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ABSTRACT:
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induced NMR chemical shifts".
A Thesis Presented For The Degree Of Doctor Of Philosophy
By
HAFID KADIM AL-DAFFAEE

1983

Recently Homer and Percival have postulated that intermolecular
van der Waals dispersion forces can be characterized by three
mechanisms. The first arises via the mean square reaction field due to
the transient dipole of a particular solute molecule that is considered
situated in a cavity surrounded by solvent molecules; this was
characterized by an extended Onsager approach. The second stems from
the extra cavity mean square reaction field of the near neighbour
solvent molecules. The third originates from square electric fields
due to a newly characterized effect in which peripheral solute atoms
are "buffeted" by the peripheral atoms of adjacent solvent molecules.

Extensive justification for the use of these terms in total has
been provided elsewhere for simple isotropic molecular systems. The
present work shows that the overall treatment is similarly successful
when applied to the proton chemical shifts of more complex molecules,
and it is suggested and demonstrated that the buffeting shifts may
prove useful in elucidating features of molecular structure. More
importantly the present work provides strong experimental evidence for
the separate existfnce of the three individual contributions to
dispersion forces.

In the course of this work a novel method of measuring volume
magnetic susceptibility is proposed and evaluated. Additionally, the
theoretical and practical implications of errors that may arise when
measuring chemical shifts with Foriour Transform NMR Spectrometers that
are field/frequency locked to signals arising from materials in various
physical environments are evaluated.

Nuclear Magnetic Resonance.

Reaction Field/Continuum Model.

Solvent Induced Chemical Shifts.

NMR Lock Effects On oy

NMR Method For Determining Volume Magnetic Susceptibility.
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CHAPTER ONE

1.1

SOME THEORETICAL CONSIDERATIONS

OF NUCLEAR MAGNETIC RESONANCE

INTRODUCTION:

In 1924, Pauli(” suggested that certain muclei possess
spin angular momentum and a related magnetic moment. He
proposed that such nuclei interact with the atomic orbital
electrons and modify certain properties of the latter. He was
led to this suggestion by the occurrence of hyperfine structure
in the electronic spectra of certain atoms observed when using
optical spectrographs with very high resolving power(z). Stern
and Gerlach(3’4) subsequently showed that the measurable values
of a nuclear magnetic moment are discrete in nature. When a
nucleus is placed in an unhomogeneous magnetic field, the
allowed values of the magnetic moment correspond to space

quantisation of the nucleus. 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 developed by using two, oppositely inclined,
magnetic fields of similar gradients. The atomic beam was
diffused by the first magnetic field, and focused by the second
one onto a detector. The introduction of a radiofrequency
signal between the two original fields, such that the
oscillating magnetic component of the r.f signal was
perpendicular to the main field, showed that the density of the
atoms reaching the detector was reduced when the energy of the
radiofrequency signal was equal to the energy required to
induce transitions between the nuclear energy levels
corresponding to quantisation of the nuclear magnetic

moments(s).

In 1946, the first nuclear magnetic resonance (NMR)
signals from bulk matter were observed independently by two
teams led by Bloch(T) and Purcell(s); they used samples of
water and parafine wax respectively. In 1949, it was found
that the energy of the nuclear levels are dependent on the
compound in which the nucleus is found and on its position on
that compound(9). The determination of nuclear properties and
molecular structure is thus possible from a knowledge of
precise resonance frequencies(9!1o'11). For convenience the
following discussion of the basic theory of nuclear magnetic
resonance spectroscopy consider first on isolated nucleus in a

magnetic field, the resonance conditions of this, and then



other factors relevant to resonance in bulk samples.

MAGNETIC AND RELATED PROPERTIES OF NUCLEI:

Nuclei of certain isotopes may be considered to behave as
spinning spherical, or ellipsoidal, bodies possessing uniform
charge distribution around at least one axis. Such a
positively charged spinning nucleus produces a magnetic field
with axis coincident with the axis of spin. The angular
momentum and the magnetic moment behave as parallel vectors
related by:

—

(SR R e S S S CE R SR SRR B WS B

where P is a characteristic constant of each nuclear species
called the magnetogyric ratio or magnetogyric constant, pu is
the magnetic moment of the nucleus, I is the nuclear spin
quantum number and H is the reduced plank's constant
( h/2n ). Nuclear angular momentuﬁ is quantised and in
magnetic fields the maximum measurable component of angular
momentum (actually m h ) in the field direction is

always an integral or half integral multiple of & .

There are 2 I + 1 such values given by [+ I, (+ I - 1),
sy, Oyvie [k i d), » T] B .. ITE.T = O thap M =-o and no
magnetic characteristics are observed, but if I is non-zero,
phas a finite value. It is obvious from equation (1.1) that the

quantisation of the nuclear angular momentum parallels the



1.3

quantisation of the magnetic moment 4 , which therefore
possesses only discrete components corresponding to different
orientations with respect to the reference axis of an applied

magnetic field.

Therefore, when placed in a magnetic field a nucleus of
spin I has available to it 2 I + 1 energy states. NMR
spectrosiopy is concerned with observing nuclear transitions

between the permitted energy states.

NUCLEI IN A MAGNETIC FIELD:

The different values of the components of the angular
momentum are degenerate in the absence of a magnetic field.
However, the application of an external magnetic field, B,
causes the degeneracy to be lifted. The resulting energy
levels correspond to different nuclear spin orientations
relative to the reference (2) direction of the applied static

field. The energy of the nucleus is given classically by:

E=EO-EZ L I I I T R R R I A I IO I O R B (1.2)

where Ej is the energy of the nucleus in the absence of a
magnetic field, and E, = - 4, Bo. Therefore the change in

energy when the external field is applied is given by:



When the magnetic moment, u , is inclined at an angled
to the static field direction (Fig 1.1), it is evident

that cos @ can be defined in terms of m, the magnetic quantum

numbers, by m/I where m adopts the values I, I =1 .cevee = I.
Consequently:
Ez=— Ju __?_Bo R R e se s s s s s s s e (1.4)

Therefore, the energies of the allowed levels, characterised by

the associated values of m, are:

- PBO! -(I-I-1) #Bo, se ey (I-1) PBO,PBO

The transition selection rule is that transitions are permitted

only between adjacent levels i.e. A m = 1_1(12).

It follows that energy difference between two adjacent levels

0

is given by:

E= #Bo ® 8 8 & 88 E e @ 8 8 B F 8 8BRS (1-5)

Using the Bohr frequency condition A E = hv , equation (1.5)

may be rewritten as:

v = ’1‘ BO " @........ ------ LR R N O BB B B (1-6)
Ih 27



Figure 1.1 The relationship between the magnetic momentu
and the spin angular momentum | . '

Figure 1.2 Victorial representation of the classical
Larmor precession.



which characterises the frequency in the electromagnetic

spectum at which nuclear transitions may be detected.

To appreciate the physical basis of equation (1.5), it is
convenient to consider the case of the simplest nucleus, that
of hydrogen. This consists of one proton, for which I = 1/2
and only two energy levels are permitted: these correspond to
m=+1/2and m = - 1/2. The situation for the proton can be

represented by:

~ ; -1/2 + M Bo
’)
Fa
P
/
: E=2 MBo
~
‘\
)
i * 1)2 - u Bo
No External Field External Field m E

Applied = Bo

Because a particular nuclear species has constant values of

M4 and I, v depends directly on Bo, so the magnetic
resonance spectrum can occur under a variety of conditions. For
example, for proton three typical conditions where resonance

occurs are:-

Bo = 1.4092 Tesla; VUV = 60.004 MHz
Bo = 2.033%29 Tesla; V = 89.56 MHz
Bo = 2.3490 Tesla; VvV = 100.00 MHz



THE CONDITIONS AND CLASSICAL DESCRIBTION OF

NUCLEAR MAGNETIC RESONANCE:

An understanding of the mechanism of NMR can be approached
by a classical treatment of the nuclear dipole. If a spinning
charged particle, the nucleus, is placed in a magnetic field,
Bo, with its magnetic moment making an angle 6 to the
direction of this field, it will experience a torque L to
constrain it parallel to the field, (?ig 1.2). Newton's Law of
motion states that the rate of change of angular momentum p

with the time is equal to the torque or

S EE A e e T O I T G U

But according to magnetic theory:

_— —

L= r“ Bo L L B BN B B B B BN B B N B B BB B LR B B B B I B R B B B B BN B D) (1.8)
So

di-p v

— = MBo = ¥ ip BO" son eve s Seakcannmeese LIsD)

d ¢t

This equation describes the precession of the nuclear magnet
around Bo with an angular velocity “@o. The angular velocity

may be defined by:

p wo 8 28 488 A e @ 8 5 8 S 80N (1.10)

(=7
g

[= 7
ot



Therefore

Equation (1.11) is called the Larmor equation. It can be

written in terms of frequency precession o by:

PBO R R T I I O I I I A B I O I B (1012)

2n

Yo

If a low intensity magnetic field B4 is applied that
rotates in a plane at right angles to the main static field Bo,
it is necessary, in order to exert the most torque on 4 and
change its orientation and thus the energy of the nucleus (Fig
1.2), for 31 to rotate in synchronisation with the precession
of u about Bo, i.e, the rotation of By must be in reéonance

with the Larmor precession about Bo.

The rotating By for nucleus resonance can be obtained by
applying an ac signal to a coil surrounding the sample. This
produces a linearly oscillating field, and such a field can be
regarded as a superimposition of two fields rotating in
opposite directions. One field component will be rotating in
the opposite direction of the nucleus and will have little
effect on it, while the other component is in phase with and
can perturb the precessional motion and thus induce energy
changes when its frequency is equivalent to the Larmor

frequency.



1.5

THE DISTRIBUTION OF NUCLEI BETWEEN ALLOWED ENERGY LEVELS:

This section considers the populations of the wvarious
accessible energy levels and the probabilities of transitions

between them.

When a system of identical nuclei is at resonance, the
probabilities P of transition occurring by absorption or
stimulated emission of energy are equal; the effect of
spontaneous emission of energy being negligable(13), i.e, there

is an equal probability that A m will be +1.

Normally there is a Boltzman distribution of nuclei
between the various allowed energetically different nuclear
levels. The probability of a given nucleus occupying a
particular level, characterised by a magnetic quantum number m,

is given by:

1 m u Bo
e ——————————— exp.———-—- ® 8 8 8 8 S8R EE SN L I (1.13)
o ik T

which approximates to:-

1 m u Bo
i L [1 __._] o o e e
Tk’

Where k is Boltzman constant, and T is the temperature.

10



For a nucleus of spin I = 1/2, the occupations of the
upper or lower energy states respectively are governed at

thermal equilibrium by:

M Bo
1/2 1 -
kT
a_n_d I I R R I R A I Y (1.15)
# Bo
12 |1+
kT

There is, thus a distribution of nuclei favouring the
lower energy state. The above equations also show that the
normal excess of nuclei in the lower energy state enables NMR
to be observed by the nett absorption of energy by the nuclear

gystem.

If only two energy levels are considered, and Ny and N,
are the numbers of nuclei in the low and high energy levels
respectively, the nett change in the system at resonance is

given by:
P (Ny - Ny) = P, (excess) ....... RS T L (1.16)
Where P is the probability of a transition occurring, and

n excess is the excess of nuclei in the lower relative to the

higher state.

11



1.6

The above equations also, show that the absorption signal
intensity increases with Bo. This should therefore be as high
as possible; because the higher the field, the greater the
sensitivity due to the increase in the excess population of

nuclei in the lower energy state.

Nuclear magnetic resonance spectroscopy differs from
optical spectroscopy(14’15) in the rate of return of an
energetically perturbed system to equilibrium. In the case of
optical spectroscopy, after the absorption of energy, a very
rapid recovery to equilibrium from an excited state to the
ground state after occurs. However, in nuclear magnetic
resonance the recovery is relatively slow and signals can be
weakened and eventually disappear with increasing intensity of
radio-frequency field By because the number of excess nuclei in
the lower energy state tends to zero. This phenomena is known

as saturation.

SATURATION EFFECTS:

As absorption of energy from the radiofrequency field B,
reduces the excess population in the lower energy state with
respect to the upper energy state. This results in a reduction
in the nett number of nuclei that can absorb energy from the
radiofrequency field By. This effect will increase as the

amplitude of the oscillating field is increased.

Saturation is reflected primarly in a reduction in signal

12
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intensity. Moreover it distorts the signal shape causing a
broadening of the signal. If the spectrum includes several
lines, the effect of saturation need not be the same for each
absorption. This is because the absorptions may have different

relaxation times Ty and T, (see 1.7.1 and 1.7.2).

RELAXATION PROCESSES:

If the effects of saturation were not reversible, it would

not be possible to reproduce the spectrum of a given sample.

However, a natural process known as relaxation removes the
excess energy from a saturated system and allows it to
reachieve the equilibrium Boltzman distribution of nuclei

between the permitted levels.

There are two principle kinds of relaxation processes,
namely the spin-lattice and spin-spin relaxation of these only
the spin-lattice relaxation mechanism influences the nett

population of energy levels.

Spin-Lattice Relaxation:

The term lattice refers to the molecular system as a whole
which contains the nuclei being studied. All these molecules
or their constituent particles in the lattice may have

permanent or induced magnetic properties, and as they are

undergoing transitional, rotational, and vibrational motions, a

13



variety of time dependent magnetic fields are present in the
lattice. When the resultant lattice field has a component at
the resonance frequency which is sychronous with the
precessional frequency of a given nucleus, this field will
preferentially induce either stimulated emission or absorption
transitions. However the probability of emission is greater
than that of absorption, and the overall energy will be

transfered from the spin system to the surrounding lattice.

This is the mechanism of spin-lattice, or longitudinal,
relaxation and is responsible for the achievement of the
Boltzman population distribution of nuclear spin states when
the molecule is initially placed in a magnetic field. The rate
at which a system returns to equilibrium after being perturbed
is characterized by the spin-lattice relaxation time and this

is usually denoted by Ty.

The relation between the upward and the downward
transition relaxation probabilities Py and P, follows from

simple thermodynamics:

P, (upper to lower) > Py (lower to upper). If a system is
considered in which there are Ny and N, nuclei in the lower and

upper states respectively, then at equilibrium:

N1 P1 =N2 P2 TR R R P R R R I R R A A B ) (1-17)

The excess number of nuclei in the lower level is:



N excess = Ny = Np cevevcencsnccnnsensascncensanes (1.18)

The normal Boltzman distribution for two energy states is
given by416)
N

— = exp. (2 p Bo/KT) ceccccscccscsnccsancncccese (1.19)
N2

=1 #12 B Bo/BT sssesiessevis g S Rl L B e o
and therefore:

Ea
o =1 +2 # BO/kT P R I I I I I I R I R ) (1.21)
Py

Hence, the rate of change of tke number of excess nuclei,

is given by:

d N excess

=2N2 P2*2N1 P2 CRERC R B R R B R . (1-22)
d ©

where the factor of two comes from the fact that an upward
transition decreases and a downward transition increases

N excess by two. So

d N excess

= <2 P (N excess = N equi:) «scoseseess (1:23)
d t

where P = (Py + Py) /2.

and

15
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pBO
N equi. = ——— (Ny + N)
kT

N equi. is the number of excess nuclei in the lower state

at equilibrum.

Integration of equation (1.23) gives:

(N excess - N equi.) = (No - N equi.) exp. (2Pt) .cc.... (1.24)
where No is the initial value of N excess per unit volume.

The spin relaxation time Ty is given by (16):

ey niall

2P
Therefore from equations (1.24 and 1.25):

-t

(N excess - N equi.) = (No - N equi.) exps —— ..ceeve.. (1.26)
T
1

This equation shows that the rate by which the excess
population reaches its equilibrium value is governed

exponentially by the spin-lattice relaxation time T4.

Spin Spin Relaxation:

Beside the mechanism which has been described in the
previous section, the nuclei also interact among themselves.

The actual magnetic field felt by the nucleus is not only due

16



1.8

to the steady magnetic field Bo, but it is this plus small
magnetic fields produced locally by other surrounding nuclear
magnets precessing about the direction of Bo. These fields may

be thought to have oscillating and static components.

A nucleus producing a magnetic field oscillating at its
Larmor-frequency, may induce a transition in a like
neighbouring nucleus in a similar way to an applied
alternatively magnetic field that is used to observe resonance.
This will lead to an interchange of energy between the pair of
spins, while the total energy of the pair is conserved. Thus
there is no effect on the population distribution of the

nuclear spins.

The process is known as spin-spin relaxation. The

characteristic spin-spin relaxation time is denoted by T,.

NMR IN MACROSCOPIC SAMPLES:

So far the discussion has considered the magnetic
properties of isolated nuclei. In the treatment of the
experimental observation of NMR for bulk systems, it is
convenient to adopt the approach of Bloch(17’18’19) and

consider the assembly of nuclei in macroscopic terms.

An assembly of nuclei in an applied field has their

various spin states occupied to different extents, and this

17



gives the sample a magnetic moment per unit volume, M,

according to:

whereXo is the static magnetic susceptibility.

The bulk magnitisation is analogous to the nuclear moment

u, except for one important difference that in the absence of
an applied radiofrequency field, M has only a z- component
whereas p has x, y and z - components (i.e: Mx = & p, =0,
M, = Z #y = 0 and M, = Z, M, =M, the sums are over i
nuclei). The individual nuclei precess about z- axis with no

phase coherence and so the x and y components average to zero

in forming M.

When the assembly of nuclei is exposed to the rotating
field By, then as this field approaches the value required for
resonance, nuclei will start to precess in phase and give non-

zero values to Mx and My (Fig 1.3).

The effect of By will be to exert a torque on M tending to
tip the moment toward the plane perpendicular to Bo; M will
move away from the z-direction and precess about the effective
field directiqn with the Larmor-frequency at resonance. The
precession of M can be described by the following equations:

d Mx

Bt B, -M, (B v imm v e s WA eTe A RIS L (WTw s laie .
o (¥, B, - M, (By)y] (1.28)

18



d My

dt P[Mx BO-MZ (B1)x] L R I I R B A I R R I I (1029)

d Mz

1}

- vm, (By)y - My (B N Phivesise suidiion eoly baive s e (42 00)

where (B1)x and (B1)y are the components of B (rotating at
angular frequency w ) along the x-y axes and are given by:

From Fig 1.4

(By)g = By €08 Wt eevevenrscnscncssascsnscnsransnnsaess (1.31)

(131)y=-131 T S SRR ST R e L

To proceed further the effect of relaxation processes must
be taken into account. M, does not remain constant, but after
resonance approaches its equilibrium value M,, at a rate
governed by the spin relaxation time T4, which in macroscopic
systems is termed the longitudinal relaxation time.
Additionally the effect of the transverse relaxation time T,

must also be considered. The complete Block equations are

therefore:
d Mx M

=P(My BO+MZ B1 Ein wt) - ss s s s s s s asess s (1.33)
at T,

d My My

o V(Mz B1 cos wt e MxBo) i—— e e LR BRI R R (1-34)
d t T,
d Mz M, - M,

= -V (Mg By sin wt + My By cos wt) - ——— .... (1.35)
dt T,

19



Figure 1.3 The resolving components of the magnetization
vector.

AMy

/ {wt > M,

Figure 1.4 The transient components of the magnetization
vector with respect to fixed and rotating axis.
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Assuming that resonance is passed through slowly (the show
passage approximation) the differentials with respect to time

become zero and the solutions of equations (1.33, 1.34, and

1.35) are:

u=M, , ¥B Tp% (wy =@) /D eevenen. AR EPP IR (1
3 Mo . PB1 T2/D T R W N T (1-37)
M, = Mo [1 + 7,2 (w, 0 )0 ] JD e winis s aohle e ws skss e sy 1 38)
where

D=1 +T22 (wo ‘-w)2+ })2 B1 T1 T2 R I I R I I I I (1-39)

and M, is the magnitude of the vector M in the absense of a
radiofrequency magnetic field By, u is the component of M that
rotates in phase with By, and v is the component of M that

rotates 90° out of phase with B,.

Depending on whether u or v is observed a dispersion (u -
mode signal) or absorption curve respectively will be obtained
(Fig 1.5). It should be noted that the equation for v is
almost an expression of the Lorenzian curve(17'2o) which is the

generally accepted absorption signal.

The area under an absorption curve can be obtained by
integration of the v term over all values of (w, -w). The area
under each resonance is therefore a direct indication of the

number of nuclei of a particular type undergoing resonance.
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The absorption line shape (V-mode) and dispersion

Figure 1.5
line shape (U-mode) of NMR signal.
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1.9

14921

FACTORS AFFECTING THE LINE-WIDTH:

Superficially, it might be accepted that the NMR signal
should appear as a sharp absorption line, but in practice
absorption occurs over a finite frequency range due to several
line broadening factors. Usually the signal width is defined
as its width at half hight expressed in terms of the applied

field or frequency.

The various factors affecting the line shape will now be

discussed.

Spin-Lattice Relaxation:

A nucleus may remain in a given energy state no longer
than a factor of the spin-relaxation time Ty. There is
therefore some uncertainty in the life time of that particular
spin state that is characterized by the Heisenberg uncertainty

principle which requires that:

Because energy and frequency are related by
AE = h.AvV s o B8, S oy e s O s (1.41)
Where Av is the uncertainty in frequency of a particular

resonance line, it follows from equations (1.40 and 1.41) that:
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1.9
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2

3

and because AT=2T1 LR I B B B O B B D B O O B B (1.43)

This shows that small values of Ty leads to line broadening.

Spip-Spin Relaxation:

This relaxation process produces an uncertainty in the
lifetime of any particular nuclear state in a similar manner to
that of spin lattice relaxation and also leads to a broadened

absorption signal.

Magnetic Dipole Interaction:

The magnetic environment of a nucleus may be modified by
fields due to magnetic moments of neighbouring nuclei. In
solids or viscous liquids a nucleus at distance r from the
nucleus being considered produces a magnetic field at the
nucleus of magnitude in the range of + 2#‘/1‘3 to - M /r3 where

# is the dipole moment of the nucleus. This means that the
nuclei in a sample will experience a field spread over that
range (derived from u = (3 cos?2 9 - 1) /r2 where® is the angle

between r and Bo) and the absorption will be broadenedCle

In liquids and gases where the modecules are subject to

rapid random motion, the magnetic field at any nucleus due to

24



1.9:4

1.9

5

neighbouring nuclei effectively averages to zero because cos? 6
= 1/3; this occurs because the molecular correllation time is
less than the time required for the observation of a nuclear
magnetic resonanse signal. Accordingly magnetic dipole
broadening will be negligible in liquid and gas samples which

are used for normal high resolution investigations.

Magnetic Field Inhomogeneity:

Inhomogeneity of the applied static magnetic field over
the sample volume can cause line broadening due to the fact
that absorption occurs over a range of resonance conditions
corresponding to the range of field inhomogeneity. This effect
can be reduced by applying correcting fields and by rapid

spinning of the sample.

Saturation:

A large amplitude of the applied radiofrequency field may
cause the excess number of nuclei in the lower energy state to
be removed before the resonance line has been observed, if the
effect of spin-lattice relaxation is inadequate to maintain a
ground state excess. Therefore the nett radiofrequency energy
absorbed will decrease. The decrease is greater at the
absorption centre and the inﬁensity of the gignal will decrease
while the effective line width increases. If sufficient radio-

frequency_power is applied the signal may disappear entirely.

25



1.9:6

Miscellaneous Effects:

11021

As the presence of any paramagnetic species will
significantly decrease T4, the absorption line will be

broadened, as mentioned before in section (1.9:1).

Finally a non-spherical nuclear charge distribution for
nuclei of spin I > 1/2 confers to the nucleus a quadrapole
moment q . Interaction of the quadrapole with environment
electric field gradients promotes relaxation which gives
uncertainty of the resonance position of the nuclear absorption

line.

THE CHEMICAL SHIFT AND NUCLEAR SCREENING:

Introduction To Chemical Shift:

At an early stage in the history of NMR, it was found that
the resonant frequencies for isotopically similar nuclei in the
same molecule could be different when using the same applied
magnetic field. The magnitude of this effect was shown(zz’ 23,
24) to be related to the chemical environments of the resonant

nuclei, which cause them to be screened differently from the

applied magnetic field.
If the applied magnetic field is Bo, the actual magnetic

field experienced by the resonant nucleus is given by: Bo(1-0)

where ¢ is the nuclear screening constant for the resonant

26



nucleus. This screening constant parameter can be introduced

to the resonance equation (1.12), so that:

v 14
2 n

Ho (= @ ) sssvsveoneseonenssaensons (1 s45)

If o , which is dimensionless and commonly positive,
reduces the effect of Bo will reduce the energy required for a
transition between the energy states will also be reduced. This

means that the resonance frequency will be lower.

Consequently, if two isotropically similar nuclei, in
different electronic environments i and j, have shielding
constants 0; and “j respectively, the difference between the

two screening constants define the so-called "chemical shift

L

é
ij

6..: o'i- o.j & 8 8 8 8 B 8 8 88 B A S 8 E SRS (1-46)

For practical purposes the chemical shift can be expressed
in terms of the magnetic fields experienced by the two nuclei

during a constant frequency experiment, as:

Uij :: BiBS Bj CO B S R B R BRI B O SR RO I LR B I L L (1!47)

Alternatively, for constant field experiments, the

chemical shifts may be written as:

aij = vi - Uj R R R R A (1-48)
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where vosc is the radiofrequency of the signal applied to
the irradiation coil to produce By. Chemical shifts expressed

in this way are quoted in ppm.

Usually the chemical shift of a particular isotope is
measured relative to the resonance of a suitable reference.
The most commonly used reference for proton resonance is
tetramethylsilane(25)(T.M.S.L This is often chosen because
its resonance is a clear sharp line occuring to a high
(ahielding) field of most resonances of interest and it is
gsoluble in most organic compounds while being chemically inert.
Moreover, it has low boiling point (26.7°C), so it is easy to
remove from the sample after the experiment has been concluded.
The position of the resonance of TMS when it is at infinite
dilution in Carbon tetra-chloride CCI4 is taken to be as 4= O.
Signals to higher magnetic field, or greater screening, than
TMS signal should have positive & values, although common
practice is to assign them (-) ve § values. Another scale
commonly used is the 7 - scale(zs), for which the TMS proton

gignal is taken as 10T . The two scales should be related by:

T = § + 10

As indicated sbove the & and T scales have been much

abused and many of the quoted values of chemical shifts must be

treated with caution(27!28l
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1.10:2

Some Details of Nuclear Screening:

The nuclear screening parameter may be considered
akin to many other observable physical properties. Consequently
its composition can be examined by using the Virial

expansion(zg).

B o]
X=A+— + 2 +.‘.ll..l.lll.l...'l'-....'... (1-49)
Vm Vm

where X is the observable molecular parameter, A is the perfect
gas value of X, B represents the effect of the pairwise
molecular interaction, C and higher terms represent the effects
of multimolecular interactions; and Vm is the molar volume of

the material studied.

