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SUMMARY

This thesis concerﬁs the investigation by nuclear
magnetic resonance spectroscopy of complexes formed transiently
between polar aliphatic molecules (solutes) and aromatic
solvents. The compléxes are studied by the use of lH chemical
shifts and spin-lattice relaxation times. The purpose of the
work is to confirm the validity of procedures which have been
developed previously to obtain more meaningful parameters
than hitherto describing the formation of such complexes, and
to investigate the mechanism of their formation.

The methods proposed for the evaluation of equilibrium
* quotients and the screening induced in the solute proton in
the complex relative to that in the free state rely on measure-
ments of its 1H shift variation with the composition of
mixtures of the solute, the aromatic and an inert solvent.
Chemical shift data for the interaction between chloroform
and [2H6]benzene occuﬂang in several inert solvents have been
measured to a higher accuracy than previously achieved, are
analysed using the proceduresreferred to, and confirm the .
validity of these. Some observations are made concerning the
effect of inert solvents and references used in these invest-
igations.

The mechanism of formation of transient complexes is
studied by analysing the variations in the magnitude of
equilibrium quotients with the composition of three-component
mixtures. The interactions occuring between several solutes
separately with benzene, in cyclohexane, are investigated. A
model for complex formation is proposed, which is quantitatively

explained in terms of molecular ordering in the ligquid medium.

Measurements of spin-lattice relaxation times in [ZH]



s B {
chloroform-benzene-cyclohexane mixtures of varying composition
are analysed, and are shown to substantiate the model for
complex formation deduced from the chemical shift analysis.
The conventional procedures used for the deoxygenation
of samples used for'spin—lattice relaxation time measurements
are shown to be unsatisfactory,‘and a versatile chemical

alternative is described.
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CHAPTER 1.

SOME THEORETICAL CONSIDERATIONS

OF NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY.

1.1. Introduction,

The hyperfine structure observed in the electronic
spectra of certain atoms when using optical spectographs of
high resolving powerl led Pauli to suggesﬂ:2 that certain
nuclei may possess angular momentum, and also a magnetic
moment which could intgract with electrons. Stern and

Gerlach3'4

subsequently showed that the measurable values

of an atomic magnetic moment are discrete in nature, and,
when an atom is placed in an inhomogeneous magnetic field,
correspond to a space quantisation of the atom. The magnetic
moment of the hydrogen nucleus was deternmneds by directing

a beam of hydrogen molecules through a static magnetic field,
which deflected the beam to an extent determined by the
magnetic moment. The method was afterwards extended by using
two oppositely inclined magnetic fields of similar gradients,
the molecular beam being diffused by the first magnetic field,
and focussed by the second on to a detector. The introduction
of a radiofrequency signal between the two original fields,
such that the oscillating magnetic component of the r.f.
signal was perpendicular to the main field, showed that the
density of molecules reaching the detector was reduced if

the energy of the radiofrequency signal was equal to that

required to induce transitions between the nuclear energy

levels corresponding to the quantisation of nuclear magnetic

momentsﬁ.

In 1945 two independent groups of workers: Purcell,
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Torrey and Pound?, and Bloch, Hansen and PackardS, both
detected nuclear magnetic resonance signals from bulk samples
of paraffin and water respectively. Using static magnetic
fields of about 1 tesla, it is found that the corresponding
oscillating field frequencies are in the range 0.1 - 100 MHz
for different nuclei. Wide use has since been made of the
fact that nuclear energy levels are dependent on the
environment of the nucleus, enabling the determination of
both nuclear properties and molecular structureg_ll.

It is convenient when discussing the theory of nuclear
magnetic resonance spectroscopy to first consider an isolated
nucleus in a magnetic field in order to deduce equations for
the resonance condition, and associated resonance criteria,
and then to investigate the properties of bulk samples
including such important aspects as the nuclear energy level
distributdion, relaxation and saturation. Finally it is
necessary to investigate the very important factors of the
chemical shift, spin-spin coupling and exchange phenomena
with respect to the nuclear environment.

