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Summary
in aromatic solvents
Whilst molecular complex formation\has been studied by nuclear
magnetic resonance for many years, and much useful information has been
obtained, a number of.prohlems associated with these studies remain
unresolved. The most important of these may be summarized as:
a) which of the three concentration scales in current use (namely mole
fraction, molarity and molality) give equilibrium quotient and excess
shielding values which are independant of the data evaluation procedure
used, b) which data evaluation techniques give thermodynamically valid
results which are independant of the nature of the inert solvent used and
the particular composition of the systems measured, ¢) are any of the
solvents and references used inert and hence non-complexing with aromatics,
and d) what is the effect of substituents, on the aromatic solvents, on
the type of complexes formed. The work reported in this thesis is directed
towards resolving these problems. The following conclusions are obtained:
a) if a correction is made for the difference in the molar volumes of the
aromatic and inert solvents and if the double reciprocal plot devised by
Benesi and Hildebrand is used then thermodynamically valid results are
obtained using the mole fraction concentration scale, b) thermodynamically
valid results are only obtained on the molarity scale if the limiting
slope of the BH plot is used, c) cyclohexane is believed to be a genuinely
inert solvent and a suitable reference material, but both carbon
tetrachloride and tetramethylsilane interact with aromatic molecules, and
d) chlorine substituents on an aromatic ring appear to alter the
characteristics of the aromatic molecule sufficiently to enable an n-type
complex to be formed in addition to the expected 7T-complex. Finally,
during these investigations the variation of the combined anisotropy and
dispersive medium screenings (({A + Z}(f@) of mixtures with composition
are shown to be related to the thermodynamics of perfect and imperfect

mixtures,



i3

ACKNOWLE DGMENTS

I should like to express my thanks to my supervisor, Dr. J. Homer,
for his assistance during the course of this work, and in particular
for many helpful suggestions on the interpretation of the results, I
should also like to thank Dr. M. H. Everdell for his assistance with

the thermodynamic aspects of this work.

I am also grateful to my colleagues D. Callaghan, M, C, Cooke and
P. J. Huck for helpful discussion and the use of some of their data for
comparison purposes, Finally I should like to thank E. J. Hartland for
assisting in the measurement of many of the chemical shifts reported

herein.

My thanks are also due to Professor W. G. S, Parker for provision
of facilities for this research and to the Science ResearchCouncil

for the award of a Research Studentship.



iv

NOTE ON THE UNITS USED IN THIS THESIS

The units used in reporting work in the scientific literature
are being standardized to conform to the recently proposed S.I.
(Syst®me International d' Unités) convention. As this system is now
acceptable to the Chemical Society (London), S.I. units have been
used throughout this thesis. However, in a few instances, equations

related to the 'ring current' screenings are quoted directly from the

literature.
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CHAPTER 1

Theoretical Considerations of Nuclear Magnetic Resonance Spectroscopy

1.1 Introduction

In 1924 Pauli1 suggested that some atomic nuclei, in addition to
acting as point electrostatic charges, possess angular momenta and hence
magnetic moments which in an applied magnetic field experience a torque
and thus adopt specific orientations corresponding to different energy
states. The phenomenon of nuclear magnetic resonance (n.m.,r.) is
observed when transitions between these energy states are induced by a
second magnetic field rotating in a plane perpendicular to the first.
The angular momentum operator for the nucleus is quantized and thus, as
shown by Sternand Gerlachz—s, only discrete values of the nuclear
magnetic moment are possible. Corresponding to these the nucleus has
21+1 separate energy levels, where I the nuclear spin quantum number,
is a characteristic of each nuclear species. Rabi et. al.4 were able
to obtain the maximum value of the proton magnetic moment, by passing
a beam of hydrogen molecules through a steady magnetic field BO,USjﬂg thefhct
th&i?ﬁghest and lowest nuclear energy levels, corresponding to the two
beams, were separated by an energy difference of Q}LBot)$ being the
maximum value of the magnetic moment. Ig general a nucleus of spin 1

has successive sub-levels separated by °/1 and the frequency of the

rotating magnetic field necessary to cause transitions between these

B
0

1y S

beam successively through two oppositely inclined magnetic fields of

levels is The first detection of n.m.r? was by passing a hydrogen
similar gradients, the first to separate the beam and the second to
refocus it onto a detector. It was found that the application of an
oscillating magnetic field between the two original fields reduced the
efficiency of the refocussing resulting in a sudden drop in the density

of molecules reaching the detector. This occurred when the frequency

of the oscillating field was equal to that required to induce transitions

between the nuclear energy levels, i.e. when the oscillating frequency



SO e
B

corresponded to _TFQ' The first n.m.r. signals from bulk matter were
independantly observed in 1945 by Purcell, Torrey and Pound6 in paraffin
wax and by Bloch, Hansen and Packard7 in water. The n.m.r. method is
now well established and is invaluable in the study of certain nuclear
properties and in the determination of molecular structurea-iz.

In considering the theory of n.m.r. it is convenient to first
examine the properties of discrete nuclei in a magnetic field, thus
leading to the basic equation for resonance. A classical treatment
of resonance then yields the requirement for an additional rotating
field B‘. its direction of rotation being obtained from quantum mechanical
considerations. Assemblies of similar nuclei are then considered in
dealing with the nuclear energy level distribution, saturation and
relaxation effects. Finally, nuclei in various molecular environments

are considered in dealing with the chemical shift and chemical exchange

phenomena.

1.2 Nuclei in a Magnetic Field

The magnetic moment and angular momentum of those nuclei possessing

magnetic moments behave as parallel vectors (figure 1.1) related by

jl = §Ik £
where ¥ is an empirical constant, known as the magnetogyric ratio,
characteristic of each nuclear species. The maximum measurable component
of the angular momentum of a nucleus is an integral or half-integral
multiple of1i, therefore the component in any particular direction has
values between I and -1 . This quantization places the same restriction
“?)*- which thus has discrete components, corresponding to different
orientations to the applied field direction, these being defined by a set
of observable values MP/I, where m (the magnetic quantum number) varies
from I to -1. These nuclear states are normally degenerate but on
applying an external field become separated into the predicted 2I+1

levels. A nucleus,in a uniform magnetic field B in the negative Z-



The relationship between the magnetic
moment and the spin angular momentum, I,

Vectorial representation of the classical
Larmor precession,
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direction,has an energy E_ ,relative to that in zevo field ,given by

1,2

Ez. = -__/U‘zBO
where the values Of,ﬂ*z are governed by the allowed values of I as
defined above. The permitted nuclear energy levels will thus be

