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NMR of Solid Phosphorus and Nitrogen Compounds
by
Lawrence Hale Merwin

ABSTRACT

The main thrust of this work is the determination of solid
structure using the technique of solid-state nuclear magnetic
resonance spectroscopy.

High-resolution ®'P NMR spectra have been obtained for a
number of solid diphosphine disulphides under conditions of cross-
polarization, high-power proton decoupling and magic-angle
rotation. The results yield crystallographic information about the
size of the asymmetric unit and are consistent with data from X-ray
diffraction when known. In one case, evidence of morphological
variation is obtained. ©Shielding tensor information was extracted
from magic-angle spinning spectra wherever possible. Attempts to
correlate tensor data with structural parameters met with little
Success.

Fifty-one solid phosphonic, aminophosphonic and phosphinic
acid compounds have been studied using high-resolution '=C, ='P,
'*N and ““Na NMR spectroscopy via the techniques noted above.
Agaln, results yielded crystallographic information about the size
of the asymmetric unit., Agreement was found with the limited
amount ot crystallographic information available. Additionally, 'H
CRAMPS results provided chemical shift information on the hydrogen-
bonded acid protons. Comparison of these data with oxygen-oxygen
bond lengths from known diffraction studies indicates a possible
correlation between the 'H shift and the oxygen-oxygen bond
distance. Shielding tensor data was determined from static and
slow-spinning MAS spectra. One empirical correlation was found.
The asymmetry parameter was related to structural fackevs.

A number of methods are currently used to determine the
principal components of the shielding tensor from slow-speed magic-
angle spinning experiments. Two of these are examined and theilr
limitations discussed. A computer program to simulate and fit
spinning sideband spectra is presented. The advantages and
disadvantages of such a program are examined and several examples
given.

A survey of the literature of solld-state nitrogen NMR is
presented. The experimental considerations of natural abundance
nitrogen-15 NMR are examined. The viability of running nitrogen-105
at natural abundance and with reasonable utilization ot

spectrometer resources 1is discussed.
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CHAPTER ONE - INTRODUCTION




In the past ten to fifteen years, advances in the techniques,
understanding and instrumentation of solid-state nuclear magnetic
resonance (NMR) have provided the scientific community with a
wealth of information previously unobtainable from solids. As will
be seen, present-day methods provide near liquid-like spectra for a
wide range of solid compounds. From such spectra, information
regarding the overall structure of a solid may be deduced.
Furthermore, with the use of homonuclear decoupling techniques,
detailed studies of hydrogen bonding in solids may be carried out.

Finally, as a result of the fact that the anisotropic nature of the

NMR interactions is retained in a number of the solid-state
experiments, properties such as the anisotropic shielding may be
characterized.

The ultimate aim of the work in this thesis is the elucidation
of solld structure via the use of the techniques of solid-state
NMR. The goals of this work may, thus, be seen to fall into two
rather broad areas. The first area is the application of solid-
state NMR to chemical systems which were previously uncharacterized
by such methods. Here one wishes to first demonstrate the
applicability of the technique by comparison with previously
determined structural data from, say, diffraction studies. At that
point, determinations made solely from NMR data may be made where
diffraction studies are unavailable. The second area involves the
extension of solid-state NMR both in terms of methodology and
scope. The extension is seen to have two aspects, the results of
which will ultimately be to increase the amount of data from which
the experimentalist may draw pertinent conclusions. Firstly, an
improved method of data analysis 1s demonstrated. The use of
computerized simulation and fitting is shown to circumvent certain
difficulties in the present techniques used for the determination
of the principal components in the shlelding tensor. ©Secondly,
expansion is shown in terms of the use of nitrogen-15 at natural
abundance. This nucleus, though somewhat neglected in the

literature because of its low sensitivity, was shown to be a



reasonable nucleus to observe given the present state of NMR

instrumentation.

In the next chapter the theory of NMR as it applies to the
solid-state will be discussed. The anisotropic nature of the NMR

interactions will be emphasised, and the use of tensors to describe

such interactions will be noted. The two main averaging techniques
used in this work will be examined.

In Chapter Three, experimental considerations will be
discussed. The various pulse sequences and techniques will be
described from a practical standpoint.

Chapter Four deals with the extraction of shielding tensor
values from spinning sideband spectra. A number of current methods
of determining the principal tensor components will be examined and
their limitations discussed. A computer program to simulate and
fit spinning sideband spectra will be presented. The advantages
and disadvantages of such a program will be examined. This program
will subsequently be used in the remaining chapters to analyse
spinning sideband spectra and to determine shielding tensor
components. Suggestions for advanced versions of this program are

proposed.