Similarly, o , the screening constant can be given in

terms of a Virial expansion, aa(agl

7 o)
+

Vi Vm2

N S SRR | Sn TN, T e

Where o, is the screening in the isolated molecule, 04
represents the effect of pairwise molecular interaction on the
screening, 0, and higher terms represent the effect of

multimolecular interaction on the screening.
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For particular reasons equation (1.50) is better rewritten

to represent the chemical shift as:

a4 %
8okia = (06 - ogref.) = ( 0, - oref.) +— + p o sever kil B 1)
Vm Vm

Where oref is the screening constant of the reference

nucleus.

A significant observation was that the relationship
between the chemical shift ¢ - 0O ref. and the bulk density of
a gas is linear(30'31). This relationship seems to extend into
the liquid phase. The implication of this would lead to the

conclusion that the only term additional to o, in the Virial

equation (1.51) is , and that the terms higher than first

order can be ignorggl This means that screening constant
arises from two factors viz. the absolute screening constant
(intramolecular) and the screening contribution from the
bimolecular interaction (intermolecular) 0j,tep+ Therefore
equation (1.50) may be reduced to

pig i P e e (. 58

+

OI' o Uinter PR R B I I I I (1-53)

%intra

Studies of Uintra(32'33) have been carried out using
quantum mechanical treatments. For these it has been suggested

that the screening constant of a nucleus A in an isolated
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molecule is adequately represented by:

A et AL AA 5 AB A
Ointra Opara * “odda T EeBR O Y ogel (1.54)

AA

In equation (1.54) Opara

is the screening contribution
that comes from the mixing of ground and excited electronic
states by the magnetic field and leads to induced paramagnetic
current around A. %dia is due to the diamagnetic currents
resulting from electronic motion about A. The induced currents
in bonds or atoms rather than A provide the anisotopic
contribution to the screening gAB, and %del comes from the

induced electronic motion of delocalized electrons in the

molecular structure surrounding A.

Considering the second part of the screening constant
Ointer’ this arises from the interaction of the molecule,
containing the nucleus being studied, and the solvent

molecules. In other words Ointer arises from solvent-solute

interactions.

It was suggested by Buckingham in 1960(35' 29) that

Ointer M&Y be generally formulated by:

O'-b+ o + O'a"' 0E+ as R R R R ) (1.55)

Tinter ~ w

The individual terms of this equation generally represent
the total contribution for all components of a mixture to the

screening of a nucleus in one molecule (solute) are as follows:
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0y, is due to the bulk magnitization of the sample. o, is due to
the effect of van der Waals, but principally attractive
dispersion, forces. o, is due to the secondary fields
produced by magnitically anisotropic solvent molecules. 0p is a
composite term basically due to the effect on an electrically
polar solute of the reaction field of the solvent which is
induced by the solute, but includes the effects of electric
fields due to permanent dipoles or quadrapoles in the solvent.
og isdue to the contribution of any specific or binding
interactions between the solute and the solvent molecules, e.g

when hydrogen bonding or complex formation occurs.

It is obvious from what has been explained above that
Ointra 4epends on the structure of the molecule of interest and
go is a parameter of particular interest to most chemists. In
this thesis however, investigations of aspects of oy 4ep
rather than Ointra 2aTe reported, although there is an
underlying interest in the elucidation of molecular structure
using Yipter

Many people have worked over the past three decades to
establish theoretical models for the characterization of the
components of oi,+ep+ Even so, the magnetic susceptibility
screening parameter oy is the only parameter which can be
considered adequately characterized (more details about this

can be found in chapter six of this thesis). Dickenson showed

that
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Op = (@ =q ==—) X, cecovoseorscocns sesnesoesws (1:56)

Where a is the sample shape factor, q is the magnetic
field interaction factor, and X,, is the volume magnetic
susceptibility of the matter under test. It was shown that q
can be considered approximately zero. & the sample shape
factor is taken to be 27 for a cylindrical sample with a
length at least four times its diameter(37’38). As all the
sample tubes used throughout this work meet the above criteria,

the parameter oy can be easily calculated.

Experimentally the chemical shift is taken with respect to
a reference. The physical way in which this reference is used
ﬁay effect the contribution of oy to the measured shift. A
common method of referencing is by mixing the reference
substance homogenously with the sample. This procedure is
called the internal referencing procedure. In this method the
molecule of interest and the reference are in the same medium
and hence, both the sample and the reference experience the
same magnetic susceptibility screening contribution. This
eliminates the o4 contribution to the chemical shift

measurement(jg).

Another common referencing procedure is that of external
referencing which employes the reference material in a separate
vessel surrounded by the subject compound. A common method of

external referencing is to use two co-axial cylinders, so that
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the reference material is in a capillary tube situated inside
and co-axial with the main cylindrical sample tube. The
theoretical implications of such arrangement have been
considered by Frost and Ha11(40) who extended Dickinson's
approach. They deduced that the true chemical shift devoid of
susceptibility effects of the sample of interest (A) relative
to a reference material (B) is given by

t 0
5 5. - =ax

—

A-B = A-B 3 (X =Xp) cenvecsecsnsessesee (1.57)

Where StA-B is the true chemical shift of A from the
reference B, 3°A_B is the corresponding observed shift, and
Ai and-xB are the volume magnetic susceptibilities of A and B

respectively.

The above equation applies for long perfectly cylindrical
tubes. However, if the reference can be contained in a
spherical vessel, the shape factor for which is @ = 47 /3, it
emerges that 4 0y = 0, which means that there is no need for
any susceptibility correction. Unfortunately, the 1last

technique is difficult to employ with precession.

The disadvantages of the external reference is that its
correction depends on the volume magnetic susceptibility of the
samples used and errors can arise from the uncertainty in these

values, especially in the case of mixtures(41l

34



This thesis include in chapter 6 a novel suggestion for

determining volume magnetic susceptibilities, X.

It is obvious now that the contribution of the volume
magnetic susceptibility to chemical shifts can be estimated.
Moreover, it is possible that significant contribution due to

og can be avoided by using very low concentration of the
subject molecule, the solute (infinitely diluted) in an inert
solvent. However, the relative importance of the remaining
screening parameters, need to be assessed. It is probably fair
to observe that oy, ogar and ogy, which in this order
represent the relative ease of their experimental
accessibility, have not been characterized precisely.

The major part of this thesis is concerned with as

Ow
the correct formulation of this may provide the key to the

elucidation of and 0 g Some intensive work on o has

Oa
already been carried out by Homer and Percival. The present
work may be considered as extensing and further sustentation

Homer's basic theory.

In order to isolate o, it is necessary to measure the
chemical shift of a solute molecule with respect to a suitable
reference in two physically different situations. The first
one is when the solute is in the gas phase (at zero pressure)

to give ( ¢ 5, =0 pef.), @and the second one is when the solute
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molecule is at infinite dilution in a solvent to give ( ¢ -
Uref)' When the solute and the solvent molecules are perfectly
isotropic, the difference between the susceptibility corrected
chemical shifts in the liquid phase relative to the gas phase

will give only 0 ..

Sliquid - gas = Oy + O, tiecvecceccnscscancessss (1.58)

Sliquid to gas (after susceptibility correction) = o, ... (1.59)

There have been many ways proposed to calculate o
theoretically, but these have been considered to be incomplete
by Homer. The past work with the not-recently proposed theory

will be discussed in chaper 3.

NUCLEAR SPIN-SPIN COUPLING:

High resolution spectra may reveal that chemically shifted
absorption bands are composed of several lines. Th}s added
multiplicity is attributed to the intra molecular interaction
between magnetically non-equivalent nuclear magnetic
moments(42'43). The multiplicity comes from the coupling
interaction between neighbouring nuclear spins. Important
features are exibited by spin-spin interactions which
distinguish them from the chemical shift. For example they are

independent of B and temperature in most cases.

In the simplist case the spacings between these multiplet
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lines are equal and the magnitude of this spliting is known as
the compling or the spin-spin coupling constant. This is

symboled by J for which the unit is H,.

The effect can be explained naievly in terms of the fact
that a nuclear spin tends to orient the spins of the nearest
electrons which then orientatethe spins of the electrons and
subsequently the spins of other nuclei. The electron spins
mechanism may be considered the most important contribution to

spin spin coupling.

In general the magnitude of the coupling constant
decreases as the number of bonds separating the interacting
nuclei increases, and increases with the atomic number of each

nucleus.

The complexity of the spin patterns is largely dependent
on the relative magnitude of the chemical shift differences and
spin-spin coupling between the interacting nuclei. When the
chemical shift of the two nuclei is of the same order of
magnitude as the coupling constant (both in H,), the nuclei are
identified by closely positioned alphabetic letters A,B,C ...
When the chemical shift is longer than the coupling constant
between the nuclei ( & >> J) the latter are identified by
letters widely spaced in #he alphabet e.g A and X. Nuclei
with the same chemical shifts are assigned the same letter and
the number of such nuclei is indicated by the appropriate

numerical subscript. Such nuclei are deemed either chemically
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equivallent or magnetically equivalent. Chemical equivalent

nuclei only have the same chemical shift.

Magnetically equivalent nuclei do not show any
experimental evidence of any coupling between them, although in
fact such coupling does occur. chlei are said to be
magnetically equivalent when they have the same chemical shift
and couple equally to any other resonant nuclei in the

molecule.

The signal arising from one set of nuclei is termed an
absorption band, while constituent lines of such a band arising
from coupling are called peaks. The number of the latter can

be predicted simply for first order situation for which & >> J.

For a set of n, equivalent nuclei of type A and ny
equivalent nuclei of type X, a first order coupling treatment
(Dixon 1972(44)) gives (2n, I, + 1) peaks for A band and (2n,

I, + 1) peaks for X band.

The relative intensities of the peaks comprising the

multiplit structure are given by the nth

polynomial
coefficients. These rules are strictly valid only if 6>> J.
When 8-J, the spectra should be treated as second order

spectra and the above simple spacing and intensity rules are no

longer valid.

38



The spin-spin coupling aspect of NMR spectroscopy has not
encountered in this work and therefore will not be considered

further.
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CHAPTER TWO

2.1

NMR IHSTRUMENTATIOHN; C.W. AND F.T. SPECTROMETERS

INTRODUCTION:

Inspection of the basic nuclear resonance equation:

e 2 s S G R N R, T R e 8

reveals the fundamental requirements for the observation of NMR
spectra. For chemically similar nuclei to be studied via a

continuous spectrum either B, or v, must be varied over a small

o}

range, while the other parameter is maintained constant.

The early work of Block et al (17:45) showed that NMR in bulk
materials can be observed in several ways. For the slow passage
experiment the radiofrequency (r.f) experienced by the sample is

slowly swept with the magnetic field B, constant, or conversely
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2.2

the magnetic field is slowly swept at a constant radiofrequency.
Alternatively, spectra may be observed under adiabatic rapid
passage conditions, which requires rapid sweep of either frequency

or magnetic field between certain limits.

Both slow passage and rapid passage techniques are continuous
wave (c.w) experiments, because the r.f is continuously applied

during the spectrum observation.

Another technique which was suggested by Block (17), uses
pulses of r.f power essentially at a discrete frequency. Detection
of the NMR signal is made after turning the r.f off. This is
basically the pulse method which has recently been developed to

provide a routine method of observing NMR spectra.

Two types of spectrometers are now currently available for
NMR experiments viz the continuous wave c.w and the Fourier
transform F.T spectrometers. The main differences between the two
types of spectrometers lie in the power and time dependence of the
r.f wave and in the method of signal acquisition. Both types of
spectrometers have been used for the work described herein.
Consequently, the principles underlying each approcach will be

discussed before dealing with the specific spectrometers employed.

BASIC COMPONENTS OF C.W. NMR SPECTROMETERS

Inorder to produce high resolution NMR spectra, the

instrument employed should contain the following basic components:
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a - A magnet capable of producing a very strong homogeneous
and highly stable magnetic field.

b - A sweep unit to vary the magnetic field and/or the
radiofrequency over a small range.

¢ - A highly stable radiofrequency oscillator.

d - A probe which holds the sample and contains the r.f
transmitter and receiver coils together with facilities

for spinning the sample.

e = A radiofrequency receiver and amplifier with high gain

and low noise.

f - An oscilloscope and/or pen recorder to present the

spectra.

The basic requirements for the individual components of a
high resolution nuclear magnetic resonance spectrometer will now

be discussed.

2.2:1 The t:

The sensitivity of the NMR signal is theoretically
proportional to B2O and the chemical shift frequency separation

between resonances depends on B,. It is therefore advantageous to

use very strong magnetic fields, which have to be highly
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homogeneous .

Suitable magnetic fields may be provided by electromagnets,
permanent magnets or superconducting magnets. The advantage of
electromagnets is that, the field strength can be varied and
controlled within the range of about 1.0 to 2.5 Tesla. In
principle this allows all magnetic nuclei to be studied at more
than one frequency, and thus is very useful in interpreting
complex spectra. The disadvantage of the electromagnet is the
high cost of the control equipment, its relatively short life-time
and high running costs. The permanent magnet does not have the
same flexibility of operation and also has a practical upper limit
of field strength at about 2.5 Tesla. However, it does have the
advantage of high field resolution stability and low running
costs. Since the field strength cannot be varied by more than
about 1%, different nuclei require different operating
frequencies. The uniformity of the field obtainable by both types
of magnets are comparable, both being capable of ultimately
producing fields that are homogeneous to the order of 3 parts in

109.

Superconducting magnets are also employed in modern NMR
spectrometers and can produce fields of the required homogenity at
field strengths of the order of 5 Tesla. This type of magnet
requires an elaborate control system to maintain the low
temperature of the conducting wire within the required range.

Usually the low temperature can be achieved using liquid helium
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and this, of course, is costly. It is however claimed by some
manufacturers that the running costs of both superconducting and
electromagnets are now similar. No use of the former has been
made here and so this type of magnet will not be discussed

further.

The upper limits of the field strength mentioned above come
from the need for field homogeneity over a sample volume of 0.5
cm? or even larger. The necessary homogeneity requires that the
magnet pole faces are strictly parallel, free from machining marks
and ideally optically flat (46). The pole cap material must be
metallurigically uniform and chromium plated to reduce any
corrosion effects. Homogeneity can be further improved by using
Golay or shim coils near to the pole faces; these carry currents
to generate the required inhomogeneity correction fields. Final
improvements to the field homogeneity at the sample may be

achieved by spinning the sample tube about its longitudinal axis.

High field stability is important for the production of
reproducible spectra and the accurate measurement of chemical
shifts. In this connection early workers often prefered a
permanent magnet because it is capable of maintaining a
sufficiently constant field, when carefully thermostatted (47) and
placed away from magnetic disturbance although the latter can be
minimized by mu-metal screening or by correction using field
sensing devices. The field stability of electromagnets

additionally depends upon the stability of the currents passing
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through their energizing coils. To achieve field stability with
an electromagnet, a feedback system is required to stabilize the
current passing through the magnets coils. This is often done by
passing the magnet current through an appropriate resistance and
the voltage compared with a reference voltage. The difference
between these voltages is amplified and used as an error voltage

for correction purposes.

High resolution NMR Spectrometers incorporating either a
permanent magnet or an electromagnet usually employ flux "pick-up"
coils (48) to detect any fluctuation in the flux across the poles
gap. The voltage induced in these coils is integrated to provide
correction signals that are then passed through componsating or
"buck out" coils. The field produced by these coils eliminates the
original flux change and restores the field to its original value

and maintains it stable.

Field/frequency locking is also used to stabilize B,- This is

described later in Section 2.2:3.

2.2

2 The Magnetic Field Sweep:

As was mentioned at the beginning of this chapter, the
strength of the main field B, (field sweep method) or the
frequency of the r.f oscillator (frequency sweep method) may be
varied inorder to reachieve resonance while maintaining the other
parameter constant. One early experimental difficulty was to

provide suitably stable and linear frequency sweep and this often
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2:2:3

led to the use of the magnetic field sweep approach. Technically,
this can be done by using a saw tooth generator which feeds two
small Helmholtz coils placed close to the sample with their axes
in the direction of that of the main magnetic field B,. These are
driven by the output of a sweep amplifier from which a tap is also
fed to the x-plates of the oscilloscope. This produces a current
sweep which facilitates rapid monitoring of a sweep on an
oscilloscope. The region to be scanned may be selected by
electrically shimming the magnetic field and so changing the
intensity of the field and the magnitude of the sweep. Inorder to
produce a permanent record of a spectrum, the sweep of the
magnetic field (or frequency) is often controlled by a
potentionmeter connected directly to the drive of the chart

recorder.

When recording spectra, the correct sweep rate should be
selected very carefully, because rapid passage of an absorption
may produce ringing after the signal or alternatively a very slow

sweep rate may produce saturation (49).

Field Stabilizer - Field/Frequency Locking:

NMR spectrometers, particularly those employing
electromagnets, often have field/frequency lock devices to

stabilize B,.

For this a lock material, contained within the analytical
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sample or as a separate sample, is used to produce a signal in the
dispersion mode (Fig 1.5). The signal level at its centre is
monitored and any change in this from zero, which indicates a
drift in the resonance position, is used to operate an electronic
feedback locop which restores the resonance to its original

position.

When using a control sample, that is physically separate from
the sample under test, changes in the two resonance conditions
need not be exactly paralleled. This was the reason for devising
the so-called internal locking system (52). In this system two
separate audiofrequency modulation of the driving r.f signal are
used, one at the locking frequency and the other one at the
observing frequency. Thus the NMR spectrum consists of a.centre
band spectrum and side band spectra to high and low fields from
the centre bands that are shifted by the modulation frequencies.
The magnetic field is then adjusted to a value that corresponds to
one of the sidebands and a sharp resonance detected in the
dispersion mode. This signal is passed through a phase sensitive
detector operating at the frequency of the sideband being used for
the lock signal. The output from the phase sensitive detector is
rectified and the resulting signal operates a control loop to a
flux stabilizer, the output of which maintains the necessary

constant ratio of field strength to frequency.
Other resonances from the sample can now be observed by

varying the observing audiofrequency through a suitable range and

the spectral responses detected using a second phase sensitive
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2.2

5

detector operating at the observing frequency. The output of this
phase sensitive detector is then fed to the recorder and/or

oscilloscope.

When the lock frequency is kept constant and the observing
frequency varied, a true frequency sweep experiment is performed.
When the observing frequency is held constant and the lock

frequency varied, field sweep experiments are possible.

The Radiofrequency Transmitter:

As has been mentioned in section 2.2:1, the upper limit of
the main magnetic field from permanent and electromagnets is in
the region of 2.4 Tesla, and this requires that the highest
radiofrequency for 'H resonance is at about 100 MHz. The
stability of the r.f transmitter must be the same as that of the
main magnetic field namely 1 part in 108 to 109 per minute. The
common method used for producing such radiofrequencies is to
employ a high precission quartz oscillator sourcé with automatic
frequency control at the output stage. The output from this is

amplified to the desired power level and after automatic gain

control the output level is appropriately attenuated.

The Probe And Detection System:

The sample holder, the probe, essentially carries: the

transmitter and the receiver coils mounted on a glass former in
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which a sample tube is spun using an air turbine. In addition it
may carry linear sweep and shunt coils and usually a preamplifier.
The radiofrequency coils are usually constructed from a few turns
of copper wire wound around or as saddle on the glass former that
is mounted vertically and perpendicular to B,. The probe position
is often slightly variable to enable the best position for the

polarizing field to be obtained.

The sample, in its cylindrical glass tube, is inserted down
and inside the glass former and is usually supported at the top

and bottom to facilitate spinning and improve field homogeneity.

There are two basic types of probes: the single coil probe
(21), and the double or crossed coil probe (53). With the single
coil probe a bridge circuit is used to balance out the transmitter
signal and to allow small absorption or dispersion signals to
appear as an out of balance e.m.f. across the bridge. In high
resolution NMR, a twin T-bridge is often used, which has the
advantage of good stability and the facility to distinguish
between U and V mode signals. The absorption U mode is selected
by introducing a leakage of the transmitter signal out of phase

with the dispersion signal.

The detection system with a crossed coil probe was used in
the first successful ngclear induction experiment (7), In the
induction method, two orthogonal coils are used. The receiver
coil surrounds the sample with its axis perpendicular to both axis

of the transmitter coil and the direction of the main field Bo' In
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this arrangement the signal experienced by the receiver coil is
that éorresponding to the absorption of energy by the sample
nuclei. This signal is therefore isclated from the background r.f
signal by the geometrical arrangement of the two coils. Any lack
of orthoginality between the coils causes the transmitter to
couple with the receiver coil and hence a leakage voltage can be
induced in the latter. A small amount of leakage is desirable
since it serves as a source of carrier signal. Control leakage of
flux without moving the receiver coil is achieved by introducing
semicircular sheets of metal placed at the end of the transmitter
coil; these plates are called paddles. The paddles are used to
control a finite leakage voltage that enables the detectorlto
operate at an efficient level and also allow the desired mode of

the NMR signal to be selected.

A schematic diagram of a c.w NMR spectrometer is presented in

Fig (2.1).

THE C.W. SPECTROMETERS USED:

Two continuous wave spectrometers have been used during the
work reported in this thesis. These were the Varian Associates HA
100 D NMR spectrometer, and Perkin-Elmer R12B NMR spectrometer.
The former operates at 100 MHz and the latter at 60 MHz for 'y
resonances. Whilst many of the principles applicable to these two
spectrometers, have been discussed, the salient features of each

will now be reviewed.
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The Varian Associates HA 100 D NMR Spectrometer:

This spectrometer(54) possesses an electromagnet having a
magnetic field strength of 2.349 Tesla, which permits hydrogen
resonance spectra to be measured at 100 MHz. Spectra are detected
by sidebands modulation at 2.5 KHz with field sweep being possible
using the lower sideband, and frequency sweep (HA mode) using the

upper sideband.

The low impedence coils of the magnet are fed from a three
phase driven power supply, and cooled with thermostated water,
maintaining the pole gap region at - 33°C. The magnet current is
variable and a fine field trimmer is provided to compensate for
day to day changes in magnetic field strength. Golay shim coils
are mounted directly on the pole faces. The whole magnet is
contained in an isolated housing to help maintain thermal

stability.

The probe body is constructed from aluminium, and is designed
to accommodate S5mm 0.D NMR tubes carrying a turbine made of milled
teflon. The turbine is fitted around the sample tube at a

suitable position and driven by compressed air.

The probe contains coils for sweeping the polarizing magnetic
field B,, a transmitter coil for producing the rotating field By,
a receiver coil for detecting the NMR signal and two sets of
paddles for adjusting the leakage between the transmitter and

receiver coils. The transmitter and the receiver coils are

52



orthoganal to each other; any small amount of coupling between the
transmitter and receiver coils can be controlled effectively by
paddles, which are equivalent to inductors, coupled to both the
transmitter and the receiver. A controlled leakage introduced in
phase with the absorption signal effectively supresses the

dispersion mode.

A linear sweep unit allows variable sweep times and widths to
be provided by a sawtooth waveform derived from a phantastron
oscillator. In this the sawtooth voltage modulates a 50 KHz
signal applied from separate oscillator circuit. This modulated
50 KHz signal is amplified in two stages and then mixed with an
unmodulated 50 KHz signal which is 7 out of phase. This provides
a stable linear direct current sweep connected to the D.C

modulation coils on the probe so that B, can be modified.

The Varian Associates HA 100 D spectrometer is suitable for
use in two basic modes viz, the HA mode, which uses the
field/frequency lock system; and the HR mode, which has an
unstabilized repetitive field sweep facility. The operational
bases of these two modes are shown schematically in Figures (2.2

and 2.3).

The way this spectrometer was used for the work reported here
utilizes only the HA mode of operation. For this a reference
material has to be added to the sample under study, so the

references and the sample are subject to the same conditions. The
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NMR signal from the reference is detected in a control channel at
the centre of the dispersion mode so that any movement of the
signal yields a finite voltage in the detector. The signal is
amplified and applied to the field compensator and the output of
this enables the instability to be corrected. The sample sigrals
are processed separately in the analytical channel and are
ultimately passed to the recorder. A schematic representation of

the lock system for the HA mode is given in Figure 2.2.

The HA mode of operation is controlled, apart from the
display facilities, by the R.F.Unit and the internal reference
stabilization unit. The latter adjusts the main field to allow
for minor variation in field or frequency to keep these two
parameters in constant proportion. The field compensator and
presentation facilities unit houses the A.F and phase detection
circuitry for both analytical and control channels and is linked

to the R.F Unit.

The transmitter section comprises two A.F oscillators, the
sweep oscillator, variable from 3500 Hz to 2500 Hz, and the manual
oscillator, variable from 1500 Hz to 3500 Hz. The frequency of
the former is controlled by the movement of the recorder along its
x-axis. The frequency of the manual oscillator is controlled by
potentiometers 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 1000 Hz sweep ranges; those can be operated by sweep rates of

25, 50, 100, 250, 500, 1000, 2500 and 5000 sec. within the ranges
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of 1500 - 2500 and 2500 = 3500 Hz. A switch on the front panel of
the unit enables the selection of either the lock signal, the
sweep or the manual oscillators, an external signal, or the
difference of the two oscillator frequencies to be presented to

the oscilloscope or the Varian 4315A frequency counter.

The two frequencies are applied to the AC coils in the probe
after suitable amplification and filtering, and independently
modulate the 100 MHz carrier. The detected NMR signals are
processed by the receiver in the R.F Unit, then they are reduced
to A.F signals which are modulated with the NMR information. These
resultant signals are amplified and filtered and then split into
their analytical and control components by phase sensitive

detectors.

The control signal is applied through the "lock on" switch to
the stabilization filter which removes the extra noise, and passes
the DC signal to the flux stabilizer to complete the loop. The
NMR signal in the analytical channel is similarly detected and
passed to the integrator/decoupler where it is amplified, filtered
and, if required, integrated before being applied to the recorder

y-axis circuits to be presented.

The Perkin-Elmer R 12 B NMR Spectrometer:

This spectrometer (55) has a permanent magnet giving a

magnetic field strength of 1.492 Tesla, for 'H resonance at 60
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MHz. The magnet is of a rigid barrel construction that protects it
from any distortion of the pole pieces. The field stability is
maintained principally by keeping the magnet at constant
temperature by passing heated air around the magnet, and by use of
U-metal screening. The field homogeneity is improved by means of
Golay coils mounted near the pole tips. The sample is spun about
its longitudinal axis using a plastic turbine fitted to the sample

tube.

Sweep and shift coils are wound on a former on the magnet
pole pieces. The magnetic field can be swept through a small
range by passing a sawtooth current through the sweep coils. The
sweep range may be varied by changing the amplitude of the
sawtooth. In addition, the sweep current may be derived from a
potentiometer driven by the pen recorder and this enabies the
spectrum to be observed on a recorder in addition to the

oscilloscope.