1.2. Magnetic Properties Of Nuclei.

Certain nuclei may be considered to behave in a similar
fashion to spinning bodies of a spherical or ellipsoidal
shape, which possess angular momentum. Since an electric
charge is associated with an atomic nucleus, a magnetic
field is produced, the direction of which is coincident with
the axis of spin. These magnetic properties may be

conveniently represented by equation 1l.1.

—

-+
u = yIh ' 1.1.
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where the vectorial parameters ﬁ and fﬁ, the magnetic
moment and angular momentum respectively, are related by -
the constant y, the magnetogyric ratio, which is found to
be characteristic of each nuclear species; h is the reduced
Plank's constant (h/2m). The angular momentum of each
nucleus is quantized, since tﬁe presence of a magnetic
field gives rise to non-degenerate energy levels for the
nucleus, corresponding to the values of the angular momentum
which are given by half integral multiples of h, and
governed by the spin quantum number I.

The number of energy states is limited by the spin
qgquantum number to 2I + 1, with spin values from - I to + I.
I may be equal to zero, in which case the nucleus has no
magnetic moment, and does not give rise to magnetic resonance,
but if it has a finite value (i.e. a multiple of %), up is also
finite, and it is parallel to Ih. For this reason, u must
also be quantized, the different states corresponding to
different orientations of p within the reference coordinates
pertaining to the nucleus.

1.3. Nuclei In A Magnetic Field.

When nuclei are placed in a magnetic field the allowed
values of Inh and u correspond to different nuclear spin
orientations relative to a reference axis, which is usually
taken to be the same as the direction of the applied static
magnetic field, and is conventionally designated as the z
axis. When the magnetic moment of a nucleus, p, is inclined
at an angle 8 to the static field, Bo' (Figure 1.1.) the
energy of the nucleus is given by:

E = Eo * Ez X o2

where Eo is the energy of the nucleus in the absence of a

magnetic field, and B azBo' The total-energy is therefore:



FIGURE 1.1. The vectorial relationship between the magnetic

moment, p, and the spin angular momentum, I.
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FIGURE 1.2. A representation of Larmor precession.
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.
E = EO - L cos 6 BO 1.3.

and the quantised valués of M, are governed by the allowed
values of I, which can be represented by the nuclear _
magnetic gquantum number, m, which is allowed the values I,
i S by IR S b Ly (-I +2), (-I + 1), -I. It is
evident that the angle of oriéntation of p to the z axis,
6, is given by cosle = m/I and therefore the magnitude of
the magnetic moment in the z direction is given by equation
1.4.

§z= my/I ) P
and also:

-
Ez = - muBo/I Y iS55

The allowed energies of the magnetic moment are thus

characterised by m, and differ from Eg by:

->
ol
the energy between two adjacent levels being given by

equation 1.6.

-
AE = uB_ 1.6.
i :

Since it is only possible to induce a transition between
adjacent nuclear energy 1eve1512, i.e. Am = %+ ], a particular
nucleus may have only one characteristic value for AE for a
given value of Bo' It is possible to induce transitions
between the energy levels by subjecting nuclei in a magnetic
field to a signal, the frequency of which corresponds to the
energy difference, determined by the condition AE = hv.The
detection of changes in energy which result from inducing
such transitions is the basis of the n.m.r. teéhnique. From

equation 1.6. it is evident that, in order to induce a nuclear

absorption of energy, the frequency must bé given by:



n

+
iﬁ 2T

This is the condition, therefore, for nuclear magnetic
resonance to occur, and an absorption of energy will be
detected by suitable equipment if the condition is satisfied.