-mAr B
- i 0/1 or

-.B _, —E‘E—j}xﬁo, S sesaes gl%l%}LBo!,LkBo-
Consequently these nuclear levels have an energy separation of’LLBO/I.
The selection governing nuclear transitions is £§m=i113, thus transitions
between successive levels form the basis of n.m.r. experiments, and for
these to occur, the Bohr frequency condition must be observed giving the
basic n.m.r. equation

B B
‘? = '}L ° 0/2ﬂ

/lh = 1;3

1.3 Resonance Criteria

a) Classical Treatment of Nuclear Magnetic Resonance

1
Simple magnetic theory 4 shows that

E =/II X ED 134

wherq/;zvis the magnetic moment, Bo the applied field and L is the rate

of change of angular momentum with time (torque). Since

¥ - M5 15

L may be written as
T = g . ¥p = B 1,6
If the vector p (the angular momentum) is rotated with an angular velocity
&%" the rate of change of ; is
dp/dt = W x p 1,7
Thus the effect of the magnetic field B0 is equivalent to rotation with an

angular velocity

o) = KE 1,8
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The magnetic dipole will therefore precess about the direction of E;
wilh this angular velocity usually referred to as the Larmor angul ar
frequency:

§° - % 30/27{ 1,9
In order to appreciate the significance of this a new co-ordinate system
is set up such that the static magnetic field is stationary within it
i.e. it is effectively reduced to zero. This is achieved by rotating
Lthis co-ordinate frame about the E; direction with the Larmor angular
frequency. If another smaller constant magnetic field E' is introduced
perpendicular to EO (figure 1.2) but rotating about that direction such
that its angular frequency is different from that of the Larmor
precession, El will also be rotating in the rotating co-ordinate frame,
Thus it exerts a varying torque’j:_xlﬁl on the nucleus, tending to tip
the nuclear moment towards the plane perpendicular to E;. Whilst El
is moving in the rotating frame the direction of the torque will vary
rapidly, and only a slight wobbling perturbation of the steady
precessional motion will be observed. When the field E: rotates at the
Larmor frequency it will behave (in the rotating frame) as a constant
field and the torque, being always in the same direction,will cause large
oscillations in the angle between‘/I and E;. Hence, if the rate of
rotation of E1 is varied through the Larmor frequency, the oscillations
will increase and be greatest at that frequency, and will show as a
resonance phenomenon. Normally, a linearly oscillating field is
applied which c¢an be regarded as a superposi tion of two contra-rotating
fields; only that component having the correct sense synchronizing with
the precessing magnetic moment.

b) Quantum Mechanical Consideration of the Rotating Field, B,

When a nucleus of magnetic moment’}A is placed in a magnetic field

the Hamiltonian operator for the system is given by

H - —;,..‘ﬁﬂ 1,10



Thus, from equation 1,1
o -‘61{.'13'0 1,11

There are m expected values of 1 and hence of+{, thus the energy levels
are Al -‘1:\. m-ﬁ“ Tgitd
In order fo induce transitions between these energy states a
periurbation must be introduced. This may suitably be done by the
application of an oscillaling magnetic field whose direction may be
decided from the properties of spin operators and eigenfunctions
appropriate to a nucleus of spin I. A set of spin angular momentum
operalors Ix‘]y‘lz and 112 can be defined for such a nucleus.
Restricting the argument to nuclei of spin I = % for simplicity, then for
an isolated nucleus there will be two independent stales whose degeneracy
may be removed by the application of a magnetic field. The eigenfunctions
for these states are denoted by o (1=+%) and P(I:-%). and using these two
funciions as a basis all three components of 1 may be represented by
2 x 2 malrices, These are the well-known Pauli matrices1
ST BT (I IR (O e
The convention used for any operator P is that (<|plex ), (|PlB),
(BlPle) and (ﬁ|P|p) are respectively the top left, top right, bottom
left and bottom right elements in the matrix. The probability of a
tronsition occurring between the two spin states is therefore governed
by the elements (| PIB ) and (ﬁﬂ Ple ). If the oscillating magnetic
field is applied along the z-axis the relevant elements are

(o<|12|p) = 0 : (F]Iz]o() = 0 1,06 = 1,17
i.e. this arrangemeni of steady and oscillating fields cannot result
in o {ransition. However, if the oscillating field is applied along

the x- or y-axes then

(11 18) =% ; (BIT Ix) =% )
) 1,18 = 1,2
(o(lly]ﬁ) =X ; (pllylo() —-%i )

i.e. eilher of these arrangements results in a finitle probability

of o transilion ocecurring.
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The energy change when such a transition takes place is
Be - Xhs - n

and the frequency of the oscillating field is given by
Q: AE/h = KBO

/27 1,23

1.4 Nuclear Energy Level Distribution

It is necessary to consider an assembly of similar nuclei when
discussing the nuclear energy level distribution, At resonance the
probebilities of transitions occurring by absorption or emission of
energy are identical, the effect of spontaneous emission being
ncgligibleth. Nuclear resonance signals are only observed if there is
a nett change in the system, and this is governed by the distribution
of nuclei between the various energy levels. I1f two energy levels
1 and 2 are considered, containing n, and n, nuclei, the nett change
in the system is P(nI—nQ) where P is the probability of a transition
occurring. In the absence of a radio frequency field Bl' the number
of nuclei (ni) in a particular nuclear level with energy Ei at thermal

equilibrium at temperature Ti is given by the Boltzmann distribution as

. -E. ;
"i/n = exp (—Hi/kTi) :gz exp( l/kTi) 1,24
m
where n is the total number of nuclei. The probability (p ) that any
nucleus will occupy a particular level of magnetic quantum number m, is

given by

p = (1/2I+1) [_ exp ('U“'Bu/IkTi)] 2 (1/2141) [1+ '“J‘*Bo/lkTi] 1,25
Hence the distribution of nuclei favours the lower energy state and,
for o nucleus of spin I = %, the probabilities that the nucleus is in

the upper or lower energy states are

' =% (l-}"Bo/kTi) T =% (1+}‘Bo/k'r1} {126 = 1,57

upper lower
Thus the higher the applied field the greater the sensitivity of
the n.m.r. experiment due to the increase in the excess population of

nuclei in the lower energy state, Normally therefore, a nett absorption
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of energy is obtained and n,m.r, signals are observed. However,
these can weaken and eventually disappear with increasing intensity

of the radio frequency field B1 as n s the number of excess nuclei

excess

in the lower energy state (i.e. ), tends to zero due to

n - n
lower upper

the slow return from an excited state to the ground state after an

absorption of energy. This phenomenon, which has no equivalent in

17-18

optical spectroscopy is known as saturation.