Regions of the spectrum may be selected for expansion or
study by field shift and width controls; the adjustment of which

changes the current passing through the appropriate coils.

The operational basis of the spectrometer is shown

schematically in Fig (2.4).
The irradiation field (60 MHz) By is derived from a highly

stable crystal-controlled oscillator kept in a thermally regulated

oven. The frequency stability of the oscillator is of the order
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2.4

2.4:1

of 2 parts in 109 per hour. A 6 KHz signal, also derived from a
crystal-controlled oscillator, is applied to coils orthogonally
located relative to the probe radiofrequency coil and aligned with
the magnet axis, so that the magnetic field in the sample region

is audiofrequency modulated.

At resonance the sample acts as a mixing device, and NMR
gsidebands are produced at field strengths corresponding to 59.994
and 60.006 MHz. Each sideband, when stimulated, induces in the
probe a 60 MHz radiofrequency response, amplitude-modulated at
6 KHz, the modulation containing information about the NMR signal.
The probe output is applied to a radiofrequency amplifier, located
in the double resonance accessary, when fitted, the output of
which is detected to obtain the 6 KHz signal. This signal is
amplified and compared with a reference signal of adjustable
phase, so the V-mode or U-mode component of the 60.006 MHz
gideband may be selected as required for observation or recording.
The NMR signal may be filtered, integrated if necessary, and then

presented.

F.T. NMR SPECTROSCOPY:

Introduction:

Pulse F.T. gspectrometers are characterized by their ability
to provide information in a much shorter time than c.w

spectrometers.
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Basically, if a radiofrequency signal produces a field By by
pulsing for a very short time, tp. The equilibrium magnetization

of the sample, M,, is rotated from the direction of B, by an angle

0'

6 radians according to:

O = P Bi D secensrsncadss UURELS o v A b el RO ST PN .. 1
1

The pulse time tp is usually of the order of microseconds.

The radiofrequency pulse envelope may be described as a
square wave (Fig 2.5¢c) with many components covering a relatively
wide range of frequency Av . This allows all nuclei with their
Larmore frequencies within Av to be stimulated and resonate.
Essentially, therefore, the short r.f pulse is equivalent to all
of the frequencies that would have to be produced by many
transmitters producing frequencies distributed over the spectral

range required.

If a 7 pulse is applied along the x-axis in the frame
rotating aézthe r.f (Fig 2.5a), M, lies entirely along the y-axis.
Since the detector coil is usually arranged to detect signals in
the (xy) plane, the magnitude of Mxy determines the strength of
the observed signal. The nuclear signal is detected after the
pulse is switched off as the free induction signal (FID), so-

called because the nuclei process freely and lose phase coherence

without the applied r.f (Fig 2.5 b and d).

The decay component of the perturbed magnetization in the xy
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Figure 2.5 A representation of the FID.

a) 90° pulse along x' rotates M to the y' axis.

b) Mxy decreases.

¢) Input r.f pulse.

d) Free induction decay signal FID corresponding
to b).
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plane, is thus detected as the FID. The latter is sampled for a
characteristic time and stored in the computer required for FT
NMR. Successive FID's may be added to the computer to improve the
signal to noise ratio and finally the resultant FID is subjected
to Fourier Transformation to produce a conversional frequency
domain spectrum. Ideally pulse sequences should not be repeated
within less that 5T, after the last sequence, so that the nuclei

can return to equilibrium before the next pulse.

If a _n pulse is applied and B, is perfectly homogeneous,
=3

the magnetization should decay with a time constant T, (Fig 2.5
d). Infact,. however, Mxy decays in a time Tz* because of field
inhomogeneity, that causes nuclei in different part of the field
to precess at slightly different frequencies, due to their

different chemical shifts and/or spin-spin coupling. Tz* is given

= + AB P U SN SR o i

where AB, is the field inhomogeneity.

For a sample with nuclei equivalent chemically and
magnetically a simple FID is obtained which after transformation
yield a single absorption line. When the sample contains
magnetically distinct nuclei, a more complex FID is obtained that
may appear as a regular beat pattern. The Fourier Transform of

the latter gives an NMR spectrum composed of several lines.
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The Basic Components Of F.T NMR Spectrometers:

Although C.W and F.T spectrometers have similarities, they do
have characteristic differences. Figure 2.6 is a schematic

representation of the basic components of an F.T spectrometer.

The short powerful r.f pulse, needed for an F.T spectrometer,
necessitates a high power transmitter to produce By in the range
of 0.01 - 0.04 Tesla at the sample, thus can stimulate the whole
resonance spectrum. Consequently, the pulse NMR receiver must be
able to handle larger voltages and recover very quickly, inorder

to detect the FID signal without interference.

Beside the requirements referred to above, Fourier transform
spectrometers have essentially similar basic units to thosé in C.W
spectrometers; the main differences being that the transmitter and
receiver circuits are adopted for pulsed operation. In addition,
there are several supplementary units such as a pulse programmer

and a system for acquiring and processing the data.

The basic components of F.T spectrometer (Fig 2.6) will be

discussed now:-

2.4:2.1 The Pulse Programmer:

The pulse programmer controls when, for how long and for
which channel the r.f gate will be opened. The output of the r.f

transmitter is interrupted by a sequence of pulses. If it is a
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periodic single pulse of width tp, it can be compared to the sweep
field in order to detect the absorption signal in C.W NMR
operations. More complex sequences of two or more pulses are used
for getting more information, for example in order to measure

relaxation times.

2e422.2 The R.F. Gate Unit:

The r.f output channel is provided with a gating device,
which can be switched on and off, so that the r.f is applied to
the probe in pulses. The timing of the pulse generator is
determined by digital programming. The r.f gate is used to drive
the transmitter which contains a very stable quartz crystal
oscillator and usually the r.f switch which is "on" in the
presence of a dc pulse signal from the pulse programmer and in the

"off" position otherwise (56).

2.4:2.3 The R.F Power Amplifier:

The value of the r.f magnetic field By used with F.T
spectrometers has to be high inorder to ensure sufficiently

uniform distribution of r.f power across the spectrum.

The r.f power required for pulse spectroscopy is higher that
needed for c.w NMR spectroscopy; typically 100 watts is needed for
F.T NMR compared with 1 watt for a c.w instrument. After the

pulse less than 10"9 of the output power is radiated, so that the
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interferogram can be obtained by the receiver without

perturbation.

2:.4:2.4

The Probe

Beside the requirements for the probe used in the c.w

spectrometer, F.T technique necessates that the probe has the

following characteristics:

It must be able to handle the large r.f voltage present

while the pulse is on.
It must recover rapidly from the powerful pulse.

It should quickly receive and process the weak nuclear

signals following the pulses.

In addition, in some cases, it must continuously deliver
noise modulated or coherent decoupling power to the
sample at a second r.f frequency without interfering

with the processing of the FID signal.

It must have facilities for essentially locking the
magnetic field strength to the pulsed NMR frequency.
This is usually achieved using a separate c.w r.f signal

that enables locking to a heteronucleus.

Moreover, the probe should have spinning facilities and
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a temperature detector necessary for conducting variable

temperature studies.

2.4:2.5 The Receiver

The main two characteristics of the receiver within an F.T
spectrometer are; first, that it should recover very quickly from
any overloads generated by the application of the r.f pulse.
Second, the receiver and the transmitter should be well isolated
from one another in order to achieve minimum overload conditions

and the fastest recovery time (58).

The receiver follows a preamplifier. The preamplifier should
have a low noise figure, a fast recovery time from overloads and a
modest gain. Both preamplifier and receiver should have linear

response over a wide range (53)

The nuclear signal enters the receiver (r.f detector) as a
band of radiofrequencies near the basic transmitter frequency,
during the free precession period after the pulse. Passing the
signal through a phase detector results in a series of
audiofrequencies which are filtered by being fed through a low
pass filter with a band width usually just equal to the chosen
spectral width. The r.f carrier has to be positioned so that all
the audiofrequencies have the same sign, because the signal phase
detection does not allow distinction between positive and negative

frequencies. If the r.f carrier is placed at the end of the
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spectrum and the set spectral width is larger than the chemical
shift range, the frequencies can be digitized unambiguously.
However, if the spectral width is set to a value smaller than the
chemical shift range, some of the frequencies corresponding to
lines at the one end of the spectrum can be folded. This effect
is avoided by using an experimental technique called quadrature
detection. This employs two phase sensitive detectors to
distinguish between high and low field frequencies; for this the
r.f carrier frequency should be placed in the middle of the

spectrum.

2.4:2.6 The Analogue To Digital Converter (A.D.C.)

The detected FID is an analogue signal and because this has
to be stored and processed by the spectrometer computer, it is
necessary to digitize the signal. An analogue to digital
converter is used for this purpose. This analogue to digital
converter samples the face induction decay at regular time
intervals and converts each voltage measured to a binary number
that can be stored in the corresponding memory location of the

computer.

The rate at which a spectrum of width A F must be collected
by the A.D.C. is twice the spectral width 2A F. Inorder to avoid
line shape distortions, the FID should be sampled until its
amplitude has fallen off to zero. As long as the signal is
sampled over a period of time T seconds, this defines a total of

2 AFT sampling points. Since each point is stored, a memory of N
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words is needed (N = 2AFT) where T is the acquisition time and is

related to the digital resolution of the instrument.

The dynamic range of the signals that are to be digitized is
a critical parameter when weak signals have to be detected in the
presence of strong signals. When the interferogram is displayed
on the screen of the oscilloscope, the minicomputer represents the
maximum peak to peak amplitude by a number close to 212, Then if
the largest signal detected has the intensity Hs, the smallest

signal which can be recorded will have an intensity, Hw such that:

Hs

Hw

512

This ratio is called the dynamic range of spectrum.

For an A.D.C. of 12 bytes is normally measured in steps of
10 /(212 - 1) = 2.44 mV, if the voltage range is + 10 volts. This
means that all signals which correspond to a potential lower than

2.44 mV will not be read by the converter.

2.4:2.7 The Computer:

The mathematical requirements of F.T NMR necessitate the
resistance of a computer. The computer is generally used for

three types of mathematical manipulations of data:
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1 - Data acquisition and coherent addition of repeated

signals to improve the signal to noise ratio.

2 - To carry out the Fourier transformation.

3 = During the whole process between the above mentioned
steps, or after them many other types of data processing
have to be carried out by the computer eg. setting of

frequencies display conditions etc.

A computer usually consists of input and output units,
control, storage and arithmetic units. It controls the
transmitter and receiver functions, stores and processes the FID
and transfers the results to display units viz oscilloscope or the
recorder. The minicomputer is characterized by two essential
parameters that define its storage capacity. These are the number
of memory location and the word length. Memory locations are

counted in multiples of X; which stands for 2'0 = 1024.

According to the requirements of F.T spectrometer, a computer
with 12K memory is the minimum requirement for pulsed NMR. The
word length determines the amcunt of data or their magnitude that
can be stored in each memory location. The information is stored
in binary form. In gene;al, for n bytes the largest possible
decimal number that can be represented is 2““1. Therefore, it is
very important to have large values of n, eg. n = 12 inorder to

detect small signals.
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When collecting the FID, each pulse has the same
characteristics. Any change in the field homogeneity will cause
observed peak shapes to change on different passes, damaging the
final spectrum. This problem can be overcome by the computer. In
one approach, the height of an absorption peak of the reference
compound (lock signal) is monitored. With field homogeneity
optimized, the peaks show a maximum height. Any change from the
optimal condition is detected. The error signal is then used to
control the shim current and return the field to the optimum

value.

2.4

5 The JEOL FX 90 Q F.T NMR Spectrometer:

A JEOL FX 90 Q F.T NMR spectrometer was one of the
instruments used in carrying out the work reported in this thesis.
The spectrometer can be used to detect all NMR active nuclei in
five different ranges of frequencies (60), This pulsed F.T NMR
spectrometer permits the observation of proton resonance at a

frequency of 89.6 MHz and 3¢ at 22.5 MHz.

The instrument uses a tunable 10mm probe that is optimized
for the observation of '2C resonances for which the instrument
specifications are quoted. When studying 'H the performance is
not guaranteed unless a dedicated 3¢ - probe is employed. This

was not available for the present work.

This system has unique facilities in the form of, digital
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quadrature detection (D.Q.D.), light pen control system (L.P.C.S.)
and autostacking software. Also the system has a computer having
a memory of 24K words where 8K words are used for the programme

and 16K words for the data.

Fig 2.7 shows the basic units in the FX 90 Q spectrometer.

The specific components will be discussed now.

2.4:3.1 The Magnet System:

The instrument is provided with an electromagnet, fed by a
voltage and current regulated power supply system, that produces a
magnetic field of 2.11 Tesla. The magnet is accommodated in a
compact console to help maintain it at constant temperature. The
magnetic field homogeneity is controlled conventionally using
Golay shim coils mounted on the probe between the pole pieces. The
instrument is capable of producing a 3¢ 1ine width of less than
0.3 Hz. In the long term this may degrade and result in line
broadening, although the magnetic ,field stability is 0.1 Hz per
hour. This degradation may be corrected particularly by using an
autoshim unit which corrects small field drifts in the y-

direction.

It should be noted that during the early stages of this work,
significant problems were encountered with maintaining resolution
over a period of time exceeding 15 minutes. This was particularly
evident when conducting 'H studies. The fault was attributed in

the author's laboratory to very low lock loop gain which resulted
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in superimposition of shifted spectra that appeared to result in
poor resclultion. The manufacturers ignored this suggestion and
replaced the magnet with no significant improvement. Ultimately,
they improved the lock loop and the "resolution" was satisfactory.
This process took considerable time and consequently the
experimental work presented herein was subject to appreciable

delay.

2.4:3.2 Transmitter, Receiver And Data System:

The transmitter system has three channels manifest in
observation, irradiation and lock oscillator units which have a
reference frequency of 44 MHz supplied by a master clock unit. The
observation oscillator has a 4-phase generator which is used to
generate the OFFSET components of the 0BS RF output. A PG 20
pulse programmer operates the gate of the oscillator, generating
the desired R.F pulse sequence up to 2 pulses only. Two I.F
reference signals at 0 and 7/2 out of phase are passed to the
OBSIF amplifier unit to be used in the D.Q.D. system. The
frequency signal is then adjusted to the selected nucleus at the
wide band local oscillator unit. Then the R.F is amplified in the
R.F power amplifier unit. When the R.F signal reaches the probe,
the sample absorbs most of the energy generated at the transmitter

coil.

The F.I.D., occuring after the R.F pulge, is detected by the

receiver coil and amplified in a wideband preamplified unit, where
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a reference signal from the wideband local oscillator unit is used
to reduce the signal level when they are mixed. Another
amplification and frequency reduction occurs at the OBSIF
amplifier where further O and 7 /2 reference signals from the OBS
0SC unit are used to get the audiofrequencies 0 and 7/2 out of
phase. It is obvious now that the detection system has two phase
sensitive detectors (P.S.D.) rather than one; these are required

in the digital quadrature detection D.Q.D. technique.

The D.Q.D. system allows the F.T measurements to be carried
out with the excitation pulse placed in the centre of the
observation width. This reduces the observation band width to
only half that required for signal phase detection (S.P.D.)
resulting in \/-Z_fold improvement of the signal to noise ratio.
Consequently, as long as the r.f pulse is delivered at the centre
of the spectrum, the efficiency of the r.f power is enhanced 4
times compared with the S.P.D., which helps to obtain more

accurate information.

The AD-DA Unit receives filtered analogue signals which are
converted to digital form. Then they are transferred via C.P.U.
(controller) to the computer where the information is stored. When
it is required, the FID is transferred to get the spectrum signal
in digital form. The DA Unit changes the information to analogue
signals which can be recorded or displayed on the oscilloscope

sScreen.
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The operator can deal with the FX 90 Q instrument and the
computer using the light pen unit. By pointing to a particular
function or command on the screen, the order is transferred to
establish a link between the computer and the spectrometer units

controlling its operations.

The lock in the FX 90 Q spectrometer can be obtained as in
any c.w spectrometer. The LOCK oscillator unit produces an r.f
signal at the appropriate resonance frequency which is amplified
in the R.F power amplifier. The field control unit produces a
sawtooth signal which modulates the magnetic field and allows the
observation of the lock resonance signal and this is phase
sensitive detected at the LOCK I.F. amplifier unit, which receives
a reference signal from the LOCK OSC Unit. Beside being used for
lock the signal is also used for rapid resolution adjustment 2p
and TLi be used for locking purpose and selected by simple

switching.

For double irradiation purposes the r.f irradiation
oscillator units can be selected according to the experiment:
noise irradiation and coherent R.F power. For both cases the
irradiation r.f is amplified, but at different levels that are
controlled by the irradiation selector unit which is linked to the

R.F power amplifier.
The noise irradiation modulation width can be selected to be

0.5, 1, 2.5 and 5 XKHz. For 130 detection on irradiation of 1 KHz

is used normally for proton irradiation.
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24155 The Probe

The probe placed between the pole pieces of the magnet, has

several modules:

The permabody which is fixed. It accommodates
replaceable modules eg. the insert, which are housed in
a double wall dewar for variable temperature
experiments. On the permabody probe, irradiation coils
and thermocouples are mounted. Spinning photosenser
facilities are placed on the top to detect the spinning
rate. Current shim broads are attached on both sides of

the permabody.

The r.f tunable module which facilitates the selection
of the nuclei. It has five ranges of frequencies,
corresponding to five channels, and a five tuner for

optimizing the sensitivity for a given nucleus.

The irradiation module which enables the tuning of the
irradiation circuit to use most of the energy in the

irradiation coil and produce maximum field.

The sample insert which is exchangeable for different

sample tube sizes and holds the sample coil and LOCK

coil wound around the glass tube.
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2.4:3.4  Auntostacking Program:

The computer JEC - 980B, in the JEOL 90 Q spectrometer, has a
memory of 24K words. The program is stored in 8K words memory,
the other 16K words of memory are used for the data. The
different operations that can be done by the computer are stored

in the autostacking program.

The autostacking program contains the following programs:

1 - Normal Program
2 - Stacking Program

3 = Analysis Program.

Throughout the work reported in this thesis, the normal
program was the only one used and the basic facilities of this

only will now be described.

The Normal Program is used for routine measurement. The
light pen is used to select any of the several command pattern
included in it. The basic operation requires the setting of the
pulse width, pulse mode, pulse repetition, frequency range,
observation frequency, irradiation mode, irradiation frequency and
OBSET which has to be placed at the centre of the spectrum. The
number of scans necessary to obtain good spectra can also be

selected.
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Following the accumalation of the FID, various mathematical
parameters are selected to produce the final spectra. Finally the
required data can be obtained in printed form from the computer or

from a conversional spectrum.
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CHAPTER THREE

THE VAN DER WAALS SCREENTNG CONSTANT o

INTRODUCTION:

Recently Homer and Percival have developed a new réaction
field treatment of gas-to-liquid shifts for isotropic molecules
i.e. of oy+ Their theory has three component parts. The first is
based on an improved Onsager approach. The second part recognizes
the deficiencies in the Onsager model that stem from ignoring the
effects of near neighbour molecules. The third is a newly
characterized "bufféting" contribution that arises only when
solvent approaches to a solute resonant nucleus are stericaly
hindered. The major emphasis of the present work are to find
direct experimental justification of the second contribution and
to develop the third contribution to permit the elucidation of

molecular structure through studies in the liquid phase.
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Before detailing the results of the present investigations it
is important to review the work which has been already done in

characterizing the van der Waals screening constant.

MODELS CHARACTERIZING o _:

Essentially there have been three models proposed to

characterize o viz:
{5 The Gas Phase Model

2. The Cage Model

B The Continuﬁm Model.

The Gas Phase Model:

The gas theory (30, 61) basically depends on the
characterization of bimolecular interactions and the calculation
of two centre potential energies. Whilst it is tempting to extend
this approach to liquids, it is unrealistic to consider that such
a basis could be applicable to the liquid phase, because of the
relatively small molecular separations involved that must result
in simultaneous interactions between several molecules. Obviously
multimolecular interactions would have to be considered. From an
energetic standpoint, this could be done by considering these as
an average sum of several nonequivalent biomolecular interactions. -

Nevertheless, the potential difficulties with such an approach

suggest that it would be unprofitable.
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The Cage Model:

This model (62) considers only the first solvent shell around
a given solute molecule. The average effect of one solvent
molecule on the nuclear screening of the solute has to be
characterized and summed over a number of solvent molecules around
the solute molecule in the first shell. Again it is possible to
anticipate difficulties with this approach although some workers
eg. Homer and Redhead(105) have achieved some success with it when

calculating Ca.
Both the gas phase and the Cage models were developed
significantly by Rummens (51>, but undoubtedly underestimate the

extensive properties of the solvent molecules in the bulk liquid.

The Continuum Model:

This model (62,63) which has certain appeal, treats the
solute molecule as being a single point species at the centre of a
cavity surrounded by a continuum representing the solvent. This
approach probably affords a better representation of the liquid
phase than the two models previously described, although it is

demonstratably inadequate in accounting for o
Homer and Percival have used it as the basis for the most

recent attempt to characterize physical properties of matter that

depend entirely on inter-molecular van der Waals forces.
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3.3 THE CONTINUUM MODEL APPLIED TO o _;

ITS DEVELOPMENT AND EXTENSION:

Following Onsager <62), any treatment of o, on a continuum

W
basis requires that one solute molecule is singled out and treated
as being a poipt species at the centre of a cavity surrounded by a
homogeneous continuum representing the solvent medium. In his
work on electric dipole moments of molecules in liquids, Onsagér
specifically treated polar molecules but implied that there should
be no real difference between this approach and that of non-polar
molecules; the approach should therefore be suitable for the
characterization of van der Waals forces. Following Onsager many
workers have attempted to characterize o, on a continuum basis
(35,65,66,67) eg. Haward and Linder, used the generally accepted
equation for o.:

W

aw ot ‘B<R21 > R R T I A L I N R O A A R I A O B B (3!1)

where < R21 > is the mean square reaction field in the solute
cavity, and B is the screening coefficient. Other workers (68,69)
e.g. Lumbroso and Fontaine, have used the continuum theory to
correct observed shifts in polar systems and obtain information

about linear electric field effects on nuclear screening.
Equation 3.1 provides a test of the validity of different

equations proposed for calculating o,. Using equation 1.59, which

shows that susceptibility corrected gas-to-solution chemical
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shifts give the van der Waals dispersion force contribution to the
screening constant, a plot of gas-to-solution chemical shifts
against < R21 > (which may generally be defined in terms of
refractive indicies as f (n1, nz)) should produce a straight line
passing through the origin. Indeed the general trend of plots of
this type produced by many workers do show a straight line
regression with slopes generally similar to expected values of B
but they do not pass through the origin (29). This indicates that
the formulaes used for calculating < R2 > are not correct, and/or
there could be a term missing from equation 3.1 that would account

for the y-intercepts.

The most consistent explanation of the variation of 0 for a
given solute with solvent properties was published by De
Montgolfier (70,71,72,73), He concluded that o, can be

characterized by the following equation:

2
0% s 6 thg ~ 1) Ry B aBel w0 - ey
(2n§ + 1) (ng + 2) [solution @, solute

where n, is the refractive index of the solvent, AE{ is a complex
transition energy of the solute molecule, @4 is the mean
polarizibility of the solute molecule, and k4 is a site factor

depends on the geometry of the solute molecule.

De Montgolfier ideas were reconsidered by Rummens

(74’75'76’77), who rejected the site factor k4 as having no place
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in the continuum model. Nevertheless, Rummens later reintroduced
another site factor and formulated the following quite widely

accepted continuum equation:

= e e S R S S SR (3.3)

where S is the Rummens site factor that he introduced to account
for the intercept found in the regression of ¢, against f (ny,
n2), I, is the ionization energy of the solute molecules, a is
the solute cavity radius and K is the reaction field solute factor

constant.

Rummens toock the correctly defined site factor for a pair of
molecules in the gas phase, S pair (78,79) and transposed this to
the liquid phase. The site factor for a pair of molecules is

given by:

1 REG ¢ q2
S pair = ————— TR TR AT L SRR L R £
(1 - ¢®)%

where q = d/r, with d being the distance of the resonant nucleus
from the centre of mass of the solute molecule, and r the distance

between the centres of masses of the solute and solvent molecules.

Rummens derivation of his site factor has been critized by
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Homer and Percival (64) who also demonstrated that it did not, in
fact, improve the regression of o, on f (n1, n2), i.e. an
intercept remained. They have reformulated the site factor, which

they in fact also think irrelevant, as:

2 2
S cont. = 7 el + o
6 | (1-q¢%3 30" (1-42
O e o il 0 i NGRS [ e o A (3.5)
qu 1+q

As might be expected they demonstrated that this improved
site factor was unable to complete the characterization of O’
nevertheless, Homer's site factor did improve the correlation of
o, against f (ny, np) as shown in Table 3.1 for group IV B
tetramethyl systems. Albeit this correlation still gave a

straight line with finite intercept.

Earlier than his improvement on the site factor, Homer (29)
had concluded, from the literature and his own extensive work
concerning chemical shifts due to intermolecular interactions,
that there are major inadequacies in calculating Ot In a major

review he noted:

"Superficially, it appears that little more than quantitative
agreement between predicted and observed shifts is obtained.
Indeed the general trend in the plots (of calculated

parameters against the appropriate gas-to-solution shifts
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3.4

together with a theoretical line of slope B = 1 x 10~18 esu)
away from the origin might be taken to indicate shortcoming

in the general approach".

Homer has suggested that the reason for the inadequacies in
existing theories might lie with facts alluded to by Buckingham:

" . . . . . dispersion screenings, because these may be
considered to arise from two separate effects. The first
effect is due to the interaction between the solute and the
solvent, in its equilibrium configuration, which causes the
distortion of the electronic environment of the nucleus in
the solute. The second is due to changes in the solvent
equilibrium configuration, which leads to a "buffeting"” of
the solute and hence to a time dependent distortion of the

electronic structure”.
Essentially, this was the basis for Homer's recent theory for
characterizing o . This will be dealt with in the following

sections.

HOMER'S THEORY FOR CHARACTERIZING e

Homer's intention was to complete the characterization of the
van der Waals screening constant, which he saw to arise mainly
from two sources. The first stems from interactions between

solute and solvent molecules in their equilibrium situation. In
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order to deal with this, Onsager-based reaction field theory was
improved and extended. Even so, the results of this approach did
not show complete characterization of o, and this led to the
recognition of a second part. The second contribution comes from
solvent-solute interactions in their non-equilibrium (continuum)
situation. This was considered to arise from the unique effects
of discrete pair-wise solvent-solute encounters. Homer
characterized this by a buffeting interaction between the resonant
nucleus in the solute molecule and the peripheral atoms of the

solvent molecule.

