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This thesis is concerned with the investigation, by nuclear
magnetic resonance spectroscopy, of the molecular interactions occurring
in mixtures of benzene and cyclohexane to which either chloroform or
deutero-chloroform has been added. The effect of the added polar
molecule on the liquid structure has been studied using spin-lattice
relaxation time, 1y chemical shift, and nuclear Overhduser effect
measurements. The main purpose of the work has been to validate a model
for molecular interaction involving local ordering of benzene around
chloroform.

A chemical method for removing dissolved oxygen from samples has
been developed to encompass a number of types of sample, including
quantitative mixtures, and its supremacy over conventional deoxygenation
technique is shown.,

A set of spectrometer conditions, the use of which produces the
minimal variation in peak height in the steady state, is presented.

To separate the general diluting effects of deutero-chloroform
from its effects due to the production of local order a series of
mixtures involving carbon tetrachloride, instead of deutero-chloroform,
have been used as non-interacting references. The effect of molecular
interaction is shown to be explainable using a solvation model, whilst
an approach involving 1:1 complex formation is shown not to account for
the observations, It is calculated that each solvation shell, based on
deutero-chloroform, contains about twelve molecules of benzene or
cyclohexane,

The equations produced to account for the Ty variations have been
adapted to account for the 14 chemical shift variations in the same
system. The shift measurements are shown to substantiate the solvent cage
model with a cage capacity of twelve molecules around each chloroform
molecule.

Nuclear Overhduser effect data have been analysed quantitatively
in a manner consistent with the solvation model. The results show that
discrete shells only exist when the mole fraction of deutero-chloroform
is below about 0,08,
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ABBREVIATIONS

Within this thesis the following abbreviations have been used in

place of their longer equivalents.

SLRT Spin-lattice Relaxation Time
NMR Nuclear Magnetic Resonance
AFPS . Adiabatic Fast Passage with Sampling
NOE Nuclear Overhtuser Effect
RF RadioFrequency

IF Intermediate Frequency

AR Audio Frequency

oD Outside Diameter

PITE PolyTetraFluoroEthylene
DMSO DiMethyl SulphOxide

DMF DiMethyl Formamide

TMB 1,2,4, 5=-TetraMethyl Benzene
AC Alternating current

DC Direct current

RC Resistance/Capacitance

™S TetraMethyl Silane

NMDR Nuclear Magnetic Double Resonance
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CHAPTER An introduction to
ONE Nuclear Magnetic Resonance
Spectroscopy

1,1 Introduction

Although Nuclear Magnetic Resonance (NMR) was presented to the
world in 19461'21ts roots go back as far as 1921. The occurrence of hyper-
fine structure in the electronic spectra of certain atoms, when using
high resolving power spectrogra.phs3 prompted Pauliu to suggest that certain
nuclei possess angular momentum, and thus a magnetic moment, which inter-
acts with the atomic orbital electrons. Stern and Gerlach5'6then demon-
strated that the measurable values of the magnetic moment are discreet
in nature and, when an atom is placed in an inhomogeneous magnetic field,
this corresponds to a space quantization of the atom. The magnetic moment
of the hydrogen nucleus was determined by directing a beam of hydrogen
atoms through a static magnetic field which deflected the beam. This
method was refined by using two, oppositely inclined, magnetic fields
of similar gradient, with the molecular beam being diffused by the first
and refocussed by the second. By introducing a radiofrequency signal
between the two fields it was possible to show that at certain frequencies
the density of molecules reaching the detector was reduced. Only molecules
of the same energy were refocussed and so when the energy of the RF signal
was equal to that necessary to induce transitions between the nuclear
energy levels corresponding to the quantization of nuclear magnetic

moments, exchange of energy occurred and the molecule was refocussed away



from the detector. The resonant exchange of energy is not restricted to
molecular beams and is detectable in all forms of matter. Gorter and
Braer7’8attempted to observe resonance of 7Li nuclei in lithium fluoride
by calorimetric methods and of 1H nuclei in potassium aluminium sulphate
by the occurrence of anomalous dispersion. These methods failed mainly
because of the unfavourable materials employed. It was not until late
1945 that the first actual Nuclear Magnetic Resonance signals were
observed., Teams led by Bloch1 and Purcellz, working independently,
detected hydrogen nuclear resonance absorption in bulk samples; Bloch
using water and Purcell using paraffin wax. Following from this, in 1949,
3t was found that the energy of the nuclear levels are dependant on the
compound in which the nucleus is found and on its position in that
compoundg. The determination of nuclear properties and molecular structure
is thus possible from a knowledge of the resonance frequenciesg_ll.

The detection of Nuclear Magnetic Resonance is dependent on the
properties of the bulk sample, however it is convenient, initially, to
discuss the theory of NMR in terms of an isolated nucleus in a magnetic
field and obtain equations for the resonance condition. Subsequently
consideration can be made of a group of identical nuclei and investigate
the effect on such things as nuclear energy levels, distribution,
relaxation and saturation. Finally chemical shifts, spin=-spin coupling
and exchange phenomena can be discussed with respect to the nuclear
environment.

1.2 Magnetic properties of nuclei

Nuclei of certain isotopes may be considered to behave as though
they were spinning spherical, or ellipsoidal, bodies possessing uniform
charge distribution around at least one axis. That is to say they possess
a mechanical spin or angular momentum. The composition of the nucleus,
with positively charged protons, 1is such that spinning produces a magnetic

field whose axis 1s coincident with the axis of spin. The magnetic moment



and the angular momentum behave as parallel vectors related by
/L aXIﬁ . 1.1

where j is an empirical constant characteristic of each nuclear species
and called the gyromagnetic ( or magnetogyric ) ratio;/;c is the magnetic
moment of the nucleus and I is the spin quantum number of half-integer
value, f is the reduced value of Planks constant ( = h/27). Nuclear
angular momentum is quantised and in magnetic fields the maximum meas-
urable component of the angular momentum in the direction of the field
is an integral, or half integral multiple of h. These components of the
angular momentum correspond to different energy states, The total number
of energy states is limited by the value of the spin quantum number, I,
to 21 + 1. That is the values range ( between the maximum measurable
values ) from +I through zero to -I. When I = O,/#-= 0 and so magnetic
effects are not detected. The quantisation of I necessarily quantises
the magnetic moment. The different values of/u—correspond to different
orientations with respect to the reference axis.

1.3 Nuclei in a magnetic field

The different values of the components of the angular momentum
and the magnetic moment are distinguishable only in the presence of an
external magnetic field. The direction of the external static field is
taken as the reference for the magnetic moment orientations and is
generally labelled as the z-direction. For a particular orientation of
the magnetic moment to the external field direction, characterised by an

angle € ( see figure 1.l ) the energy of the nucleus is given by
E = E -E 1.2

where Eo js the energy in the absence of the field and Ez equa.ls/u.ZBO
( BO js the external field strength ). The change in energy when the

external field is imposed ijs thus given by equation 1.3 &



E, = ?'(/.Lcose)Bo 1.3

The values of the components of the magnetic moment in the z
direction 9#2) are governed by the allowed values of I, which are desc-

ribed by the nuclear magnetic quahtum number m, Consequently cosé = n/I

a.nd/l-z = n;u/I and

E, = -mpiB /I 14

Z

The value of m can only change by one at any instance ( i.e. Am= £ 1)

and the energy gap between adjacent levels is thus given by
AE = MB /I lHa

For the simplest nucleus, that of hydrogen, consisting of one
proton, I = i thus two energy levels are permitted, corresponding to

m =+ and m = =3 withAE = %ﬂBo. This can be represented by

et

-._-—--”——(
=+ -
Absence of field energy of
field imposed level

The basis of the NMR method is to induce transitions of the nuclei
between adjacent energy levels and to detect.the net change in energy.
The frequency;v , of electromagnetic radiation associated with absorption
can be calculated from E =3h and thus a given nucleus has only one

characteristic resonant frequency in a given magnetic fieldlz,

o = mB /Th = ¥B, /2T 1.5




1.4 Conditions for Nuclear Magmetic Resonance

1.4,A The classical description of nuclear resonance

In order to understand the mechanism of NMR it is helpful to consider

the classical treatment of the nuclear dipole. The magnetic moment,fk,
of the nuclear dipole when oriented at an angle 8 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 bylz
1 = = P = 3
dg / dt /B, ¥ 338, 1.6

where dP / dt is the rate of change of angular momentum. If the angular
momentum vector is rotated at an angular velocity ofcoo then the rate of

change of p with time is given by
a8/ dt = B, 1.7
and therefore, from equations 1.6 and 1.7,6;% is given by
w = Y B 1.8

The rate of change of the angular velocity, the Larmor precessional
frequency, W, is thus determined by the value of the applied static

field, Bo' Equation 1.8 may be rewritten in terms of the frequency of

precession, V o

VO=XBO/2’W 1.9

When a small rotating magnetic field, Bl' is applied perpendicular
to the static field with the direction of rotation being in a plane
perpendicular to Bo' a torgque equal in value to’;ﬁgl will act upon the

nuclear magnetic moment tending to align it with Bl‘ If B1 is applied

at a frequency not equal to‘Oo the direction of the torque will vary
according to the difference in the two frequencies, However if Bl rotates

at a frequency equal to Do the torque will be constant and the orientation




of p# will be altered. It is, therefore, possible to detect a resonance
condition by sweeping the Larmor frequency with a varying B, frequency.
The largest oscillations of the magnetic moment being produced when the
two frequencies correspond. The rotating field, Bl’ is obtained by
applying a RF voltage to a coil surrounding the sample, and so arranged
that the oscillating magnetic component of the RF field produced is
perpendicular to the BO direction. This sinusoidally varying linear field
can be regarded as consisting of two superimposed contra-rotating magnetic
fields each having half the amplitude of the unresolved field. One field
component will be rotating in the opposite sense to the nucleus and will
have little effect on it, whereas the other component can be used to
perturb the nucleus' precessional motion and induce nuclear spin energy
changes when its frequency corresponds to the Larmor frequency;

1.4.B A quantum mechanical treatment of Nuclear Magnetic Resonance

Wwhen a nucleus of magnetic moment/u—is placed in a magnetic field

the Hamiltonian for the system 1is given by
= - 1.10
For B,
and since m=3¥f I,
= - 1.11
- ¥y R BO I
The values for the energy levels in the system are given by
= - 1012
E ¥R B, m

Tn order to produce transitions between the energy states a

perturbation of some kind must be introduced. A suitable disturbance is

the application of an oscillating magnetic field, and the necessary

direction of this field can be decided from the properties of spin-

operators and eigenfunctions appropriate to a nucleus of spin I.

In a three coordinate system the operators Ix' Iy and IZ may be



2 .
defined, along with I“ which relates to a probability function. For
simplicity consider the case for nuclei for which I = 4 ( as is the case
for the proton ). The eigenvalues of iz are =ith and +ih and hence the Lwo

possible energy levels are ~$ﬁBo and+3h30. If the spin eigenfunctions are
denoted by o and f then

Ix= +4Hhe and Ip= -%hp L3

For the general case of a nucleus of spin I the transition prob=

ability, Wx, between two energy levels m andm'is given by13

WJ('D‘i (\f/ml le%m' )

which is non zero only when m = m' 1 ( the selection rule )

Since Wx is non zero for Am = -1 as well as Am = +1 it can be
seen that the quantunm mechanical picture allows for an emission process
as well as absorption of energy ( unlike the classical concept which
predicts only absorption of energy )e

1,5 The population of spin states

The equations and selection fules outlined in the previous section
indicate that a system of jdentical nuclei at resonance exhibits equal
probabilities of absorption, or stimulated emission, of energy, with the
probability of spontaneous emission being negligiblelu. To detect an NMR

signal it is necessary to observe a net change in absorbed ( or emitted )

energy and for this to occur there must be an smbalance in the distribution

of the nuclei between the energy levels. This condition 1is brought about

by a thermal Boltzmann distribution of nuclei, which favours the lower

energy levels. Assuming that the nuclei do not interact with any other

part of the system, i.e. in the absence of a secondary field Bl’ then

for N nuclei at temperature T the number of nuclei, Oy which occupy &

level of energy E. is given by equation 1.14, Since there are 2I + 1
1 N

possible states, the probability, pt, of a given nucleus occupylng &

_ i o1 mis given by equation 1.15



ni e -Ei/kT
T 1.14
N zéi e .Ei/kT
i
: msB_/IKT
D - . V2 A 1+ (B /IKT ) 5
2l +1 21 +1

This shows there is an excess of nuclel in the lower energy state.
If I =+ the probabilities of a nucleus being in the upper or lower states

is given by

pIPPET = 3 (1 -pB /KT ) 1.16

lower
P

(1 +/uLBO/kT ) 1,17

i

Thus the excess population in the lower state ( Plower - pPPeTYy ig

dependant on the external field strength, Bo' and the sensitivity of the

technique may be enhanced by increasing Bo. For hydrogen nuclei in a
f£ield of 2.35 Tesla the excess population in the lower state is15
%#BO/kT, or about 1.6 x 10_5. That is for every 1,000,000 nuclei in the

upper energy level there are 1,000,016 in the lower level at room temp=

erature. Thus it is desirable for the main magnetic field to be as large

as possible, not only because the energy levels are more widely spaced

but because the sensitivity is jncreased due to excess population.

The observation of Nuclear Magnetic Resonance absorption depends

upon the net absorption of energy by this small excesS population.

However with continued absorption the fractional excess dwindles. Under

certain circumstances NMR signals may disappear as the excess number of

nuclei in the lower state tends to zero; this phenomenon being known as

saturation. It is apparent that in order to maintain an excess of nuclei




in the lower energy state some mechanism must exist whereby nuclei can
return from the higher to the lower energy states after resonance.
Because the saturation effect is only exhibited when nuclei return
slowly from the upper energy states it is not manifest in optical spect-
roscopy where return is usually rapid and spontaneouslé’l7. The process
by which the nuclei in one energy state return to the other energy state
js known as relaxation and will be discussed in section 1,7 and in
greater detail in chapter 3.

1.6 Saturation effects

Saturation generally shows itself as a reduction in signal intensity
and a broadening of the resonance line. The avoidance of saturation
during relaxation time measurements is very important as the progress of
the relaxation is, in many cases, followed by observing peak heights.
Saturation may be caused by stimulation of multi-quantum transitions for
which the selection rulelAnm = * 1 does not applyll'18.

Before the radiofrequency is applied the rate of change of excess

nuclei in the ground state, n, is given by
= - 1.18
dn/dt ( Ngq = M )/ Ty

where n  is the value of n when the spin system is in thermal equilibrium
eq
with its surroundings, and T4 is the relaxation time determining the rate

at which nmuclei return from the upper to lower energy levels. On the

application of a radiofrequency suitable for causing resonance the amount
of energy absorbed is proportional to 2nW,where W is the probability per
unit time for a transition to occur between two energy levels under the

influence of irradiation. Thus equation 1,18 becomes

(Eil. = ne = N -2 n W ll19
dt Tl

. ‘s piven b
The steady state value of the excess number of nuclei, ng, 1s glven by
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)-1
1 1.20

(1L +2WT

ns/n

eq

A value for W can be obtained from standard radiation theoryl? the

probability of transition in unit time between two states having magnetic

quantum numbers m and m' is

i = 3R (Tl )5S (o - 9) 12

where ( m ! I ‘ m' ) is the appropriate matrix element of the nuclear
spin operator and S (9t = ® ) is the Dirac delta function which is
strictly zero at all values except me. =3 thus giving rise to an
infinitely sharp absorption or emission line. This is unreal and so the
function is replaced by a shape function, g(») given by equation 1.22

which predicts an absorption of finite width.

1 = S gz (O) 1.22
o]

For T = & equation 1.21 reduces to

Woom' = X B g(9) 1.23

and hence

1,2 52 -1
ns/neq = (1+3¥ BT g(¥)) 1.24

The ratio n_/n 1 is known as the saturation factor ( designated Z )
s’ Te
and its value is at a minimum ( ZO) when g(®) is a maximum. A second

relaxation time, TZ' is defined by

T, = 380 1.25
and so
2 2 1.26
Z, = 1/ (1+Y BlTsz)
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showing that maximum saturation is determined by the gyromagnetic ratio
the oscillating field strength and two relaxation times, ome of which is
related to the line sha?e.

The approach to equilibrium of a spin system is governed by the
characteristic time Tl' however when the irradiation intensity is large
the governing factor is ZTl' This, in effect means that the equilibrium
is reached quicker and this is accompanied by broadening of the resonance
line ( since g(¥) is less effective on either side of resonance). When
the spin lattice relaxation process is inadequate the signal may diminish
in strength with time and in some cases disappear completely. Different
saturation effects can be observed for different lines in a spectrum
which may have differing relaxaiion times.

1.7 Relaxation processes

The terms T1 and T2 have been encountered in section 1.6 and they
help to characterise the relaxation process which was also mentioned.
Those relaxation processes have the effect of either removing excess
energy from an excited spin state (Tl) or reducing the lifetime of the
excited state (TZ)‘ The term T, is characteristic of spin-lattice relax-
ation and the term T2 is relevant to spin-spin relaxation. These two
processes will now be briefly outlined and a fuller discourse will occur
in chapter 3.

1,7 .A Spin-lattice Relaxation

Equation 1,14 determines the distribution of nucleil between

energy levels in the absence of Bl' In the presence of an oscillating

field the equation is still valid because & change in T occurs. T may

be defined as the spin temperature and the spin system may be regarded

as undergoing radiofrequency heating. It has been assumed that the

nuclei do not interact, or have Vvery 1ittle interaction, with any other

part of the system thus the temperature of the lattice is not altered to

a great extent. However the small interaction does enable thermal

a2 12 heiim o be established eventually petween the two systems.
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Because the heat capacity of the lattice is so much greater than that
for the spin system ( except at very low temperatures ) the resultant
spin temperature will be close to the lattice temperature. The absorption
of radiofrequency energy tends to reduce the excess population in the
1ower state but flow of heat from the nuclei to the lattice will tend

to oppose the shift in population. Because of the low probability of
spontaneous emission the only means of nuclear magnetic relaxation are
the induced transitions stimulated by magnetic field oscillations at

the lLarmor frequency. These perturbations, due to the adjacent lattice,
are best understood in terms of the mechanical motions of molecules. All
molecules have inherent or induced magnetic properties and the effect

of molecular rotation, vibration and rotation is to produce randomly
fluctuating magnetic fields which will be experienced by other nuclei.
Due to the randomness a situation may occur where the resultant frequency
of fluctuation at an ad jacent nucleus jn a particular energy state 1is
the same as the precessional frequency of that nucleus. In such a case

a transition may be jpnduced which may cause & stimilated emission or
absorption of energy which is transfered to,or from, the surrounding
1attice in the form of heat. From a thermodynamic standpoint the prob-
ability 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

js applied to the systen.

1.7.B Spin-Spin Relaxation

When a nucleus snteracts with jts surrounding lattice there is

generally a net change of energy jnvolved . There is a process whereby

nuclei change spins without changing net energy. Bach nucleus possessing

a magnetic moment produces both static and oscillating fields and if the

latter is of such a frequency to induce & transition in a neighbouring

nucleus, an exchange of spins may occur. Only identical nuclel can

v ewira 3n this manner and the general environment of the nucleus
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{s immaterial. The total spin energy of the system remains constant
and the effect of the transition is to reduce the time spent by the
individual nuclei in any particular energy level; the number of nuclei
in each energy level remains constant. At the instant of exchange the
relevant nuclei are in phase. After exchange there is a loss of phase

and this loss is characterised by the spin-spin inmteraction ( relaxation )

time T2.

The relaxation times T1 and T2 have substantial effects on the
1ine widths of resonance peaks. In this work, involving spin-lattice
relaxation effects,it has been necessary to deliberately offset the field
homogeneity in order to avoid complications due to spin-spin relaxation
effects. In systems where nolecular motion is considerably restricted,
for example in solids and viscous liquids, the value of T1 is usually
much larger than T2 and, since the line widths are proportional to the
jnverse of the time spent in the available states, these systems usually

show broad resonance lines.

1.8 The NMR behaviour of Macroscopic samples

For the experimental observation of the NMR phenomenon it 1is
necessary to utilise a large number of nuclei in order to
provide a sufficiently large net change in energy to produce adequate
sensitivity in the analytical snstrumentation. The application of a
magnetic field to a large group of nuclei produces a total effect which
is different to the effect of the same field on a single nmucleus, In a

group of nuclei the various spin states are occupied to different

extents, producing a bulk magnetic susceptibility,sﬁb. The resultant

of the combined nuclear magnetic moments appears as a nuclear magnetisation

( a magnetic moment per unit volume ), ﬁ;, where
¥ = 1.27
Mo CK’o B,

In considering the macroscopic pehaviour of nuclei it is convenient
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to outline the quantitative approach of Bloch?0~22,

The nuclear magnetisation, M , is the macroscopic equivalent of
M However it differs from it in that, away from resonance, M, possesses
a component in the z direction only, whereas/a-has components in the x, ¥

and z directions, For a single nuclear magnetic moment

<}a/d+, = YH B, 1.28
whilst for an assembly of moments

am/dt = ¥ M B, 1.29

The three components oﬁ/L can be related to the three components of M

such that

E/uz = M 1.30a

Z
Z/AX = M 1.30b
= 1.30
é/,(y M, 30¢

Away from resonance the individual nuclei precess about the
2 axis and have random phase and hence the total of the x and ¥ components
averages to zero. In the absence of Bl’ Mz = Mo, however if equilibrium
conditions are disturbed, for example after a resonance condition has

been passed, Mz approaches Mo exponentially according to equation 1.31.

- - 1.31
aM_/dt (M, -M ) /Ty 3

Z

Bloch has called 'I‘l the longitudenal relaxation time because it
determines the approach to equilibrium (MO) of the component (Mz) which
is parallel to B_. M and My only differ from zero if a group of nuclear
moments happen to be in phase ( as occurs at resonance ). Phase coherance
is lost in a time of the order of the spin-spin interaction time, TZ’

which Bloch has called the transverse relaxation time.
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In the presence of an oscillating field, Bl’ there are three

components of the magnetic field, which are given by

Bx = B1 cos wt 1.32a
B = o 3

v Bl sinwt 1.32b
BZ = BO 1.32¢c

Bloch has shown that the rates of change of the macroscopic

magnetisation components is given by equations 1.33 = 1.35.

aM .
x = (M, B, + 1M, By sinct )y - M 1.33
dt
T,
aMm. M
= (M, By coswt - M, B,) - X 1.34
dt
T
!
- (- M, By sinwt - My By coswt ) + " " 1.35
dt T

These equations describe the behaviour of a macroscopic sample
during a magnetic resonance experiment ( figures 1.1 and 1.2 ). These
complex equations are simplified by refering to a set of axes which
rotate about the z axis with the frequency of the field, Bl' This fixes
the values and direction of BO and Bl' The rotational frequency of the
frame of reference is < and is varied such that resonance OCCUrS when
w = ©. e The component of M along the B1 direction is known as u,
or in-phase, and the component perpendicular to B1 is known as Vv, OT

out-of-phase, The two components are related by

1.36

M = u cos @t =V sinwt
My = .y sinwt =V coswt 1.37

Incorporating these into equations 1.33 = 1.35 produces equations 1.38 = 1.40
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du u
—— + — + (G)O -(.‘)) v = 0 1.38
d .

t T2

dv v

+ _

[ [ + ((A)o -w) u + Bl MZ = ( 1.39
dt T2

M, ( My = ¥ ) . Byv = 0 1.40
dt T

At resonance, assuming a steady state condition ( sz/dt =0 )

it is possible to solve equations 1,38 - 1.40 for u, v and Mz.

u = MOXBng_(wo-w)/D 1.41

v = MOXBITZ/D ‘ 1.42
- 2 2

M, = Mo(l-TZ(oo-w))/D 1.43

2 2 2 o2
where D =1 + T, (w, ~w)+¥ BT T,

. -7
For B1 in the order of 10 Tesla and 0.1 <T1, T2< 10 seconds

the v-mode ( absorption ) signal should be proportional to By T, /

1+ Tg (ugo -2 )2 and produces a Lorentzian line shapezo’ZB. When

°J==a)o the signal is at a maximum and proportional to XIBl T2 . The
u-mode ( dispersion ) signal is mainly used, in high resolution spectr-
oscopy, in an spndirect role in the provision of a lock signal for

naximising the field homogeneity.
The absorption line spectrum can be integrated over all values of

(aJo - ) and this results in signals proportional tofXé, the static

susceptibility. Because?Lo is a function of the number of nuclei per unit

volume, the area under each absorption line is proportional to the number

of nuclei of each type undergoing resonance s

1.9 Factors affecting line widths

In section 1.6 it was noticed that although the absorption line
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for nuclei undergoing resonance should, in a simple quantum mechanical
approach, be an infinitely narrow line the inclusion of g(v) allows

the prediction of a peak'of finite width, The absorption line shape is
approximately Lorentzian and its width is measured at its half height
and this is expressed in either field or frequency terms. The two
relaxation times, Tl and T2, can have a large effect on the line widths
although other factors can contribute.

1.9.A Spin-spin and spin-lattice relaxation

When either a spin-spin or spin-lattice relaxation mechanism
operates there is a restriction on the lifetime of a nucleus in a given
spin state. This introduces a degree of uncertainty in the time which
elapses before the nucleus changes its energy. Heisenberg's uncertainty

principle requires that

LB . AT = yol 1.4
( uncertainty )(uncertainty )
in energy in lifetime
and since AE = hAvV ,

AD = 1/ 2WAT 1.45

It will be shown later that for spin-lattice relaxation AT =2 T4 giving

AD = 1/4WT 1.46

This definition of the uncertainty in the frequency of a given absorption

1ine shows that small values for T1 will give rise to broad lines.

T similarly affects line widths due to the uncertainty in the lifetime

2
and corresponding uncertainty in the frequency at which resonance OCCUIS.

1.9.B The effect of paramagnetic impurities

An atom or molecule has a paramagnetic susceptibility if the

induced moment is in the sameé direction as the applied magnetic field,

whereas diamagnetism arises from a moment induced in the opposite direction.
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Paramagnetism arises in atoms and molecules if one or more electrons have
unpaired spins. If a molecule has an unpaired spinning electron the
circulating charge has associated with it a permanent magnetic moment.
The effects of paramagnetism on NMR signals are usually very large. Some
transition metal compounds, and even simpler molecules such as oxygen,
can have very substantial electronic magnetic moments compared to the
nuclear magnetic moment of hydrogen. The large local magnetic fields
produced by paramagnetic species can modulate the static field, Bo, at
the nucleus causing a distortion of resonance. These local magnetic fields
also provide additional spin-lattice relaxation mechanisms causing the
values of Tl to decrease. In addition this results in a large broadening
of the absorption line which may, in some cases, cause the peak to remain
undetected ( because as the peak broadens its height decreases to allow
the area underneath to remain constant ). It is possible to observe
spectra of dilute solutions of paramagnetic species24 where the reduction
in the relaxation time allows the use of a higher observing RF field.

1.9.C Magnetic dipole interaction

This interaction has an effect similar to that of paramagnetism
however it is much smaller. The magnetic moments of neighbouring nuclei
may modify the magnetic fields at a particular nucleus, with the static

component in the Bo direction causing magnetic dipole broadening. The

rotating components are responsible for spin=-spin relaxation broadening.

The static component resulting from the effect of a nucleus at
a distance r from the nucleus under consideration and lying on & line

inclined at an angle @ to the axis of the magnetic field B, is given by

- 20 3 1.47
Botatic ~  /° (1-3co0s )/ T

. . 2 -
In liquids and gases, where rapid motion 1S possible, 3 cos<9 1 and
is zero and the effect is negligible. In solids and in

thus Bstatic

highly viscous liquids, «here the nuclei stay in the same relative
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positions for a reasonably long time the local field may have a value
between + %#/rB and -/u/rB and this results in resonance occurring over
a range of external field values. The magnetic field at a distance of 1R
from a proton, for instance, is about 10-2 Tesla, In order to obtain high
resolution spectra for solids it is necessary to artificially average
3 coszé? to unity. This can be done either by spinning the sample
ra?idly at an angle s14OL 25 or pulsing By in three mutually perpen-
dicular directions in turn such that the average magnetisation vector

26

is at the required angle .

1.9.D Quadrupole effects

Quadrupole effects occur with nuclei in which the distribution of
nuclear charge is non-spherical, and are evident for all nuclei where
I:} %. In the presence of an electric field gradient quadrupoles may
precess causing a displacement of the nuclear energy levels. This
enhances the spin-lattice relaxation mechanisms causing a reduction in T1
and consequently affecting the line width.

1.9.E Magnetic field inhomogeneity

If the static magnetic field, Bl' varies over the dimensions of
the sample then the absorption line will be broadened due to different
parts of the sample resonating at slightly different frequencies, corr-
esponding to the slightly different field strengths being experienced.
If the inhomogeneity is slight the effect at the sample can be removed
by rapid spinning of the sample causing the sample to "see" only an
average field.

1.9.F Other factors affecting line shapes

The two main effects that alter line shapes, other than those

already mentioned, are saturation and relaxational ringing. In addition

to reducing the overall magnitude of the absorptions saturation also

causes signal distortion. The reduction in magnitude is proportional

to g(») and the reduction is greatest for the maximum value of g(0),

i o. at the band centre, and becomes less narked towards the band edges.
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This causes an apparent increase in the peak half-width.

Relaxational ringing is caused by sweeping through the resonance

. 27 .
1ine too rapidly“’. During excessively fast sweeping the nuclear magnet-

ssation is unable to follow the variations in the frequency of the
applied oscillating field, After the resonance line has been swept
there may be a difference between the frequencies of precession and B1
and this gives rise to a low frequency intermodulation signa128, the
amplitude of which decays at a rate governed by Tz. The presence of
extensive ringing usually indicates that good magnetic field homogeneity
has been obtained and that long spin-spin relaxation times are present
in a liquid sample.

The effect of spontaneous emission on the line width ( by way
of an effect on the lifetimes of the higher energy levels ) is negligib1e9.

1.10 Chemical shifts

One of the most important points in favour of NMR spectroscopy
as an analytical tool 1is that the position of resonance is dependent
to some degree upon the chemical environment of the nucleus. The nuclei
and electrons surrounding the observed nucleus, shield that nucleus to
some extent from the external magnetic field and thus a slightly different
value of the external field is required to produce the resonant field
strength at the nucleus. To account for this local modification of the
magnetic field a screening constant, 0 , is defined such that By . .9 =

Bo (1-0). o is usually positive and soO Bo is effectively reduced

( as seen by the nucleus ). If the external field strength is kept

constant the frequency required for resonance must alter according to

1.48
I = B, (1- o)/ Ih

The effect of shielding is to decrease the energy difference

between the energy levels from ( for I = 1) Er MBj /1 to

E=/ABO(1-0’)/I .
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Nuclei of the same isotope but in different chemical environments

may resonate at different external magnetic field strengths due to

the different values of 0~ occurring. The difference in the resonance
conditions, characterised by the chemical environment, is called the
chemicél shift and is denoted by S . For two nuclei, i and j, of the same
jsotope but in different environments the chemical shift is defined by
Qij = 0; -<73 . Due to the difficulties of measuring field strengths
accurately, and measuring resonance lines for nuclei bereft of electrons
the absolute values of the chemical shifts may not be obtained. Usually
chemical shifts are measured, in frequency terms, relative to a reference
compound, ( for proton spectroscopy the usual reference.compound is

tetramethyl silane, Si (CHB)H which gives a sharp, well defined absorption

line). & is often equated with the magnetic field strength according to

> = (B- B. ) / B, pPeD.M. 1.49

where B is the field strength at which the nucleus under observation
undergoes resonance, and Br is the field strength at which the reference

nuclei undergo resonance. In frequency terms

8 = Vr -V % 106 DeDeMe 1.50

oscillator frequency

where -V and i& are analagous with B and B in equation 1.49 .