In Chapter Five, solid-state NMR techniques are applied to the
study of the diphosphine disulphide compounds. These compounds had
previously been well characterized by solution-state NMR. A number
of crystal structures are known. The purpose of the present study
was to compare the results obtained from solid-state and solution-

state spectra and to determine the applicability of the former

specifically with regard to solid siructure.

The aim of Chapter Six is to extend the knowledge gained in

the above study to a series of phosphonic, aminophosphonic and

phosphinic acids. '®C, 'SN, #%Na and *'P solid-state NMR are used

to characterize the solid structure of these compounds. 'H CRAMPS

methods are used in an attempt to characterize the hydrogen—bonding

structure in these acids.



Finally, the natural abundance nitrogen-15 NMR of solids is
discussed in Chapter Seven. A survey of the solid-state nitrogen
NMR literature is presented. Following this, the experimental
considerations of nitrogen-15 NMR are examined. After a number of
difficulties, the possibility of doing nitrogen-15 at natural

abundance and with reasonable utilization of spectrometer resources

is demonstrated.




CHAPTER TWO - SOLID-5TATE NMR THEORY




2.1 Introduction

Anisotropy is defined' as "describing a property of a

substance when that property depends on direction as revealed by

measurement”. In the study of NMR, the properties which govern the
interactions of nuclear magnetic moments are all, in principle,
anisotropic in nature. Furthermore, it is this fundamental fact of
anisotropy which is the significant and overriding difference
between nuclear magnetic resonance studies in the solution- and
solid-state. In non-viscous solutions, the interactions are
averaged by random, isotropic translational and rotational motion.
The effect of such averaging may either be to remove the
interaction as in the case of the direct dipole-dipole coupling, or
to give an isotropic average as in the case of the very useful
properties of the chemical shift and the indirect (scalar)
coupling. These averaging processes have allowed the
experimentalist to resolve the fine structure of solution-state
spectra and are, in part, responsible for the success of NMR as an
analytical tool. An additional consequence of the isotropic
averaging process, however, 1s that the basic anisotropic nature ot
the interactions is lost with a concomitant decrease in information
content. In contrast to the solution-state case, the NMR spectrum
of a non-mobile solid is dominated by anisotropic interactions.

The unfortunate effect of such dominance is to produce spectra of
solid powders which are often of the order of tens of kHz wide and
which show no fine structure whatsoever. In essence, the
anisotropic nature of the information has been regained, but the
informative fine structure evident in the solution-state spectrum
has been lost in the process. The goal of solid-state NMR
spectroscopy 1s, thus, to selectively remove or coherently average
those anisotropic interactions which prevent such fine structure

from being resolved, while at the same time leaving as much
information as possible regarding the essential anisotropy of the

remaining interactions of interest.

In discussing the interactions and the methods by which they

might be averaged or removed, it is useful to subdivide the spins



Involved into the classes of "“abundant® and "dilute". Abundant
spins are those, such as 'H and '®F, which are present at 100%
natural abundance. As one might expect, the spectra of these spins
are dominated by coupling to other abundant spins. An example of a
dilute spin is '®C, which has a natural abundance of only 1.1%.
opectra of these nuclei are dominated by coupling to the abundant
spins. Interactions between two dilute nuclei are generally weak
because the chances of having more than one such nucleus in a
particular molecule are small. For the case of nuclei such as ®'P,
it 1s important to point out that an intermediate situation is
tfound. While *'P may be considered as abundant in terms of its
isotopic constitution (100%), for the majority of the compounds in
this thesis, it may be seen to be dilute in the sense of the
overall populations of spins and the distance separating the
individual phosphorus atoms. Considering specific chemical
systems, it will be noted that the diphosphine disulphides are a
marginal case in that there are direct P-P bonds. The phosphonic
and phosphinic acids, on the other hand, are clearly a dilute case.
Phosphorus—-31 spectra may be obtained for both systems in the same
manner as other dilute-spin nuclei, such as carbon-13, but also may
contain information such as P-P scalar coupling which would not be
evident for '#C for the reason noted above. In the paragraphs
below, phosphorus should be considered as a dilute spin unless
otherwise noted.