Because van der Waals dispersion forces are additive, Homer

has defined o  by:

O’w "'- OR.F + GBI R R I I R I I R I A O I B B S (3-6)

where op p and oy are the reaction field and the buffeting

contributions to the screening, respectively.

Improvement And Extension Of Reaction Field Theory:

As Onsager's model and its improvements appeared to be
inadequate, Homer and Percival's initial work was to extend the
continuum approach. They considered the reaction field for
transient dipoles in isotropic systems to be made up of two parts.
The first is the classical reaction field or the primary reaction
field that has been recognised before. The second arises from a

further field stemming from the extra cavity reaction field of the
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nearest neighbour solvent molecules. Both parts were dealt with
on continuum basis. Therefore, the total mean square reaction
field < RzT > experienced by the solute molecule in a solvent will
come from the sum of the primary reaction field contribution and
the contribution of the extra cavity fields arising from the

solvent molecules surrounding the solute.

The following sections will describe the two parts of

3.4:1.1 The Primary Reaction Field Ry:

The basic equation for calculating Ry using Onsager's model

(Fig 3.1) is represented by (62),

N N SR S TR S )

where €, and €, are the dielectric constants of the solute and the
solvent respectively, #4 is the dipole moment of the solute and ay

is the radius of the Onsager cavity.

The cavity, in Onsager's model, was treated as being

evacuated, so that €, = 1 and equation 3.7 for Ry becomes:
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Figure 3.1 A representation of a solute cavity in the solvent
continuum (Onsager type treatment).
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1 __3 R R T T R R T S (3-8)
(2€2+1) a
2t 2-1)

where g:——-———-3 SR s et b e B S (3.9)
(2 5 * 1) a

g is the reaction field factor

Therefore RT =g M M L L o e A (3.10)

But, this reaction field, originating from the dipole moment
M4, will induce further electric moments in the cavity that are
proportional to the primary reaction field. Therefore, the true

reaction field must be given by (54):
R1 = g#(1 -a1 g)-1 ® 8 8 8 8RS (3-11)

where @4 is the solute molecule polarizibility. It was assumed
that, although the above equation is strictly for a permanent
dipole moment, it applied also to transient dipole moments;
subsequently this has been shown theoretically by Sultan
Mohammadi (99).

Since o, is related to the mean square reaction field

W

< 321 >, the latter was given by:
<R21 >=g2 (1 —ag>_2 ru'2-o' ----- LR R R I R I A R B B R (3.12)

By substituting for g in the above equation and following the

approximation that €, = n22 for isotropic solvents, and employing
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the expression (62):

n2 -1

1 - < T R O O T (3.13)
2

1

the mean square reaction field of a polarizable dipole was shown

to be given by:

2 2 2 2 2
B xI (DT + 2) (nz - 1) y? ..... e aieh (3.14)

<R >

- N

2 22
9 Vm (2n2 + n1)

Where L is Avogadro's Number and Vm is the molar volume of the

solute.

The derivation of that equation is necessarily based on an
oversimplified model because in reality a molecule is not a point
as assumed, and the?e is no such thing as a microscopically
indivisible continuum; also no account was taken of fields

produced by higher electric moments of the solute molecule.
Homer demonstrated that equation 3.14 did not account

completely for the reaction field and this led him to recognize

the so-called extra cavity reaction field.
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3.4:1.2 The Extra Cavity, Secondary Reaction Field Of The Solvent R,:

Homer and Percival (64) treated the nearest neighbour solvent
molecules by accounting for the effect of their reaction fields,
recognized as Ry. With Ry this makes up the total reaction field

effecting the solute molecule in Onsager's cavity.

The primary reaction field Ry produces a uniform polarization
of the cavity through the potential arising from the charge
distribution on the cavity wall. The reaction field is continuous
in the solvent medium, but its effect decreases rapidly with the

separation from the cavity centre.

Homer and Percival's method for calculating < 322 > depends
on considering two cavities 1 and 2 (Figure 3.2) in the continuum.
When the two cavities are well separated from each other, Ry does
not effect cavity 2 and R, does not effect cavity 1. However,
when the two cavities are close to each other, the reaction field

of each molecule will effect the other one.

In the case of an infinitely dilute solute 1 in solvent 2,
the central solute molecule 1 will always be surrounded by solvent
molecules 2. Consequently, the solute molecule will experience
the reaction field arising from its own transient dipole, and
additionally the sum of the extra cavity reaction fields due to

the surrounding solvent molecules.

It was assumed that the number of the solvent molecules that
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Cone of influence for R2

Figure 3.2 Cone of influence for R, with a solute and
solvent cavities in contact.
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can surround the solute molecule is Z,, and the number of the

solute molecules that may surround the solvent molecule is Zq -

Homer has shown that the additional secondary mean square

field experienced by the solute molecule is 2 (22/21) < 322 ¥

The total mean square reaction field experienced by the

solute molecule is thus:

<R2T>=<R21 >+2 Z2 <R22>..I..l....d.ttt.--q‘-. (3.15)

24

Using the formula for the close packing of sphere, Z can be

presented by:

iy R N AU R A S

where ry and r, are the radii of the solute and the solvent
molecules, respectively. Consequently, equation 3.15 can be

rewritten as:

r
e e > 2 B R e A ATY
‘RT} - 4R1> +2(r ) R2 8 8 B B B RS E R AR s

2

< R22 > was formulated by an approach analogue to that for
< R21 >. The final equation for the total mean square reaction

field is:
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Based on London's (85,86) treatment of a quant um ‘mechanical

oscillator, the required dipole moments can be expressed by:
#: 3aI LR B B O I I B DL I B O D I B O B R I B B B R (3.19)

where a is the polarizibility of the molecule and I is the

ionization potential.

The reaction field contribution to the nuclear screening

constant 9p p can now be expressed as:

JR.F = “B(R2T> LRI R B I R R B B R B I I R A N RN A R R (3-20)

where B is the nuclear screening coefficient which depends on the

nature of the nucleus and the chemical bonds to it.

Homer and Percival tested the validity of equation 3.18 by
correlating the gas-to-solution chemical shifts for protons in the
group IV B tetramethyls (as solute and solvent) against the
calculated < R2T > for each system using equation 3.18. The

regressions were linear with correlation coefficients close to
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unity and slopes in good agreement with the theoretical value of B
(Table 3.2). However, it can be seen from Table 3.2 that all the
straight lines did not pass through the origin. This was taken to
mean that equation 3.18 presents an incomplete description of van
der Waals forces effecting the molecules. This fact led Homer to
recognize his buffeting theory which will be dealt with in the
following section.

T.4:2 Buffeting Theory:

.e

Homer and Percival (64) characterized and recognized the
buffeting interaction between the solute and the solvent molecules
as analogous to the non-equilibrium situation first mentioned by
Buckingham. The buffeting interaction was considered on the basis
of a peturbation of the peripheral solute atoms by electric fields
originating from atoms at the periphery of the solvent molecule.
This was treated on the basis of pair-wise encounters. The
reference for such encounters was a right hand triple taking the
solute resonant nucleus at the origin with its bond to the other

atom in the molecule colinear with the z-axis (Figure 3.3).

The electric field E produced at the solute atom containing
the resonant nucleus of interest by a moment W in a solvent
peripheral atom and separated from the solute nucleus by distance

r, is given by (80):
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Space average situation of a solvent molecule average electric moment.
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E=3@E.r)

Assuming that there is no restruction on the approach of the
solvent molecule to the solute atom, the time average of the
electric field over all space will be zero. However, the mean
square value may still be finite. Therefore, Homer evaluated the
square of the instantaneous electric field at the resonant
nucleus. This instantaneous valué of the time average electric
field was deduced by considering the situation in one octant about
the solute resonating nucleus. On time average the appropriate
solvent atom can be considered to lie on an axis at an angle of
540 44" (003'1 1/\[.37) to each of the three coordinate axes based
on the solute nucleus. The solvent moment m was characterized by
considering the solvent electron moment in one octant about the

solvent atom.

The electric fields at the solute resonant nucleus that are
parallel and perpendicular to the bond containing the rescnant

nucleus are given by:

BB SR R
X zZ
.._.E:h = - y - LR L R IR B I I I I I Y LU I (3-22)
& 47 l"3 PB
l—h' — —
e 2m ' m, '
E = - - I I T S S ) . LR N Y (3-23)
y r'3 r r
hica S8 S
E = - G RO D s D ab e oy (3.24)
r r'3 I"3
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that are illustrated in Figure 3.4. It was accepted that because
the accessibility of the solvent atom to the solute resonant
- =5

nucleus is anisotropic, E,, Ey and E, are modulated by weighting
factors which are considered to be a measure of the anisotropy of
relative approach, accessibility or steric hindrance of the
solvent molecule to the solute resonant nucleus. Solute-solvent
encounters parallel to the bond are restricted by 03K 1, and
those perpendicular to the bond are defined by 0 { @ £ 1 and
0L a’é 1. It is assumed also, for the axially symmetric bond
around z-axis (as in the case of C-H or C-F bonds) that @ =a'
and 2a =f¢{ . By taking the sum over four octants the final
deriviation of the mean square dispersion field was given by the
simplified equation:

2

B AN S T e P 48, 35)

2

where K is a constant depending on the electron displacement

around the peripheral solvent atom.

Therefore, the contribution of the buffeting interaction to

the nuclear screening constant is characterized by:

°BI = = _B_E e ol ST S I R S BT
6

5

where r is the interatomic distance between the resonant nucleus
and the atom on the periphery of the solvent molecule (taken as
the sum of van der Waals radii of the atoms considered), B and ¢
describe the total effective accessibility of a solute atom to

the solvent atom as a result of pair-wise encounters, they are
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Time average electric fields with respect to directlons parallel and perpendicular to the axis of the C-H bond.
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3.5

based on a geometrical accessibility where the encountering
species are rigid and passive (there will be more description

detailing the measurement of these parameters in Chapter 4).

The above discourse merely summarizes the salient features of
the evidently complex arguments leading to the derivation of gy
subject of an earlier thesis (64), The full details of the
approach and of that leading to < R22 > are contained in a lengthy

paper now accepted for publication in "J Chem Soc" Faraday II.

The application of buffeting theory was not limited just to
the NMR field, but to other aspects of chemistry and physics. For
example, Fig 3.5 shows the relationship between calculated van der
Waals a-values, and those obtained from either data. The
correlation which is in quite satisfactory and appears to be

significant with the expected slope of unity and zero intercept.

CONCLUSION

The ovefwhelming success obtained by the extensive tests of
Homer and Percival's theory is beyond the realism of chance.
Consequently, despite the acknowledged simplicity of Homer and
Percival's approach it would appear that they have proved a
working theory that can be used to accurately predict observable

properties of matter that stem from van der Waals forces.
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Figure 3.5 Relationship between critical and field calculated

van der Waals a-values (Reprinted from ref. 64).
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The work reported in Chapter 4 of this thesis will
demonstrate a direct application of Homer's theory and will also

provide more supporting evidence to it.
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CHAPTER FOUR

4.1

AN APPRAISAL OF THE APPLICABILITY OF REACTION FIELD
AND BUFFETING THEORY TO THE ANALYSIS OF SOLVENT INDUCED
SHIFTS FOR COMPLEX MOLECULES IN THE LIQUID PHASE - A

POSSIBLE ROUTE TO MOLECULAR STRUCTURE

INTRODUCTION:

This chapter will demonstrate that the solvent chemical shift
induced in quite complex molecules in the liquid phase can be
explained by the reaction field and buffeting theory described in
the previous chapter and that the approach may be used to study
steric aspects of those quite complex molecules. For this work no
gas-to-gsolution chemical shifts were needed to analyse the solvent
buffeting effect. This development was achieved by using two
different solvents have different buffeting Q values with the same
solute. This enables the elimination of the necessity of
measuring the gas-to-solution chemical shift which is difficult or
in some cases impossible and in any event may be subject to

significant errors.
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4.2

Basically the experimental work of this chapter has been
undertaken to provide chemical shifts from which the buffeting
interaction contribution to the nuclear screening,trBI, can be
isolated by subtracting the calculated effect of the reaction
field part of the van der Waals screening. The isolated Opr was

tested againat the existing Homer theory.

ISOLATION OF“w FROM THE EXPERTMENTAL CHEMICAL SHIFTS

FOR MOLECULES IN THE LIQUID PHASE:

The screening constant of an isotropic solute in an isotropic
solvent is

s AN G 1

as" ao+ a-w W BRSSO RS E OSSR SRR R SRR (4.1)
where &s is the screening constant of nucleus i in the solute
contained in solution s, &0 is the absolute screening constant of
nucleus i in the gas phase under zero pressure, and &w is the

contribution of van der Waals dispersion forces to the screening

of nucleus i.

From equation (3.6):

aj"w= &R_‘F"’ OJ:BI LR R I I I I O O I O I I I I A I O A I I I O I B A ) (4-2)
therefore,
% - %’o+ &RF“'&BI 8 e e 8 e e LR B R R L T R I (4-3)
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where opp and opy are the reaction field and the buffeting

interaction effects on the screening of constant of i.

Usually the chemical shift of each resonating nucleus is
measured from a reference, which is one of the components in the
solution when using the internal reference technique; this is the
case adopted throughout the work reported in this chapter.
Consequently, the reference will experience the same environment

as the solute, and its chemical shift is, therefore, given by:

as- o0 O'w D I R I R I R O ) (4.4)

where the superscript r in the above equation identifies the
reference. Following equation (1.46) the chemical shift is

defined by:

S e SRR S SR R SRS SR ¢

Therefore using equations (4.1 and 4.4) the above equation may be

written as:

G L R e A e iy v e (B

Since the term ( %o i go) represents the difference between the
single molecule or the absolute screening constants of nucleus i
and that of the reference r, this term is constant whereas the
other term ((}w = §W) depends on the properties of the solvent.

The difficulty of obtaining the absolute screening difference in

1



the above equation may be avoided by finding the appropriate
chemical shifts in two different solvents, so that the difference

between these two chemical shifts for a given solute using the

same reference will eliminate the term ( 5, - §,) as explained

below:

The chemical shift of the resonant nucleus i contained in an
isotropic solute at infinite dilution in an isotropic solvent A is

represented by:

SUB S L i YRR R s ST T

and similarly the chemical shift of i using another isotropic

solvent B is given by:

LT e N SR TS S T einnlevns a8
By subtracting equation 4.7 from 4.8, the difference of the
chemical shifts of i on changing from solvent A to solvent B, is
given by:

(8B - 51/h) « ( 1/,

& i/o{lw) e 7 r/A) Wesm st ded)

o w Ow

which may be rewritten as follows by using equation 4.2 with

rearrangement:
_— (r/gw - r/éw)..l.....C.C.!..OIOQOCIIIOO ''''' LR L B (4!10)
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For simplicity it will be assumed that there is no solute -
reference interaction since both of the components are considered
to be infinitly dilute. Therefore, in equation (4.10) the term
representing the difference of van der Waals dispersion forces
screening of the reference should be a constant value independent

of the solute, provided the same solvents A and B are used.

It is convenient, therefore, to isolate the required
difference in buffeting contribution to the nuclear screening

constant, by rearranging equation 4.10 as:

(ai/B ) ai/A) o Rkl 5. ié}RF) = ( i/B ié#BI)

O RF aBT
= L r/?w P

Oy) sseessssscsshssacscssassscosansancncens (4.11)

It will be shown that the above equation enables the
isolation of the difference in the buffeting interaction
contribution to the screening, together with a constant factor on
the right hand side. The left hand side of the equation contains
the difference of the experimentally measured chemical shifts
together with the difference of the reaction field contribution fto
the screening that can be calculated using the established

equation (3.18).

Equation (4.11) will be used to carry out the task of this

chapter.
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42100

Characterizing opy In Different Solvents:

The intention now, is to measure chemical shifts giving
(si/B . 51/A), subtract from these the calculated value of
( i/ERF - iﬁéRF) and correlate the resultant of these with
suitable functions of the buffeting term ( ié?BI = i/éBI)'

The solvents chosen for this work were TMS and CCl,
(representing A and B respectively). The use of the latter
requires that the basic buffeting equation (3.26) has to be
modified to account for the increased number of electrons in the
chloriné atom in CCl4. Homer and Percival(64) have done this by

(82) who in another context has

reference to the work of Yamamoto
used an analogue Hartree-Fock based scaling factor, Q, which is

equal to unity for hydrogen atom and is replaced by:

for other atoms such as the halogens. The experimentally based
value of Q deduced by Homer and Percival correlate well with these
of Yamamoto. Consequently, the appropriate values of Q can be
inserted reliably into equation (3.26) to obtain the effect of
buffeting for non-hydrogen buffeting atom X. It should be noted
that because of the different van der Waals radii of hydrogen and
other atoms, the Q values of the latter must be distance
modulated. Accordingly, equation (3.26) may be rewritten as

follows:
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"BIZI (‘;KH) Qx (rHH) (2p =8 e it katE)

where X refers to the interacting solvent atom.

This general form of the buffeting equation can be used to
analyse the buffeting difference term in equation (4.11). Assuming
that the two solvents are such that the buffeting atom in A is

hydrogen and that in B a halogen X, the difference term is:

- - BK r 6
i/B i/A H HH c1 ' 12
( 981 = ogp) = 6 (r ) Q™ (28 - )7 -
HH HC1
- BK 2
B 20 =B L casine onisiienns v nslials (4.13)
PGHH

where g', ¢' and g, fare the solute peripheral atom buffeting

parameters when buffeted by solvents B and A respectively.

Equation 4.13 can be rewritten as:

- BK

i/B i/A H ' e 2
( UBI - O'BI) = r'ﬁ_ A(zﬁ - g) - (Zﬁ-g) ses e (4.114)
HH
where
) ST Gl T I I N AN S a il T T A
"HX
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Equation 4.14 represents the buffeting effect on the screening
constant based on Homer theory, while equation 4.11 contains the
experimentally isolated buffeting effect difference. Therefore,
equations 4.11 and 4.14 can be used to carry out the aim of this

chapter.

It is important before preceeding any further, to discuss the
method used in this thesis for obtaining the values of the
buffeting parameters p and { for complex molecules. The following

section will deal with this point.

4.2:2 Measurement Of The Buffeting Parameters BAnd € :

The geometrical buffeting parameters p and { represent the
effective accessibility of the solvent peripheral atom to the
solute resonant nucleus, as a result of pair-wise encounters in
their non-equilibrium situation. In order to imagine this
buffeting, the solvent molecule containing the peripheral atom is
assumed to be spherical because of its rotational motion. Both
solute and solvent molecules are taken to be rigid and passive. On
these bases, Figure (4.1) shows the approach that is assumed to
represent pair-wise encounters from a geometrical point of view.
It shows that the solvent molecule is buffeting the solute atom
under interest with a distance r between the centres of the
resonant nucleus and the peripheral atom on the solvent.l The

figure shows & hypothetical two-dimensional encounter situation.
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Figure 4.1 Two-dimensional representation of a methane molecule

(Hydrogen H and methyl group Me) encountered by
an isotropic solvent molecule.
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If in figure (4.1) the centre of the peripheral solvent atom
can adopt all positions on an arc of radius r, from the centre of
the solute atom throughout the octant of interest, thenpg = 1
and@ =1 ({=2) and there will be no buffeting screening. If the
contact distance r, is sterically precluded within the
octant, fand awill be less than unity. If the two dimensional
angle § is the angle between the radius vector and the so-called@® -

axis which defines the limit where r, no longer applies

c

(i.e. r > rc) the following equations are applicable:

45 -6
I£0& 45 ; =1 ,0a,m ssias s wanieneiains s ane khsth)
45
90 -8
20 453 &= 0, B, ® PRI AL e e a0e ARECN L)
45

The above equations enable the contact geometrical buffeting
parameters B, and {, to be deduced when the solvent peripheral
atom is in contact with the solute atom. The remaining parts
of panda, (1 - B,) and (1 - @ ), may be deduced by distance
modulation. The modulation is based on the inverse sixth power of
distance, because of the distance dependence of van der Waals
dispersion forces. If r’ is the distance between the centres of
the solute atom - solvent atom at the a-axis, viz the extreme
point of the octant of interest where direct atom-atom contact is
prevented by steric hendirance, r, is the distance between the
centres of the solute-atom solvent-atom at contact, and assuming a
continuous change in distance from r, to r’, the average inverse

power of the distance used for the modulation of (1 -3 c) and
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(1 - a,) is < r~® > where:

S i
r‘sdr 5 , 5
r r IR
e e = . — (4.18)
r 5 (r - rc)
dr
Te

The total values ofﬁandg are given by:

ﬁT w B (3 -ﬁc) 28 Lo ool g Livesusssdiseesese CA19)

Cc

B g e (e e YR TS L D v s sk s e (20

or gT = gc i (2—§c) r6c < I'_6> R I R A R BN A (4.21)
for the appropriate situations.

It is worth pointing out that totally independent
calculations of f’T and §T for given systems by this author and by
Percival produce insignificant differences between the independent sets

of Bp and {q.

4.3 EXPERIMENTAL REQUIREMENTS:

The contribution of the buffeting interaction to the solvent
induced nuclear screening represents only a small part of the total

chemical shift; in some systems it is just few Hertz at 100 MHz. The
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isolation of such effects from the experimental shifts therefore
requires high accuracy in the measurements of the latter. The factors
that effect the chemical shift measurements e.g. the sample preparation
and the concentration of the solute under interest will be discussed

now.

4.%5:1 Measurements of Accurate Chemical Shifts:

The chemical shifts measurements reported in this chapter,
were performed using a Perkin-Elmer R 12 B 60 MHz NMR spectrometer
during the first stage of the work, but the main results were
obtained using a Varian Associates HA 100 D NMR spectrometer. With
the latter instrument the absorptions are recorded on a calibrated
chart and chemical shift are shown on the instrument frequency
counter display. The shifts are measured by placing the pen on
the top of the peak of interest and measuring the a.f modulation
frequency. The error in the frequency display is + 0.1 Hz, but
the total error in measuring the absorption frequency is
+ 0.2 Hz due to the uncertainty in locating the pen at the top of
the absorption. Maintaining only this error in the measurement
necessitates careful control of conditions such as using the same
sweep rate and filter to minimize random errors. All the spectra
were drawn out in expanded form i.e. maximum spectral width, and
the measurements made several times to average any variations.
Internal lock was used throughout to avoid any possible signal

drifting.
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For the few measurements made using the Perkin-Elmer R 12 B
instrument for which there is no frequency counter, the chart was
precalibrated, and the chemical shifts found by averaging several

measurements for the same sample.
The temperature was kept constant throughout all the chemical
shift measurements at 33°C to eliminate the effect of temperature

variations.

4.3:2 Preparation of Samples:

All the samples investigated were prepared at effectively
infinite dilution (see section 4.3:3) to eliminate any
concentration effect. New 5mm O0.D NMR tubes for each sample were

used throughout.

To ensure that there was negligible dissolved oxygen that
could contribute to the shifts, the samples were prepared under
vacuum. The transference of solutions to NMR tube under vacuum
was effected using special glassware designed(83) for this
purpose. Figure (4.2) shows the vacuum manifold and syphoning

apparatus used.

Initially, the three-way tap and the rotaflow taps were
adjusted so that the flask was isolated from the rest of the
apparatus. All parts of the manifold were then evacuated, except
for the flask. Meanwhile the flask was cooled using liquid

nitrogen. About 2.5ml of the prepared solution was quickly

121



acoling water jackets
e sotar verd |
punps

Figure 4.2 The manifold and the syphoning apparatus used together in samples preparation.
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inserted in the flask. Then the solution inside the flask was
frozen by liquid nitrogen. At this stage the flask was opened to
the evacuated manifold while the solution was frozen. Vacuum was
achieved using conventional rotary pump techniques and the
pressure assessed using a mercury manometer ccnnected to the
manifold. The vacuum at this point was checked using the
manometer for a pressure of 10~2 Torr or less. Subsequently the
flask was isolated from the vacuum system by the three-way tap and

allowed to warm up.

The NMR tubes were connected to the manifold using a special
glass-to-metal joint with an o-ring seal. Each tube was evacuated
and checked for any leakage. The NMR tube was warmed gently to
remove any oxygen adhering to the wall. Then the vacuum manifold
was isolated from the pump and the taps leading to the sample tube
and the flask were opened. By cooling the NMR tube the sample was
distilled over; during this procedure the NMR tube was cooled and
the flask containing the sample warmed while controlling the taps
until enough sample in the NMR tube has been transferred and
collected. At this stage the sample tube was frozen and thg
manifold re-evacuated. Finally the NMR tube was sealed under
vacuum. In order to improve the sealing, the NMR tubes were
prepared before use by flame heating around a point about 2cm from
the open end prior to the installation on the vacuum system. This
caused a restriction and thickening of the tube at the appropriate
point. Subsequently, a very good seal was obtained by touching

the narrow part of the tube with the flame. Then the sealed tube
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4.3

3

was kept under a glass beaker for at least two hours after the
solution inside it had melted so that the effects of explosure or

implosion could be monitored.

Effects of Concentration on NMR Chemical Shifts:

Chemical shifts studies relating to the Homer and Percival
theories ideally require the use of infinitly dilute solutions.
Consequently it was important to establish the limit of
concentration which could be considered to behave as an infinitly

dilute solution.

This was done by investigating the dependence of an
appropriate chemical shift on the solute concentration. The
system chosen for this purpose was a typical system, in which the
reference was an external reference (TMS) contained in a capillary
inserted co-axially inside the 5mm 0.D NMR tube. The solution in
the annulus between the tubes was composed of TMS in CCly. The
proton chemical shift of TMS (in the solution) was measured with
respect to the reference (pure TMS in the capillary). Different
concentrations of TMS in CCl, were prepared starting with 10%
molar and then halved each time to (5, 2.5, 1.25, 0.613 and 0.31)%
molar. The chemical shift was measured for each concentration,
using a field/frequency locked Varian Associates HA 100 D
spectrometer. Table 4.1 presents the resultant chemical shifts. A
plot of these against concentration is shown in Figure 4.3; the
y-intercept represents the chemical shift of the sample at zero

concentration viz: the infinite dilution chemical shift. Whilst
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Concentration TMS/in CClu

do
of TMS in CClu
(Molar)

X 10% -43.5
/2 X 5% -45.2
1/4 X 2.5% -45.9
1/8 X 1.25% -46.2
1716 X 0.625% -46.2
1/32 X 0.313% -46.2

Table 4.1 Dependence of chemical shift of TMS in CClu from external

TMS using verian HA100 D spectrometer at t = 33°C.
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these shifts are not susceptibility corrected, it can be seen that
below a concentration of 1.25% molar the shifts are almost
constant. Therefore, in practice a solution of 1% molar can be

assumed to be infinitly diluted.
All of the samples used throughout this work were prepared at
1% molar; this avoids any unwanted interaction that may occur

between the solute and the solvent at higher concentrations.