1.5 Saturation

Saturation is primarily seen as a reduction in the intensity of an
absorption due to a decrease in N cess resulting in a reduced nett

absorption of energy occurring; the reduction increasing with the

amplitude of the oscillating field B Saturation also affects the

1'
spectrum by broadening the resonance lines and also by affecting some
lines more than others, For an assembly of nuclei of spin I=)%, in

the absence of the radio frequency field, the rate of change of the

excess nuclei, n, per m3 in the ground state is given by

dn/dt = "o ~ n/Tl 1,28

where n, is the value of n at thermal equilibrium and T, is a relaxation

1
time. On applying the radio frequency field the energy absorbed is
2nP where P is the probability per unit time for a transition to occur

under the influence of radiation. Hence

n

dn/dt = ("o ~ "/1,) - 2nP 1,29

The steady state value of the excess number, n_» is given by

s/n = (1 + 2.7 il 1,30
18
A value for P can be obtained from standard radiation theory , if it
is assumed that the probability of a transition in unit time between

two states having magnetic quantum numbers m and m' may be defined by

g Btzj(mlllxlm)' £ N, =) 1,31

%am'
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where B1 is the amplitude of the radio frequency field rotating in
the correct sense in a plane at right angles to the main field Bu’
and (m'l]xlm) is the appropriate matrix element of the nuclear spin
operator ]x' Since S(Qmm' -Y) is the Dirac delta function which is
zero except when anﬂ =§ it may be seen that an infinitely sharp
absorption or emission line is predicted. As this is unreal, it is

replaced by a shape function g(¥) normalized by
o

J&(3) ad

1 1,32

Using the selection rulelgam -1 it follows that

(m'l]x,m)zzk(1+m)(1—m+1) 1,33
hence
i '4‘62312'(1+m)(1-m+1)g (V) 1,34

which for I = % reduces to

P=%Y¥ % () 1,35
Therefore
“s/n = {:1 + !ﬁx 2812g (3 )Tl] = 1,36

The right hand side of equation 1,36 is usually denoted by Z and is
called the saturation factor. On applying a large amplitude radio
frequency field the excess number of nuclei in the lower energy level,
ns, will become very small and the spin system is said to be saturated.
This is greatest at the radio frequency which gives a maximum value for
the shape function g(9 ), and a further relaxation time, T2’ may be
defined such that
T, =% (V) 1,37

and thus

Z = [1 + 523'21'11*2]" 1,38

where Zn is the saturation factor for a maximum value of g (V).



.6 Relaxation Processes

The spin-lattice relaxation resulis in the restoration of the
original distribution of energy levels in a system by removing energy
from an excited spin state, so allowing a nucleus to return to a lower
energy state; the spin-spin relaxation results in phase loss.

a) Spin-lattice Relaxation

In a bulk sample molecules are undergoing random translational
and rotational motion, thus any nuclear magnetic moment which may be
present will experience a rapidly fluctuating magnetic field produced
by neighbouring magnetic moments. If the motion contains a frequency
which is synchronous with the precessional frequency of a neighbouring
nucleus then this nucleus will experience a radiofrequency field
capable of inducing a transition; preferentially a stimulated emission
of energy from the spin system rather than an absorption, thus
transferring energy to the surrounding lattice. A spin-lattice
relaxation time is associated with this process and may be defined,
in terms of the probability of a spin-lattice transition occurring,
as follows, When an assembly of nuclear spins of 1 = 3 is placed in
a steady magnetic field the initial population of the two spin states
is equal and a finite time is required for the spin populations to reach
their new equilibrium value. 1f n, and N, are the number of nuclei
per unit volume in the upper and lower states respectively, then it is
possible to evaluate the rate of change of the excess number of nuckei
per unit volume, n, as a function of time, 1f the upward and downward
transition probabilities are PI and P2 respectively (for the interaction
of a nucleus with other molecular degrees of freedom) where simple
thermodynsmics requires that

P, (upper -» lower) > P (lower—» upper),

fhen at equilibrium (in the presence of a magnetic field) the total

number of upward and downward transitions per unit time must be equal j,e.

HIP1 = n,P 1,39

2°2
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As the Boltzmann distribution of nuclei between two energy levels
1s given by
n - 2B

2/n, = trxp( ché n/k'l‘) N 1 - 2uB /T 1,40

it follows that
P1/p2 = T2/ = exp —%Bo/kT) 1,41

Provided that the interaction is small compared with the total

energy of (he system, i,e, the temperature is stationary, then PI/PO

is independant of ny and Ny3 therefore if P is the mean of P1 and P2 then
P, =P exp( "JuBo/kT) ; P, = Pexy(+-"*Bn/kT) 1,42 -1,43
Thus the rate of change of the populations is
dn __dn _ ». S
1/dt = - ~ 2/dt = n,P, - n,P, 1,44

Since an upward transition decreases and a downward transition increases

the excess number of nuclei by 2 then

dn _ 5 o
/dt = 2 (nzl2 n1P1) 1,45
expansion of the exponential in I’I and P2 by assuming tllat}JL.BO/kT«i

then gives

dn B oh -
/dt = - 2P[n - (n, +n2))uLBn/k.I‘J 1,46
If an equilibrium value of the excess number of nuclei in the lower
energy state, ncq, is defined as

2 nz)JLBo/kT 1,47

neq B (ni

it follows that equation 1,46 becomes
d = - - 1,48
n/dt 2P[n neq] ' 4
and integration of 1,48 leads (o
L 2 . " 1
n - Mg (nn neq) exp (- 2 Pt) »49
where n, is the initial value of n. The spin-lattice relaxation
L ime T‘. the characteristic half-life time for the relaxation of a
nucleus from an excited state to the ground state,may be defined by
T, = /2p 1,50

et = y - i _i- m
thus giving n - “eq = (n“ ”eq) exp ( /I,) 1,51
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showing that the rate at which the excess population reaches its
equilibrium value is governed exponentially by T?'

b) Spin-Spin Relaxation

In addition to interacting with the lattice, magnetic nuclei can
also interact among themselves, Each nuclear magnet is acted upon by
the steady magnetic field, Bo’ and also by the small local magnetic
field, Blnc' produced by the precessional motion of neighbouring

nuclear magnets, These local fields have both oscillating (Boqc)

and static components (B ), thus nucleus j producing a magnetic field
S

Lat
oscillating at its Larmor frequency may induce a transition in nucleus

k. The energy for the process comes from j and a simul taneous
re~orientation of 'flip-flop' of both nuclei results. Only identical
nuclei are capable of undergoing spin-exchange and no restoration of

the distribution of spin states following an absorption of energy is
achieved because the total spin energy remains constant throughout the
process. Due to the small variations in Bloc nuclear dipoles which are
precessing in phase at one instant of time get out of phase in a time

