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Followin, 

        

zestions in the literature, it is shown that inter- 

molecular van jer jjaals dispersion forces can be considered to be 

described by two anisms. The first is due to the reaction field 

on the solute via the solvent and the second is due to a localized 

non-continuan "buffetting' interaction essentially between the 

perivheral atoms of the solute and solvent. 

  

   It is shown that there is no necessity to introduce a site-factor 

to reaction field equations to calculate the nuclear screening con- 

ant in *H or “?* nmr. The site-factor was probably only needea 

reviously because of the neglect of the 'buffetting' interaction. 

    

  

The "buffetting' interaction produces a nuclear screening, 

Sar = - BKr°(2@-§$)*, that for a particular nucleus in the solute 

motecule is governdd by the screening coefficient B which is a solute 

parameter, the constant K which is a solvent varameter, and Bo and 

Ee which are measures of the steric accessibility of the solute atom 

oftaining the resonant nucleus to encounters by the solvent molecule. 

i The characterization of oon the above base is tested exhaustively 

on “EH ana *’ chemical shifts Of appropriate systems, through the 

evaluation of B - values that agree satisfactorily with literature 

values and of K for hydrogen - hydrogen interactions that agree with 

the theoretically derived value. moreover it is shown that A» and 

& can be calculated on a hard atom contact basis, implicitly 

églecting repulsion forces. 

The extended reaction field/continuum theory and 'buffetting" 

theory are utilized to calculate van cer Waals a-values, heats of 

vanrorization, and vibrational and electronic spectral intensity 

changes in massing from the gas phase to the liquid chase. all 

these non-nmr vroblems appear to be well accounted for on the basis 

of the theoretical interpretation presented. 

The overall consistency of the apsroach suggests that B and 

can be deduced reliably from experimental data and may thefefore 

afford a method of elucidating molecular structures. 

Nuclear Magnetic Resonance 
Chemical Shifts 
Yan der vaals Dispersion Forces 
Reaction field/Continuum models 
Steric Contributions to Intermolecular Chemical Shifts 
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A Note on Units 

Although it is appreciated that S.I. units should be used whenever 

possible, the electrostatic units used in this thesis are cgsesu units 

(Gaussian system)*. The reason for this is to facilitate comparison 

with the past literature dealing with reaction field problems, especially 

with regard to nmr screening. ‘here necessary a conversion factor to 

S.I. is quoted in the text. Similarly some thermodynamic parameters 

axe quoted in non-S.I. units. 

One note of caution with respect to the esu units is that a linear, 

square or inverse electric field may all be quoted ac esu. Therefore 

care must be exercised when convertir 

    

s to the more precisely defined 

S.I, units. 

  

7. J. DUFFIN “Electricity and 

  

w-Hill (1973).    

  

UX "Units and Standards of » VIGOL 

  

Llectroma ykeham (1971). 
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CHAPTER 2 
INTRODUCTION TO NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

1:1 Introduction 

The idea that certain atomic nuclei possessed magnetic moments was 

proposed to explain the hyperfine structure observed in optical 

atomic Erecerdes It is now a well accepted fact that certain nuclei 

have magnetic moments. Advantage is taken of this phenomenon in 

nuclear magnetic resonance spectroscopy. (nmr). 

When situated in an applied magnetic field, nuclear magnetic 

moments experience a couple and tend to adopt specific orientations 

with respect to the applied magnetic field direction. These 

orientations correspond to different energy levels of the nuclei. 

The quantization of the nuclear energy levels is governed by the 

nuclear angular momentum which may be expressed in terms of 

integral or half-integral multiples of tf, the reduced Planck's 

constant, h/21’, as K(r (r+ 1))?. The number of energy levels 

available to a particular nucleus in an applied magnetic field is 

given by 2I +1, where I is the nuclear spin quantum number, I 

may take half-integral or integral values, 

It was shown in molecular beam experiments”*? that the measur- 

able values of nuclear magnetic moments are discrete, correspond- 

ing to the space quantization of the nucleus when placed in a 

staticmagnetic field. When situated in a magnetic field, B, the 

energy levels of a nucleus with spin quantum number I are separated 

by pB/I, where p is the maximum measurable value of the nuclear 

magnetic moment. Having determined magnetic moments using such 

molecular beam experiments it was found that if the molecular beam 

was subjected to a second magnetic field” oscillating through a 

range of frequencies, there was a reduction in the number of 

molecules reaching the detector when the frequency of the



1:2 

oscillating magnetic field correspond with p3/th, due to an 

absorption of energy from the second oscillating magnetic field. 

The observation of an nmr signal from other than a molecular 

2 beam was first shown using paraffin wax” and eters With the 

advances in instrumentation and the theory of nmr the technique 

is an invaluable tool in chemistry and physics’~?, The intention 

of this introductory chapter is to present the basic theory of 

nmr with a particular emphasis towards intermolecular nuclear 

screening and especially the van der Waals screening constant 

which is the subject of this thesis. 

