfections are known
to spoil the one-dimensionality of the sample.

Alexandrowicz et al.''” have carried spatial mapping and density of the
conduction electrons in (FA),PF using 2D ESR imaging maps of the conduction
electron density and mobility. The maps generally show pronounced inhomoge-
neity of both density and mobility on the scale of ~30-300 um. Highly mobile
regions were identified and the mobility was quantitatively evaluated using
theoretical models.

HOptner et al."'® have carried out 'H and '°F SLR time as a function of
temperature. Fluorines are known to be relaxed mainly by the reorientational
motion of the anions and by the interaction with fixed paramagnetic impurities,
the protons are relaxed additionally above 150 K predominantly by highly mobile
paramagnetic species, whose concentration could be determined directly via the
NMR signal amplitude. Korringa relation observed for proton relaxation shows
that it is metallic above 183 K. Further, 1/T; versus (vL)fl/ 2 dependence of the
proton relaxation supports the 1D spin transport and also confirms that only
protons of the cation stacks are relaxed by the highly mobile paramagnetic
species.

Soda et al.'? have measured T; ! as function of magnetic field for various
temperatures and pressures in TTF and TCNQ chains. In general the properties of
quasi-1-D metals depend on the values of the dimensionless parameters, namely
t,/Er and h/Egt,. The material is 1D for (¢, /Er<1) or 3D for (¢, /Eg~1).
The value of h/Epr,, gives the degree of cleanliness. For i/ Egt, < 1, the material
is clean and its properties should be dominated by the coherence length &, while
for h/Egt,> 1. It is dirty and the mean free path A =vgt, has a dominant effect on
electronic properties. They have attempted to show how the various materials can
be presented on one-dimensionality versus cleanliness diagram. For, i/7,<t,
one gets a true 1D metal (i.e. coherent electronic motion along the chains and
diffusive one perpendicular to the chains), for t, <fi/7,<Eg; a low mobility semi-
conductor. Temperature and pressure affect mainly 7, and in some materials 7,
and this causes the materials to move on this diagram. In this way, the picture
derived from the systematic measurement of the NMR relaxation times gives us
an overall view of quasi-1D metals.

Kaiser et al.''? have studied 'F NMR in (Pyrene)»(SbFe); cation salt. The
rotational motion of those SbF anions of this salt can be best discriminated by
the analysis of the temporal evolution of the "H Overhauser shift of the conduction
electron ESR line. Temperature dependence of the Overhauser shift detected
proton-SLR rate recorded at 9.46 GHz electron spin and 14.4 MHz proton NMR
frequency. It is important to note that the proton relaxation reflects only the low
temperature BPP-peak of SbF4 anion rotation, in addition to conduction electron
contribution. This salt undergoes a 3D-ordered Peierls transition at =113 K, which
is due to the freezing of the anion motion.

Charge transfer salt (CTS) (TMTTF),SbF¢ has been studied by Yu et al.'?° using
13C NMR spectroscopy. It is known that at ambient pressure, a transition to a
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charge-ordered (CO) state occurs at Tco=156 K, and anti-ferromagnetic (AF)
order is observed below Ty=8 K.

5. CONCLUSIONS

In this review, we have seen a variety of new physics due to disorder and new
methodologies based on NMR probe to explore the same. In dipolar glasses one
finds an orientational disorder of electric dipoles, resulting in a non-exponential
or stretched exponential behaviour indicating the distribution of correlation
times. The energy landscape of E, is also anticipated in these systems. The
inhomogeneous distribution of NMR frequency points to the presence of each
physically non-equivalent site in the unit cell, resulting in a highly asymmetric
inhomogeneous line shape. This leads to local dependence to local RF distribution
and estimation of gga Edwards—Anderson order parameter. SLR time exhibiting
unexpected, broad and asymmetric minima (indirectly observed using *'Rb,*T1 T})
shows the evidence of slow motion of H-bonds.

SLR time results provide novel information on the temperature dependence
and distribution of local RFs and their dynamics. A direct evidence for incoherent
phonon-assisted deuteron tunnelling in H-bonded systems has been observed
from NMR experiments. The use of quadrupole-perturbed 1D *H NMR spectros-
copy and in particular 2D *H NMR exchange spectroscopy has found to be very
promising as regards elucidating the details of the hydrogen dynamics.