TQ, the spin-spin relaxation time. The foregoing description of the
n.m.r. phenomenon relating to bulk systems is dependent on a consideration
of individual nuclei, but it is also possible to approach the phenomenon

directly from a macroscopic viewpoint and so obtain a further insight

into the n,m.r. parameters,

1.7 N.M,R, in Macro Samples

I'llu(:hzo_'22 has described the bulk magnetization of a sample using

4 series of phenomenological equations. An assembly of nuclei in an
applied field have their various spin states occupied to different
extent«, thus giving the sample a magnetic suscepiibility. If Mis the
magnelic moment per unit volume of a substance placed in a magnetic
field ﬁ“. then ihis is related to the stalic HUHcvplihili{y)fn by

M= H()Xn 1,52
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When an oscillating magnetic field B, is applied in a manner suitable

—

fo chuse resonance, the total magnetisation of the sample, M, becomes
time dependent and by analogy to the equation of motion of a single
preécessing nucleus (equation 1,6)

J“M/dt = K(P_’]XE) 1,53

where B is the vector sum of B0 and EI which may be resolved into its

constituent parts along the co-ordinate axes:
B,=B, ; By=Bjcosuyt ; B,- —B,sinwt 1,54 - 1,56

whcre001 is the angular velocity of B

1"
Consider the effect on a set of equivalent nuclei, of spin 1 =%,
in a steady magnetic field 'lio in the z-direction, M has only a z
component, the individual nuclei precessing about the z-direction with
random phases, with the x and y components averaging to zero in forming
i. Similarly, if the assembly of nuclei is exposed to a rotating field
E', at fields far removed from resonance the individual nuclei are still
out of phase and M ostill only has a z-component. Thus the magnetization
vector ﬁho will still be coincident with the z-axis. As the applied
field E, approaches the value required for resonance the nuclei will
start to precess in phase giving non-zero values of Mx and My' Hence
the mrgnetization vector will move away from the z-axis, and will precess
about the new direction with the Larmor frequency as shown in figure 1,3.
In the steady state condition the components of the bulk magnetization

H“, due to the static field E;, then become

(A"s/ae)y =¥B, My (4" We)g =~ ¥8M, ; (AM2e), 0 157 - 103

and the components due to the applied field B' become

M : dM
(d "/d.t)a1 = §M.B;sinayt ; ( -”/41-)31=‘(M281cosw,t 1,60 - 1,61
: 1,62
(dmz/d.k)s, = K(-MxBa.Smw,l:-MyB,cosw.t) .
Thus combining equations 1,57 - 1,59 with equations 1,60 - 1,62 gives
the overall equations of motion for the components of the total

magnetization vector at resonance, MT' as



The magnetization vector precessing about the z-axis
with non zero values of Mx and M

M, ¢
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Transverse components of the magnetic moment referred to
fixed axes (full lines) and axes rotating with the r.f.
field (dotted lines).
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CLMx/Ou. X(MyBO+MZ_81Sl}Lw1t) 1,63
d”"/dk K(MZB1COSw1t-MXBO) 1,64
J'M'Z/dl, = X(-— ngist}\(ﬂ1t-mr81 0S5 U),E) 1,65

The effect of the relaxation processes must also be taken into account.

1]

"

Before resonance the spin system and lattice are at thermal equilibrium
and Mz is equal to the static magnetization, Mo. After resonance

has occurred the spin system and lattice are no longer at thermal
equilibrium and Mz does not remain constant, but approaches M0 at a
rale governed by the spin-lattice relaxation time T; which in the

macroscopic system is termed the longitudinal relaxation time. This

GUv'z/oU: = M"_M’-"/T1 1,66

The individual nuclei will also be in phase after resonance and Mx and

rate is

My will still have finite values. Due to the effects of spin-spin
relaxation and the resulting on-set of phase incoherence these

components will decay to zero in a time T This has been described

9°
as the transversal relaxation time because it governs the time
dependence of the transverse magnetization components Mx and My. The
rate of decay is given by

i Mx/—rl AM-%U: . M‘V/T;_ 1,67 - 1,68

Combination of equations 1,66 - 1,68 with equations 1,63 - 1,65 leads

J

to the Bloch equations for describing the actual behaviour of a

macroscopic sample during an n.m.r. experiment:

M i = X(Myﬁz + M_B,srnw,t) - Mx/-rz 1,69
&M’/d.t = ¥(My B,coswyt -M, B, ) - My/Tl 1,70

“LM'-/ddt % X(— M, B, S w,t —M,S,cosw1t)+ (Me= My-r') 1,71
The Bloch equations take a simpler form if they are referred to a set of

axes rotating with the applied radiofrequency field Bl' In this

rotating frame both B‘J and B1 are fixed and the frame rotates with a
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frequency W, passage Lhrough resonance is achieved by varying w, exact
resonance occurring when =(d°. The components of M along and
perpendicular to the direction of I31 are identified as u (in-phase
component of M) and v (out-of-phase component of M) (figure 1.4).

The relationships between the components are

My = w cos wt-v sinwt; My =-u sinwt-v coswkt 1,72 - 1,73
Substitution of 1,72 and 1,73 into the Bloch equations, noting that

K Bo 2t (an, gives

‘m/dr t+ LL/‘l“-,_ +(wg-w)v =0 1,74
d”/dk 4 V/Tz —(w.,-w)u+h/5’1|‘17_=o 1,75

dM, / M _M/ _ 1,76
z/ 4k +K= 0 T,)-XB,V =0
The solution of these equations is obtained by assuming that the
resonance signal is oberved under steady state or slow passage conditions,
when the absorption of r.f. energy is just balanced by the transfer of

energy from the nuclei to the lattice so that dM!/dt = 0, hence

uMIB T (Wew)/D v=-MXB T, /O T
M2=M0(1+T:(wo~w)")/|) 1,79
where D= 1+T;‘(wo-w)7“+ ‘(?‘B;'I]T?_ 1,80

From equation 1,78 it may be seen that when B, is about 10_7 tesla and

1

'I‘l and T2 no greater than a few seconds, the absorption or 'v-mode'
2

signal should be proportional to ¥ BT T2/(I + T22(00 -w)7). This

describes a Lorentzian line shnper’ 25

as shown in figure 1.5, At
the centre when the resonance condition is exactly fulfilled UB -w=0
and the signal height is proportional to § B1T2. In certain cases it
is preferable to use the dispersion or "u-mode' signal, and this is
shown in figure 1,06, The terms u- and v-mode are sometimes replaced

| .
by the Bloch susceptibilities )( and )(" and these are also shown in

the above figures, The aresa under an absorption curve can be obtained
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Absorption line shape (v-modeorX) for n.m.r. resonance.