Nuclear Energy Levels in a Magnetic Field 

As indicated in section 1:1 the maximum measurable component 

of the nuclear angular momentum must be an integral or half-integral 

multiple oth, and the component of the angular momentum along any 

direction has the 2I + 1 values fr, (1-1), eoeH(-I +1), A(-I). 

The angular momentum and magnetic moment of a nucleus behave as 

parallel vectors (fig. 1.1) and may be expressed in terms of one 

another through the equation 

= 

pr sih 1.21 

where ¥ is a proportionality constant known as the magnetogyric 

ratio. From equation 1.1 (and fig.1.1) the observable values of 

the magnetic moment may be defined by mp/T, where m may assume the 

values I, I-l, ...-I + 1, -I. The nuclear energy levels are 

degenerate in the absence of an applied magnetic field, but this 

degeneracy is lifted when a magnetic field is applied to give the 

(2I + 1) energy levels. The energy of a nucleus in a uniform 

magnetic field, Bo applied in the arbitrary reference direction, 

z, is given by 

hoa ~ PaB(2) 262
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where Ey is the intrinsic nuclear energy in the absence of a 

magnetic field and , is the component of p in the z- direction 

(fig. 1.1) p, may be written as ycos® such that cos@= m/I and 

then the allowed nuclear energy levels may be given by Ey - mB o/I. 

The difference between two adjacent energy levels is therefore 

B® [Te 

The selection rule governing transitions between the nuclear 

energy levels is Mm = t1. ‘therefore the fundamental condition 

for the nuclear energy level transitions in an nmr experiment is 

AE = hd = pB/I 1.3 

and from equation 1.1, the resonant frequency is 

d= Ye fem 14 

Equation 1.4 is the basic resonance equation for a nucleus in a 

uniform magnetic field. 

In practice magnetic field strengths of the order 1 - 6 T are used 

which necessitates a frequency D of 40 - 300 MRz (radiofrequencies) 

ty and 29P nmr. for the observation of 

The Classical Description of Nuclear Magnetic Resonance (NMR) 

The magnetic moment, Pp and the angular momentum, p, of a nucleus 

in an external magnetic field may be related by 

pus 1.5 

The equation of motion of the nucleus is written as 

Oat = ag x B,) nee 

where @ x B,) is the vector product of the magnetic moment with 

the magnetic field. If p is rotated with an angular frequency, 

w , the rate of change of P may be written as 

w oH at = xp 7



from which it can be seen.that the angular frequency may be 

represented by 

aS = 
wW = -yB 1.8 

That is, the effect of the magnetic field, Boy is to cause a 

precession, or motion, of the magnetic moment (nucleus), pp 

about the direction of the magnetic field, By. For a constant 

magnetic field, the magnetic moment is said to precess about 

the magnetic field direction with a frequency termed the Larmor 

frequency (fig. 1.2). 

For convenience a co-ordinate system may be set up that 

rotates with the Larmor frequency. In the absence of any other 

perturbing influences the magnetic moment is then stationary with 

respect to the precessing reference frame. When another weaker 

magnetic field, By» is applied perpendicular to the original 

magnetic field, Bor such that it rotates about the By direction, 

B, will also rotate within the co-ordinate system (figs 1:2). 

This is, of course, providing that BL is not rotating at the 

frequency of the co-ordinate system (larmor frequency). By will 

tend to exert an extra couple, pi xB) on the magnetic moment 

tending to tip it toward the plane perpendicular to Boe If 

By is moving within the rotating frame the couple will vary 

rapidly and the resultant effect will be a slight wobbling of the 

steady precessional motion. If, however, BL is rotating at the 

larmor frequency, and hence is stationary with respect to the 

rotating frame, it will provide a constant effect on the magnetic 

moment which will then tend to precess about the direction of 

the resultant field of By and Bo: 

In practice it is not convenient to apply a pure rotating 

magnetic field, Ble Instead a linearly oscillating on2 is used 

because this may be regarded as the superposition of two 

magnetic fields rotating in opposite directions; the one having 

4



Fig. 1.1. The relationship between the magnetic moment yw and the spin 

angular momentum I. 

  
Fig. 1.2. Vectorial representation of the classical larmor precession
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the correct sense with respect to the magnetic moment and applied 

magnetic field only having an effect. 

The Population of Nuclear Spin States 

The probability of absorption or stimulated emission of 

energy are equal, such that there is an equal probability of Am 

being + 1 or - 1. In order to observe nuclear resonance signals 

there must be a nett change in the system governed by the distri- 

bution of nuclei between the various energy levels. For two energy 

levels, with Ny and No as the population numbers of the lower and 

upper energy levels respectively, the nett change in the system 

is given by 

QO = P(x, - Np) 1.9 

where P is the probability of a transition occurring. In the 

absence of a secondary magnetic field, Bis there will be a 

Boltzmamdistribution of nuclei between the two energetically 

different nuclear levels. The probability of a nucleus occupying 

a particular energy level of magnetic quantum number m is given 

by 

w= ec FBV Rr 1.10 
21+] 

or approximately, by series expansion of the exponential function, 

Wo _1 + mpBo/ etl 

ar —CRT 

where k is Boltzman’s constant and T the absolute temperature. 