Ow For The Reference TMS:

If some correlation between the term on the left hand side of
equation 4.11 and the first term of the right hand side can be
demonstrated a further test of the validity of this equation may
be made by analysing the value obtained from the second term of
the right hand side i.e. ( T/Bw - T/Aw). Consequently, the next
stage of the work was to deduce, by an independent method, a value
of this term for the reference. This term should be constant and
can in fact be estimated separately. The experiment that was

described in section (4.3:3) can be adopted for this purpose.

From equations (4.1 and 4.5), the chemical shift of TMS in

the solvents 0014 and TMS can be represented respectively by:

0014
o) = o + Oy * g
™S
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a TMS == 00 * G"b + ﬂ'w LR I A R O B I B I B R O A B I (4-23)

Therefore,
CC1, TMS 7 -
8 w5l = ( o505 * ( oy o) (4.24)
TMS ™S

In the above equation the term representing the screening
effect of magnetic susceptibilities can be calculated using
equation (1.57), where the volume magnetic susceptibilities
are -0.536 x 1076 for THS(61) and -0.689 x 1076 for cc1,(84). mhis

»
would give ( oy - oy) = -0.32 ppm.

Using the value deduc ed in section (4.3:3) for the

experimental difference in the chemical shifts of TMS on changing
from CCl, tocgids as solguesnt (for infinitly dilute solutions) given
the term ( ﬁTMg - Jdnpyg ) as -46.3 Hz at 100 MHz (From Table
4.1 and Figﬁre 4.3). Therefore, substituting these values in
equation (4.24) would give the difference in van der Waals
screening for the reference ( Jw - aw) equal to -14.3 Hz. This
value is in exact agreement with the value deduced by Homer(87)
using a novel referencing system for the same purpose. He

obtained -8.6 Hz at 60 MHz which is equivalent to -14.3 Hz at

100 MHz.

Figure 4.4 illustrates the above method schematically.
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4.5

APPLICATION OF BUFFETING THEORY TO THE METHYL GROUPS

IN DIFFERENT STERIC POSITIONS:

The next stage of the work was to measure chemical shifts
from which ogy can be isolated and tested against Homer's theory.

The general approach for this has been explained in section (4.2).

It was proposed that the methyl groups in a selection of
organic molecules were suitable objects of study since they are
expected to be in different steric positions. The molecules
studied were: Camphor, Pinene, Fenchone, Menthol, P-Cymene,

Paraldehyde, Durene, Mesitylene, P-Xylene and Toluene.

Initially, it was necessary to investigate the dependence of
the proton chemical shifts of the methyl groups of the above
mentioned samples on the concentration of the solute. If
significant dependence was found, it was considered necessary to
determine the shifts at infinite dilution. Experiments
demonstrated that there is no appreciable concentration dependence
for the proton shifts when using any concentration around 1%
molar. Thus it was possible to use this order of concentration to

represent an effectively infinite dilution solution.

All of the above mentioned samples were prepared in the two
solvents TMS and CCl4 at concentration of 1% molar. These were
transferred to 5mm 0.D sealed NMR tubes under vacuum (section
4.3:2). TMS was used as an internal reference in all cases. The

chemical shifts of the methyl groups in each sample were measured
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relative to the proton resonance in the reference TMS. The Varian
Associates HA 100 D NMR spectrometer was employed for these
measurements under lock conditions and at a temperature of 330C.
The experimental chemical shifts are given in Table 4.2, and the
change in the chemical shifts of each methyl group on changing
from 0014 to TMS as solvents (9 CCl4-5 TMS) are tabulated also.
The assignment of the methyl groups chemical shifts are either
based on the literature(100) or by correlation to the structural
environment and the electronic effect on the deshielding of the
resonant nuclei. However, there was uncertainty in the assignment
of the methyl groups b and ¢ in Camphor, but this seems to have no

effect on the subsequent correlation.

It was necessary to calculate the contribution to the
screening due to the reaction field for each solute in each
solvent. Table 4.5 shows the data required for the reaction field
calculations for all systems.  Table 4.4 gives the calculated
total mean square reaction field < R2T > and its contribution to
the screening constant opp in each solvent using the deduced B
value(64) of 0.87 x 10-18 e.s.u. Also the difference in the
reaction field contribution to the screening constant on changing

from 0014 to TMS as solvent A CEERF is tabulated.
In order to isolate the term representing the true difference

in the buffeting interaction to the nuclear screening, equation

(4.11) was used. The relevant data are given in Table (4.5).
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C T C T
CH3 8 in CCl), 8, in TMS 5§ = &
SOLUTE Position Hz Hz Expr. H
c‘ b
g a -94.5 -93.0 -1.5
o b -85.5 -86.1 +0.6
Camphor ¢ -82.8 -80.8 -2.6
a -162.6 -162.4 -0.2
o
b -81.3 -85.2 +3.9
Pinene e -125.4 =-126.4 +1.0
o
a "9906 "97-3 -2-3
9]
b -99.6 -97.3 -2.3
il
Fenchone c -108.9 -108.2 0.7
2] ; =
b -9009 -90-65 -0-25
b
Menthol c -79.15 -80.5 +1.35
0 <S>
a -228.5 -224 .5 -U4.4
P-Cymene b -122.2 -121.4 -0.8
Paroldehyde -128.5 -128.0 -0.5
Durene -214.8 -212.8 -2.0
Mesitylene -222.0 -216.6 -5.4
P-Xylene -227.1 -223.2 -3.9
P-Eg ~—>
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Toluene -234.0 -230.0 =10

Table 4.2 The 100 MHz chemical shifts at 33°C of the methyl groups of
selected molecules from internal TMS at infinite dilution in CCll$ 50 and
T™S ST, and the difference between them ( 60—5T) . Locking was on the 1H

in TMS.
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Sample r A° @ om3/10723 1 erg/10-12 Vm om3/10722 ng
Camphor 3.948 1.778 13.46 2.1 2.3907
C1016°
Pinene 4,261 Vadil 12.93 2.64 2.1486
C10t16°
Menthol 4,381 1.983 13.458 2.87 2.1316
P-Cymene 4,239 Lol 2D 12.02 2.60 2.2278
Paralolehyde 4.016 1.343 4.4 2.21 1.9737
Durene 4,266 1.725 12.9 2.65 2.2849
Mesitylene 4,074 1551 13.46 2.307 2.2u482
P-Xylene 3.916 1.3775 14.04 2.05 2.2374
Toluene 3.726 1.204 14.74 1.765 2.2383
™S 4,079 1.19 15.7T 2.316 1.8266
CClu 3.613 1.05 18.3 1.61 2.1144
r Molecular Radius
Table 4.3 Data of the selected samples used @ Polarizibility
for reaction field calculations. Collected I Ionization Potential
from ref (61, 84, 29, 101, 102) _ ny Refractive Index
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Solute

Camphor

Pinene

Fenehone

Menthol

P-Cymene

Paraldehyde

Durene

Mesitylene

P-Xylene

Toluene

TMS

Table 4.4

<R§>mo” 0.8.1.

CCl

u

2.823

2.925

2.952

3.062

2.876

2.662

2.925

2.795

2.703

2.638

2.714

in solvent

™S

0.9667

0.8608

0.8712

0.8905

0.8411

0.8421

0.8578

0.8667

0.8819

0.9243

0.8145

2
CRT>

C‘Clq_

2
-<RT>/

1.856
2.064
2.081
2.172
2.035
1.820
2.067
1.928
1.821
1.714

1.899

‘IOT

T™MS

1
ff.U.

( §R.F - ,}'R.F) Hz
100 MHz
-16.15
-17.95
-18.1
-18.89
-17.71
-15.84
-17.98
~16.77
-15.84
-14.91

Reaction fields calculated for various solutes in CCl14 and TMS,

and the reaction field screening difference on changing from

these two solvents taking B for the methyl C-H bond as 0.87 x

10_J§u(from Homerand Percival).

MHz).
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C-T  C-T
SOLUTE CH, £ - & 100 HHz ConpHz  %Exp " °R.F /Hz
Exp :

a -1.5 14.65
c b b +0.6 -16.15 16.75
g e -2.6 13.55
a -0.2 17.75
b +3.9 -17.95 21.85

a -2.3 15.8
b -2.3 =185 15.8

c -0.7 17.4

2

a
(w]
@
o)
b
¢ a +0.5 19.39
e b -0.25 -18.89 18.69
b
b
b

uo@
e +1.35 20.24
- a -4.0 -17.71 13.71
0 S b -0.8 16.91
Paraldehyde -0.5 -17.84 11.94
Durene -2.0 -17.98 15.98
Mesitylene -5.4 -16.77 1137
P.Xylen -3.9 -15.84 11.94
Toluene -4.0 -14.91 10.91

Table 4.5 The isolated buffeting screening differece for selected solutes

from being in CCl4 to TMS solvents.
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Therefore, the effect of the buffeting interaction on nuclear
screening in a solute on changing between two solvents may be
analysed using equation (4.11). Consequently, the validity of
this theory may be checked by ploting the term representing
f (ﬁ,g), the first term of the right hand side of equation
(4.11) given by equation (4.14), against the left hand side of
equation (4.11). This requires the evaluation of the geometrical

buffeting parameters. The way this was done is as follows:

The B and { values for each methyl group were estimated using
"Courtauld Atomic Models" to represent the solute molecules and
spheres of appropriate sizes(84) for the encountering solvent
molecules. Thef and { values estimated in this way are probably
reasonably accurate, because independent checks with Percival's

values proved satisfactory.

The method described in section (4.2:2) was followed. For
accuracy, the parameters were obtained for four octants based on
each proton in the methyl group and the twelve values were
averaged overall. The intention of this was to take into
consideration the freedom of rotation of the methyl groups in the
molecule. All the parameters were distance modulated using
equations (4.19 to 4.21). Table (4.6) gives the values of B'mp
and §'T for all the methyl groups when they are buffeted by 0014
as solvent, and Bp and {p when they are buffeted by TMS as

solvent.
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CH3 CClu (Buffeting molucule-solvent) TMS
- ! \ 2 2
Solute Position %‘ é‘T (2P5w 2" ,fér fn (2B =% )
¢ b
u a 0.715  0.708 0.521 0.738  0.654  0.676
b 0.754 0.738 0.592 0.716  0.665 0.588
Q
Camphore ¢ 0.754 0.738 0.592 0.716 0.665 0.588
é’ a a 0.843  0.868 0.669 0.778 0.815  0.549
b 0.665 1.042 ~ 0.085 0.667 0.98 0.125
Pinene e 0.783  0.057 0.531 0.738 0.651 0.681
a 0.801 0.95 0.425 0.768 0.773 0.426
0]
v b 0.718 0.972 0215 0.706 0.883 0.28
c
Fenchone e 0.674 0.85 0.248 0.631 0.815 0.2
<
Q a .
" 5 0.66 0.9 0.176 0.66  0.81 0.057
b b 0.645 0.85 0.194 0.642 0.815 0.22
Menthol e 0.583 0.93 0.056 0.583 0.075 0.085
a _@_&0 a 0.862 0.85 0.764 0.8 0.815  0.616
s
b 0.718 0.716 0.518 0.665 0.623 0.5_
P.Cymene
Paraldehyde 0.962 0.885 1.08 0.917 0.815 1.038
Durene 0.743 0.85 0.404 0.7 0.815 0.342
Mesitylene 0.862 0.85 0.764 0.8 0.815 0.616
P.Xylene 0.862 0.85 0.764 0.8 0.815 0.616
P72,
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Toluene 0.88 0.85 0.828 0.83 0.815 QT4

Table 4.6 The buffeting geometrical pamometers for selection of complex
molecules using two different buffeting molecules (solvents) CClu

and TMS.
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Equation 4.14 can be applied to find the difference in the

buffeting due to using CCly and TMS as solvents, and this is given

by:

cc1, TMS -kt
( OBI = oy ) i o [4(2 N e (2ﬁ-£)2]-(4.25)

T HH
where,
6
g ( rHH) o1
THCl
The values of the left hand side of equation 4.11,

( 48%Toyp - 4 %"gp) can now be correlated with the function of

the geometrical buffeting parameters from equation 4.22,

[A (ZIaY < )% = (28 = ¢ )ZJ . Theoretically this plot should
give a straight line of slope equal to (-100 BKH)/r6HH and
y-intercept equivalent to - ( CC%&W - Tﬁ§w) for the reference,

in equation 4.11.

Accordingly, the correlations were carried out trying
different values of A, and the linear regressions for each value
was tested. The correlated data and the analysis of the
regressions are shown in Table 4.7, which demonstrates that the
best regression is found when using A= 1.2 with correlation
coefficient of 0.7, slope of -17.08 and j—intercept of 18.1 Hz
or A= 1.0, y-intercept of 16.4, slope = =14.91 and correlation

coefficient of -0.44,overall the former is probably the best
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b(g fﬁr— I'> = (? f('g)z

Solute CH A= T A=.8 A= .9 A=1.0 A= Tl

:o
O =]
o W
n =

-0.17T4 <=0.114% =0.055 +0.004% +0.063

Camphor 3 -0.174 -0.114 -0.055 +0.004 +0.063

~0.081  =0.0%4% +0.053 «0.12  «0.187

-0.066 -0.057 -0.049 -0.04 -0.032

w
v

Pinene Cs -0.309 -0.256 =-0.203 -0.15 -0.097
[
a, -0.129 -0.086 -0.044 -0.001 +0.042
e bg -0.13 -0.108 -0.087 -0.065 -0.044
‘o

a a +0.066 +0.084 +0.101 +0.119  +0.137

-0.084 -0.065 -0.045 -0.026 -0.007

3=
o
v Srﬂﬁ
Q o
— —
==

Menthol

S 2,3 -0.081 -0.005 +0.0716 +0.148 +0.224
e <S><
b1u =0,137 =0.086 =0.034 +0.018 +0.07

P-Cymene

Paralolehyde 15 -0.282 -0.174 -0.066 +0.042 +0.15
Durene . 16 -0.059 -0.019 +0.022 +0.062 +0.102
Mesitylene 17 -0.081 -0.005 +0.0716 +0.148 +0.224
P-Xylene 18 -0.081 -0.005 +0.0716 +0.148 +0.224
Tolnene 19 -0.134 -0.052 +0.031 +0.114% +0.197

P.T0. s
N
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Solute CH

Correlation Coefficient

Slope

Y-intercept

B Value/..18

10

s (=) -bF3)

D= LT A=.8 A= .9

0.31 0.1 -0.21
10.06 2.4 -7.54
17.2 16.15 15.8

-0.14 -0.034 0.1
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A=1.0

-C‘.u"-l-

-14.91

16.4

c.21

D= 1.1

-0.6
"'170“'['
17.3

0.24

PT.0



+0.122

+0.122

+0.254

+0.084
=0.022

+0.098

+0.154
+0.013

+0.01

+0.301

+0.1216

+0.258

+0.143

+0.301

+0.301

+0.24

+0.001

+0.182

+0.182

+0.321

+0.009

+0.127

+0.122

+0.

+0.

+0.

172
032

005

377

173

.366

.183

+0.

+0.

+0.

377

377

362

+0.

+0

+0

+0.

-0-

+0

+0.

+0.

+0.

+0.

+0.

+0

+0.

+0.

+0.

+0.

+0.

+0.

053

.2”1

241

388

006

.062

169
021

147

189

052

.001

454

225

474

224

454

454

e

+0.
+0.

+0.

+0.
+0.

+0.

+0
+0.

+0.

+0.
+0

-0.

+0

+0.

0.5

+Oo

+0.

+0.

+0.

106

455
003

116

.212

043

172

207

.071

007

.53

277

82

264

53

53

528
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+0.

+0.

+0.

+0

1576
359
359

.521

+0.

+0.

+0.

+0.

+0.

+0.

+0.

011

169

254
064

197

225

09

.012

++0.606

+0.329

+0.69

+0.304

+0.606

+0.606

+0.611

A=

+0.

+0.

+0.
+0

+0.

+0
+0.

+0.

+0.

+0.

+0.

+0.

+0.

+0

1

.21

418

418

588

.02

222

297

086

222

242

11

.018

.683
.381

.798

345

683

683

.694

-7

(% -

C
("RF =

3
é

T
R

14,
16.

13.

17.
21

18.

15.
15.

17.

19.
19
20.

13

11
15.
1
11

10.

) -
Exp

;>Cal.

65
75
55

75

.85

95

39

.69

24

.71

.94

98

.37

.ou

91

P.T.O
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Dianlc s B 3 A=k D= 1.6 A='1.6 A

"
—
-

I
4

v -0.69 -0.74 -0.77 -0.79 -0.81 0.81

oA <17-0% — ST - M) =}2.-E -1k -10.2%
¢ 18.7 19.2 19.46  19.7 19.8
8/¢ o0.24 0522 0.2 0.18 0.16.  0.14
g.5 ¢!

Table 4.7: Analysis of the regression of (5c - 5T) - (argF - "gF)

exp Cal
on A(2f - {,.)2 - (2B -¢ ¥
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correlation and Figure 4.5 shows this regression together with the
theoretical line (broken). The regression of using A= 1.2 enables
a B value of 0.24 x 10”18 e.s.u. to be deduced from the slope
which is in reasonable agreement with theoretical value of Homer
and Percival of 0.87 x 10~18 e.3.u.; and also it gives from the
y-intercept a value of -18.1 Hz for ( gw - OE)TMS which is in
good agreement with the experimental value of -14.3 Hz obtained in
section 4.4. The value of 1.2 for A implies, because of the
definition of the latter, that, using ryy = 2.4 x 10~8cm(84) and
rgeyl = 3.0 x 10"8cm(84), the Hartree Fock scaling factor Q for

Chlorine is 3.2. The value obtained by Homer and Percival is

6.5(64),

The above results may be taken as encouraging because of the
non-spherical nature of the systems used in this investigation. In
fact the solutes used were complicated molecules and their
chemical shifts may be affected by, for example, 0y for which no

allowance has been made.

145



(a&=Tact-T)
15+
]
r=.0.7
rn-_-_17.08
C= 181 Hz.
G B=0.24x10_188.5.u.
o)
201
o)
N
\
|-
|
o
s
O]
|
104 \
_iO : -.é . _.i ]'\ I i \.l6 l frﬂ
12(28_¢ 1% (28.%)2

: 2 2
Figure 4.5 Regression of 1.2 (2 ﬁ' £ ) = (28=F ) on

a T c T
{5 = 8) =¥ 2 "RF) for the methyl protons.
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4.6

APPLICATION OF BUFFETING THEORY TO ARYL PROTON

SOLVENT INDUCED CHEMICAL SHIFTS:

As a further test of buffeting theory the solvent induced u
shifts of aryl protons in different steric positions were

investigated.

This study was made for two reasons. First because the B
values of these protons are expected to be different from the B
values for the methyl protons studied earlier and the magnitude of

the buffeting effect may be different. Second because the

. aromatic molecules have high electron density on the ring and this

may influence the solvent interaction and hence the buffeting
parameters i.e. collisions may be favoured with the 7 system (to
form transient molecular complexes) rather than with the

peripheral atoms or vice versa.

The aromatic molecules selected for study were Benzene,
Toluene, P-Xylene, Mesitylene and Durene. The same overall
approach was used as described in section (4.2). Each of the
solutes were dissolved in the two solvents CCl, and TMS at a
concentration of 1 mol #. The solutions were transferred to 5mm
0D NMR tubes and sealed under vacuum as described in section
(4.3:2). Employing the Varian Associates HA 100 D NMR
spectrometer, the chemical shifts from the internal lock TMS were
measured for each aryl proton in each sample in the two solvents.
These chemical shifts are given in Table (4.8), together with the

differences in the chemical shifts on changing from 0014 to TMS as
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C ity

Solute ety S by (E S G R R
ol

Benzene -725.4 -721.6 -3.8 0.16156

Tolnene -707.65 -705.8 -1.85 0.17138

P-Xylene -693.1 -692.4 -0.7 0.1821

Mesitylene -665.1 -665.9 +0.8 0.1928

Durene -673.9 -675.6 +1.7 0.2067

Table (4.8) The chemical shifts of the aryl protons in methyl

substituted benzenes in CClu and TMS. Shifts are
in Hz at 100 MHz from TMS as internal reference;
the solutes were at offective ié&nite dilution.
The measurements were made at 33°C using a Varian

Associates HA 100 D NMR spectrometer.
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solvents. The appropriate differences between the total reaction
fields (< R2T >o = < R2T >T) are given in Table (4.8) also. Table
4.9 shows the relevant data for Benzene. Following the approach
described in section (4.4) the values of the total buffeting
parameters were deduced in both CCl4 and TMS as buffeting

molecules. These are given in Table (4.10).

Because the value of B for aryl protons is not known with
certainty, the reaction field screenings were deduced using
different values of B, around the value estimated by Homer and
Percival (0.66 x 10-18 e.s.u.). Table 4.11 shows the values of
(&%= &%) - ( Sgp- gy (see equation (4.11)) using B equal
to (0.4, 0.5, 0.6, 0.7, 0.8) x 10~'8 e.s.u. for the aryl protons.
The values of A(2p' - ') - (2 -¢ )2 are given in Table
4.12, where Ais set equal to 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4 and

(-5 ,1.6.1A matrix set of regressions of (9= 3T = ( gRF - ERF)

on A(2E—§j-43—§)2 was carried out, and Table 4.13 gives the

C
ocw ™

values of the term - ( aTw) so deduced for the reference
TMS (from the y-intercept), together with the B values extracted
from the slopes of the regressions. It is evident from the
results of these regressions that are given in Table 4.13 that no
satisfactory correlation was obtained. This may not be too
surprising because it has been mentioned in the literature that
specific interaction between the aryl protons in substituted

Benzene and the solvents may occur (88?89'90). These interactions

modify the effective o

w for the aryl protons. It is now proposed

that this type of effect operates in the present solutions and
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Table (4.9)

Molecular radius r
Polarizibility @
Molecular Volume Vm
Ionization Potential I

(Refractive Index)2 n,

2
= RT‘> in CClu

<_R$> in TMS

ST T
(€HT>

2

2

- <RT> )/1012

150

351 % 10'8 em

1.0302 x 10™23 om™3

1.467 x 10~22 om3

15.0595 x 10”2 erg

2.2533

12

0.262 x 10” < e.s.u.

2

0.1005 x 10~ 12 e.s.u.

0.16156 e.s.u.

The relevant data for benzene (84, 101, 102).



Solute

Benzene

Toluene

P-Xylene

Mesitylene

Durene

Table (4.10

CClu Buffeting Molecule

0.95

0.95

0.88

0.76

1.04

1.04

0.95

0.8

0.8

0.656

0.518

0.518

TMS Buffeting Molecule

0.92

0.92

0.83

0.68

0.68

by

0.755

0.755

0.74

0.705

0.705

(28 -£ )°

1.178

1.178

0.846

0.429

0.429

The geometrical buffeting parameters for several methyl

substituted benzene.
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Solute

Benzene

Toluene

P-Xylene

Mesitylene

Durene

Table (4.11)

2 2
< wnev - Awaav

7102 e,

0.16156

0.17138

0.1821

0.1928

0.2067

C
St -

-1.85

+0.8

+1.T7

)

T

<
( mn - &) uﬁ-m ( A:m > - ﬂwm.h..v Q Hz/100 MHz

B =20.4

B =0.5

10 e

2.66

5.01

6.58

8.51

o.mq

4.28

6.72

8.11

10.44

12.04

x

c T

B = 0.6 B = 0.7 B = 0.8
5.89 7.51 9.12
8.43 10.15 11.86
10.23 12.05 13.87
12.37 .3 | 16.22
14.10 16.17 18.21

The values of ( mo - mev - ( umm - qwmu using different values of B, for the aryl

protons in various methylated benzenes.
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: .

for uS.u. - meuhmm -4 )

Solute A=0.8 L= 0.9 =150 a=1 A= 1.2 D= 1.3 A= 1.4 D=5 A= 1.6 Az 1.7
Benzene ic.mm. -0.51 -0.4Y -0.364 -0.29 -0.22 -0.14 -0.07 +0.004 +0.08
Toluene -0.54 -0.51 ~-0.44 -0.364 -0.29 =0.22 -0.14 -0.07 +0.004 +0.08
P-Xylene -0.321 -0.256 -0.19 -0.124 -0.059 +0.007 +0.072 +0.138 +0.203 +0.27
Mesitylene -0.015 +0.037 +0.089  +0.141 +0.193 +0.24Y +0.296 +0.348 +0.4 +0.145
Durene -0.015 +0.037 +0.089 +0.1411 +0.193 +0.24Y4 +0.296 +0.348 +0.4 +0.45

-

Table (4.12) The difference between the buffeting parameter (2 - ¢ um for methyl benzenes on changing from

oowz to TMS as solvent.
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B/10-18

0.5 0.4

0.6

0.8

0.94
Wl ww
9.42

0.94
0.97

11.43

0.94
10.56
13.44

Qo@

0.94
9.87
m.mm

0.94
10.48

10.91

0.94
11.09

12.87

2 2
AQ@B—8) —2p—F)

1.0

0.94
10.21

8.37

0.94
10.84

10.31

0.94
11.48

12525

1.1

0.94
10.7

T.T7

0.94
11.36

9.67

0.94
12.02

1157

1.2

0.94
11.18

7.11

0.94
11.8

8.98

0.94
12.57
10.84

.—ow

0.94
11.64

6.42

0.94
12.37
8.2

0.94
13.09
10.06

AOH—

0.94
12.39

5.59

0.94
13.16

7.37

1.5

0.94
12.93
4.75

0.94
13.37
6.47
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B/,0-18

0.7

0.8

155

r 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94
m 11.13 11.7 12..1 12.68 13.26 13.8 14.69 15.32
c 15. 44 14.85 14.19 13.48 12.7 11.88 10.91 9.91
r 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94
m 11.71 12.31 12.73 13.3 13.95 14.5 15.46 16.12
C 17.4 16.8 16.1 15.38 14.57 137 12.67 11.62

Table 4.13 Linear regression analysis of f(p, &) on the isolated buffeting screening for the aryl protons.



that the complex experimental shifts may be unravelled by the use

of buffeting theory.

The approach adopted was based on the idea that the present
solvent-solute interactions are essentially between the m electrons
of the Benzene ring of the solute system and the solvent molecule.
Because of the distances involved, it is proposed that this
interaction will have its majof effect on the aryl protons, with
negligible effect on the substituted methyl groups. The approach
was to estimate the effect of this type of interaction on the
buffeting parameters of the aryl protons, since they are the
factors most likely to be affected. The previous analysis
involved trying to correlate the term A (2 B' - §g2 - (2B -¢ )2
with the corresponding isolated difference in buffeting screening.
It now is assumed that the former term should be modified due to
specific solute-solvent interactions. If equation 4.11 is

rearranged and rewritten in the following form:

( £- 8 -[-By (<R >C - <M+ ( G, - F)T -

=B KO B[ a(28" - 1) (2B < L)) ceesrecnvendnasann (4.26)

where E represents an effect of the interaction on the term

representing the buffeting.

It was demonstrated before in this section that there is no
satisfactory correlation when the above equation used without E.
The intention now is to use equation 4.26 to calculate E values

for the aryl protons. This was carried out by finding the values
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of the right hand side of equation 4.26 using the same range of B
values as before. These are given in Table 4.14. The term

( G o TS
Ow Uw)

represents the difference between the van der
Waals screening of the reference TMS in changing from CCl4 to TMS
as solvent; this term was taken to be - 14.3 Hz as deduced earlier
in this chapter (section 4.4). The values recorded in Table 4.14
were then divided by (- BKH/rEHH) for the appropriate B values,
these terms are also given in Table (4.14), in order to find an
"experimental" value for the modulated term E [A(2 g' - g')z -

(2ﬁ-—§)2]. The values of the latter term are shown in Table

4015-

The values in Table 4.15 were correlated with the number of
methyl groups substituted in the Benzene ring; the results of the
regression analyses are given in Table 4.16. These regressions
show a perfectly linear dependence on the number of methyl groups
substituted on the Benzene ring. Therefore EC/T can be
represented as a linear function of N, the number of methyl

groups .

Accordingly, the effect of interaction arising from

interactions with CCl4 may be represented by:
E'C=II1'N+C' S8 8 % 8 S8 E AR S S SEE s s e s LR R R R I B (4027)

and similarly the effect of the interaction arising from the

effect of TMS is:
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Solute

B/10"18

Benzene
Toluene
P-Xylene
Mesitylene
Durene

-BK/PG(HZ)

Table (4.14)

0.4

-9.29

-7-?2

-5.79

-4.33

-28.43

G VR aT)-[-B(<R

0.5

-10.02

"'Tl58

-5.89

-3.86

-2.26

-35.67

2C

0.6

-8.41

-5.87

-4.07

-1.93

-42.8

e <:R§§ )]+ (

Haalbalg S

0.7 0.8
-6.79 -5.18
-4.15 -2.44
-2.25 -0.43
0 +1.92
+1.87 +3.94
-49.93 -57.06

The experimentally isolated buffeting difference with

the reference van der Waals screening differce on

changing from CClq to TMS solvents, for the benzene

methylated system.
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Solute

3/¢51319U'

Benzene

Toluene

P-Xylene

Mesitylene

Durene

Table (4.15)

Values of E [A (2 ﬁ' - g')z—(Zﬁ -§)2J

0.4 05 0.6 QT
+0.409 +0.281 +0.196 +0.136
+0.327 +0.213 +0.137 +0.083
+0.272 +0.165 +0.095 +0.045
+0.204 +0.108 +0.045 0
+0.152 +0.063 +0.005 -0.037
The experimentally isolated E Ed(2 5' - §‘)2 -

(2 -¢ )%]using different B values.
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0.8

+0.091

+0.043

+0.008

-0.069



Regression B value(/} =/® e.0u.-

analysis 0.4 0.5 ; 0.6 0.7 0.8
Correlation 1 1 1 1 1
Slope -0.0637 -0.0541 -0.0474 -0.042 -0.0397
Y-intercept 0.4002 0.2732 0.1904 0.132 0.0872

Table (4.16) Analysis of the linear regression of E f ( ﬁ) {)

on the number of methyl groups substituted on the

benzene ring.
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Ep =m N + C cocevecoonccoosescsassssscsssscnns TPy T U

where the m, m' and C, C' are the slopes and the y-intercepts of
the linear dependence of E and E' on the number of methyl groups N
in the case of TMS and 0014 as solvents respectively. This is not
unexpected because for analogues interactions with methyl
Benzenes AG® for complex formation is thought to vary
gystematically with the number of methyl substituents (mﬂ- E in
equation 4.26 is evidently a complex parameter that includes a
combination of the difference of the interaction effects of TMS
and 0014 with the m electrons in the Benzene ring. Therefore the
experimentally obtained values in Table 4.15 can be represented as
a combination of a difference of two linear functions, and having

the following form:
ELa(@p' -§")2 - (2p-£)2]gyp =

(m' N+c')[a@p' -¢92] - (mN + ) [(28-£)2] ..... (4.29)

For simplicity it will be assumed that m = m' and C = C'; there
is, however, no reason why they should be equal and indeed there
is no basis for such an assumption because it has been
demonstrated that Eq # E'T. Nevertheless, accepting this
assumption, that would provide for the most énalytical conditions,

equation 4.29 can be rewritten as:
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BEla(2p' - )2~ (28-7)2) 0y, =
(Bt 0ol A2 B E STE ) < H2B2 EIR] iscanassensssesniss (4.50)

This can be rearranged to show a linear dependence of E on N as

follows:
Bla@p' - g')2=(28-5)F), =

Fm [A(2p' - §')2 - (28-8)2] +c[a(2p' -£')2 - (2B -¢)2]
(4.31)

If the above equation is valid there can be no linear dependence
of the left hand side of the above equation on the value of N
because A(2 g’ - §')2 - (2B - %)% is a variable. In fact the

regressions observed are linear.

The only interpretation of this in terms of an equation of
the form of 4.31 is that both m [ a(2 B' -§'")2 - (28 - §)?]
and C [A (2p ' - g')z - (2B -¢)2] are in fact constant. This
would be consistent with them both being representative of the
situation in Benzene with the variation among the methylated
Benzene being dependent on the operation of N on the former term
only. The y-intercept would then represent the value when N =0

i.e. for Benzene.
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4.7

In order to be consistent with the observed data, equation

4.31 has to be rewritten as:

E[a(2p’ =02 = (2p=8)°]gpp =Mk [a (2B - £')° -
(2-¢)2], -cla@B' -§"2% - (2p-8)%]g cevenneeen (4.32)
and this can be arranged as:

B laeps- 1% (2 =08 =

(M -C) [A@B" -§')2-(28-8)2]p covevecivenncennne (4.33)

It can be seen from the above equation that there are three
unknowns A, C and k that makes it impossible to solve with the
available data. This conclusion warns that the use of opg to
elucidate molecular structure may be difficult when the solute of

interest interacts specifically with the buffeting solvents.

CONCLUSION

This chapter demonstrates that the induced solvent shifts due
to molecular encounters may, by inverting the analyses employed
here, be used to elucidate local features of molecular structure

in quite complicated molecules in a liquid phase.

No gas-to-solution chemical shifts were needed to analyse

solvent buffeting effects. This was achieved by using two
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different solvents for the same solute under test.

One further additional point may be deduced and this is that
the implicit assumption in the work throughout this chapter
that oy is unimportant to the proton shifts is satisfactory. This
is not altogether unexpected because the corresponding
intermolecular linear electric field effect is generally

considered negligible for proton screening.
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CHAPTER FIVE

5.1

VOLUME MAGHETIC SUSCEPTIBILITY EFFECTS WHEN
USING HETERONUCLEAR FIELD/FREQUENCY LOCK TO

MEASURE NMR CHEMICAL SHIFTS

INTRODUCTION

When evaluating chemical shift differences it is of
paramount importance to effect appropriate corrections for
screening differences arising from the volume magnetic
susceptibilities of the materials used. This is not so
straightforward as may appear at the first sight when using
modern NMR spectrometers that utilize heteronuclear

field/frequencey lock.

During this work it became evident that the use of the
different locking techniques available when operating the
JEOL FX 90 Q NMR spectrometer, could produce significant

differences between spectral measurements that might not be
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5.2

widely appreciated. The origin of these differences which are
important when using an internal lock compound are independent
of the magnetic properties of the observed nucleus, and
dependent only on the magnetic properties of the locking

nucleus and its environment.

Essentially, this chapter attempts to firmly base the
necessary corrections to the bulk volume magnetic
susceptibility screening that have to be considered for most
common methods of obtaining stabilized NMR spectra using

hetero-nuclear field/frequency lock.

THE EFFECTS OF LOCKING TECHNIQUES ON VOLUME MAGNETIC

SUSCEPTIBILITY CORRECTION:

In order to study screening constants other than o, it
is necessary to account for the changes in the latter which
contribute to the measured chemical shifts. The way this is
done depends on the referencing procedure adopted for the

determination of the shifts.

For the purpose of the study undertaken in this chapter,
both the referencing procedures and the locking systems
employed are important. In order to simplify the discussion
centred on these two points, a general system will be assured
for which it is desired to measure the shifts of the resonance

of a particular nucleus x in a compound X at very low
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B.2:21

concentration in a solvent A relative to the same nucleus x in
X atthe same concentration in solvent B. The instrument will
be considered field/frequency locked to a heteronucleus c in a
compound C and operating under conventional pulsed FT

conditions.

The intention here is to deal with the main referencing
methods that may be employed when using both iron magnet and
superconducting solenoid spectrometers, accordingly three
general cases will be considered and the implication of these
on volume magnetic susceptibility correction to the measured

shifts will be discussed in the following sections:

CASE 1: Field/Frequency Lock Using a Separate Locking

Sample in a Second Probe:

Some NMR spectrometers are provided with two separate
probes, where one of these probes contains a locking compound
while the second one contains the sample of interest. The
advantage of this arrangement is that it should avoid any
possible interaction between the sample under observation and

the reference material or the locking compound used.

In this situation it is possible to measure the chemical
shift for x by a substitution method in which X in a solvent A
(labelled A) is first investigated in a particular sample tube,
and then X in another solvent B (labelled B) is substituted and

investigated under the same conditions; identical tubes are
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best used. The relative positions of the resonances of x and c
are illustrated schematicaly in Figure 5.1a. It is assumed
that the tubes containing, C, the lock material and the samples
referred to above have the same perfect shapes, and have the

same orientation to the static magnetic field.

The volume magnetic susceptibility can be found
classically for each sample separately with no interference
between either of them. Therefore the relationship between the
volume susceptibility corrected shifts, sTrue  and the

observed shifts are given by the following equations:

True L obs. . 2=

a - 5 e —— (XB-XA) srss e e (5.1)
A-B A-B

True 11 obs. | 4

8 - 5 + (‘X.A-XB) LR L R ) (5.2)
A-B A-B 3

where equations 5.1 and 5.2 are applicable respectively to the
situations where the axes of the sample tubes are perpendicular
ol )(36'40) and parallel (|| )(91*29) to the direction of the
magnetic field. In the above equations xA and Xb are the
volume magnetic susceptibilities of compounds A and B

respectively.
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5.2:2

CASE 2: Field/Frequency Lock Using a Separate Locking

Sample in a Co-axial Cylindrical Tube:

In this case, the reference material (or the locking
material) is kept physically separated from the sample under
observation, in a simpler way than the previous case. Usually
the sample of interest is placed in a conventional NMR tube,
and the locking material (or the reference) is placed in a
separate cylindrical tube co-axially with the original NMR

tube.

By keeping the material C constant in the inner reference
vessel, the shift between x in A and x in B can be measured in
two separate experiments that determine the resonance

conditions of x in the two solvents.

Inspection Fig 5.1b reveals that.the simple situation
relevant to the previous case (section 5.2:2) applies to the
present situation also, and equations 5.1 and 5.2 again hold.
This arises because the samples containing the resonant nuclei
are again physically separated and experience the effect of
their relevant susceptibility screening constants appropriately

given by:
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Hedz )

i L : :
where o and g are the respective screening constants

for the situations when the axes of the sample tubes are
parallel( Il )(91,29) and perpendicular( <4 )(36,40) o thne

direction of the static magnetic field.

Therefore, provided the lock frequency is the same as in
the previous case, there should be no changes in the absolute
resonance conditions of ¢, unlike the case described in the

following section.

CASE 3 Field /Frequency Lock Using The Locking Sample

Homogeneously Mixed with The Sample Studied

(Internal Referencing Procedure)

The most common method of field/frequency locking is when
the locking material (or/and the reference material) are mixed
homogeneously with the sample under observation. In this case
all the materials are in the same enviroment, so that the
relative effects on the screening of the different components
will be different to that when they are physically separated as

described in sections 5.2:1 and 5.2:2.

When the reference component C is mixed together with the
samples to be studied, several changes in the screenings occur

relative to those encountered in the previous cases. The
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nucleus ¢ will suffer the following changes, when used to

measure the shift of x in two different samples:

e Since the material C is mixed homageneously with the
solvent and the sample under interest, the properties of
the media containing C will be different when using
different solvents. Therefore, C may experience different
values of, Oy, bulk susceptibility screening in

different samples.

2. In addition to the change in, 0., there will be other
effects that contribute to the change in the screening of
c,viz: ous o0g» ogp and os@%3$- In the previous
case, these could arise from C/C interaction only, while
in the current situation these effects additionally arises

from X/C and A/C interactions in one sample and due to X/C

and B/C in the other sample.

Maintaining the resonance frequencies and the other
conditions the same as in the previous cases, the nucleus c
will resonate at new values of the applied magnetic field due
to the above changes in the screening constant. This is
illustrated in Figure 5.1c. The following section will

demonstrate the theorectical implication of these effects.
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5.3

NMR LOCK EFFECTS ON CHEMICAL SHIFTS WHEN USING AN

INTERNAL REFERENCE:

Following the conclusion of the last section and
inspecting Fig 5.1, the difference between the screening of ¢
on changing from an external reference (sections 5.2:1 and
5.2:2) to an internal reference (section 5.2:3) is defined in

Figure 5.1 as A 0,, and this can be written generally as:
Aac= Aab+ A O'm ® 8 8 B RS E R A OSSR E RS EE e (503)

where A 0 4 is the contribution arises from the difference in
the bulk magnetic susceptibility correction, and A o,
represents the contributions due to all the solvent effects

mentioned earlier except the volume magnetic susceptibility.

The sign and magnitude of A o, depends on the components
of the samples used and the nature of the locking material.
Therefore it is important to appreciate the practical
consequences of the factors contributing to A o, in equation
5.3. Suppose that A o, amounts to a deshielding of ¢ (This
assumption is considered in Fig 5.1¢c), 1in order to establish
the lock at the original constant frequency it is necessary to

reduce the magnitude of the applied field.

Provided that the observed nucleus x is subjected to the
same effects, then, whatever the new screening of x may be, as

governed by an equation of the same form as 5.3, the absolute
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5.4

reduction in the applied field will demand that its observation
frequency (illustrated in full lines in Fig 5.1c¢) is reduced
also. But the extent of this particular change will be
different using different solvents. In other words the new
screening of x will be different for X in A and C and for X in
B and C. The significance of this is that this effect depends
only on the magnetic properties of the locking nucleus c and
not on those of nucleus x. The practicle outcome of this is
that in both samples the nucleus x will appear to be more

screened than it really is.

Consequently, before susceptibility correction can be made
using‘equations such as 5.1 and 5.2, the observed resonance
frequencies of x must be corrected (to broken lines in Fig
5.1c) by amounts equivalent to the corresponding changes in the
screening of c¢ that have to be. accommodated when establishing
the lock. If the changes in the screening of ¢, defined by
equation 5.3 as A g,, due to changes from pure C to (A and X)

AX BX respectively, the

and to (B and X) are Ao A% and A0,
difference between these can be equated to the required

c
correction dAX - RBx Ppm.

MODIFICATION OF THE CLASSICAL VOLUME MAGNETIC SUSCEPTIBILITY

CORRECTION EQUATIONS FOR USE WITH FIELD/FREQUENCY INTERNALLY

LOCKED REFERENCE SYSTEMS:

In order to place the quantitative proposals discussed in
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gsection 5.3 on a firmer theoretical base, it is convenient to
imagine that the chemical shift between the resonances of the
nucleus x in solvents A and B are to be determined using a lock

nuclide ¢ in the same samples.

If ¢ resonates at a fixed frequency v°©, the lock signals
will be achieved at two different fields B, and Bgp.
Consequently, when observing the spectra of x, the fundamental

resonance equations that apply are:

x o X
v . BA. (1 - O'A) R A e (5-4)
A 27

and
X }:x X
e Bg (1 = OB) cevececesneccsscscscnsconss (5.5)
B 27

It follows from these equations that:

pX = pX B -3
A B A B X =
~ + 0B a OR issesasinivaserns (5e6)
oX B
B B

The first term on the right hand side of equation 5.6 can
only be assessed in chemical shift terms by measurements at
fixed frequency. For these, reference can be made to the
resonance equations for the ¢ NMR signals of A and B. If these

occur at some field B(constant field) determined by
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establishing lock on a third nucleus in a separate lock system,

the relevant equations are:

c "

v = B(1 - o‘K) L I I I I I A R A R R I R R R R R (507)
A an

c pC

v - B(1 . o-;) T I I R T N I I ) (5-8)
B 2n

But, considering the alternative case where the resonance
would occur at some constant frequency v°¢ and the appropriate

fields B, and Bp, the applicable equations are:

yc

vC - BA (1 —o’c) BB SRS SRS AR (509)
27 A
.PC

Uc - BB (1 - o‘c) LI R R I R I I O O B R RN (5-10)
2n A

From equations 5.7 to 5.10, it emerges that:

A B UC vc 50
B -B - B" A.: .A."‘B LR I T I R I R ) (5.11)
B c
a v
B

and equation 5.6 can now be rewritten as:

X COTTr. c X obs.
3 = o) =+ 8 R R SO N B R (5-12)
A-B A-B A-B
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5.5

X COrr.
where SA-B corresponds to the observed shifts in

equations 5.1 and 5.2. Since 3CA-B is equal to 3CAX-BX’
which was earlier defined-as the corréction arising from the
use of lock nucleus with diffevev! screening constants due to
its different chemical environments. It follows that equations
5.1 and 5.2 have to be rewritten in general forms, considering

the above conclusion from equation 5.12, as follows:

True == obs .4 cL on
8 el + 8 + *ge = %ao) -+ (5.13)
AC-BC AC-BC Ax-Bx 3
True 14 obs. 11 i 4n
P) - 3 . & + (Xio = Xpa) -« (5.14)
AC-BC AC-BC AX-BX 3

where all the parameters in equations 5.13 and 5.14 have
been defined earlier. It is essential when using the above two
equations to devote special care to the absolute signs of each
of the measured shifts. In other words, if the absorption that
is chosen as the reference is more shielded, the chemical shift
is negative. To emphasise this point, the shifts differences
indicated in Fig 5.1c are all negative while the experimental

results, later on, will show both signs.

APPLICATION TO SELECTED SYSTEMS;

RESULTS AND DISCUSSION:

At this stage it would appear prudent to assess the

magnitude of the practical problem arising from the effects
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alluted earlier. Because 2D is frequently used as the lock
nucleus, it would not be unreasonable to select this nucleus to
represent c. In an attempt to approach practical realitj it
was assumed that A =C = CD013 and B = (CH3)2 CO, so that the
spectra of a solute X in both samples could be stabilized by
locking to the 2D resonance of CD013. Even neglecting pop in
equation 5.3 &CAX - BX can, taking the volume magnetic

susceptibility of CHCly as -0.740 x 10-6

and of (CH3)2 CO as
-0.460 x 1076 at 20°¢(84), with oy = (27 /3)X, be deduced to
be -0.5865 ppm. If A = C = D,0 and B = (CH3)2 CO the
corresponding shift is 0.5425 ppm, taking X of D50 = -0.719 x
106, These values of shift contributing to the chemical shift
of x are independent of the magnetic properties of that nucleus
and arise only from the nature of the locking nucleus Ce The
two values quoted above for §°AX - BX are by no means
ingignificant. Moreover it should be noted that if there are
significant contributions from 4 o, in equation 5.3, the

overall effects may be even larger, as it will be shown by the

following experimental results.

Although it is difficult to test the present contention
experimentally for the general case presented earlier, it is
possible to investigate a specific case. For this purpose, X
is studied in A alone, and then as pure X; with X containing
both the resonant nucleus of interest x, and the locking
nucleus c. Now, if some other material D containing a second
heteronucleus d, is introduced to a coaxial cylindrical tube

inside both main sample tubes, this can be used as invarient
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lock. This enables the spectra of c¢c in the two samples to be
measured to obtain A g, OT SZX - XX experimentally and so
avoid the difficulties in calculating Aop. This method also
enables the measurement of the shift of x. When the lock is
changed to c another value of the observed shifts of x may be
obtained that should differ from the previous value by the

c
amount 5AX - XX.

In order to test the approach outlined immediately above,

the following systems were selected for study:

1. X is represented by (CHz),0, and A by Hy0

2. X is represented by CDCI3, and A by (CH3)2 Cco
3. X is represented by DMSO(dg), and A by CDC17

4. X is represented by CgDg, and A by CCly

5. X is represented by a mixture of 1:1 H,0/D,0

and A by (CH3)2 co

Each sample was studied in the same 10 mm OD NMR tube
having coaxial inside it a 5 mm 0D NMR tube containing a
saturated solution of Li2SO4 in water representing
material D. It is evident that 2D represents c¢ and Tri
represents d. Using a JEOL FX 90 Q NMR spectrometer, the
appropriate shifts of each system were obtained with a
reproducibility of + 0.2 Hz. These shifts are represented in
Tables 5.1 to 5.5. All the measurements were carried out at

30°C, and the precise irradiation conditions were kept constant
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System Lock Observed

F)
n uclei nuclei /Hz
(CD?’)2 CO pure 217) 130 20.75
(CD3)2 CO pure ?ii 130 117.43
(CD3)2 CO pure 711 2D 10.16
2 13
(cn3)2 CO in H,0 D c 7.81
T 13
(cn3)2 €O in H,0 i c 88.62
7 2
(cn3)2 CO in H,0 ) D 0.00
+ 13
v, °C = 22.5 MHz + 31.7 KHz = 22.5317 MHz
g
> D = 13.7 MHz + 57.9 KHz = 13.7579 MHz
b 2. #
Table 5.1 and “H shifts using both “H = o and TL1 = d ook

180



System Lock Observed

nucleus nucleus 8/Hz
2
CDCl3 pure D 130 =45.11
CDCl3 pure ?ii 13¢ -82.52
T 2
CDCl3 pure i D -1.39
CDC1, in Aceton %p 3¢ -54. 44
CDCl, in Aceton g 13¢ -93.75
CDC1, in Aceton T\ %p -2.59
13
vy ~C = 22.5 MHz + 32.6 K Hz = 22.5326 MHz
2
v, D = 13.7 MHz + 58.56 K Hz = 13.75856 MHz
Table 5.2 13 ® g * 2 I
ilable >5.c C and “H shifts using both “H = ¢ and 'Li = d lock

in the system with A = Aceton and X = CDCl3
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System Lock Observed

)
nucleus nucleus /Hz
DMSO pure 2D 13C 81.30
DMSO pure [T 3¢ 154.54
DMSO pure ?Li 2D 5.93
DMSO in DCCI, %D 13p . 78.61
DMSO in CDCL, u 3¢ 148,44
7 2
DMSO in CDCl, Li D 4,27
13
Yo C = 22.5 MHz + 32.00 KHz = 22.532 MHz
vo 2D = 13.7 MHz + 54.8 KHz = 13.7548 MHz
13.% 2 * 2 7
Table 5.3 C and "H shifts using both “H = ¢ and 'Li = d lock

in the system with A = CDCl3 and X = DMSO
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System Lock Observed

nuclei Alialel é/Hz
¢6D6 pure 2D 13C 1084
C6D6 pure ?Li 13C -8.54
CeDg pure «Tq4 2, s
CeDg in CC1, °p 13, i
S5 5y " e ~17.82
CgDg in CCL, Ty 2, e

v 136 - 22.5 MHz + 33.8 KHz = 22.5338 MHz

v 2!) = 13.7 MHz + 54.85 KHz

5 13.75485 MHz

R 2. ¥ 2 7
Table 5.4 C and "H shifts using both "H = c and 'Li = d lock

in the system with A = CClu and X = CGDG
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System Lock Observed Relative

nucleus nucleus S/Hz
(D20/H2D) pure 2D 1H -16.24
(D,0/H,0) pure Y B 65.43
(D,0/H,0) pure T %p -26.27
(020/320) in Aceton %p 'y -14.26
(D,0/H,0) in Aceton M s 156.84
(D,0/H,0) in Aceton YT %D -12.30

H = 89.56 MHz + U44.5 KHz = 89.6045 MHz

13.* 2.t

Table 5.5 '°C and “H shifts using both 2H = ¢ and 'Li = d lock

in the system with A = Aceton and X = system of (D20/H20)

1:1 in volumes
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5.5

for each set of spectra as shown in the tables.

Table 5.6 shows all the relative shifts of the systems
studied arranged together in a way that compares these results.
It can be seen from columns 7 and 8 that a particular chemical
shift measured using TLi external lock is larger than that
measured using an internal 2D lock. The difference between
these shifts corresponds to 515-- XX (column 9), and this
agrees, within the experimental errors, with the frequency
scaled value represented in column 10, that is deduced from the
directly measured values of 83;-_ XX given in column 6. The
general agreement between the corresponding values in columns 9
and 10 provides adequate support for the proposals made
earlier. Specific attention is drawn to the magnitude of

%&:: XX for the mixture of H,0/D50 in (CH3)2 CC. It is
interesting to note that although 3;X - XX may be of either
sign, depending on the relative field shifts necessary to
establish lock for the internal lock materials, it is apparent
that the first four systems referred to tables 5.1 to 5.4 and

also in table 5.6 correspond to the situation depicted in

Figure 5.1c.

CONCLUSION:

It has been demonstrated that equations 5.13 and 5.14

present significant practical difficulties. The main reason
¢

for this is that whilst the A0, compoment of °AX - XX,

implicit in equation 5.3, can be estimated, the other
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contribution A o can not. It is evident, therefore, that the
popular method of using heteronuclear internal reference
compounds for field/frequency locking and subsequently
measuring shifts in diffevent samples for comparison purposes
can be misleading. This would be particularly true if solvent
effects were studied, as in the type of work described in
chapters 4 and 7 of this thesis. The implicit ambiguities
could occur even though precautions may be taken to use the
same lock material with the different samples, and the
conventional equations 5.1 and 5.2 applied to correct the

observed shifts.

In order to illustrate the danger of attempting to
correlate the shifts of solutes dissolved in different
materials that are frequently used both as solvents and
internal lock compounds, the relative 2D shifts of several
compounds are presented in Table 5.7. Even after allowing for
volume magnetic susceptibility corrections estimated at the
frequency of the lock nuclei, it is evident that large shifts
remain, that can contribute to SEX - XX. The values of the
latter can be much larger than the corresponding values
referred to in Table 5.6, because with the pure solvents there
are contributions to SKX -~ XX from differences in intra as

well as intermolecular screening.

c
With such potentially large effects due to dAX - XX, it

is essential to arrange for its impact to be minimal. The only
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Compound Shift Hz (27xv) , / -
D/3

Hz
CDCl, -61.28 -21.32
D,0 -26.18 -20.72
(CDg), CO 20.26 -13.25
CeDe -50.42 -17.60

Table 5.7 Relative 2D shifts at 13.7548 MHz for some common

deutrated solvents.
L xv for the compounds taken from:-

J.W. Emsley, J.Feeney & L.H. Sutecliffe

High Resolution N.M.R. Spectroscopy. Pergman, Oxford 1965, Vol 1.
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safe way is to always use an additional inert homonuclear
reference because if this is used internally it will experience
precisely the same effect of SEX - XX as will the solute
studied. If this is impractical, it is desirable to ensure
that either A=B with C at same concentration in each sample, or
better that A=B=C, so that the same material is used as solvent
and locking compound. Fortunately relative intramolecular
shifts will be unaffected by the choice of the heteronucleus

used for lock.

As a result of the work presented in this chapter it was
decided to measure, where practicable, chemical shifts from
spectra stabilized by field/frequency locking to a
heteronucleus in a compound contained in a separate cylindrical

tube coaxial with the main NMR tube.
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CHAPTER SIX

6.1

A NEW NMR METHOD FOR DETERMINING THE VOLUME

MAGNETIC SUSCEPTIBILITY OF ORGANIC LIQUIDS

INTRODUCTION:

Volume magnetic susceptibilities are not only essential for
the correction of NMR chemical shifts determined using external
reference compound (29), but can in their own right, provide

valuable chemical information.

In the content of the work reported in this thesis, it has
proved necessary to correct forAoy, to obtain the true shifts of
the various compounds being used to investigate aspects of
reaction field and buffeting theory when applying Homer's theory.
Because X, for one key compound, C (CH, CH3)4, is not well
documented, it became necessary to determine this. Initially it
was intended to use one of the existing NMR methods for this
purpose* However, the introduction of a novel shift referencing

technique in the author's laboratory(87) stimulated the evaluation
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6.2

of a new NMR method of determining-xv. In this chapter the new
method is explained and tested and also used to determine X, for

C (CHy CHz)y.

PREVIOUS NMR METHODS FOR DETERMINING THE VOLUME MAGNETIC

SUSCEPTIBILITY v OF ORGANIC LIQUIDS

In order to provide an alternative to the classical methods
of (92) determining volume magnetic susceptibilities, several NMR
procedures have been described (93’94-95l Whilst these methods
are acceptably accurate, they do have certain disadvantages or

difficulties.

The approach described by Reilly et al (93) depends on
susceptibility induced shifts of resonance arising from a compound
contained in the annular region of a cell having (@ = 27 ) a
cylindrical reference vessel precisely co-axial with the main

tube.

The second approach by Frei and Bernstein (94) made
simultaneous use of spherical and cylindrical reference vessel,
each containing the same material, and both being surrounded by a
second compound. Both the above methods involve the careful

calibration of cells employed.
The approach developed by Homer and Whitney (95) made use of

the differences in the shifts of a subject compound in different

solvents situated separately in co-axial cylinders, and the
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6.3

dependence of these differenc es, when measured using iron magnet

and superconducting solenoid based spectrometers.

Any reliable NMR method for determining the magnetic
susceptibilities that depends on the influence of this property on
chemical shifts must avoid other solvent effects. Therefore,
because the susceptibility screening constant, o, depends on the
shape of the vessels containing the materials studied, it has
proved convenient to derive magnetic susceptibility data from
appropriate shifts arising, from materials located in differently
shaped cells. This, of course, is the principle underlying the
method of Frei and Bernstein (94) who measured the shift
difference for a particular compound contained in cylindrical and

spherical cells.

A NEW NMR METHOD FOR DETERMINING Xv OF ORGANIC LIQUIDS

The intention now is to present a simple NMR method that
largely avoids problems associated with cell calibration and which

relies only on the use of an iron magnetic spectrometer.

It is intended to demonstrate that NMR chemical shift
measurements for organic liquids contained first in their pure
state in conventional NMR sample tubes, and then dispersed
homogeneously in a reference material in the same tube, to enable

the determination of their volume magnetic susceptibilities.
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The method reported here is essentially an adaptation of that

due to Frei and Bernstein.

Because of the difficulty of constructing perfectly spherical
glass cells, it is proposed that the heterogeneous dispersion of a
subject material in a suitable immiscible reference liquid will
achieve the same ends as the method due to Frei and Bernstein. The
forces at the interface of a droplet and the reference liquid,
coupled with its motional characteristics should ensure that the
material of interest can be considered to be in the form of a
self-contained sphere. Additionally, provided the size of the
droplet is much larger than the molecular dimensions, the compound
within it should exhibit the same properties that it has in the
natural bulk state. Consequently, nuclear screening must be the
same in the pure and dispersed states except that the bulk
susceptibility effect 0y in the two situations will differ due to
the effects of the differing peripheral shapes; i.e. cylindrical

in an NMR tube and spherical in the droplet.

Figure (6.1a) schematically represents the situation in which
some compound A, for which a value of its volume magnetic
susceptibility X& is required, is located in a cylindrical glass

NMR sample tube.

Figure (6.1b) represents the case when compound A is
dispersed in a reference liquid B in the same NMR sample tube. In
both cases the axis of the sample tube is perpendicular to the

direction of the polarizing magnetic field. The various shape
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(a)

(b)

Figure 6.1

Schematic representation of a conventional NMR sample tube containing
(a) a pure compound A and (b) A dispersed heterogeneously in a

liquid B.
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factors and the volume magnetic susceptibilities are identified by

@ and X respectively in the figure.

Following the approach of Frost and Hall (96), based on that
of Dickinson (35), the magnetic fields, BTAa and BTM), actually
experienced by A when it resonates at the applied fields BOAa and
BoA'b’ in a fixed frequency experiment, corresponding to the
situations a and b of Figure 6.1, are given by the following
equations 6.1 and 6.2 respectively:

4n
T BO (1 _a. xg"‘azxg‘*aa XA+_XA) LR T I ) (6-1)

Bai= |
Aa Aa 3

where BTAa and BTM, are the true magnetic fields experienced by A
in situations a and b respectively. BOAa and BOAb are the actual
applied magnetic fields in cases a and b respectively. X _, X

g A

and xB are the volume magnetic susceptibilities of the glass of
the tube and of the material A and B respectively. It should be
noted that the term between brackets in (equation 6.2) which is
repeated n times, represents the presence of n droplets across the
tube. Because *y = &, = 27 for a perfect cylinder and @z =%7r_

for a perfect sphere (96) (the droplet), equations 6.1 and 6.2 can

be ideally reduced to equations 6.3 and 6.4 respectively:
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The true chemical shift difference between the resonances of
A in the two cases a and b, therefore, should be zero, if it is
devoid of susceptibility effects. Therefore, the observed
chemical shift difference 5I°b_a should be referred to the

susceptibility effects and given by

0 2
s - (XB-X
3

p) rerereeessseciiiiiiiiieiieenn. (6.5)

Equation 6.5 enables the calculation of the volume magnetic
susceptibility of unknown samples by using the method described in
this chapter. The experimental results in the following sections

show the validity of equation 6.5.

6.4 EXPERIMENTAL TECHNIQUES

Water was chosen as a reference compound A for two main
reasons, first because its volume magnetic susceptibility is taken
to be a standard and reliable value; and second because water is

immiscible with many organic liquids.

Various liquids that are essentially immiscible with water
were chosen to represent B. The samples were contained in a 10mm
0.D NMR tube that had co-axial with it a 5mm O0.D NMR tube
containing Do0 which was used for field/frequency stabilization.

Using a JEOL FX 90 Q multinuclear NMR spectrometer, the samples
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were studied at a temperature of 20°C, unless otherwise stated.
The absolute 'H resonance frequencies of the pure organic compound
were measured first. A small quantity, a drop (= 0.05ml), of B
was then dispersed ultrasonically in water (= 10ml) and its
resonance frequency again measured. In order to reduce the
relative intensity of the 'H water absorption resonance, either
the classical 180 - 7 - 90 double pulses technique was used or
selective saturation of the H,O resonance was employed, depending

on the shift of the sample resonance from that of water.

Because of the small quantities of B used it was necessary to
acquire as many FID's as possible within the relatively short time

20-30 minutes that the dispersion of B was maintained.

Also same compounds were studied by reversing the roles
of the reference and the subject compounds. For this the shift of
the pure reference compound, water, is measured first and then ité
shift obtained when it is dispersed in the compound under study.
Pure distilled water was used for the reference compound, and
either ANALAR or BDH spectroscopic grade organic compounds were

used depending on their availability in the laboratory.

All the compounds studied are documented as insoluble in
water (97), therefore, there should be no solubility problems
which might effect the absorption frequency or the veolumatic
volume susceptibility of the reference. In no case was a second

absorption observed due to dissolved material in the support
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6.5

compound used to contain the suspension.

The estimated experimental error in the chemical shifts

measurements is :_0.1 Hz.

RESULTS AND DISCUSSION:

The proton resonance frequencies for all compounds
representing B in the pure state 8°pB, and for B dispersed in
water 8°dB, are listed in Table 6.1. Where several absorptions
occurred the highest intensity absorption was usually selected for
measurement, i.e. CH, in n-Hexadecane, CH3 in Mesitylene, CH, in
n-Heptane, CH3 in P-Cymene and CH, in n-Decane. The difference
between 'H chemical shift, 5°b-a’ from the pure sample of interest
and that of the same material dispersed in water (the reference)
together with the selected observing frequency, are presented for
all compounds in table 6.1. 5°a-b with the volume magnetic
susceptibility of water, were used to evaluate Xv by employing
equation 6.5. The values so obtained are given in table 6.2
together with the corresponding literature values. It can be seen
from the percentage deviation between the two values for each
sample that the agreement between the experimental values based on

equation 6.5 and the literature values is reasonably good.

The Wilconxon pair-T-test(ga) is a statistical method to
prove the correlation between any set of experimentally obtained
data with their theoretical values. Table 6.3 shows that this

test gives a probability of significant difference less than 1%,
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0 *

Compound 5 p B 50 q B 50 B Vg 50 B ppm

A Hz Hz (a=-b) MHz (a=b)
n-Hexade-  305.92 287.35 -18.57 89.6045 -0.207
cane
Mesitylene 256.63 252.20 -13.43 89.6045 -0.1499
n-Heptane 322.75  294.92 -27.83 89.6045 -0.3105
0-Dichlo- -202.88 -198.73 +4.15 89.6045 +0.0463
robenzene
P-Cymene 252.20 240.72 -11.48 89.6045 -0.12812
Cychohexane 326.90 310.30 -16.6 . 89.604518 -0.1853
Benzene =171.63 -187.01 -15.38 89.6045 -0.1T716
Chloroform -230.46 -225.59 4.87 89.60u25 +0.0544
n-Decane T2.51 52.25 20.26 89.60425 +0.2261

* IB is the observing frequencey.

Table (6.1) The observed 1H shifts for a set of compounds (representing
compound B) in their pure state, and dispersed in water. All measurements
were carried out using a JEOL FX 90 Q NMR at 20°¢ utilizing 2D external
lock. The difference between the shifts for the pure and dispersed
samples are tabulated in Hz and ppm.
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Compound A

n-Hexadecane

Mesitylene

n-Heptane

O-dichlor=-
abenzene

P-Cymene

Cyclohexane

Benzene

Chloroform

n-Decane

s5g Ppm.

(d=-p)

=0.2072

-0.1499

-0.3105

+0.0463

-0.1281

-0.1853

-0.1716

+0.0544

+0.2261

- X§ /10

measured

0.62

0.647

0.570

0.741

0.658

0.63

0.637

0.745

0.611

-6
-,Yv /10

Literature
Value

0.6421

0.665

0.5817

0.748

- 0.656

0.627

0.611

0.740

0.6143

* (A11 X} from the literature are at 20°C).

Table (6.2)

Experimentally measured volume magnetic

Deviation %

+1.89

+0.94

+0.3

+0.48

+4.2

+0.68

+0.54

susceptibilities

with the corresponding literature values and the percentage deviation.
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Sample - )(w/xm-6 -.Xv/xTO_G Difference Rank +
Literature Experimental
Value Value
n-Hexadecane 0.6421 0.62 0.0221 + 8
Mesitylene 0.665 0.647 0.0180 + T
n-Heptane 0.5817 0.57 0.0117 + 6
0=t H, Cl, 0.748 0.741 0.0070 +5
P-Cymene 0.656 0.658 -0.0020 -1
Ce Hyp 0.627 0.63 -0.0030 -2
C6 HG 0.611 0.637 -0.0026 -9
CHCl3 0.740 0.745 -0.0050 -4
n-Decane 0.6143 0.611 0.0033 + 3
n=29 Ps.d < 1%

Table (6.3) Data for a Pair-T-Test (Wilconxon Test)for experimental and

theoretical significant correllation of X} measurements.
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i.e. significant difference is not proved. Therefore,
statistically the experimental values are in good correlation with
the literature values, which means that the method described in

this chapter for obtaining X, is a reliable method.

Table 6.4 represents the results when the roles of the
reference compound (water) and the samples of interest were
reversed. In this case the proton chemical shifts
differences, 8°b_a, is between pure water and water dispersed in
the sample under interest. 'I'heXv results represents in Table 6.2
can be seen to be in reasonable agreement with those deduced from
the shifts differences of the compounds B, themselves, and with

the literature values.

In order to assess the influence of the shape of the main
NMR sample tube on the values of the measured-xv using the method
reported in this chapter, the system of water and P-cymene was
studied using six different 10mm 0.D NMR tubes. The results of
the six experiments carried out for the six tubes for the same
system are shown in Table 6.5. It indicates that the shape
factors of the precision 10mm 0.D tubes in common use vary
insignificantly. That would imply negligible effect
average of -0.2% on the previous measurements. Sample tube number
1 shows no shape effect on the measurement, therefore it was the

one used throughtout the measurements carried out in this chapter.
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Compound

B

n-Heptane

o>®

O.CEHuCl2

Benzene

water

pure

water :ater
% Hg ‘4ep D%
in B
14.4 32.47
-16.6 -1.47
0.0 18.07
= 18.07 H=z

water

F)
d-p ppm

0.3624
-0.0164

0.2017

Vo observing frequency = 89.6045 MH;

All measurement at 20°C

1£/x10-6

Experi-
mental

0.546
0.727

0.622

Table (6.4) Measured Chemical shift differences,

0 ref.

b-a

wﬁ/x10

Litera-
ture

0.5817

0.748

0.611

6

Deviation

%

6.1

2.8

1.8

for water (A),

and water dispersed in various compounds together with derived volume

magnetic susceptibilities of the subject compound.
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6

CH, p-Cymene - x;/,wo‘ Deviation %

Sample Tube " 3

Number d-p H3 Measured

1 -11.8 0.656 0

2 -11.51 0.658 + 0.3
3 -12.45 0.653 -0.45
+ -14.89 0.64 : -2. 44
5 -11.97 0.655 -0.15
6 -10.01 0.665 +1.52

* Average Deviation due to the tube used is -0.2%

* The Sample Tube used for the previous measurements is No. 1.

Table (6.5) Measured 1H chemical shifts differences for the CH3 groups in

the P-cymene 5CH3 , using different sample tubes to show the effect of
b-a

these on the measured X;. The observing frequency for all measurements

is 89.6044 MHz.
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6.6 MEASUREMERT OF Xy OF TETRAETHYLMETHANE

Tetraethylmethane (or 3,3 diethylpentane), C (CH, CH3)4 is an
excellent compound with which to test Homer's theory, in terms of
aspects of both the reaction field and the buffeting components.
The value of its volume magnetic susceptibility needed to carry
out this study is not documented. Therefore, the presently
proposed method of obtaining X\r was used for this compound. Table
6:6 presents the data obtained by averaging several measurements
of variation of *+ 0.1 Hz. Used with equation 6.5 these yield a
value of - 0.6657 X106 for the volume magnetic susceptibility of

this compound at a temperature of 30°C.

Table 6.6 The methyl proton resonance frequencies of the
tetraethylmethane C (02H5)4 obtained using a JEOL FX 90 Q NMR
Spectrometer at 30°C; 2D lock, was established with D50 in a central

5mm OD tube co-axial with the main 10mm 0D tube.

8% pure - 167.480 Hz
80 dispersed in water - 157.471 Hz
85t - 10.009 Hz

Observing frequency is 89.604 MHz.

0.6657 x 10~

xv C (C2H5)4 %
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6.7

CONCLUSION

It is evident, now, that the potential difficulties (29)
associated with the Frei and Bernstein (94) method of obtaining
volume magnetic susceptibilities can be avoided by measuring the
absolute resonance frequencies of nuclei in a subject compound,
first in its pure state and then dispersed in an immiscible
reference compound, or by corresponding measurements on the

reference compound dispersed in the subject compound.

It is interesting to speculate that equation 6.5, on which
the present method depends, may be used with materials A and B of
known susceptibilities to rapidly assess how closely NMR tubes

approximate to perfect cylinders.
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CHAPTER SEVEN

7-1

AN THVESTIGATION OF THE CONTRIBUTICRNS

CHARACTERIZING VAN DER WAALS FORCES

INTRODUCTION:

The original work of Homer and Perciva1(64) suggested that
van der Waals aisperaion forces can be characterized by three
discrete effects. Justification for these three effects emerge
from the self-consistency of their composite analysis of a vast
range of experimental data. Similarly the work presented earlier
in this thesis has revealed that the use of the primary and
secondary mean square reaction fields together with the buffeting
square electric field i.e. < R21 Pk R22 > + E2BI can be used in
a satisfactory self-consistent way to analyse the chemical shifts
in a range of complex molecules. However, at no time has there
been conclusive experimental proof that each of the three

contributing terms exist separately.
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T2

The purpose of this chapter is to demonstrate that < R21 >

< R22 > and E2BI have been adequately characterized and act

separately.

THEORETICAL

The derivation of < R21 > from an Onsager type treatment
indicates that all points in the hypothetical cavity will
experience the full value of < R21 >« The original derivation of
< 322 >, however, yields an equation slightly different to that
presented earlier in this thesis. In essence the correct

formulation of < R2, > would be given by(64):

r

2

2 2 2 2 2 6
2 2 {n: * 2)° nz = 1) r :
2 g of 1 <Hi=ysta 2 A G i
<525 (5
2 ( 9 ) ( r &

n
2 V2 9 n,

from which it can be seen that (r/a)6 is included; where r is the
solvent molecule radius and a = r + d where d is the distance
between the cenfre of the resonant nucleus and the periphery of
the solute molecule. To all intents and purposes when considering
regions at the periphery of the solute, (r/a)® may be taken as
unity as assumed by Homer and Percival. If however, the screening
of the nuclei within the solute molecule cavity is considered, the
value of (r/a)6 should be evaluated and used in equation (7.1). In
a gimilar way when considering the buffeting square electric field

E2BI' this was also derived for position at the periphern of the
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solute molecule. However, considering the screening of nuclei
within a molecule, it is evident that EZBI may be reduced or

indeed zero.

The above principles that are implicit in the derivation of
these three terms contributing to dispersion forces can be tested
by investigating the screening of nuclei at different locations
within a molecule. To this end the 'H and '3c of
tetraethylmethane C (CH20H3)4 have been studied as well as 1H, 3¢

and 2951 of tetramethylsilane Si (CHz),-

The procedure adepted was to measure the appropriate shifts
in the somewhat limited range of readily available and suitable
solvents. These are TMS, 0014, CeHq 2, CEt, and CgHg for TMS; and
TMS, 0014, 05H12 and CEt4 for CEt4. The measurements were carried
out at 30°C, using a JEOL FX 90 Q NMR spectrometer locked to the
2H resonance of D,0 contained in a 5mm OD NMR tube co-axial with
the main 10mm OD NMR tube so that the system of intefest was
contained in the annulus. TFor each particular nuclide the
irradiation frequency was kept constant and thﬁ'shifts measured
relative to the irradiating frequency thatfientioned in the
ﬂPPWfdﬂi tables. Because of the difference in the volume magnetic
susceptibilities of the solvents used (see Table 7.1), each shift
was corrected for the appropriate susceptibility of the solution;
this was deduced by the solution volume fraction weighting of the

susceptibilities of the pure materials.
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Where feasible 'H and '2C gas phase shifts of TMS were also

measured. Their gas phase shifts were measured at various gas

pressures and extrapolated to zero pressure. The gas samples were

prepared by the same procedure described in Chapter 4.

Compound - 1}/166 at 30°C

C (CHyCHz)y
si (CHg)y
CeHq2

cc1,

CeHg

D50

0.6657
0.536
0.627
0.681
0.611

0.708

Table 7.1 The volume magnetic susceptibilities of the solvents

used; all at 30°C.(84,106),
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T3

T.35.1

STUDIES OF TETRAETHYLMETHANE C(CHQCH324:

The observed 'H and '3¢ shifts together with the volume
magnetic susceptibility corrected shifts for C (CH20H3)4 in

various solvents are recorded in Tables 7.2 and 7.3 respectively.

The present object is to ascertain whether the definitions of
< R21 2 2 R22 > and EzBI as given in Chapter 4 and also by Homer
and Percival for peripheral nuclei are adequate or whether it is
necessary to modify the latter two terms consistent with the
principles implicit in their derivation. Concurrently, it is
hoped to obtain experimental evidence for their separate

existance.

Using the data provided in Table 7.4, the appropriate values
of < R21 e K R22 > and < R2T > are calculated and recorded in
Table 7.5. Additionally, the values of the buffeting
parameters ﬁT and §T were deduced for the methyl and methylene
protons, and these together with (2 ﬁT - §T)2 and EZBI are given
in Table 7.6 and 7.7 respectively. For the calculations of the
buffeting effects of CCl4 the value of 6.5 for Q deduced by Homer

and Perciva1(64) for chlorine atom was used.

Analysis Of Proton Shifts Of C(CH,CHs),:

In the case of the methyl group - CH3 in the
tetraethylmethane, Figure 7.1 shows the regression of

(< R2T Ph EzBI) on the susceptibility corrected shifts. This
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Solvent 1H

group

CH
SiMe

CH

CH
CEtu i

CH

CH
CeHqp
CH

CH
CClu

CH

Table (7.2) :

5Hobs

Hz

-7.42

+30.86

-31.25

+6.25

-23.24

+14.26

-39.83

H
)

-0

+0.

-00

+0

+0.

-0

obs
ppm

.083

3444

3488

.0698

.2594

1591

4415

_gn Xy gtmw
ppm ppm
+1.04
1.1226
+1.467
+1.045
1.3942
+1.464
+1.054
1.3132
+1.4723
+0.9818
1.4263
+1.385

? true
Hz

9301?

131.45

93.68

131.18

94,43

131.92

87.97

124.10

H observed and susceptibility corrected shifts from 2H, of

CEtll in various solvents. Measurements were made employing a JEOL FX 90 Q

NMR spectrometer at 30°C, with irradiation frequency of 89.60415 MHz.
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Solvent 13C b HZ 5ob:l -2::/3 .xv 5 £
pp ppm pp
(5 1213.38 53.85 54,97
™S CH2 1440.43 63.93 1.0 65.05
CH3 1887.20 83.75 84.87
2 1208.50 53.63 55.02
CEtu CH2 141.88 63.55 1.39 64.94
CH3 1881.10 83.48 84.87
G 1210.94 53.74 : 55.05
06H12 CH2 1435.54 63.71 1.31 65.02
CH3 1887.20 83.75 85.06
G 1198.73 53.20 54.63
CC].]4 CH2 1425.78 63.28 1.43 64.71
CH3 1865.23 82.78 84.21

Table (7.3) 13¢ observed and susceptibility corrected shifts, from 2H, of
C(CH20H3)q in different solvents. The measurements were made using a JEOL
FX 90 Q NMR spectrometer operating at 30°C with an irradiating frequency

of 22.533. MHzZ.

214



Compound  r A° ajp723 I /107° W /1072 %)
553 erg cm3

c (02H5)u 4.358 1.64928 16.5 2.8258 2.0181

i (CHy),  4.079 1.19 15.7 2.316 1.8266

cc1, 3.613 1.05 18.3 1.61 2.1144

CeHy 3.746 1.04 15.7162 1.7937 2.035

Table (7.4) Collected data required for reaction field calculations.

r Molecular radius
a Polarizibility
I Tonization Potential

n. Refractive Index
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Solvent <R12> 710" <R22‘> 710" <H2T> 7101
(esu) (esu) (esu)

si (CHy), 0.27345 0.61983 0.89328

C (G, 0.36400 0.72801 1.09201

¢ H 0.37202 1.50833 1.88036

ccty 0.40964 2.63664 3. 04629

Table (7.5) The calculated mean square reaction fields <R§> : <_R§>

and <_R.§;> for CEtu in different solvents.
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Buffeting ﬁ% §c
molecule
T™MS 0.51 0.87
CEtu 0.53 0.86
CGHTZ 0.59 0.05
CClu 0.61 0.98
2
H
PGHH
cl
K /r e
HCI
Q = 6.5
o.
Pug = 2.4 A7, Pucy
Table T.6

0.21 0.61
0.27 0.66
0,31 Q.72
0.38 0.8
(28 = )°
1012 e.8.u.
1012 €.8.u.
= 3.0 A

1.11

1.4

s -¢)

Q.11

0.16

0.14

0.24

E

1
BI /10

€.3.u.

0.086

0.5

The geometrical parameter and the square buffeting electric

field for the methyl protons CH' in CEt

3 4

217

1



Buffeting %

Molecule

TMS 0.73
CEtu 0.67
CGH12 0.61
CC1, 0.55

0.84

0.79

0.73

0.6

-6 6
<r>r-

0.15

0.16

0.22

0.74

0.72

0.67

0.65

§

0.98

0.97

0.93

0.91

(2B-¢ Y E

0.25

0.221

0.168

0.152

Table (7.7) The buffeting parameter for the methylene

Cqutogether with the buffeting field Ez
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2
= K/ 6 (2p -£)°.

2 11
BI /10

e.8.u.

1.783

1.576

1.198

1.933

protons of CH2 in



T Ho(eHy)  cEt

fcom
_suum 55
€=1349 Hz.

B=0.284 x10 e

s : 2 2 11
o 1.0 2.0 30 4o (<R V+mm_”.\B e.su.

T

Figure 7.1 Regression of ( AH=NAJV +Ammw ) on methyl proton

shifts of nmaz.
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yields a B value of 0.284 x10-18 e.s.u. which is evidently too
small correspond with Homer and Percival average value of
0.87 x 10~18 e.s.u. Figure 7.2 shows the regression with the
square buffeting field EZBI eliminated and this again gives a low
value for B of 0.32 x 10~!8 e.s.u. At the other extreme the
regression of < R21 > on the corrected shifts (Figure 7.3) gives

an unacceptably high value for B of 4.44 x 10-18 e.s.u.

Evidently the best value of B will be obtained from the
appropriate regression that lies somewhere between < R21 > and

on e correcte snl S.
(< B2y > 4 E25) th ted shift

Figure 7.4 presents a two-dimensional representation of
C(CHZCH3)4 molecule, from which the appropriate value for the
(r/a)6 modification implicit in the equation 7.1 can be estimated.
For the two extremes for the methyl protons indicated in Figure
7.4 values of d = 1.0 A® and d = 2.25 A°. The average of these
together with the possible positions at the periphery resulting
from the rotation of the methyl group gives a total d value of
0.8 A9. This was used to calculate the values of < R22 > (r/a)6
that are given in Table (7.8) together with other immediately

relevant data.

The regression of < R21 > + < R22 > (r/a)® + K/rb (2B - £)2
is shown in Figure 7.5. From this a value of 0.783% x 10-18 e.5.u.
for B is deduced. If the regression is only for < R21 > A g R22 >

(r/a)® on the corrected shifts a value of 1.13 x 1018 e.s.u. for
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on
us T (CHy)  CEH,
_..l...c.o
. m=_2875
€=13493_,
. 5 B=0.32 x10° 8 es.u.
(o]
130J
123 _ . ‘ .
0.0 10 20 B0 kD
< R3=>/10"esu..

T

Figure 7.2 Regression of Amm.H.zv on methyl proton shifts of
CEL,.-
y
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on
- W (CHy) CEt
~ 3 4L
M= lo.m._.w
J m=_39.74
€=143.76 Hz.
L B=khbx10 B esu.
130,
Am T il .
02 03 04 05 < zm v:o: e.su.

1

Figure 7.3 Regression of A,mmA_V on methyl proton shift of
CEt
ﬁ—n
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331258

Figure 7.4

Two-dimensional representation of (Z:li:tu molecule.

o



d: Szmu CEt), d = 0.8 »o“ a=r,+d
2
Am__v+amw \\Gx
6 2 2 2 6 2 2 - ,
) M3 - KB SRoriel el s Bprdd KRP* Bpgdls (r/a)6 4 Ear 5" Ha
™S 0.341 0.27345 0.61983 0.2114 0.89328 0.086 0.979 0.571 131.45
CEt,, 0.36U4 0.364 0.728 0.265 1.09201 0.183 1.275 0.812 131.18
CeH, s 0.313 0.37202 1.50833 0.472 1.88036 0.14 2.020 0.984 131.92
ccl,, 0.301 0.40954 2.63664 0.79 3.0426 0.5 3.543 1.703 124.10

Table (7.8) The mean square reaction fields ﬁw._mv. A.wmm.v. AmmHV with the modulated wmﬁaﬁmmmeHu 6 together with
a

mme. for the methyl protons of nmn:. where a = +0.8 8°

Ta
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B is obtained. Table (7.9) shows the collective B values

obtained.

It is evident that the value of 0.783 x 10~'8 e.s.u. is in
most satisfactory agreement with that of 0.87 x 10-18 e.s.u.

established before.

This gives an initial indication that < R21 > is induced
uniformly through the cavity, and that < R22 > decreases with the
distance from the centre of the solvent molecule, and that the

buffeting is effective at the peripheral of the methyl protons.

For the case of the methylene protons, Table (7.7) shows the
deduced values of the buffeting parameters together with (28 - £ )2
and EzBI' Then the values were calculated for < R21 2y s R22 >
(r/a)6 and for the buffeting contribution. These are given in
Table (7.10) with the d values deduced for the methylene protons
from Figure 7.4 for the distance modulation calculations. The
same approach as before was used in that the various regression
applied to the case of the methyl protons were used for methylene
protons also. These are shown in Figures (7.6, 7.7, 7.8 and 7.9).
The values of B obtained therefore are summarized in Table (7.11).
From the various values obtained for B, it can be seen that there
is a little to chose between these obtained from the regressions
including < R21 ZEE EzBIunJ< RET PR R22 e EzBI‘ The reason
for this is that the distance modulation for the methylene protons
essentially eliminates < 322 >. This is a particularly important

result because it is to be expected that < 322 > for nuclei not at
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Regression of B value/ 18

10”
e.s3.1.
2
<R, "> 4.4y
2 0.32
< Rp >
<_a12_ i EEBI 0.281

2 ry b 2
<Ri>+ <32%(E) + B pr 0.783

6
<_Rf Sie <R§;{_§) 1,13

Table (7.9) Collected B values from the different regressions for the

methyl protons in CEtu.
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a CH, CEt, d = 2.51 A° A =ops e d

2
2. .2
CRP+R>
6 2 2 2 2 > 2 T Baaa T
(r/r+d) <RI/ RS >fs <R5>X(r/a) /e <Rr>/y Epphe <Rp+ Epy  (r/a) +Ep; I
TMS 0.0563 0.27345 0.61983 0.0349 0.89328 1.783 2.056 2.091 93.17
CEt), 0.0653 0.364 0.728 0.0475 1.09201 1.576 1.94 1.9875 93.68
CH,, 0.0461 0.37202 1.50833 0.0695 1.88036 1.198 1.57 1.64 94.43
cel, 0.0422 0.40964 2.63664 0.1113 3.0426 1.933 2.343 2.454 87.97
Table (7.10) The mean square reaction fields Ammv Amv 6 together with mmmH for the methylene protons of CEt,

where a = Lot 2.51 >o.
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g 1
: r=_0.51
m=_2578
c =101.5 Hz
B- 287x10"18es.u
95.
90
(o]
85 . ;
0.2 03 0L

(< R% >)/101 es.

Figure 7.6 Regression of (< R21:> ) on methylene
proton shifts of CEtu.
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95
O o}
N r=_081

‘ O m=_244

c= 9653 I:I‘g
90.
o
85 . )
20 30 35

00 10
(< R% >4 < R%:-)/‘Ioﬂe.s.u.

Figure 7.7 Regression of (< R21‘> + <.’R227 ) on methylene
proton shifts of CEtu.
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"ZH 49

1
H (CHZ) EETA

= _086
M= _79
c=108.0 Hz.

95. B-0884x10"18esu.

o)
90,
o
85 :
10 20 . 73p
: (<R$>-+EBI)/10” es.u.

Figure 7.8 Regression of ( < R21T> + EEBI) on

methylene proton shifts of CEtu.
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TH 2

H (CHy) CE
r :..0.9
|TI:-7.94
B=0886x10" .
5. 886 es.u
90.
;
85 3 :
10 2.02 : 2.0 . "
r
(<RE>+ < R2>(—a-) +EBIV‘10 e.s.ui

1

6
Figure 7.9 Regression of ( ¢H21‘; - <R22'> (r/a)

+ EZBI) on methylene proton shifts of CEt,.
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2
Regression of B value/10_18 e.s.u.
Sae 2.87
i -
R2 S 0.272
<Ry .
<R%Y + <B> (5) k. 0.886
g hstiod (g BI :
2 1
C.H.l > + EBI 0.884

Table (7.11) Collected B values from the different regressions for the

methylene CH2 protons in CEtu.

233



the periphery of the molecule will be attenuated very rapidly with
the distance of the resonant site from the centre of the solvent

molecule.

In reaching the above conclusion the similarity between the
values of B deduced with that obtained by Homer and Percival of
0.87 x 1018 e.s.u.(64) has been used as the criteriomn for
assessing the contributions of < R21 P & R22 > and 5231 to the
intermolecular forces. This would appear reasonable because for a
proton sp3 bound to carbon, it is to be expected that they will
always have similar B values. However, while in general, the B
values for some nucleus X bonded to an atom Y may well be of
similar magnitude for different Y, their precise values are
expected to depend on the nature of ¥ (29,105), mnis situation
will probably occur for the three distinct 13¢ nuclei in
tetraethylmethane, because for the central, methylene and methyl
carbons, eachhas different bonded atoms. This situation will now

be discussed.

Te%.2 Analysis 0f '3C Shifts of C(CH,CHz), :

The observed and susceptibility corrected shifts of 3¢ for

c (CH20H3)4 are recorded in Table (7.3).

Even the methyl carbon in CEt4 can be considered to be
protected by the bonded protons from buffeting by the solvent

molecule. It is reasonable, therefore, to assume that there is no
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buffeting contribution to any of these 13(3‘ shifts. Accordingly,
only values of < RZ1 Dk R22 > and (r/a)f < 822> were calculated
for the methyl '2C and these are recorded in Table (7.12). Figures
(7.10, 7.11 and 7.12) show the regressions of < R21 ¥, € RzT > and
< R21 > + < R22 > (r/a)6 on the methyl '3C shifts, respectively.
These regressions yield B values of 44.78 x 10‘18, 2.94 x 10"18
and 24.07 x 10~'8 e.s.u. respectively, these values are collected

in Table 7.13.

For the methylene carbon in CEt4, Table (7.14) shows the
calculated < R21 >, £ R2T > and < R22 > (r/a)s. Figures (7.13,
7.14 and 7.15) show the regressions of < R21 P ¢ R2T > and
< R21 > + < R22 > (r/a)6 on the methylene 13¢ shifts. Those gave B

values are summarized in Table (7.15).

Since the central carbon is at the centre of the molecule,
Figures (7.16 and 7.17) show the regressions of < R21 > and
< RZT > on the shifts; the data is given in Table 7.16. These gave
values for B of 16.8 x 10~18 and 163 % 1018 e.s.u. It seems for
the sets of B values obtained in Tables 7.13, 7.15 and 7.16, that
the values of 24.07 x 10~'8, 16.79 x 10~'8 and 16.8 x 10~18 are
for the methyl, methylene and central carbons respectively are
immently reasonable, are consistant and the procedure by which
they are obtained suggests again that < R21 > is uniform through
the cavity and that < R22 > is modulated by the distance
parameter. If in fact the values of B for the three carbons
should be the same it would appear that the methyl carbon nucleus

may be subject to buffeting to some small extent.
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236

C (CHj) CEt), d= 250 a=ry,+ 25
Solvent r 6 2 2 ry\ 6 2 2 2 dwo
Sten <Ry > LR > <R>(3) LR > <Ry>+ <Ry % cu
r. +d 3
2 h_.. 6
mV ppm
T™S 0.079 0.27345 0.61983 0.0U887 0.89328 0.3223 84 .87
CEt, 0.09 0.36U 0.728 0.0656 1.09201 0.43 84.87
CeH, 0.066 0.37202 1.50833 0.0992 1.88036 0.47123 85.06
cel,, 0.0607 0.40964 2.63664 0.1601 3.0426 0.5697 84.21
2 2 2 2 r 6
Table (7.12) The mean square rsaction fiels<R7> , <R3>, <Ry> and the modulated term < R3> ﬁ.v for the
gethyl aiof CEt, where a = r, + 2.15 A°.



o 13

g bl CH3 ) CE 1'4
F:_Ojg
m:-AA?B
c=8638 ppm.

o B=Lk4.78x10718

850.

8L5.

840 : :

0.2 03 04

& (< R% >)/ 10Mesu.

13

Figure 7.10 Regression of (< R213> ) on ~C methyl

shifts of CEtu.
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- 13
= C (CHB) CEfA
3 r=_-077
m=-0.294
c=85.26 ppm.
o B=2.9l+x10'1ae.s.u.
850,
0. 0
845,
o)
840 : : r
10 20 30
(<R%>)/1011e.s.u.

Figure 7.11 Regression of ( < R%ﬁ> ) on .

shifts of,CEtu.

C methyl
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13c (CHB) CEtu

Regression of B value/10-18
2
< Bl 44,78
<< Rz) 2.94
T .
& 2 r 6
<RI> + <R> () 24.07

Table (7.13) Collected B values for various regression on the 130 methyl

of CEtu.
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(]
ao ﬁommu CEt) d = 3.125 A a=r.d

2
Solvent P5 \0 257 A1 2>/, 11 <Reyjr © RS> /.11 <RI+ <> 130
—5 <710 <Hs> 4o <"2>(%) <Sp2fiap m S p
~ e.s.u e.s.u e.s.u \5: e.s.u AHU\: 2
- - - - - - - - - - - - m JQ ﬂUE
m.m.c.
™S 0.033 0.27345 0.61983 0.02425 0.89328 0.2939 65.05
CEt, 0.039 0.364 0.728 0.0284 1.09201 0.3924 64 .94
Gl 0.0263 0.37202 1.50833 0.0396 1.88036 0.412 65.02
ccl,, 0.0238 0.40961 2.6366M 0.0627 3.0426 0.472 64.71
B/, ,~18 20.17 1.34 16.79
e.s.u.
6
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Table (7.14) The reaction fields < mmv - Amwv 5 Amwv and the modulated term A.mwv AMV for the methylene Go of

omw:. where a = r, + 3.125 mo.
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655, C (CH,) CEY, R
q+ m=-2017
© C=6565ppm.
= B=2017x10"18 es.u.
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(< RE>1/10Mesu.

Figure 7.13

Regression of (< R21:> ) on
shifts of CEtu.
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13 '
655, £ ibu.) cer
' 2 & r=_0.85
m=_0.134
c=65.16ppm.
B=134x10"18 esu.
650.
645 : : !
00 10 20 30

(< R% >i< R% >)/10Mes.u.

13

Figure 7.14 Regression of (< 321) - <R22> ) on ~C methyler

shift of C!Elt‘.u ‘

243



13 |
6554 C (CHZ) CEQ

'ujdd49

r=_0861
m=.16787
C=65.59 ppm.

B=16.79x10~18 esu.

645 : A
03 04 Qs
(< R% p FY R%:» (gr 161110 e,

13

Figure 7.15 Regression of ( < RZTE - <522‘> (r‘/a)ﬁ) on “C

methylene shift of CEtu.

244



Regression of B value/10-18

€.5.U.
2
<Ry > 20.17
W
< Rr:> 1.34
2 2 r 8
<R + <ry> (3) 16.79

Table (7.15) Collected B values from various regression of the methylene

13c in CEtu.
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Figure 7.16 Regression of (< R21:>_) on central

of CEtu.
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Figure T7.17 Regression of ( < H21> + <R22'> ) on central
3¢ shifts of CEt,.
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Solvent o af> <R§> 5°
ppm
™S 0.27345 0.89328 54.97
CEt, 0.364 1.09201 55.02
Cellys 0.37202 1,88036 55.05
eel; 0.40964 3.0426 " 54.63
B/,o=18 16.8 1.63
e - s - u -

Table (7.16) The mean square reaction fields < H?B T < R.?.) together

with the 13‘c shifts of the central carbon atom of C{CH2 CH3)1$‘

2u8



T-4

T.4.1

STUDIES OF TETRAMETHYLSILANE Si (CH3)4:

In view of the encouraging analysis of the 'H and 3¢ shifts
of CEty just discussed, similar analysis for the 11{, 3¢ and 29si

of TMS were undertaken.

The gas phase shifts of 'H and '3C of TMS were measured at
various pressures and are given in Tables (7.17 A and ) )
respectively. The latter were extrapolated as shown in Figures
(7.18 and 7.19) respectively to zero pressure and the values
obtained are given in Table 7.18. These values were used in the
subsequent analysis. The gas samples were prepared in the same
manner to that described in Chapter 4 (section 4.3.2). Although
not immediately relevant to the present investigation, the zero
pressure 'H and '3¢ shifts together with the corresponding shifts
in pure TMS Table 7.18 enable the appropriate gas-to-liquid shifts

to be deduced, these are also given in Table 7.18.

Analysis 0f 'H Shifts Of Si (CHz),:

The observed and susceptibility corrected shifts of the
methyl protons of TMS in various solvents are given in Table
(7.19). Using data collected earlier in Tables (7.4 and 4.9), the
values of the square fields < R21 DL R22 > and < R2T > are

calculated and given in Table (7.20).
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TMS Sample 1H shift Hz

Gas P = 16cm Hg 125.49
Gas P = 24 cm Hg 124.51
Gas P = 33 cm Hg 124.51
Gas P = U7 cm Hg 123.78

Table (7.17)A Proton gas shifts of SiMeu at different pressures.

Measurements were made using a JEOL FX 90 Q NMR spectrometer locked onto

2H of D0, at 30°C operating at irradiator frequency of 89.60405 MHz.

2
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13

TMS Sample C shift Hz
Gas P = 24 cm Hg 173.34
Gas P = 33 cm Hg 173.34
Gas P = 47 cm Hg 172,12
Gas P = 60 cm Hg 172.12

13

¥ Table (7.17)B C gas shifts of SiMe, at different pressures.

Measurement were made using a JEOL FX 90 Q NMR spectrometer locked onto 2H

of D20 at 30°C, operating at irradiation frequency of 22.531 MHz.
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Figure 7.18 Evaluation of proton gas shift at zero
pressure of TMS.
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H C

oo = 8as (P = D) (Hz) 126.2 174.4 &
obs § liquid (Hz) 0.98 ST+37
-2m /5 X, (H,) 100.59 25.29
true & liquid (H,) 101.57 82.66
®gas-to-liquid (H ) -24.63 ~91.74
Sgas-to-liquid (ppm) -0.275 -4.07

3

Table (7.18) Gas-to-liquid chemical shifts for 1H and . C in TMS. These

shifts were measured with an irradiation frequency of 89.60405 MHz for 1H

13

and 22.531 MHz for e
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H in TMS

1 1 1
Solvent obs & obs & 1O 27 /3 xv true & B
Hz ppm ppm
None 326.16 3.640 0 3.640
gas (P=0)
™S 200.00 2.232 1123 3.355
CClu 164.31 1.834 1.442 3.276
CGH12 184.08 2.054 1327 3.381
CEtu 175.98 1.964 1.403 3.367

Table (7.19) The observed and susceptibility corrected proton shifts os
SiMeu in different solvents obtained by using a JEOL FX 90 Q NMR
spectrometer locked at 2H of DZO’ operating at 30°C and an irradiation

frequency of 89.60425 MHz.
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Solvent

™S
CCl
CGH

12

CEtu

676

Table (7.20)

<R

- N

10
esu

0.2715

0.40412

0.3676

0.3598

0.4671

The calculated mean square reaction fields < R

<R§>,w1

esu
0.543
2.3097
1.3214

0.6377

2.7815

<R§ > and <H§.> for TMS in various solvents.
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1

2
<;RT> /10

esu

0.8145

2.7138

1.689

0.9975

3.2486

T

2
1

>
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By reference to Figure (7.20) which shows a two-dimensional
representation of the Si (CH3), molecule, the values of the
relevant distance modulation can bte calculated, and these provided
with the relevant tables, that including the modulated reaction
field. Table (7.21) shows the modulated square reaction field
with < R21 Py R22 > and < RZT > together with E2BI for the
protons in TMS. Figures (7.21, 7.22, 7.23 and 7.24) show the
regréssions of ¢ RZT ¥y & R21 > + < R22 > (r/a)s, < R21 ¥ #
< R22 > + EZBI and < R21 > + < R22 > (r/a)6 + E2BI on the

corrected proton shifts.

The gas phase shift was not initially used in the regressions
but as a criterion additional to the B values, so that the best

overall fit could be highlighted.

The values of B obtained from the various regressions on the
protons of TMS, mentioned above, are shown in Table (7.22), which
demonstrates again that the regression of < R21 > + < 322> (r/a)®
+ Ezgl yields the most realistic value for B of 0.91 x 10~18
e.s.u. This indicates again that < R%, > is distance modulated and

the buffeting contribution exist on the periphery.

Additionally, this regression has the intercept of 3.44 ppm,
that is most consistent with the gas phase shift of 3.64 ppm,

experimentally obtained earlier.

The data where benzene as a solvent was not included in the

regressions, because of the contribution of o,. However from
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H CHy TS
d = 0.7 A° a=r+ 0.7
9' o DD
Solvent azdv+.mmv nmqv+awmv =
6 6 .2 /i e
6 2 2 2 6 2 2 (r/a) (r/a) +E pm.
(r/rsd) <RYSy <R3, Rp(r/ady,  Epr )y <Ryl BI mmml mmb?.‘ k
™S 0.387 0.2715 0.543 0.21 0.171 0.8145 0.4815 0.6525 m.mmm 3.355
oou.z 0.346 0.40412 2.3097 0.798 0.3 2.7138 1.202 1.502 3.014 3.276
CH, 0.358 0.3676 1.3214 0.473 0.15 1.689 0.8406 0.991 1.839 3.381
CEt,, 0.409 0.3598 0.6377 0.261 0.178 0.9975 0.6208 1.176 1.176 3.367
om.mm 0.335 0.4671 2.7815 0.933 0.143 3.2486 1.4001 1.543 3.392 3.721

6
Table (7.21) The calculated square fields < mmv. Amwv and the modulated term Amv i mmv together with the

square buffeting field for the proton in TMS.
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TH TMS

r=-.0.75
m=_0113

c=343ppm.
B=113x10"18 es.u.

3.2 .
QS

Figure 7.22

10

(< mwvtn mwv?w,m 11101 le.su.
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shifts of TMS.

2

5> ﬁwxmumu on proton
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wdd p

H TMS
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Figure T7.24 Regression of (<C R ,™> + <R o> (r/a)” + E mHu

on proton shifts of TMS.
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Regression of B/, =18

10
e.s.u.
eBS RS 0.43
R? R2) (L ; 14
<R{> + <R (3) 13
<R?) + (Rg) - ESI 0.4
2 2 L) : o
RIS+ <R2) L; + Epr 0.91

Table (7.22) Collected B values fielded from the various regression on

the 'H shifts of TMS.
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T.4.2

T-4.3

Figure 7.24, it can be deduced that ¢, for benzene with TMS is
0.43 ppm. This is in good agreement with the value of 0.488 ppm.

deduced by Homer and Redhead.“OG)

Analysis 0f '3 Shifts Of Si(CHz),:

The observed and susceptibility corrected shifts of 13¢ of
TMS are given in Table (7.23). Because of the protection from
buffeting afforded by the methyl protons, this effect is
discounted for '3C nucleus. Table (7.24) shows the calculated
< R%; >, < R%; >, < R%; > and the modulated term < RZ, > (r/a)®.
Figures (7.25, 7.26 and 7.27) show the regressions of < R?; >,
< RzT > and < 321 > + < R22 > (r/a)6 on the corrected shifts;
again the gas shift is not used in these regressions. The
distance modulation is already given in Table 7.24. It can be
seen from Table (7.25) showing the B values obtained from these
regressions that the most consistent B value is found from the
regression of < R21 > + < R22 > (r/a)® on the shifts, this is
22.6 x 10~18 esws The intercept of this regression is 93.29 ppm.
that is in reasonable aéreement with the gas shift of 96.498 ppm.
obtained earlier experimentally. The B value for methyl 13¢ in

TMS is consistent with that of the methyl 3¢ in CEt4.

Analysis 0f 29Si Shifts of Si (CHz) y:

The observed and susceptibility corrected shifts of 29si of

TMS in various solvents are presented in Table (7.26). Being at
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Solvent

None
™S

ce1,,
Cetiz

CEtu

Table (7.23)

various solvents.

obs. 61 3C

Hz

2174.39

2056.88

2030.03

2056.88

2050.77

2.054.33

Observed and susceptility corrected

obs. 513

ppm

96.498

91.283

90.091

91.283

91.012

91.17

2 /. X
v

1.123

1.442

1.327

1.403

1.296

13

3

ppm

true 31

96.498

92.406

91.533

92.61

92.415

92.1466

C shifts of TMS in

Measurements ,were made using a JEOL FX 90 Q NMR

spectrometer locked at 2H of DZO’ operating at 30°C and an irradiation

frequency of 22.533 MHz.
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13

Solvent

™S

CCl

6112

CEt

66

Table (7.24) The square fields Amwv .Ammv and the modulated term < wwvme

shifts

d = 2.0 A°

(r/rsd)®

0.101

0.071

0.077

0.104

0.067

a=r.+d

2
Anmdy“m.

0.2715
0.40412
0.3676
0.3598

0.4671

.nmmeo.

0.543

2.3097
1.3214
0.6377

2.7815

0.0548

0.1643

0.1014

0.0661

0.18513

0.3263

0.5684

0.469

0.426

0.6524

2 6 2 6 2 2
Ammv:,\m&.a <R;>+<RD e (<R p+<B3) |y
P

0.8145

2.7138

1.689

0.9975

3.2486

13

for bezene with TMS eliminated (as 0.488 ppm) deduced by Homer and Redhead Adomv.

C of TMS.

¥

pPM-

92.406
91.533
92.61

92.415

*
91.98

Among the
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Figure 7.25 Regression of ( CH21> ) on 130 of TMS.
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Figure T7.26 Regression of ( <R21> + <R22> ) on 13C shifts

of TMS.
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Regression of B value/ 10 18

<R2> 33.14
<F>+ i 2.97
B>+ < (E) : 22.6
ety 27 \a .
Table (7.25) Collected B values for 13(‘: of TMS from the various
regressions.
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29 29 29

Solvent obs 5 “Si obs 5 “Si =27 /3 ‘Xv true 6 “Si
Hz ppm ppm
TMS 81.05 4.526 1.123 5.649
cCL, 69.58 3.909 1.442 5.351
CeHqs 76.90 4.320 1.327 5.647
CEt), 76.9 4.320 1.403 5.723
CeHg 86.67 4.869 1.296 6.165

29

Table (7.26) The observed and susceptibility corrected “Si shifts of

SiMeu in various solvents. Measurements were made using a JEOL FX 90 Q

NMR spectrometer locked at 2H of external DZO’ operating at 30°C and

irradiation frequency of 17.80188 MHz.
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T.5

the centre of the molecule, the buffeting effect should certainly
not be effective and that the effect of < R?, > should be
vanishingly small. Table (7.27) gives the mean square reaction
field < R21 > and < R2T > together with the corresponding shifts.
It is evident that if < R22 > has to be distance modulated then
the effect at 295i nuclide would be vanishingly small. Acccrdingly
regressions of < R21 > and < R2T > only have been done on the
corrected shifts of 29Si and are shown in Figures (7.28 and 7.29)
respectively. The values of B obtained from these regressions are
16.1 x 10=18 and 174 x 1018 e.s.u. respectively. It can be seen
that the value obtained from < RZT > regression is exceedingly
small, while that obtained from the < R21 > regression is

consistent with the similarly sited 3¢ in the CEt4.

Additionally, from Figure (7.2%) a sensible value of 0.69
ppm. is obtained for g, of benzene. This adds further credibility

to the foregoing analysis.

CONCLUSION

The analysis presented in this chapter provides the first
substantial evidence that whilst < R2, > is operative in all
circumstances throughout the Onsager Cavity, < 322 > has to be
distance modulated to account for the distance between the
periphery of the solute molecule and the resonant nucleus. It is
evident also that the buffeting effect is only significant for

atoms at the periphery of solute molecules.
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Solvent LREB/ o B Sy o o8
e.8.u. ppm
™S 0.2715 0.8145 5.649
ccly, 0.40412 2.7138 5.351
CeHqn 0.3676 1.689 5.647
CEt) 0.3598 0.9976 5.723
Celg 0.4671 3.2486 6.165 "

Table (7.27) The mean square reaction field <R§> and < R% >

together with the 19Si shifts at TMS.
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These conclusions are entirely consistant with the principles

involved in the derivation of < R21 by R22 > and EZBI'
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