———

Signal Strength
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Dispersion line shape (u-mode an ) for n.m.r. resonance.



by the integration of the v term over all values nf(uo -W. The

result is directly proportional to )(0 which from equation 1,52 is
a direct function of the number of nuclei per unit volume, Hence
the area under each resonance is a direct indication of the number

of nuclei of a particular type undergoing resonance.

1.8 Factors Affecling Line Shape

It has been shown that a nuclear magnetic absorption line can be
g ; 20, 23

approximntely represented by a Lorenztian curve . A quantum
mechanical approach to n.m.r. predicts an infintely sharp absorption
line; however, for identical nuclei, absorption occurs over a small
but finite frequency range due to several line broadening effects.
The width of a line is defined as its width at half height expressed
in terms of the spplied field or frequency. Half-height line widths

4

vary from 10-9 tesla in some liquids to 107" tesla in solids. The
various factors affecting this width will now be discussed.

a) Spin-lattice Relaxation

The lifetime of a nucleus in a given spin-state is limited by the
spin-lattice relaxation mechanism and thus there is an uncertainty in
the lifetime of that spin-state which is of the order of 2 TT‘ Since

the Uncertainty Principle requires that

OE. Dt ¥ % halt

and since
OF = h D~ 1,82

it follows that

av= hAhTh e O3= /4T, 1,85 - 1,84
Equation 1,84 gives the uncertainty or spread in frequency of a given
absorption line due to the limitation placed on a nucleus remaining in
a particular spin-state by the spin-lattice relaxation mechanism.,

For liquids having very short T, values this type of broadening is

often roughly equal to that originating from magnetic dipolar broadening.
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b) Spin-spin Relaxation

In a similar manner the spin-spin relaxation process introduces
an uncertainty into the life-time of the nuclear spin-state and so
causes uncertainty in the frequency at which resonance will occur,

leading to broadened absorption lines.,

¢) Magnetic Dipolar Broadening

The magnetic environment of a nucleus may be modified by fields
produced by the magnetic moments of fixed neighbouring nuclei. These
have both static and rotating components both of which produce line
brondening; the rotating component resulting in the spin-spin
relaxation broadening (see b) above). The static field, which

results in the magnetic dipolar broadening, is given by

Bstat - }L/-i" ( l -3c0528) 1,85

al a nucleus distance r away from the nucleus under consideration, and
lying on a line inclined at an angle B to the magnetic dipolar axis.
In the solid state adjacent nuclei maintain approximately the same
orientation with respect to each other and over the whole sample, if
amorphous, all values of O between 0 and 27 rad are allowed. Thus
the resultant local field can have any values between : gﬁﬂ/rj. The
effective field at a nucleus is therefore Boi g»""”/fr-3 and resonance will
occur over a range of frequencies and the line will be broadened. If
B is taken as the spread of the local field then the resonance

loc

equation gives the range of frquencies of Larmor precession as

AR =)*Bl"°/Ih 1,86

In a solid many nuclei will be precessing at identical frequencies,

hence this form of broadening is very efficient and line widths are

large. In liquids and geses, where the molecules are allowed rapid
random motion, the magnetic field at any one nucleus due to its

neighbours effectively averages to zero. The molecular motions

necessary to produce this averaging being of shorter time than that
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required for the observation of a nuclear resonance signal, the
effect of magnetic dipolar broadening on line widths in liquid and
gaseous samples is negligible,

d) FElectric Quadruple Effects

Nuclei having values of 1Y% may possess non spherically
symmetrical nuclear charge distributions resulting in their having a
quadrupole moment, Q. Such a nucleus, in an excited spin-state, may,
by interaction of its quadrupole moment with the unsymmetrical local
electric fields, transfer its spin energy to the lattice; this spin-
lattice relaxaltion may have a lifetime of as little as 10_43 associated
with it, resulting in very broad lines. The main effect in liquids
and geses is to place an uncertainty on the energy levels and thus
increase Lhe line width,

e) _Transient Effects

The steady state solution of the Bloch equations (section 1.7)
assumes that equilibrium has been attained between the r.f. field and
the nuclear magnetization. In practice the time taken to reach
equilibrium is appreciable and thus a restriction is placed upon the
rate at which resonance is traversed. The static nuclear magnetization
at thermal equilibrium is M0 which is reduced to ZOMn in the steady
state, where Zn is the saturation factor. Thus if the resonance line
is entered too rapidly the signal will be strong at first and then
become weaker as the magnetization is reduced from Mo to ZOMO, leading
fo distortion of the line shape.

Saturation will also affect the line shape of a resonance signal
(section 1.5). It has been shown that the approach to equilibrium of
a4 spin system is governed by the characteristic time T, (section 1.6a)).
llowever, when the irradiating frequency is appreciable this must be
modified Lo T120 meaning that equilibrium is attained more rapidly

and is accompanied by broadening of the line.
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1.9 The Chemical Shift

Any isotopic nucleus has a number of resonant frequencies depending
upon its chemical environment and differences between any two of these
result in a chemical shift; this phenomenon being a general one for all

nuclei. It was first observed for metals and metal salts by Knight24,

25

and later by Proctor and Yu = for 14N compounds and by Dickinson26

for lgF. Whenever two or more nuclei of the same isotopic species
have a different environment, a separate resonance is observed for
each group, with an intensity proportional to the number of nuclei in
that group. This chemical shift is directly proportional to the
applied field strength and arises from small intramolecular and
intermolecular contributions to the actual field experienced by a
particular nucleus, These contributions have their origin in the
various circulations of electrons in the molecule, together with

effects associated either with individual atoms or with the medium

as a whole, These effects may be represented by the expression
B——-Bo(l—o") 1,47

where Bo is the applied field, B the actual field experienced by a

nucleus and O~ the shielding constant for the nucleus in its

particular environment. If two nuclei of the same isotopic species,

in environments i and j, have shielding constants O“} and (7} at the

same value of Bn, then the chemical shift of nucleus i relative to

nucleus j is given by

53 = BL—BJ/BO - oj __o,'_' 1,88

Since it is not possible to measure the resonance position of a given
nucleus stripped of all its electrons, (whiéh it would be necessary