Thus there is a distribution of nuclei favouring the lower 

energy state and for a nucleus of spin I = $, the probabilities 

of the nucleus being in the lower (m = +4) or upper (m= -$) 

energy level respectively are given by 

C + pe) 7) liza 

thee 4#@a ~ Po) 1.12b 

vi
e We 

uJ 

6



From equations 1,12 a and b it is evident that the larger the 

magnetic field, Bo applied to the nuclei the greater will be 

the excess population of nuclei in the lower energy state and 

the higher will be the sensitivity of the nuclear magnetic 

resonance experiment (equation 1.4). NMR is therefore possible 

because of the higher population of the lower energy levels. 

In contrast to optical Spectroscopy.” ae » where a very 

rapid return is normally made from the excited state to the 

ground state after an energy absorption, the return or relax- 

ation from the excited state to the ground state in nmr spectro- 

scopy can take a considerable time. Also, nmr signals can weaken 

and disappear with increasing intensity of the magnetic field By, 

as the number of excess nuclei in the lower state tends to zero. 

This is a manifestation of the phenomenon of saturation. 

Saturation 

Continuous absorption of energy from a radiofrequency magnetic 

field tends to reduce the excess population in the lower energy 

state relative to that in the upper energy state, hence reducing 

the nett number of nuclei that would be available to absorb 

energy from the magnetic field, B- The reduction of the excess 

population in the lower energy level relative to the upper energy 

level will increase with the amplitude of the oscillating magne- 

tic field and is referred to as saturation. Saturation not only 

reduces the overall magnitude of the signal intensity, but distorts 

the shape of the signal causing a broadening of the resonance line 

and, if the spectrum consists of several lines, non-uniform effects 

may occur because different relaxation rates can apply to different 

transitions. The condition of saturation may also produce transi- 

tions between nuclear energy levels that are nominally forbidden 

by the first order selection rules, with an absorption of two or 

more quanta of energy. These are termed muitiple-quantum 

n



transittons!*? 2) 

1:6 Magnetic Relaxation 

I£ the phenomenon of saturation was permanent, such that there 

is no mechanism to counter the effect, there would be severe limit- 

ations on the use of the technique of nuclear magnetic resonance 

experiments because a nett absorption would only be able to occur 

once in a given sample. 

Mechanisms do exist, however, which restore the original dis- 

tribution of nuclear energy levels after a resonant absorption. 

The removal of excess energy from an excited spin-state that allows 

the nucleus to return to a lower energy state is called a relaxa- 

tion process. There are two principal types of relaxation pro- 

cesses; spin-lattice and spin-spin relaxation. 

(a) Spin-Lattice Relaxation 

A nuclear magnetic moment may experience rapidly fluct- 

uating magnetic fields produced by other magnetic moments in the 

sample. If the motion of this nuclear magnetic moment happens 

to contain a frequency synchronous with the precessional frequency 

of a neighbouring nucleus, this nucleus will experience a magnetic 

field capable of inducing a transition. This field induces a 

stimulated emission (and absorption) of energy from the spin 

system in order to restore the equilibrium Boltzmann population 

distribution of the nuclear spins. Thus nett energy is transferred 

from the spin system to the surroundings. This is the mechanism 

of spin-lattice, or longitudinal, relaxation and is responsible 

for the achievement of a population distribution of nuclear spin 

states when the system is initially placed in a magnetic field. 

The rate that a system returns to equilibrium after being 

perturbed is characterized by the spin-lattice relaxation time 

which is usually denoted by Ty). In order to study the mathematics 

8



of the relaxation process it is convenient to define Ny and Ny 

as the number of nuclei in the upper and lower nuclear energy 

levels respectively, such that at equilibrium the excess number 

of nuclei in the lower energy level is: 

Nay = N] - Ny 1.13 

qf Wy and Wo are the probabilities per unit time for a given 

nucleus to make an upward or downward transition by an inter- 

action with the lattice around the nuclear moment, in the presence 

of a magnetic field, the number of upward transitions (per unit 

time) must at equilibrium be equal to the number of downward 

transitions (per uit time) as given by 

NyW, = NW 1.14 

The normal Boltzmann distribution for two energy states is given 

by 

N. 
0/ +- 67 RT vy 1+2pBo, 7 2pB / 0 1.15 

and thence 

no = 2 142uB0/ 
Wy Er 1.16 

The rate of change of the number of excess nuclei, is given by 

Nex 
—  * NW o 2Ny Wy 

1.1 
dt i 

where the factor of two arises from the fact that an upward trans- 

ition decreases and a downward transition increases Nix by two. Now, 

Nex 
— = -2W py -N..) 1.18 
at EQ 

where W = (W) + W,)/2 and Ning = pBo (N, +.N,), the number of excess 

kt 
nuclei in the lower state at equilibirium. By integrating equation 

1.18 and making the substitution 2W = Yt, it follows that 

- nee +t, 
(axe Nag) = (No - Nag) € I, eo
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The rate by which the excess population reaches its equilibrium 

value is thus governed exponentially by T,, the characteristic 

spin-lattice relaxation time. 