1.4. Conditions For Nuclear Magnetic Resonance.

1.4.1. The Classical Description Of Nuclear Resonance.

The absorption of energy by nuclei in a magnetic field
may most readily be understood by a classical consideration
of a rotating charged particle which is subjected to a
magnetic field, Bo‘ The magnetic moment, p, of the nuclear
dipole, when oriented at an angle 6 to the axis of the
applied field will experience a torque, L, which acts in
order to align the moment with Bo‘ The value of L is given
by equation 1.8:12

T = dp/at = ﬁBo = yEBO 245

where dp/dt is the rate of change of angular momentum. If
the angular momentum vector is rotated at an angular

ﬁelocity Wy then the rate of change of p is given by:

dp/dt = Emo 8
and, therefore, Wy is given by the equation:
wo — ‘YBO 1 10

The rate of change of the angular velocity, the Larmor
precessional frequency, is thus determined by the value of
the applied static field, Bo' Equation 1.10. may be re-

written in terms of the frequency of precession, Vg

Vo ™ YBO/ZW .11,

which shows that there is no dependence of vV, on the
direction of the reference axis, and the direction of the

magnetic moment, p, is fixed relative to coordinates
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rotating at a frequency ¥

When a small rotating magnetic field, Bl'

perpendicularly to the static field, (Figure 1.2.), the

is applied

direction of the rotation being about the direction of Bo'
a torque equal in value to uBl, will act upon the nuclear
magnetic moment tending to align it with Bl' i 5 o3 B1 is
applied at a frequency not equal to v+ the direction of
the torque will vary according to the difference between
the two frequencies, but if Bl rotates at a frequency equal
to v the torque will be constant, and the orientation of

u will be altered. The resonance condition may therefore be
observed by varying the frequency of B1 through the Larmor
frequency, the oscillations of the magnetic moment being
largest as the two frequencies correspond.

Normally, the frequency of Bl is in the radiofrequency
range. Thé signal is applied to a coil surrounding the
sample under investigation, the coil being wound such that
a field is produced at right angles to B, which has two
contra-rotating components. Only the field which rotates in
the correct sense will induce transitions between the
orientations of the magnetic moment, the other having no

effect, and energy will be absorbed.

1.4.2. A Simplified Quantum Mechanical Treatment.
The equation defining the influence of a magnetic

field on a magnetic moment, u, is

¥ = - uB_ 112

or, considering equation 1.1.,

Where I is the operator in the Hamiltonian equation, and

has values determined by the nuclear magnetic guantum



T
number, m. The values for the energy levels in the system

are therefore given by:
E = - YhBom ; 1.14,

and transitions induced between the energy states allowed
by this condition, may be considered to arise as a result
of a perturbation of the system. The required properties
of the oscillating field which permits this are determined
by the effect of the spin operator, I, and its related
eigenfunctions.

In a three-coordinate system, the operators Ix' Iy
and Iz may be defined, together with a fourth, 12, which
relates to a probability function. Taking the simplest case
of nuclei with spin, I, = %, for example the proton, there
are only two possible energy states, which are given by
tYnBo, and the eigenfunctions relating to these are usually
denoted by o and B. If the oscillating field is applied in
the same direction as the static field, i.e. the z direction,
the probability of a transition occuring between the two
states is:

Pz«(a|Tz|B)2 =0 1.8
and no transition can occur. However, the application of the
oscillating field in either the x or y directions gives rise
to finite transition probabilities given by equations 1.16.

and 1.17. respectively.
2

pxc(a|1x|s) kh 116y

2

P =(a|1;|8) kh g

y
The resulting change in energy is given by equation 1.14.,

where m can only be unity, and the frequency of the

oscillating field must be:



v ety o 185 1,18
h

In the genéral case of a nucleus of spin I, the "
transition probability between the energy levels m and ml
is given by14:

Pl (¥ |1 |v 4)2 1.19.
where ¥ and ¥ * are the eigenfunctions corresponding to
the two energy states. The probability function is found
to be non-zero only when m = mlil, or Am = 1, thus
determining the selection rule for nuclear transitions.