to do if one required an absolute reference position) absolute chemical
shifts cannot be determined. Thus all chemical shifts are measured
relative to a reference compound, which for protons is usually
tetramethylsilane, and are then conveniently defined as the

dimensionless quantity 8 :
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= (8"8'-/30) X IO&PP"\ 1,89

where B is the resonance field of the nuclei under observation and
Br is that for the reference compound. Since it is experimentally
easier to determine the difference in frequency of the two signals
at resonance, rather than the magnetic field strengths required,15

is generally redefined in terms of frequency as

6 = (.0 _.D%Sc.i“a.tl:r '{:rQ%er\Lj) X '06 PP 1,90

where D nndbr are the frequencies corresponding to B and Br in
equation 1,89. Because the majority of the work reported in this
thesis depends upon the measurement of chemical shifts a detailed and
critical discussion of the various screening terms which contribute

to the chemical shift is given in chaper 5. Both internal referencing
(reference and unknown in same tube) and external referencing
(reference in a separate capillary placed in the main tube) are

possible and these methods are discussed in chapter 4.

1.10 Spin-spin Coupling

Examination of spectra under high resolution often reveals that
the chemically shifted bands are themselves composed of several peaks.

27

This added multiplicity was first noticed by Proctor and Yu for the

T215b resonance in NaSbF6 which was composed of seven equally spaced
lines. To discuss spin-spin coupling fully it is necessary to
consider all possible magnetic iﬁkrnctions%g' There are a number of
these which result in the observed multiplicity, but not all of these
are equally important. The interactions may be grouped as follows.
Firstly there are various electron interactions namely electron
orbital-orbital, orbital-spin, spin-spin and spin-external field.
Secondly there is the nucleus-electron-electron-nucleus interaction

and finally there is an intermolecular dipole-dipole interaction which

gives rise to the broad lines observed in solids (section 1.8¢c)),
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and averages to zero when all possible molecular orientations are
equally probable, It therefore follows that all these factors affect
the number of lines, line separations and coupling constants when
spin-spin coupling occurs between non-equivalent nuclei. The
detailed theory can clearly become extremely complex and it is
convenient to make the point here that two types of spin-spin coupled
spectra exist, namely first and second order, The former is the
simplest and results in couplings which have regular line spacings
and intensities, and only this type will be considered here.

Defining an absorption band as the signal arising from one set
of identical nuclei, the number of peaks, as constituent lines of such
a band arising from coupling, may be predicted. The number of lines
in the spectrum for nucleus A in a molecule AXn, where A and X are
non-equivalent, is given by 2n]x + 1 where Ix is the spin quantum
number of X, and the relative intensities are given by the n th

binomial coefficients, i.e.

.n n(n-1), n(n -1 _n-2), ..... n(n-1) .... (n-r + 1) .
2! 3! rl

where n is the number of magnetically equivalent nuclei, and similarly
for X. The multiple lines are equally spaced and the magnitude of the
splitting, known as the'coupling or spin-spin interaction constant',
is denoted by J,, and quoted in Hz (and is independant of field
strengtﬁg)- Considering a nucleus of spin I =%, the possible spin
states are those with m equal to : k. Labelling the state m =+%

as o and the state m = -% as ﬁ , a group containing three nuclei

(e.g. CHB-) has the following proton spin configurations :

* < B X BB
X o¢ o¢ x B oc P < B BBP
B X< ﬁﬁloc

1 L
Total spin + 92 +2 - 2 — ]
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Because of the various effects discussed previously an adjacent
nucleus sees four energy states of the group considered above and
hence four values of the local field corresponding to the four values
of the local field corresponding to the four values of total spin.
The two states of total spin ik are each three times as numerous as
those with total spin -2, hence a quartet is observed with relative
line intensities 1:3:3:1. Spin-spin coupling is a mutual effect,
such that any nucleus which causes splitting of another resonance must
itself show splitting of a similar magnitude, the number of lines into
which it is itself split being governed by the number of nuclei in

the group to which it is coupled. Spectra may be classified using
the symbols A, B, C ... X, Y, Z to characterize individual nuclei
within a nuclear spin system, The letters A, B, C represent
magnetically non-equivalent nuclei of the same species having small
relative chemical shifts of the same order of magnitude as the coupling
constant between them. X, Y and Z are used to represent a similar
set of nuclei, nol necessarily of the same species as the first set,
but having a large chemical shift from the first set. The symbols

A and A' are used to denote nuclei which are chemically but not
magnetically equivalent (i.e. they have the same chemical shift but

do not couple equally to all other resonant nuclei in the molecule).

1,11 Cpemical Exchange Phenomena

Since the spin-lattice relaxation time T1 must be longer than
0.1s to obtain a high resolution n.m.r, spectrum, this very long time
scnle inherent in the method allows many phenomena occurring in
shorter times to affect the resonance signal, Defining Tfﬂ and T o
as the first order lifetimes of a magnetic nucleus X in two molecular
environments A and B the probability of X in A moving to B is I/TIA
and vice versa; and W, - @_ is the chemical shift difference of X in

A B

; =1 S ;
the two environments, measured in rad § . When no exchange is taking
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place T =T

A S =00 . and two distinct signals will be observed with

B
a chemical shift andA -(JB. Provided that the chemical shift
difference between the sites is sufficiently large, two distinct
signals will also be seen when the rate of exchange is reasonably
slow (ti\>> (wA -wB)_14<TB) and the separation will still be

~w

o ldB, but both lines will be broadened due to the exchange.

=
As the rate of exchange increases these lines eventually coalesce and
a new single resonance position is obtsined at some intermediate

frequency, W:

w = H(A}R +P6w3 1,91
where
Tn/ _C'g
Fa = Ta+ Ty 3 PB: /%h+1® 1,92 - 1,93
i.e. p, and Pp are the fractions of the population of X in environments
A and B respectively. Thus the position of the line depends upon the

population of the two sites.

1.12 Investigations to be Carried Out in This Thesis

Many phenomena in solution can be studied by making use of the
chemical exchange effect; one that has received considerable attention
recently is dipole-induced dipole interaction530~32. Investigations
of this type form the basis of that part of the work described in this
thesis which is directed towards studying molecular interactions in
solution. As a result of n.m.r. studies, two parameters appertaining
to the interaction are obtained, namely the equilibrium quotient (X)
and the excess shielding ([)c) for the solute in the complex compared
with free solute. Therefore, if dipole-induced dipole complexes
formed between polar solutes (and nonpolar solutes with strongly
polar bonds) and aromatic solvents are considered these can be

investignted by studying the dependance of the observed solute time-

average chemical shift on sample €omposition. There are a number of
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methods of obtaining K and C]c from the experimental measurements and
these have not previously been examined critically in any detail.