The use of tetramethylsilane ( THS ) as a reference material

commonly results in negative values of & since the screening 1l ™S is

greater than in most proton environments normally encountered. For

convenience a Tau scale has been defined such that /}’= 10 +-S R

The scale is fixed by defining the resonance of an infinitely dilute

solution of TMS in carbon tetrachloride as having a Tau value of 10.

On the F. scale most proton resonances thus have positive values, for

und 2 - ¥ and methyl
example aromatic compounds usually resonate aro 3 y

group resonances are commonly found at 6 - 9’}'.
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In the next section the origins of, and the contributions to, the
chemical shift will be discussed. Chemical shift data will be presented

in chapter 6 to elucidate a model for complex formation, however in that

case the interest will be in chemical shifts as complete entities rather
than the constituent parts. The following sections will not therefore
go into extreme detail;.for further elucidation there are several

excellent texts available9’10’31'237.

1.10.A The origins and contributions to the chemical shift

The chemical shift.'g , of a nucleus in a certain environment
is determined by the screening or shielding of the nucleus by that
environment. The contributions to the screening can be divided into
individual contributions due to the different effects experienced at the
resonant nucleus.

The screening constant and thus the chemical shift may be expressed
in the form of a virial expansion and, as it is known that in the gas
phase 5 is proportional to the density of the sample ( a plot of shift
versus density being linear ), only two terms of the virial expansion

are of importance.

S = ((ro_a;)url‘/vm 1.51

where O_ and 01 are the first and second virial screening coefficients,
o
O; the screening constant of the reference, and Vm the molar volume of

the sample. The two terms in the expansion can be attributed to intra-

molecular and intermolecular effects respectively. The total screening

of a nucleus A,oA, is given by

O T 1.52

intra inter
Equations 1.51 and 1.52 are relevant to the liquid phase as well

as the gas phase, although the evidence in support of equation 1.51 in

the 1liquid phase is, at present, jndirect. Any gifference in the values of
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the contributions effectively changes the chemical shift of a nucleus

with respect to a given reference. The two terns o and o ma
> inter intra y
be further sub-divided3 =35
GVA AA AA
: = ..+
intra Caia © para + Ach;é deloc 1.53
CTA = O + O + 0. + O,
inter B A W z t9g 1.54

The meaning of each symbol and the factors governing each term

will now be discussed.

1.10.B Intramolecular contributions

1,10.B.1 Cfgﬁa, The diamagnetic screening term

An applied magnetic field causes the electrons in a molecule to
move in such a way as to produce a secondary magnetic field which opposes
the applied field and therefore lowers the frequency at which resonance
apparently occurs. Oaia can be calculated from Lambs formu1a32, derived
from electronic and quantum theory, which requires a knowledge of the
electron distribution in the molecule. For atoms that have spherically

symmetrical electron distributions the screening produced at the nucleus

is wholly diamagnetic, but in other cases there is also a paramagnetic

contribution to the screening.

1,10.B.2 Cygira The paramagnetic screening term

This screening is considered to originate from magnetic fields

which are induced at a nucleus undergoing resonance. The static field, Bo'

tends to induce the mixing of atoms in both the ground and excited

electronic states. In most molecules the presence of other nuclei

affects the rotation of the electron cloud about the resonant nucleus, and

paramagnetic screening occurs when the electrons are not confined in a

6 AA . qseps
pure s orbital around the nucleus3 . The value Of‘giara is difficult to

evaluate accurately, requiring a knowledge of both the energy and

37,38

wavefunction of the ground and excited electronic states of the molecule .
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1,10.B. s o ic shieldi
A=p _ap interatomic shielding, OrC£; the anisotropic screening term

This effect is attributed to current induced in adjacent electron
groups in the same molecule and can be paramagnetic or diamagnetic in
character39. Anisotropic atoms have different components of magnetic
susceptibility along different axes and thus in a nagnetic field different
components of the magnetic moment are induced along these axes. In a
magnetic field the atoms behave as magnetic dipoles and produce a secondary
field at the nucleus, The magnitude of the effect is only dependant on
the nature of the atom or group causing the secondary field, the distance
between the point dipoles and the nucleus (r), and the angle between the
magnetic dipole and the direction of r (@). McConnell39 gives an equation

which applies to axially symmetric groups only.

oy = (%M (1-3es?E) /5% .55

where‘czr and.rXE are the parallel and perpendicular components, respectively,
of the magnetic susceptibility of the bond between the two atoms or
groups defining the magnetic dipole.

1.10.B.A4 Cﬁieloc The delocalised electron screening term

This term is important for molecules containing fully conjugated
groups ( for example aromatics ). The orbitals extend over a large area
and the induced diamagnetic currents are in a closed loop, with little
resistance to their notion, and so these currents can produce quite

large secondary magnetic fields. In aromatic molecules the electrons

produce a ring current when the applied magnetic field is perpendicular

to the plane of the ring. The induced field OPDOSeS the applied field

along the molecular axis and reinforces it at the edges. This effect

is the reason for benzene protons resonating at ( relatively ) low field

strengths, since the protons &re in a region where the total field

strength is higher than the applied field strength.




The consequence of these intramolecular contributions to nuclear
screening is to give information about the nature of the environment
of a particular nucleus ig a molecule, In proton spectroscopy chemical
shifts are thought to be influenced largely by differences in bond

anisotropy and its effect °n£?A#B°X£- In the system investigated in

chapter 6<7€;100 is of some importance since the proximity of the
chloroform molecule to the benzene molecules ( with their large secondary
field ) decides the chemical shift of the chloroform.

1,10, Intermolecular effects

The screening term Cg;ter arises from the direct or indirect
effects of solvents or other molecules on the molecule containing the
nucleus under study.
1.10.C.1 CT% The bulk susceptibility screening term

The position of a resonance can be compared to that of a reference

to give the chemical shift and in doing so the sample and the standard
are usually analysed together i.e. in the same NMR tube. The reference
can be included with the sample in two ways, either internally in which
case the reference 1is mixed with the sample and becomes an integral part
of it, or externally when the standard is placed in a small capillary
tube which itself is placed in the sample tube. In the former case the

reference is affected by exactly the same field as is experienced by the

sample. In the latter case the reference does not experience the same field

as the sample because of the differences in magnetic susceptibilities. It

is necessary to correct for bulk susceptibility. With an external

reference

Begg = 3o (17 (( /3 ) —)'k ) 1.56

where o is a shape factor for the vessel containing the sample and

equals b/3 for a sphere and 21 for a cylinder ( where the length is much

greater than the radius ), With cylindrical tubes the following holds
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R=S R=S

corr  Oobs Zﬂ“(ﬁQVR -Ns ) /3 1.57
wheregigsrr and S il:i are the corrected and the observed chemical shifts
a.nd//LVR andix&s are the total volume susceptibilities of the materials
containing the reference (R) and sample (S) nuclei respectively. For the
internal reference techniqueiﬂ ='7LVS and thus no correction is

VR

necessary.

1.,10.C.2 cﬁ; The anisotropy of susceptibility of the solvent screening term

This term is similar to fa#Bcgé . It is most noticeable when a
molecule adopts a specific orientation with respect to its solvent.
Calculation of the magnitude of JX is possible for simple solute molecules
including spherical solutes of varying molecular volume in anisotropic
solvents. The calculations of Bothner-By and Glickqo, Abrahamhl and
Rummens42 are qualitatively useful and those of Becconsa.l43 and Homer and
Redhead44 are probably the most accurate. Homer and Redhead44 critically
compared the results they obtained with the experimentally obtained values
of Rummensqz. The calculated and experimental values were in good

agreement and enabled them to show that the change in OX which occurred

on changing the solvent from pure benzene to pure cyclohexane was very

small.

o . tric field screening term
1,10.C.3 6% The electric

This term covers the effect caused by all electric fields but

particularly the reaction field due to the presence of a polar solute.

The polar solute affects the solvent and the dependant reaction field

causes electron drift to occur in the solute molecules. The electric

field, B, that arises, acts along the axis of the dipole which caused it.

. 9
The magnitude of Oézis generally given as

2 -18
Cfé - 0.00002 = 0.02E - (8% x10) 1.58

st
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When E arises from an external field the average value ofcjﬁ in

a mobile liquid or gas is zero. A model for the calculation of R, the

reaction field,has been proposed by Buckingham45'46 and consequently
Og can be calculated. Diehl and Freeman47 have proposed a method of
calculating R for non-spherical molecules.

In aromatic/solvent mixtures where the reaction field‘does not
change with the ratio of the concentration of the components,CTé will
be constant and therefore relatively uninportant. In the present invest-
jgation there is some difference in the dielectric constants of the
aromatic and solvent components and since the dielectric constant affects
the reaction and electric fields it is not expected that Oé remains

constant over the chosen ranges of composition.

1.10.C.4 o The Van der Waals screening term

This effect arises from the dispersion forces between molecules.
A pair of molecules, on approaching, distort each other's electronic
structures and so give rise to a solvent dependant screening term.
Overall this effect is paramagnetic in character. Changes can be deter=-
mined by the method proposed by Howard, Linder and Emerson48 and used by
Homer and Huckb’9 who showed that in a system of nitroform, cyclohexane
and benzene Cf& did not exceed 0.0002 parts per million on changing

the solvent from pure cyclohexane to pure benzene.

1.10.C.5 o?; The specific screening term

The specific screening term takes into account specific molecular

interactions which may occur between solute and solvent. These interactions

include hydrogen bonding, charge-transfer complex formation, dipole-

-dipole and dipole-induced dipole interactions. In the context of this

thesis the last nentioned effect is VeTry jmportant. It 1is usually assumed

that the interaction between polar molecules and aromatic molecules

( for example chloroform and benzene ) may be seen as occurring by the

47,50=53 4 s
formation of a transient collision complex 5 which suggests a short
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1ived orientation of the aromatic molecule with respect to the polar
sso].ute5l+-58 brought 3
’ ught about by a dipole-induced dipole interaction.
The system used in the investigations reported in this thesis
was the chloroform (A)/benzene (D)/cyclohexane (S) system., In general
A can be a polar solute, D an aromatic solute and S a ( supposedly )

spert solvent, The interaction can be represented by
A + D = A..D 1.59

The complex formation equation ( 1.59 ) can be considered to show
a chemical exchange process whereby solute A exists in two possible
environments, complexed and uncomplexed, For the chloroform/benzene/
cyclohexane system the rate of exchange between the two environments is
so fast that the NMR spectrum consists of an averaged resonance gsignal.
Figure 1.5 shows a schematic representation of the spectrum for the
chloroform/benzene/cyclohexane system. The observed chemical shift
between the chloroform and the cyclohexane,‘gﬁgz , 1is dependant on the
relative times spent by the chloroform molecule in the free and complexed
states.

1.11 Chemical exchange phenomena

Figure 1.5 shows that the presence of chemical exchange can

greatly alter an NMR spectrum. If a resonant nucleus can exist in two

distinct environments, I and II, and exchange readily between the two

then the appearance of the spectrum is dependant on the lifetimes of the

two statesﬁfi and'T&I respectively. If SI and 511 are the chemical shifts

( in Hz ) of the resonant nucleus in each of the two states two lines

will be observed if'T& and'}il are long compared with 21T'(‘;I - SII )e

On the other hand if 17 and Y7 are cnort compared with 2 (61 -611)

) X . . <
a single absorption line «ill be seen, There are intermediate effect

such as broad or slightly split absorption lines caused by the lifetimes

imi ifet] be affected b
qE and?]’:I being between the two limits. The lifetimes may y

1y +ammeratyure and there are cases where & system shows one sharp line
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at high temperature and two well resolved lines at much lower temperature.

1
inen by ana "1 are both short, Gutowsky and Saika”® define the
time averaged shift*,gobs, by

gobs

pIgI + pngn 1.60

where

Py

) = 1l=-Dpp 1.61

i.e. Pr and P11 are the fractions of time spent by the resonant nucleus
in the states I and II. Equation 1.61 does not strictly hold in cases
where magnetically and chemically equivalent sites are involvedéo’él.

In the chloroform/benzene/cyclohexane system, where chloroform (a)
can exist in two states, the values of/}'I and /}JII are much shorter than
2 <gI - SII ) and so only one absorption line is seen. The chemical

shift of species A, is a bulk magnetic parameter and generally the

Al
reaction of A with D is studied by measuring the change in the shift
associated with fixed quantities of A, as the D/S ratio is altered over a

range of values. Equation 1.61 is usually interpreted such that the time

fractions p are represented by population functions.

_n n, = n 1.62
Sovs g, A 4D Srree
or
- B 1.63
Aobs -—-&'D- AC
A
where g?ree is the shift of the uncomplexed A, SC is the theoretical shift

of A in the complex, 1, is the total number of moles of A and g is the

total number of moles of the compleX AD formed at equilibrium. Ac and

Aobs are defined as

Ac = gc -gfree 1.6
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AObS ) gObsngfree 1.65

It can be seen that in the system of interest the absorption peak
due to the chloroform proton moves towards the absorption peak due to

the protons in the cyclohexane as the fraction of benzene in the mixture

’

increases. The increased screening is supposed to be dependant on the
formation of ar-complex via a dipole-induced dipole mechanism. The
chloroform proton aligns itself along the Cé axis of rotation of the
aromatic and thereby experiences a field effect caused by the delocalised
electrons in the ring producing a secondary magnetic field opposing the
nain external field. This causes resonance to occur at a higher apparent
external field strength than would be the case in the absence of any
interaction.zﬁc which describes the shielding of the solute protons in
the complex may be taken to be characteristic of the complex formed,

and it may be determined if nAD/nA is known. However this ratio is not
generally measurable, because of the transient nature of the complex,
except by using a different approach such as the phase distribution
proéedure of Homer and Cookeéo'61 which the present author has used
previously to investigate acetone/benzene/water mixtureséz. The equil-
ibrium quotient,ﬁ(the expression for the equilibrium constant for a

reaction devoid of activity coefficients ) and.&c may be determined

indirectly by a number of methodséB-ééof which only two are of interest

6
here, namely the methods of Benesl and Hildebrand 3 and Cresswell and

Allredéu. It has been shown67that others are either inferior or no more

accurate than these two., The two named methods use extrapolation and

jterative data processing procedures respectively to calculate the

n found that the values of,A and k

s
required[)c and k values. It has bee i
7,

i i i ) sed and Homer et al
vary according to which concentration scale is u

have shown that the most reasonable scale to use is the mole fraction
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scale. In addition it has been shown that AC and(ﬁ appear to vary for the

same reaction occurring in different solvents,

rationalised by Homer et.also'sl,

but this problem has been

In the following sections the Benesi-Hildebrand and the Cresswell

and Allred procedures will be outlined in their basic and modified forms

which can be used to obtain meaningful values of‘ﬁh and i.

1.11.A The Cresswell-Allred procedure

This method depends upon obtaining an expression for nAD/nA and

for k in which all the terms are known. This requires that the activity

coefficients 8’,2&V and'XAD must be ignored (

generally they tend to

cancel out, but not in all cases ). On the mole fraction scale the

equilibrium quotient is given by

np ¥ Ng <Rap ) 1,66

X n,. n, +

= - A

ky ___ADeq ()
*req *Deq (my =1y

)( ny - myp )

Where n. is the number of moles of species i. When this expression ( 1.66 )

is substituted into equation 1.62 then

T D2 - 4% n )
6dm - AC(D Vfi X AnD

* gfree 1.67

2 kx n,

= ] + . By varying k  over & range of values and
where D L + kx n, * g y ying Ko

calculating nAD/nA for each value and then plotting'gébs against the

value of nAD/nA . it is assumed that when the
suitable value of k. has been T

) 6
to aid the calculations 9.

1.11.B The Benesi—Hildebrand procedure

This method was originally proposed for
from ultra-violet spectroscopy studies; how
s in the Cres

for use in NtR. In this method, &

3 ‘O
there is a dependence on deducing an expressi

second plot is linear a

ound. A computer program has veen developed

processing data obtained

ever it is readily extended

swell-Allred procedure,

n for kx which is independant
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of the concentration of D over an experimentally viable range of composition.
This can be achieved by making Y : (
const
) | AD/XA&D nstant ( when nA<LgD4§nS or
n, nségpn , generally the second inequality is found to be more conve:
enient ). This means that the initial concentration of A must be very

much smaller than that of D and so equation 1.66 becomes

“ = nAD(nD+nS) ‘1.68
(n, =n,p)(n )

i1t follows that

. - ' + . 1.69
{\ obs ) kx A‘c: Ac

If the equilibrium quotients are jndependant of the concentration
of D a plot of 1A§obs against 1/xD should be a straight line froﬁ which
the intercept gives‘A. and then the slope yields kiﬁc and subsequently
k . An advantage of the Benesi-Hildebrand procedure is that the form of
the equation allows extrapolation to zero solvent concentration, i.e.

Xy = 1. At that p01nt.A and k can ve calculated with the most accuracy
since the activity coefficients tend to unity. Should the plot of lAAobs
against l/xD not be linear a tangent can be drawn at xj = 1 to obtain
the intercept and slope.

1.12 Spin-spin coupling

With high resolution NMR spectra it is frequently found that the

chemically shifted absorption lines are themselves composed of several

7
1ines and this group of 1ines is known as @ multiplet’ ~. The splitting

occurs when two or more nuclei present in the molecule are in chemically

different environmentsl3’71. The spacing between the lines in a first

1
order multiplet is found to Dbe {ndependant of the external field strength’ .

and of temperature. The spacing is characterised by J, the coupling

constant and is usually only a few Hertz in magnitude for protons.
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Because the effect does not depend on the external field the
origin of spin-spin coupling is attributed to an interaction within the
molecule. It has been 1>1‘.C>130‘<36d73'71+ that the multiplets arise from
interactions between closely associated nuclear spins. Ramsey and Purcell75
nave suggested that the nuclear spins tend to orient ad jacent electrons,
the orientation being transfered, via other electrons, to other nuclear
spins. Other types of magnetic interaction, such as electron-orbital,
and orbital-spin have also been proposed to contribute76.

1f & is of the same order as J then the spectra obtained are
called second order, whilst when S}?J first order spectra are obtained.
First order spectra show equal line spacing and regular line intensities
whilst second order spectra are characterised by irregular line spacings
and intensities. Individual nuclei are sdentified by letters ( A B...Y 2 Y.
Nuclei with the same chemical shifts and which couple equally to other
resonant nuclei in the molecule are denoted by the same letter although
nuclei which are only chemically equivalent and have unequal couplings
are differentiated by primes. If G 2 J non-equivalent nuclei are given
ad jacent letters and if 4;2>J the nuclei are designated with alphabetically
remote letters.

The nuclear spin component of a proton can be either +% or -1

and the effect of a group of protons depends upon the total number of

combinations of the signs of the spins. As an example consider a molecule

of acetaldehyde, CH,CHO. In the acetaldehyde spectrum the aldehyde proton

3
can have either spin ++ or spin -4 and therefore st can have two different

effects on the methyl protons with the result that the peak due to the

methyl group resonance is split into two ( equal ) parts. The methyl group,

having three protons can produce & splitting into four lines. To explain

this consider the possible contributions to the overall spin state of the

methyl group. It can be seen that there are eight possible combinations

of the three proton spins.



ok
of-

£,

+3/2

H
++H -3 -4 -
H 4 +H -4+
-4+ -4 -4+
+1/2 -1/2

ok
e

-3/2

A neighbouring nucleus thus "sees" four different spin states and

its resonance line is thus split into four part with relative intensities

1 :3: 3:

states occurring.

1 corresponding to the probabilities of the *ioang 33/2

Generally if there are NA nuclei of type A of spin IA and NX

miclei of type X of spin IX

2 N. + 1 lines and the resonance peak du

X

the resonance peak due to A is split into

e to X is split into 2 NA +1

lines and the intensities of the lines follow the binomial expansion.

Second order do not follow the same sort

magnitude of lines, since energy level mixing oc

spectra. Quite

help of a suitable computer programl.

1.13 Investigations to be

performed in this the

of distribution and

curs producing complex

often a total analysis can only be performed with the

sis

The intention of this chapter has been

duction to Nuclear Magnetic Resonance and it is

treatise since ther

In the following chapters further elucidation wi

necessary. For example rel
smmediately before the sections on sample Dre

time measurements. Sample prepar

will be the subject ©

solvation model which will be propose

the reliability of the snformation used. The jpvestigation of the prop-

osed solvation model

relaxation times,

will make use of severa

chemical shifts

f special attention since

d requires

to give a general intro=-

essentially a simple

11 be given as and where

axation processes will be described in depth
paration and relaxation

ation and subsequent data evaluation

the validation of a

complete confidence in

1 NMR techniques, namely

and Nuclear Overhauser Effects,

, 10
e are several excellent detailed accounts available? »237
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CHAPTER Instrumental considerations

TWO for observing
Nuclear Magnetic Resonance

phenomena

2.1 Introduction

It can be seen, from equation 2.1, that the observation of a part-
jcular resonance is dependent on the frequency of the applied oscillating
field, ¥, and the strength of the static field, B . For a nucleus i .in

a particular chemical environment,

a2

N Bo(l-al‘)/sz 2.1

Thus to observe resonance 3t is possible to vary either the field,
Bo, or the frequency,:?. Spectrometer systens employing both modes of

operation are currently available.

For the detection of resonance signals a spectrometer generally

needs to have the following basic components.

(1) A permanent or an electro-magnet of high stability and homogeneity

to provide the static field, Bo'

(1i) A high stability radiofrequency source, the radiofrequency being
applied to a coil surrounding the sample .

(111) A detection and presentation system. This consists either of a

single coil, or one of twO crossed coils, which detects signals in the

vicinity of the sample. These signals are fed to a radiofrequency receiver

and an amplification/aemodulation system and finally passed to a cathode

FBAN



36

ray tube, or some other form of visual presentation
These basic requirements for the instrumentation of a high
resolution NMR spectrometer will now be discussed in turn. Subsequently

gpecific reference will be made to the instrument used during the invest-

jgations reported in this thesis.

2.2 General requirements for NMR spectrometers

2.2.,A The Magnet

There are three main types of magnet commercially available at the
present time, namely permanent magnets, electromagnets and superconducting
solenoid magnets. The superconducting solenoid magnets are capable of
producing static fields of up to 10.5 Tesla ( for protons this corresponds

to resonance occurring at a radiofrequency of 4s50MHz ) with an homogeneity

of the order of 5 in lOlo. Spectrometers using this type of magnet are

expensive to purchase and, since the conducting wire has to be maintained
at about 10°K using liquid helium, they are costly to maintain. It was
not necessary to use 2 superconducting magnet in any of the investigations

reported herein and so the details of the operation of such magnets will

not be given here.

The permanent or electromagnets commonly used in NMR studies produce

field strengths of between 1.0 and 2.5 Tesla. Permanent magnets are

generally very stable and have low running costs whilst electromagnets,

which need a power supply and a cooling system , are quite expensive to

run but are very versatile. This is because the field may be varied

extensively enabling the observation of different jsotopes at the same

frequency as well as the investigation of the same nuclear type at

varying field strengths and corresponding frequencies, a useful tool in

the analysis of complex spectra. Permanent magnet spectrometers require

a different radiofrequency aource for each nuclear type.

In order to observe the absorptions of energy by nuclei in different

chemical environments, and spin-spin coupling effects, it is necessary to

. ceasing a high field homogeneity in the region where

4 e ®
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the sample is placed. Normally the gap between the polés of the magnet

is about 10 to 20mm. This gap has to house the probe, which itself contains
the sample, the radiofrequency irradiator and the detection coils. The

pole pieces of the magnet, which are usually about 140 * 10mn in dianmeter,
are ground to optical flatness77, accurately aligned, and normally made

of high quality metal alloy which may be chromium plated to resist
corrosion; these measures are necessary to achieve maximum field homo-
geneity in the gap. With permanent magnets and electromagnets the inherent
homogeneity is normally only about 1 in 106. The field homogeneity may

be improved in two ways.

To correct for inherent field gradients ( inhomogeneities ) a
correction field may be applied via correcting coils, These coils, called
shim or golay coils, are usually situated in pairs, one on each pole piece
of the magnet. Direct current of variable value is passed through the
coils to produce counteracting field gradients in the pole gap. The
direction of the field gradients so produced can be optimised to provide
a final field homogeneity of about 1 in 108. This corresponds to resolving

a line width of 1Hz at 100MHz, which is still insufficient to resolve

finely coupled spectra.

The second possible improvement +o resolution depends upon averaging

out the inhomogeneities rather than any jmprovement to the homogenelty

of the magnet. The jnhomogeneity in the static field subjects any sample

placed in the probe to 2 £ield gradient in which the field differs by

an amount AB_over the volume of the sample. In spectrometers utilising
o

permanent or electromagnets the sample tube axis is perpendicular to the

field and if the sample is spun rapidly around this perpendicular axis it

. + 1 s nd
experiences the time-averaged field B = ZABO . The rate of splnning

. . 1
required to achieve this effect is given by 81530 / 21 and is usually

about 40 to 50 revolutions per second. When the frequency of sample

nhomogeneities in the field are effectively

rotation reaches this value the 1

e 3ap of magnitude and line widths of 0.05Hz or less ( at
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100MHZ ) may be resolved. This corresponds to a field homogeneity of

9
5 in 10 and is a figure comparable to naturally occurring line widths.

Tt should be noted that, for theorstical reasons, it is usually desirable
to offset the field homogeneity to measure meaningful spin=-lattice
relaxation times78’79. This is conveniently achieved by not spinning the
sample.

For accurate chemical shift measurements the field strength must
be stable to a very high degree with special emphasis being placed on
avoiding short term drift. Permanent magnets are usually inserted in draft
free, thermostatted enclosures, whilst electromagnets are normally used in
conjunction with a field-frequency lock system which keeps the ratio of
field and frequency constant ( although facilities are provided for
sweeping the spectrum ). Both types of magnet are usually provided with
a field compensator which is a device employed to minimise external field
variations. Whilst most magnets are designed such that the effects of
extraneous external fields are almost negligible, minor, but important,
fluctuations may still occur and these are detected in coils situated near
the pole pieces or in a field node. The voltage induced by the superfluous
fields is amplified and used to provide-the necessary correction signal

which is applied through an additional set of field coils wound on to the

pole pieces.

2.2.B The magnet field sweep

phenomenon either the field or the frequency is

To observe the NMR

altered whilst the other is kept constant. In the past it has been more

convenient to employ the field sweep mode and keep the frequency constant

since the equipment required for frequency Sweep is much more complex

than for field sweep. However most modern spectrometers have facilities

for both sweep modes. TO provide the nodulating field a variable current

is fed to two coils accurately mounted close to the samplee. The current may

_toothed generator SO that the spectrum can

be derived from a simple sSa¥

Tnom o o v v 3 mavantedlv and adequate control can be kept on the sweep rate
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and sweep width, By connecting the linear sweep unit to an oscilloscope

it is possible to optimise spectral conditions for a partcular sample

pefore a permanent record is taken.

For chemical shift measurements the spectrum is usually recorded at
a slow sweep rate ( generally about 2.5ppm/min. ), which may be provided
by the saw=tooth generator , by the application of a slowly varying
voltage ( a false error signal ) to the field compensator which will
linearly correct the field, or from a voltage derived from a motor-driven
potentiometer 1inked to a recorder. When a permanent record of a spectrum
is made the varying sweep corresponds to the x axis and the detector
output corresponds to the y axis. The signal is normally presented in the
absorption or v-mode. For SIRT measurement the sweep rate is generally
much faster than for shift measurements, to obtain sufficient points
during the decay of the signal back to its equilibrium value.

2.2.C The Radiofrequency Oscillator

The common field strengths of permanent and electromagnets are 1.4 .
and 2.35 Tesla. The relationship between the field strength and the sweep
frequency for a particular nuclear type means that, for example, for the
proton the frequency of irradiation must be around 60MHz and 100MHz

respectively for the two field strengths mentioned. At present super-

conducting magnets can produce field strengths of up to 10.9 Tesla, for

which the required frequency is 450MHZ. Radiofrequency oscillators must

be as stable as the main magnetic field, due to the fixed proportionality

between them. The required RF is usually obtained by multiplication of

selected harmonics of a thermostatted oscillating crystal. The strength

of the oscillating field should also be Vvery stable and automatic gain

controls are usually built into the output RF amplifiers; the constant

+ : s 't
strength signal obtained may be attenuated prior to being fed into he

probe., Normally separate crystals are required for each frequency utilised,

although, at the expense of complexity of the mixer and multiplier ampli-
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fication stages in the RF unit, a single crystal may be used for several

i
B
i
|
1
i
|
i
i

jifferent output frequencies.

_;g.D The Probe andeeteétion systems

The probe, which is made from a non-magnetic material ( usually
aluminium ), is placed in the 10 = 20mm gap between the pole pieces of
the magnet. It houses the RF transmitter/receiver coils, field sweep coils
and ,usually,the auxiliary modulation coils. In addition, there is normally
a mechanism to enable the sample tube to be spun, usually an air turbine.
The sample position has to be optimised relative to the magnetic centre to
ensure maximum resolution of the absorption signal and so there is normally
some provision for fine positioning of the probe assembly. J

There are two,’fundamentally different, detection systems., Firstly
there is the single coil detection system, first used by Purcell, Torrey
and Poundz, which may include a twin T bridge circuit and has the advantage
of good stability and sensitivity. This detection system, in fact, consists
of two separate coils in parallel, one surrounding the sample and one

acting as a dummye. The small absorption or dispersion signal may be

jdetected at resonance as an out-of-balance EMF across a prebalanced bridge.

The absorption mode may be selected by introducing a leakage of the

transmitter signal, out of phase with the dispersion signal, which effect-

jvely increases the detected magnetisation in the z direction. Secondly

there is the double coil me'thod1 and this will be discussed in section 2.3.B

in the context of the spectrometer used in these jnvestigations.

2.3 The Varian:Associates HA 100D NMR Spectrometer

This spectrometer8o utilises an electromagnet which has an optimum

fie1d strength of 2349 Tesla and has high £ield homogeneity. The corr=

esponding nominal frequency for proton resonance 1s 100MHz although signals

are detected 2.5kHz 1loWeT sn the field sweeD, and 2.5kHz higher 1n the

HA mode Current is supplied to the magnet via a comp=

ply unit fed from a three phase mains supply.

frequency sweep,

rehensive solid state power Sup

amm 4. o3+ contalns regulator and passgate ciruits to protect
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against = 10% variations in line voltage. The magnet current is

continuously variable and a fine field trimmer is provided to compensate

for day to day changes in the field strength.