Whilst the classical concept of n.m.r. only predicts
absorption of energy, the guantum mechanical picture also
predicts an emission process, since P; is non-zero for

Am = -1 as well as Am = +1.

1.5. The Distribution Of Nuclei Between Energy Levels.

The.equations and selection rules represented above
show that a system of identical nuclei at resonance exhibits
equal probabilities of absorption, or stimulated emission of
energy, although the probability of spontaneous emission is
negligiblelq. However, in order to observe a nett change in
absorbed energy, i.e. an n.m.r. signal, it is apparent that
there must be a change in the distribution of nuclei between
the energy levels. The observation of such an absorption of
energy is permissable by virtue of the thermal Boltzmann
distribution between the energy levels, which favours the
lower state. Therefore, in the absence of a secondary field,
Bl' for a system of N nuclei at a temperature T, the number
of nuclei n, which occupy a level of energy, Ei is given

by equation 1.20.

—Ei/kT -Ei/kT
ni/‘N = e /Le 12205
i y
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Since there are 2I + 1 possible states, the probability

of a given nucleus occupying a particular energy level, m,

is given by:

+
2 1 +mpB_/IkT 21
which, since uBO/IkT is small under normal conditions,
approximates to:
i >
-l SN ) M muBO/IkT)/{ZI + 1) 1.225

Therefore there is an excess of nuclei in the lower state.
If I = %, the probabilities of a nucleus being in the upper
and lower states are given by equations 1.23. and 1.24.

respectively.

pUPPRE SR L (T uB_/KT) 1.23.

pIOMEE L L(1 + uB_/kT) $.24.

These relationships show that the excess population in the
lower state is increased with the magnitude Bo’ and the
sensitivity of the technique may be similarly increased by
increasing Bo' :
However, it is apparent that in order to maintain an
excess of nuclei in the lower state some mechanism must
exist by which nuclei may return from the higher to lower
energy states after resonance. In the presence of a large
secondary field (Bl), n.m.r. signals may disappear as the
excess number of nuclei in the lower state tends to zero,
the phenomenon being known as saturation, and is exhibited
when nuclei return only slowly from the upper energy levels.

15,16

In optical spectroscopy no such effect is noticed

since the return is usually rapid, and spontaneous. The
mechanism of the return of nuclei from the upper to the

lower states is known as relaxation, and will be discussed
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_further in Section 1l.7.

1.6. Saturation Effects.

The phenomenon of saturation, described briefly abdbe,
is generally exhibited as a reduction in signal intensity
and a broadening of the resonance line. In a spectrum
consisting of several absorptions, each may be affected
differently. Another possible effect of saturation is the
stimulation of multi-quantum transitionslT, for which the
selection rule Am = *1 does not applylz.

For an assembly of similar nuclei of spin I = %,
which are not subject to an oscillating field, Bl, the rate
of change of the excess population, n, is determined by

equation 1.25.

dn/dt =(neq - nyTl 15255

where neq is the value of n at thermal equilibrium, and Ty
is a relaxation time, determining the rate at which nuclei
return from the upper to lower energy levels. Upon the
application of a secondary field of a frequency suitable |
for resonénce to occur, the change in the excess population
will be 2nP, where P is the probability per unit time for

a transition to occur. Therefore, equation 1.25 becomes:

e S 1.26.
at ]

If the steady state value for the excess number of nuclei
in the lower energy state is defined as n_ then its
magnitude will be determined by equation 1.27.
-1
%s = (1 + 2pT,) 1,21,
n
eq ‘

The parameter P may be defined for a transition between the

L]
states m and m , aslB:
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Prom' = y?B3| (m|I|m') 126 v\ = V) 1.28.

(m|I|m') is the relevant element of the nuclear spin operator
matrix, and G(vmm. - v) is the Dirac delta function, which

is always zero unless v = v. Unfortunately, the use of

mi
this latter function predicts an infinitely narrow absorption,
which is never observed, and must be replaced by a function
g (v) which predicts an absorption of finite width, and is
given by:

sl g(v)dv =1 1.29.