BP,BPI;_, and BP.GPI;_, systems have shown a distribution of E, for the
motion of symmetric groups due to the presence of disorder. In relaxors, these
experiments have shown the presence of short-to-medium range PNR below Tg
Burns temperature and their subsequent growth as the temperature is lowered. In
CPs, T; versus temperature analysis, yields a fitting parameter (Sy), known as the
Stoner enhancement factor, which takes into account the low dimensionality or
anisotropy of conduction as well as electron correlations. In a highly anisotropic
conduction charge transfer complex Sy ranges from 50 to 500, indicating a large
deviation from a normal metal. 1/T; versus 1/\f reveals information about the
dimensionality of the system, while T; versus temperature shows a power law
behaviour. Effect of reorientation of symmetric rotors is seen in some cases.
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Electric field gradient (EFG) tensors, 144, 158
Equivalent nuclides, molecular species
crystalline solids, 8
gases, 67
non-viscous liquids, 7
Equivalent spin-1/2 nuclides. See Systems
magnetic resonance, 5-23
Exchange actions and interactions
electrons, 5-6
nuclei, 6
Exchange degeneracy, 10

F
Fluxional molecules
bullvalene, 18
CHs+ cation, 17
cyclohexane, 18
PFs, 17
G

GAMMA C++ library, 81-83

H

Half-integer quadrupolar nuclei
%K QE and QCPMG spectra, 131-132
line broadening effect, 129-130
quadrupolar coupling constant, 129
spin-quantum number and Larmor
frequency, 129
Hydrogen—deuterium exchange mass
spectroscopy (HXMS), 44

K

Korringa enhancement factor (Sy), 167
Kix(NHy),H,PO,, 155
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Larmor frequency, 168-169
Lead magnesium niobates (PMN)
vs. PSN, “*Nb and “°Sc NMR spectra, 161-162
RF Ising model (RFIM), 162
salient features, 160
structural refinement, 160-161
Line shape analysis, dipolar glasses, 144
Liouville-von-Neumann equation, 85, 106

M

Matter systems condensation
conducting polymers
charge transport, 164-166
disorder, 163-164
Larmor frequency, 168-169
NMR theory, 166-168
preparation and methods, 169-172
1/T; vs. frequency plot, 168
dipolar glasses
cusp, 141
definition, 141
detection method, 143-144
deuterated RADP, phase diagram, 142-143
deuteron exchange NMR, 1D and 2D,
145-158
line shape analysis, 144
random-fields occurrence, 141
spin-lattice relaxation (SLR) studies, 144145
disordered systems, 140
relaxor ferroelectrics
Burns temperature, 160
cubic symmetry, 159
disordered complex perovskites, 159
field-cooled and zero-field cooled
susceptibility, 159
lead magnesium niobates (PMN), 160-162
static and dynamic ion shifts, 160
strontium barium niobate (SBN), 162-163
Molecular motion simulation. See Quadrupolar
nuclei, 104-110, 112-124, 126, 128-134
Molecule selection, equivalences
benzene
ground-state, 17
valence isomers, 16
cyclopropane, 17
fluxional molecules
bullvalene, 18
CHs+ cation, 17
cyclohexane, 18
PFs, 17
hydrazine, 14-15
methane, 14

molecular hydrogen
dipole—dipole interaction, 13-14
magnetic properties, 12
MR motion effects
intermittent crystal rotations, 8-9
internal molecular rotations and
interchanges, 8
random molecular rotations, 9
sample rotations, 9-10
Multi-axis jump processes
H MAS spectra, 126, 128
MAS vs. QCPMG, 129

N

N MAS spectra dynamic effects, 123-124
NMR disorder studies. See Matter systems
condensation, 140-172
NMR spectroscopy
biomolecular, 4647
chemical shifts (CSs), 48-49
H-D exchange, 56-57
heteronuclear relaxation experiments and
analysis, 52-55
information, 4748
nuclear overhauser effect, 49
paramagnetic relaxation enhancement (PRE),
55-56
residual dipolar couplings (RDCs), 51
scalar couplings, 50

P

Paramagnetic relaxation enhancement (PRE),
55-56
PMN. See Lead magnesium niobates, 160-162
Protein dynamics
biological processes
intrinsically disordered and unfolded
proteins, 66—69
sub-t. motions, 63-66
supra-t. motions, 58-63
exploring techniques
ECD and VCD spectroscopy, 43
electron microscopy, 43
hydrogen—deuterium exchange mass
spectroscopy (HXMS), 44
molecular modelling, 45-46
UV fluorescence, 43—44
X-ray diffraction, 4445
motions and time scales, 38-39
NMR spectroscopy
biomolecular, 4647
chemical shifts (CSs), 48-49
H-D exchange, 56-57
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heteronuclear relaxation experiments and
analysis, 52-55
information, 47-48
nuclear overhauser effect, 49
paramagnetic relaxation enhancement
(PRE), 55-56
residual dipolar couplings (RDCs), 51
scalar couplings, 50
and structure, 39-42
Proton and deuteron glasses
incoherent tunnelling, 152
local-polarization distribution, zero
temperature, 152
radio frequency pulse sequence, 150-151
8Rb NMR line shape, 153
resonance frequency distribution, 153-154
X-bond O-D-O, 150-151