The magnet itself is mounted in a trunnion support yoke and the
main coils are cooled with thermostatted water, resulting in a fairly
steady temperature within the pole pieces, normally in the range 300 =
309°K. The pole pieces of the magnet are protected with covers which
also contain the Golay coils. In the authers laboratory the whole magnet
assembly is contained in an insulating jacket to minimise the effects
of ambient temperature changes on the field intensity and the sample
temperature. A sensitive field compensator automatically corrects for
any magnetic field drift and may be used as a sweep unit by providing
a false error signal. This latter facility 1is built into the unit to
enable different ranges of field sweep to be studied.

In the HA 100D the probe assembly is precisgion milled from a
single aluminium forging to produce maximum stability and contains
field sweep coils for modulation of the static field, a transmitter coil
for producing the RF field, and a receiver coil for detecting the NMR
signal, The probe is designed to accept sample tubes with 5mm ( 0.195" )
outside diameters although it has been possible to use L4 .65mm ( 0.181" )
OD tubes in conjunction with a specially made turbine. The turbine,

made of milled PIFE, is fitted around the sample tube and, using a

compressed air supply, causes the sample to rotate around its Gy axis.

Due to the variation of relaxation times and chemical shifts with

temperature it is necessary to measure the temperature within the

probe . This is done by observing the chemical shift between the methyl

and hydroxyl protons of methanol, OT between the methylene and hydroxyl

protons in ethyl glycole. The variation of these shifts with temperature
is depicted in figure 2.1

The detection system in the HA 100D is of the cross=coil variety

1. s :
e e 4 +mat used by Bloch, Hansen and packard” in their pioneering
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experiments. The transmitter and receiver coils are mounted at right
angles to one another, The receiver coil is wound around the sample with
its y-axis perpendicular to both the axis of the tramsmitter coil (x)

and the direction of the main external field (z). With this arrangement
the signal picked up by the receiver coil is that resulting from the
absorption of energy by the nuclei. The absorption signal is thus jsolated
from the background RF signal by a geometric arrangement of the two coils
( in the single coil method isolation is accomplished by balancing two
electric circuits ). The absorption node is observed when the transmitter
and receiver signals are out of phase by /2, For the dispersion mode

to be studied a phase difference other than77/2 must be introduced .

A leakage between the transmitter and receiver coils can be induced by
means of a paddle, a semi-circular metal sheet, which is positioned

in the RF field such that its rotation causes ad justment of the RF fluxe
A controlled leakage, introduced in phase with the absorption signal,
effectively suppresses the dispersion mode, with the amount of leakage

being dictated by the signal strength.

The linear sweep unit of the HA 100D allows variable sweep times

and continuously variable sweeD widths to be utilised due to the use of

a sawtooth waveform. It is also possible to reverse the direction of the

sweep. The unit is designed to have high stability and linearity. The

sawtooth voltage is derived from & phantastron oscillator and is used

to modulate a 50kHz signal which is applied from a separate oscillator

circuit. This modulated 50kHz signal is amplified in two stages and mixed

. s o o .
with an unmodulated 50kHZ signal which 18 180° out-of-phase. This

provides a stable linear direct current sweep «hich is connected to the

i i jeld B .
DC modulation coils on the probe to modify the static fie o

The HA 100D may Dbe utilised in two distinct modes; the HA mode

which uses the £3eld-frequency lock system, and the HR mode which only

provides a field sweep facility but may be used over Very wide sweep

4 ewusen TalteSe Although it 18 possible to modify the
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HA 100D to perform relaxation measurements in the HA mode, all of the
relaxation time determinations and NOE measurements in this thesis
have utilised the HR mode. The HA mode was used in determining the

chemical shifts reported in chapter 6. The two modes of operation will

now be discussed in further detail.

2.4 The HR mode

In the HR mode the field-frequency lock system is not used and the
components of the spectrometer utilised are the RF unit, an integrator/
decoupler unit and the presentation facilities, in addition to the
magnet assembly. The HR mode employs phase sensitive detection circuits
operating with £ield modulation which enables the stability of the
spectrum base line to be improved. The detailed operation of the HR
mode is shown in schematic form in figure 2.2. The RF unit consists of
a stable cryétal driven oscillator which supplies a fixed frequency
transmitter and a high gain superheterodyne receiver; the latter being
jsolated from subsequent circuitry by & puffer amplifier which prevents
changes of frequency due to impedence changes. The RF power is stabilised

by an automatic gain control circuit to 0.5 watt and is attenuated by

neans of a comprehensive array of push button switches. A 2.5kHz signal

of variable phase and amplitude, derived from the integrator/decoupler

unit, is applied to the AC modulation coils in the probe and modulates

the 100MHz signal such that the resonance 1s detected as an amplitude

modulated signal of 99.9975 or 100,0025MHZ « The field sweep is nominally

applied from a slow sweeD unit which drives the flux stabiliser, but in

practice may be supplied just as easily from the 1inear sweep unit which

drives the DC coils in the probe. The latter procedure does not, however,

allow fine adjustment of the sweep rate. The MR signal detected at the

receiver is returned, via the detector pre-amplifier in the probe, to the
RF unit where it is amplified in w0 stages, the gain ad justment beling
provided by bias yariation rather than direct impedance loading via
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The RF signal is reduced to a nominal 5MHz intermediate frequency

by mixing with a local oscillator output of 95MHz and, after further

amplification, is mixed with a 5MHz signal derived from the control IF -

amplifier of the unit. The subsequent NMR signal is applied to the RF
detector to produce an audiofrequency signal at 2.5kHz which is sub=-
sequently applied to an AF detector and amplifier. The resulting DC
voltage corresponding to the NMR signal is applied to the X axis of an
oscilloscope or recorder, or may be integrated before final presentation.
High frequency noise components in the signal may be filtered out by a
switchable RC circuit before being displayed. The effect of the modulation
technique employed in the HR mode is to discriminate against changes in
the RF levels due to variations in probe balance, and RF leakage since

all variations are effectively cancelled and not detected.

2.5 The HA mode

The HA 100D employs an internal field-frequency lock system, for
which a reference material is added to the sample under consideration
and is consequently subject to the same conditions as the sample. The
MR signal from the reference is detected in the control channel at the
centre of the dispersion node so that any movement of the signal gives
rise to a finite voltage in the detector. The signal is amplified and

applied to the field compensator and thus the instability is corrected.

The sample signals are processed separately in the analytical channel

and are ultimately passed to the recorder. A detailed discussion of the

31,80
field-frequency lock system can be found elsewhere . A schematic

representation of the lock system is given in figure 2.3 -

The HA mode of operation is controlled, apart from the display

facilities, by the RF unit and the internal reference stabilisation unit.
14

The latter adjusts the main field to allow for minor variations in field

or frequency and keeps these two parameters in constant proportion. The
unit houses the AF and phase detection circuitry for both analytical and
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control channels and is linked to the RF unit, the field compensator and
the presentation facilities,

The transmitter section comprises two AF oscillators; the sweep
oscillator, variable from 3500Hz to 2500Hz, and a manual oscillator,
variable from 1500Hz to 3500Hz. The frequency of the former is controlled
by the novement of the recorder along its x-axis. The frequency of the
manual oscillator is controlled by dials which vary the position of the
lock signal on the recorder. The oscillator circuits are identical
modified Wien bridge sine wave generators, and are tuned for 50, 100,
250, 500 and 1000Hz and 1500 -2500 and 2500 - 3500Hz sweep Tranges. The
voltage gain for these oscillator circuits is supplied by a conventional
amplifier of variable gain with a thermister controlled output. A switch
on the front panel of the unit enables the selection of either the lock
signal, the sweep Or manual oscillators, an external signal, or the
difference of the two oscillator frequencies to be presented to the

oscilloscope or the varian 43154 frequency counter.

Either oscillator may be used as the reference signal, depending
on the sweep mode chosen, The two frequencies are applied to the AC
coils on the probe after suitable amplification and filtering, and

independently modulate the 100MHz RF carrier. Intermodulation products

nust be minimised to avoid spurious signals. The detected NMR signals

i i it 3 imilar manner as
are processed by the receiver 11 the RF unit 1n @ simil

‘ occurs with the HR mode. The NMR signals are reduced to AF signals

modulated with the MR information. These resultant signals are ampli-

fied and filtered and then split sinto their analytical and control

components by phase sensitive detectors. The demodulation frequencies of

the respective signals are introduced, according to the mode of sweep,

via the 'sweeD field/frequency' switch,

The control signal is applied through the "1ock on' switch to the

stabilisation filter which remove extraneous noise, and passes the

. .. pinx stabiliser to complete the loop. The NMR signal in
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the analytical channel is similarly detected and passed to the Integrator/
decoupler where it is amplified, filtered and, if required, integrated

prior to being applied to the recorder y-axis circuits.

2.6 The accurate measurement of chemical shifts

In normal continuous wave NMR spectrometry the absorptions are
recorded on calibrated chart paper and approximate values for chemical
shifts are deduced by measuring the separation between recorded lines.
The investigations reported within this thesis required the measurement
of chemical shifts to an accuracy of 0.1Hz or better and to accomplish
this the following method was followed, All the absorption lines were
recorded at the same sSweep speed and filter conditions; altﬁough the
HA 100D provides a choice of nine possible sweep speeds it can introduce
jnaccuracies due to response deficiences, The field sweep lock mode was
used to minimise phase differences between absorption peaks. The spectra
were drawn out in an expanded form ( 100Hz sweep width ) several times
and the position of each peak was measured by placing the pen of the
recorder at a stationary position corresponding to the peak maximum, and
eep and manual oscillator frequencies on the Varian

counting the sw

frequency counteT. The difference between the two frequencies gave the

1 ., It has been found that this

. s 31
method gives chemical shifts that are reprodu01ble to within O.1Hz™ &

chemical shift relative to the lock signa

This degree of error ss reduced further by averaging several values.
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CHAPTER Relaxation Processes

THREE

3.1 Introduction

The main portion of the research reported within this thesis

nas utilised spin-lattice relaxation times to investigate the formation

of molecular complexes, and it is, therefore, necessary to give a detailed
discussion of the nature of these spin-lattice relaxation mechanisms SO
that the full implications of the experimental results may be comprehended .
In the following sections it is convenient to discuss briefly the
relaxation process for systems of one and two spiﬁs ( i.e. those systems
containing one or two distinct, chemicallj non-equivalent,types of nuclei )

as an introduction to the Nuclear Overh¥user Effect. In the elucidation

of the NOE various terms will be defined which will enable the elaboration

of the more intricate aspects of relaxation processes, such as the

various contributions to, and the mechanisms of, the phenomenon.