0

For I = %, equation 1.28. may be reduced to:

s 2o
Pm+m' = %y Blg(v) 1.30
and hence:
oy o2 =i
_s = (1 + %"B]T;9(v)) 1.31.
neq

The ratio ns/neq is known as the saturation factor, Z, and
its value 1is at a minimum,zo, i.e. maximum saturation, when
the function g (v) is maximum. Defining a second relaxation

time T2 as:

=
I

, = 59 (v) 1:32,

then

252

(1 + v°B 1

Zg lTlTZ) 1.33.

Zo will therefore be determined by the magnetogyric ratio,
the strength of the oscillating field, and two relaxation
times, one of which is related to the line shape; ZO can
never be zero.

l1.7. General Comments On Relaxation Processes.

When the oscillating field, Bl' is of the correct
frequency to induce nuclear transitions, the excess population

of nuclei in the lower energy state decreases, and the rate
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of absorption of energy is correspondingly decreased.
However, there are processes which tend to restore the
Ithermal distribution of energy levels, and qombat the
éaturation effect. These processes are known as relaxation,
and their nett effect is to remove excess energy from an
excited spin state. There are two major types of relaxation
process, spin-lattice relaxation and spin-spin relaxation,
which are related to the parameters Tl and T2 respectively
in equation 1.33.

l1.7.1. Spin-Lattice Relaxation. >

The distribution of nuclei between energy levels is
determined by equation 1.20., and this is still applicable
in the presence of an oscillating field because a rise in
temperature occurs. The so-called spin temperature, TS, is
distinguishable from the temperature of the bulk medium
(the lattice) because of the generally small interaction
between nuclear spins and their environment. However, this
small interaction does facilitate the equilibration of
energy levels, because heat flow from nuclei to the lattice
opposes the reduction of the excess population of the lower
energy state.

The nature of the interaction between nuclei and the
adjacent lattice is best understood in terms of the mechanical
motions of molecules. Because all molecules have magnetic
properties, the effect of molecular rotation, vibration and
translation is to produce randomly fluctuating magnetic
fields which will be experienced by other nuclei. Since these
fluctuating fields are random a situation may arise in which
the resultant frequency of fluctuation at an adjacent nucleus
in any energy state is the same as the precessional frequency

of that nucleus. Should such a situation arise a transition
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may be induced, which in this case will cause a stimulated
emission or absorption.of enerqgy, which is transferred to

or from the surrounding lattice (in the form of heat).
Obviously from a thermodynamic standpoint the probability

of absorption is less than that for emission. This spin-
lattice relaxation mechanism is also responsible for the
initial process of equilibration of nuclei between energy
states when a static magnetic field is applied to the system,
and will be investigated in more detail in Section 2.B.

1.7.2. Spin-Spin Relaxation.

The relaxation processes which occur via the inter-
action of two adjacent precessing nuclei are effected by
the mutual exchange of spins, rather than exchange of energy
between the nucleus and the lattice. Each nucleus possessing
a magnetic moment produces both static and oscillating fields,
and if thg latter is of such a frequency to induce a transition
in a neighbouring nucleus, an exchange of spins may occur.
Although the general environment of the nucleus in unimportant,
only identical nuclei can exchange spins in this manner, and
consequently the total spin energy remains constant. The time
spent by individual nuclei in the upper br lower energy states
is reduced by this mechanism, which obviously does not
contribute to the excess number of nuclei in the lower state.
The phase coherence between nuclei which are exchanging spins
is characteristically lost in a time Ty known as the spin-
spin relaxation time.

The effects of spin-lattice and spin-spin relaxation
mechanisms on resonance line widths are marked, and will be

discussed further in Section 1.9., but it is important to

note that in systems where molecular motion is considerably

restricted, e.g. solids and viscous liquids, the time T,
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is usually much larger than T2, and since line widths are
_proportional to the inverse of the time spent in the
available states, these systems usually exhibit broad
resonance lines, although other factors also contribute in
these cases.