For the work covered in this thesis, there are three methods
of averaging which are used to narrow the solid-state spectra and
reveal the information of interest. These methods are:

a) Heteronuclear, high-power, dipolar decoupling ot the
abundant spins ('H). This technique is analogous to the
decoupling technique used in solution-state NMR spectroscopy,
though, of course, much higher power levels are required. It
will remove the effects of heteronuclear (e.g 'H-®'P) dipolar
and scalar coupling.

b)Y Magic-angle spinning (MAS). As will be shown, macroscopic

rotation of a powder sample about an axis oriented at 54° 44°

to the B, field will remove homonuclear, dilute-spin, dipolar



coupling. It will also average the anisotropic chemical
shielding to its Isotropic value. [t will be seen in Chapter
4 that under certain conditions this averaging will not be
complete. In such cases, it is in principle possible to

recover the principal components of the tensor which describes

the anisotropic character of the chemical shielding.

c) Multiple-pulse techniques. For observing systems of
abundant spins (i.e. 'H) with large homonuclear dipolar
couplings, it is clear that high-power decoupling methods are
inappropriate. Further, although it is theoretically possible
to remove these interactions with the use of magic-angle
spinning, in practice this is not possible because of
limitations in the rotation rates of current spinning systems.
The homonuclear dipolar interaction may be as large as 40 kHz
in some systems, while commonly available rotor systems can
only achieve speeds of ca. 5 kHz. As the spinning speed must
be of the order of the static bandwidth for a homogeneously
broadened case (vide infra), it 1s evident that MAS will not
be sufficient to obtain narrowing. Multiple-pulse techniques
have been developed such that a series of pulses of differing
phases act on the system of interest. 1In certain windows in
the sequence, the magnetization behaves as if the effect of
the homonuclear dipolar coupling were zero. The spectrum, at
this point, will still be influenced by the anisotropic
chemical shielding. If both MAS and multiple-pulse techniques

are used simultaneously, the isotropic chemical shifts may be

obtained directly from the spectrum.

In the following sections, the Hamiltonians attecting the NMR
spectra of solids and methods of coherent averaging will be
discussed. As stated above, the interactions represented by these
Hamiltonians are all anisotropic in nature and, as such, they are
represented by second-rank Cartesian tensors (except for the Zeeman

and radio-frequency terms). In this text, tensors will be

represented in bold type and underlined: g; vector properties will

be
be in bold type: r; and operators wil{Aindicated by circumflex: H.



At this point, it will be useful to make a few comments
regarding the tensors and the tensor representation of the
Interactions which they represent. First of all, a tensor may be
defined as a matrix which relates two vectors. In the case of the

NMR properties discussed here, the tensor is a 3x3 matrix or, more

formally, a second-rank tensor. Now, as each of the internal
Hamiltonians noted below results from a bilinear coupling of two
vectors, they may all be represented by a purely general equation.

(See, for example, Harris® or Haeberlen®:) For a particular

interaction, A, the Hamiltonian may be represented:
h™'Hy, = Kk I'Ga-Py ,

where G, 1s the tensor describing the interaction, k, represents
any constants associated with G,., I represents the nuclear spin and

P, represents the vector property to which the spin is related.

Tabulations of the G,, k, and P, may be found in the references
noted directly above. To give an example, the shielding tensor

Hamiltonian may be represented:

hﬁ‘ﬁca-:-: = yl-0°Bo ,

where ¥ is the constant involved for the shielding tensor g, which
relates the nuclear spin to the static magnetic field B,.
Now, given a suitable axis system in the molecule-fixed frame,

the tensor may be put into a diagonal form:

Rx X 0 0
0 R, O
O O R==

tas
1

This axis system is referred to as the principal axis system (PAD).
The values of the diagonal components are known as the principal

components of the tensor R.

Given this diagonal tensor, it is useful to define three

additional properties which serve to further describe it. These
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three properties are the trace, the anisotropy and the asymmetry.

The trace of the tensor R is defined as follows:

TrR = Ryx + Ryv + R.o.

One of the properties of the trace of a tensor is that it is
invariant to rotation of the reference frame. In fact, the
quantity 1/3TrR is the isotropic average which is given the symbol
R. This is observed in solution for such interactions as the
chemical shift and scalar coupling constant. It should be noted
that both the dipolar and quadrupolar interactions are traceless
and, thus, not observed directly for mobile liquids.