3,1,A One spin systems

Upon the introduction of a nucleus into a static magnetic field

an equilibration petween the nuclear energy levels OCCUTS. The time

dependence of the attainment of equilibrium is determined by a spin-

_lattice relaxation process which itself 1is characterised by a spin =

_lattice relaxation time ( SIRT )y Tqe

Consider a nuclear system with spin I = % in which there are two

~~~~~~  q.ua1e denoted bBY ol ( for which m = +1 ) for the lower energy
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and /B ( m =% ) for the upper level, and transitions occur between
these two energy states. Initially, because of the slight excess in the

jower energy state, and the equal probability of upward and downward

transitions, there is a net flow of nuclei from the lower to the upper
energy state. However the difference in the number of transitions

decreases until an equilibrium is attained where

Pu Wpe = T Wxss 3.1

with %& and gg being the number of nuclei in the lower and higher

energy levels respectively, and WeBis the probability of a transition
occurring from the lower to the higher energy level and Wge 1is the
probability of a transition occurring from the higher to the lower level.

Equation 3.1 can be combined with equation 1.15 to give

o B - SHT Logega 22

If the energy associated with the relaxation process is small compared

4ith the total energy of the system then Wxg/Wa 1S independant of B/ Pg.

Defining W = 3 ( W3 + Wax ) then
Woep = W(l-/A-BO/kT) 3.3
Wpet = W(1+pB [ K)

and the rate of change of population is

dBx/at = - dPs/at =Ip g = B WE 3.5

thus if the excess number Of nuclei per unit volume is given by P the

rate of change of the excesS qumber of nuclei in the lower energy state,

noting that transitions alter tne value of P Y 2, is given by

b
dp/dt = 2(P/BW-P0¢WP°L> )
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substituting equations 3.3, 3.4 into 3.6 gives

dp/dt = -ZW((.PG(.-Pﬁ)-(Pai—Pp)/LLBO/kT) 3.7

= <2 W -
(P Peq)

where Peq is the excess number of nuclei in the lower state at equilibrium.

Equation 3.7 can be integrated to give

- == - - Zw
F Peq ( Fs Peq ) e 3.8

where Po is the initial value of P. The spin-lattice relaxation time, Tl’
is defined as the characteristic half-life time for the relaxation of

a nucleus from the upper to the lower state,

1 FA 3.9

-3
i

and

-E/T
- = - .10
P Peq ( P, 1>eq ) e 1 3

This means that for a single spin system the rate at which
equilibrium is attained 1is controlled by an exponential function of Tl'

Equation 3.7 is analagous to equation 1.31 which, when jntegrated
gives an equation of the same form as equation 3,10, Thus Mz and Mo are
equivalent to ( P = P q ) and ( P = Pgq ) respectively.

3,1.B__Two spin systems

The description of spin—lattice relaxation in systems containing a

n-equivalent spins was originally detailed by

rom the work of Blochzo-zz. McConnell39

pair of interacting, 10O

Solomon84 using equations nodified f

has derived equations,for systems which undergo chemical exchange, which

are similar to those of Solomon. These two approaches utilise coupled

differential equations sn which the coupling arises from the existance

of a probability peT unit time for nagnetisation at one site to be

transfered to a second site. The probability is proportional to the

at the first site over the equilibrium value.

increase in magnetisation

:i;;i
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8
Abragam 5 has modified the equations of Solomon84 to

d”i (”‘:-MA) (& -¥)

-2 7Tt z...0 3.11
dt

Taa Tea
ar’ -
— - -(Mﬁ Mg) "(M);-Mi) 3.12
dt TAB TBB

where the superscripts A and B refer refer to the magnetisations of
spins A and B respectively and the subscripts A and B refer to the types
of interaction which contribute to the relaxation times, for example
TAB is the relaxation time relating to the effect of B on A. Equations

3,11 and 3,12 can be compared with McConnells equations for systems in

which chemical exchange is occurring,

dMﬁ = ( Mﬁ - Mﬁ ) - Mﬁ -;’ Mi 3,13
at T14 Th Ts
dMi - Mﬁ - ﬁg ) - Kg + Eg 3,14
= T %

where M and MB are the equilibrium 2 magnetisations at sites A and B,

and T,, and TlB are the spin-lattice relaxation times at A and B, and/T;

1A

andr}é are the residence times at A and B respectively. By assuming that

the relaxation processes at sites A and B were completely independent

McConnell was able to derive an expression for the effective lifetimes

of the spin states at the two sites.

Although the approach of McConnell is well suited to the study of

the type of interactions which are the subject of the investigations

in this thesis his assumptions of sndependence 18 questionable and it is

ent to use Solomons equations and derivatives of

more convenient at pres

them.

ative work has peen carried out on two spin

A great deal of qualit
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systems; however the accurate determination of spin-lattice relaxation

times has been difficult since equations 3.11 and 3.12 contain five

variables.

3,2 _The Nuclear Overhfuser Effect

3.2.A Introduction

The term ‘'Overhduser effect' refered originally to the dymamic
polarisation of nuclei in metalsSéwhen the spin resonance of the electrons .
was saturated. The first application of this effect in systems containing
only nuclear spins was made by Solomon and Bloembergen87 in their study
of chemical exchange in hydrogen fluoride. The Nuclear Overh#user Effect

( NCE ) next found application in the assignment of complex MR spectra88,
90

in the study of chemical exchangesg, and nuclear relaxation and in

signal to noise improvement in NMR spectrag% The potential of the NOE

for providing jnformation on the conformation and configuration of

92

molecules in solution was first demonstrated by Anet and Bourn and since

93

that time applications in this area have grown rapidly. Bell and Saunders
have reported direct correlation between NOE enhancements and inter-

nuclear distances and Schirmer et algahave demonstrated that relative

internuclear distances can be determined quantitatively from NOE measur-

ements on systems containing three or more SpinsS.

The Nuclear Overh;user nffect 1is @ product of a nuclear megnetic

=08 .
double resonance technique ( NMDR )95 98 ,nd in this section the more

complicated effects of NMDR have beel avoided by jinvolving situations

where there is no strong coupling ( i.e- 34 %) in the strong RF, oF

3 3 cases when gpin multiplets due
decoupling, limit ( 3 132)).1 ). In those

ent it is assumed that all components of the nuclear

to J-coupling are pres

resonance of the irradiated spins are saturated by the strong radio-

frequency and that the intensity of the enhanced spin refers to the

total integrated sntensity of 211 the NMR 1ines belonging to the detected

spin.
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3,268 The basic Nuclear Overhduser Effect

iR

The Nuclear Overhauser Effect is a change in the integrated NMR

absorption of a nuclear épin when the NMR absorption of another spin 1is
saturated ( although in many cases and indeed throughout this work the
function measured is the height of the absorption peak ). The spins
snvolved may be either heteronuclear, or chemically shifted homonuclear.
It has been stated that a nucleus with spin I = i in a magnetic
field of intensity Bo has two energy levels which differ in energy by
jﬁ Bo' On the application of a suitable RF field transitions occur between
the levels .
Consider two nuclear spins—}, assuming initially that they are
of the same nuclear species, chemically shifted but not J coupled.

These spins are 1abelled I and S and they have associated with them an

energy level diagram such as in figure 3.1 with energy levels as follows

level 1 Spin I is 2, Spin S 1s - Y pﬁ
level 2 Spin I is B, SpinS R O S

level 3 Spin I ise<, Spin S is}s , seccsesvecee cL,/S
level 4 Spin I ise<, Spin S iSO, seececceeces ol 2~

Description of the relaxation processes requires the definition of

four transition probabilities,

I
1 v

from state o< to state/5 ( or/5 toot

antum transition probability that spin I will go

1. W the single qu

) while the state of spin S remains

unchanged .

2 WS the single quantum transition probability that the state of spin
@ 1 N
S changes whilst that of spin I remains the same.

the two quantum transition probability for the two spins

e same direction, i.e.céaa~9/§[5 or/%B.%yxaL,

obability for a2 mutual spin flip,

3' wz ]
relaxing simultaneously in th

o L the zero quantum transition PT

i.e. oyi—-?/%otorﬁd-'%‘/@ .
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spteraction of two spins=3.

or the

Figure 3.1 The energy level giagram T
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The equilibrium populations of levels 2 and 3 are very nearly

equal since the energies of the levels are extremely similar, Noggle

7 N

and Schirmer9 denote this population by-Tr; They also denote the

difference between the populations of states 1 and 2 (orland3)
/

andll-andj(orhrandz)byg.

The nuclear resonance of spin S consists of two transitionms,

(122 ) and ( ¥4 ), In the absence of J coupling these transitions

nave the same frequency. Iikewise the resonance of spin I has two comp=
onents, ( 193 ) and ( 2l ), The absorption intensity of the I spins

s therefore proportional to the quantity ( P3 - Py ) + ( P, - P, ),

the equilibrium value of which is 26 . If a strong RF field is applied at
thevresonance frequency of spin S that spin will be saturated with the
result that Pl will equal P2 and P3 will equal P@' and since the total
number of spins must remain unchanged ( at 1) this gives the populations

shown in Table 3.1 .

Now consider the effect of the spin-lattice transition probabilities;
as can be seen in figure 3.1 Wi causes relaxation between levels 1 -3

and 2 - 4. However the saturation of spin g has left these energy levels

I
- 0 o _ _
at equilibrium with each other, giving Pl - P3 = Pl - P3 g and P2 Pq

I . '
= P; - PZ ==E>, and therefore there is no net change in the populations

due to w% alone. Wi causes relaxation between the 1 - 2, and 3 = L4 levels

but these are the levels whose populations the strong BF 1s requiring

to be equal. Wi is thus jneffective in altering the populations as

long as the strong RF is present. On the other hand the population

0

! cqs o _
difference P = Pl (= %) is less than the equilibrium value Pj P,

I i -establish e uilibrium by
( =2%), and the effect of WZ 3 to try to re-es q

3 t of population transfered
increasing P, and decreasing Pye If the amount of POP

from level 1 to level 4 is denoted by d then

I
—- =g+d 3'15



H
level Equilibrium Spin S is Effect of sEffect of
population saturated Wz alone wo alone
! 1’ 1' !
-5 T - 35 T-145-4 T =%

L AS

T
T

Table 3.1

The distributions of the nuclei

depicted in figure 3.1 .

in the two spin system
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and the absorption intensity of spin I is increased by 2d over its

equilibrium value, Saturation of spi ,
of spin S causes P3 - P2 =S compare/d to

P3 = P2 at equilibrium. The effect of WO is to increase P2 and decrease

P3' This works to produce a decrease in the intensity of ‘the resonance
due to spin I.

In reality the transition probabilities are effective simultaneously
and the result is a compromise between the limits shown. In order to
understand the NOE more fully it is necessary to return to some aspects
of relaxation.

3,2.C__ Relaxation of dipole ( or J ) coupled spins

The longitudinal magnetisation, Mz’ is related to the average

value of the nuclear spin operator, IZ, by equation 3,16.

w = NFEC 3.16

Z

where N is the number of spins per unit volume. For loosely coupled
systems of the type studied in this work each energy level can be labelled
by the quantum number M of the Iz (k) of each nucléar spin k. For

example one of the energy Jevels of a three spin system is ( m, = +3,

mn. = -+, m, =+ ). This can also be represented as o4 in the alternative

2 3

notation. Bach of the energy levels 5 of a coupled spin system has a

population P, whose value at equilibrium is given by the Boltzmann equation
i

0 = Ke-E.l/KI‘ 3,17

where ©. is the energy of the i level and K is a normalisation constant.
i

The approach of P, to equilibrium is given by the master equation for
i

populations
o ° W 3.18
o .‘-Pc -(P’“P.) i3 ¢
4P, /dt = %wij(PJ 3> S %13

where W. . is the transition probability per unit time for a transition
1)

aused by spin-lattice relaxation. For loosely

between the levels 1 and j C
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coupled spins the magnetisation of a given spin k is given by equation 3.17

and

Iz (k) B g%‘mk Pi 3.19

i, :
where M is the quantum number of I, (k) appropriate to level i and the
<um is over all energy levels ( n nuclear spins-} have 2" energy levels ).
As an example consider a single type of nuclear spin with energy levels

oc ( population B«) and A( population P3 ) then

and M, = 1Ny4h (P.-Ps)
and M= 1nyH (-PR)

equation 3.18 becomes

dB/dt Woes ( Ba = P/% ) = Woys( Pt = Pox) 3.20

and

dMZ/dt = =2 w,g/a( M, - M ) 3.21

when this case is compared to equation 1,31 it is apparent that in this

case 1/'1‘l = 2 WoefB o
For loosely coupled systems spins T and S with Jlgéfgis the

following hold

I,y = %—Pl+%P2-%P3-2P4 3.22
{s,) = %Pl-%P2+—1§P3-%Pb( 3.23
and from equation 3.18
e R w12+"'113+‘“111+ ) Pl"Pi) 3.2
dt
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with similar expressions f
or dP,/dt, dPB/dt and 4P /dt ( equations 3.24b -

3,244 ). These equations can be combined with equation 3.22 giving

ad1
Wy - = (g ¥y ) (2= F7) 3425
at
- (W o
(W, +¥ys ) (By=Fy)
+ (W I
(Wyq+¥py ) (Py=F3)
+

(o]
(Wpy *+¥oy ) ( By =By )

in the loose coupling 1imit the following equalities hold

! = = 1 I
"13 Mol 1 3.26a
Wy, = Woy T Wsl 3.,26b
Y = =
P W Wy W, 3.26¢
and the equilibrium value of <IZ> is given by
_ 199 4 1p0 2P0 -4 0
using equality 3,26a with equations 3.25 and 3.27 glves
d(I - 1 _28
KT = 2wy ({1 - L) 3

at o
v (- ) - (BymFy)

- wz((Pl-Pi)—(PL,,-PZ))

<o that an equation of the same type as equation 1.31 is not obtained

unless W _and W, are sero. Whilst this is true for some relaxation
0

mechanisms it is not correct for the most important mechanism, dipole-

. d i
-dipole. Equation 3,28 and its analogue for <Sz> can be presented 1n a

more convenient form by noting that

{1, +<Sz> = PR

3.29

and

3.30

(1N - = 27
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thus
‘1<Iz>/dt = =P (<_17> -I,) - 9 (&8 -s,) 3.31
and

d<S>/dt -/OS (<S> - So ) - dgl ( <Iz> -1 ) 3.32

where
/D = 2 WI + W + W
I 1 0 2 3.33
= 2 WS + W + W
/S 1 o) 2 334
(IS = WZ - wo = Ji;]'. 3.35

In equations 3.31 - 3.35 the notation used is that of Solomongu

which is related to that of Abraga.m85 and Dudley31 by the following,

II AA - IS _ AB
Pro= /T = 1/ Ty 95 1/ 1 1/ 18

P ENVE - R

The sigma terms are often refered to as the cross relaxation terms.

In order for these terms to be non-zero a relaxation mechanism which
couples I to S must be present; there are three such mechanisms.

a. Dipole-dipole relaxation between I and S.

b, I to S scalar (J) coupling modulated by chemical exchange or

internal motion ( J is time dependent ).

c. I to S scalar (J) coupling nodulated by rapid relaxation of 3.

Only mechanisms & and b, are significant for those systems likely

to be studied by the NOE technique. Other relaxation mechanisms cause

T and S to relax sndependently and equations 3.31 and 3.32 degenerate

: = = 2%, ss relaxatio
to the form of equation 1.31 with 1 / Ty f= When CToss Ie ion

is present it is not always possible to define Ty

Tt is the cross relaxation terms in equations 3.31 and 3.32 which

jple . Consider the following

makes the Nuclear Overhduser nffect DoSS
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experiment - (a) a strong RF field is applied at the Larmor frequency

3 S % = o
of spin S so that {55 03 (v) (1, is measured by a weak RF field with

a frequency near the lLarmor frequency of spin I. The fractional enhance-

ment of the intensity ( ideally the integrated intensity Yof T ( <I-> ) |
z ,

ihen S is saturated, compared with its equilibrium value i8 defined ag”’

fre = ()17, 58

when a steady state is reached d<I;7/dt = 0 and equation 3.31 gives

‘<CI;> - I, * CE% S / /1 3.37a
or
7‘:1 () = T58,//1% 3.37b

Given I and S and their gyromagnetic ratios 81 and?gs then,since

I~ I(I+1)\5Iandso>-os(s+1)gs,

f_(s) = gSG’ISS(S+1)/<KI/DII(I+1) 3.38
L

The relaxation mechanism of greatest jnterest in the study of
the NOE is the dipole-dipole relaxation mechanism because of its explicit
84 8
dependence on the distance between I and 3, Solomon and Abragam 5 have

shown that if spin I relaxes only Dby dipole-dipole coupling with S then

/DI 2s(s+1)

and so, by amalgamating equations 3.38 and 3.39, without assuming I=5

7CI () = Bs/2%: 240

thus when I and S are of the same nuclear species ( as in this work )

! hanisms contribute to
Zé =(8E and:FI (s) = 1, Other relaxation mec Pr
1 T aximum NCE enhance-
(i.e. to wi ) so that equation 3,40 re esents the maxl

ment observable in any caseé.
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From equation 3.38 it is interesting to note that if the ratio

of the gyromagnetic ratios of the two spins is very large one obviously

gets the largest enhanceﬁents if the spin of lower ¥ is observed while the
spin with the highezrgg is saturated, When protons,which relax largely by
dipole-dipole coupling when in the presence of free electrons, are

observed while the electron is saturated enhancements of the order of =1000

100
can be observed . The enhancement is negative because the gyromagnetic

ratio of the electron is negative.

3.3 Contributions to the relaxation process

When several mechanisms contribute to/f’the total direct relaxation

rate, R, is given by,

R = émfm 341

where the summation is over 211 mechanisms m. This is more commonly

represented by

1/1 = 2(1 / T 342

3.3,A Single spin systems

Single spin systems nave SIRT's that can be split into two main

parts, an intramolecular contribution which is due to effects within

the molecule, and an jntermolecular contribution which is due to effects

between molecules, either of the same type oT of a differing type.

1 _ 1 + 1 3.43
- I —

T, .
T Ty (intra) 1(inter)

i £ basic molecular
T can be further expanded:ulterms o

1 intra and Tl inter

interactions in much the sameé fashion that screening constants may be

{ tion
sub-divided. It is more important to Know the extent of relaxati

processes inside and outside the molecule in question rather than attempt

ns further. The snvestigation of Ty s 4er and

to divide these contributio
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Ti intra has been atiempted in several ways, Bonera and Rigamontilo% using

venzene and acetone, have utilised the method of diluting a protonated

molecule with its deuterated analogue. In their extensive studies Bonera

and Rigamonti were able to deduce the molecular contributions to the SIRT
by considering the relative intermolecular effects of the two analagous
molecules, The reorientational correlation time,?a, which is the typical
time for mqlecular reorientation, was found to influence the intramolecular
contribution and, assuming other factors to be negligible, can be

equated with a rotational contribution. The intermolecular contribution
arises from local field fluctuations caused by the motion of neighbouring
molecules and, in the case of deuterated analogues, Bonera and Rigamontiloz
showed that allowances can be made for Tl inter(D) by modifying equation

3.43 to

- . + ! (¢ = (1 =0&)F) 3 4l

T ————
———— ————

Tl Tl intra Tl inter

. s 2
where o¢ is the fraction of protonated liquid and F = ( 16/9 )(%%/g%) .

GaisinIOB, and Reeves and Yuelo4 have published similar conclusions for

the acetone system although in both cases the magnitudes of the contri-

butions are different to those obtained by Bonera and Rigamonti. Powles

and Figgin3105 have produced similar results for the benzene system.

The studies of Guilotto et allo6 of the hydrogen bonded molecular

; tetrachloride
clusters of phenol using the Ty values from phenol/carbon te

i iti 1ar aggregation with
mixtures have shown that T1 is sensitive to molecular aggreg

the accompanying restriction of random motion. They noticed no such effect

in a similar system of chlorobenzene diluted in carbon tetrachloride.

o et al suggest that the jntramolecular and

The conclusions of Guilott

intermolecular contributions are more readily appreciated if they are

. respectively.
represented as Tl rotational and T1 translational
because of its dependence on

The translational contribution to Tl'



molecular motion, must be influenced by the viscosity of the medium in

some way, and this has been shown to be true for a wide variety of

83,107-114 | |
systens 12 powles and Figgins'®’ have shown that the variation

of T1 with temperature correlates well with such properties as gself -
diffusion and viscosity which are concerned with translational motion.

They have compared experimental and theoreti ]
etical values of 'I‘1 inter using

the following expression derived by Hubbard115,

1 - 12 h2 LN > L
e —c e (1 4 0.233(b/a)" + 0.15(b/a)  ecece) 3,45
Tl inter 5 ab

where d is the distance of closest approach for spherical molecules of
radius a, b is the distance of each proton from the centre of each
molecule, and D is the self-diffusion constant (= kT/j«qd ). For the
benzene/deuterobenzene system the validity of the value of d has been
questioned in view of the far from spherical shape of the benzene
molecule. Sato and Nishioka.55 have used the equation satisfactorily for
other molecules although Abra.gam85 gives the appropriate formula for the
benzene molecule as

1 - _Z_th*g‘ v 346
s an

T1 inter

where N' is the number of protons per unit volume. This formula gives good

correlation between calculated and experimental results for Tl inter’

Equations 344 - 3.46 are sometimes expressed in terms of a translational

correlation time,ﬂr&, given by d2/2D. The value off}', which is usually

of the order of 10'11 to 10-lzseconds , gives an spndication of the nature

of molecular motion in any 1iquid whilst variations 1n its magnitude are

indicative of the nature of molecular shapes and interactions. According

N/D should be independent
to equations 344 - 3,46 the value of T1 inter /

. Np/T
of temperaturelléhowever it has been shown that values of Ty 1nter( 7/ )/
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(NW/T)ZQBOK fall slightly with temperature. Hubbard has also derived an

expression for T, , ... similar to that for T

! 3. hz.'\f
2

1 intra

1 inter’

6
A% (35T 347

T

vhere r.lj is the distance between protons i and j in benzene and/}‘d is
the reorientational correlation time, analagous to /P§. Powlesl%7”has
calculated a value Of/}/d which agrees well with the value obtained using
Raleigh scattering of light, however it is not very coincident with the
theoretical values given by the Debye formula ( kﬁan/BkT ), or that
obtained by Raman scatteringllé Various workers have found that plots of

log. T and log. T1 intra against reciprocal temperature are usually

1 inter

linear and the calculated activation energies for the relaxation processes
are about 1 = 2 kJ.mol-.l In those cases where the log. Tl versus reciprocal
temperature plots were not linear spin rotation contributions, in terms

of qur the spin rotation correlation time, have been proposed. Corres=
ponding to the time constant ﬁ}gr is a relaxation time T1 o The spin
rotation mechanism can be considered to arise from an interaction between

the nuclear spin and molecular rotation. The relaxation due to nuclear

spin interaction usually contributes to T2 but when molecular motion

( total or internal ) modifies this interaction the resulting oscillating

fields contribute to a spin-lattice type nechanism. This introduces an

additional relaxation process which éupplements the normal dipolar effects.

i i uation 3.48.
T1 inptra :° then given by eq
1 = 1 + * 3.48
T
Tl intra T jintra~dipolar 1 sr

3.3.B Two spin systems

The relaxation processes in two spin systems contain similar comtri-

in systems however the jnteraction of the

butions to those in single SP

3 iffi form
s enr: oo vactors make their analysls much more difficult to per .




Tn the determination of the relaxation times of the majority of samples

studied in this thesis the two spin systems have effectively been

reduced to one spin systems by the use of double resonance techniques. In

the investigation of the NOE, however, it is necessary ( to observe the
effect ) to study the influences of two spins and so consideration nust

be given to the contributions to relaxation in multispin systems.

118
Mackor and Maclean ™, and SolomonSq have proposed that spin-

-lattice relaxation in a system of molecules with two unlike spins may
originate from intra- or sntermolecular interactions between like and

unlike spins and that the nature of the interaction influences the values

of the relaxation times, In their work with CHFCl2 Mackor and MacLean118

showed that at relatively low temperatures both hydrogen and fluorine

spins relax mainly by interactions between unlike spins, the contributions
of intramolecular interactions predominating. At relatively high temp-
eratures it was found that the hydrogen spins relaxed predominantly by
intermolecular dipole interaction whilst the fluorine spins relaxed

mainly by sntramolecular spin rotation interactions. Mackor and Maclean
have put forward a theory which, in conjunction with NOE measurements,
allows the determination of the contributions from the various interactions.

A pictorial representation of Abragams idea of the relaxation

processes in a two spin system is given in figure 3.2 o For clarity it

is assumed that all the interactions are magnetic in nature, for example

dipole-dipole, although relaxation effects induced by quadrupole moments

S ; i
may be included in the WI and W~ terms. These terms jnherently include

effects due to unobserved spins, for example chlorine and deuterium, and

dissolved paramagnetic impurities such as oxygen, although they may

originate from spin rotation or fluctuating stationary field effects.

Jithin this thesis the major systen stulied has been the benzene/

chloroform system with cyclohexane as an inert solvent. This system

contains three distinct spins and it follows that it would be extremely

comulicated to analyse, jndeed the analysis of three spin systems has
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only been fully attempted for solid samples although 2,6 dibromoaniline

has been partially investigated'?''*® Dudley’’ has concluded that the

problem of studying the mechanism of complex formation may be approached
just as readily by making the three component mixture an effective two
spin system. The most convenient way of doing this is to replace CHCl3
with CDC].3 in which case the ( small ) contributions due to the spins of
chlorine and deuterium may be included in the terms WI and WS. The
magnitude of the interactions involved are changed slightly, however this
is of secondary imﬁortance in this work. By analysing the relaxation
times of benzene and cyclohexane protons it will be shown that it is
possible to gain information concerning the modification of the liquid
structure due to the introduction of chloroform.

3,3.C The individual contributions to relaxation mechanisms

3.3.C.1 Intramolecular dipole-dipole relaxation

Two magnetic dipoles, separated by a distance r, will couple with

an energy Edd such that,

) 3.49
By > A Sl T
In liquids this energy is averaged to zero by molecular rotations
but can still cause nuclear relaxation. For two spins-3, I and 3,

separated by a distance T the dipole dipole (dd) mechanism contributes

the following99
242 k2
@) - AR TS Te i 3.50
o = 1rerT
" G 4y T 3.51
LN (ad) = .01 - . >
o f° 1+ (@) Y
2 2,52 5
i) (@) = 3378 i 3.5

2A2
5 ré l + (QI +(’DS ) ,rc
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wheref}b is the correlation time characterising the motion that is
causing the relaxation. In most cases extreme narrowing prevails and the

frequency terms in the denominators can be neglected. In this 1imit the

relaxation parameters defined in equations 3.31 and 3.32 are as follows,

dd .

g - PR TS 3.53
ad A r6

ﬁIS = X% Xé‘lﬁz }C / 3.5L|,

Thus the dipole-dipole interaction can be related to molecular geometry
although quantitative calculations depend on the evaluation of/TkIZI. The
correlation time;}/c)is most simply interpreted when the rotational

motions of the molecule are in the rotational diffusion 1limit i.e. the
rotation proceeds by a small step Brownian diffusion process. The
correlation time is then related to the rotational diffusion constant, Dr’
by =1/ 6D, and D is given as{p6%) / 2t in which {46%) is the net
mean-squared angle turned in time t. Thus in one correlation time the

1
RMS angle turned will be 3 ° radians ( about 33° ). For small molecules

-10 -12
in non-viscous liquids r}; normally has a value between 10 and 10

seconds. . is temperature dependent and is responsible for the temp-
c
erature dependence of T1 for dipole-dipole relaxation./}“e becomes larger

as the temperature decreases until it reaches a maximum at the extreme

narrowing limit although in practice this does not occur in the liquid

range.

3.3.0.2 Intermolecular divpole=dipole relaxation

Dipole-dipole interactions of spins on different molecules permit

nuclear spin energy to pe dissipated to the translational motions of

the molecules. This mechanism 18 especially effective when high concent-

rations of nuclei with large magnetlc moments are presen e.8 or .

olecular NOE between the protons

Kaiserlzg who has observed an interm

of cyclohexane and chloroform, has suggested that effects should be of



L

“HEF%\&
e

interest in studying the structure of liquids, and intermolecular forces.

~ The relaxation rate of spin I due to intermolecular dipole-dipole

(xd) jnteractions with spin S is approximately given by equation 3.55.
fXd = (845 ) X 3232’52 S
e . sB1¥sH S (5+1)) /D 3.5

where Ng is the concentration of spins S, a is the distance of closest
approach between spins I and S, and Dy is the mutual ( translational )
self diffusion constant of the molecules containing I and S.

The important factors regarding/OXd are as follows,
a. f7Xd is proportional to the concentration of the spins causing the
relaxation.
b./p X3 is proportional to‘&é so spins of low gyromagnetic ratio are less
effective.
c./0 xa is smaller at relatively higher temperatures and has a temperature
dependence similar to that of solvent viscosity.
d. f X4+ jarger in more viscous solvents.

Alternative theoretical approaches to/Pxﬁ have been discussed by

12

Iy
Hertz 3 and Prendred et a.l12 o

3,3.C.3  Spin rotation relaxation

The interaction of the nuclear magnetic moment and the rotational

magnetic moment of the molecule in which the nucleus is situated provides

a direct mechanism for the transfer of nuclear spin energy to the

115,12 . .
molecular rotation. According to Hubbard 5,125 tne spin rotation (sr)

relaxation rate is given by
2 2
/951' - (1) T (21kT/3%8 ) T, 3.56

2 .
in which I is the moment of spertia, G 18 the squared average of the

s 3 i correlation time.
i s is the spln rotation
spin rotation tensor, and /};r

Although equation 3,56 is valid only for spherical nodels in the extreme

3 s to show the major effects.
narrowing limit when rT;>>/T;r, it suffice



f}ér is not well characterised and CZ has been measured only for a few

simple molecules although it can sometimes be estimated from chemical

126

: men sT
shift data™ . Experlmentallyr};r and/ﬂ increase with increasing

temperature - the opposite behaviour to that for dipole-dipole relaxation..--
in cases where (dd) and (sr) relaxation occur simultaneously (dd)
dominates at low temperature and (sr) at high temperature; thus 2 has a
minimum value ( and T, has a maximum ) at some intermediate temperature127

3,3,C.t Relaxation by scalar coupling

This form of coupling is simply J coupling. It can become a source
of relaxation for spin I if either J or S becomes time dependent. J can
become time dependent if it is modulated as a result of chemical exchange
or internal rotation. Time dependency can be jnflicted on S if it is
nodulated by rapid relaxation. According to Abragam85 relaxation due to

scalar coupling, (sc), of spin 1 modulated by relaxation of spin S can

be represented by equations 3.57 = 3.59.

ic _ 8/3 )772 % s (s+1 ) Tog 3.57

1/ T

scC
L1s

2
(e )" Tog

o = -(1(1+1>/(zs(s+1))>,0§§ 3.58
1L (1t Tos ) (D) 3.59
TS 2 2

T';‘; - 1+ (07 =t )" Tog

where D = (( 4/3 )4T2 J2 s (s +1 )) e

ce of relaxation contributions

3.4 The relative importan

The most-important~ relaxation mechanisms involving nuclei with spin

) s sole=dipole, inter-
of &, in the 1iquid phase, aI® sptramolecular dipole=dip

molecular dipole-dipole, and spin rotation relaxation. Relaxation by
scalar coupling 1is unlikely to be important unless chemical exchange
occurs, The frequently discussed, but seldom found mechanism of aniso=-

tropic chemical shift relaxation 9 is of 1ittle importance at the moment.
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The only definyte and unambiguous example being CHFC1
118 ;

eratures o

at low temp-

Noggle and Schirmer99 define a total relaxation rate, RI of spin I.
dd
R - :i d xd sr
I jféi/gl,] /Di /s 3.60
Occasionally the non dipole-dipole relaxation terms are grouped together by

Fe

%

xd
Tt A 3.61

3.4,A Unwanted contributions

The previous two sections have dealt with contributions to the
relaxation process which could be quantified. Any contributions which

cannot be quantified, whilst their effects may be included in the terms

S . .
WI and W, may give rise to extraneous results. The most common producer

of extraneous contributions is the presence of dissolved paramagnetic
impurities in the sample. These impurities, although they might be
present in low concentrations, can, by virtue of their large fluctuating
local magnetic fields, have a profound effect on the efficiency of the
relaxation process. In small amounts these impurities have negligible
effects on the appearance of the NMR spectrum of the sample, however
their influence on the values obtained for T, is considerable.

The most jmportant, and most frequently encountered, impurity found

in NMR samples, and the only one of significance in the context of this

thesis is molecular oxygen. Table 4.1 in chapter 4 will show the effect of

dissolved oxygen on the relaxation time of 2 sample ( benzene ) and how

! a ding to the
the experimentally determined value of T1 fluctuates accordlng

128 .
competence of oxygen removal. Muller-yarmuth™ ~ has studied the effects

of oxygen on the relaxation times of ESR spectra and found that the

paramagnetic contribution may alter the relaxation process by up to two

orders of magnitude. The meaningful study of SIRT's necessitates the

efficient removal of free oxygen from sanples and many authers have made



specific reference to the effects of dissolved oxygen on NMR relaxation

129-131
1
imes . Nederbragt and Reilly -» have attributed the differences

between the experimenta.i val »
ues of T1 intra and T1 snter and the theor-

stical values deduced from the basic theory of Bloembergen, Purcell and
Pound132 to the presence of free oxygen.

Although most authers are aware of the effects of dissolved
oxygen and utilise a method of degassing, some large discrepancies can
be found in the literature. For example the ( degassed ) value for the
relaxation time of the protons in pure benzene can be found to range from
18.0 to 23.6 seconds over a very small temperature range‘around 300083’107’
108’129'131'13? Similarly the ring protons of toluene have been reported
as having T 's between 12.5 and 22.2 Second3129'133-13§

The subject of oxygen removal, because of its great importance
in obtaining significant relaxation data, will be discussed in greater

detail in chapter 4 where a novel chemical method will be discussed.

3,5 The nature of the molecular movements causing spin-lattice relaxation

In this section the characteristics of the molecular motions
and the structures of 1iquids which give rise to contributions to the
relaxation process will be discussed. There are several current theories

describing mixtures of simple 1iquids. However only those that have been

used extensively for the explanation of interactions leading to relaxation

processes will be compared.

The majority of investigations which have been reported invoke

the jump diffusion model of molecular reorientation. This model proposes

that during diffusion through the medium tne molecule reorientates from

time to time in large angle Jjumps, as distinct from slower general

rotation and translation. PowleslBg"luz has made several studies involving

the above noted method of the analysis of relaxation processes, and has

shown how molecular motions, both reorientational and translational, may

be treated from a theoretical standpoint to provide a basis for the study

of dipolar jnteractions and reorientation, The frequency at which the




jumps occur, called the reorientational correlation frequency,c)c, may

be shown to be related to temperature for low viscosity 1iquidslu1, and
for molecules such as wafer the translational and reorientational motions
are closely related whilst for benzene the motions are distinctly
jndependent., Relaxation times have been analysed in teims of dipole-dipole
and spin rotation magnetic :’Ln’cera.c‘c,ionl)+2 and reliable correlation times
for the molecular motion of many benzene derivatives obtained. Powles

and Greenlhz.also investigated, in depth, the physical processes involved
in the spin rotation contribution ( T, or ) and found it to be largely
independent of the details of molecular reorientation, and due mainly to
intramolecular rotation rather than rotation of the molecule as a whole.
Sharma and GuptaluB’luahave nodified the basic jump diffusion model to
allow continuous diffusion between fast jumps. Muler145 has calculated the
RMS jump distance in liquids, using T1 inter data; for simple molecules

he showed the distance to be of the order of the molecular diameter.

The jump diffusion nodel has been found to be remarkably accurate
in its predictions in those cases where efficient oxygen removal has
occurred. Several authers have attempted to resolve the problem of large
discrepancies between experimental and theoretical values by considering
the inadequacies of the jump diffusion and other, more complicated, models.,
In these cases refinements to the model have been produced when, in fact,
the variance has been due to the infiltration of molecular oxygen. In
have been found to be quite insensitive to

some cases the values of T1

. 31 .
the refinements when competent degassing has been performed” . Resing

et alluéhave declared that the formulation of a distribution of correlation

times (q’ and 7“d ) is necessary for accurate quantitative interpretation
T

of molecular motion relaxation.

The effect of molecular association, of the type described in this

thesis, on the rotational motions of molecules has been studied theor-
?

56-58 d that
etically and experimentally by Anderson and he has conclude

a molecular aggregation which moves as & unit and whose lifetime is
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longer than the rotational correlation time should considerably affect
Tl' He also concluded that if the lifetime is short compared with the
correlation times for the system then Tl should not be affected. Huntress54
has shown that benzene molecules introduced into a chloroform sample
inhibit the random motion of the chloroform molecules, This has been
interpreted in terms of a complex formed between benzene and chloroform.
Huntress considers that the complex configuration is such that the
symmetry axis of the CHCl3 is perpendicular to the plane of the benzene
ring. To support this interpretation Huntress found that the 03 motion
of chloroform is only slowed by a factor of 1.3 by specific association
although the molecular tumbling motion is slowed by a factor of 4. It
was also proposed that the chloroform and benzene molecules do not slip
relative to one another in the complex and that the C6 motion of benzene
is unaffected by complex formation.

Huntress5% and Sato and NishiokaS? in their studies of chloroform/
benzene mixtures have confirmed the large effect on the T1 of benzene by
the molecular interaction ( which they call a complex ) whilst the
relaxation time of chloroform is not affected. Sato and Nishioka55
effectively studied single spin systems by observing either CHCl3 or C6H6
and varying the apparent nole fraction by the addition of the deuterated
analogue ( CDCl3 or CcDg ) at the same time using the deuterated form
of the component not being observed; this second component being presented

in a constant amount. gato and Nishioka have shown that, because of the

low values of XD and ’x01, deuterium and chlorine may be considered to

1 .
contribute negligibly +o the relaxation process of "H. The relaxation

effect of deuterium ( spin 1 ),and chlorine ( both isotopes spin 3/2 )

is reduced relative to that of protons at the same concentration by the

following degrees,

For deuterium

0.06

R

1(1+1).x§

2
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and for chlorine, where X(35c1) N,~K(3701)

(3/2) ((3/2)+1) :gél

y ~ 0,05
$(3+1) \gi

For the systems studied in this thesis the effects of CDCl3 may
be neglected except for the way in which CDCl3 affects the relaxation
process occurring between C6H6 and'C6H12“°

3,6 Relaxation processes for nuclei other than y

Much of the early research into relaxation processes involved
investigating the effects of 1'H and 130 nucleiln7. Recently other types
of nuclei have been investigated. In this thesis some of the samples have
been examined by lH chemical shift determinations however the relaxation
time measurements and the NOE determinations have required the use of
samples containing ZH and this inclusion necessitates a discussion of
the relaxation processes inpvolved with this nucleus , and with the

chlorine nucleus.

Mantsch et a1148 have shown, in a study of the stereochemical

dependence of 2H relaxation times,that the relaxation of the deuterium
nucleus is induced entirely by an intramolecular quadrupole mechanism.

Thus studies of 2H relaxation times cannot reveal any information about

intermolecular interactions. However they can be used to investigate

S

intramolecular stereochemistry, rotation and anisotropic motion. Huntress

has shown that deuterium in CDCl3 relaxes very quickly ( 1.8 seconds )

R . 1,149
compared with hydrogen in CHCl3 ( 80 seconds ). Dietrich and Kosfield

have shown that in CHCl3 there is no spin rotation exchange at room

temperature. This would appear to indicate that the relaxation process

of both ZH and 3501 are not dependent on their intermolecular environment

although they may influence, indirectly, relaxation processes 1l other

jishioka would seem to suggest that

nt as far as the lH

moleculeleO. The work of gato and N

6 3 9 i
! Cl the CDC]. aCtS Onl as a d e




relaxation times of benzene and cyclohexane are concerned. The effect of

1., on the envi i
cDC 3 environment w111'be very nearly the same as CHC1l, and will

3

thus cause differences to be seen in the measured T,‘s of benzene and

cyclohexane ( compared to their values in the absence of CDClB).
Because of the low natural abundance of 130 the relaxation
processes of that nucleus need not be detailed here. Speiss et allSl
nave assumed that the intermolecular dipole-dipole interaction may be
safely neglected for carbon atoms bound directly to a hydrogen atomlSz.

although the spin rotation mechanism is important.

3,7 Measurement of spin-lattice relaxation times

Different methods of measuring relaxation times depend upon
different ways of displacing the magnetisation from MO. The vast majority
of T1 measurements in this thesis utilised the adiabatic fast passage
technique and thus this method will be given prominance and the others

outlined only.

3,7.A Adiabatic fast passage techniques

The direct method of obtaining spin-lattice relaxation times was

initially developed by Drain152 who based his work on the nuclear

induction experiment of Blochzo. Bloch's experiment differs from most

other nuclear resonance experiments in that a comparitively large RF

field. B., is applied. The Bl £ield is sufficient to cause a considerable
. [) 1 ] L]

change in the nuclear magnetisation in one passage through the resonant

region though still small compared with the main field. It can Dbe shown

that if the RF field is large enough the nuclear magnetisation is

reversed completely . FOT this to occur it is necessary to have the

following condition satisfied ( Bloch's adiabatic condition ).

a2 / atl & 13182 3.62

3 3t is the rate of
where 2B, is the amplitude of the RF field and dBo/

1
condition is designed to ensure

change of the main field with time. This



that the magnetisation precesses many times during the passage through
resonance. In addition passage through resonance must occur in a time

less than T, since transverse magnetisation will occur during the passage.

If the passage is rapid then the line width is equated to B1 and the

time spent going through resonance will be B1 / ( dBo/dt ). Thus a second

condition is

B,/ ( dBo/dt ) << T, 3.63

The conditions 3.62 and 3.63 can be combined to give,

1/ T, << 1/ BlldBo/dt] << 3B, 3.6£+‘

Generally dBo/dt and B1 are made fairly large in order that the
conditions for adiabatic fast passage are obtained.

Drain153 used the method for measuring the relatively short SLRT's
of paraffin wax, glycerine, liquid hydrogen and water. Conger and
Selwood24 used it to measure very short relaxation times for paramagnetic
solutions. This method is best used for the measurement of relaxation

times of about 5 seconds, which makes it well suited for proton resonance

work.

The implementation of the technique generally involves modifying

154,1 . 83,156 , 153
the main field with a triangularlBl' H 5? trapezoidal 3,15 or a sine

wave. This is conveniently done by applying the varying voltage to the

field compensator. The resonance is swept through and monitered on the

return of the sweep, the rate of which is adjusted so that no absorption

is observed on the return, the magnetisation then being zero. T, may be

calculated from99’109

T = At/ 1n2Z2 3.65

where At is the sweeD period between the rapid passage and the return

monitoring. One drawback with this method is the uncertainty as to the
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degree of inversion that occurs, Anderson et al'>’ improved the practical

performance of the raPid. passage theory by introducing a repetative sweep.

The adiabatic fast passage with sampling ( AFPS ) method involves the

use of a repeating field sweep and the RF field is increased on one sweep
only to give the 180° pulse. The conditions stated in statement 3.64

must still apply. The 180° pulse inverts the magnetisation which is

then monitored during its decay to MO by a low level RF field. A plot of
In (M - M, ) against time gives a straight line the slope of which
yields Tl' MO {s the final resonance intensity after equilibration ( in
theory when t =< ) and MZ is the intensity at time t. If B1 is small

MZ is directly proportional to peak height, enabling the simple evaluation

of Tl'

The AFPS method has the advantage that it gives a relaxation

time independent of the degree of inversion of Mz during the adiabatic
passagelSSalthough 1t is best suited to the study of ( relatively ) long
relaxation times. The null153 and symmetric modulation85’130methods may
be used more conveniently for those samples with relatively short relax-
ation times. Parker and Jona.sl56 carried out calculations on the v-mode
line shape and the dependence of M on the conditional equation 3 .64
with special reference to the AFP technique. They concluded that even

under seemingly ideal conditions the degree of inversion was only about

0.98 to 0,99 and this resulted in errors of two or three per cent in

the calculated values of Tl'

Powles has reviewed the theory of the AFP method and has obtained

. l 1 82! 160 23
equations for systems of two spinS 59- Heatley has modified the

equations for the decay of the magnetisation in the AFP method to allow

for incomplete inversion. He has introduced a factor which equals -1

when the general AFP equation holds. The use of this factor allows

other methods of measurement, such as progressive saturation, to e

d in the next section.

carried out and these will be discusse



3.,7.B Saturation techniques

If the oscillating field strength, B, is of too high a value the
relaxation process cannot cope with the numbers of upward transitions
and the populations of the energy states progresses towards equality.
At the point of equal population, under the influence of a magnetic field ,
the system is in a saturated condition and it is possible, by observing
the system as it progresses to and/or from this condition, to calculate
relaxation times. After the introduction of a sample into a strong
magnetic field the observed signal height ( proportional to MZ ),which
is initially zero, grows with time until it reaches an equilibrium value;
the time taken to reach this value being dependent on Tl’ In practise a
similar result is achieved by saturating the resonance peak then observing
the subsequent recovery and using a 1In ( MO - Mz ) against time plot.
The monitoring of the peak is in the same fashion as for the AFPS method
in that a suitably small RF field is allowed to sweep through the peak
of interest without appreciably perturbing the magnetisation. As with
the AFPS method the time spent in resonance must be small compared with
the sweep period in order that spin-lattice relaxation is negligible
during the travel tﬁrough resonance. Similarly the homogeneity should e
offset so that the transverse magnetisation decays pefore succeeding

Sweeps are encountered. In these cases the heights of the absorption

signals are proportional to M. This saturation technique has the

advantage of giving a value for MZ when t = 0. However the AFPS method

can provide more data points in the usable region away from initial

perturbation and equilibriunm. As with the AFPS method the viewing B,

must be low powered enough to avoid further saturatlon.

Of much more use are the methods which utilise the controllable

82,160
introduction of saturation. Heatley 2,160 .5 developed a method, known &8

the repetative sweep progressive saturation technique which he has found

very useful for the neasurement of very weak absorptions, such as the
thylene dichloride.

sidebands due to 130 in natural abundance in me
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With this method the magnetisation is initially at thermal
equilibrium and is then»subjected to a moderately high RF field which
causes a gradual onset of saturation until a constant, relatively lower,
magnetisation is observed. The final magnetisation is only partially
saturated. The main advantage of the method is that by using a relatively
high observing field small signals are significantly increased in intensity
with a reslution increase in resolution. By equating the magnetisation
after a sweep with its value after the previous sweep, Heatley was able

to produce two equations from which T1 could be calculated.

-T/T
L) 3.66

M, (n) - ¥, o) = ( a.e-’T‘/Tl )n-l( X, ) - M (1-ce
(1=2a e/t/Tl )
and

d 1n] M, (n) =M, ()] n( a e;TyTl ) 3.67

dn

where M_ (1), M, (n) and M (=) are the values of M after one sweep,
n sweeps and at equilibrium respectively. a is the inversion factor
which may be negative andf}'is the sweep period. The approach to the

asyptotic limit from any initial state is exponential with an effective

relaxation time, Tl* given by

1/Tl* - /1) -1 (lal /) 3.68

Cenerally a is an unknown quantity and it is necessary to

eliminate it by combining equations 3.66 and3.67. T, 1s obtained by

measuring a 6-77T1 ( from the exponential approach to the assymptotic limit

( from signal intensities )

and the ratio M, @) / M
_77Tl

using equation 3.67 )

and substituting both quantities into equation 3.66. This gives e

and asrP is known, SO eventually is Tje Tt is essential that the signal

e sweep rate and Bl field

representing MO is recorded under the san

. i o lish
strength conditions as the signal representing M, ). To accomplis

this in the progressive saturation experiment the series of sweeps 18
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only initiated after thermal equilibrium of tﬁé'magnetisation vectors
has been attained. The very first signal obtainedis proportional to M,
and this is followed by an exponential decay to M, <). For maximum
accuracy in determining Tl' a and‘}'can be arranged such that there is a
significant decrease in signal intensity after n sweeps so that the
differences Mz (n) - Mz e2) are of measurable proportions and that a
sufficient number of peak samples are taken during the decay process.

a and T must not be so small that measurement of Mz (=) is impaired by a
low signal to noise ratio.,

3,7.C Other technigues

Although the previously mentioned techniques are by far the most
commonly used in continuous wave spectrometer work there are several
other methods available for the measurement of SIRT's. Usually they are
difficult to implement or do not give a sufficiently accurate value of
T1 ( in some cases due to the necessity to calculate T2132). Most of

these alternative techniques are modifications to the AFP method involving
161-163

extensive equipment modification

The introduction of Fourier transform spectrometers, with their
attendant back up facilities such as computers, has enabled the develop-

nment of a number of techniques, most of which are based on sequences of

) o .
RF pulses. For proton work a pulse sequence of 180° = t - 90" is generally

usedléq. For 13C work, where the majority of pulse Fourier transform

o o
usage is concentrated, a repeating sequence of (=T =180 =1t =90" - )

is commonplace165and sip which T is long compared with T,. This sequence

produces a series of peaks which alternate about the base line. Freeman

O R P .
and Hill include an 1solated pulse, 90 during the long waiting period

so that the spectral data produces all the signals in the same sense.

o o)
The sequence Freeman and Hill have proposed is (-7=-90-T- 180"~

t - 90° = ).



3,8 Practical considerations and difficulties

 The Varian Associates HA 100D NMR spectrometer used in the

investigations reported in this thesis, is a continuous wave model and

this restricted the choice of T, measurement technique to the AFFS, the

saturation/recovery, and the progressive saturation methods; For the
systems studied the AFPS was found to be the most reliable and easiest

to perform.

In order to use the AFPS method on the HA 100D spectrometer some
modifications due to Heatley82 and Hoffman and Forsen167 were adopted.
Hoffman and Forsen showed that the use of the HA mode was not practically
acceptable unless extensive modifications were employed. These changes
would include providing a fast frequency sweep from a separate voltage
controlled generator, and a pulsing circuit since the lock circuitry in
the HA mode could not keep up with a rapidly changing fie1d168. Even
with these changes, Hoffman and Forsen concluded, the intensity measure-
ments in the HA mode may not be any more reliable than those obtained in

the HR mode. Thus in this work the HR mode was employed for the relaxation

time measurements.

The method used to obtain T1 values throughout this thesis

involved recording signals obtained by phase-sensitive detection in the

integrator/decoupler unit which was operated in the sideband mode rather

than the centreband mode. In the centreband mode the modulation index

is such that the RF level is similar at sideband and centreband resonances,

and ad justment of phase permits the suppression of the first sidebands.

In the sideband mode the modulation index is decreased and the audio

modulation is phase shifted by 900, gipce the effective RF level at the

sideband is a function of the modulation index, it is necessary 1o

increase the RF power by about 40dB to obtain a usable sideband signal.

The RF phase may then Dbe ad justed for absorption mode at the sideband

1s
and the audio phase ad justed to suppress the centreband. AFP pulse

conditions can then be obtained by switching from sideband to centreband




for the portion of one sweep when the absorption of interest is being
traversed. During that igstant the RF power at the sideband is increased
by approximately 40dB, thereby causing inversion of the magnetisation
vector. Although the inversion of the peak is not 100% this does not
matter with the AFPS method. For normal strength signals the RF power
needed to present a suitably sized signal in the sideband node was about
90 4B out. It was possible to view the spectrum in the centreband mode
at around 60dB out. In some instances the AFPS technique was used on
centreband signals in the HR mode, in which case the inversion was
achieved by manually flicking out two 20dB buttons for the required
portion of one sweep.

In order to keep the system simple the phantastron linear sweep

unit of the HA 100D was used in preference to applying an external

modulation to the field compensator82’167.

Dudley31 found the response of the Varian flat bed recorder
insufficient to deal with the continuous monitoring of peaks at intervals

of one second or less. This was mainly because of the high inertia

82,160

transport mechanism and the in-built filter network. Heatley used

a fast response Hellige hot wire galvanometer recorder and initially this

was the type of recorder employed in this work. The recorder had a

response from DC up to 150Hz with ample control over speed and signal

levels. Dudley checked the ]inearity of the response at 10Hz which, for

most of the samples, corresponded to the frequency with which the wire

moved on going through resonance. He found the response graph of deflection

against input voltage to be linear. For the greater part of this research

an S.B. laboratories 3006 ultraviolet galvanometer recorder was used.

This machine, because of the greater width of chart PAper and faster

response time, afforded nuch more accurate peak height measurements. The

a linear response to increasing signal

UV recorder also proved to have

ared
output. The sharpness of the lines produced by the UV recorder ( comp

i T d more
e at e v Mt aee produced DY the hot wire recorder ) enable 0
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accurate data to be collected at the stage corresponding to M. =0
Z

In studying th
ying the 06H6/06H12/CD013 system as well as other effective
two spin systems it has been necessary to introduce an external modulation

frequency to saturate one resonance so that values of T T, and NOE's
AA’ "BB

could be obtained. Hoffman and Forsen héve shown that fof such double
resonance experiments modulation frequencies can be applied in the HR
mode by directly modulating the signal from the RF unit to the probe .
The frequency settings need only be accurate to about 50Hz due to the
large sweep width employed ( up to 15ppm ). The oscillators used were
a Muirhead Wigan D-890-A Decade Oscillator and an Alrmec L22 signal
generator. The output of these generators was checked on the Varian
HA 100D, a Venner 3336 counter, and on the Airmec 422 counter.
Powleslo5 has shown that it is necessary to ensure that all the
sample is well inside the transmitter coil. This then avoids any comp=-
lications due to nuclei , which have not been subject to AFP, diffusing,
or in any way moving, into the receiver coil. In order to find the
positions of the coils in the HA 100D a very small amount of a sample
was placed in an NMR tube and the tube inserted in the probe in the ¥
normal fashion. By raising and lowering the tube and noting the magnitude

of the resulting peak the offective extremes of the coil were found. The

maximum sample length was found to be about 10mm and the position of

the coils was marked on the sample tube depth gauge for subsegquent

reference.

Van Geet and Hume78 consider it necessary that the magnetic field

at the sample be relatively i phomogeneous so that pure exponential

recovery of the magnetisation is observed without the introduction of

transverse relaxation effects . The usual methods used to moderate the

homogeneity are the non- spinning of the sample, and the deliberate

1 .
off-setting of the shim controls. Dudley3 considered that samples whose
1d not be spun anyway because of

relaxation times were being studied shou
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the unnatural molecular motion which could possibly result, and which
could affect diffusion functions. The relaxation times and NGE's obtained
in the primary research in this thesis involved the use of non-spinning
samples. The only samples that were rotated were those in chapter 4 to
jnvestigate the ‘wobble' on the peak height traces.

3.9 Practical aspects of the Nuclear Overhauser Effect

If an experiment is performed in which a strong irradiating field
js employed to saturate signal B of a two spin ( A and B ) system then

equation 3.12 becomes invalid. However equation 3.11 still holds and since

v =0,
Z

o

2z = + 3.69

dt TAA TBA
on integration this becomes

v = (M‘;+MiTAA)(1-e‘t/TAA) 3.70

TBA y

or

o= M;A‘,(l-e-t/TAA) 3.71

Z

where ML is the new equilibrium value of Mﬁ due to the NOE.
hen Mﬁ i€ perturbed by an AFPS experiment the decay of M: toward Mﬁ;
is purely exponential with a time constant Tya and the data can be Dpro-

cessed as for a single spin system. The steady state Overhduser effect

is conveniently given by equation 3.72.

P 3.72
jcl(s) - TAAME/TBA‘O
which can be experimentally measured &S

jCI ) _ ( Mi_Mg)/M‘; 3.73

Th turation of signal A and subsequent viewing of signal B
e sa
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and TBA obtained using equations 3,70-3.72.

Hoffman and Forsen have used this procedure to study the relaxation
times of nuclei in formic acid and acetaldehyde and were impressed by

the accuracy attainable, the ratios of TBA/TAB correlating well with

the theoretical value of Mﬁ / Mg'

The value of Mﬁnis obtained by plotting the value of M: against
time, t, after release of the modulation field saturating spin B and
extrapolating the line back tot = 0. M?pcan be obtained in a corresponding
manner. In some cases the steady state value of Moois subject to some
saturation and is smaller than its optimum value. The peak being monitored
is often seen to rise sharply when the modulation frequency is removed,
however the aforementionedimethod of producing Moﬂproduces the correct
value.

3,10 Data processing procedures

The recovery of the observed magnetisation vectors can readily
be analysed with the aid of various computing facilities and a simple

least-squares fit computer programe. For this thesis the relaxation data

/

have been processed either on an ICL 19054 computer, in which case the
least-squares fit program wWas assembled in the FORTRAN language, or on

a Digiac Micro 16 minicomputer, in which case the program Was written

in Multimath, a version of the MATHCHAT BASIC language .

For single, oT effectively single, spin systems Tl can be calculated

- jnst time and the computer 1is programmed
from a plot of 1n (M =M, ) aga

i and t and perform the plot; at the end
to read in values of M, M, (t),

of which the relaxation time is abstacted from the negative reciprocal

of the slope, To simplify matters the values of t were calculated from

i d 2,
the number of the peak ( the first peak belng numbered 1, the secon
e of the time interval

etc. ) and the experimentally deternined valu

betw the repeated peaks The Sweep period could be accurately determined
een the kS
to within 1 X 10'35econd using the varian frequency counter. This accuracy

me et Aowad better than the recorder time base which could well be




b )

s1lightly non=linear.

It is imperative that
| | the values of Mo used in the calculations
are the true values., Gerhards and Dietrich169 have noted the effects of
wrongly estimating M and show that although 1n ( M_ - M_ ) versus t
o Z
plots are linear the resulting slope is very sensitive indeed to M
o)

changes. It is interesting to note that a better method of calculating T
‘ 1

has been used by Netzel and Miknis'/Or171 whereby an exponential least-

squares regression program was used in treating the data. The program,
which is iterative, allows the computation of ‘I‘1 to be independent of Mo.
Since a value of MO is not experimentally required ( it can be computed
from the final fitted line ) the time spent viewing the relaxation can
be shortened.

3,11 Conclusions

Within this chapter an attempt has been made to outline the
relaxation processes most important in the study of systems which undergo
nuclear magnetic resonance. It has been shown that observation of spin=-
-lattice relaxation and nuclear Overhduser effects can produce information
concerning the mechanism of complex formation. The initial use of relax-

ation times in this thesis will be as a guide to the efficiency of the

deoxygenating procedures which will be detailed in chapter 4, where it

will also be shown that relaxation times are extremely sensitive to

molecular oxygen. In subsequent studies Tlts and NOE's will be used to

elucidate a model for molecular jnteraction.

The techniques of Hoffman and Forsen will be utilised to derive

. 2 S e
spin-lattice relaxation times in two spin, three component systen

s T and the
The main consideration will be the calculation of TAA and 55 20

will not be attempted.
evaluation of TBA and TAB




CHAPTER

Sample preparation and analysis
FOUR

4,1 TIntroduction

An important point in the investigation of molecular interactions
is the preparation of the sample. There are a variety of ways of getting
a material from its container in the laboratory to the inside of the NMR
tube. In the case where the NMR spectrum of a pure, non-volatile liquid
is required it may only be necessary to syringe the material into the
tube and place a plastic cap on the end to stop dust entering the sample.
This was all that was required to prepare the samples of air saturated

benzene, toluene and para-xylene, the T;'s for which are reported in

this chapter.

In preparing samples of liquid mixtures the first step was to

weigh each of the components, in their desired proportions, into a flask

fitted with a 'Sybaseal’' to avoid evaporation. If no further treatment

was necessary then a portion of the mixture was syringed into an NMR tube

which was then sealed. This was how the samples of 06H6/06H12/CHC13 were

prepared for the chemical shift snvestigations in chapter 6. The ma jority

of the samples prepared for this research needed further attention after

the initial preparation and before sntroduction to the NMR tube. The

larger portion of this chapter describes the procedures developed to

s L3 - . r
transfer the sample into the NMR tube 1D o suitable condition fo
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4,2 The removal of dissolved oxygen

It has been noted}that paramagnetic impurities can have a pronounced
effect on relaxation times and NOE's. Although in some cases paramagnetic
jons are added to samples ( in order to reduce the relaxation time and
consequently reduce the risk of saturation ) it is more usual that attempts
are made to remove all paramagnetic species from the sample. The major
paramagnetic species found in the simple compounds used in this thesis
is dissolved oxygen. Realistic spin-lattice relaxation times can only
be obtained in the absence of dissolved oxygen172'l73.

4.,2. R Traditional methods

The removal of oxygen in the course of sample preparation has
generally bern accomplished by the use of one of two techniques, either
a freeze-pump~thaw procedure or an oxygen-free gas bubbling procedure .
The freeze-pump-thaw procedure is cyclic in nature and is theoretically
more efficient as the number of cycles undertaken is increased. The sample
js installed, in a suitable container, on a vacuum line and is frozen and
the sample container evacuated. The container is then isolated from the
vacuum system and warmed to melt the sample. As the sample melts the

dissolved oxygen is drawn out. The sample is then re-frozen and the

container re-evacuate. The final part of the cycle is to isolate the

container once more and warm Uup the sample. The second method of removing

oxygen is to pass an oxygen free gas ( usually nitrogen ) through the

ethod is theoretically more efficient

sample for a period of time; this m
131,174,175

1
as the bubbling time 1is jncreased. Dudley3 amongst others

has shown that both these procedures are unreliable and difficult to

employ efficiently and he investigated chemical means of deoxygenation.

jcal deoxygenation had been attempted prev=

He noted that although chem
iously the methods spvolved tended to be tedious in practice and too

] jcal pro=
forceful in their reducing powersS. He set out to find a chemlc p
cedure that satisfied four conditions, namely (a) the deoxygenating
e ve readily available, (b) that the materials should be
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versatile 1i.e. soluble in a wide variety of liquids or at least capable

of use with solvents miscible, or immiscible, with the liquid under

investigation, (c) that the materials have low vapour pressures to allow
for easy removal of the sample by distillation, and (d) that the materials
should have a low reducing power,or be capable of use at low concentrations,
to reduce the possibility of reduction of the sample material. Homer,
Dudley and McWhinnie133 proposed the compound Co (bipy)3 (0104)2 to

fulfil the requirements outlined above. This compound is golden brown

in colour when solid but when it is dissolved with sodium borohydride in

a suitable solvent it removes oxygen in a reversible, colour indicating
reaction. When all dissolved oxygen has been removed the solution turns
deep Dblue.

l,.2.B The removal of oxygen with Co (bipg)B <9l94)2

. . 1
The recognised method of preparation of Co (blpy)3 (0104)2 77

178
has been superceded by the following simpler method of Bhuyat 7 . A

solution of hydrated cobalt (II) perchlorate ( 0.01 mole, 3.67g in 10 ml
ethanol ) is added to a solution of 2,2'-bipyridyl ( 0.03 mole, 4.60g

in 20ml ethanol ). The resulting brownish precipitate can be recrystallised
from a 1 + 1 ethanol/water mixture and washed with ice cold ethanol

pefore being dried over phosphorus (V) oxide . Golden brown crystals

of the cobalt complex are then obtained.
The deep blue colour obtained when the Co (bipy)3 (C104)2 and

sodium borohydride have removed all the free oxygen can be destroyed by

the exposure to additional oXygen. when the original brown colour is

restored., The presence of excess sodium borohydride may induce the blue

colour again however the cycle 1is not indefinitely repeatable. The

detailed mechanism of the deoxygenation reaction has not been elucidated

fully but evidence exists that points to two likely,but alternative,

ey s . . solate
mechanisms. The first depends on the fact that it 1is possible to 1s0

(2 2'-bipyridyl) cobalt (I) perchlorate

n by this complex may occur to give

from the blue solution tris

e peduction of OXyge
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17
a cobalt (III) complex 9. The latter, in the presence of excess hydro-

boride, can produce a cobalt (I) complex which is characterised by a

blue colour due to the strong transfer charge band of the 2,2'-bipyridyl
cobalt (I) complex. The second possible mechanism depends on the fact that,
in the presence of phosphine ligands, Co (bipy)Hz(PR3)2 €10, can be
isolatedlao. This suggests that the tris complex dissociates to give a

monopyridyl complex that, by analogy with the related rhodium systenoF

may take up hydrogen reversibly, or oxygen irreversibly, such that
cobalt (III) complexes can be formed., In the presence of excess hydro-
voride the cobalt (III) complexes yield a cobalt (I) complex with its
characteristic blue colour.

Despite the fact that the detailed mechanism of this chemical
method of deoxygenation of liquids is uncertain, there can be little
doubt that it is most efficient. The data of Dudley for the deoxygenation
of pure benzene ( Table 4.1 ) shows that this method of chemical deox=
ygenation is far more efficient and reproducable than the freeze-pump-
-thaw and gas bubbling procedures. A further estimate of the extent of
deoxygenation can be made by reference to the T, data for water. Since

a saturated solution of sodium sulphite in water is commonly used to

provide a zero point for the calibration of commercial oxygen detectors,

the T. value of water distilled from such a solution under vacuum

1

serves as a useful standard. The average spin-lattice relaxation time

measured for a sample of water distilled from a sodium sulphite solution

+
was 4,03 ¥ 0.2 seconds, This can ve compared to a value of 3.43 2 0.1

seconds obtained for air saturated water. Samples of water deoxygenated

3 i howed an average
using the cobalt compound and sodium borohydride Sno

relaxation time of 447 + 0,2 seconds. Although these values &aIe very

i d in no instance
similar the determinations were repeated many times &n

was the relative order of these values different or was there any
: . 11
overlap in the small range of wvalues obtained for each system The sna

NS A +o +hace data thus sndicate a Very slight residual oxygen
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content in the sodium sulphite treated sample which would give rise to
a small but significant zero error.

The amounts of the two compounds used for deoxygenation were
usually kept as small as possible to minimise reduction of the sample.

It is possible to deoxygenate successfully samples of total volume 20ml
by using only 1lmg of the cobalt complex; with smaller amounts the colour
change is indistinct. The amount of borohydride required depends on the
compounds being deoxygenated. If the compounds are inert to borohydride
then about 15 = 20mg of it suffices, but if any of them react in some
way 50 = 60mg may be required. Care was exercised when handling the
compounds, firstly,because little was known about the physical and
toxological properties of the cobalt compounds and,secondly, because

of the possibility of side reactions occurring.

The preparation of deoxygenated samples of pure liquids, liquid
mixtures and solutions of solids have been the subject of considerable
interest in this work and equipment has been specially developed for this
purpose. The procedure selected for use in deoxygenating a sample
depends upon some of the physical properties of the components. For
single liquids there are three distinct types of sample preparation,

a. when the deoxygenating compounds dissolve in the liquid, b. when the
compounds dissolve in a liquid miscible with the sample liquid, and c.
when the compounds dissolve in a liquid immiscible with the sample
liquid.

The deoxygenating compounds dissolve readily in water, ethanol,

acetone, methylene chloride, simethyl sulphoxide ( DMSO ) and dimethyl

formamide ( DIMF ), amongst other polar liquids. The procedures devised

for deoxygenation can be cub-divided according to the method by which the

! h s thi done either by direct
sample is transfered to the NMR tube; this can be don v

distillation or by syphoning. Because the procedures for deoxygenation

iqui i s are similar they will be
of pure liquids and homogeneous 1iquid mixture ¥




discussed together.

4.3 Deoxygenation of Pure liquids and liquid mixtures using distillation

for sample transfer

The deoxygenation of pure liquids requires the use of a simple
vacuum manifold ( figure 4.1 ) with the distance between the sample
flasks and the sample tube being kept as short as possible so that
liquids of low mean free path ( i.e. high boiling point ) can be easily
distilled. The evacuating system used, consisting of a rotary pump
and a mercury diffusion pump is capable of attaining a pressure of
1x 10-3Torr or less. The insertion of two liquid nitrogen traps enables
the capture of any waste material before it enters the main pump.

For pure liquids about 10ml of the sample is placed into a
suitable flask along with appropriate amount of the deoxygenating
compounds and a magnetic follower. The flask is then rapidly placed on
the vacuum manifold and cooled with liquid nitrogen to freeze the
contents. Following this the flask is vented to the vacuum system and
a good vacuum allowed to develop. Consequently the flask is isolated from
the system and allowed to warm up. When the contents start to melt,and
the components of the deoxygenating mixture react together, the solution
turns blue, indicating that the free oxygen has been taken up. If the
solution does not turn blue it is possible that a leakage of air into the
d there is jnsufficient borohydride in the flask

flask is occurring an

to cope. This can be pre-empted by checking for leaks beforehand using

a dummy flask jnstead of the sample flask, and by checking if the sample

reacts with borohydride. In the absence of leakage and sample reaction

the sample liquid can be kept in a deoxygenated state indefinitely. The

sample mixture should be vigorously stirred to ensure complete deox=

ygenation.

As the sample melts it gives off bubbles of gas. Initially this

g into the yacuum, however it is noticeable

is merely the sample boilin
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that the bubbling continues after the partial pressure of the sample is
attained. Tt is most probable that the gas being liberated then is
hydrogen and the presence of this evolved gas can affect the distillation
of the sample from the flask. The hydrogen can be removed, when its rate
of production has slowed down sufficiently, by freezing the contents of
the flask with liquid nitrogen, opening the flask to the vacuum system and,
when a suitably high vacuum has developed, again isolating the flask

and allowing the sample to warm up. With samples of low boiling point

the hydrogen can be removed by opening the warm flask to the vacuum line
for an instant in which case the hydrogen is blown into the manifold.
Generally low boiling point samples distil easily without the removal of
hydrogen. With high boiling samples it is possible to remove the hydrogen
without freezing the sample because the sample liquid itself is only
very slowly abstracted by the vacuum.

An NMR tube is connected to the manifold using a special glass to
metal joint with an o-ring seal. The tube is evacuated and checked for
leaks., It is important that this part of the system is airtight since the
sample will have lost contact with the deoxygenating compounds when it
arrives at the tube. The NMR tube is warmed gently to remove any Oxygen
adhering to the walls. The vacuum manifold is isolated from the pumps and
the traps,and the taps from the sample flask and the NIR tube opened. By
NMR tube the sample can be made to distil over. The amount of

cooling the

cooling necessary depends upon the volatility of the sample and the amount

of sample that has to be collected. For the relaxation time studies the

sample tube was generally £i11ed to a depth of about 10mm and with

o) o] .
components with boiling points pbetween 30 °C and 120 C this could be

achieved in one operation. In the case of samples with boiling points

above 120°C it was usually necessary +o modify the distillation procedure;

the sample vapour being allowed to 111 the manifold before the tap to
_ d rapidly causing the

the NIT tube was opened. The tap was then opene

sample vapour to be propelled into the NMR tube.




When the required amount of sample has been transfered into the
NMR tube the sample tubevis isolated, the sample in the tube frozen,
and the manifold re-evacuated. Finally the NMR tube is sealed under
vacuum, For the first few samples prepared the tube was sealed by
collapsing the glass tube gradually,at several points around the circe-
umference, with a pencil flame, It became noticeable, however, that in
a high percentage of cases the seal formed proved to be defective. For
example the T1 value for a sample of benzene would fall from about 20s
to Us during the course of a day. It was thought that cracks appeared at
the seal on cooling the thin walled resonance tubes that were employed.
In order to improve the seal each tube was heated by an all encompassing
flame,at a point about 20mm from the open end, prior to installation on
the vacuum system. This caused a restriction and a thickening of the tube
at the point of heating and it was subsequently found that a very good
seal could be obtained by touching the narrow part of the tube with a
pencil flame.

In many cases the subject material is not polar enough to dissolve
both the cobalt complex and the sodium borohydride and it is necessary to
use an intermediate solvent which does dissolve both these compounds.
This secondary solvent can either be miscible with the sample, forming a

homogeneous mixture or immiscible thus forming a heterogeneous mixture.

Tt is a necessary property of the sntermediate solvent that it has a

1ow vapour pressure so that the sample can easily be separated from it

by distillation. For low boiling hydrocarbons, such as benzene and

cyclohexane, the addition of a few drops of DMSO or DMF suffices to

dissolve the deoxygenating compounds. Benzene and DMSO form an homo-

geneous mixture and degassed samples of benzene can readily be obtained

by distillation as detailed previously. Cyclohexane and DMSO form a

heterogeneous mixture, vut the cyclohexane forms the upper layer and

so ca asily be distilled from the mixture. Tn deoxygenating heterogeneous
n easl




mixtures the procedure is identical to that for pure liquids except that
stirring of the mixture must be vigorous and must continue for a longer
time ( usually ten minutes was sufficient ) in order that a coarse
emulsion is formed which enables oxygen to diffuse from the sample into
the intermediate solvent and so get taken up by the deoxygenating
materials. A period of time has to be allowed for the mixture to separate
into two layers for the subseduent sample distillation. Samples prepared
using this secondary solvent procedure were generally found not to
contain traces of the intermediate solvent. In the extremely rare cases
when it was found that superfluous solvent had been transfered the sample
was discarded.

Tn certain instances the above mentioned techniques have to be
modified in order to avoid violent side reactions. These have occurred
particularly with chlorinated samples such as tri- and tetrachloromethanes
where, when the deoxygenating materials were added to a heterogeneous
mixture of the sample with water, an exothermic reaction occurred
producing solutions with colours ranging from orange to green. The required
orderly degassing can be obtained by firstly deoxygenating the interm-
ediate solvent layer then freezing it and subsequently adding the sample
to it thus freezing that as well. Finally the trapped air is removed and

the mixture allowed to melt and so 1et the two liquids come into contact

in an anaerobic environment.

The deoxygenation of heterogeneous liquid mixtures in which the

sample occupies the lower layer cannot be performed using the procedure

as outlined above. In these cases 1t is necessary to adopt a different

sample transfer technique. The need to develop & new method of getting the

] i attempts
sample into the resonance tube also became imperative after attemp

113 i iquids with
were made to prepare specimens containing mixtures of liqui

. . si
known compositions. Initially quantitative samples were prepared using

f11ad sfer
several flasks on the vacuum manifold and utilising complete gas tran

. . ks
operations, The volume of the manifold ( including the three round flasks)




was calculated by filling it with water and weighing the water and
converting that weight into volume. For each component in the intended
mixture it was necessary‘to fill the manifold with vapour, note the
pressure developed, open the tap to the NMR tube and freeze down some of
the vapour, close the tap to the NMR tube and finally note the pressure
remaining. The number of moles of each component could then be calculated.
The method was found to be fairly inaccurate since to obtain the optimum
amount of sample { about 10mm ) from a volume of around 1000ml involved

a pressure change of only 10 or 20mm of mercury. It was possible to
measure the total pressure to within about 1mm of mercury and so each
gas transfer introduces an error of about 5%. In addition the use of

the whole of the manifold meant that the risk of leakage was increased,
with any leakage occurring affecting the apparent pressure changes.

It was found to be more accurate to integrate the sample spectrum to get
the relative amounts of each component than to rely on the gas transfer
calculations. Integration, however, was not much use when non-protonic
components were present and so a convenient method of transferring
quantitatively prepared samples was sought. The basis of the new technique
found was the use of syphoning to move the sample from the deoxygenating
vessel to the NMR tube. A piece of apparatus has been designed which

connects to the vacuum manifold in place of the sample flask.

4,4 Deoxygenation of liquid mixtures using syphoning for sample transfer

The special piece of glassware designed for this type of deoxyg-

enation is shown in figure ly,2. The main features are the tubes running

from the flask to the MR tube ( which s attached to this part of the

system instead of directly to the vacuun manifold). The pasic techniques

for the use of the apparatus are not dissimilar to those methods all

i important
ready detailed in the previous section, however there are some import

changes. Initially the three way tap and the rotaflow taps are ad justed

¥ { . All rts
so that the flask 1is isolated from the rest of the apparatus pa

except for the flask, and in addition

of the manifold are then evacuated,




to
vacuum line

'Ro?aflo'taps

. m :f.,‘@ |

Figure 4.2 The Syphoning Apparatus.

NMR tube
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the NMR tube is warmed slightly to remove adsorbed oxygen from the walls.

About 5ml of the intermediate solvent is added to the flask, with the

appropriate amounts of the deoxygenating compounds and a magnetic

follower. In the studies of 06H6/C6H12/CD0130r CCl, systems the inter-

mediate solvent was water which is immiscible with all the mentioned
liquid components. At this point the flask is stoppered and opened to the
isolated manifold. This draws off the trapped air and any evolved hydrogen.
The deoxygenating materials thus have abetter chance of working on the free
oxygen in the liquid. Whilst the contents of the flask are being stirred
the flask is again isolated and the vacuum manifold re-evacuated and
ssolated. The sample flask is then re-opened to the manifold. It 1is
generally found that the trapped air and evolved hydrogen, in passing into
the manifold increase the pressure sufficiently to avoid the distillation
of the secondary solvent. At the completion of these operations the
intermediate solvent has been degassed and 1is intensely blue in colour.

The solvent is then frozen using liguid nitrogen and the sample material

is added to the flask and is thus frozen as well. The volumes of solvent
and sample must be such that the capillary tube by which the transfer

of sample will be made has its end well away from the unwanted layer

in order to prevent the sntroduction of superfluous material while
stirring the content of the flask. The flask ijs evacuated and isolated

from the rest of the system and allowed to warm up. Before the sample

melts the area between the rotaflow taps and the sample must be evacuated

by opening the rotaflow taps for a few seconds. Once the contents of

the flask have melted they are stirred vigorously for several minutes;

usually liquids are drawn snto the capillary tubes as the mixture melts.

To induce a flow of liquids into the capillary tubes it is sometimes

necessary to cool the regions of tubing close to the rotaflow taps. The

capillary tube whose end is in the sample layer 15 washed out by repeatedly

cooling and gently warming the region of the tube near the rotaflow tap,

with the liquid pushed back snto the flask being allowed to equilibrate




before being drawn back into the tube, On the satisfactory completion of
this operation the three way tap is set to the all-isolated position and,
very slowly, the pertinent rotaflow tap is opened to allow sample liquid
to pass through to the NMR tube. At first the sample distils into the
space after the taps but after the saturated vapour pressure of the sample
has been reached the sample flows down the side of the apparatus into the
NMR tube. Once sufficient sample has been collected the rotaflow tap is
closed and the NMR tube cooled and sealed under vacuum,

This procedure has been used to prepare deoxygenated specimens of
benzene, and cyclohexane, using water as the intermediate solvent. The
method has further been adapted to include mixtures such as cyclohexane/
benzene, benzene/carbon tetrachloride and even three component mixtures
such as benzene/cyclohexane/carbon tetrachloride, over the mole fraction
range Xn = 1 to Xy = 0.

4,5 Deoxygenation of solutions of solids in ligquids

The procedure devised for the deoxygenation of solutions of solids

in 1iquids is basically the same as for liquid mixtures, with these added

problems :=

(i) Cooling may induce precipitation of the solid which, on warming,

may not all be redissolved.
(ii) Initially, after passing through the rotaflow tap, the solvent may

evaporate, leaving a deposit of solid on the walls of the tube. This

deposit may be taken up by the solution after the equilibrium vapour

pressure of the solvent has been reached.

The first problem can be minimised by avoiding saturated solutions,

keeping careful control on the nagnetic stirrer, and allowing the flask

to warm to room temperature after cach cooling. The second problem can be

remedied by the addition of a small glass finger tube on the side of

the rotaflow taps nearest to the NMR tube. Sufficient sample is prepared

to cover both of the capillary tube ends 1in the flask. When preparing to
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draw off some of the sample the tap nearest the glass finger is opened
and a flow of liquid alléwed to pass, The design of the apparatus is
such that the liquid will run down into the finger and not directly into
the resonance tube. When the saturated vapour pressure of the solvent
has been reached in the vicinity of the tube the other rotaflow tap

is opened and this allows the sample liquid to flow down into the resonance
tube directly. The sample in this tube is then very carefully frozen and
the tube evacuated and sealed. This method has been used to deoxygenate
samples of 1,2,4,5-tetramethylbenzene ( TMB ) in carbon tetrachloride.
The values of the spin-lattice relaxation times for the methyl and the
ring protons of TMB are given in figure 4.5,

4,6 The accuracy of sample preparation and the efficiency of oxygen removal

The use of a chemical means of removing dissolved oxygen from
samples was investigated because of the dissatisfaction with the normal
freeze-pump~thaw procedure. In this section it will be shown that, as
well as being quicker, the chemical method produces samples whose relax-
ation times are much more reproducable.

Dudley performed preliminary experiments on some simple aromatic
compounds in order to compare the relative merits of conventional
deoxygenisation with the new chemical method. Some of these results are

shown in table 4.2 . It can be seen that the values of T, for samples

deoxygenated by the new chemical means are significantly longer than those

obtained for samples deoxygenated by classical means. The values of T1

for different samples of the same naterial generally differed by less

than 0.5 seconds Dudley31 has shown that for acetone, with a relaxation

time of 17.6 seconds, the error produced in the course of fifteen

1 g lations of T
invertions and recoveries and subsequent least squares calcu 1

. : inations the
was T 0.4 seconds ( 2.4% ) and in thirteen of those determinatl
error was only . 0.2 seconds ( 1.2% ). Thus the errors involved in the

: ntroduced during deoxygenation
calculation of Tl are less than those 1n




No degassing
Freeze=vump-thaw procedure
at lC_Btorr, L cycles
at 10 torr, 1 cycle P
2 cycles
3 cycles
L cycles
5 cycles
6 cycles
Bubbling oxygen-free nitrogen for
15 minutes
30 minutes
60 minutes
Chemical degassing ( as in section 4.3 )
homogeneous mixture with dimethylformamide
homogeneous mixture with dimethylsulphoxide
heterogeneous mixture with water
Titerature values ©
reference &3 ( 303 X )
reference 131 ( 298 X )

reference 137 ( 305.1 K )

Average of four measurements.
uous; samples were removed after each cycle into NMR tubes o

nade all-glass manifold.

by Dudley 2t 309 X. € Average of two measurements.

Table 4.1 Spin-lattice relaxa

AFPS technique after degassing by conve

methods.

20.9

20.9

13.1

22.8%

23.3°
23,8%

22.0

19.3
18.4

b The freeze-thaw operations were contin-

n a specially

C Highest reported values. 4 Measurements

tion times of benzene measured by the

ntional and chemical



Tl/s
r A
“
After After
Sample
P ‘ No freeze-thaw chemical Literature

terial 1
materl - degas§1ng procedure degassinga values
Toluene - .

( ring protons ) 3.76 4,18 21.3° 16,000t

( methyl protons ) 3.29 3.50 11.6° 9 ot3!
nylene

( ring protons ) 3.43 k.36 16.7° 1,0t

( methyl protons ) 3.32 3,88 7,3° 7.5131
Mesitylene

( ring protons ) 13.1d 10.0131‘

( methyl protons ) 6.1° 5-0131
Acetone 17-60 15'8104
Dichloromethane 36.1° 28-582
Cyclohexane 7.9bc 7'2182’188

& yalues obtained ( except for cyclohexane ) after distillation from the
. - . b
pure liquid contalning the deoxygenating compounds. Average of values
obtained after distillation from a heterogeneous mixture containing DMSO,
. . c
and after syphoning from heterogeneous mixtures with water. =~ Average of

d
values measured at 309 K. by Dudley. Average of values measured at

306 .4 X,

Table 4.2 Comparison of the spin-lattice relaxation times of

physically and chemically degassed compounds.
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% determined from weighing

0.05
0.06
0.07
0.11
0.12
0.17
0.20
0.30
0.42
0.54
0.63
0.68
0.75
0.78
0.89
0.93

1.00

b measured at 306.4 K.

Table 4.3

The variation in spin-

47-6
51.8

48.9
43.7
43 b
.4
Lo.1
35.7
31.9
27.6
26.0
25.1
2k .0
2k,1
22,1
21.1

20.7

1.00

s accurate to 0.0000lg.

13.

13.

11

10

9

8

8.

7

lattice relaxation times, with

x, or %g in 06H6/0C1q and C6H12/C01u

mixtures.
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which are themselves much smaller than those introduced utilising

traditional means of degassing,

Powles and Figginélo5 have shown that, away from the critical point,
values of T1 are almost directly proportional to temperature and so the
larger values of T1 reported here can, in part, be»expléined by the
slightly higher sample temperature employed, although in most cases
the greater part of the increase is due to the more efficient removal

of oxygen.

The preparation of mixtures of two or more liquids, either using
conventional gas transfer techniques or syphoning, required the assessment
of the accuracy of the quantitative aspects of sample transfer. It was
soon found that the preparation of quantitative samples in the NMR tube
using gas transfer of the pure deoxygenated materials was unsatisfactory.
This was not only because of the difficulty of transfering a set amount of
each material but also because of the increased amount of leakage present
during the lengthy sample transfer period. The development of syphoning
techniques allowed the quantitative preparation of samples before deox-
ygenation and,following oxygen removal, the transfer of the samples, still
with the same proportion of ingredients, to the NMR tube. To show that
it was possible to deoxygenate a liquid mixture and keep the composition
the same, samples of benzene/carbon tetrachloride mixtures were prepared.

The mole fraction of benzene in each of the mixtures, X,, was accurately

calculated from the weights of each component taken. The samples were

deoxygenated and, after the measurement of the benzene proton relaxation

time. the NMR tubes were opened and the refractive index of the mixture

obtained, using an Abbé refractometer. By comparison with a calibration

graph it was possible to find the mole fraction of benzene in the

deoxygenated sample., For 22 prepared samples the difference between the

mole fractions before and after deoxygenation was less than 0,01 and in

twenty instances the error Was below 0,005, which was within the exper-

N 3 S
imental error for the refractive index neasurement



initial

X b

0.050
0.057
0,068
0,072
0,081
0,101
0,115
0.120
0,187
0.191
0.209
0.224
0.300
0.367
0.383
0.538
0,633
0.680
0.745
0,889

0.930

% measured at 29€ X.

Table 4.4

The effec

of benzene/carbon t

refractive final

index
deox?éZiZtion *D

1.4625 0.059
1.4625 0.059
1.4628 0.066
1.4630 0.071
1.4635 0.083
1.4643 0,102
1.4648 0.115
1.4651 0.122
1.4679 0.190
1.4681 0.195
1.4686 0.207
1.4692 0.221
14724 0.300
1.4753 0.370
1.4759 0.388
1.4823 0.541
1.4850 0.632
1.4878 0.676
1.4905 0.741
1.4966 0.830
1.4984 0.934

b calculated fr

t of the deoxygenation procedure on the compositions

0.009

0.002
-0,002
-0,001

0.002

0,001

0.000

0.002

0.003

0.004
-0,002
-0.,003

0.000

0.003

0.005

0.003
-0,001
~0,004
-0,004

0.001

0,004

om weighings accurate to 0.00001g

etrachloride mixtures.



XDa.
0.000
0.075
0.120
0.198
0.300
0.393
0.529
0,615
0.658
0.749
0.867
0,926

1,000

cé}{é/cclLP

b

"

1.4601
1.4635
1.4651
1.4690
14724
1.4763
1.4820
1.4855
1.4875
1.4909
1.4955
1.4980

1.5011

C6H12/CC14

0.000
0,130
0,234
0.360
0.481
0.595
0.707
0.834

1.000

2 compositions determined from weighings to 0,00001g

determined

c .
determined

Table 4.5

at 298 X

at 306 X

1.4504
1.4540
1.4509
1.4464
14424
1.4383
1.4348
1.4310

1.4267

The variation of refractive indices with composition

in CéHé/CC14 and C6H12/CC14

mixtures.
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The benzene/carbon tetrachloride system was used to check the

efficiency of the syphoning technique by comparing the T, values
' 1

obtained with those of Mitchell and Eisner % for the same system. These

are reported in table 4.5 and shown graphically in figures 4.3 and 4.4,

Mitchell and Eisner compared their values of T1 with a calculated
line from the theory of 1111783 1% 1ne values o T, ( Tzl ) obtained in
this work are slightly higher ( lower )_than those obtained by Mitchell
and Eisner, however this is probably due to the difference in the temp=-
eratures employed. The important point is the shape of the lines since
the Hill theory merely predicts a line shape which is empirically fixed
to the experimental points at Xy = 0 and X, = 1.

Having shown that the removal of dissolved oxygen from samples
could be accomplished accurately and efficiently and quickly using the
procedures detailed herein, it is possible to investigate molecular
interactions with complete confidence in the relaxation time data being
produced .

4,7 Peak height variations in the steady state

Tt was noted in previous chapters that although,in theory,Tl's

can be calculated by observing the variation in MZ with time, in practise
the magnetisation vectors are represented by the heights of the absorption

peaks produced on sweeping through the resonance with a low power RF

field. The form of the equation that is used for the T, calculations

suggests that the peak heights decay in a smooth fashion back to their

equilibrium values. In practice the values of P, ( the peak height

equivalent of MZ ) do not change smoothly rather they can exhibit

fluctuations about the expected values. The irregularities in the pro-

eression of the peak heights can be partly explained by the inherent

experimental errors produced by the spectrometer and the recording
instruments, and partly by the effect of the observing process. In order

to produce a peak the system has to be srradiated by a low power RF field.
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This low, observing, Bl’Whilst being much smaller than the Bl

inverts the magnetization, can still influence the progression of M
2

pulse that

toward Mo. It has been found that the minor variations in péak height

are influenced, to a certain degree, by the conditions under which the
samples are observed. In order to ascertain the theoretical and practical
nature of the 'wobbles' in the peak height, samples of water, of chloroform
and of cyclohexane/carbon tetrachloride were observed under steady state
conditions. During these observations the effect of the following
parameters on the peak heights was investigated; (i) sweep field depth,
(ii) field sweep speed, (iii) position of the peak on the sweep, (iv) the
direction of sweep, (v) the RF attenuation, (vi) the line shape ( phase ),
and (vii) the field homogeneity. Ideally by varying one parameter whilst
eeping the others constant, and viewing the sample under equilibrium
conditions, the effect of that parameter could be determined. The results
of the various investigations are shown in tables 4.6-4.10 and are
discussed in the following section.

4,7,A Experimental observations

L,7.A.1 Variation of nutation with depth of sweep field
Table 4.6 shows the variation in the percentage nutation found on
varying the depth of field over the range normally employed for viewing

samples, A comparison was also made between values obtained using good

homogeneity and values obtained using offset homogeneity. In order to

avoid complications due to T, offects it was usual to offset the homog-

eneity slightly by alteriné the curvature and Y-vertical controls of the

spectrometer. It can be seen that , for the cyclohexane sample, there

are minima in the amounts of nutation observed. With good homogeneity the

least percentage nutation occurred at a field depth of 1.6gauss. In-

offsetting the homogeneity the minimum of nutation moved to about 1.0gauss.

For the 2.UHz water sample the percentage nutation decreases as the field
in the range studied.

: inimun with
depth decreases without reaching a minimum %
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Sweep Homogeneity
field
( gauss ) good” offset® offset?

0.4 2.5 b2

0.8 1.5 3.3 1.9
1.2 1.2 3.5 3.1
1.6 0.7 4.9 2.9
2.0 2.6 4. .
2.b 3.6 5.9 3.5
2.8 6.2 4.8 3.3
3.2 16.7 6.5 4.0
3.6 25.0 7.3 4.6
4.0 8.0

® using a Cghy,/CCl, sample with T, = 12s

b using a 2.4Hz water sample

Table 4.6 The variation in the percentage

position —

. c
% nutation ~ ——

L.H.S‘

945

c ...
using a chloroform sample

Table 4.7 The variatio

n in the percentage

Centre

8.5

of the peak on the oscilloscope.

R.H.S

b.5

nutation with sweep field depth

matation with the position



In practice the potentiometer controlling the fine adjustment of the sweep
field depth was noisy at the low field depth end and it was difficult to
obtain a stable spectrum for field depths between 0.4 and 0.6gauss.

H.7.A.2 Variation of nutation with position of the peak on the sweep

It was noticed that the peak height recorded on the oscilloscope,
and subsequently on the recorder, for an absorption being viewed under
equilibrium conditions was not regular but differed according to the
position of the peak across the sweep. The peak decreased in size in
traveling from the right hand side of the oscilloscope ( upfield ) to the
left hand side ( downfield ). The percentage ripple also increased as
the peak travelled from right to left. The positional effect appeared
greatest at the left hand side of the oscilloscope; the peak height
only increasing slightly from the centre to the right hand side, whilst
between the left hand side and the centre the peak height increased
relatively rapidly. To explain the variations in peak height it is
necessary to consider the effect of the return sweep. This occurs very
rapidly from the extreme right of the oscilloscope to the extreme left.
nen the absorption of interest is at the left hand edge of the oscill-
oscope the resonance position 1s passed by the rapidly returning sweep

and then,shortly afterward, by the forward sweep. Thus the peak is

) i i i i i as little
disturbed twice in quick succession and since the resonance has 1itt

time to recover a slight saturation effect occurs producing a decrease 1n

the signal height. When the absorption 1is at the right hand side of the

sweep, it is also affected Dby the return sweep however the resonance has

a relatively long time in which to recover before it encounters the forward

i i les with lo
sweep. The positional effect is most noticeable for sample ng

relaxation times since saturation is more probable to occur 1n such cases.,

L.,7.A.3 Variation of nutation with sweep duration

The variation of nutation with the time of the sweep and with the

homogeneity of the magnetic field can be seel in table 4.8. The amount of

ecreases; this is true whether

' sweeD G
nutation increases &S the time of sweert



Sweep time Homogeneity

( seconds ) good offset
7.6 1.0 2.7
5.8 1.1 2.7
3.8 1.2 2.7
1.9 3.0 249
1.3 3.5 3.0
1.1 3.8 3.6
0.8 4.0 3.8
0.6 6.7 5.8
0.l 10,5 10.6
0.2 | 40,0

Table 4.8 The variation in the percentage nutation with field

sweep speed and field homogeneity.

Direction Symmetric Asymmetric

of sweep peak peak
B, increasing 5.2 6.4
B, decreasing 5.1 k.9

Table 4.9 The variation in the percentage nutation with the

direction of sweep and with peak symmetry.



the homogeneity is good or offset. It would thus be logical to assume that
slow sweep speeds should be employed for observations. However, due to the

nature of the least squares treatment of the data it is necessary to have

d of i s
upward of ten data points for each T1 calculation.For a sample with a

relaxation time of about ten seconds sampling of the resonance peak must
take place, therefore, about once every second, A compromise is necessary
between sweeping slowly, to decrease nutation, and sweeping rapidly, to

improve the computing efficiency.

4,7 ,AM4 Variation of nutation with line shape and direction of sweep

Before taking any measurements it was necessary to find the centre
of the sweep., This was accomplished by observing the doped water sample.
This sample contained paramagnetic impurities in sufficient amounts to
give a final width at half peak height of 2.4 Hz., The resonance peak for
this sample was moved within the limits of the sweep until its position
when observed with an increasing Bo was the same as its position when the
direction of sweep was reversed. The centre of the sweep was found to be
very slightly to the left of the centre of the oscilloscope. Having found
the centre of the sweep it was possible, by altering the phase of the
signal, to study the effect of line shape on the nutation. As can be seen
in table 4.9 when the line shape is assymmetric the percentage nutation

differed according to the direction of sweep. However with a symmetric

line shape the degree of nutation was similar whichever the direction

of sweep.

b,7,A.5. Variation of nutation with radiofrequency attenuation

The effect of varying RF attenuation upon nutation is presented

in table 4.10. It can be seen that, for the 2.4 Hz water, air saturated

chloroform, and degassed cyclohexane/carbon tetrachloride samples the

trend is the same. The percentage eccentricity decreases as the RF

attenuation increases despite the fact that as the RF attenuation
increases the peak height jncreases. The samples investigated all had

fairly short relaxation times ( 1s for the water, 6s for the chloroform,



Figure 4.7

percentage nutation
-

()

(c)
80 84 88 92 96 100
RF attenuation (dB's out )
on, with RF

The variation in the percentage nutati

attenuation, for samples of (a) 06H12/0C14 (T, = 128),

(v) cHOL,, (©) HpO -
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Radiofrequency
Sample
attenuation
water & chloroform b cyclohexane ©
80 3.9 6.0
81 k.3 5.7
82 2.8 5.0
83 L.2 bk
84 3.8 4.3
85 2.7 3.9
86 2.8 3.5
87 2.6 34
88 3.1 3.3
89 1.8 3.0
%0 2.k 2.8 7.0
- 6.7
o 5.9
93 72
o 6.0
o 2.0 2.4 5.k
o 5.2
. 4.3
o L.6
39 o
100 1.7 He >

using a 2.4

c
using a CéHl

Table 4,10

Hz water sample.

/oo 3 =
o/ 0Ty sample with T1 12

The variation in

radiofrequency attenuation.

b using neat chloroform.

seconds.

the percentage nutation with the
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and ~10s for the cyclohexane sample ) and it was possible to subject
them to the maximum RF field possible in the sideband mode ( 100dB out ).
Tt was found that sampleé with relaxation times greater than about ten-
seconds showed signs of saturation at high RF field strengths. The
benzene/carbon tetrachloride series of mixtures , With relaxation times
of from 20 seconds to 55 seconds, was particularly affected. To avoid

saturation most of the samples were analysed at less than the maximum

RF field, in most cases at 90dB out.

At the beginning of the investigation of each sample the various
parameters of the spectrometer were set to values which compromised the
various effects mentioned in the previous sections. The settings were as

follows,

20dB buttons being used to invert the magnetisation when required. On
sideband 90dB out, with the mode selector switch being used to perturb Mo.
Sweep field depth - the normal setting was 1 x 2% on the sweep field
switches, producing a field change of one gauss. At this setting the peaks
of those systems with two non-equivalent types of protons, such as the
C6H6/C6H12 mixtures and the methyl benzenes, could be placed equidistant

from the centre of the sweep, dividing the sweep equally into three.

Sweep Duralica - generally a setting of 3 x 2 was used as this gave

— — — e wOm

a time interval of approximately 1.05 seconds. Occasionally the 3 x 3

setting was used, where the time snterval was about 0.835 seconds.

eld homogeneity was deliberately

offset for reasons discussed previously. In most cases it was only

. s nd ions physical
necessary to avoid splnning the sample. On a few occaslons piy

ad justment of the homogeneity controls was used to spoil resolution.

For the chemical shift measurements the field homogeneity was made as good

as possible and the samples were Spulle




Other factors - the positions of the peaks were kept as close as possible

to the centre of the sweep exéept in the case of double resonance exper-

iments where movement of the non irradiated peak towards the centre would
have sent the irradiated peak out of range of the sweep. The line shapes

of the ﬁeaks were kept as symmetric as possible and in all cases the

direction of sweep was such that the lowfield peaks were detected first.

L,8 Conclusions

In this chapter the preparation of the samples for ahalysis has
been considered. It has been shown that traditional procedures for the
removal of dissolved oxygen are inconsistent, and time-consuming as well
as being inefficient in many cases. A series of procedures has been
developed for the use of the chemical Co (bipy)3 (0104)2 activated with
sodium borohydride. These procedures can be used to deoxygenate pure
liquids, both homogeneous and heterogeneous liquid mixtures, and solutions
of solids in liquids. Initially the problem of delivering a deoxygenated
sample to the NMR tube was considered; following this attention was
focussed on the settings on the spectrometer which was used to analyse
the sample, A compromise set of conditions has been presented and used.
In the course of perfecting the deoxygenating procedures many samples
have been analysed, the results for which will be used in the following

chapters to elucidate the mechanism of the molecular interaction between

chloroform and benzene in cyclohexane.



CHAPTER Investigations into the nature
FIVE of molecular interactions in

A/D/S systems

5,1 Introduction

Proton chemical shifts induced in various polar molecules (A) due
to their interaction with benzene (D) according to equation 1.59, in
the presence of cyclohexane (S) have been interpreted31’185 in terms of
a model based on short range order in liquids which allows D to be
preferentially attracted to A to form solvation shells. To explain the
formation of bimolecular complexes according to equation 1.59, and
consistent with the cage model, A is required to exchange rapidly
between a limiting number of D molecules in the solvation shells which

in turn exchange with molecules in the surrounding medium, Previous

proposals have been based on the conclusion that the introduction of

a polar solute A to a D/S mixture disrupts the randomness of the latter,

causing changes in the rotational and translational characteristics

of all species, and resulting in significantly changes in their spin=-

6 .
-~lattice relaxation times. Guilotto et al have suggested, albeit on

the basis of a rather crude model, that T values are sensitive to