(b) Spin-Spin Relaxation 

The precessional motion of nuclear moments produce local 

magnetic fields at neighbouring nuclei and 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 oscillating magnetic field when used 

to observe resonance. This may lead to an interchange of energy 

between the pair of spins with the total energy of the nuclear 

system remaining unaltered. Thus there is no effect on the 

population distribution of nuclear spins. 

The process is known as spin-spin relaxation and whilst it 

does not affect the distribution between spin-states after an 

energy absorption, the overall spin energy of the nuclei being 

unchanged, it influences the relationship between the motion of 

different spins. The characteristic spin-spin relaxation time 

is denoted by T,. 

N.M.R. in a Macroscopic Sample 

So far the discussion has been based mainly on the magnetic 

properties of an isolated nucleus. The argument will now be 

developed to account for the observation of nuclear magnetic 

resonance in bulk samples. Bloch has treated this problem from 

a macroscopic rienroine a os 

For an assembly of nuclei in an applied magnetic field, 

B., the various spin-states are occupied to different extents o? 

giving the sample a magnetic susceptibility. The magnetic 

moment per unit volume of the assembly of nuclei may be given 

by 

MK =20,B, 1.20 

Pp °



where he is the static magnetic susceptibility of the sample. 

The so-called Bloch pauations. 16 » Which are a set of pheno- 

menological differential equations describing the interaction 

of the nuclear magnetization M with the radiofrequency magnetic 

field, may be written as, 

aM / 54 = wu Baad MB, sinwt) ~ M,/T, Lei 

aM (ay = ¥(H,Bycoswt - H,B,) - H/T, 1.21 

aM, Ye rey ~y(MB, sinwt + NB coswt) -(M /T 1.21¢ 

where M, Le? My and M, are the components of the magnetization vector 

Mf (fig. 1.3), « is the angular frequency of B, and t is the tine. 

Obviously, H is analogous to pe with the one difference that in the 

absence of an applied radiofrequency field i has only a z-component 

whereas jt has x, y and z components. 

eae 3p," My, = 3, and My = yy 

Assuming that resonance is passed through slowly - the slow 

passage approximation - the differentials with respect to time 

become zero, and the solutions of equations 1.21 a, b and c are 

A XBLTE(H, -w) /D 1.224 

v=M) . ¥B)T, [Dd 1.22b 

. (2+ (wy -w)*) /D 1.220 

where D= 1+ ew, -w)* + £3,715. M, is the magnitude of the 
ry 

vector M in the absence of a radiofrejuency magnetic field, Bh, 
x 

u is the component of M that rotates in phase with By and 

is the component of it that rotates 90° out of phase with By. 

Depending on whether u or y is observed a dispersion or absorp- 

tion curve respectively will be obtained (fig. 1.4). It should 

be noted that the equation for y(equation 1.22b) is almost a 

description of the Lorentzian chetel 17 which is the generally 

accepted absorption signal. 

Mathematically the nmr signal would appear to be an infinitely 

sharp absorption line, but in practice absorption occurs over a 

dt



  

Fig. 1.3. Components of the transverse macroscopic moment. 
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Fig. 1.4. The absorption line shape (V-mode) and dispersion line shape 

(U-mode) of NMR.
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small but finite frequency range as a consequence of several 

different effects. Because, in practice, the v-mode (absorption) 

signal is displayed in preference to the u-mode (dispersion) 

signal, the factors affecting line shape will be discussed 

with the wmode signal in mind. 

Factors Affecting Line Shape 

(a) Magnetic Dipole Interaction 

The magnetic environment of a nucleus may be modified 

by fields due to magnetic moments of neighbouring nuclei. 

In a solid or viscous liquid a nucleus at distance r from 

the nucleus being considered can produce a magnetic field at 

this nucleus of magnitude between -p/e and +5h/2?. The nucleus 

experiences not only the applied magnetic field 8B, but extra 

magnetic fields over the range +2p/2? to p/P due to the effects 

of neighbouring nuclei, Magnetic resonance thence occurs over 

a range of frequencies and the line becomes broadened. 

In freely tumbling liquids and gases where the molecules are 

allowed rapid random motion, the magnetic field at any one nucleus 

due to any neighbouring nuclei effectively averages to zero - 

the molecular correlation time being less than that required for 

the observation of a nuclear magnetic resonance signal. Magnetic 

dipole broadening is thus negligible in samples of liquids or 

gases which are used to produce high resolution nmr spectra. 

(b) Spin-Lattice Relaxation 

A nucleus will remain in a given energy state no longer 

than a factor of the spin-lattice relaxation time, Th, and there 

is an uncertainty in the lifetime of that particular spin-state 

as governed by the Heisenberg uncertainty principle, such that 

LE.At?D, A. 1223 

AE may be represented by h&, Ad, being the uncertainty in 

frequency of the particular resonance line, and At may be set 

to the order of the uncertainty of the lifetime of the spin- 

1



state © 27). Thus the uncertainty of the frequency may be 

written 

21/47 7, 1.24 

and the shorter the T) the broader will be the line. 

(c) Spin-Spin Relaxation 

In a similar way to that for spin-lattice relaxation, 

spin-spin relaxation may also cause an uncertainty in the 

frequency at which resonance will occur leading to the observa- 

tion of resonance over a small range of frequencies causing line 

broadening. From the Lorentzian line equation the uncertainty 

of frequencies, or the line width, may be shown to be: 

AD = 1/8, 1.25 

Thus the shorter the T, the broader will be the line. 

(4d) Miscellaneous Effects 

It has been mentioned previously (section 1.5) that 

if the magnitude of By is so great that the signal intensity 

decreases, broadening of the line will be apparent as a result 

of saturation. Also, if paramagnetic species are present in the 

sample under scrutiny then Ty is drastically shortened. This 

results in a line-broadening as is evident from equation 1.24. 

The homogeneity of the magnetic field also plays an important 

part in the shape of a nmr line. If the magnetic field is not 

perfectly homogeneous, nuclei in different parts of the sample 

will experience different magnetic fields and hence resonate 

at slightly different frequencies. Thus if the magnetic field 

inhomogeneity is represented by AB, the uncertainty of the resonant 

frequency may be written by 

wv 1 = ¥48/arr 1.26 

i By analogy with equation 1.254 time Ty may be defined in terms 

of observed line width as, 

= nel 1.27 
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T includes contributions from the natural line width and magne- 

tic field inhomogeneity and is given by 

L = l + AB, 1.28: 

If Ip BE Ble 2 

Finally, nuclei of spin I>1/2 possess a non-spherical nuclear 

charge distribution and there is a non-uniformity in the electric 

field at the nucleus that gives rise to a quadruple moment, q. 

Such non-uniformity about the nucleus can lead to a displacement 

of the nuclear magnetic energy levels by interaction with the 

quadrupolar electric field to promote relaxation and thence an 

uncertainty of the actual resonance position of the nmr line. 

Nuclear Screening and the Chemical Shift 

(a) General Aspects of Nuclear Screening 

During experiments to compare nuclear magnetic moments 

of different isotopes in an applied magnetic field it was found 

that the exact resonance frequency of any isotopic-nucleus 

depended upon its chemical environment oreo This phenomenon 

may be explained in terms of the screening from the applied 

magnetic field of the resonant nucleus by the extranuclear elec- 

trons. If the epplied magnetic field is Boe the actual magnetic 

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

and the resonance equation (egn. 1.4) may be rewritten as 

D= BL - op 229 

where o is the nuclear screening constant for the resonant 

nucleus in question. If two isotopically similar nuclei, in 

electronic environments i and j have shielding constants %, and 

cs respectively, another parameter known as the chemical shift 

may be defined as, 

NG 5 oy = 25 1.30 

The chemical shift is a more practical parameter than the fund- 

amental shielding or screening parameter, because to measure an 

absolute scre 

  

parameter would require the reference measure-



ment of a nuclear species devoid of its extranuclear electrons. 

Chemical shifts are generally measured relative to a reference 

909 1 
= os 21, and 36 nmr spectra some compound signal; for “H, 

commonly 

22 oral <- crcl, 
2    exclusively and 

for a particular measurement. 

  

  shift mey by comparison with equation 1.30, 

  

of the magnetic fields exzeriencec by two nuclei, as 

oS 28 2) 

J 

for a fixed frequency experiment. Alternatively for a fixed 

field experiment the chemical shift may be written as 

$:; 7 2-2 

a) ose 1.32 

where Aosc is the oscillator frequency, viz. the frequency of 

the oscillating radiofrequency magnetic field. 

For ty nmr spectra, using tetramethylsilane (T.M.S.) as a standard 

when mixed at low concentration in carbon tetrachloride, the posi- 

tion of the T.M.S. signal is denoted as 08, and signals to higher 

magnetic field, or of greater screening, than the T.M.S. signal   

have positive S-values. This is not a desirable situation and 

another scale is commonly used, termed the Rescale®?, which is 

related to the § -scale through the equation, 

m= § #0 1433 

With the m-seale, the T.é signal occurs at 10 n{_and the   

  

sie as e o 
majority of “H spectra of organic compounds occur between O and 

2 
26, 27 the Ht -scale and lor. It has been pointed out that 

the Secate have been much abused and many of the quoted values 

of chemical shifts must be treated with caution, 

16



(b) Some Specific Aspects of Nuclear Screening 

The significance of nuclear screening may be appreciated 

by consideration of a virial expression for the system being 

studied. In general, many observable parameters, X, may be 

represented in terms of the expansion 

eum ae ee eee 1.34 
2 

Vn Vin 

where A is the perfect gas value of X, B represents the effect 

of pairwise molecular interactions, C and higher terms represents 

the effects of multiple molecular interactions and We is the 

molar volume of the system. The nuclear screening, % may 

similarly be given in the terms of a virial expansion 

+ apie 1.35 

where % is the absolute screening of the nucleus in an isolated 

molecule and % etc., represent the effects of pairwise, etc., 

molecular interactions on the screening. It has been spay 

that there is a linear relationship between the chemical shift, 

o> r,t and the bulk density of gases. This linearity tends 

to hold even into the liquid phase, indicating that a mechanism 

of screening operates on a similar basis in the gas phase and 

liquid phase. The implication is that terms higher than 4/Vy 

in equation 1.35 may be ignored and the nuclear screening con- 

stant may be written as two terms - the intramolecular 

sereening constant (0) and the (bimolecular) intermolecular 

screening constant (a): 

c= ote 1.36 
° s 

by 3 a 
General theoretical expressions’~’ ~ have been proposed for 

ee following a quantum mechanical treatment of the intranolecular 

screening constant. The screening constant of a nucleus A in an 

isolated molecule may be written eee 

17



A_ AA ABL OA 
a ort Cots + oF 

ASB 
where At is due to diamagnetic currents resulting from electronic 

EL 1.37 

motion about A. The term Sera depends on the mixing of ground 

and excited electronic states by the magnetic field which leads 

to induced mramagnetic currents about A. Induced currents in 

bonds or atoms other than that of A provide the anisotropic contri- 

butions of, and oe is due to the induced electronic motion of 

electrons delocalized in the molecular framework surrounding A. 

From equation 1.37 it may be readily appreciated that intra- 

molecular chemical shifts arise from different electronic densities 

at two different nuclei. They thus depend on electronic induction 

effects on the atom containing the resonant nucleus by other atoms 

in the molecule, static intramolecular electric fields, intra- 

molecular van der Waals perturbations and spatial dispositions of 

the nuclei to the origins of the effects. In mathematical terms 

the intramolecular chemical shift may be written for two nuclei 

A and B; as 

bo? = doh? hoe tae ode 1.38 
From the point of view of this thesis no further attention will be 

devoted to intromolecular screening. 

The intermolecular screening constant, or as it is sometimes 

called the solvent screening constant, Cag is generally formulated 
as”” 36 

an Ho ot Ot Cat 1.39 
The various terms are due to the magnetic susceptibility of the 

sample (0%), the effects of van der Waals forces (x, ), the effects 

of secondary magnetic fields produced by magnetically anisotropic 

solvent molecules (%), the effects of electric fields arising 

from polar solvents and reaction fields within polar solute 

molecules (og) and finally specific molecular interactions arising 

from, for example, hydrogen bonding and complexation (0%). 

18



The magnetic susceptibility screening parameter, %, has 

been firmly based and can be written?” 

= (% -q “Ht /3)Xv 1.40 

where % is a sample shape factor, q is a so called magnetic field 

interaction factor and%w is the volume magnetic susceptibility 

of the substance being considered. It is found?” that toa 

first approximation q may be called zero, for coaxial cylindrical 

samples of lengths at least four times their Giansters’*? 39, the 

classical susceptibility approach is valid and 2irrepresents the 

factor &. 

To study screening parameters other than Os it is necessary 

to account for changes in the latter which contribute to the 

chemical shift. This depends on the reference procedure adopted 

for the determination of the chemical shifts. A striightforward 

way of referencing is by mixing the reference substance with the 

sample. In this, the internal referencing procedure, the resonant 

nuclei in the molecule of interest and reference material experience 

the same susceptibility screening contribution, oy It is possible 

to study solvent effects using an internal reference procedure 

providing care is taken in the choice of reference and the inter- 

pretation of resulting chemical shift data. Certainly, if care 

is not taken in measuring internally referenced chemical shifts 

erroneous results may be Rerivedtos For routine analytical work, 

where internal referencing is used as a matter of course, a suit- 

able reference compound depends on chosing 4 compound showing 

little shift dependence on the nature of solvents, exhibiting 

sharp absorptions so that only small amounts are needed, being 

stable and chemically inert, and which may be readily removed from 

the sample after study (section 1.9a). In principle, a more suit- 

able referencing procedure is that of external referencing or 

pseudo-external referencing. The former case has until recently 

been relatively rare but there many spectrometers now 

 



available with a built-in external reference. The latter case 

is more common, where the reference material is held in a cap- 

illiary or other suitable cell within the main sample tube. The 

theoretical implications of such an arrangement have been consid- 

ered * by extending the approach of Dickinson’, The true 

chemical shift, Sai between the sample of interest, B, and the 

reference material, A, is given by the following equation: 

ees etree (ha hs) 1.42 
B-A B-A 3 

when the sample tube is a long perfect cylinder. 

The symbol s os A represents the observed chemical shift between 

Band A and %A, %B are the volume magnetic susceptibilites of 

A and B respectively. If a spherical vessel is used to hold the 

reference material the observed and true chemical shift are equal 

because % = 411 /3 and a, = O in equation 1.40; and thence no 

susceptibility correction is required. The disadvantage of 

external referencing, that are dependant on volume magnetic 

susceptibilites, is the uncertainty of the volume magnetic 

susceptibilites’*, especially in the case of mixtures’?, Thus, 

studies of solvent effects on chemical shifts where conventional 

external referencing procedures are used can only be analysed 

quantitatively at a level consistent with the accuracy of the 

susceptibility morrecti ones 

If access to nmr spectrometers is available where the samples 

may be studied with the magnetic field applied lonitudinally to 

the axis of the nmr tube?’ "5 reference independent chemical 

shifts may be determined. However, many solvent chemical shifts 

continue to be measured by the classical referencing procedures. 

Having accounted for % and assuming that specific effects 

can be avoided (i.e. = 0) by studying solutions where the 

solute is taken at very low concentration (infinitely dilute), 

the basic problem is in accounting for o, ce and oF which in 

this order represent the relative ease of experimental access- 

tw °
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ibility. The most fundamental, though not yet fully understood, 

screening constant is o, with which the bulk of this thesis is 

concerned. In order to isolate o, it is necessary to measure 

the chemical shift of a nucleus within a solute molecule with 

respect to a suitable reference, first when the solute is in the 

gas phase (at zero density) to give a -o, and then at infinite ref. 
diluation in a solvent to give Tor ee, + Provided the solute and 

solvent are perfectly isotropic 

Coe Oe eo 1.42 

and the difference between the susceptibility corrected? G chemical 

shifts in the liquid phase relative to the gas phase will yeild o,3 

Siig - eas eS as 1.43 
The nuclear screening constant, oe may be examined on an 

electric field effect basis, as indeed can %: 

write the nuclear screening due to electric field effects in terms 

It is customary to 

of the well founded equation?” 

om -AE cE 1.44 

where A and B are screening constant coefficients characteristic 

of the resonant nucleus being studied and the E terms are the 

linear, squared, etc. electric fields. It is now postulated that 

there has been an inherent inadequacy in some theoretical interpre- 

tations of e and even possibily with regard to van der Waals dis- 

persion forces in general. The search for this will be described 

in this thesis. 

) Nuclear Spin-Spin Coupling 

Qn examination of spectra under conditions of high resolution 

it is often found that the chemically shifted absorptions are then- 
selves composed of several lines. This added multiplicity is 

attributed to intramolecular interaction between the nuclear magne- 
46, tic moments 47. These multiplets arise from the coupling 

interaction between neighbouring nuclear spins in an indirect way, Via



the electrons in the molecules. A nuclear spin tends to orient 

the spins of the nearby electrons which in turn orientate the 

spins of other electrons and consequently spins of other nuclei. 

This electron spin mechanism is the most important contribution 

to spin-spin coupling although in general all magnetic interactions 

could contribute. In the simplest case the spacing between these 

multiplet lines are equal and the magnitude of this splitting is 

known as the coupling constant, represented by the symbol J(Hz). 

Spin-spin interac tions exhibit several important features 

which help to distinguish them from chemical shifts. For example, 

coupling is not observed between groups of nuclei that have the 

same chemical shift and couple equally to all other resonant nuclei 

in the molecule and, when coupling is observed, the coupling con- 

stant is, to a good approximation, independent of the magnitude 

of By and of temperature. In general the size of the coupling 

constant decreases as the number of bonds separating the interact- 

ing nuclei increases, but increases with the atomic number of the 

interacting nuclei. 

The complexity of the spin patterns is dependent on both the 

chemical shift difference between the interacting nuclei and the 

coupling constant. Nuclei with small shift separations, of the 

order of magnitude as the coupling constant (4~J) are designated 

by letters close together in the alphabet, e.g. A, B, C ww... 

The symbols X, Y, Z are used to describe other groups of nuclei 

in the molecule which are chemically shifted with o>, from the 

A, B, C group. Magnetic nuclei of the same chemical shift and 

coupling constant to other nuclei in the molecule are described 

by the same symbol and the number of such nuclei is indicated by 

a subscript. Such nuclei are usually termed magnetically equiva- 

lent nuclei. 

If an absorption band arises from one set of identical nuclei, 

the number of peaks or lines constituting the absorption band 

arising from coupling may be predicted simply in cases where



% > J, viz. first order situations. 

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

nuclei of type X a first order coupling ereatuent (> will result 

in an 1, +1 peaks for the A band and 2n,1, +1 peaks for the 

X band. The relative intensities of the peaks comprising the 

multiplet structure are given by the 'n* - th binominal coefficient 

in the expansion of (1 + x)". In cases where QZ J, second-order 

spectra occur in which the above simple intensity and spacing rules 

no longer apply. 