The second quantity which may be defined is that of the
anisotropy, 6. (This should not be conftfused with the chemical
shift symbol, which is given in this thesis as subscripted with the
nucleus of interest, i.e. 8.) There are a number of definitions

for the anisotropy. 1In this text, the deftinition of Haeberlen®

will be used:
6 = Rz;_v - 1/3TI‘B_

In making this definition, it is assumed that R:> is one of the
extreme components. As such, a definition of the relative
magnitude of the principal components is required. There are
several conventions for this as well. Again following Haeberlen®,

the axes are labelled so that:
|R>> — 1/3TrR| 2 |Rxx - 1/3TrR| 2 IR,y — 1/3TrR|
Finally, the asymmetry, n, is defined by the equation:
n = (Ryv — Rxx?/8

Given the above definitions, the value of n may lie between O and
1. For n = 1, the tensor is completely asymmetric (i.e. Ryy 1s

midway between Ryx and Rzz), while for n = O the tensor is axially
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symmetric (i.e. Ryx = R,y). The dipolar interaction, for example,
Is by nature axially symmetric about the distance vector which
connects the two interacting dipoles.

Further aspects of the trace, anisotropy and asymmetry are
revealed in Chapter 4, where they are explicitly used to describe
the shielding tensor.

The discussion of the Hamiltonians and their associated
tensors in this thesis is, of course, severely limited. The reader

is referred to the monographs by Abragam®, Haeberlen®, Mehrings,
Slichter®, and Gerstein and Dybowski” for rigorous treatments of

the material in this chapter.

2.2 Nuclear Spin Hamiltonian

The nuclear spin Hamiltonian which describes the behaviour of
a nuclear magnetic moment may be expressed as a sum of the
Hamiltonians for a number of interactions. These interactions
represent the coupling of the nuclear spin with physical features
that are either integral to the solid system of which the splin is
part or externally applied by the experimentalist. The Hamiltonian

may be tabulated as:

hfl = hfi.L Zeeman
+hfl.~ Radio Frequency
+hfi.s Chemical Shielding
+hfl.r Spin Rotation
+hfl, Quadrupolar
+hfi, Dipolar (direct) Spin-Spin Coupling
+hfi, Indirect (scalar) Spin-Spin Coupling

Several of these Hamiltonians have little relevance to the
work in this thesis and will not be discussed in detail. The
Zeeman and radio frequency terms characterize the coupling of
the nuclear spin to the externally applied static and radio

frequency (RF) magnetic fields respectively. These so called
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“external" Hamiltonians allow the experiment to be performed but do
not give information of molecular importance. The remaining
Hamiltonlans describe the interactions in the molecular framework
and are, thus, referred to as "internal". The quadrupolar term
describes the interaction of the nuclear spin with the electric
field gradient for nuclei with spin > 1/2. There is no detailed
work on quadrupolar nuclei in this thesis. The spin-rotation
relationship defines the interaction of the nuclear spin with the
magnetic moment associated with the overall angular momentum of the
molecule. This interaction is quite weak and may be neglected for
solids.

The remaining internal Hamiltonians are those which
characterize the chemical shift and the direct (dipolar) and

indirect (scalar) coupling. Each of these will be discussed in

some detail.

2.3 The Dipolar Interaction

Between nuclear magnets there is a direct, through-space
interaction which is analogous to the case of two macroscopic bar
magnets. The energy, U, of this interaction may be given
classically for two magnetic point dipoles p, and p. separated by a

distance represented by the vector r:

U = {p, B — 3(py°r) (;L;_..-r)} Mo
r= rs iw ,

where p, is the permeability constant (4w x 1077 kg m s7= A™=).

The equation may be obtained in quantum mechanical form by

substituting p = yhl:

£t - 3¢, o)y po
Hy = Ylehz{ 1 } E_.

ra re 4t ,
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= r 3y, ¥2h2[A + B+ C + D + E + F] (uo/4n)
A=-1,.1..@cos20 - 1)

B

1/7401,. 0 + 1,_1..1 (3cos=6 - 1)
C = -3/201, 1.0 + 1,.1..1(s1n6 cos® exp(-1i¢))

D = -3/201,.1. + 1,_1..1(sind cos6 exp(-14))

[Tl
I

-3/4L1,.1..1 (sin®0exp (-2 1p))

F = -3/401,_1._1(sinZ28exp(21¢))

where 6 represents the angle that the internuclear vector r makes
with static magnetic field.