In order to carry out such an examination several problems must be
resolved, the most important of which are a) which is the most
thermodynamically valid concentration range and scale to use, b) which
solvents are inert (the above investigations being generally carried
out in an inert solvent) and hence which is the best solvent and
reference to use, c) what is the effect of the various medium
screenings on the results obtained and which of these will have to be
considered in any new experimental procedure and d) what is the effect
of aromatic substituents on the type of interaction obtained, it being

31,33

known that a methyl group does not alter the type of complex formed



CHAPTER 2

Experimental Methods for the Observation of High Resolution
Nuclear Magnetic Resonance

2.1 Introduction

In order to observe a n.m.r. signal from any nucleus the

fundamental equation

§o= —_O‘*—KB (I—El 2,1
L .
must be obeyed. It is evident that it is possible to bring any
particular nucleus into resonance either by varying the applied field
B0 or the radiofrequency field 'Qo, the other remaining constant. The
stationary magnetic field required to observe nuclear magnetic resonance
may be derived from either a permanent or an electromagnet operating at
field strengths of 1 - 2.5 tesla; superconducting magnets are also
available with fields up to 5 tesla. The rotating field is generally
derived by passing a signal, from a r.f. oscillator, through a coil
around the sample situated in a stationary field. Because of the
shielding of nuclei, equation 2,1 requires that either the field or the
frequency must be swept over a small range in order to detect the
spectrum for a given nucleus. Two principle means of detecting the
n.m.r. signal are available using either a single coil, due to Bloch,

Hansen and Pnckard‘. or two crossed coils, due to Purcell, Tarey and

O
Pound .

2.2 Requirements of a N,M,R, Spectrometer

The basic requirements of a n.m.r, spectrometer capable of
producing permanent high resolution spectra are
@) o mongnet with a very homogeneous and stable field (in the range
1 - 2.5 tesla),
b) a probe (or sample holder containing the radiofrequency coil or
coils,
¢) @ sweep unit to linearly vary the main magnetic field over a small

range (alternatively it may be kept fixed),
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d) o r.f. source (oscillator) of high stability (1 part in 109)
operating at a fixed frequency in the range 4 - 100 MHz (or varying
over a small range of a few kHz),
e) a r.f. receiver and amplifier,
f) an oscilloscope and/or pen recorder for permanent presentation
of the spectrum,
The requirements for these individual components will now be discussed
in detail by considering the Perkin-Elmer R10 Spectrometer, the
commercial spectrometer used in the present work; the basic arrangement

of which is shown in figure 2.1,

2.3 The Magnet Assembly

The Perkin-Elmer R10 Spectrometer employs a 1.4092 tesla permanent
magnet, with pole faces of 250 mm diameter and a separation of 25 mm
which necessitates a radiofrequency detection system operating at
approximately 60MHz, At low frequencies such as this the permanent
magnet, at the time of the design of the instrument, had the advantages
of easier operation and greater retention of resolution when compared
with an electro-magnet; but it suffers from the disadvantages of only
operating at one field strength and thus needing a separate r.f.
oscillator tuned to the appropriate frequency for each nuclear type
studied. In order to provide the continuously varying field Bo in
the field sweep mode of operation,sweep coils are wound on the pole
pieces and a direct current saw-tooth wave form applied to these,

This voltage, which may be derived either from the time base for the
oscilloscope or alternatively from a high grade computer potentiometer
synchronized with the rotation of the recorder drum, goes via a cathode
follower to the sweep coils. The spectrometer employs a twin-T bridge
signal detection system housed in a mu metal box placed directly on

the probe unit, which is held between the magnet pole pieces by an

aluminium bar. The sample coil is wound on a hollow glass former in
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which the sample is spun by means of an air turbine.

2.4 Optimisation of Magnet Performance

The previously mentioned magnet dimensions are necessary in order
to obtain an ultimate field homogeneity of about 3 parts in 109 over a

8 3

volume of 10 m” and also to accommodate the r.f. probe, The ratio
of pole face diameter to separation must be of the order of 10 : 1

to ensure that the central portion of the field has a 'flat' contour
and does not suffer from 'edge' effects (i.e. bending of the lines

of magnetic flux near the edge of the pole pieces). The pole faces
must be parallel, free from machining marks and almost optically
flat54; and the pole cap material must be metallurgically uniform.
Homogeneity is improved from an intrinsic value of 1 part in 106 by
eliminating field gradients in the region of the sample by adjusting
the d.c. voltages in nine sets of Golay field coils arranged in pairs
on the pole faces; shimming currents being quickly generated which
produce opposing field gradients in specified directions. A further,
apparent, improvement in homogeneity of the magnetic field is achieved
by spinning the sample about an axis perpendicular to the applied
field direction. This arises because if the field variation over the
sample is g A‘Bo and a nucleus within the sample experiences the whole
of the variation in time t then the faster the sample spins the more
closely does each magnetic nucleus behave as if it 'sees' the average
field, B ; this effect becomes significant when t 2“/5& B, -

The magnetic field is further stabilized by enclosing it is an
aluminium box, lined with expanded polystyrene, containing temperature
sensing devices and heating elements. These enable the magnet
temperature to be thermostatted to 306.56!(i 0.001K, thus reducing the
problem of field drift to a minimum. There remains a persistent field
drift due to magnel ageing but since this is very small and varies

linearly with time it is not corrected for in the R10 spectrometer.
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llowever, the larger variations in the external magnetic field are
corrected for by means of a field compensator in which coils placed
on or near the magnetic pole pieces sense any variation in the
magnetic field and apply a correcting current through further coils

wound on the pole pieces.

2.5 The Radiofrequency Oscillator

As this makes use of a novel system of operation it will be
discussed in some detail. The radiofrequency signal for proton
resonance studies is derived from a thermostatted quartz crystal-
controlled oscillator operating at 5.000MHz with a high harmonic
content . It is necessary both to thermostat the crystal and also to
have a final automatic gain control in the circuit because the r.f.
power fed to the probe must be both frequency stable (to 1 part in
108 or IOq per minute) and also at a constant level. The second
harmonic (15MHz) is selected and further multiplied to 60.000 Miz.

In order to obtain the very stable base line necessary for slow sweep
rates the R10 spectrometer uses a single side-band (S.S.B.) mode of
operation. A separate crystal-controlled oscillator (of 2kHz, which
is multiplied to 4kHz in the phase sensitive detector) provides a
signal which is used to amplitude modulate the main 60.000 Miz signal.
Thus three signals are obtained, 59.996 MHz, the carrier at 60,000 MHz
and 60,004 MHz; the lower side-band and the carrier frequencies are
then rejected in the following manner, The single side-band unit
consists of two suppressed carrier modulators, each of which is fed
with the 60,000 Mz r.f. signal and with a 4kliz signal, the two 4kliz
signals being %% rad out of phase with each other. In each unit the
60.000 MHz signal is split and fed via contraconducting diodes onto the
primary winding of a transformer, the 4kHz signal being fed to the
centre tap. The diodes are arranged so that they are alternatively

conducting and cut-off by each half cycle of the 4klz signal, thus
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the carrier signal is always averaged to zero whilst both upper and
lower side-bands remain. The lower side-band is suppressed as
follows; the two 4kHz signals to the suppressed carrier modulators
are %%-rad out of phase with each other and by de-tuning the

transformer primaries in the two halves of the circuit further ¥

2

F A
rad phase shifts are obtained relative to each other. Thus when the
outputs of the two channels are recombined the components of the lower
side-band subtract and those of the upper side-band add together thus
leaving only the upper side-band signal, This signal is then fed,

after further amplification and automatic gain control to the input

of a twin-T bridge.

2,6 The Probe and Detector System

The probe assembly consists of the air turbine for sample spinning,
the receiver coil, the linear sweep coils and the pre-amplifier. The
critical part is the probe itself which is made from a non-magnetic
material such as aluminium and must be very accurately located to ensure
that the receiver coil is in the most homogeneous part of the main
magnetic field. The r.f., coil is wound on a vertical glass former and
congists of a few turns of copper wire. Purcell, Torrey and Pound6
in their first n.m.r. experiment used a single coil method of

18’35. A bridge circuit

detection in conjunction with a bridge circuit
is versatile and may be used in two ways: i) the very large
transmitter signal may be balanced out and then the small absorption
or dispersion signal appears as an out-of-balance e.m.f. across the
bridge or ii) the bridge may be partially off-balanced so that some
of the transmitter signal is leaked through in phase with the
absorption mode signal so as to swamp the dispersion mode signal
(figure 2.2). 1In high resolution work the twin-T bridge has been

found to be particularly satisfactory36 since, because of audio

frequency modulation and phase sensitive detection, this enables the
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bridge to be completely balanced; any signal resulting in off
balance of the bridge being detected in the a.f. circuit. A circuit
of this type is used in the R10 spectrometer. The bridge circuit
consists of two almost identical tuned LC circuits in parallel,
connected to the same r.f. oscillator, one circuit containing the
sample coil and the other a dummy coil (figure 2.3). An extra
electrical half wave-length of cable is inserted in one circuit and
the outputs are connected at point D and fed to a receiver circuit's' 37.
This half wave-length of cable reverses the phase of the sample output
with respect to the dummy output at point D, hence the voltages are
subtracted. For a balanced circuit the only voltage which reaches the
receiver would be that induced by the magnetic nuclei. This output
is then fed (at 60.004 MHz) into a r.f. amplifier where it is amplified
and combined with the carrier frequency (60.000MHz), thus giving a
resultant 4kHz signal, the phase and ampl i tude of which contain complete
information about both the absorption and dispersion components of the
n.m.r. signal,. This signal is then fed to an audio phase sensitive
detector which is also supplied with a 4kHz reference signal (derived
from that supplying the S.S,B. unit) whose phase may be varied by a
phase rocking network to give a d.c. output of either the absorption

or dispersion signal mode.

2.7 Spectral Presentation

The d.c. output from the phase sensitive detector is then fed to
an oscilloscope or a pen recorder. The phase detector gives a very
stable base-line because, until a nuclear signal is encountered, the
steady d.c. signal is reduced to zero by means of a y-axis back-off
system, The chart recorder is arranged such that its x-axis corresponds
to the field sweep of the spectrometer. For the oscilloscope the field
sweep is derived from the x-axis of the oscilloscope and for either

recording mode the detector output is connected to the y-axis which
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thus monitors the intengity of the n.m.r. signal. By passing the
signal through a circuit containing a d.c. amplifier connected across

a condenser, an integral of the absorption spectrum may be obtained.

2,8 Calibration of Spectra

The spectrometer uses pre-calibrated chart paper, but for the work
described herein much more accuracy is required and it is necessary to
use an audio side-band technique for measuring line frequencies. In
the R10 the r.f. is modulated by a known frequency to give an inverted
representation of the portion of the spectrum under observation displaced
to either side of the original by the modulation frequency. Internal
or external references may be used, and in either case by using a remote
single sharp line from the reference and suitably varying the modulation
frequency, a series of inverted sharp lines of accurately known
frequency may be drawn around the portion of the spectrum of interest.
The exact position of all lines relative to this reference may then be
obtained by interpolation. The advantage of this method is that all
changes in field drift are accounted for and it is not necessary to rely
on the accuracy of the pre-calibrated charts, The frequencies used,
derived from a Muirhead-Wigan D890-A oscillator, were checked to an

accuracy of Y o0.01 Hz using a Venner 3336 counter.

2,9 The Variable Temperature Probe

The normal probe described above operates at the temperature of the magnet
enclosure and elaborate precautions are taken to ensure that as little
thermal disturbance as possible occurs in the region of the probe
assembly, There are, however, many applications of variable temperature
studies, and in particular such studies have been made in this thesis

in order to obtain thermodynamic parameters of complex formation. This
has required the use of the variable temperature probe, the particular
model available with the R10 allowing any temperature from 173K to 473K

to be readily obtained and autamatically maintained; temperatures 40K
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below the lower limit being obtained by careful manual control. The
probe contains a small dewar flask which is positioned in the magnet gap
and replaces the standard assembly, effectively insulating the magnet
from the environment of the sample tube, This, in turn, is surrounded by
a water jacket maintained at 306,6K which completes the thermal isolation
of the magnet from the sample. To raise the temperature of the sample,
air is drawn in through a large electrically heated copper block and
passed to the probe, this minimizes any temperature gradients in the
air stream, To reach temperatures below that of the magnet a supply
of liquid nitrogen droplets and gas, boiled from the liquid, is mixed
with dry air and the mixture heated, as above, to obtain the desired
temperature, Within 5 mm of the r.f. coil is a platinum resistance
thermometer which monitors the sample temperature in order than automatic
correction, to the pre-set temperature, can be made. Very steady
temperatures can be achieved repetitively with this device and this
feature makes it particularly useful in the determination of thermodynamic
data, In order Lo determine the temperature to