1.8. The N.M.R. Behaviour Of Macroscopic Samples.

The experimental observation of the n.m.r. phenomenon
depends on the use of large assemblies of nuclei, in order
to observe, with adequate sensitivity, the absorptions which
occur. If a magnetic field is applied to such a macroscopic
sample, the resultant of the nuclear magnetic moments will
appear as a nuclear magnetisation, ﬁo’ described by equation
1.34.

->

where X is defined as the static magneticsusceptibility of
the sample, and Bo is the strength of the static field.
Obviously the preceding arguments concerning isolated nuclei
cannot be applied in this case, and it is convenient to adopt
the quantitative approach of Blochw“2l when considering the
effect of an oscillating field on the nuclear magnetisation

vector.

The important difference between ﬁo and ﬁ is that

whilst the latter has components in all directions, when not
uhdergoing resonance, ﬁo only possesses a component in the z
direction, due to cancellation of the x and y components.

For a single nuclear magnetic moment:

an = y'ﬁBO 1.35,
dt

and for an assembly of moments:

Q1Q
g b2

-
= YMB _ 1.36
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In the resonancelexperiment, the oscillating field is applied
at right angles to Bo’ and the three components of the
magnetic ﬁield are given in the X, y and z directions by

(Figure 1.3.):

Bx = Blcosmt
B = -B.sinwt
y i
Bz = Bo

Hence equation 1.36. may be resolved into three components

when Bl is applied:

-+ > e - - -
de = Y(MyB0 - Msz) = Y(MyBD 4 MZB151nmt) 1.37,
art

2 - > - -

dM._ = vy (- MXBO 1 MszJ = Y(-MxB0 + MzBlcoswt) 1538,
dt

- - e - - e
dM = Y(MxBy_- MyBx) = Y(—Mx8151nmt - MyBlcosmt) Jio 39

e
dt
The result of the random phase distribution of the individual
nuclear magnetic moments is to average Mx and MY to zero if
there is no oscillating field present, and MZ = MO, the static
magnetisation, because the system is in equilibrium.

However, if equilibrium or steady state conditions do
not exist, for example after a resonance condition has been
passed, then Mz approaches Mo exponentially according to

equation 1.40.

Z o z 1.40.

Where Tl is the longitudinal, or spin-lattice, relaxation

time.

It is possible for Mx and My to differ from zero if

a group of nuclear moments are precessing in phase, but if
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the phase coherence is lost in a time T2, the transverse,
or spin;spin, relaxation time, the rates of approach of Mx
.and My to their equilibrium values may be assumed to be

also exponential, and are given by:

- -
de/dt - MX/'I'2 1.41.

Il

- ->
dM /dt - M /T 1.42.
y/ v/ T2

These three equations describing relaxation processes are
therefore effectual in modifying the basic rates of change

of magnetisation in each of the three directions, and

combination of equations 1.37. - 1.42. gives:
- -
d X = Y(ﬁ B+ M Blsinmt)— Mx 143,
dt : g . T,
2
am > > M
y = Y(MzBlcosmt - MxBo) i, 7 1.44.
dt T
2
am > > M- M
z = yYy(-M_B.sinwt - M_B.coswt) + o z 1.45%
Y - 38 | y 1 —_—
dt Tl

which are the equations derived by Bloch, and describe the,
behaviour of a macroscopic sample during a magnetic resonance
experiment (Figure 1.3.).

In order to simplify the solution of these eqqations
they are referred to a set of axes which rotates about the
z axis with the frequency of the field Bl' thereby fixing
the values and direction of both Bo and Bl. The rotational
frequency of the frame of reference is w, and is varied such
that resonance occurs when w = Wge The component of M along
the direction of Bl is known as in-phase, and that perpen-

dicular to Bl' is out-of-phase, and are denoted by the

components u and v respectively (Figure 1.4.). The relation-

ship between them is given by:






