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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 exist@nce 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 op: 
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(2), Stern 

and Gerlach(3,4) subsequently showed that the measurable values 

of a nuclear magnetic moment are discrete in nature. Whena 

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 (6) . 

In 1946, the first nuclear magnetic resonance (NMR) 

signals from bulk matter were observed independently by two 

teams led by Bloch(7) and Purce11(8), 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 compouna(9), The determination of nuclear properties and 

molecular structure is thus possible from a knowledge of 

precise resonance frequencies(9910,11), 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: 

He VELA Sawicwces casio cisinsicr S (GUS)   

where P is a characteristic constant of each nuclear species 

called the magnetogyric ratio or magnetogyric constant, wm is 

the magnetic moment of the nucleus, I is the nuclear spin 

quantum number and h is the reduced plank's constant 

( h/2x ). Nuclear angular momentum is quantised and in 

magnetic fields the maximum measurable component of angular 

momentum (actually Viz + 1) h ) in the field direction is 

always an integral or half integral multiple of hf . 

There are 2 I + 1 such values given by [+ I, (+ I - 1), 

wesy, Op ses (me Ey eh) IPT = 0; thene) = 0 and no 

magnetic characteristics are observed, but if I is non-zero, 

“has a finite value. It is obvious from equation (1.1) that the 

quantisation of the nuclear angular momentum parallels the



quantisation of the magnetic moment “ , 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 (Z) direction of the applied static 

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

E = By - By teseceeeeeeeseceeneeeece eonilee) 
  

where E, is the energy of the nucleus in the absence of a 

magnetic field, and E,=- #, Bo. Therefore the change in 

energy when the external field is applied is given by: 

E,=- FB, Cosé are ofbeleiSieracerpiaresees cubed) 

 



When the magnetic moment, mw, is inclined at an angle@ 

to the static field direction (Fig 1.1), it is evident 

that cos 6 can be defined in terms of m, the magnetic quantum 

numbers, by m/I where m adopts the values I, I -1 ...... - I. 

Consequently: 

Ey =.= BOS Bote ost a wesw sie fale’: Ciscateieis Sevier oy (lls4)) 

Therefore, the energies of the allowed levels, characterised by 

the associated values of m, are: 

=f Bo» aa!) HBos -+es (T= 1) BBg, By 

The transition selection rule is that transitions are permitted 

only between adjacent levels i.e. Am=+ (12), 

It follows that energy difference between two adjacent levels 

is given by: 

we (145) 
  lo tee B= MB 

I 

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

may be rewritten as: 

v = wp Bo = Bo aisteratie clots levees ete Seielniat sien c ieeleore si USO) 
Th an



  

Figure 1.1 The relationship between the magnetic momentu 

and the spin angular momentum | - : 

iz * 

  

  
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=+1/2 andm=- 1/2. The situation for the proton can be 

represented by: 

  

a Ss - 1/2 + & Bo 
7 

’ 
, 

s 

< E= 2 Bo 
s 

3 ‘ 
. 

Sane - p Bo 

No External Field External Field nm E 
Applied = Bo 

Because a particular nuclear species has constant values of 

#4 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; v = 60.004 MHz 

Bo = 2.03329 Tesla; UV = 89.56 MHz 

Bo = 2.3490 Tesla; v = 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, (Fig 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 

a Eo]
 

el
 

Siiaiele clisiein ose mete ele elstel ais cle slersisleisiciee eis ele tC 177) 

a co
 

But according to magnetic theory: 

— = 
TP ABO cree wi crelninlare eialaieis eve isloes) DR GO RERO ORE COAACM ESD] 

So 

dp ae 
— = #BBo= Vip BOl cenaccccss Gesjocuememecse! (leo) 
at 

This equation describes the precession of the nuclear magnet 

around Bo with an angular velocity “o. The angular velocity 

may be defined by: 

DEM Dome Ne tends cietien cease Satis bse est ed (1.10) a ce)
 

a oo



Therefore 

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

written in terms of frequency precession o by: 

Ua te a f Bal ove tenn eons ae cc aneaeneas ease oo vege de) 

2a 

If a low intensity magnetic field B, 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 mw and 

change its orientation and thus the energy of the nucleus (Fig 

1.2), for B, to rotate in synchronisation with the precession 

of pm about Bo, i.e, the rotation of B, must be in resonance 

with the Larmor precession about Bo. 

The rotating B,; 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 various 

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('3), 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 p Bo 
Sere, OLD ea ieee ww necvernceeseis pe eees aiet) 
eure ret 

which approximates to:- 

1 m pu Bo 
a [: | sence ee eeee eieleieisiele Settele sin aeimil 14) 

2 + Tike Dt 

Where k is Boltzman constant, and T is the temperature. 
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For a nucleus of spin I = 1/2, the occupations of the 

upper or lower energy states respectively are governed at 

thermal equilibrium by: 

  

  

4 Bo 
1/2 1- 

kT 

and Ue veces elvele cu Waive s «¥/s'ss's else we « (1.15) 

BM Bo 
die eae 

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 

system. 

If only two energy levels are considered, and N,; and No 

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 - No) = PF (excess) .....06 es eee ene ania eSoletee (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.



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(!4915) 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 B, 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 By, 

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 B,. 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 T, and To (see 1.7.1 and Ns %ae)e 

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 1. 

The relation between the upward and the downward 

transition relaxation probabilities P, and Po, follows from 

simple thermodynamics: 

P> (upper to lower) > Py (lower to upper). If a system is 

considered in which there are N, and Np nuclei in the lower and 

upper states respectively, then at equilibrium: 

Ny Py = No Po «ee 2 G17) 174 ea 

  

The excess number of nuclei in the lower level is:



N excess = Ny - No seseeseeceeccseceeseseeceeeees (41.18) 

The normal Boltzman distribution for two energy states is 

given py:(16) 

— = expe (2 p BO/kT) .cccecccescesccscccescceeee (1419) 

24 42 MB Bo/kl sos scivs cscs Meo vocs J cnseeceee Cl welO), 

and therefore: 

  

BAe 2 [fh BO/ Kine vieis'e s cietslewicie's wesiga sence cl «ct)) 

ey 

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

is given by: 

d N excess 
= 2 Np Po = 2Ny Py ceeeeeeeeeeeeere vee (e22) 

at 

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 

dt 

= -2 P (N excess - N equi.) ..csseseees (1-23) 

where P = (Py + Po) /2. 

and 
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1.7:2 

u Bo 

N equi. = ———— (Ny + No) 
kT 

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

at equilibrun. 

Integration of equation (1.23) gives: 

(N excess - N equi.) = (No - N equi.) exp. (2Pt) .....-- (1.24) 

where No is the initial value of N excess per unit volume. 

The spin relaxation time T; is given by (16), 

as 

2)P 

Therefore from equations (1.24 and 1.25): 

(N excess - N equi.) = (No - N equi.) exp» —— ......-. (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 T,- 

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
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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 Tp. 

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 

AT



  

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

according to: 

where Xe is the static magnetic susceptibility. 

The bulk magnitisation is analogous to the nuclear moment 

m, except for one important difference that in the absence of 

an applied radiofrequency field, M has only a z- component 

whereas m has x, y and z - components (i.e: Mx = a Hoe; 

My = x, Hy = 0 and M, = =, = My 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 B,, 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 direction with the Larmor-frequency at resonance. The 

precession of M can be described by the following equations: 

d Mx 
<a - iM olan. o\e Wie ad 6 00 o's ee/sie'seie eieie a i [M, By - M, (By)y] (1.28) 
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(Bea (6. (2 ))s) cesnocacsousuuens udancuds Gees) 

4 v(M, (By )y - My (Gu Fall aBboonedacabosGococoabos (ace) 

where (Bi dy and (By )y are the components of B, (rotating at 

angular frequency w) along the x-y axes and are given by: 

From Fig 1.4 

(Big = By Cos) Gt ce eccses. sense ceevssseceseeeesiseee (1251) 

(By) -By Bin (Wt seccsieencve isteln olalereis cisioisisiele inc else eines em 2) 

To proceed further the effect of relaxation processes must 

be taken into account. My does not remain constant, but after 

resonance approaches its equilibrium value M,, at a rate 

governed by the spin relaxation time 1,;, which in macroscopic 

systems is termed the longitudinal relaxation time. 

Additionally the effect of the transverse relaxation time Tp 

must also be considered. The complete Block equations are 

therefore: 

d Mx 

= P (My By + Mz By sim wt) -— seeeeeeeeeeeeeeeee (1-33) 
dt To 

d My My 

—— = P(M, By cos wt - My By) -—— «sees Sica sie neiwe (1054) 
dt T 

d Mz M, = M 

= -P (MW, By sin wt + My By cos wt) -——— .... (1.35) 
at Ty



  

  

Figure 1.3 The resolving components of the magnetization 
vector. 
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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= MP By Boe (wy -w) /D ----0e0e sane re pea eesns (186) 

Vo = My 0 P By To/D cvcecceercscrceeceeesecscceencsrecens (1.37) 

M, = Mgr [1 + To? (wy -w)?] /D ceseceesecereeeeeees gees (1.8) 

where 

D= 1405? (@) -w) + V2 By 1, Ty .e-cereeeceeeenene- (1-59) 

and M, is the magnitude of the vector M in the absense of a 

radiofrequency magnetic field B,;, 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 By. 

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(17,20) 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 (wo -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 

1.91 

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 1,;- 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: 

a2 - At   

Because energy and frequency are related by 

  

AE =h.Av se eeee 

Where Av is the uncertainty in frequency of a particular 

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

@3
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1.9 3 

and because AT = 2 Ty ccoveccccrccccnsvercreeseseces (1645) 

  

This shows that small values of T; leads to line broadening. 

Spin-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 + 24 /r to -H |v where 

M 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 p = (3 cos? 9-1) /r’ where@ is the angle 

between r and Bo) and the absorption will be proadened(21). 

In liquids and gases where the modecules are subject to 

rapid random motion, the magnetic field at any nucleus due to 
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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 intensity of the signal will decrease 

while the effective line width increases. If sufficient radio- 

frequency ‘power is applied the signal may disappear entirely. 
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1.9:6 Miscellaneous Effects: 

(tO 

As the presence of any paramagnetic species will 

significantly decrease 1,, 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 

momentq. 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(22s 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-o) 

where g is the nuclear screening constant for the resonant 
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nucleus. This screening constant parameter can be introduced 

to the resonance equation (1.12), so that: 

3 v 

22 

Bo (1= 1G iste cow slocsis see one sieetes. (1 e 45)   

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 7, and °5 respectively, the difference between the 

two screening constants define the so-called “chemical shift 

” 5 
ij 

8445 Oy - Ty settee ee ee cere cere ereeeee ees (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: 

45 mw BLS BI ceeeeeeeeeeeeeee we AAT) 
Bj 

  

Alternatively, for constant field experiments, the 

chemical shifts may be written as: 

45° Ba mG ae sesoew omens cuneaes ae) (1048)   
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where vose is the radiofrequency of the signal applied to 

the irradiation coil to produce B,. 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.). This is often chosen because 

its resonance is a clear sharp line occuring to a high 

(shielding) field of most resonances of interest and it is 

soluble 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 5= 0. 

Signals to higher magnetic field, or greater screening, than 

TMS signal should have positive 6 values, although common 

practice is to assign them (-) ve 5 values. Another scale 

commonly used is the T- pealaco). for which the TMS proton 

signal is taken as 10t . The two scales should be related by: 

% =) 3. + 10 

As indicated above the 65 and t scales have been much 

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

treated with caution(2728), 
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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 

expans ion 29) . 

  

  

B c 
K=A+— + 5 DD Meson daeesa (149) 

Vm Van’ 

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, as(29), 

  

a eS 
o= o4+ ae Ee ay Men bleia'e eielaielecs ies iz a steerer, 101650) 

Vv, Vm 

Where og, is the screening in the isolated molecule, 9 

represents the effect of pairwise molecular interaction on the 

screening, 9% 5 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: 

  

a 
Sopg = (F - oref.) = ( a, - oref.) +——+ ne seen itso it) 

Vn, et 

Where oref is the screening constant of the reference 

nucleus. 

A significant observation was that the relationship 

between the chemical shift 9 - 9% 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 Lina: This means that screening constant 

arises from two factors viz. the absolute screening constant 

(intramolecular) and the screening contribution from the 

bimolecular interaction (intermolecular) inter: Therefore 

equation (1.50) may be reduced to 

v0) a8 AME AE i eee ieee 2 (1 253),   

or o + Ginter coeescrcceecccceccsseees (1653) Sintra 

Studies of Cintra 22? 2>) 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 ool aa AA ot, SAS A 
intra Gpara* odia* A=B ° * der <-> (1-54) 

In equation (1.54) ao sare 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. pate 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 oS 3, and Gaen comes from the 

induced electronic motion of delocalized electrons in the 

molecular structure surrounding A. 

Considering the second part of the screening constant 

[inter this arises from the interaction of the molecule, 

containing the nucleus being studied, and the solvent 

molecules. In other words Ginter arises from solvent-solute 

interactions. 

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

Tnter MAY be generally formulated by: 

Ginter = [Dt Fwt Fat FET Tg crrecerceeeeeeecs (1.55) 

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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o is due to the bulk magnitization of the sample. o, is due to 

the effect of van der Waals, but principally attractive 

dispersion, forces. a, is due to the secondary fields 

produced by magnitically anisotropic solvent molecules. %, 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. 

gg isduetothe 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 

Cintra depends on the structure of the molecule of interest and 

so is a parameter of particular interest to most chemists. In 

this thesis however, investigations of aspects of ointer 

rather than are reported, although there is an Cintra 

underlying interest in the elucidation of molecular structure 

using inter’ 

Many people have worked over the past three decades to 

establish theoretical models for the characterization of the 

components of oijnteyr- Even so, the magnetic susceptibility 

screening parameter o} 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 

32



Oy = (@ = q -——) Ky coreeeeceerecveee nereuteteeuiesis +e b6). 

Where a is the sample shape factor, q is the magnetic 

field interaction factor, and ee 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 2” 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 01 can be easily calculated. 

Experimentally the chemical shift is taken with respect to 

a reference. The physical way in which this reference is used 

may 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 oa}, contribution to the chemical shift 

measurement ( 39 ) . 

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 ° 

5 é = 2h 
A-B = A-B E (Ay = AB) sceccecsecceccseses (1.57) 

Where Sa is the true chemical shift of A from the 

reference B, 5°y_3 is the corresponding observed shift, and 

xy and x3 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 4 = 47/3, it 

emerges that A as 0, which means that there is no need for 

any susceptibility correction. Unfortunately, the last 

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(41), 

34



This thesis include in chapter 6 a novel suggestion for 

determining volume magnetic susceptibilities, XY 

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 

ao, 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, oa, and oy, 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 oy Some intensive work on 9, has Pa 

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 ous 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 ( o 9-0 per,), and the second one is when the solute 
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molecule is at infinite dilution in a solvent to give (o- 

Oref.)* 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 9 ,. 

Sliquid - gas = Fy + Ty ceerececesccccececeeeees (1.58) 

Siiquia to gas (after susceptibility correction) = oy +» (1.59) 

There have been many ways proposed to calculate oy 

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. This 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 ( 5 >> J) the latter are identified by 

letters widely spaced in the 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. Nuclei 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 5 >> J. 

For a set of ny equivalent nuclei of type A and n, 

equivalent nuclei of type X, a first order coupling treatment 

(Dixon 1972(44)) gives (2n, I, + 1) peaks for A band and (2ny 

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 5>> J. 

When 5-J, the spectra should be treated as second order 

spectra and the above simple spacing and intensity rules are no 

longer valid. 
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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 

261 

NMR INSTRUMENTATION; C-W. AND F.T. SPECTROMETERS 

INTRODUCTION: 

Inspection of the basic nuclear resonance equation: 

Gio) eae eee eee eee codec wees nel Gost) 

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 

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 Cin) 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 approach 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. 

ec - 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. 

The sensitivity of the NMR signal is theoretically 

proportional to Bee 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 

43



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 

"puck 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. 

2.222 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 loop 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 toa 

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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2.2:4 

2.225 

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 1H 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 BouEce 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 (55)3 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 nuclear 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 B,. In 
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2.3 

this arrangement the signal experienced by the receiver coil is 

that corresponding to the absorption of energy by the sample 

nuclei. This signal is therefore isolated 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 detector to 

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 ty 

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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2.331 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 5mm 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 
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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 signals 

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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2.3:2 

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 1H 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 froma 

potentiometer driven by the pen recorder and this enables 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) B, 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 

2.431 

of 2 parts in 109 per hour. A 6 KHz signal, also derived from a 

erystal-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 

sidebands are produced at field strengths corresponding to 59.994 

and 60.006 MHz. Hach 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 

sideband 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. spectrometers 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 B, by 

pulsing for a very short time, tp. The equilibrium magnetization 

of the sample, M is rotated from the direction of By by an angle o” 

@radians according to: 

O = VP By tp cesecccceveee eee ete eiata otsietaieietnie e aeiraeetereimie ci Cac) 1 

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

The radiofrequency pulse envelope may be described as a 

square wave (Fig 2.5c) 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  _ pulse is applied along the x-axis in the frame 

rotating Le the 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) go° pulse along x' rotates M to the y' axis. 

b) Mxy decreases. 
ec) 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 fora 

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_z_ pulse is applied and B, is perfectly homogeneous, 

2 

the magnetization should decay with a time constant To (Fig 2.5 

ad). Infact, however, Mxy decays in a time fo" 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. Ty” is given 

      AB Bisicicialaisieiweeisiolatne's cla’eee (EES) 

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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2.432 

2.432 

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 B, 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 those 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:- 

al 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 itisa 
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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. 

2.4:2.2 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 B, 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 1079 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 (375 

The nuclear signal enters the receiver (r.f detector) asa 

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 

ref carrier frequency should be placed in the middle of the 

spectrun. 

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 AF must be collected 

by the A.D.C. is twice the spectral width 24F. 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 = 2A FT) 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 
= 22 

Hw 

This ratio is called the dynamic range of spectrum. 

For an A.D.C. of 12 bytes is normally measured in steps of 

10 /(2'2 - 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 K; which stands for 219 = 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 amount of data or their magnitude that 

can be stored in each memory location. The information is stored 

in binary form. In general, for n bytes the largest possible 

decimal number that can be represented is gn-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. 

2.433 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 130 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 1H the performance is 

not guaranteed unless a dedicated 13¢ - 1 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. 

264:3.-1 The Magnet tem: 

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 ina 

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 13¢ line 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 'y 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 resolultion. 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 OBS 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 pulse, 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 0 and 7/2 reference signals from the OBS 

OSC 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 y2 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 

screen. 
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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 cew 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 7Li 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, 25 and 5 KHz. For '3c detection on irradiation of 1 KHz 

is used normally for proton irradiation. 
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BoA eS 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 Autostacking Pro, . 

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 init. 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 SCREENING CONSTANT o-, 

INTRODUCTION: 

Recently Homer and Percival have developed a new reaction 

field treatment of gas-to-liquid shifts for isotropic molecules 

ieee 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 "buffeting" 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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3.2 

3.231 

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 0, viz: 

1. The Gas Phase Model 

2. The Cage Model 

3. The Continuum 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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3.232 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(106) have achieved some success with it when 

calculating %a. 

Both the gas phase and the Cage models were developed 

significantly by Rummens (61), but undoubtedly underestimate the 

extensive properties of the solvent molecules in the bulk liquid. 

3.2:5 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 oO ; 

ITS DEVELOPMENT AND EXTENSION: 

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

basis requires that one solute molecule is singled out and treated 

as being a point 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, Oaeecer 

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,: 

+ (3-1) 

  

where < Re, > 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 < Re, > (which may generally be defined in terms of 

refractive indicies as f (ny, np)) 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 < Re > 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 7, for a 

given solute with solvent properties was published by De 

Montgolfier (10,71,72,73), we concluded that o, can be 

characterized by the following equation: 

  

(n2 - 1) k, B4E, 
Ow = -6 peel et mt ee ee Seer 

an’ +1) (n5 + 2) /solution a, solute 

where ny is the refractive index of the solvent, AE, is a complex 

transition energy of the solute molecule, @,; is the mean 

polarizibility of the solute molecule, and k, 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 k,; as having no place 
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in the continuum model. WNevertheless, Rummens later reintroduced 

another site factor and formulated the following quite widely 

accepted continuum equation: 

where S is the Rummens site factor that he introduced to account 

for the intercept found in the regression of go, against f (ny, 

No), I, is the ionization energy of the solute molecules, a4 is 

the solute cavity radius and K is the reaction field solute factor 

constant. 

Rummens took 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+ a2 
S pair = ——— seen eee Esse clos (ae4) 

(1 - a2)4 
  

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 (ny, no), iee. an 

intercept remained. They have reformulated the site factor, which 

they in fact also think irrelevant, as: 

  

a 2 

S cont. == Vag eae eae 

6” | cea)? 3a" (eae) 

ee PO Nace Da uae te baa sk Ales: eas oe (3.5) 
8q? 1+q 

As might be expected they demonstrated that this improved 

site factor was unable to complete the characterization of ons 

nevertheless, Homer's site factor did improve the correlation of 

o, against f (nj, nj) 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 ou 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= 1x 19718 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 o,: 

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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3.421 

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 definedo , by: 

eaeisls (556)   Cyl GOR .y teed pte << 

where Opp and Opy 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 

91



nearest neighbour solvent molecules. Both parts were dealt with 

on continuum basis. Therefore, the total mean square reaction 

field < Rep > 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 

< Ben >. 

342161 The Primary Reaction Field Ry: 

The basic equation for calculating Ry using Onsager's model 

(Fig 3.1) is represented by (62), 

coseee (3.7) 

  

where €, and €5 are the dielectric constants of the solute and the 

solvent respectively, #4, is the dipole moment of the solute and a; 

is the radius of the Onsager cavity. 

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

evacuated, so that at = 1 and equation 3.7 for Ry becomes: 
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Z-axis 

    

    

Solute 
cavity (€)) 

    vent continu       

Figure 3.1 A representation of a solute cavity in the solvent 

continuum (Onsager type treatment). 
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1 3 eine eeisateoeis syeeiele aie semicleeeesierenl (360) 
(ee 1) a 

Cao 
where B= 7" rrttt terse tee e ee eeeeeeeeeeees (3.9) 

(2 ot 1ha 

g is the reaction field factor 

Therefore R, =gu caeT Ca ere! HALE MOE eae inthe o ote ale inl e ntace + (3.10) 

But, this reaction field, originating from the dipole moment 

M, 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 (64), 

Ry = BH (1 24 G)7! cerceececeescceccesesseceseres (3-11) 

where 2, 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 

< Ry >, the latter was given by: 

C Re eet ee) cote coarse. Me ecisene see ee see (Sete) 

By substituting for g in the above equation and following the 

approximation that coe= noo for isotropic solvents, and employing 
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the expression (62), 

  

  

n 

the mean square reaction field of a polarizable dipole was shown 

to be given by: 

  

Birib > suas eie\en (ne Su) ano 2 1 2 aren tere Reo . (3.14) oe pile Dapmetena De ste |S 
i 9V. (ene + nee 

n 2 1 

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 there 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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542122 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 Ro. With Ry this makes up the total reaction field 

effecting the solute molecule in Onsager's cavity. 

The primary reaction field R, 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 < Ry > 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 Ro 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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\ Solute 

\ Cavity 

  

Cone of influence for Ro 

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 Zo, and the number of the 

solute molecules that may surround the solvent molecule is Zy° 

Homer has shown that the additional secondary mean square 

field experienced by the solute molecule is 2 (Z5/Z,) < Reo > 

The total mean square reaction field experienced by the 

solute molecule is thus: 

2 Tec Hand ee es 

za 

  

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

presented by: 

(3516)   n seeeee 

where r,; and rp are the radii of the solute and the solvent 

molecules, respectively. Consequently, equation 3.15 can be 

rewritten as: 

  

Tr. 

omer ens =s e 2 Gu) ARS = <i> +2(> ) R5 Cocsvvce 

ie 

< R25 > was formulated by an approach analogue to that for 

< Re, >. The final equation for the total mean square reaction 

field is: 
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Bx (ne + 2) (nb = 1)° 2 1 2 ie 
SRn as [ha 2a ia ere eeNe 

9 1 no +n, 

Piven e) 12a. Se rome 2 
1 He Cooh cama aa eee eee 318) ae) ge ae ro 2 2 

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

oscillator, the required dipole moments can be expressed by: 

YET mano BD calgioials Gs oa1 elaie's oie crolats Waisia Cael isles ties ove ora sien el Sel Oo) 

where ais the polarizibility of the molecule and I is the 

ionization potential. 

The reaction field contribution to the nuclear screening 

constant %p » can now be expressed as: 

o ee BE EROS aria Mies oie ea o.cvatelnle otic ates (Ue 20) R.F T 

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 < Ben > 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. 

3.422 Buffeting Theory: 

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 produced at the solute atom containing 

the resonant nucleus of interest by a moment in a solvent 

peripheral atom and separated from the solute nucleus by distance 

r, is given by (80), 
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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 value 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 

54° 44' (cos7! 1/3) 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 resonant 

nucleus are given by: 

  

  

on emt) met 
Se pt nase RSE Om estes). coe Retecwoes, (3-22) 

x a as 2 

i an, hi ae 
Boos Sea Bs ede RPE a echoing he aloha oro sfere'e pengnno cote ks?) y mB = a 

= amt ot a 
E = eee RY Sg emer aT, Meets se cua Wee (3.24) 

r? 3 re 
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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 

es = 
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 O<¥ $< 1, and 

those perpendicular to the bond are defined by 0¢ a <1 and 

ox¥ a’g 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 2@ =. By taking the sum over four octants the final 

deriviation of the mean square dispersion field was given by the 

simplified equation: 

2 
wae (2 BPRED Ge. Set ee iy Mery en e325) 

  

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: 

Cir iret 0 es COREG ae wees cet et eter one te (3-26) 
6 

¥ 

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), Band & 

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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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 py 

subject of an earlier thesis (64), The full details of the 

approach and of that leading to < R25 > 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 overwhelming 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-solution 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, opI, can be 

isolated by subtracting the calculated effect of the reaction 

field part of the van der Waals screening. The isolated py was 

tested against the existing Homer theory. 

ISOLATION OF w FROM THE EXPERIMENTAL CHEMICAL SHIFTS 
  

FOR MOLECULES IN THE LIQUID PHASE: 

The screening constant of an isotropic solute in an isotropic 

solvent is 

i A 
male Seti ees nln ee nas ode nls web arcremene relea (AEN) 

where en is the screening constant of nucleus i in the solute 

contained in solution s, bo is the absolute screening constant of 

nucleus i in the gas phase under zero pressure, and 3, is the 

contribution of van der Waals dispersion forces to the screening 

of nucleus i. 

From equation (3.6): 

Gy cdup st dppicscc ede sees cs ese aaceer ec ceseee se (4e2) 

therefore, 

Z = Got Opp t day veeeeseeeees atest: esti che eater (4.3) 
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where Opp and opr 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: 

  637 got Gees SOS) ane iotier wae Ay aro) 

where the superscript r in the above equation identifies the 

reference. Following equation (1.46) the chemical shift is 

defined by: 

Set és - a Usaeseciveccanecesese (4.5)   

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

written as: 

See Genie S amo eet tee mks emer ch (de8), 

Since the term ( aa - Fo) 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 Gy = gw) depends on the properties of the solvent. 

The difficulty of obtaining the absolute screening difference in 

111



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 ( te - Go) 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: 

Ba mre) (9 2/Pe see ard Rh ess eas eee (AT) 

and similarly the chemical shift of i using another isotropic 

solvent B is given by: 

GOB SCRE Ba PS) ies ( e213 een at) BEY arate ti miesaeeoseees (4-8) 

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: 

( 6i/B - 91/4) = ( U/BE_ G/k) (PBL T/A) oe (4.9) 

which may be rewritten as follows by using equation 4.2 with 

rearrangement: 

(38/3 ~ 38/4) = (4/B ay - t/Bap) + ( 4/Bay - t/B57) 
BP ne aan GR ov cteseleta tel ieter|aice ncn is rie a oot ete (45110) 
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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: 

(si/B a 6i/Ay aC Apes i/A 
ORF 

= ( r/R ee A Gy) cree seen sect ereeecceseeescssevceceseee (4.11) 

Sar) = ( VFay - B57) 

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 to 

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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4.231 Characterizing op; In Different Solvents: 
  

The intention now, is to measure chemical shifts giving 

(51/3 - 54/4), subtract from these the calculated value of 

( eS - t/fon) and correlate the resultant of these with 

suitable functions of the buffeting term ( “ie - 4/$5)- 

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 

chlorine atom in CCl,. Homer and Percival (64) have done this by 

reference to the work of Yamamoto (82) who in another context has 

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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(261) teeter rte 12) 

  

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: 

( i/B i/A 
BI @py) = 

  

where p', g' and B, gare the solute peripheral atom buffeting 

parameters when buffeted by solvents B and A respectively. 

Equation 4.13 can be rewritten as: 

  

- BK 
Bet ~ eps) = ge | ale b’ - 8)? - (2p =8)7) 0... HTH) 

° HH 

where 

ate Dantas Wags eee Jae So wseltat ices oneatene seem 4e15) 
Tux 
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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 B and for complex molecules. The following 

section will deal with this point. 

4.2:2 Measurement Of The Buffeting Parameters BAndé : 
  

The geometrical buffeting parameters # 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. The 

figure shows a 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, then 5) 

and@=1 (= 2) and there will be no buffeting screening. If the 

contact distance r, is sterically precluded within the ¢ 

octant, Bandawill 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 

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

  

  
  

45 -0 ( ) 
Le OR 4503 Be st. , One sisidiaisials cmie'ais sls'a'n ass oni 6} 

: % 45 

90 - 0 
Tf 6> 45; =, * 0, 6, * a ajsetmte seein hed 7) 

45 

The above equations enable the contact geometrical buffeting 

parameters f, and {, to be deduced when the solvent peripheral 

atom is in contact with the solute atom. The remaining parts 

of Banda, (1 - BQ) 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 @-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 -B @) and 
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(1 -a,) is < r-© > where: 

    

2 

r-6ar 5 > 25 
rt 2 =e: Ti 

Celie ae = = eevee (4.18) 
? Bee 52) 

dr 

a 

The total values of Bana § are given by: 

Da (GER Ios) oe Si ba Geangoosonepaacennc Cae) 
Cc 

Gn = a5 + (ea) ry hel O DD wlarsioitpattiad Soisi tages sel ( 420) 

Z 6 -6 or $m $e t+ (2 = $6) 9g 6 TOD ceceeeeesecceeeeeeeee (4.21) 

for the appropriate situations. 

It is worth pointing out that totally independent 

calculations of Bo and gm for given systems by this author and by 

Percival produce insignificant differences between the independent sets 

of By and $m. 

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. 

4.331 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 enetren 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. 

4.332 Preparation of Samples 3 

All the samples investigated were prepared at effectively 

infinite dilution (see section 4.3:3) to eliminate any 

concentration effect. New 5mm 0.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 
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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 connected to the 

manifold. The vacuum at this point was checked using the 

manometer for a pressure of 10-3 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 the 

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 5 

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 4.5; the 

y-intercept represents the chemical shift of the sample at zero 

concentration viz: the infinite dilution chemical shift. Whilst 

124



Concentration TMS/in CcCly 
do 

of TMS in ccly 

(Molar) 

x 10% 43.5 

1/2 X 5% 45.2 

1/4 xX 2.5% 45.9 

1/8 X 1.25% 46.2 

1/16 X 0.625% -46.2 

1/32 X 0.313% 46.2 

Table 4.1 Dependence of chemical shift of TMS in Ccly 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. ( "/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 CCl, and TMS can be represented respectively by: 

CCl, 
5 M05 + Oy G. 

T™S 
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owe Fd + Oy + Oy seereeeeeeeerececeeceeeeeees (4.23) 

Therefore, 

CCly TMS P , 

5 eae = op -%p) * ( oy awe» (4-24) 
TMS TMS 

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(§1) and -0.689 x 10-6 for cc1, (84). this 
’ 

would give ( oy - Op) = -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, os as avetent (for infinitly dilute solutions) given 

the term ( ee - Snyg ) as -46.3 Hz at 100 MHz (From Table 

4.1 and Figure 4.3). Therefore, substituting these values in 

equation (4.24) would give the difference in van der Waals 

screening for the reference ( ow - oy) 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 op; 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 CCl, 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 

130



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 33°C. 

The experimental chemical shifts are given in Table 4.2, and the 

change in the chemical shifts of each methyl group on changing 

from CCl, to TMS as solvents (6 CCl, - 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 c 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 4.3 shows the data required for the reaction field 

calculations for all systems. Table 4.4 gives the calculated 

total mean square reaction field < Bon > and its contribution to 

the screening constant Opp, in each solvent using the deduced B 

value (64) of 0.87 x 10718 e.s.u. Also the difference in the 

reaction field contribution to the screening constant on changing 

from CCly to TMS as solvent A Cor 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).



rT 
CH ie in CCl, 59 in TMS £ - x 

SOLUTE Position Hq Hq Expr. H 

c ‘o 

eT a -94.5 -93.0 -1.5 

} b -85.5 -86.1 +0.6 

Camphor e -82.8 -80.8 -2.6 

a -162.6 -162.4 -0.2 

a 
b -81.3 -85.2 43.9 

Pinene e 125.4 126.4 +1.0 
o 

a -99.6 -97.3 -2.3 
0 

b -99.6 -97.3 2.3 
cb 

Fenchone e -108.9 -108.2 -0.7 

0. js eS Hl a 91.15 -91.65 40.5 

b -90.9 -90.65 -0.25 
b 

Menthol e -79.15 -80.5 +1.35 

4 
1<o><, 

a -228.5 =224.5 -4.d 

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-r60 > 
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Toluene 234.0 -230.0 -4.0 

Table 4.2 The 100 MHz chemical shifts at 33°C of the methyl groups of 

selected molecules from internal TMS at infinite diiution in ccly 5° and 

TMS Sue and the difference between them ( Beis) Locking was on the ty 

in TMS. 
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Sample rae @ om?/107°3 erg/107 |? Vm om?/107°* ne 

Camphor 3.948 1.778 13.46 2a 2.3907 

C116? 

Pinene 4.261 1.77 12.93 2.64 2.1486 
C,,H,,0 
10°16 

Menthol 4.387 1.983 13.458 2.87 2.1316 

P-Cymene 4.239 1.725 12.02 2.60 2.2278 

Paralolehyde 4.016 1.343 14.4 2.21 1.9737 

Durene 4,266 1.725 12.9 2.65 2.2849 

Mesitylene 4.074 1.551 13.46 2.307 2.2482 

P=Xylene 3.916 1.3775 14.04 2.05 2.2374 

Toluene 3.726 1.204 14.74 1.765 2.2383 

TS 4.079 1.19 15.7 2.316 1.8266 

CCl, 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 

< re>/10l! e.s.u. 

CCl, 

2.823 

2.925 

2.952 

3.062 

2.876 

2.662 

2.925 

2.795 

2.703 

2.638 

20714 

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 
a 

Ch, 

<R 

1.856 

2.064 

2.081 

2.172 

2.035 

1.820 

2.067 

1.928 

1.821 

1.714 

1.899 

2 
Blase 1o! | ecicn rea rR.F )uEz 

T™S 
100 MHz 

-16.15 

-17.95 

-18.1 

-18.89 

-17.71 

-15.84 

-17.98 

-16.77 

-15.84 

-14.91 

-16.52 

Reaction fields calculated for various solutes in CCl, 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 

nor en (eron Homerand Percival). 

MHz). 
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SOLUTE CH; 

Exp 

a -1.5 

c b b +0.6 
a 

e -2.6 

‘° 

a -0.2 

b +3.9 

Y ) 4 i 

a 2.3 

@ b 2.3 

e -0.7 
° 

b 
e a +0.5 

iC a b -0.25 

HO 
e +1.35 

b a -4.0 

b b -0.8 

<S> <b 

Paraldehyde -0.5 

Durene -2.0 

Mesitylene 5.4 

P.Xylen 3.9 

Toluene 4.0 

F - s 100 Hz c-T 
oR.p Hz 

-16.15 

-17.95 

-18.1 

-18.89 

-17.71 

-17.84 

-17.98 

-16.77 

-15.84 

-14.91 

14.65 

16.75 

13.55 

17.75 

21.85 

18.95 

15.8 

15.8 

17.4 

19.39 

18.69 

20.24 

13.71 

16.91 

11.94 

15.98 

11.37 

11.94 

10.91 

Table 4.5 The isolated buffeting screening differece for selected solutes 

from being in CCly 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 

£ VB aka )is 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 andé 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 f'n 

and é'7 for all the methyl groups when they are buffeted by CCl, 

as solvent, and fp and ¢m when they are buffeted by TMS as 

solvent. 
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CHA ccl, (Buffeting molucule-solvent) TMS 

! ’ 

Solute Position B i (The- 2 Je Py s ager 

C. 4 
a a 0.715 0.708 2521 0.738 0.654 0.676 

b 0.754 0.738 -592 0.716 0.665 0.588 

oO 
Camphore e 0.754 0.738 +592 0.716 0.665 0.588 

ey) a 0.843 0.868 -669 0.778 0.815 0.549 

b 0.665 1.042 ~ 0.085 0.667 0.98 0.125 

Pinene ec 0.743 0.757 +531 02738) 10.651 0.681 

a 0.801 0.95 425 0.768 0.773 0.426 
0 

\o b 0.718 0.972 2215 0.706 0.883 0.28 
c 

Fenchone e 0.674 0.85 +248 0.631 0.815 0.2 

0 : " a 0.66 0.9 176 0.66 0.81 0.057 

i“ b 0.645 0.85 -194 0.642 0.815 0.22 

Menthol e 0.583 0.93 -056 0.583 0.075 0.085 

to~< a 0.862 0.85 +764 0.8 0.815 0.616 
b 

b 0.718 0.716 +518 0.665 0.623 0.5 

P.Cymene 

Paraldehyde 0.962 0.885 -08 0.917 0.815 1.038 

Durene 0.743 0.85 -4o4 0.7 0.815 0.342 

Mesitylene 0.862 0.85 +764 0.8 0.815 0.616 

P.Xylene 0.862 0.85 764 0.8 0.815 0.616 

Pro, 
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Toluene 0.88 0.85 0.828 0.83 0.815 0.714 

Table 4.6 The buffeting geometrical pamometers for selection of complex 

molecules using two different buffeting molecules (solvents) CCly 

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

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

  

  

by: 

CC1y T™S -BKH 5 & 
( = oar ) = Fan [2@ » - é) - (25-699 (4.25) 

where, 

6 
Ne ( =) oe 

THCL 

The values of the left hand side of equation 4.11, 

( Apgarerh -A cst) can now be correlated with the function of 

the geometrical buffeting parameters from equation 4.22, 

[2 (EP OPS es | + Theoretically this plot should 

give a straight line of slope equal to (-100 BK") /r6 5 and 

y-intercept equivalent to - ( ae - ae) for the reference, 

in equation 4.11. 

Accordingly, the correlations were carried out trying 

different values of 4, 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 y-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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Bie tae A 8). 

Solute CH Aset A=.8 Az .9 4=1.0 A= 1.1 

c 
<I a, 0.311 -0.259  -0.207  -0.155 -0. 103 

° dy -0.174 -0.114 -0.055 +0.004 +0.063 

desir 3 0+1TH=0.114 0.055 +0.004  +0.063 

-0.081 -0.014 +0.053 +0.12 +0.187 

-0.066 -0.057 -0.049 -0.04 0.032 . SS 

oat eg -0.309 -0.256 -0.203 -0.15 — -0.097 
a 

a, -0-129=0.086 -0.044 -0.001 +0.042 

° bg -0.13.  -0.108 -0.087-0.065 -0.04u 
‘ 

ate Cg -0.026 -0.002 +0.023 +0.048 +0.073 

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

-0.084 -0.065 -0.045 -0.026 -0.007 

ee ° 

o
 

S
e
 

Q 
ov

 

= 
oS 

-0.046 -0.04 -0.045 -0.029 -0.023 
Menthol 

by a -0.081 -0.005 +0.0716 +0.148  +0.224 
1<S>~<,, 13 

bay -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 40.197 

P.T- 0. 
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Solute 

Correlation Coefficient 

Slope 

Y-intercept 

B Value/ 
10 

18 

» Gf'-V- e475) 

0.31 

10.06 

17.2 

-0.14 

2.4 

16.15 

-0.034 

142 

a= 

-0.21 

-7.54 

1528 

0. iN 

9 4=1.0 

-0.44 

-14.91 

16.4 

0.21 

Da t.3 

-0.6 

-17.4 

17.3 

0.24 

P.T.O



As 1.2 

-0.051 

+0.122 

+0.122 

+0.254 

-0.023 

-0.044 

+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 

Ase ies 

+0.001 

+0.182 

+0.182 

+0.321 

-0.015 

+0.009 

+0.127 

0 

+0.122 

+0.172 

+0.032 

+0.005 

+0.377 

+0.173 

+0. 366 

+0.183 

+0.377 

+0.377 

+0.362 

ds 1.4 

+0.053 

+0.241 

+0.241 

+0. 388 

-0.006 

+0.062 

+0.169 

+0.021 

+0. 147 

+0.189 

+0.052 

-0.001 

+0454 

+0.225 

+0.474 

+0.224 

+0.454 

+0.454 

+0. 445 

Ae 1.5 

+0.106 

+0.3 

+0.3 

+0.455 

+0.003 

+0.116 

+0.212 

+0.043 

+0.172 

+0.207 

+0.071 

-0.007 

+0.53 

+0.277 

0.582 

+0.264 

+0.53 

+0.53 

+0.528 

143 

A= 1.6 

+0.1576 

+0.359 

+0.359 

+0.521 

+0.011 

+0. 169 

+0.254 

+0.064 

+0.197 

+0.225 

+0.09 

-0.012 

++0.606 

+0.329 

+0.69 

+0.304 

+0.606 

+0.606 

+0.61% 

As 1 

+0.21 

+0.418 

+0.418 

+0.588 

+0.02 

+0.222 

+0.297 

+0.086 

+0.222 

+0.242 

+0.11 

-0.018 

+0.683 

+0.381 

+0.798 

+0.345 

+0.683 

+0.683 

+0.694 

+7 Gey 

c 
(4 ae 

Exp 

c 
ORF} Cal. 

14.65 

16.75 

13.55 

17.75 

21.85 

18.95 

15.8 

15.8 

17.4 

19.39 

19.69 

20.24 

13.71 

11.94 

15.98 

11.37 

11.94 

10.91 

CD 
——



y -0.69 -0.74 -0.77 -0.79 -0.81 0.81 
oA ~1708 -1S-7 ~My) =12-6 =1y -10-28 

Cass (Sen 192 19.46 19.7 19.8 

8/78 0.24 Or22.a =0;2 0.18 0.16. 0.14 
es 

Table 4.7: Analysis of the regression of (Fs - Sy - (ogy - ope) 
} we 2 exp Cal 

on “A(2B = 2)" = (28 -£) 
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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 107'8 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 107'8 e.s.u.; and also it gives from the 

y-intercept a value of -18.1 Hz for ( §, - g&)™S which is in 

good agreement with the experimental value of -14.3 Hz obtained in 

section 4.4. The value of 1.2 forA implies, because of the 

definition of the latter, that, using ryy = 2.4 x 1078em(84) and 

Tyc1 = 3.0 x 1078 cm(84), the Hartree Fock scaling factor Q for 

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

6.5164), 

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, 7, for which no 

allowance has been made. 
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(abrae—) 
R.F 254 

fs L057: 

4 n= -17.08 

c= 181 Hz. 
A B=0.24x10 8 esu 

oO 

104 

    1.0 6 ne 

4.2(2812 )_ (28-8 )2 

  

  
  

Figure 4.5 Regression of 1.2 (2 B ne 2 = (28 -§ ie on 

T 
oe Sap - a) 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 ty 

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 

OD 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 CCly to TMS as 
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Solute 

Benzene 

Tolnene 

P-Xylene 

Mesitylene 

Durene 

Table (4.8) 

Cc Tt 
on BMS iz (5 - 3) <Ra> - <Ra> Tyo2 

e.s.u. 

-725.4 -721.6 -3.8 0.16156 

-707.65 -705.8 -1.85 0.17138 

-693.1 -692.4 -0.7 0.1821 

-665.1 -665.9 +0.8 0.1928 

-673.9 -675.6 +1.7 0.2067 

The chemical shifts of the aryl protons in methyl 

substituted benzenes in CCly and TMS. Shifts are 

in Hz at 100 MHz from TMS as internal reference; 

the solutes were at offective infinite dilution. 

The measurements were made at so°0 using a Varian 

Associates HA 100 D NMR spectrometer. 
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solvents. The appropriate differences between the total reaction 

fields (< Ren %e- < Ren >) 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 CCl, 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 10718 e.g.u.). Table 4.11 shows the values of 

Co eeet ya ( Sar - oun) (see equation (4.11)) using B equal 

to (0.4, 0.5, 0.6, 0-7, 0.8) x 10718 e.s.u. for the aryl protons. 

The values of A(2B' - ¢') - (28 -£ )? 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-'A matrix set of regressions of ( 5° = 6°) - ( Sue ci err) 

on A(2B=¢') -(B-¢ )? was carried out, and Table 4.13 gives the 

values of the term - ( ce - Eo) 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, for the aryl protons. It is now proposed 

that this type of effect operates in the present solutions and 
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Molecular radius r 

Polarizibility % 

Molecular Volume Vm 

Ionization Potential I 

2 
(Refractive Index) 2 n, 

2) 
<p> in ccly 

2 
< Rp > in TMS 

2 an 
(ERR> = <p> )/4 912 

3.51% 1078 om 

1.0302 x 107-3 om=3 

22 1.467 x 107°? om3 

15.0595 x 107! erg 

2.2533 

0.262 x fons e.s.u. 

0.1005 x 107! e.s.u. 

0.16156 e.s.u. 

Table (4.9) The relevant data for benzene (84, 101, 102). 
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Solute 

Benzene 

Toluene 

P-Xylene 

Mesitylene 

Durene 

Table (4.10 

cCly Buffeting Molecule 

w
e
 

0.88 

0.76 

0.76 

0.95 

0.8 

0.8 

0.74 

0.74 

0.656 

0.518 

0.518 

TMS Buffeting Molecule 

0.92 

0.92 

0.83 

0.68 

by 

0.755 

0.755 

0.74 

0.705 

0.705 

pei ye 

1.178 

1.178 

0.846 

0.429 

0.429 

The geometrical buffeting parameters for several methyl 

substituted benzene.
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5.01 

6.58 

8.51 
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5.89 

8.43 

10.23 

12.37 

14.10 

T 

7.51 

10.15 

12.05 

14.3 

16.17 

& 
<r,> 

)] 
Hz/100 

MHz 

B
=
 

0.8 

9.12 

11.86 

13.87 

16.22 

18.24 
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-0.59 
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-0.015 
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-0.364 
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+0.4 

+0.4 

+0.08 

+0.08 

+0.27 

+0245 
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Table 
(4.12) 
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- 
a
e
 

for 
methyl 

benzenes 
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B/, 9-18 0.5 0.4 0.6 
0.8 

0.94 

9.39 

9.42 

0.94 

0.97 

11.43 

0.94 

10.56 

13.44 

0.9 

0.94 

9.87 

8.92 

0.94 

10.48 

10.91 

0.94 

11.09 

12.87 

2 
ea 

A(2B—&) 
—(2B-&) 

1.0 

0.94 

10.21 

8.37 

0.94 

10.84 

10.31 

0.94 

11.48 

12.25 

1.1 

0.94 

10.7 

T
T
T
 

0.94 

1
1
.
3
6
 

9.67 

0.94 

12.02 

11.57 

1.2 

0.94 

11.18 

T
A
 

0.94 

11.8 

8.98 

0.94 

12.57 

10.84 

1.3 

0.94 

11.64 

6.42 

0.94 

12.37 

8.2 

0.94 

13.09 

10.06 

1.4 

0.94 

12.39 

5.59 

0.94 

13.16 

1.37 

0.94 

13.93 

9.13 

1.5 

0.94 

12.93 

4.75 

0.94 

13.37 

6.47 
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B/ 49-18 0.7 0.8 
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0
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4
 

m 
11.13 

Cc 
15.44 

r 
0.94 

m 
11.71 

c 
17.4 

0.9 

0.94 

acts 

14.85 

0.94 

12.31 

16.8 

1.0 

0.94 

12.73 

16.1 

0.94 

12.68 

13.48 

0.94 

13.3 

15.38 

1.2 

0.94 

13.26 

12.7 

0.94 

13.95 

14.57 

1.3 

0.94 

13.8 

11.88 

0.94 

14.5 

13.7 

1.4 

0.94 

14.69 

10.91 

0.94 
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0.94 
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9.91 

0.94 
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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 7 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 major 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 4 (26' - g')? - (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: 

Ces) (Bj Bey oo =< Re = ay) = 

eeby K/co e | Ae" — fF!) (28) 2 )P] Secs eeeoadeancue (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 

Cg - Bm represents the difference between the van der 

Waals screening of the reference TMS in changing from CCl, 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/r6 1) for the appropriate B values, 

these terms are also given in Table (4.14), in order to find an 

"experimental" value for the modulated termE [ A(2 BE i= Oe - 

(2p oan le The values of the latter term are shown in Table 

4.15. 

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 Een can be 

represented as a linear function of N, the number of methyl 

groups. 

Accordingly, the effect of interaction arising from 

interactions with CCl, may be represented by: 

Big =m N+ Ci ceseceeccseecceecceeceeeeeees seeecceseceee (4.27) 

and similarly the effect of the interaction arising from the 

effect of TMS is: 
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Solute 

B/107 

Benzene 

Toluene 

P-Xylene 

Mesitylene 

Durene 

-BK/,,°(Ha) 

Table (4.14) 

Cf - sty [- B(<Re 

0.4 0.5 0.6 

my ie64 100020" 8 elit 

-9.29 -7.58 5.87 

“1.12 -5.89 -4.07 

-5.79 -3.86 -1.93 

-4.33 -2.26 -0.2 

28.43 -35.67 Ss -H2.8 

C 2t 
p> 7 SR | (oy 

0.7 

-6.79 

4.15 

2.25 

+1.87 

-49.93 

c ic 
ow 

TMS 

0.8 

-5.18 

2.44 

-0.43 

+1.92 

$3.94 

-57.06 

The experimentally isolated buffeting difference with 

the reference van der Waals screening differce on 

changing from CCly to TMS solvents, for the benzene 

methylated system. 
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Solute 

B/ 5 tesu : 

Benzene 

Toluene 

P-Xylene 

Mesitylene 

Durene 

Table (4.15) 

Values of E (4 (2 faa Senos Be aa 

0.4 0.5 0.6 0.7 

+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 face s - [2 - 

(2B -& )?Jusing different B values. 
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0.8 

+0.091 

+0.043 

+0.008 

-0.034 

-0.069



Regression 

analysis 

Correlation 

Slope 

Y-intercept 

Table (4.16) 

B value Va; =I 2 .s.u- 
oO 

0.4 0.5 0.6 0.7 0.8 

1 1 1 1 1 

-0.0637 0.0541 -0.0474 -0.042 -0.0397 

0.4002 0.2732 0.1904 0.132 0.0872 

Analysis of the linear regression of Ef ( By é) 

on the number of methyl groups substituted on the 

benzene ring. 
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Ep = MN + Co ceccccssccccscccccccsvcscceseceecs pease relent oo) 

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 CCl, as solvents respectively. This is not 

unexpected because for analogues interactions with methyl 

Benzenes AG° for complex formation is thought to vary 

systematically with the number of methyl substituents (107), EB in 

equation 4.26 is evidently a complex parameter that includes a 

combination of the difference of the interaction effects of TMS 

and CCl, with the 7 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: 

E [a(2p' -¢')? = (2s) lien F 

(m' w+c') [a(2p' -g')2] - (mu +c) [(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'p. Nevertheless, accepting this 

assumption, that would provide for the most analytical conditions, 

equation 4.29 can be rewritten as: 
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e[a(2 p' - g')? - (26-2)? lay = 

(aaNet CVE-A 28 ert n—9(28 =18)e | tcceacceosss same, (4-50) 

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

follows: 

el a(2p' - g')? - (28 -2)].,, = 

Nm [4(2p' - §')? - (2p-¢)?] +c [a (2p' -¢')? - (28-¢£)?] 

(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 B' - g')2 - (28 -&)@ 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' -£')? - (2B - §)2] 

and c [4 (2g" - g')® - (28 - )?] 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 [4 (2p - g')? - (26 - £)#lezy = We [4 (28' - g')? - 

(2p =£)7], -¢ la(2p"=5")% - (2p-£)2]Q s2--.----- (4.52) 

and this can be arranged as: 

E[ (2B * - 6")? - (26 -£)?]exy = 

(meee) [A 6 yank)? M28 <5 eles necseeet = (4.55) 

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 op; 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 om 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 

5el 

VOLUME MAGNETIC 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 

165



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 oy, 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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5.231 

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. 27 . ze 8 ARE N ait ewes (5.1) 
A-B A-B 

True 11 obs. | 47 . = 5 + (%y = %g) -eeeeees (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 

Gd )(36,40) and parallel (|| (91,29) +o the direction of the 

magnetic field. In the above equations xy and 3 are the 

volume magnetic susceptibilities of compounds A and B 

respectively. 
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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 ina 

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 tne 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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5.235 

  

  

u +t s F 
where o and o are the respective screening constants 

for the situations when the axes of the sample tubes are 

parallel( It )(91,29) and perpendicular( + )(36,40) to the 

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 c, 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 c will suffer the following changes, when used to 

measure the shift of x in two different samples: 

1. 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, oy, there will be other 

effects that contribute to the change in the screening of 

C,viZt gy, Gas om and ce oe 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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563 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 ofc 

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 4 o., and this can be written generally as: 

Dag = A OH +t A Og certreeeeteeeeeeeeeeeeeeeeees (5.3) 

where Ao, is the contribution arises from the difference in 

the bulk magnetic susceptibility correction, and Ag, 

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 Ao, in equation 

5.3. Suppose that Ao, amounts to a deshielding ofc (This 

assumption is considered in Fig 5.1c), in 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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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 Xin A and C and for Xin 

Band 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 

adie fequstione 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 vel accommodated when establishing 

the lock. If the changes in the screening of c, defined by 

equation 5.3 as Ag g, due to changes from pure C to (A and X) 

AX ana Ae = and to (B and X) are Ag c respectively, the 

difference between these can be equated to the required 

€ 
correction Oax - BX 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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section 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 c in the same samples. 

If ¢ resonates at a fixed frequency v°, the lock signals 

will be achieved at two different fields By and By. 

Consequently, when observing the spectra of x, the fundamental 

resonance equations that apply are: 

  

  

  

x a x 
v = By (1 = GA) ceceececcccccecceecceecseees (544) 
A Qn 

and 

x ye x 
vos Ba (1 - 7B) .... 
B 2m 

It follows from these equations that: 

v¥ — vt B-B 
A B A B x x 

OD OK coreecarercmw ony (Se6) 
v® 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 c 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 ye 

v= Ben wig ike sclsiesloiersiecelers vise sierstnicys oylers's on ((50 70) 
A 2a A 

e Cc 

v = Beige iG = eccne cee acccencrsccececnnecs (0-6) 
B an 8 

But, considering the alternative case where the resonance 

would occur at some constant frequency v° and the appropriate 

fields B, and Bg, the applicable equations are: 

  

  

ye 

ve = BI mig aes iiees clea a coete dese wae ceees (5 co) 
an A 

ye 

ve = Bg (1 - Bo) wsleisie sie eale-cineleniaessisase ee sem 5510) 
an A 

From equations 5.7 to 5.10, it emerges that: 

pA - BB Bh 3n-3 ( = s = i eB esis oer ce sieve esis ell) 
By ve 

and equation 5.6 can now be rewritten as: 

x corr. ¢ x obs. 
5 = 6 + 5 sewetene eae eects ea (Dele) 
A-B A-B A-B 
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x corr. 
where 5,_3 corresponds to the observed shifts in 

equations 5.1 and 5.2. Since 6° 4B is equal to 5° AX-BX? 

which was earlier defined as the correction arising from the 

use of lock nucleus with diffevent 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.+ ot 
é = 05 2% + gq - %a) ++ (5-13) 
AC-BC AC-BC Ax-Bx 3 

True | obs. {1 Cit 4n 
5 = $ + 6 + (*%nq - *ge) =» (5-14) 
AC-BC AC-BC AX-BK %) 

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 reality it 

was assumed that A = C = CDClz and B= (CH) CO, so that the 

spectra of a solute X in both samples could be stabilized by 

locking to the 2) resonance of cDC1s. Even neglecting ag, in 

equation 5.3 5°AX - BX can, taking the volume magnetic 

susceptibility of CHCl, as -0.740 x 1076 and of (CHs)5 CO as 

-0.460 x 10-6 at 20°C(84), with 0 = (2% /3)X, be deduced to 

be -0.5865 ppm. If A = C = Do0 and B = (CH3)o CO the 

corresponding shift is 0.5425 ppm, taking X of Do0 = -0.719 x 

10-6. ‘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 c. The 

two values quoted above for §°AX - BX are by no means 

insignificant. Moreover it should be noted that if there are 

significant contributions from 4o, 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 in the two samples to be 

measured to obtain Ag, OF bax - XX experimentally and so 

avoid the difficulties in calculating Agy- 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 Oxx — XX. 

In order to test the approach outlined immediately above, 

the following systems were selected for study: 

1. Kis represented by (CHz)20, and A by H50 

2. X is represented by CDClz, and A by (CH) co 

3. X is represented by DMSO(d¢), and A by CDC1s 

4. X is represented by CD, and A by CCl, 

5. X is represented by a mixture of 1:1 H50/D20 

and A by (Cs) co 

Each sample was studied in the same 10 mm OD NMR tube 

having coaxial inside it a 5 mm OD NMR tube containing a 

saturated solution of Lig80, in water representing 

material D. It is evident that 2D represents c and Tha 

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 

(cD3)5 CO pure 

(cD3)5 CO pure 

(cD3)5 cO pure 

(cD3)5 co in #30 

(D3), co in H,0 

(cD3)5 co in 0 

Ee 

° 

# 

Table 5.1 

Lock 
n uclei 

v 2D = 13.7 MHz + 57.9 KHz 

+ # 
13¢ and 2 

= 13.7579 MHz 

Observed 
nuclei 

134 

13 

13 

13 

v. '3¢ = 22.5 MHz + 31.7 KHz = 22.5317 Maz 

H shifts using both a = ¢ and Th, 

8/Hz 

20.75 

117.43 

10.16 

7.81 

88.62 

0.00 

i = d lock 
in the system with A = #0 and X = (CD,). co B22 
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System 

cDcl 

cDcl 

CDCl 

cDC1 

cDcL 

cDcl 

Yo 

% 

Lock Observed 
nucleus nucleus 

pure 25 13¢ 

pure Ths 13¢ 

pure Tha 2 

in Aceton 2 13g 

in Aceton Th 13g 

in Aceton Ny 2 

135 = 22.5 MHz + 32.6 K Hz = 22.5326 MHz 

2D = 13.7 MHz + 58.56 K Hz = 13.75856 MHz 

5.2 ‘coe and a shifts using both 24 Table 5. 

6/Hz 

45.41 

82.52 

-1.39 

54.44 

93.75 

2.59 

= cand ‘Li = d lock 

in the system with A = Aceton and X = cDcl, 
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System Lock Observed 5 
nucleus nucleus enz 

DMSO pure 25 13, 81.30 

DMSO pure Thi 13¢ 154.54 

DMSO pure Thy 2p 5.93 

DMSO in DCC1, 2p 13p » 78.61 

DMSO in CDCl, Th 13g 148.4 

f 2. DMSO in CDCl, Li D 4.27 

% 13¢ = 22.5 MHz + 32.00 KHz = 22.532 MHz 

vy °D = 13.7 MHz + 5U.8 KHz = 13.7548 MHz 

aghee cone 2, é Table 5.3 C and “H shifts using both “H = c and ‘Li = d lock 

in the system with A = cpcl, and X = DMSO 
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System Lock Observed 5/Hz 
nuclei nuclei 

2 13 
Cede pure D c 10.86 

C.D, pure Th 13g -8.54 
66 

CgDg pure ‘ Thy 2 -0.39 

2 13 
CDg in CCl, D c 13.67 

Nh. 13, CeDe in CCl, Li (4 -17.82 

7 2 CgDg in CCly Li D -7.91 

v, (3c = 22.5 MHz + 33.8 KHz = 22.5338 MHz 

% 2D = 13.7 MHz + 54.85 KHz = 13.75485 MHz i 

1340 one 2 7, 
Table 5.4 Cand “H shifts using both “H = c and ‘Li = d lock 

in the system with A = CCl, and X = Cede 
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System Lock Observed Relative 

nucleus nucleus 5, 
IZ 

(D,0/H,D) pure 2p 1g -16.24 

(D,0/H,0) pure The 'y 65.43 

(D,0/H,0) pure Th 2 -26.27 

(D,0/H,0) in Aceton 2 'y -14.26 

(D,0/H,0) in Aceton Thy 'q 156.84 

(D,0/H,0) in Aceton Tha 2p -12.30 

U% eee 13.7 MHz + 54.8 KHz = 13.7548 MHz 

vo |H = 89.56 MHz + 41.5 KHz = 89.6045 Miz 

{3nt cern 2 pack 
Table 5.5 C and “H shifts using both “H = c and ‘Li = d lock 

in the system with A = Aceton and X = system of (D,0/#,0) 

1:1 in volumes 
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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 Aix 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 six 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 

a XX for the mixture of Hj0/D20 in (CHs)9 CO. = It? te 

interesting to note that although Sax - 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 ao, component of ones XX, 

implicit in equation 5.3, can be estimated, the other 
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contribution A om 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 different 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 2) 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 bax - 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 Sax - KX from differences in intra as 

well as intermolecular screening. 

€ 
With such potentially large effects due to oax - XX, it 

is essential to arrange for its impact to be minimal. The only 
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Compound Shift Hz (27xv) 5 s/s : 
D, 

Hz 

cDcl, -61.28 -21.32 

D,0 -26.18 -20.72 

(D3), co 20.26 -13.25 

Cede -50.42 -17.60 

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

deutrated solvents. 

* ke for the compounds taken from:- 

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

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 Bax - 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 

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 forAo,, 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 xy for one key compound, C (CH CHs)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 

purposes 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 anew NMR method of determining Xye In this chapter the new 

method is explained and tested and also used to determine X, for 

© (CHp CHz),. 

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 (9394:95), 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, 7}, 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 7, 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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(4)         

      (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 (36), the magnetic fields, Bt ye and Bay: actually 

experienced by A when it resonates at the applied fields Px and 

Bay: 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: 

An 
wd eee) X, +a, X,- 4, X, + x, Nwidslsioneoe (Ot) 

Baa = Baa (1-9) %g Ba Park s ‘A) 

Tee ne x, 
Bap = BL agi oo at oo ees 

(~a3 Xy+ %3 X,- a3 Xgt a3 Xn 

yn i et Fy feces tds Pepto Salen 
3 

where Br, and Bi, Bre the true magnetic fields experienced by A 

in situations a and b respectively. B,, and Bay are the actual 

applied magnetic fields in cases a and b respectively. ee xy 

and x3 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 % = %5 = 2% fora perfect cylinder and as ae 

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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ee = | Pia dicleye olen ietsis nese eo eeeteeanatte COS), 
ea ha l; 3 

re en Toes Nee eine cena ies utes . (6.4) 
Bay = Bab l s 

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 S see should be referred to the 

susceptibility effects and given by 

tee CONC X AR) tee auerncos Nate dau es ees Seas (515) 
bea 3 

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 0.D NMR tube 

containing D20 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 (=0.05m1), of B 

was then dispersed ultrasonically in water (~10m1) and its 

resonance frequency again measured. In order to reduce the 

relative intensity of the Iq water absorption resonance, either 

the classical 180 - t - 90 double pulses technique was used or 

selective saturation of the Hp0 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 its 

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 volumatic 

volume susceptibility of the reference. In no case was a second 

absorption observed due to dissolved material in the support 

198



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 5°pB, and for B dispersed in 

water 5°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, CH in Mesitylene, CH5 in 

n-Heptane, CHs in P-Cymene and CHp in n-Decane. The difference 

between 'H chemical shift, oop as 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. So aay with the volume magnetic 

susceptibility of water, were used to evaluate xy 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(98) 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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Compound 3 p B 2 d B & B V9 Ss 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 

Q-Dichlo- -202.88 -198.73 44.15 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 -0.1716 

Chloroform -230.46 -225.59 4.87 89.60425 +0.0544 

n-Decane 72.51 52.25 20.26 89.60425 +0.2261 

* % is the observing frequencey. 

Table (6.1) The observed 'y 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°C utilizing 2 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 

3p PPM 

(d-p) 

0.2072 

-0.1499 

0.3105 

+0.0463 

-0.1281 

0.1853 

-0.1716 

+0.0544 

+0.2261 

~X, AWS x, /1076 

measured Literature 
Value 

0.62 0.6421 

0.647 0.665 

0.570 0.5817 

0.741 0.748 

0.658 0.656 

0.63 0.627 

0.637 0.611 

0.745 0.740 

0.611 0.6143 

® > CALL X, from the literature are at 20°c). 

Table (6.2) Experimentally measured volume magnetic 

Deviation % 

-2.7 

+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 - x /x107° - x,/x1078 Difference Rank + 

Literature Experimental 
Value Value 

n-Hexadecane 0.6421 0.62 0.0221 +8 

Mesitylene 0.665 0.647 0.0180 +7 

n-Heptane 0.5817 0.57 0.0117 +6 

Ott, Hy Cl, 0.748 0.741 0.0070 +5 

P-Cymene 0.656 0.658 -0.0020 -1 

Ce Hi 0.627 0.63 -0.0030 -2 

Cy He 0.611 0.637 -0.0026 -9 

CHCl, 0.740 0.745 -0.0050 -4 

n-Decane 0.6143 0.611 0.0033 +3 

n= 9 Ps.d < 1% 

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

theoretical significant correllation of xy 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, Sou is between pure water and water dispersed in 

the sample under interest. The aS 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 xe 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 

oe 
O-CeH, Cl, 

Benzene 

water 

pure 

water Retoe 

Clee. dep ae 
in B 

14.4 32.47 

-16.6 1.47 

0.0 18.07 

= 18.07 Ha 

water 

5 
d-p ppm 

0.3624 

-0.0164 

0.2017 

% observing frequency = 89.6045 MHz 

All measurement at 20°C 

x10 

Experi- 
mental 

0.546 

0.727 

0.622 

Table (6.4) Measured Chemical shift differences, 
0 ref. 

b-a 

x10 

Litera- 
ture 

0.5817 

0.748 

0.611 

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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CH, p-Cymene 
Sample Tube F 3 

Number d-p Hy 

1 -11.8 

2 -11.51 

a 12.45 

4 -14.89 

5 -11.97 

6 -10.01 

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

-6 
= X,/10 

Measured 

0.656 

0.658 

0.653 

0.655 

0.665 

Deviation % 

+ 0.3 

0.45 

2.44 

0.15 

+1.52 

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

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

the P-cymene Bes » using different sample tubes to show the effect of 
bea 

these on the measured xi: The observing frequency for all measurements 

is 89.6044 MHz. 
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6.6 MEASUREMENT OF%v OF TETRAETHYLMETHANE 

Tetraethylmethane (or 3,3 diethylpentane), C (CH CHs) 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 bk 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 x1076 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 (CoHs) 4 obtained using a JEOL FX 90 Q NMR 

Spectrometer at 30°C; 2p lock, was established with Dj0 in a central 

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

6° pure - 167.480 Hz 

50 dispersed in water - 157.471 Hz 

Sab - 10.009 Hz 

Observing frequency is 89.604 MHz. 

X,, © (Cols )4 = = 0.6657 x 10-6 
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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 ina 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 

Tel 

AN INVESTIGATION OF THE CONTRIBUTIONS 

CHARACTERIZING VAN DER WAALS FORCES 

INTRODUCTION: 

The original work of Homer and Percival (64) suggested that 

van der Waals dispersion 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. < R?, 2S Re, ae EPpy 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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T.2 

The purpose of this chapter is to demonstrate that < Re, Dy 

< Re, > and Bear have been adequately characterized and act 

separately. 

THEORETICAL 

The derivation of < Re, > from an Onsager type treatment 

indicates that all points in the hypothetical cavity will 

experience the full value of < Re, >. The original derivation of 

< Re, >, 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); 

2 

6 
cre -(28)° 2( “ <i> (np + 20° (ng = 17° (-) ACT) 

y 
V5 9 ny 

from which it can be seen that (r/a)® is included; where r is the 

solvent molecule radius and a = r +d where d is the distance 

between the centre 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 (x/a)6 should be evaluated and used in equation (7.1). In 

a similar way when considering the buffeting square electric field 

Bear, this was also derived for position at the periphery of the 
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solute molecule. However, considering the screening of nuclei 

within a molecule, it is evident that ee 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 '3¢ of 

tetraethylmethane C (CHpCHs)4 have been studied as well as 'H, '3c 

and 29si of tetramethylsilane Si (CH5)4- 

The procedure adepted was to measure the appropriate shifts 

in the somewhat limited range of readily available and suitable 

solvents. These are TMS, cCly, CéHy 0, CEt, and CéHe for TMS; and 

TMS, CCl,, CEHyo and CEty for CEt,. The measurements were carried 

out at 30°C, using a JEOL FX 90 Q NMR spectrometer locked to the 

2H resonance of D20 contained in a 5mm OD NMR tube co-axial with 

the main 10mm OD NMR tube so that the system of interest was 

contained in the annulus. For each particular nuclide the 

irradiation frequency was kept constant and pee shifts measured 

relative to the irradiating frequency eunt/ nentioned in the 

appropriate 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 ana '3c 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 - X,/108 at 30°C 

C (CHyCHs) 4 

Si (CHs)4 

CEHi2 

CCl, 

Cele 

D,0 

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 300¢. (84,106), 
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7-3 STUDIES OF TETRABTHYLMETHANE C(CHCH),: 

T3541 

The observed 'H and 1c shifts together with the volume 

magnetic susceptibility corrected shifts for C (CHa CHs) 4 in 

various solvents are recorded in Tables 7.2 and 7.3 respectively. 

The present object is to ascertain whether the definitions of 

< He; 2H oS Be > and E257 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 < R®, >, < R@5 > and < R@n > are calculated and recorded in 

Table 7.5. Additionally, the values of the buffeting 

parameters Bry and Sq were deduced for the methyl and methylene 

protons, and these together with (2 Bn - ene and Bea, are given 

in Table 7.6 and 7.7 respectively. For the calculations of the 

buffeting effects of CCly the value of 6.5 for Q deduced by Homer 

and Percival (64) for chlorine atom was used. 

Analysis Of Proton Shifts Of C(CH,CH)4: 

In the case of the methyl group - CHs in the 

tetraethylmethane, Figure 7.1 shows the regression of 

(< R@n > + B2,,) on the susceptibility corrected shifts. This T BI 
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Solvent 1y 

group 

CH. 

SiMe, 

CH. 

CH 

CEty a 

CH 

cH 

CEH 
cH 

CH 

ccly 

CH 

Table (7.2) ty observed and susceptibility corrected shifts from en of 

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

Bobs 
Hz 

-7.42 

+30.86 

31.25 

+6.25 

23.24 

+14.26 

-39.83 

Jobs 

ppm 

-0.083 

+0. 3444 

-0.3488 

+0.0698 

-0.2594 

+0.1591 

-0.4445 

-0.0413 

wy ] true 

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 

93.17 

131.45 

93.68 

131.18 

94.43 

131.92 

87.97 

124.10 

NMR spectrometer at 30°C, with irradiation frequency of 89.60415 MHz. 
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t Solvent 134 ae 4H, sons -27 13 x 8 és 

pp on Pp 

Cc 1213.38 53.85 54.97 

TS CH, 1440.43 63.93 1.12 65.05 

CHA 1887.20 83.75 84.87 

Cc 1208.50 53.63 55.02 

CEty CH, 141.88 63.55 1.39 64.94 

CHA 1881.10 83.48 84.87 

c 1210.94 53.74 55.05 

CeHi 5 CH, 1435.54 63.71 1.31 65.02 

CH, 1887.20 83.75 85.06 

Cc 1198.73 53.20 54.63 

cel, CH, 1425.78 63.28 1.43 64.71 

CHS 1865.23 82.78 84.21 

Table (7.3) 13g observed and susceptibility corrected shifts, from 2H, of 

C(CHLCH3) 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. MHz. 
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Compound 

c (CoH) y 

Si (CHS) y 

ccly 

Cette 

Table (7.4) 

4.358 

4.079 

3.613 

3.746 

749723 
cm 

1.64928 

1.19 

1.05 

1.04 

Ten 

erg 

16.5 

15.7 

18.3 

15.7162 

Vm /107 

cn 

2.8258 

2.316 

1.7937 

22 

2.0181 

1.8266 

2.1144 

2.035 

Collected data required for reaction field calculations. 

Molecular radius 

@ Polarizibility 

Ionization Potential 

Refractive Index 
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Solvent 

Si (CH3)y 

c (CoHE) y 

Celio 

cc1 

Table (7.5) 

2 11 
<k, > /10 

(esu) 

0.27345 

0.36400 

0.37202 

0.40964 

2 "1 <F > /10 

(esu) 

0.61983 

0.72801 

1.50833 

2.63664 

<?,> no! 

(esu) 

0.89328 

1.09201 

1.88036 

3. 04629 

The calculated mean square reaction fields <K> : <B> 

and <Ra> for CEty in different solvents. 
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Buffeting By i 

molecule 

T™S 0.51 0.87 

CEty, 0.53 0.86 

CEH 0.59 0.05 

ccly 0.61 0.98 

2 
EBr = K 

H 
a = 0.713. 

nO 

el 
K a = 1.271 

HCI 

Qe 26.5 

Ton = 2.4 ae; r, 

Table 7.6 

field for the methyl protons CH. 

The geometrical parameter and the square buffeting electric 

  

76 
r 

3 x 

5x 

HCl 

0.21 0.61 

0.27 0.66 

0.31 0.72 

0.38 0.8 

(26 -5)? 

10° e.S.u. 

10'2 e.S.u. 

= 3<0°A 

3 in CEty. 
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1.11 

1.4 

(26 -¢) ee /i0' 

0.11 

0.16 

0.14 

0.24 

@.S.u. 

0.086 

0.183 

0.14 

0.5 

1



purretingi 8) a fe eriere fb. (alae ie Boer tn 
Molecule e.8.U. 

T™S 0.73 «0.84 0.12 0.74 0.98 0.25 1.783 

CEty 0.67 0.79 0.15 0.72 0.97 0.221 1.576 

CoH 02612 10.73 0.16 0.67 0.93 0.168 1.198 

CCLy 0.55 0.6 0.22 0.65 0.91 0.152 1.933 

Table (7.7) The buffeting parameter for the methylene protons of CHa in 

2 
CEt, together with the buffeting field E BI = K/,6 (2p -£ hae 
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yields a B value of 0.284 x107'8 e.s.u. which is evidently too 

small correspond with Homer and Percival average value of 

0.87 x 10718 e.s.u. Figure 7.2 shows the regression with the 

square buffeting field E@pr eliminated and this again gives a low 

value for B of 0.32 x 10-18 e.s.u. At the other extreme the 

regression of < Re, > on the corrected shifts (Figure 7.3) gives 

18 e.s.u. an unacceptably high value for B of 4.44 x 107 

Evidently the best value of B will be obtained from the 

appropriate regression that lies somewhere between < Re, > and 

(« Rn PhS E257) on the corrected shifts. 

Figure 7.4 presents a two-dimensional representation of 

C(CH2CHz)4 molecule, from which the appropriate value for the 

(r/a)® 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 A°. This was used to calculate the values of < R25 > (r/a)® 

that are given in Table (7.8) together with other immediately 

relevant data. 

The regression of < Re, y+ < R5 > (r/a)® + K/r® (26 - €)2 

is shown in Figure 7.5. From this a value of 0.783 x 107-18 e.s.u. 

for Bis deduced. If the regression is only for < Re, > + < Ry > 

(r/a)® on the corrected shifts a value of 1.13 x 10718 e.s.u. for 
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Figure 7.4 

Two-dimensional representation of CEt, molecule.
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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 10718 e.s.u. is in 

most satisfactory agreement with that of 0.87 x 10718 e.s.u. 

established before. 

This gives an initial indication that < Re, > is induced 

uniformly through the cavity, and that < R25 > 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 (2B - €)2 

and E*p;. Then the values were calculated for < R2, >, < R25 > 

(r/a)® 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 < Re, iG Be yy ond< Re, ares Bp ae eae The reason 

for this is that the distance modulation for the methylene protons 

essentially eliminates < Bee >. This is a particularly important 

result because it is to be expected that < R, > for nuclei not at 
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Regression of B value/,)-18 

e.s.u. 

2. < R, = 44a 

2 0.32 
<> 

2 2 
<r >+E Br 0.284 

2 ry) 6 2 
<ni>+ <nD>(Z) ° + Bay 0.783 

6 
<n >+ <ro(2) 1.13 

Table (7.9) Collected B values from the different regressions for the 

methyl protons in CEty- 
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proton shifts of CEt,. 
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2 

Regression of B value/10~!® e.s.u. 

ZR 2.87 1> : 

aes 0.272 ir . 

ry + <r2> (2) : +E 0.886 fo vetor Na BI : 

2 = 

<R, > + £EBI 0.884 

Table (7.11) Collected B values from the different regressions for the 

methylene CH protons in CEt y+ 
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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 10718 e.s.u.(64) has been used as the criterion for 

assessing the contributions of < R®, >, < R@, > and Bp to the 

intermolecular forces. This would appear reasonable because for a 

proton sp? 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 Y (29/105), nis 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. 

7552 Analysis Of '5C Shifts of C(CHoCHs)4: 

The observed and susceptibility corrected shifts of 13¢ for 

¢ (CHoCHs) 4 are recorded in Table (7.3). 

Even the methyl carbon in CEty 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¢ shifts. Accordingly, 

only values of < Re, yee Re, > and (r/a)® < R2,> were calculated 

for the methyl 13¢ and these are recorded in Table G12): Figures 

(7.10, 7-11 and 7.12) show the regressions of < Re, os Re > and 

< Ry Da R45 > (r/a)® on the methyl 13¢ shifts, respectively. 

These regressions yield B values of 44.78 x 40-18, 2.94 x 10718 

and 24.07 x 107'8 es.u. respectively, these values are collected 

in Table 7.13. 

For the methylene carbon in CEty, Table (7.14) shows the 

calculated < R2, >, < R@m > and < R25 > (r/a)®. Figures (7.13, 

7.14 and 7.15) show the regressions of < Re, nS Ren > and 

< Be, >+< Ry > (r/a)® 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 < R, > and 

x Ben > on the shifts; the data is given in Table 7.16. These gave 

values for B of 16.8 x 107'8 and 1.63 x 107'8 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 107'8, 16.79 x 107'8 and 16.8 x 10718 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 < Rey > is uniform through 

the cavity and that < Be, > 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. 

235



13, CaReE 
cEED 

d= 
2158 

arr, 
+2.5R 

Solvent 
r 

o 
2 

2 
r\ 

6 
2 

2 
2 

13¢ 
—
—
 

<
B
>
 

<R5> 
<
R
>
 
(2) 

o
>
 

<Ry>+ 
CR> 

oH 
ri 

+
d
 

3 
2 

(E 
) 

6 
a 

ppm 

T
M
S
 

0
.
0
7
9
 

0
.
2
7
3
4
5
 

0
.
6
1
9
8
3
 

0
.
0
4
8
8
7
 

0
.
8
9
3
2
8
 

0
.
3
2
2
3
 

8
4
.
8
7
 

CEt, 
0.09 

0.364 
0.728 

0
.
0
6
5
6
 

1.09201 
0.43 

84.87 

CEH 
0.066 

0
.
3
7
2
0
2
 

1
.
5
0
8
3
3
 

0
.
0
9
9
2
 

1
.
8
8
0
3
6
 

0
.
4
7
1
2
3
 

85.06 

C
C
l
,
 

0
.
0
6
0
7
 

0
.
4
0
9
6
4
 

2
.
6
3
6
6
4
 

0
.
1
6
0
1
 

3
.
0
4
2
6
 

0
.
5
6
9
7
 

8
4
.
2
1
 

2 
= 

2 
2 

r 
c 

Table 
(7.12) 

The 
mean 

s
q
u
a
r
e
 

r
e
a
c
t
i
o
n
 

fiels 
<
i
>
 

’ 
<
R
,
>
 

’ 
<
R
p
>
 

and 
the 

m
o
d
u
l
a
t
e
d
 

term 
<
R
j
>
 

)) 
for 

the 

m
e
t
h
y
l
 

13, 
of C

E
t
y
 

where 
a 

=r, 
+ 

2.15 
a’. 

2 

236



  

wd
dj
g 

Ce weet 

    
r=.0.79 

m= —4.478 
c= 86.38 ppm. 

B= 44.78 x10718 
850 

8454 

    84.0. : : 
0.2 03 04 
  

e (< R? >10esu. 

13 
Figure 7.10 Regression of (< R°4> ) on ~C methyl 

shifts of CEty. 

237



  

    
  

Bl aisBr’ tena) Cee 
S 3 4 
3 r=_0.77 

m=-0.294 
c=85.26 ppm. 

o B= 294x107 Besu 
850. 

O10 

845. 

fo} 

84.0. 

10 20 1 3.0 
(< R2>)/10 @.s.U. 

Figure 7.11 Regression of ( < n> ) on 3 

shifts of; CEty . 

238 

C methyl



sNag9 
JO 

S
z
s
T
y
s
 

T
A
y
j
o
u
 

o
y
 

uo 
(
c
e
)
 
<
>
 

+ 
<
n
 

>
)
 

Jo 
uotsseufay 

24°), 
ound Ty 

 
     

eee 
z 

L 
grill 

Tee 
90 

S0 
70 

€0 
048 

oO 

548 

S98 
g)_0L* 

LO%Z=4 
2 

~wdd 
¢
g
g
g
=
3
 

Low27 
=w 

058 
990-=1 

oO 
+ 439 

  
  

 
 

 
 

234



5 (CH3) CEty 

Regression of B value/,,-18 

2 
<r > 44.78 

rR S 2.9% 
Tr 

2 2 z . <RU > + <R> (2) 24.07 

Table (7.13) Collected B values for various regression on the 13g methyl 

of CEt,. 
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methylene shift of CEty- 
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Regression of B value/ 1 o7! 8 

€.s.u. 

2 
<R> 20.17 

2 
< Ri > 1.34 

2 2 z E <Aj > -r5> (5) 16.79 

Table (7.15) Collected B values from various regression of the methylene 

13, in CEty. 

245



  

‘w
dd
ye
 

      

555) (Gee (iG, eee ced 
4 a: 05 

m= 1.68 

c=5551 ppm. 

B=16.8x 1078 es.u. 

550) 

oo 

Oo 

fo) 

| 

Sh5. a 
02 03 A 

(< R5>)/10!1 eS.u 

13 
Figure 7.16 Regression of (<< > ) on central ~C shifts 

of CEty. 

246



  

Be (cy Et 

wd
d 

jg
 

4 r=_0.82 

m= 0.164 

c=55.2 ppm. 

B=163 x10718 esu.     
550) 

    545   
10 20 3.0 

(< Ri>+ < Ra>)/1011 e@S.U. 

Figure 7.17 Regression of (< > + <n > ) on central 

'3¢ shirts of CEty. 

247



Solvent <R> <R> me 
ppm 

™s 0.27345 0.89328 54.97 

Cet, 0.364 1.09201 55.02 

CeBr 0.37202 1,88036 55.05 

cel, 0.40964 3.0426 54.63 

B/ 49718 16.8 1.63 

e.s.u. 

Table (7.16) The mean square reaction fields < RS i me Re together 

with the 13, shifts of the central carbon atom of C(CH, CHa) y+ 
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14 

7-461 

STUDIES OF TETRAMETHYLSILANE Si (CH) 4: 

In view of the encouraging analysis of the 1q and 13¢ shifts 

of CEty just discussed, similar analysis for the ty, 13¢ and 29si 

of TMS were undertaken. 

The gas phase shifts of ty and 13¢ of TMS were measured at 

various pressures and are given in Tables (7-17A and B ) 

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 1y and 13¢ 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 Of 'H Shifts Of Si (CH),: 

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 < Re, 5 S Re, > and < He > are 

calculated and given in Table (7.20). 
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TS Sample ly shift Hz 

Gas P = 16cm Hg 125.49 

Gas P = 24 om Hg 124.51 

Gas P = 33 om Hg 124.51 

Gas P = 47 om Hg 123.78 

Table (7.17)A Proton gas shifts of SiMe, at different pressures. 

Measurements were made using a JEOL FX 90 Q NMR spectrometer locked onto 

ay of D,0, at 30°C operating at irradiator frequency of 89.60405 MHz. 
ie 
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Us) 
T™S Sample C shift Hz 

Gas P = 24 om Hg 173.34 

Gas P = 33 cm Hg 173.34 

Gas P = 47 om Hg 172.12 

Gas P = 60 om 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 24 

of D30 at 30°C, operating at irradiation frequency of 22.531 MHz. 
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H C 

oo = gas (P = 0) (HL) 126.2 1TH. a 

obs § liquid (H,) 0.98 S131 

-27/, X, (H,) 100.59 25.29 

true liquid (H,) 101.57 82.66 

®gas-to-liquid (H,) -24.63 -91.74 

vasctocliquid (ppm) 0.275 -4.07 

3 Table (7.18) Gas-to-liquid chemical shifts for 1y and : C in TMS. These 

shifts were measured with an irradiation frequency of 89.60405 MHz for ly 

13, and 22.531 MHz for ~C. 
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H in TMS 

1 1 1 

Solvent obs 5 # obs 6 # 27/3 x, true 6 3 
Hz ppm ppm 

None 326.16 3.640 0 3.640 
gas (P=0) 

TMS 200.00 2.232 te23 3.355 

ccly 164.31 1.834 1.442 3.276 

CHL 5 184.08 2.054 1.327 3.381 

CEty 175.98 1.964 1.403 3.367 

Cole 217.29 2.425 1.296 3-721 

Table (7.19) The observed and susceptibility corrected proton shifts os 

SiMe), in different solvents obtained by using a JEOL FX 90 Q NMR 

spectrometer locked at 2a of D0, operating at 30°C and an irradiation 

frequency of 89.60425 MHz. 

255



Solvent 

TS 

CCl, 

CoH 
12 

CEty 

66 

Table (7.20) 

<R 
a 
2 

<R{> 
10 

esu 

0.2715 

0.40412 

0.3676 

0.3598 

0.4671 

The calculated mean square reaction fields < R 

2 
<R5> 

2 74911 

esu 

0.543 

2.3097 

1.3214 

0.6377 

2.7815 

> and <re> for TMS in various solvents. 

256 

2. 
<RL> Ly 

esu 

0.8145 

2.7138 

1.689 

0.9975 

3.2486 

11 

2 
1 
> ’



By reference to Figure (7.20) which shows a two-dimensional 

representation of the Si (CH) 4 molecule, the values of the 

relevant distance modulation can be calculated, and these provided 

with the relevant tables, that including the modulated reaction 

field. Table (7.21) shows the modulated square reaction field 

with < R@, >, < R@, > and < R@p > together with E®,, for the 

protons in TMS. Figures (7.21, 7.22, 7.23 and 7.24) show the 

regressions of < Rem >, < R?, >+< Re, > (r/a)6, < Re, >+ 

< R2p > + B@py and < R72, > + < R25 > (r/a)® + B25, 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 < Re, >+< R?5> (r/a)® 

+ B23, yields the most realistic value for B of 0.91 x 107'8 

e.s.u. This indicates again that < Re, > 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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0.335 

a 
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0.3676 
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0.4671 

r
+
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.
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2 
2 

6 
<
8
»
 

<p> 
(r/a)}, 

0.543 

2.3097 

1.3214 

0.6377 
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0.21 

0.798 
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0.261 

0.933 

2 
Ear 

Ad’ 
0.171 

0.3 
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< 
Ro) 

4+ «RS 6 
2 

(r/a) 
eRp>he 
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0.8145 
0.4815 

2.7138 
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1.689 
0.8406 

0.9975 
0.6208 

3.2486 
1.4001 

<
n
 

+<Re 

(r/a)°sE* 

0.6525 

1.502 

0.991 

1.176 

1.543 

 
 

BI 
kr 

ee 
/is 2. 7+ 

E, 

3.986 

3.014 

1.839 

1.176 

3.392 p
r
i
 

‘YH 

8 gpm 
3.355 

3.276 

3.381 

3.367 

3.721 
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Table (7.22) 

the 
1 

Regression of 

eRr> + ane 

2 ey pe 6 <Ri> + <R5) (2) 

2 2. 2 
<ki> + <R5> + EBr 

6 
eR>+ <rs>(Z) +5 

H shifts of TMS. 

a 

BI 

Collected B values fielded 

264 

B/ 49-18 

é.s.u. 

0.43 

0.4 

0.91 

from the various regression on



7.4.2 

74.5 

Figure 7.24, it can be deduced that o, 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. (106) 

Analysis of '5¢ shifts Of Si(CH),: 

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 13c nucleus. Table (7.24) shows the calculated 

< R2, >, < R@p >, < R@p > and the modulated term < Ry > (r/a)6. 

Figures (7.25, 7.26 and 7.27) show the regressions of < R2, s; 

& Rn > and < Re, >+< R25 > (r/a)® 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 < Re, + ¢ R25 > (r/a)® on the shifts, this is 

22.6 x 10718 esy. The intercept of this regression is 93.29 ppm. 

that is in reasonable Meee one 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 13¢ in CEt,- 

Analysis Of 795i Shifts of Si (CH5),: 

The observed and susceptibility corrected shifts of 2953 of 

TMS in various solvents are presented in Table (7.26). Being at 
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Solvent 

None 

CCly 

Celia 

CEty 

Table (7.23) 

various solvents. 

obs. gic 

Hz 

2174.39 

2056.88 

2030.03 

2056.88 

2050.77 

2.054. 33 

Observed and susceptility corrected 

obs. § 

ppm 

96.498 

91.283 

90.091 

91.283 

91.012 

91.17 

-27/, X. 
v 

1.123 

1.442 

1.327 

1.403 

1.296 

1 

3¢ 

ppm 

true 5! 

96.498 

92.406 

91.533 

92.61 

92.415 

92.466 

C shifts of TMS in 

Measurements ,were made using a JEOL FX 90 Q NMR 

spectrometer locked at 2a of D0, operating at 30°C and an irradiation 

frequency of 22.533 MHz. 
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Regression of B value/ 107 18 

<R => 33.14 

<R>+ <> 2.97 

R> + <Re> (F) : 22.6 
Se 2° Sa 5 

Table (7.25) Collected B values for '3c of TMS from the various 

regressions. 
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Solvent obs 5 2955 obs 5 2955 -27 13 a true 57954 

Hz ppm ppm 

TS 81.05 4.526 1.123 5.649 

CCl, 69.58 3.909 1.442 5.351 

CEH 76.90 4.320 1.327 5.647 

CEty 76.9 4,320 1.403 5.723 

Cole 86.67 4.869 1.296 6.165 

29, Table (7.26) The observed and susceptibility corrected Si shifts of 

SiMe, in various solvents. Measurements were made using a JEOL FX 90 Q 

NMR spectrometer locked at 24 of external D0, operating at 30°C and 

irradiation frequency of 17.80188 MHz. 
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71-5 

the centre of the molecule, the buffeting effect should certainly 

not be effective and that the effect of < R2, > should be 

vanishingly small. Table (7.27) gives the mean square reaction 

field < Be, > and < Rey > together with the corresponding shifts. 

It is evident that if < R25 > has to be distance modulated then 

the effect at 29si nuclide would be vanishingly small. Accordingly 

regressions of < Be > and < Rep > only have been done on the 

corrected shifts of ?9Si and are shown in Figures (7.28 and 7.29) 

respectively. The values of B obtained from these regressions are 

16.1 x 10718 and 1.74 x 10718 e.s.u. respectively. It can be seen 

that the value obtained from < Ber > regression is exceedingly 

small, while that obtained from the < R2, > regression is 

consistent with the similarly sited '3c in the CEt,. 

Additionally, from Figure (7.2%) a sensible value of 0.69 

ppm. is obtained for @, Of benzene. This adds further credibility 

to the foregoing analysis. 

CONCLUSION 

The analysis presented in this chapter provides the first 

substantial evidence that whilst < Re, > is operative in all 

circumstances throughout the Onsager Cavity, < R2, > 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. 

ets



Solvent <P> 491 <RD/ 4911 5 St 

e.S.u. ppm 

T™s 0.2715 0.8145 5.649 

CCLy 0.40412 2.7138 5.351 

CoH, > 0.3676 1.689 5.647 

CEty 0.3598 0.9976 5.723 

Celie 0.4671 3.2486 6.165" 

Table (7.27) The mean square reaction field <R> and < Re > 

together with the 1955 shifts at TMS. 
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These conclusions are entirely consistant with the principles 

involved in the derivation of < Re, Day Ke Re, > and Een. 
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