From this form of expansion, it is clear that each of the
terms contains a spin part in square brackets and a geometrical
part in parenthesis. This will become important when averaging
techniques are discussed (vide infra). For the present, it is

important to note that not all of the terms in the expansion need

be considered. Those termso$hich are significant may be determined
by examination of the effect)a particular term on the spin states.
The A term has essentially the form of two interacting dipoles
and does not result in any spin transitions. Its overall effect is
a small perturbation on the Zeeman levels. The B term, which is an
energy—-conserving transition for a pair ot like spins (only), will
be seen to allow the simultaneous reversal of two spins in opposite

directions - the "flip—-flop" transition. The term must be retained
for homonuclear transitions but not for heteronuclear transitions,
as the Zeeman energy of the aff and Ba states 1In this latter case
differ. The C and D terms alter one spin only. The E and F terms
alter both spins up or both spins down simultaneously resulting in

a double quantum transition. The ettect of the last four terms, C,
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D, E and F is sufficiently small that there is no contribution to

the energies of the states in first order.

Noting that the B term only contributes for homonuclear cases,

the truncated secular dipolar Hamiltonian for unlike spins is given

by:
Bo = -h2(uo/4m)y,y=r—=(3cos20 - 111, 1.1

For like spins, the B term must be included, thus the equation is

given by:

Bo =-h2 (uo/4m)y,¥=r—=(3cos20 - 10 1,.1.. _ t74¢i,. 1._ + §,_1..01.

In the discussion of the dipolar interaction, there is one
very 1lmportant point which must be understood. Although for
simplicity's sake the interaction has been described for two
isolated dipoles, the dipolar Hamiltonian in principle links each
nucleus to all other nuclei in the sample which have magnetic
moments. Using the shorthand notation described above, the dipolar

Hamiltonian for a complete sample is given as:

=" = ) [h(uo/4m)y,yr—=1 I, Dix-I,
i <k

where 1 and k represent all pairs of nuclei in the sample and the
inequality implies that each pair is only considered once. The
resonances which arise from homonuclear interaction of this type
are referred to as being homogeneously broadened.

For clarity, it is useful at this point to also detfine
inhomogeneous broadening. For a nucleus which has, for example,
chemical shielding (vide infra) as its dominant interaction, the
powder spectrum is broad because each nucleus with a different
orientation will have a slightly different resonance frequency.
That is to say, the line arising from any specific nucleus will be

sharp, but the whole resonance will be broad because it will be a

superposition of all of these sharp resonances. Such a powder



spectrum is said to be inhomogeneously broadened.

The significance of homogeneous versus inhomogeneous
broadening may be found in comparing the speed of the averaging
processes required to narrow a specific interaction. Quite

straightforwardly, the averaging must be performed at a rate faster

than that which the interaction can significantly change the

system”. This rate is generally taken to be the inverse of the
inherent linewidth from the interaction of interest. (Another way
of expressing this is to say that the averaging must take place at
a speed that is of the order of the inherent linewidth expressed in
Hz.) For inhomogeneously broadened systems, the averaging may be
slow compared to the overall bandwidth because it need only be fast
compared to the inherent (sharp) linewidth of a single nucleus.
This is the basis for the spinning sideband analysis methods
described in Chapter 4. For homogeneously broadened systems, the
situation 1s quite different. As will be seen from the equation
above, the linewidth of each individual spin will be the linewidth

of the whole spectrum. The averaging process in this case, must be

of the order of the full static bandwidth. As this may be of the
order of ca. 40 kHz for abundant protons, it is clear that a very

fast averaging process is required.

2.4 Indirect Spin-Spin Coupling

The next internal Hamiltonian to consider is that tor the
indirect spin-spin coupling, which is also known as the scalar or J
coupling. This describes the coupling of nuclear magnetic moments
which is transmitted via the electrons of the molecular system, as
opposed to direct coupling of the magnetic dipoles which 1s the
mechanism for the dipolar interaction.

The full Hamiltonian which describes indirect spin-spin
coupling is rather complex. It must contain several terms, as
coupling involving electrons takes place via a number of
interactions. In general, terms are required which describe: a)

the dipolar interaction between the electirons and the nuclear

15
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spins; b) the interaction between the magnetic moments which arise
from the electron orbital motion and the nuclear spin; and c) the
Fermi contact term, which characterizes the electron-nucleus
interaction when the electron is in the same region of space as the
nucleus. The final term is required because calculation of (b)
requires point dipoles and, therefore, fails as the electron-
nucleus distance approaches zero. For the purposes of this thesis,
however, it is not necessary to write out the full Hamiltonian.
Rather, the shorthand description will suffice to illustrate the
signiticant points. If J is the indirect coupling tensor, the

Hamiltonian will have the form:

hHJ - hz Ii'lik'lk
1<k

It will be seen immediately that the Hamiltonian is of
identical torm to that of the dipolar interaction, that is, a
bilinear interaction of two spins. Only these two Hamiltonians are
two-spin; all of the other internal Hamiltonians involve only a
single spin. As will be seen, similarity in form will imply some
similarity in action.