Q

Quadrupolar Carr-Purcell-Meiboom-Gill
(QCPMG) experiment, 105
Quadrupolar nuclei
dynamic effects, 4N MAS spectra, 123-124
EXPRESS simulation program, 106
half-integer
%K QE and QCPMG spectra, 131-132
line broadening effect, 129-130
quadrupolar coupling constant, 129
spin-quantum number and Larmor
frequency, 129
half-integer quadrupolar nuclei, 129-134
’H dynamics determination, 104-105
multi-axis jump processes
2H MAS spectra, 126, 128
MAS vs. QCPMG, 129
numerical simulations
half-integer quadrupolar nuclei, 118-119
parameters, 117
spin-1 nuclei, 118
QCPMG experiment, 105
spin-1 nuclei
intensity profiles, 123
MAS and QCPMG spectra, 119-121

N QCPMG spectra, two-site jump process,

121-122

numerical simulations, 118

theory
2-by-2-site jump, 114-115
2-by-3-site jump, 115-117
density operator formalism, 106
Dyson time-ordering operator, 107
Liouville-von-Neumann equation, 106
L-matrix, N-site jump, 110
orthonormal operators, 107

spatial tensors, laboratory frame, 109
spin-1 nuclei, 112-114

standard Zeeman basis, 108

two-axis jump processes, 114

R

RADP system
deuterated
Edwards-Anderson spin-glass order
parameter, 146
Gaussian distribution, 147
local polarization, average probability
distribution, 147
quantum tunnelling, 148
protonated
Arrhenius law, 149
Bloembergen-Purcell-Pound (BPP)
behaviour, 149
proton and deuteron glass, low temperature
properties, 150-154
Slater-Takagi ice rules, 150
Vogel-Fulcher law, 149
Relaxor ferroelectrics
Burns temperature, 160
cubic symmetry, 159
disordered complex perovskites, 159
field-cooled and zero-field cooled
susceptibility, 159
lead magnesium niobates (PMN), 160-162
static and dynamic ion shifts, 160
strontium barium niobate (SBN), 162-163
Residual dipolar couplings (RDCs), 51

S

Solid-state NMR spectra. See Quadrupolar nuclei,
104-110, 112-124, 126, 128-134
Spectral degeneracy, 23
Spherical random bond-random field (SRBRF)
model, 163
Spin Diffusion Paramagnetic Centres
(SDPC), 170
Spin-Hamiltonian parameters
coupling parameters
asymmetric matrices Y, 22
entanglement, 21-22
measurements, 22-23
Zeeman term
asymmetry g, 21
°PH, 19-20
situation g isotropic, 21
squared parameter matrix, 20-21
Spin-lattice relaxation, 144-145
Spin-1 nuclei
intensity profiles, 123
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Spin-1 nuclei (cont.)
MAS and QCPMG spectra, 119-121
N QCPMG spectra, two-site jump process,
121-122
numerical simulations, 118
Spin-1/2 nuclides. See Systems magnetic
resonance, 5-23
SQ/DQ coherences, 123-124
Strontium barium niobate (SBN), 162-163
Systems magnetic resonance
equivalent nuclides, molecular species
crystalline solids, 8
gases, 6-7
non-viscous liquids, 7
exchange actions and interactions
electrons, 5-6
nuclei, 6
exchange degeneracy, 10
molecules selection, equivalences
benzene and isomers, 15-17
cyclopropane, 17
fluxional molecules, 17-18
hydrazine, 14-15
methane, 14
molecular hydrogen, 12-14
motion effects
intermittent crystal rotations, 8-9
internal molecular rotations and
interchanges, 8
random molecular rotations, 9
sample rotations, 9-10
sets spin-spin interactions, distinct particles
first-order multiplets, 11
homonuclear couplings, 12
isotropic part, 10
permutation groups, 11-12
spin-Hamiltonian parameters
coupling parameters, 21-22
measurements, 22-23
spectral degeneracy, 23
Zeeman term, 19-21

T
Two-axis jump processes, 114

8)

Uniaxial relaxors, 162-163
UV fluorescence, 43-44

A%

Variable range hopping (VRH), 164
Virtual magnetic resonance spectroscopy (MRS)
applications and implications
metabolite function uses, 91
metabolite prior information, 89
pulse sequence development, 94-99
pulse sequence optimization, 92
RF pulses and spatially varying artefacts,
92-94
spectral fitting routines, 90
BlochLib, 100
computer simulations, magnetic resonance,
99-100
GAMMA spectral simulation library,
81-83
physics to object-oriented programming
computational objects, 85
design considerations, 88-89
expectation value, 84
Liouville-von Neumann equation, 85
metabolites, 83
mixed state, 84
simulated pulse sequence coding,
85-88
PJNMR, 100
POMA, 99
SIMPSON, 100
spectral simulation techniques
definition, 78-79
GAMMA C++ library, 81-83
software overview, 80-81
SPINEVOLUTION, 100-101
virtual NMR spectrometer, 100
VRH. See Variable range hopping, 164

X
X-ray diffraction, 44-45
Z
Zeeman term
asymmetry g, 21
°PH, 19-20

situation g isotropic, 21
splitting parameter matrices, 4
squared parameter matrix, 20-21