molecular clustering.

The measurement of spinnlattice relaxation times, and the related

nuclear OverhBuser effect, are being increasingly used as aids to the

solution of many chemical problems and in particular to various aspects

of complex formation. The analysis of the data obtained often enables
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an absolute knowledge of molecular interactions, intramolecular

rotations and orientations to be . acquired. The reason for the interest

in Tl's is that, whilst ’I‘1 is a bulk NMR parameter, the contributions

to its value may readily be analysed in terms of basic molecular

interactions and the structure of liquids. A number of workers5u'58 have

studied interactions similar to those reported here, using T1 measure=
4

has shown that the C,. rotation of chloroform is slowed

3

by a factor of 4 when it is mixed with benzene and that the chloroform-

ments. Huntress

benzene 'complex' moves as a unit for periods of time much shorter than
that necessary for observation using cheﬁical shift measurements.
However since the lifetime of the interaction is comparable with the
rotational correlation time Tl is affected considerably. In previous
'1nves1:iga.t'1on'55b'-58 diluting solvents,such as cyclohexane, having
saturated hydrocarbon skeletons, have not been used since the primary
desire was to prove the existance of the complex via changes in the
rotational characteristics, Deuterated analogues, such as C6D6 and CDCl3
have,however, been utilised. The use of inert solvents which are similar
in all respects to benzene, except in the ability to form complexes,
allows the variations in T1 to be interpreted in terms of the structure
of the liguid mixture around the solute.

In this chapter evidence will be produced to support the cage

model, The T1 data will be shown to vindicate the use of a local

structure theory whilst not holding for a model based purely on 1:1

complex formation.

£,2 The spin-lattice relaxation time

The spin-lattice relaxation time can be divided into two main
.
nd intermolecular effects‘?2

contributions, due to intramolecular effects a

Those two effects are brought about by the random rotational and

: 9v106 ay be described
translationa” motions of the molecules and T] may

using equation 5.1.




116
1 1 1
—— - + 5,1
T T
1 1(rot) 1 (trans)

Although it has been shown186’187 that different types of motion
are, in general, independent of one another, Mitchell and Eisnerl82'188
have demonstrated that the generalised Gutowsky and Woessner189 expr=
essions for Til(rot) and T{l (trans) are satisfactorily reliable,

Mitchell and Eisner give the relevant expressions as,

1 22 3y2 S -6, 4 2 |
L P A érij oy Tgt D) If.éxr;f o 52
T 2 J 3 £ ro
l(rot)i
1 =—ﬁ,23?N(6322 1,262 (1 41 2#-6 )
———Ei- 1% - Xf f £ P Tyf trans 543
Tl(*l:ra.ns):.L a ] Ti3 3

where Xis the gyromagnetic ratio of the nucleus, r is the internuclear

distance, I is the nuclear spin, and N is the number of nuclei per unit

volume./W’ and’}J

rot trans
lational correlation times for a molecule of effective radius a, and

are respectively the rotational and trans-

l/r?. js the mean value of l/rij for two molecules in contact. In

equation 5.2 the summations ( Ziower muclei of the same type as the ithe

and Ei*over all others ) are over nuclel in the same molecule while in

equation 5.3 they are over nuclei of a neighbouring molecule,

Inspection of the available literature jndicates that it is

difficult to predict Ty values with great precision, even for binary

mixtures., In this work the mixtures normally studied were three comp-

onent solutions, making theoretical calculation complicated and

difficult. It was decided to form conclusions on the basis of comparimons

between data obtained, under equivalent conditions, for a three component

i laced by a =imilar,
system involving A with a system in which A was rep Y

but inactive compound. Since evidence was sought concerning the
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competitive clustering of D and S around A it was desirable that A
should provide negligible direct contributions to the T, values of
either D or S due to poséible molecular complex formation, but rather
influence these values through its effect on the molecular distribution
in mixtures of D and S. Consequently, following the work of Sato and
Nishioka55’l5oon the relaxation contributions of 2H and 35Gl the systems
chosen for study were céné/cénlz/cnm3 and C6H6,/C6H12/CC1u . An
advantage of using these two systems is that they are effectively two
gpin systems.

5,3 BExperimental methods, results and discussion

For the studies to provide data directly comparable with those
already reported similar experimental conditions were used, namely that

the mole fractions, x, of the constituents were such that xxé-o and

OQLXD<:1 while 1;}x$> 0. The studies were, in fact, based on five series

of samples in which X, was 0, 0,05, 0,10, 0,15, or 0,20, The samples

were prepared gravimetrically and deoxygenated by the chemical method
detailed in chapter 4. Appropriate quantities of the samples were trans-
fered, by the syphoning technique developed in this work, into NMR tubes
which were sealed under vacuum. The measurements of T1 were made at
100MHz and around 306 K by the AFPS82’157 technique using a Varian
Associates HA 100D NMR spectrometer, operated in the HR mode, coupled
to either a Hellige He-1t fast response hot wire recorder or an S.E.

laboratories 2006 Ultra Violet galvanometer recorder. Where necessary

either a Muirhead Wigan D=890-A or an Alrmec 422 signal gemerator was

used to irradiate the sample to produce effective single spin systems,

Pigures 5.1 and 5.2, and tables 5.1 and 5.2 present the experim-

lohexane in bin
entally determined values of Ty for benzene and cyclo ary

and tertiary mixtures of various compositions. In the case of benzene,

ole fraction of the aromatic increases, and the

T1 increases as the m

progressive addition of CDGl3 cause
.2 it can be seen that the addition of CDCl3

s a progressive absolute increase in

the T, values. From figure 5
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Figure 5.2  The variation in Ty
C6H6/C6H12/CD013 mixtures.
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Dotted line x, =0,



*p T1 benzene® T, cyclohexane®
0.0000 7.90
0.1045 17.38 8.4
0.2046 17.27 9,17
0.3069 18.50 9.68
0.3972 18,45 9.74
0.4935 18,98 10.20
0.5977 19.29 10.64
0.6987 19,38 11.44
0.7974 20,20 11.81
0.8969 20.30 12.26
1.0000 20,71

% measured at 32.600.

Table 5.1 The 1H spin-lattice relaxation times of benzene and

cyclohexane in CéHé/Céle mixtures,



Xp ) %3 T, benzene® T, cyclohexane®

0.05 0,100 0,850 18.90 8.60
0,188 0,762 19.05 9.40
0.300 0.650 19,50 9.80
0.327 0,623 20,00 10,00
0.421 0,529 20.20 10,80
0.613 0,337 20.70 12.10
0.775 0,175 21.60 - 12.70
0.862 0,087 21.40 12.75

0.10 0,096 0,804 19.20 8.90
0.216  0.684 19.95 9.55
0.302  0.598 20.30 10,10
0.380  0.520 20,60 10.55
0,508  0.392 21.20 11.30
0.575 0.325 21.20 11.80
0.678  0.222 21.60 12.50
0.789 0,111 21.70 12.80
0.900  0.000 22.00

% measured at 32.6°C.

Table 5.2 The 1H spin-lattice relaxation times of benzene and

2/CDCl mixtures.

cyclohexane in CgHg/Cglly 3
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XA ) X T1 benzene® T, cyclohexane®

0.15 0,000 0.850 8.50
0,154  0.695 20,32 9.63
0.418 0.432 21.30 11.20
0.539 0.311 21.80 12.30
0.642 0,208 22.10 12.65
0.850  0.000 22.90

0,20 0,000 0.800 9.20
0.152 0,648 21.20 10.20
0.372 0.427 22 .00 11,51
0.541  0.259 22.70 12.45
0.627 0,173 23,00 13.25
0.800 0,000 24 .00

& measured at 32.600.

Table 5.2

Continued.




has less effect on the T

1 Values of cyclohexane; this is not altogether

unexpected since, according to the work of Mitchell and Eisnerl02+188

the Tl value of cyclohexane is largely influenced by rotational

mechanisms whereas benzene relaxation is generally affected more by

translational mechanisms,
More attention will be devoted to interpreting the variations in
the T1 values of benzene, rather than cyclohexane because the basic

research is into the A + D interaction. The effect of the A + D inter-

action on the relatively smaller cyclohexane T.'s will, however, still

1
be considered.

The effect of “H-chloroform on the spin-lattice relaxation times
of benzene and cyclohexane may be thought to originate in several ways.
Reference to equations 5.2 and 5.3 indicates that the variations need
not be due entirely to effects attendant on complex formation16'55.
Other things being equal variations in T1 may be due to a dependence on
proton density ( equation 5.3 ). Additionally Tl changes may be caused
trans

by alterations in the solution viscosity,?l , Since f%rot and

may be given by the following equations.

- 3 M
/}jfot 4¢Yn\ &/ °
= 'W/?"L a.3 / T 22
trans

Equation 5.4 is derived using the Debye theory of dielectric

dispersion of polar 1iquid8190. Equation 5.5 comes from the theory of
9 182

brownian motionl 1. It has been shown that the equations for /T;ot

) 183,184
and fT;rans may be refined using the Hill theory » The main

alteration to the equations being the inclusion of a term which is of

the form of a "reduced moment of inertia divided by the reduced mass

of the solute-solvent system. Since the main concern in this research is

either with the components of binary mixtures oI the comparison of data

relating to some components in tertiary mixtures, there is little
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Benzene/carbon tetrachloride

S -
x 10722 /*\Tl
0.,00000 1,572 0.0000 0.810 52,90 0.,0234
0.05346 1.501 0.3712 0,798 45,00 0,0286
0.11275 1,431 0.7463 0.749 39.90 0.0335
0,17887 1.360 1.1252 0,720 35.65 0.0390
0.25310 1,289 1.5091 0.69% 31,70 0.0455
0.33700 1.219 1.9002 0.660 28,70 0.0528
0.43260 1,148 2.2972 0,640 26.60 0.0587
0.54255 1.077 2.7029 0.614 24.70 0.0659
0.67031 1.006 3,1192 0.589 23.20 0.0732
0.82062 0.936 3.5529 0,564 21.70 0.0817
1.00000 0,868 4+.0150 0.546 20.75 0.0883

Cyclohexane/carbon tetrachloride

0,00000 1.572 0.0000 0.810 14,55 0.0849
0.05731 1,461 0,7190 0.790 13,05 0.0970
0.12033 1.362 14074 0.777 11.82 0.1089
0.18996 1.269 2,0700 0.765 10.78 0.1213
0.,26728 1.181 2.7106 0.763 9.96 0.1316
0.35365 1.100 3.3406 0,761 9.3k 0.1407
0.45077 1.022 3.9560 0,761 8.90 0.1477
0.56077 0.951 4.5795 0.765 8.55 0,1529
0.,68639 0.885 5,2164 0.771 8.32 0.1559
0.83121 0.823 5, 8744 0.779 8,10 0.1585
1.,00000 0.768 6,5950 0.790 7.97 0.1588

0
® measured at 306 K. b easured at 32.6°C ( 305.7 K ).

Table 5,3 The variation of 1 /nT, with proton density for C6H6/CC11+

and C6H12/CCI4 mixtures.



penefit to be derived from

for the correlation tlm‘

Ty for a solute to be

mixture.

1/WT1 A + BX
The data for céﬂé/csa12 pregented

with equation 5.6 over quite a wide range of

however, that equation 5.6 does not completely ac it for the de?éndénce

of Tl on viscosity and proton GORSit&.‘The extent of the,dépendenc#'of ﬁ

T, on viscosity and proton density is best assessed experimentally.

1
The general similarity, in size, shape and properties, of‘thc

constituent atoms of CDCl3 apd ccl, suggests~th§t’thgéléttgr-may, in

principle, be used to assess the basic influegcé,éfiché e

density and viscosity when the former is addédftafé’ﬁi

That CC1, is a well=-behaved solute in benzen

hexane, can be seen in figure 5.3b and table

and CgH, /CClu nixtures are presented. The plots are in agreement

the findings of Mitchell and Eisner182 188 who showed linear relatlon',

ships with volume fraction. It would appear reasonable, therefore, to E

use CC14 to reflect the effect of GDCl3 on v1scosity and proton dens,

4+ the ability of th °cp
in C6HdC6H12 mixtures bu.t no .

in relatively strong molecular interaction;}t*’
The effects of "non bonding CDClB“ We

manner. The proton density and viscosity for a !

mixture were obtained. Although most of the requiredvviscosity and

ava lable in the 1iterature

t was necessary to measure densities for

192-203 tpese had to ve
density data were.

adJUSted to 32.600. In addition i
e densities and viscosities used

5,10, Table 5 4 shows the calculated

selected mixtures. Th in the subsequent'
ecte Ires.

calculations are given in figures 5 o=
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) : izi:ﬁ;n g:;:igy Weight fraction
g/cn’ N x 10722 g ) Cgha,

0.0 0.768 6.59500 0.00000 1.00000
0.1 0.775 6.36815 0.09348 0.90652
0.2 0.782 6.13816 0.18833 0.81167
0.3 0,790 5,89344 0.28457 0.71543
0.4 0.798 5.64439 0.38224 0.61776
0.5 0.808 5.39788 0.48136 0.51864
0.6 0,818 5.13870 0.58197 0.41803
0.7 0.829 Ly ,87243 0.68410 0.31590
0.8 0.842 L ,60298 0.78780 0.21220
0.9 0.855 Ly (31749 0.89308 0.,10692
1.0 0.868 L ,01553 1.00000 0.00000

Table 5.4

The proton densities of benzene/cyclohexa.ne mixtures.
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of CcHe and CDCl3 are si@ilar, and likewise CeH, and CCL), it is
possible to prepare a range of C6H6/06H12/CD013 mixtures with the same

viscosity but with differing proton densities, Likeﬁise a series*of‘;uﬁ

mixtures of 06H6/06H12/CC14 of constant viscosity but differing_protdn
densities can be prepared., In the CDCl3 containing mixtures the relative

amount of cyclohexane was kept constant and the amounts of CDCl and 06H6

3
altered over a mole fraction range of 0.2. Similarly for the CClu containing
mixtures the mole fraction of benzene was kept constant and the amounts

of cyclohexane and carbon tetrachloride varied over a mole fraction range

of 0.2, These series of mixtures were prepared for compositions with

viscosities of, nominally, 0.57, 0.62, 0.67, 0.72, and 0,77centipoises

corresponding to initial mole fractions of benzene of 0.2, 0.35, 0.5,

0.65, and 0.8, The T, values for benzene and cyclohexane protons in all

1
the mixtures were obtained. By interpolation it was possible to deduce

the T1 values for those 06H6/C6H12/CC14 mixtures with the same viscgsity

and proton density as the original C6H6/C6H12/CDCI3 mixtures., Tables 5,5=

5.9 show the compositions of the mixtures studied and gives the calculated

proton densities. The calculated proton demsity for a mixture containing

a particular amount of CDCl3 can be seen to fall within the range of

proton densities for the CClu containing mixtures. Thus a C6H6/06H12/0014

mixture with the same proton density as the CDCl3 containing mixture can be

determined. To explain this interpolation fully consider one example, If

it] H,/ ixture has a composition of x, = 0.1,
the initial G6H6(06H12/CD013 mix Po A

Xy = 0.4, and Xq

density of 5.06118 x 10

= 0.5 then it has a viscosity of 0.67cp and a proton

22 protons/cmB. The equivalent C16FI6/C6H12/CC11+
has a composition between

2

having that viscosity and proton density
= 045 ( N = 5.07576 x 10
= 0,5, and Xg = Os ( N = 4,74287 x 10

mixture,
2 3
protons/cm” and

x, = 0,05, = 0,5, and
A 50 Xp *3 5

'1 = 0-67 ) and XA = Olll xD

/en> and W = 0.67 ). In fac

2 protons

+ the actual equivalent solution is at X,



Weight fragtions

Solution

density
CHg 06H12 CCl, g/cﬁ3
1 0.1883 0.8117  0,0000 0.782
2 0.1807 0.7303 0.0890 0.822
3 0.1737 0.6552 0.1711 0,862
4 0,1673  0.5857  0.2470 0.903
5 0.1613 0.5212 0.3175 0.943
CgHg CeHysp CD013
6 0.1883 0.8117 0.0000 0.782 6.13196
7 0.,1377  0,7915  0,0708 0.799 5.93963
8. 0,089 0.7723 0,1381 0.816 5,74963
9  0.0437  0.7540  0,2023 0.833 5.56190
10 0.0000 0.7366 0.2634 0.850 5.37656

In mixtures 1 - 5, Xy = 0.2 and Xy varies, in 0.05 steps, between 0.8

and 0.6, In mixtures 6 - 10 x5 = 0.8 and xj varies, in 0,05 steps,

between 0.2 and 0.0,

Table 5.5

The calculation of proto

n densities for the three component

systems studied. Values for solutions with Q = O'7Zf'




Weight fracfions Solution Proton
density density
Cellg CeHy,  CCL, &/cn N, x 10722
1 0.3332° 0,6668  0,0000 | 0.794 | 577027
2 0.3197  0.5904  0.0899 0.835 5.46832
3 0.3072  0.5200 0.1728 0.875 5.15081
b 0.,2956  0.4550  0.2u494 0.916 4.83130
5  0.2849  0.,3946  0.3205 0,957 L. 501405
CgHe CeHy,  CDCL,
6  0.3332  0.6668  0,0000 0,764 5.77027
7 0.2785 0.6500 0.0715 0.814 5.59228
8  0.2264  0.6311  0.1395 0.834 541466
9  0.1768  0.6189  0.2043 0.855 5424350
10 0.1295  0.6045  0.,2660 0.875 5.06612

In mixtures 1 - 5, Xy = 0.35 and X5 varies, in 0,05 steps, between

0.65 and 0,45, In mixtures 6 - 10 x5 = 0.65 and x, varies, in 0.05

steps, between 0.35 and 0.15.

Table 5.6

systems studied. values for solutions with n = 0.72¢p,

The calculatio

n of proton densities for the three component




Weight fractions

Solution

Proton

density density

0.,4814 0.5186 0.0000 0.808 5,39788

2 0.4615 0.4476  0,0909 0.849 5.07576

3 0.4433 0.3821 0.1746 0.890 L 74287

b 0.4265 0.3216 0.2519 0.930 4 ,40332

5 0.4108 0.2656 0.3236 0.971 L ,05996
CgHg Cglyp CDc13

6 0.4814 0.5186 0.0000 0.808 5,39788

7 0.4222 0,5055 0.0723 0.831 5,23024

8 0.3660 0.4930 0.1410 0.854 5,06118

9 0.3125 0,.4811 0.2064 0.877 4,89078

10 0.,2616 0.4697 0,2687 0.900 4,71911

In mixtures 1 = 5 Xy = 0.50 and Xq varies, in 0.05 steps, between

0.5 and 0.3. In mixtures 6 - 10 Xq = 0.5 and X varies, in 0.05 steps,

between 0,5 and 0.3 o«

Table 5.7 The calculation

of proton densities for the three component

systems studied. Values for solutions with h = O.6Z?-




Welght fractions Solution Proton
‘ density density
CeHg Ceyp ccy, g/cm3 N, x 10722
1 0.6328 0.3672  0,0000 0.824 5,01035
2 0.6065 0.3016 0.,0919 0.865 L 66743
3 0.5823  0.2413 0,176k 0.907 4,32273
b 0.5599  0.1856  0.2544 0.945 3.95425
5  0.5392  0.1341  0.3267 0.989 3.60572
6 0.6328 0.3672  0,0000 0.824 5.01035
7 0.5692  0.,3577  0.0731 0.849 4.84352
8  0.5087 0,388  0,1425 0.874% 4 ,66229
9 0.4511 0,3403 0.2086 0.900 4,50810
10 0.3964  0.3321  0.2715 0.925 b .334k4s

In mixtures 1 - 5 x = 0.65 and Xg varies, in 0.05 steps, between

0.35 and 0.15. In mixtures 6 - 10 X3 = 0.35 and X varies, in 0.05

steps, between 0,65 and 0.45.

Table 5.8

The calculation of proton densities for

the three component

systems studied. Values for solutions with A= 0.62cp.
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weight fractions Solution Proton

' density density

Cels  Cehp OO g/en’ N, x 10722
1 0,7878 0.,2122  0,0000 0,842 4 ,60298
2 0.7547 0.1524  0,0929 0.883 L4, 23847
3 0.7242  0,0975  0,1783 0.925 3.87347
L 0.6961 0.0469  0,2570 0.962 3.48535
5 0.6701 0.,0000 0.3299 1,009 3.12790

CgHg CeHyo CDCl,

6 0,7878 0,2122 0,0000 0.842 4,60298
7 0.7190 0.2067  0.0743 0.869 4 43295
8 0,6544 0.2015 0.1441 0.896 4,26290
9  0.5927  0,1965  0.2108 0.923 4,08827
10 0.5339  0.1918  0.2743 0.950 3.91111

In mixtures 1 - 5 xp = 0.80 and Xg varies, in 0.05 steps, between 0.2 and

0.0 . In mixtures 6 - 10 xg = 0.2 and xp varies in 0,05 steps between

O.8 and O.6 °

Table 5.9 The calculation of proton densities for the three component

systems studied. Values for golutions with Q = O.Ekp.




.0 ? = L =
0.0522, x5 = 0.5000, and x; = 0.4478 , By refering to the T, versus
composition graphs for the CCl, containing mixtures ( figures 5.11 = 5,16 )
relaxation times for benzene and cyclohexane at the point can be ascertained.

By comparing these values to those experimentally determined for the CDCl3

containing mixtures any difference due to the complexing nature of CDCl3

can be found. In fact the T, values predicted for benzene and cyclohexane
in mixtures with CDCl3 differ from those determined experimentally.
Figures 5.17 and 5.18 illustrate the variations of the difference between
the observed and predicted values (Zl'Tl ) with the compositions of the

mixtures considered. Although small the values of AT, as shown can rarely

1
be encompassed by experimental error.

Potentially two main factors could give rise to Arl. First, the
direct effects of CDCl3 have to be considered but may be discounted by
considering the probability of self-association occurring. Because of the
relatively low concentrations of this compound used, and the expected very

1ow value of the appropriate mole fraction equilibrium quotient ( by

204

analogy with that of 0.16 for CHCl3 ) whatever influence self.association

20
may have should be quite small. Indeed the work of Sato and Nishioka 5
indicates strongly that the effects of self-association of chloroform are

not large enough to affect even the Tl value for the chloroform proton

( 80 seconds ) itself let alone the Tl's of benzene and cyclohexane. The

effects of self-association are, in any case, partially compensated for

by using CC14 as reference.

A more likely factor which might contribute to the occurrance of

/\ T. is the effect, either direct or spdirect, of complex formation
1 ’ 55,205

according to equation 1.59. Sato and Nishioka

between CDCl., and Céﬁé

3

have concluded that such a complex does move as a unit with a lifetime of

the order of 10'123 and that there is a slight change in the rotational

characteristics of benzene in the complex as compared to the uncomplexed

nolecules. Huntr65854 has attributed the difference between the T, value
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Initial ,
. Initial X,
A
0.20 0.35 0,50 0.65 0.80
20,40 21.05  21.70 : 2
22,37 23.05 T obs
0.20 19.03 19.63 20.10 20.68 21.33 Tp
1.37 1.42 1.60 1.69 1.72 ATy
19.8 20,40 .
9.35 20,98 21.55 22.15 T obe
0.15 18.68 19.28 19.80 20.38 21.04 T1p
1.17 1.12 1.18 1.17 1.11 AT,
19.55 20,02 20.50 21.00 21.50 TY obs
0.10 18.32 18.95 19.50 20,10 20,74 Ty p
1.23 1.07 1.00 0.90 0.76 AT1
19.08 19.60 20.15 20,68 21.23 T obs
0.05 17.95 18.59 19.18 19.78 20,46 T p 3
1.13 1,01 0.97 0.90 0.77 Aty

2 The values in the table are interpolated values resulting from least-

squares treatment of the experimental points.

! 53
Table 5.10 The residual changes in T, for benzene (Zth ),after

correction for viscosity and proton density, due to the

addition of CD013 to CéHé/Céle mixtures.
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Initial
x, Initial ;S
0,20 ‘
0.35 0.50 0,65 0.80
12,90 12,00 11,00 10 | a
o ol .
0,20 12.25 0 - 1o
E . 12.16 10,8 9. a
7 10.60 9.80 Tp
0.65 -0.16 0.10 ~0.50 0,70 AT
12.80 11,80 10,80
9.80 8.80 T obe
0.15 12.10 11.93 10.75 10.45 9.65 Tip
0070 -0013 0.05 -Oo65 "0.85 A.Tl
1 .4 [ ] ®
2.45 11,60 10,70 9.80 8.90 TY obe
0.10 11.97 11.71 10,62 10.35 9.45 T.p
0.48 =0,11 . 0,08 =0.55 =0.55 Lyrl
12.50 11,60 10.75 9.90 9.00 T obs
0.05 11.85 11,50 10.85 10.10 9.25 Tip
0.65 0.10 -0,10 -0,20 -0.25 lle

2 The values in the table are interpolated values resulting from a

least-squares treatment of the experimental points.

Table 5.11 The residual changes in T, for cyclohexane (Zle ), after

correction for viscosity and proton density, due to the

addition of CDClB to 06H6/06H12 mixtures.




of pure CHCl, and CHC1
3 3 in CgHg to a slowing down of the tumbling motion

of the chloroform by a factor of 4, The correlation time for the tumbling
=12 '
motion is 10 ""s and that of molecular motion 10™1%s, Andersons theory56'58

predicts that a complex of lifetime 10~ %s will not modulate molecular
motion., Consequently the direct effect of CDCl3 upon the motion, and hence
its contribution to the relaxation time of benzene should be small. The

speculation can be confirmed in the following way.

If T1F is the value appropriate to 06H6( or 06H12 ) at a given
composition in 06H6/06H12 mixtures alone, the addition of a small
quantity of CDC1

could change T, from this value due to the formation of

3 1
1:1 complexes. In this event the observed value, Tl obs’ will be the
appropriately weighted average of the value in the pure complex, TlC'

and TlF‘ Because non=bonded intermolecular contributions to T1 have largely
been eliminated it is only necessary to consider the effect of complex
formation on the rotational correlation function of the molecules
experiencing chemical exchange between free and complexed environments.
This situation has been dealt with by Anderson and Fryer56-58 who found
that complex formation can influence T1 in two extreme ways depending on

the rate of exchange relative to the rate of molecular rotation. For a

fraction, f, of D complexed they show that when the exchange is relatively
slow equation 5.7 applies.

1l f + (1'f> 5.7

AR IR LRS

g

7
T1 obs T1c 1F

i f. On th
and thus a large change 1n T1 obs occurs for a small value n the

other hand they show that when the exchange is relatively fast equation 5.8

holds,

-f )T 5.8
TlObS = (f)TlC+(l )lF

L
, From Anderson and Fryer's

and thus a small f has 15ttle effect on T1 obs
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work it would appear that systems of the type C Hé + CDCI3 might be
expected to obey the fast exchange equation. However it has to be
acknowledged that Anderson and Fryers work shows that for intermediate
rates of exchange in systems with quite high values of £ ( up to 0.95 )

the exchange is quite adequately characterised by the slow exchange
equation, Indeed it appears that the exchange must be very fast, and f must
be very large for the true fast exchange equation to apply. For the systems
studied here f must be very small because both the equilibrium constant68
and x, are small, Consequently the data have been processed on the basis

of slow exchange, however a fast exchange basis does not alter the
conclusions that follow. By adapting the Benesi-Hildebrand a.pproach63 to

complex formation the variation of Tl' (T T1F ), may be rep-

1 obs ~
resented by equation 5.9.

XA = 1 + x5 5.9

- - - T
T1 obs ~ T (T = Typ )& (T - Typ )

Figure 5.19 shows the plots of xAﬁATl against x , using the data
from table 5.12. From these the values deduced for k and ( T1C - T1F )
are ( 0,10, 14.58 ), ( =0.21, 4.89s ), ( 0,°%s ) and ( =3.35, =22.57s )
A" 0.05, 0,10, 0.15 and 0.20 respectively. The variation in these

values and the unac

for x

ceptable negative values of k demonstrate that the

measured values of T1 are not directly influenced by 1:1 complex formation.

That inconsistent values for both k and ( Tic = Tip ) are obtained is not

completely unexpected because, DY reference to figure 5.17, for x, = 0.05,

i formati overned
0,10 and 0.15, Ty obégyTlF as x> 1 whereas if complex for on g

the value of Ty |1q it would be expected that Ty 4 should equal T, g at

. .
X = 0. Only in the case of x, = 0.20 is the trend T, b§9'r as xp—>

= - 58 over 1 second.
and at xp 0y Ty obs Tip
Even if the direct effect of complex formation on Tl values is

small there could be other factors attendant on complex formation that

could produce significant effects. Because of the relatively greater
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values of ATl for benzene than for cyclohexane it is more meaningful to

restrict the following d§SCUSSion to the values for benzene. Since AT, is
positive for benzene this implies that there may be some unexpected local
reduction in proton density and/or viscosity around each benzene molecules
This is quite possible if each CDCl3 molecule preferentially attracts
benzene over cyclohexane, because the proton composition, and viscosity
of benzene are both lower than for cyclohexane..Furthermore, this would
be accompanied by an increase in proton density and viscosity in the
vicinity of each cyclohexane molecule resulting, as found, in small or
negative values of ZlTl for cyclohexane ( figure 5.18 ). In principle,

therefore, changes in Tl obs 3R be explained through the effects of

S

molecular clustering on the microstructure of three component mixtures.
The validity of the proposed general mechanistic principles can be assessed

by the following semi-quantative approach.

Assuming that clusters are formed, the foregoing evidence indicates
that they are based on CDClB. Because the forces holding the clusters
together, presumably originating with CDClB, can only be effective over
a finite distance it is convenient to define a corresponding volume, or
shell, within which benzene and cyclohexane may cluster in an .ordered

fashion. There are then two quite different situations which may occur,

depending on how much CDCl3 is present, namely, when the shells do not

overlap, and when they do overlap. It is convenient to deal with the case

of no overlap first.

A shell is considered to be capable of containing Z benzene molecules

when full. Depending on the composition of the mixture the shells need

not contain Z, but some smaller number , z, nolecules of benzene, with the

remainder cyclohexane only. The basic hypothesis is that the shell has a

unique composition of ordered molecules while the rest of the mixture has

a random distribution of the benzene and cyclohexane and that both benzene

a lohexane may exchange between these two environments. Benzene can
and cyclohe

. . . Th
thus be considered capable of having four limiting values of T,. These
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are defined as,

o
(1) » in ordered benzene in a full shell,

T
0 .
(11) T4, in ordered cyclohexane in an "empty" shell,
(i11) T,, in randomly oriented benzene outside the shell.
(iv) ey in randomly oriented cyclohexane outside the shell.
By drawing an analogy between shells and complexes the exchange
56=58

equations of Anderson and Fryer can be used to derive an expression

for T1 obs * Since the possibility of self-association of CDCl, is very

3
slight the number of shells can be equated with the number of molecules
of A ( CDCl3 ) and so the amount of benzene found in shells is n,Z, and
the amount of benzene found outside shells is ( n, - n,Z ). The total
amount of cyclohexane found in shells is (( Z - z )( VD/VS ) n, )3

where VD and VS are the molar volumes of benzene and cyclohexane resp=-
ectively. The total amount of cyclohexane outside shells is thus

( ng - ((Z2 -2 ) VD/VS ) n, )). From these amounts it can be calculated
that the mole fraction of benzene in the shells is given by
(z/(z2+(2=2) VD/VS ))). Each benzene in a shell therefore has a

spin-lattice relaxation time governed by expression 5.10.

( : ><?51>+<(Z'“"D/"S)<3gl> 5.10
z +(Z=2) vy z+(Z=12) 32
Vs Vs

Similarly each benzene outside the shell has a ’I‘l governed by expression 5.11.

("~ nyZ ) 1 o+ (%~ (7 -2) vD/VS )n, ) Tgl 5,11
e D
. ” |

M : ) _

. Th bserved relaxation
where M = nj + ng = n, (z+(2=-2 )( VD/VS )). The obse

time is therefore a weighted value according to equation 5.12 where the

value of the Tl's ipside and outside the shell, as given 1n expressions

5,10 and 5.11, have been multiplied by the fraction of the benzene found
° ® 9

inside and outside the shells.
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o
1 = B2 ( zTDl + (2 - z)(vD/vS);gl )

T1 obs p z+ (2 - 2)(Vp/Vg)

5612

+ 0y - nAZ‘( (nD - nAZ)TB1 + (nD - (Z - z)(VD/VS)nA)Tgl )
n, n, +ng - nA(z + (2 - z)(VD/VS))

The general equation for Tl obs simplifies to a convenient form
when the shells are full and, assuming slow exchange, is given by equation
5.13 in which the numbers of moles of each component has been replaced
by its mole fractionm.,

1 Z 0_1 - -1 -1
= X (1 - (xp = x,2)T" + ngTg ) 5.13

A
Ty obs *p Xy + Xg = X,Z

+( (xp - x,2)15" + xgT5 )

Xp + Xg = %42

Consequently, when the shells are full and do not overlap a linear

relationship between Tzlobs and xA/xD can be expected above X, = 056

The appropriate plots are shown in figure 5.20 from which it can be seen

that the above expectation is only really justified in the case of X, = 0305.
Before considering the case when the shells overlap it is convenient

to define a limiting composition, xi, at which all the shells are full

and touch but do not overlap. If the concentration of A ( CDClB) is

sufficiently high that the shells overlap two simplifying assumptions can

be made, First none of the molecules can be considered to exist outside

a shell so that the local composition approximates to that of the bulk

sample. second, molecules of benzene and cyclohexane can only be considered

ne CDCl. molecule otherwise

3

ntated. In the ordered shell environment the

to be ordered when under the influence of o

they are randomly orie

relaxation time Tlc jc given by,

=1 ol 5.14
l/Tlc = }LDTB + (l‘XD)TS °
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and in the random, or shared, envir
R onment TlF is given by,

l/TlF = XDT51‘+ (l-xD)Tgl 5.15

For slow exchange

1/ T, obs = C/ Te ¥+ (1-c)/ Tp 5.16

where C is a measure of the degree of overlap of the shells and is given
by xi / X, At the point corresponding to X, = xﬁ , C =1, meaning that
all the benzene is in an ordered state within a shell. As X, increases

( as it must since for xA<(i§ no overlap occurs and the assumptions
mentioned above are not valid) xi / x, decreases, showing that some of
the ordered benzene is falling under the influence of more than one CDCl3

molecule and therefore becomes randomly orientated. It follows, therefore,

from equations 5.14=5.16 that,

1 x© o1 °-1
= __,'._\(xDTD+(1-xD)TS) 5.17
Tl obs A
X, Loy (a1 ) Toh )
+<1'_A)<XDTD -XD S
*A
which rearranges to
(o] o
: = (BT ) - (Tg=T )+ (T =T )
71 obs A
c o
=1 -] =1
+ fé (g - T ) + T 5.18
A

, N
This equation is tested in figure 5.21 by plotting T, .  against

xD for the data corresponding +o the different values of XA‘ If the
overlap occurs the intercepts of the linear plots may be attributed to

° 1d be
-1 -1 =1 ¢ . Consequently the intercepts shou
T (T T5 ) Xy 1

dependence is shown in figure 5.22
linearly dependent on 1 / %, The actual depe
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from which it can be deduced, in complete agreement with the results of
the no overlap approach, that shells only overlap when X, is greater than
about 0.05. In figure 5, 22 the condition corresponding to 2 = 12 is
indlcated As a result it can be deduced that the addition of CDCl3 to
mixtures of benzene and cyclohexane produces shells which appear to be

limited to one surface, or solvation shell, of 12 benzene molecules.

5.4 Conclusions

Spin-lattice relaxation times have been utilised to study the

effects caused by the addition of a polar molecule ( CDCl, ) to an

3
aromatic molecule ( Cgllg ) in the presence of an inert diluent ( Celyyp )

It has been shown that the addition of CDCl3 causes a major change to occur
in the structure of the liquid mixture. A method has been devised whereby
all the effects of the addition of the CDCl3 have been simulated except
those attendent on complex formation. It has been demonstrated that the
traditional methods of characterising the consequences of complex forn-
ation, based on the assumption of 1:1 complex construction, are inadequate.
The changes in the observed Tl's on the addition of CDCl3 are better
explained through the effects of molecular clustering on the micro-
structure of the three component mixture. A semi-quantitative approach

has been used to describe the aggregation effects. The equations proposed
not only explain the 'I‘1 variations they also calculate, in two separate

ways, that the clusters contain about 12 molecules around each CDCl3

molecule, or in other words, for mole fractions of CDC].3 below about 0.08

the clusters are discrete, whereas above X, = 0.08 the clusters overlap
to some degree.

Having shown the applicability of the approach to relaxation times

it was considered suitable to re-apply the procedures to chemical shift

measurements. Homer and Dudley206 originally used chemical shift measure-

ments to investigate the cluster theory, however their approach was largely

qualitative. The developments detailed in this chapter enable the

introduction of a large quantitative element.
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CHAPTER Chemical shift studies of the
SIX solvation model of molecular

interactions in A/D/S systems

6.1 Introduction

In chapter 5 a model for explaining the interaction of chloroform
with benzene, in the presence of cyclohexane, was detailed and lH spin=-
-lattice relaxation times were utilised to show the deficiences of various
other models as well as to highlight the acceptibility of the proposed

model. It is intended to extend this treatment to the 1H chemical shifts
of the components in 06H6/C6H12/CH013 mixtures and demonstrate that the
solvation model can be used to interpret the shifts and also that the
shifts cannot be accounted for by involving complex formation alone.

Until recently mixtures of donor (D) and acceptor (A) compounds

have been considered to give rise to chemical shifts for either component,

which differ from that for the material in an inert solvent (S), due to

the formation of a 1l:1 molecular complex according to equation 1.59.

ps of workers have suggested that the induced shifts may

Two grou
207,208 a

olecule by the other nd

be explained by the solvation of one m

this proposal will be further investigated in this chapter. Firstly,

however, some of the traditional 1deas on the origins of the induced

chemical shifts and nature of the interactions involved will be discussed.

The formation of an AD complex implies that there is a short-lived

orientation of the aromatic molecule with respect to the solute molecule.

This could be due to interactions such as dipole=quadrupole and dipole~-
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-induced dipole.

s

The A / D/ S system studied in this work contains chloroform,
benzene and cyclohexane; The chloroform proton resonance exhibits a-
large upfield shift when the CHC1, is in the presence of benzene?"9 21l
and this has been interpreted as being due to the effects of specific
association between the chloroform and benzene moleculesuo'50'58’207’21%
The relatively large size of the shift suggests that the chloroform
proton is closely involved with the interaction and Infra-red spectro=

photometry studies have reinforced this view207'213'216

+ The increased
screening arises from the secondary field produced by the electron
circulation in the cogjugated M~orbitals of the benzene molecule, which

is induced by the magnetic field Bo' It is the change in screening that
allows the evaluation of the equilibrium quotient and [kc by the methods
outlined in chapter 1, Any mechanisms that are proposed to account for