Considering the form of the interaction, several important
points may be made. Firstly, the fact that the coupling is
bilinear between spins indicates that scalar coupling may be an
additional source of homogeneous broadening in solids. This
coupling, which is no larger than ca. 150 Hz for compounds in this
study, is quite small compared with the dipolar or chemical
shielding interactions. However, Maricq agg Waugh=® have pointed
out that where there is simultaneous occur|nce of chemical shifts
and dipolar coupling in an isolated pair of like spins, they may
behave homogeneously. The main effect of this on the spectrum will
be that the spinning sidebands in a MAS spectrum may not all be of
the same shape. This is a direct result of the fact that the
principal axis systems of the various interactions will have

differing orientations in the molecular trame. It is pointed out

that if there is a centre of inversion symmetry, the shitt
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difference between the two nuclei will disappear because the
shielding tensors will have the same orientation. In such a case,

the system may be treated as inhomogeneous. This discussion will

be seen to be especially relevant to the work in Chapter 5.

Secondly, similarity in torm between the dipolar and scalar
coupling implies that they will behave similarly under the
processes which cause averaging. The implication, of course, is
that any process which averages the dipolar interaction will also

average any scalar coupling which may be present. This lis

certainly true for the isotropic motional processes in solution,

and the same holds true for both magic-angle spinning and multiple

pulse techniques. In solids, where the full tensorial nature of

the interaction is realized, it should be pointed out that the
averaging process is identical only for the anisotropic portion to

the tensors of the two interactions. For scalar coupling, the

averaging results in an isotropic value which is the trace of the
tensor. In contrast, the isotropic part of the dipolar tensor does
not exist, as the interaction is traceless. In addition, the

dipolar interaction is axially symmetric whereas in general J 1is

not.

2.5 The Shielding Hamiltonian

The next Hamiltonian of interest characterizes the chemical

chift. The source of this shift is the shielding of the nucleus by
the magnetic field resulting from the orbital motion of the

surrounding electrons.

For a sample placed in a static magnetic field, B,, a given

nucleus, i, will experience a magnetic field, B., which is given

by:
B, = (1 - g,)B;

g, is the shielding tensor for the i*" spin. The fact that g is a

tensor is a direct result of the three dimensional nature of the
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electron density surrounding the nucleus. Further, it implies that
the resonance frequency of the nucleus will depend on its

orientation in the static magnetic field. As a result, powder

patterns which arise from shielding anisotropy are inhomogeneously
broadened.
This tensor, like all of the other internal interaction

tensors, may be written in the diagonal form discussed in the

Introduction. In the PAS, the three tensor components are oxx, Ovv
and 0z>. In the axially symmetric case, oxx = o,., while for the

completely asymmetric instance, all three components are required

to describe the shielding.

In the shorthand form, the Hamiltonian may be written:

hﬂcs = hz Yi 1:°0;Bo
1

The expansion of this Hamiltonian in a form which describes its
behaviour under magic—angle spinning is detailed in Chapter 4.
From the equations in that chapter, however, 1t i1s clear that the
Hamiltonian has an isotropic part which is invariant to rotation,
and an anisotropic part which gives rise to spinning sidebands in
the MAS experiment. The isotropic part, G = TRg/3, 1s the

shielding observed in solution.

2.6 Averaging Techniques in Solid-state NMR

In non-viscous liquids, the averaging of the interactions
discussed above (and others) takes place through the random thermal
motion of the molecules. In general, solution-state spectra with a
great deal of fine structure may be obtained. Such spectra reveal
important chemical shift and scalar coupling information. For the
case of non-mobile solids, however, there are usually no isotroplc

averaging processes present. In order to obtain spectra of

powdered solids which approach the resolution of solution-state



spectra, averaging techniques must be applied by the

spectroscopist. Two such techniques will be discussed here.

2.6.a Magic-Angle Rotation

The use of rapid macroscopic sample rotation in the NMR

investigation of dipolar broadened solids was introduced by Andrew,

Bradbury and Eades® in 1958. It was further recognised indepen-

dently by both Andrew'© and Lowe'' that spinning the sample with

the axis of rotation inclined at cos—'(1/3) (54° 44') - the "magic"

angle - to the static magnetic field would reduce dipole-dipole

19

interactions to zero. Subsequently, Andrew and Eades'2 showed that

magic-angle spinning (MAS) would also remove the broadening effects

of the anisotropy in the shielding.

The theory of magic-angle spinning is most clearly seen if one

examines the case of the dipolar interaction. It will be noted by
inspection of the truncated dipolar Hamiltonians that both depend
on the geometric term (3cos<8 - 1), where 6 is the angle that the

internuclear distance makes with the static magnetic field. Now,

while it is clear that orienting a single spin-pair at the correct

angle will i;sult in the removal ot the dipolar interaction, it is
not 1mmed1a§py evident why this should work for a powder in which
all values of 8 are possible.

Given a powder which is rotated at an angle, B, to the static
magnetic field, it is necessary to characterize the behaviour ot
the internuclear vector, r, which will sweep out a conical path as
the sample spins. Two other angles are necessary to characterize
the situation: yx, the angle which the internuclear vector makes
with the rotor axis and 6, the angle which the internuclear vector

makes with the B, field. It can be shown= that the average otf the
term (3cos=6 - 1) is given by:

{3c0s20 - 1> = 1/2(3cos*B — 1) (3cos=y - 1)
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It will be noted that the angles 6 and y will take on all possible
values for a powder while, importantly, the angle B is under the
control of the experimentalist. It is clear from the equation that
1t the angle B = 54° 44' (cos~'(1//3)), the right side of the
equality will be zero, and therefore, that <3cos28 - 1) will be
zero for all initial vector orientations. Thus, the dipolar
interaction will be removed for powdered samples. A similar
argument may be made for the shielding as will be seen in

Chapter 4.

It will be noted that in practice, generally attainable MAS
speeds have an upper limit of ca. 5 kHz, though, recently,
commercial probes capable of up to 15 kHz have been introduced.
While such speeds are generally sufficient to average inhomo-
geneously broadened systems, homogeneously broadened spectra may be
ot the order of several tens of kHz and, thus, will not be averaged
by magic-angle spinning. The reasons for this were discussed in
section 2.3. The solution to this for the case of dilute spins,
such as '¥C and ®'P, is the combined use of high-power proton
decoupling and magic angle spinning'® as described in the

introduction to this chaper and in Chapter 3. For abundant spins,

multiple—-pulse techniques are required.

2.6.b Multiple-Pulse Techniques

As was pointed out in the introduction to this chapter, it is
clear that high-power decoupling methods are inappropriate for the
observation of systems of abundant spins (i.e. 'H) which are

broadened by large homonuclear dipolar couplings. Additionally,

although it is theoretically possible to remove these interactions

with the use of magic-angle spinning, as noted above, in practice

this is not feasible because of limitations in the rates which

current spinning systems can attain. To overcome these
difficulties, a method of line narrowing was developed such that a
series of pulses of differing phases act on the system of interest.

In certain windows in the sequence, the magnetization behaves as it
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the effect of the homonuclear dipolar coupling were zero. Such

methods are referred to generally as multiple-pulse techniques.
In discussing the theoretical basis for this method, it is

useful to begin by examining the four-pulse cycle of Waugh, Huber

and Haeberlen'“, generally known as the WAHUHA sequence after the

initials of its developers. This cycle, which may be described by:
[ 30" -2t - 90°_,,. -1t -90°,. - 21 -90°__,. - 1 - 1

was the first successful multiple pulse sequence and is also the
simplest.

Given that the magnetization M in the rotating frame is
Initially in the z' direction, the first pulse of the WAHUHA
sequence will rotate M to the y' axis. After a period of 21, the
second pulse will rotate M back to the z' axis where it will remain
for a period t. The third and fourth pulses will result in M
remalining in the x' direction for 2t and then being rotated back
into the z' direction. After one complete cycle, M is again in the
z' direction and has spent one third of the total time aligned
along each of the three axes. This last statement has as an
assumption the fact that the pulse times are negligibly short
compared to t. Furthermore, the time for the complete cycle (b1)
must be short for two reasons. Firstly, the time of the cycle must
be significantly shorter than the spin-spin relaxation time, T., so

as to avoid having the magnetization decay away during the

experiment. Secondly, as was stated above, the averaging mechanism
must take place at a rate faster than the interactlion that one
wishes to average. As linewidths for homogeneously broadened

systems may be of the order of 40 kHz, cycle times of the order of

25 ps are generally required.

Now that the sequence has been described and some of its
relevant properties noted, the mode of action may now be described.
For this purpose, it is useful to rewrite the dipolar Hamiltonian
in a way which emphasizes the geometrical and spin components.

Given two point dipoles, p; and j;, connected by an internuclear
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vector, r, which is inclined at an angle, 6, to the static magnetic

field, the Hamiltonian may be written:'S
il = 2r=(Bcos?0-1D0pypy —-3(u),; (), .

It I1s the effect of the pulse sequence on the spin term in square
brackets that is of interest in this discussion. First of all,
since p,p; depends only on the relative orientation of the two
dipoles, this term is invariant to any rotations of M. However, as
the second term in the square brackets depends on the z component
of p, it must be averaged over the three orientations. As noted
above, in the WAHUHA pulse sequence, M spends equal times along the

x', y' and z' axes. The average is thus:

Clpa) s (padyd

1/3{ (e )y (poe )3 + s (uy 23 + (uy ) (pa 23l

which is

1/3{ps Q5?3

by definition of the scalar product. By insertion of this into the
above Hamiltonian, the term in square brackets will be seen to be
zero. Under such conditions, the dipolar Hamiltonian will average
to zero. Although this explanation is at a rather nailve level, 1t
does provide a useful description of the effect of the WAHUHA
sequence.

In practice, a series of cycles 1s used with single point
sampling at an appropriate place in the cycle (usually while the
magnetization is along the x' axis). A Fourier transform ot the
signal measured in successive cycles produces the usual frequency
domain spectrum. It should be noted that although the signal

decays with time, the T constraint noted above becomes less

important as this relaxation mechanism no longer includes the

effects of the dipolar interaction.

Since the development of the WAHUHA sequence, a number of
longer multiple-pulse sequences have been devised. These generally

are used in order to reduce the effects of B, inhomogeneity and

pulse-angle and timing errors. The latter can be a major source of
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error in the multiple-pulse type of experiments. In this work, the

eight-pulse MREV-8 sequence'® described in Chapter 3 was used.

Multiple-pulse sequences affect other internal interactions as

well. The chemical shift, chemical shift anisotropy and hetero-

nuclear scalar coupling are scaled by a factor which depends on the
pulse sequence used. For the WAHUHA sequence, this scaling factor

Is approximately 1//3. Homonuclear scalar couplings are

unaffected.

As the multiple-pulse sequence does not completely average the
chemical shift anisotropy, the use of such sequences alone will not
generally result in spectra in which the lines of chemically
different species may be resolved. If, however, both multiple-pulse
and magic angle methods are used simultaneously, the isotropic
chemical shifts may be obtained directly from the spectrum. This
technique, developed particularly by Gerstein and co-workers'”, has
been given the mnemonic CRAMPS - combined rotation and multiple
pulse spectroscopy. CRAMPS has a number of limitations to the
resolution which it may yield; however, its overall usetulness in
the examination of hydrogen—-bonded protons will be shown in
Chapter 6.

For a detailed description of multiple-pulse and CRAMPGS

techniques, the reader is referred to the monographs by Haeberlen®

and Gerstein and Dybowski”.
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CHAPTER THREE - EXPERIMENTAL CONSIDERATIONS
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3.1 Spectrometer osystems

3.1.a Bruker CXP-200

The spectrometer used for the vast majority of the work in
this thesis was a Bruker CXP-200. This instrument was equipped
with an Aspect 2000 computer system and a 4.7 Tesla, super-
conducting, wide bore magnet. The details of the CXP-200 have been
well documented'. For all nuclei, except 'H, dual channel probes
of Bruker construction were used. Several aspects of these probes
are discussed below. For 'H CRAMPS work, a modified single-channel
probe< was used.

It 1s important to note that during the course of this work
two diftferent sets of dual-channel CP/MAS probes were used. The
spectra ot the diphosphine disulphides were run using older probes
which had Andrew-Beams® spinning systems; all of the later work

(Chapters 5, 6 and 7) was done using newer, double-bearing< MAS

probes.

There are several factors which the experimentalist must keep
in mind here. Firstly, the Andrew-beams construction is generally
less stable both in terms of angle and spinning speed than the
double bearing system. This means that one must look very
carefully at any spectra run with this system betore doing sideband
analysis. Unstable spinning will lead to greater linewidth in the
spinning sidebands compared to the centreband. It this is the
case, when measuring the intensity for sideband analysis, one must
use integrated intensity rather than peak height. Additionally,
because of the construction of the Andrew-Beams probes, the stator
must be removed every time the sample is changed. As a result, it
was necessary to set the angle for each sample. Moreover, the
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