the screening change must take into account the nature, stereochemistry,
stoicheiometry and strength of the interaction occurring and the following
discussion will consider these points.

6.2 The origin of Aromatic Induced Shifts which permit studies of

complex formation

In chapter 1 the effects of specific association and exchange
processes,in liquids and liquid mixtures, on the appearance of NMR
spectra were discussed and it is apparent that the induced chemical shift

of the solute during complex formation is dependent on the screening

effects produced by the aromatic molecule.

For the type of interaction studied herein there is no evidence

49
for actual charge transfer between the two molecules, Homer and Huck

found that whilst the complexes formed between nitroform and some

methylbenzenes ( strongly bound ) do have UV absorptions which could be

associated with charge transfer, the extinction coefficient of these was

only about 50 whilst a true charge transfer band usually has an

21
extinction coefficient of about 10,000217
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The characterisation of the screening which results from ring
current effects in aromatic molecules has been the subject of considerable
study and the models which have been proposed may be used quantitatively
in explaining aronatic induced shifts in solute molecules as long as it
is assumed that no distortion of the M-electron cloud occurs. In one of
the earliest attempts Pople218 described the Tr-electrons moving in the
~plane of the aromatic ring and produced equations which finally gave
a value for cﬂbr , the screening contribution of the ring current

to an aromatic proton at a distance R from tﬁe ring centre.

n ez a® 003%9
o = 6.1

hor
4 m c2 R3

where n is the number of circulating electrons, m is the mass of the

electron and cos® is a term which allows for the time-averaged orient-
ation of the ring with the direction of the magnetic field Bo; a is the
radius of the aromatic ring, e is the charge on the electron and ¢ the

velocity of the electron, The value obtained using equation 6.1 ( -1.83ppm )

can be compared favourably with the experimentally deduced value219

( -1,48ppm ) for the chemical shift difference between benzene and

1,3=-cyclohexadiene. However, it has been shownzzo that the experimental
L9

value also includes a large dﬁga contribution, Homer and Huck ~ have

extended Poples treatment to resolve the screening into vertical and

horizontal components by considering the T-cloud as two point~dipoles

situated on the 06 axis at a separation of 2d. The horizontal and vertical

screenings are then given by equations 6.2 and 6.3 respectively.

2 2 2 2
o~ = n°°z cos™® (__* -1) 6.2 6.3
ot bhmo? (R2+a%) (R +a®) /
- neza.zcose( 1 + 1 )

vert b m c2 ((Rl - d)z + 3,2)% ((R - d2)2 + az)%’




vwhere Rl 1s the distance of a point on the 06 axis from the plane of the
ring. For a value of 4 of 0.064nm, Chor = =1.35ppm, in good agreement
with experiment.

Published tables, based on the Johnson and Bovey219 extension of
the treatment of Waugh and FessendenZZl, mayAbe used to deduce the
screening values at various co-ordinates around the aromatic nucleus.,

6.3 The nature of the interaction

In an attempt to deduce the stuctures for the complexes formed
between chloroform and several methylbenzenes Whitney67 attempted to
correlate the screening values with the induced chemical shifts and

although his results were in accord with some of the findings of previous

workerszzz_zza only qualitative inferences were justified.

225=227

Strong evidence has been found that the polar solute

molecule induces a transient dipole in the aromatic molecule thus

suggesting that the interaction may be of an induced dipole-dipole nature.

Homer and Cooke228, and Schneider229 have come to this conclusion.

Schneider proposed that the benzene ring lies as far as possible from

the negatively charged region of the solute and to support this view

he plotted the observed chemical shifts for a series of polar substituted
methanes against)/L/V, the ratio of their dipole moments to their molar
volumes./pL/V defines the mean distance of closest approach to the

benzene molecules. Schneider found a linear relationship for his plot.

Homer and Cooke228 have shown that the simple dipole model may

be extended such that complex formation is considered to arise through

the local bond dipoles of the solute inducing an electric moment in the

polariseable aromatic molecule. Their treatment of the interactions allows

an estimation of the strength of the ijnteraction. It has thus been

thought that the formation of complexes, in liquid mixtures, between

polar solutes,or solutes with highly polar bonds, and non=polar

aromatic molecules is an attractive interaction of a dipole-induced dipole

nature., However, as will be seen later in this chapter, the formation of
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c 1
omplexes, on its own, cannot completely explain the variations in the

chemical shifts produced on altering the compositions of the interacting

mixtures. Indeed the formation of 1:1 complexes has not been proven in

most cases, with evidence for and against the proposal commonly being

found, Cryoscopic studies of the chloroform/toluene41 and chloroform/
230

mesitylene complexes show that these are 1:1 in nature and it has

been assumed that the molecules also associate in a 1:1 ratio in solution.

The linearity of a plot of 1 /Zkobs against 1 / x; in the Benesi-Hildebrand
L3

equation has been quoted as evidence of 1l:1 stoicheiometryéB, however,

231

Johnson and Bowen have shown that this is not conclusive evidence.

Orgel and MullikenzBZ have proposed that the heat of formation of a
complex, AH, should be independent of temperature if a simple 1:1
complex is formed. From this it has been shown that a plot of 1n k
against reciprocal temperature should be linear, with a slope of -MH/R.
This method is not completely valid because of misuse of the Benesi-

H:'leebrand63 and Cresswell-Allredéu procedures, in their basic forms,

for data processing.

There are two extreme possibilities for the configuration of a
1:1 complex formed between benzene and polar solute molecules ( no matter
how instantaneous the interaction ). Firstly (1) a model in which the
solute dipole is parallel to the plane of the aromatic ring, and secondly
(2) a model in which the dipole of the solute is coincident, or nearly

so, with the Cg axis of the ring. Model (2) has more evidence in its

favour than model (1); however model (1) is not ruled out entirely.

233

234
Anderson®-~, using s-substituted 1,3 dioxans, Fort and Linstrom 3 , with

adamantyl halides, and Hassel and Strommezz? with the crystaline benzene/

bromine complex, have considered model (2) to explain the observed

chemical shifts better than model (1).

Homer and Cooke228'235 have produced a rigorous treatment of

nodels for simple complexes. The polarisability of benzene is twice as
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great in the plane of the ring as along the Cgx axis, which is a point
in favour of the planar model (1), however, the interaction energy of
a benzene molecule with a dipole is greater along the Cgx axis and this
1s the overriding factor ( in the absence of other, stereochemical,
considerations ), The non-planar model is not necessarily a static
model but rather the solute molecule adopts a series of orientations
in successive collisions at an angle (=¢) to the six fold axis, with the
time-averaged value of o« being zero.,

Whilst some authors have chosen to interpret their results on
the basis of molecular complex forma.tion54'55 others conclude that the
lifetime of the "complex" is so short that it cannot be considered as
a discrete entity56-58’236. These transiently formed complexes come
about as the solute molecule exchanges rapidly, in jump-like steps,
between aromatic molecules in a mechanism not dissimilar to the jump
diffusion model for relaxation processes. The response time for NMR
chemical shift measurements is too large to permit the observation of
the solute in each environment and any parameters obtained must relate
to an average of the dynamic model proposed .

The foregoing discussion shows that although complex formation
has been of considerable interest the conclusions drawn are not unambiguous.
The effect of the interaction on its surroundings and the use of this
effect to help explain the induced chemical shifts in a mixture of
chloroform and benzene, in the presence of cyclohexane, will now be

discussed in an attempt to clarify the mechanisms leading to these

induced chemical shifts.

6.4 Experimental methods

Using the system C6H6/06H12/CH013, five series of mixtures were

ed on a fixed mole fraction of chloroform, X5

prepared. Each series was bas

these were 0.01, 0.05, 0.10, 0.15, and 0.20 respectively. Within each

series the amounts of benzene, Xy, and cyclohexane, X, Were varied to



48

provide suitable coverage of the mole fraction scale, The samples were
rrepared using the purest components available i.e, the benzene and
cyclohexane were of SpectrosoL grade whilst the chloroform was doubly
distilled,to remove traces of alcohol stabiliser, and subsequently stored
in a dark container in the refrigerator. Portions of each component were
syringed into a suitable container through a rubber ‘Subaseal®, the
weights after each addition being noted to 0.00001g. As soon as possible
after preparing the mixture about 1ml., of the liquid was syringed into
a 0,195"0D NMR tube which was sealed to prevent sample loss by evaporation.
The samples were analysed at 303.3 K and 100MHz using the Varian
Associates HA 100D NMR spectrometer operating in the HA field sweep
mode., The chemical shifts were measured several, usually ten, times and
an average value obtained. Whilst this value could be presented to 0.0lHz
it is probably only valid to take the shifts as accurate to 0.lHz. The
shifts of benzene and chloroform were measured relative to cyclohexane.
It was found that, for example, the shift between chloroform and cyclo=
hexane measured directly was, to within 0.l1Hz, the same as the difference
between the shifts of chloroform and cyclohexane relative to benzene,
That is to say*BA-S was found equal to ( %D_S -‘SA-D ). This was taken
to show that the width of the lock frequency was below the experimental

error. In the course of obtaining the chemical shifts the probe temp-

erature was monitored using a sample of Methanol and reference made to

the shift versus temperature graph ( figure 2.1 ).

6.5 Results and discussion

The variations of the chemical shifts of benzene from cyclohexane,

<%ID-S> and chloroform from cyclohexane (% A-S) with the mole fraction

of benzene, Xy are illustrated in figures 6,1 and 6.2 and the exact

A=S A-D
values given in table 6.1 . The data for chloroform,% amig have
- . 6
normally been treated according to the familiar Benesi=Hildebtrand equa'tlon.3
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Chemical shifts (Hz)

X, X Xg gP-S %f-s E?-D'
0.010 0.000 0.990 576.08° 564,31 11.77°
0.010 0,104 0.886 575.82 546.55 29.27
0.010 0.263 0.707 575.46 525,26 49.90
0.010 0.510 0.480 574,86 505.16 69 .70
0,010 0.689 0.303 574,50 4oz .82 81.45
0.010 0.890 0,100 574,38 483,12 91.26
0,010 0.941 0.049 574 47 480 46 9,01
0.050 0.000 0.950 577.35°  s65.40 11.95°
0.051 0.134 0.815 576.16 shiy 21 31.85
0.050 0.326 0.624 575.26 522.12 53.14
0.050 0.402 0.548 575.00 514,67 60.33
0.051 0.540 0.409 574.79 504.63 70.16
0.050 0,642 0,308 574.59 497,52 77 .09
0.050 0.778 0.172 574 .62 490,01 84 .61
0.051 0.882 0,067 574 46 L4el .66 89.80
0.050 0.950 0.000 93.67

% Measured at 303.3 K. b These values have been extrapolated from

figures 6.2 and 6.3 .

Table 6.1 The variation in chemical shifts with composition in

the 06H6/06H12/CH013 systems.




Chemical shifts (Hz)®

X, X xg 8D-S gf-s Ef&D
0.100 0,000 10,900 578.12°  566.48 11,64
0,100 0.200  0.699 576,52 53740 39.21
0,100 0 -4_03: 0.497 575.49 516.82 58.67
0.102 0.605 0.293 575.12 501,12 73.73
0.102  0.70k 0194 575.03  495.18 79.85
0.102 0.799 0.099 575.25 490.20 85.05
0.101 0.899 0.000 90.12
0.150 0.000 0.850 579.58°  568.42 11.16°
0.150 0.197 0.653 577.61 539.68 37.93
0.151 0.404 0.445 576 45 519,02 57 .43
0.150 0.605 0.245 575.73 503.32 72.41
0.150 0.709 0.141 57569 497.29 78.40
0.150 0.799 0.051 575.74 492,03 83.71
0.150 0.850 0,000 87.10
0.202 0.000 0.798 580.12b 568.69 11.43b
0.202 0.096 0.702 578.97 554,05 24,92
0,202 0.320 0.478 577 .26 527 .84 4o 42
0.201 0,501 0.298 576.55 512,57 63.98
0,200 0.700 0.100 576.48 499.20 77.28
0,200 0.752 0.048 576.57 495,58 80.99
0.200 0.800 0.000 83.81

2 Measured at 303.3 K.

figures 6.2 and 6.3

Table 6.1

continued

b These values have been extrapolated from



151

1 1
= + 1 6.4

Zxobs k *D Z& Ac
From equation 6.4 values of the equilibrium constant, k, and the full

induced chemical shift,zﬁb, are obtained. In this instance the mole

fraction of benzene is defined as follows,

xy o= ny/ (o +a (VN ) +0,(V,/Vp ) 6.5

where o, Ng and n, are the numbers of moles of D, S and A respectively

and V V,and V

D' 'S A
data for the cyclohexane-benzene shifts may be evaluated using equation 6.6.

are the respective molar volumes of D, S and A, The

*A = 1 + D 6.6

The relevant plots for equations 6.4 and 6.6 (Zék;%s against xgl, and
XKAAobs against x ) are shown in figures 6.3-6.8,and tabulated in tables
6.2=-6.4,where it can be seen that as ) tends to unity the plots become
linear and permit the calculation of the values given in table 6.5 . It
is observed that the parameters deduced from the chloroform shifts are
self-consistent whereas those from the benzene shifts are less rational.
The average value of k in the latter case is vastly different from that
obtained in the former case. During the course of the present work
Senthilnathan and Singh238 have reported similarly inconsistant values
for k when deduced separately from the shifts of A and D, in other systems.
They have explained their observations qualitatively in terms of the

solvation of one species by the other, an approach consistent with that

detailed in this thesis.
If the chemical shifts in table 6.1 are due to solvation they
should be capable of explanation by adapting the theories for spin-

-lattice relaxation times ( chapter 5 ) to chemical shifts. Accordingly
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1

¥ 2 1
X, A ‘2‘_;: -5‘5 x 107 x;:)orr “corr
0.01 17.76 5.6306 0,087 11.49426
38.75 2.5806 0.246 L 06504
59.15 1.6906 0.463 2.15983
71.49 1.3988 0.646 1.54799
81.19 1.2317 0.872 1.14679
83.85 1.1926 0.932 1.07296
0.05 11.95 8.3682 0.061 16.39344
21.19 4.7192 0.114 8.77193
43,28 2.3105 0.289 3.46021
50.73 1.9712 0.361 2.77008
60,77 1.6455 0.498 2.00803
67 .88 1.4732 0.605 1.65289
75.39 1.3264 0.754 1.32626
80.74 1.2385 0.874 1.14416
0.10 29,08 3.4388 0.176 5.68182
L9.66 2,0137 0.367 2.72480
65.36 1.5300 0.574 1.74216
71.30 1.4025 0.682 1.46628
76.28 1.3110 0.790 1.26582

*

Table 6.2

A-S
A obs g 5 free

Values of (A

A=S y-1 g x51 as plotted in figures 6.3-6.7,
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1
X, Aore A‘;Ss corr corr
e}
0.15 28.74 3.4795 0,175 5.71429
49 .40 2.,0243 0.374 2.67380
65.16 1.5347 0.583 1.,71527
71,13 1.4059 0.698 1.43266
76.39 1.3091 0.802 1.24688
0.20 14 .64 6.8306 0.085 11.,76470
40.85 2 4480 0.295 3.38983
56,12 1.7819 0.480 2.08333
69 .49 1.4391 0.699 1.43062
73,11 1.3678 0.759 1.31752
* AA-S =SA-S A=S
obs obs ~ Ofree
Table 6.2 continued



1 ) 1
X, Ag‘t‘g _gg x 10 x;:)orr “corr
0.01 17.50 5.7143 0.087 1149426
38.13 2.6226 0.246 L, 06504
57.93 1.7262 0.463 2.15983
69.68 1.4351 0.646 1.54799
79.49 1.2580 0.872 1.14679
82,24 1.2160 0.932 1.07296
0.05 11.34 8.8183 0,061 16.39344
19.90 5.0251 0.114 8.77193
41.19 24278 0.289 3.46021
48,38 2.,0670 0.361 2.77008
58.21 1.7179 0.498 2.00803
65.12 1.5356 0.605 1.65289
72.66 1.3763 0,754 1.32626
77 .95 1.2829 0.874 1.14416
81.72 1.2237 0.955 1.04712
* AAD o GAD A<D
obs obs ~Ofree
rable 6.3  Values of (AATD )7h and xg” as plotted in figures 6.3-6.7 .
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1 ) 1
x, A;z ZS?'D x 10 corr —
0.10 27.48 346390 0.176 5.,68182

47,03 2.1263 0.367 2.,72486
62.09 1.6106 0.574 1.74216
68.21 1.4661 0.682 1.46628
73.41 1.3622 0,790 1.26582
78.48 1.2742 0.908 1,10132
0.15 26.77 3.7355 0.175 5.71429
b6,27 2,1612 0.374 2.67380
61.25 1.6327 0.583 1.71527
67 .2k 1.4872 0.698 1.43266
72.55 1.37684 0.802 1.24688
7 M 1.3344 0.863 1.15875
0,20 13.49 7.4129 0.085 11.76470
37.99 2.6323 0.295 3.38983
52,55 1.9029 0.480 2.08333
65.85 1.5186 0.699 1.43062
69.56 1.4376 0.759 1.31752
72.38 1.3816 0.816 1.22549
2 -650 -S4
Table 6.3 continued
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Figure 6.9  The variation of benzene shifts (in Hz), relative to

cyclohexane, vith xA/xD corresponding to eqn.6.7. Key as
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X | O AP () (A 0% (x )° (A )
0.01 1.61 1.40 1.60 1.37 -0.18 =1.11
0.05 1.53 1.41 1.39 1.43 -0,06 =5.00
0.10 1.50 1l.41 1.37 1.41 0,00 o
0.15 1.52 1.43 1.27 1.43 0.00 oo
0.20 1.23 1.52 0.92 1.71 -0.02 -12.50

& processed using‘%ggi in equation 6.4 .
P processed using Sg;g in equation 6.4 .

€ Processed using %2;2 in equation 6.6 .

Table 6.5 Equilitrium constants, k , and full induced chemical shifts,

A /ppm, for the interactions occurring in 06H6/06H12/CH013

mixtures assumed to proceed according to equations 6.4 and 6.6 .
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if solvation occurs within well defined shells which do not overlap
the observed shifts of D can be described by equation 6.7 .

C<5ob»s =

(o]

._A_g - (XD""AZ)gD*xsgs ) 6.7
*D xp + Xg = X,2

+ (Cxpmx M+ X6
Xp + Xg = X)2

In equation 6.7 Z is the number of benzene molecules which comp-
letely fill a shell. SD’ QD andgS are the chemical shifts of a nucleus
( in benzene ) in a full shell in ordered benzene, in randomly oriented
pure benzene outside a shell, and in randomly oriented cyclohexane
outside a shell, respectively. In this case x5 is defined conventionally.

When the shells overlap the chemical shifts can be described by equation

6.8 .
G = x5Sy -5y - (g =g N+ (Ey =G5 68
XA
b %Gy -6g) +5s
XA

where x defines the llmiting mole fraction of A at which the shells are

full but do not overlap, and.g is the shift of a nucleus ( in benzene )

in ordered cyclohexane in an empty shell. Whilst equation 6.7 does not

apply to A an equation jdentical in form to equation 6.8 is appropriate
)

but the significance of the limiting shifts (gD, 6 5 and Gg ) is then

different.

The shift data given in table 6.1 can be evaluated using equations
6.7 and 6.8, If equation 6.7 characterises the situation then a plot of
g obs against x /xD should be linear above xD¢=O.5 . On the otherhand
if equation 6.8 is appropriate a plot of 6 obs against X should be linear.

Figure 6.9 i1lustrates the plots appropriate to equation 6.7 for the
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shifts of benzene relative to cyclohexane in series of mixtures, each
with a different value of Xye These show definitely that equation 6.7
only applies when X, = 0.05 and 0,01, The values plotted in figure 6.9
were obtained from the data given in table 6.1. Following equation 6.8

the intercepts when Xp = 0 may be equated to,

(<]
c
ngno x (g =05 ) + o 6.9
A
The intercepts are shown plotted against 1 / x, in figure 6.10,

Tt can be seen that the curves, for both the CHCl3 and CéHé shifts,

suggest that shells overlap only for those mixtures with X, = 0,20, 0,15

and 0.10 and do not overlap when X, = 0.01 and 0.05, This is in complete

accord with the implications of figure 6.9 . Moreover from figure 6.10

it can be deduced that full shells contain about 12 molecules of benzene,

in complete agreement with the findings in chapter 5, as well as that
239

of Narten for pure benzene .

6.6 Conclusions

It is apparent that the behaviour of the chemical shifts of
benzene and chloroform in mixtures previously thought to be characterised
by 1:1 complex formation are in fact governed by the formation of
solvent shells rather than bimolecular complexes, The findings in this
chapter are,therefore, in very good agreement with those in chapter 5.

In addition, in this case, the variation of the shifts of benzene
and chloroform with X5 would be expected to be similar for all values
of x, as XD tends toward zero, provided the benzene molecules are

A

uniquely associated with one shell. Figure 6.11 demonstrates that the

shift between benzene and chloroform is indeed independent of X, at
Xy = 0. For finite values of X the deviations of the curves can be
attributed to the ordering of benzene molecules which increases as X;

increases and is affected by Xy which dictates the extent of shell

overlap. According to Narten239 the ordering of benzene requires some
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co-operative motion of the benzene and it is not difficult to conclude
that when this increases ( when Xy increases from zero ) that chloroform
and benzene will have slightly different shifts - as observed. One
consequence of the current proposals is that, superficially at least,
it might be expected that the shift of chloroform should reach a limiting
value when all shells are filled, Figure 6.1 demonstrates that this is
not so, in accordance with the expectation that the addition of further
benzene should}progressively change the screening of the reference cyclo=
hexane.

Accepting the present model for the interaction between benzene
and chloroform it is to be expected that unusual nuclear Overhduser effects
may be observed when x£<>0 and xD~+O. This topic will be investigated,

and the results reported, in chapter 7.
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CHAPTER Nuclear Overhauser studies of the

SEVEN CDC13/06H6/C6H12 system

7.1 Introduction

The solvation model proposed in chapter 5 to explain the variations
in spin-lattice relaxation times in 06H6/06H12/CD013 mixtures, and
extended in chapter 6 to account for variations in chemical shifts in
the same system, can be further extended to aid the interpretation of
intermolecular 1H nuclear Overhiuser data. In this chapter the results
of NOE studies of the 06}16/06}112/013013 and céﬁé/céulz/ccn4 will be used
to help confirm the correctness of the solvation model.

Prior to presentation of the experimental results and subsequent
discussion of them it is necessary to explain the functions finally
calculated.

For a mixture of A, D and S in which A does not contribute to the

spin-lattice relaxation times of D or S, the Solomon equationqu can

be written as,

w2 %

SRS

= + 701
dt TDD TSD
dMi - Mi = ”i + Mg B Mg 7.2
dt TSS TDS

where Tij represents the contribution by i to the SIRT of Joe Mz and M;
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respectively, the unperturbed and perturbed values of the magnetisation

of i. Double irradiation saturation of spin S causes Mi to be reduced to

zero and consequently, according to equation 7.1, the signal due to D

is enhanced to an extent which may be measured by the nuclear Overhduser
240

enha.ncemen.t,'fD (S). From equations 3.31 and 7.1 the equilibrium values

of the RCE is given by,

fD G = b T 7.3
Mﬂ

Tsp
and .
f s @ = % s 7
0
o) TDS

From equations 7.3 and 7.4 it is apparent that changes in both
fg (D) andffb (S) provide information about variations in intermolecular
effects. However care must be exercised in the interpretation off% (s)
and:Fé (D) in terms of the direct effect of complex formation or
solvation since TDD' TSS' TSD and TDS are all dependent on the viscosity
and proton density in the mixtures studied189. For a mixture in which the
components are randomly distributed it would be expected that viscosity
and spin density would not affect the NCE significantly because of the
cancellation of their effects in the ratios Tii/Tij . However, if the
components of a mixture are non-randomly distributed, as in the case of
solvation, and to a lesser extent complex formation, the NCE would be
dependent on local viscosity and spin density effects. Aggregation of
D and/or S in systems where D and S have different viscosities and
aumbers of spins, will cause local viscosity and spin density to produce
opposing effects on‘fs (s) and.fg (D) relative to their randomly
disributed components. Thus, by compounding the two effects and studying
the variation in;fD (s) / fé (D) the consequences of aggregation can be
highlighted. It must be noted that should aggregation occur it is only

possible because of the presence of A and the insertion of this
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this component must influence the mean distances between D and S
molecules, It is preferable, therefore, to compare values obtained for
fs (s) /j:S (D) in the piesence of A with those obtained in the presence
of an inactive analogue A(I), under otherwise equivalent conditions.

7.2 BExperimental methods

Mixtures of CDCl3 (A) and C.Hg (D) in the presence of CcH,, (s)
were chosen for investigation because sytems of this type have for
sometime been considered to influence NMR spectral parameters through the
formation of CDCIB'C6H6 complexe5237. Carbon tetrachloride was chosen to
represent the reference component A(I). The reasons for choosing CDCl3
and CClu have been given previously.

In most cases the NOE's for the components of a particular mixture
were measured at the same time as the SIRT's were obtained. Thus the
presented results are for series of samples containing constant mole
fractions of either CDCl3 or CClu of 0.0, 0.05, 0.10, and 0.15, with
various mole ratios of 06H6 and C6H12 . The experimental conditions were,
therefore, as in chapter 5.

7.3 Results and discussion

The effects of fixed quantities of either CDCl3 or CCll+ on the
NOE's for 06H6 and Céle are shown in figures 7.1 and 7.2 respectively
and the exact values as plotted in those figures are given in tables
7.1 = 7.3 . Considering the estimated error in:f-of : 0.05 it is apparent
that fD (s) and Cfs (D) in the presence of cncl3 only differ from those

in the presence of CClu when x, = xA(I) = 0,05 .

Equations 7.3 and 7.4 can be combined to give equation 7.5 .

£ G - ‘f?: )2 Tpp Tps 7.5
A~ () ”l; Tss Tsp

If it is assumed that TSD and TDS are in constant proportion31 then it

follows that,
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| ) )
% £ ©) £ @)
0.10 0.300 0,000
0.12 0.340 0.010
0,24 0.230 0.015
0.31 0.240 0.020
0.32 0,030
0.37 0.190 0.025
0.43 0.150 0.050
0.49 0.220 0.060
0.68 0.125 0.120
0.69 0.135 0.095
0.70 0.145 0.110
0.82 0.070 0.110
0.90 0.030 0.170
0.94 0.030 0.140
0.98 0.000 0.210

& Measured at 305.7 K.

Table 7.1 The variation offlD (S) and fé (D), with mole fraction

composition, in CéHé/C6H12 mixtures.
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*A X j:D (s)® jps (0)®

0.05 0.10 0.430
0.20 0.460 0.040
0.30 0.400
0.55 0.260 0,080
0.60 0.150 0.080
0,80 0,080 0,200
0.90 0.050 0.220

0,10 0.20 0.400 0.030
0.30 0.330 0,020
0.38 0.200 0.050
0.51 0.180 0,040
0.57 0,130 0.060
0.68 0.080
0.80 0.035 0.150

0.15 0.41 0,145
0.54 0.125 0.035
0.62 0.080 0.050

0.20 0.28 0.180
0.37 0.150 0.020
0.54 0.130 0.070
0.63 0,060 0,070

2 Measured at 305.7 X.
Table 7.2  The variation of fD (s) a.ndfS (D),with x, and xp, in
t .
06H6/06H12/CD013 mixtures
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*A ) QCD (s)* f@ o?
0.05 0.20 0.210
0.35 0.260 0.020
0‘50 00190
0,65 0.140 0.050
0.80 0.060 0.080
0.10 0.20 0.370
0.35 0.250 0.040
0.50 0.150
0.65 0.130 0,060
0.80 0.065
0.15 0.20 0.31
0.35 0.21 0.035
0.50 0.14 0.070
0.65 0.090 0.075
0.80 0.000
0.20 0.35 0.210 0.050

& measured at 305.7 K.

Table 7.3  The variation of f% () and £z (D), witn x, and x, in

C6H6/06H12/0014 mixtures.
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HE - e (i

s () Xy Tgg

Evidently variations in the NCE ratios may be illustrated by
plottingj:D (S)/fg (D) against ( xg/x; )?. This is shown in figure 7.3,
for X, = XA(I) = 0,0 and 0,05, based on data deduced from the bold lines
in figures 7.1 and 7.2 which may be considered to represent the variation
of the NOE's with composition. It is evident that, independent of the
positioning of the bold lines refered to,j;b (S)/&é (D) is always higher
in the case of CClu than in the case of CDCl3. Moreover, the values when
X, = xA(I) = 0:0 lie between those appropriate to X, = 0.05 and xA(I) = 0,05,
The fact that fD (S)Afg (D) is greater for Xp(1) = 0.05 than for A(1)
= 0,0 at any value of ( xs/xD )2 requires that TDD/TSS is greater in the
former case than in the latter. That this is to be expected can be
deduced from figures 4.3 and 4.4 which show the effect on Ty and Tgq
when Céﬁé and CGHIZ' respectively, are diluted with CClu. Both TDD and
T increase with dilution but the former does so much more rapidly than

SS
the latter. Consequently, as xA(I) is changed from 0.0 to 0,05 TDD/TSS

must increase and give the relative positions of the lines that are
observed, On changing X, from 0.0 to 0.05 a decrease in TDD/TSS nust
occur. This is consistant with an increase in the concentrations of both
CéHé and CGHIZ and this is only possible on a localised basis corres-
ponding to aggregation and the preferential solvation of CDCl3 by CéHé.
Although not without ambiguity, because of the relatively high
error 1limits, it is possible to analyse the data jin figure 7.3 quant=
jtatively. If aggregation occurs the gravimetrically based values of
( xs/xD)2 do not represent the values appropriate to the regions of

local order. These latter values may be deduced from the reference line

( figure 7.3 ) for xA(I) = 0,05, If it is assumed that aggregation occurs ED
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C6H6 filling well defined shells about CDCIB, this can only happen until

the shells are each filled by Z molecules of benzene. When shells are
incompletely filled

D y ed, at some concentration corresponding to (xD)A in
the CDCl3 containing mixtures, the shells will contain (xD)A/ 0.05
molecules of benzene and, when corrected for the relative sizes of
benzene and cyclohexane, Vj ( 0,052 - (xD)A )/ 0.05 Vg molecules of
cyclohexane. Consequently the value of the molar ratio ( xs/xD )I in the
CCl,, mixtures which corresponds with the value of-fa (S)/:fs (D) measured

in the presence of CDCl3 is given by equation 7.7 .

(3) = 0,052V, _ Yp 7.7
Xy (xp)y Vs Vg

Figure 7.4 illustrates the dependence of ( xS/xD ); on (xD)Xl'
The major part of this is linear with a positive slope and negative
intercept, in accord with equation 7.7 . Whilst a value of Z = 30 ﬁay
be deduced from this graph it has to be recognised that the errors
accumulating in deriving figure 7.4 render this value subject to
considerable uncertainty. Nevertheless the true value of Z is unlikely
to be as low as unity which wouid correspond with the formation of a
simple 1:1 compleX. Consequently it is interesting to note that for
values of (xD)Zl below about 1.6 the points begin to show a regular

deviation from the otherwise linear plot. If this corresponds to the

1imit of (xD)A at which C6H6 can no longer spend most of its time in

solvation shells it is evident that Z = 12, in complete agreement with

previous findings. That this 1is reasonable may be confirmed by adjusting

the values of ( Xg/%p )% in figure 7.3 ( using Vp/Vg = 0.821 and 2 = 12 )

when the amended points can be seen to lie close to the curve for CClq.

7.4 Conclusions

Nuclear overhhuser data for benzene and cyclohexane in the

presence of deuterochloroforn have been analysed quantitatively to show
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that they are governed principally by the solvation of CDCl3 by C6H6

rather than the formation of simple 1:1 molecular complexes, The data

are consistent with the formation of solvation shells containing a

maximum of 12 molecules of benzene.




CHAPTER - General Conclusions

EIGHT

8.1 General conclusions

The main purpose of the research reported in this thesis has been
to elucidate the nature, and mechanism of formation, of the molecular
interactions occurring when polar solute nolecules are involved with
aromatic molecules. For this study chloroform and deutero-chloroform have
been used as the polar solutes and benzene has been utilised as the
aromatic compound, with cyclohexane being used as an inert golvent

allowing the relative amount of benzene in the mixtures to be varied over

the complete mole fraction range.

Initially, use was made of spin-lattice relaxation time measure-=

ments since, although the phenomenon relates to a bulk parameter, it is

readily analysed in terms of basic molecular interactions and molecular

motions. T measurements were found to be very sensitive to molecular

oxygen and it was necessary to degas nearly all of the samples studied.

Conventional deoxygenation techniques had already been shown to be

. 1,133 .
unsatisfactory and a chemical alternative proposed3 . This vicarious

method has been developed to include the deoxygenation of pure liquids,

liquid mixtures ( both homogeneous and heterogeneous ) and solutions of

solids in liquids. Two techniques, distillation and syphoning, have been

utilised to transport the jeoxygenated materials from the degassing vessel

to the NMR tube. The use of syphoning has allowed the preparation of



deoxygenated mixtures with accurately known compositions. Additionally

the procedures have been shown to be extremely efficient and, compared

to traditional procedures, time-saving.

At the outset of this research it was noticed that the steady state
height of an absorption peak was not constant, but varied to a slight
degree in a non-periodic manner, The amount of ‘wobble®, or nutation, was
found to be affected by the conditions under which the spectrum was
viewed. A semi-quantitative approach has been used to obtain a set of
values for such parameters as the field sweep speed and depth, RF atten=
wation, and field homogeneity, for which the peak uncertainties were
minimal ( after allowing for the needs of the data processing procedures ) e

The investigations into the mechanism and nature of molecular
interactions, using spin-lattice relaxation times, involved measuring
the variation in T1 values for protons in benzene and cyclohexane in the
presence of a polar molecule, in this case deutero-chloroform..CDCl3 was
used to simulate the interacting behaviour of CHCl3 without the compli-
cations of a third type of spin. In order to ascertain those effects on

T1 which were due to molecular interaction, and those effects which were

due only to the general diluting effect of a non-protonic solute, a

comparison system involving benzene, cyclohexane and carbon tetrachloride

was examined. CClu-containing solutions with similar viscosities and

proton densities as the CDClB-containing solutions were analysed and,

by interpolation, the abnormal effects of CDCl3 noted.. It has been shown

that the effect of the CDCl3 snteraction with benzene, in the presence

of cyclohexane cannot readily be explained by invoking 1:1 complex

formation. However, the solvation model can readily account for the

observed results. The equations proposed to explain the T1 variations

d h CDC1
also calculate, in two separate ways, that the shell around eac 3

molecule can contain about 12 molecules of benzene Or cyclohexane.

' terms
The equations proposed to account for the observed T1 s, in te



of the relaxation times of benzene in its extreme environments, have been
adapted to account for the variations of the chemical shifts in benzene/
cyclohexane/chloroform mixtures in similar terms. It is apparent that the
chemical shifts of benzene and chloroform, relative to cyclohexane,

cannot be adequately explained by the formation of bimolecular complexes
alone, but can be reconciled with a solvent cage model. It has again been
concluded that the solvation shell around each chloroform molecule contains
about 12 molecules of benzene and cyclohexane.

Nuclear Overhfuser effect data for benzene and cyclohexane, in the
presence of deutero-chloroform, have been analysed quantitatively in a
nanner consistant with the solvation nodel. It was found that the solvation
shells could only be described as discrete when the mole fraction of CDCl3
was below about 0.08 = consistant with a value of Z of about 12.

A1l three of the NMR techniques utilised in this work have been
shown to produce evidence in favour of the solvent cage description of
molecular interaction. All three techniques also produce evidence which

cannot be explained by evoking simple complex formation.
It has been necessary, in this thesis, to reduce three component

systems to effectively two spin systems Dy using the deuterated analogue

of chloroform to disrupt the randomness of benzene/cyclohexane mixtures.

The technique of deuteration may prove useful in future work, in that

cyclohexane could be replaced by deutero-cyclohexane ( 06D12 ) so that

the variations in the relaxation times of chloroform could be observed.

Of equal interest would be the NOE produced by, and on, the chloroform

molecule in its solvation shell., In view of the relatively large

experimental error involved in NOE measurements at present, there is scope

for refinement of the technique in order, for example, to accurately

uantities have been assumed
calculate the values of TAB and TBA' These two Q

1
to be in constant proportion; however the attempts of Dudley3 to prove

this were not conclusive. The jnterpretation of NOE's is becoming



i{ncreasingly important in the investigation of structural and stereo-

chemical problems at the'molecular level,

This thesis has concentrated on the benzene/chloroform interaction,
however it would be interesting to investigate other interacting systems
in order to determine the magnitude of interaction at which simple

complex formation supercedes the solvation processes.
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