This feature of nmr spectroscopy has not been encountered in 

this work and will not be considered further.



CHAS oT SR 2 

THE OBSERVATION OF HIGH RESOLUTION N.M.R. SPECTRA 

2:1 Introduction 

The fundamental requirement for the observation of nuclear 

magnetic resonance is that the resonance equation (eqn. 1.29) is 

obeyed: 

xB 
amo 9 2.1 

where Dis the resonant frequency of the nucleus under study, 

8, is the applied linear magnetic field strength, ¥ the magneto- 

gyric ratio of the nucleus and ois the screening of the nucleus. 

It follows that for any nucleus to be brought into resonance 

either By must be varied, by sweeping through a small range of 

3, using sweepcoils, and keeping ) constant or vice versa. aS 

may be obtained by using a permanent magnet, electromagnet or a 

superconducting solenoid. The frequency, 2) is derived from the 

output of a radiofrequency oscillator and is the frequency at 

which the electric vector of the oscillating magnetic field rotates. 

The radiofrequency signal is passed through a coil surrounding the 

sample. In order to observe an nmr spectrum, a detection system 

is required of which there are two basic types; the single oil? 

and crossed coil” type. 

Since the nmr work in this thesis employed continuous wave 

(cw) spectrometers, the emphasis of this chapter will be towards 

these. However, much of the nmr work published nowadays uses 

Fourier transform (F.T.) spectrometers and therefore a short section 

will be devoted to these initially. It would have been desirable to 

Measure some gas phase chemical shifts using F.T. nmr. spectroscopy 

during this work, had the facility been available. It was found 

to be impracticable to derive meaningful results from low density 

gas phase measurements on the cw spectrometers available,



2:2 Fourier Transform N.M.R. Spectroscony” 1-55 

Fourier transform nmr is becoming increasingly common in 

research and routine analysis. The basic difference between the 

standard continuous wave (cw) nmr technique and the F.7T. nmr 

technique is that instead of using a steady radiofrequency field, 

the sample is irradiated with pulses of radiofrequency energy. 

When the sample is irradiated with a pulse of radiofrequency 

energy all of the nuclei in the sample may be excited simultane- 

ously. The width of the band of exciting energy depends on the 

pulse time which is usually of the order of 2-5 ee After the 

pulse has finished the nuclei of the sample return to equilibrium 

depending on the relaxation times of the spins concerned. The 

aoee signal of the spin systems is called a free induction decay 

pattern (F.I.D.). The F.I.D. contains all the relevant informa- 

tion present in a conventional cw spectrum but the F.I.D. can be 

observed in a much shorter time than a cw. spectrum, 

The appearance of a F.I.D. is very complex and is what may 

be termed a time domain spectrum in contrast to the more conven- 

tional frequency domain spectrum. Time domain may be transformed 

into frequency domain by the mathematical technique of Fourier 

transformation, and this is achieved in practice by means of a 

Program in a small dedicated computer. 

The use of a single pulse F.T. nmr spectrum would be of no 

advantage over a cw. nmr spectrum. However, when the sample 

contains a low concentration of the nuclei to be studied, the 

true signal may be masked by noise. To overcome the poor inherent 

signal to noise, the spectrum is accumulated by repetitive pulsing 

such that the true signal increases with the number of pulses 

whereas the noise increases with only the square root of the 

number of pulses. 

Among its many other applications F.T. nmr finds particular 

use in the investigation of low density gas phase samples and 
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natural abundance Bo nmr spectra. 

Continuous Wave N.M.R. Spectroscopy 

The magnitudes of the chemical shifts measured and used in 

this thesis are relatively small. ‘Therefore the Magnet and its 

field stability-must be given the utmost consideration in order to 

enable these chemical shifts to be measured with any confidence. 

The magnet and its field stability will therefore be discussed 

in some length, relative to the other instrumental features, 

(a) The Magnet 

The sensitivity of an nmr signal is theoretically propor- 

tional to Sp although in practice this is closer to Bo/? 8 and 

therefore the strongest field possible, in keeping with field 

homogeneity and magnet construction, must be employed. Permanent 

magnets, Bieceomene and superconducting solenoids find applica- 

tion in nmr spectrometers and the usefulness of these in different 

applications depend on their different characteristics. 

The advantage of the electromagnet is that it enables the field 

strength to be set in the typical range 0.1f to 2.5T, and given the 

flexibility in the oscillator frequency all magnetic nuclei may be 

studied at more than one frequency. This is a valuable asset when 

investigating complex spectra, especially where second order spectra 

are involved. The major drawbacks of the electromagnet are the 

high running costs and their relatively short lifetime. 

The permanent magnet lacks the same flexibility of operation, 

but its chief assets are its high magnetic field resolution, 

stability and low running costs. On account of the fact that the 

magnetic field strength cannot be varied by more than ca 1% 

for a permanent magnet, different types of nuclei need different 

operating frequencies. The uniformity of field attainable by all 

types of magnet is comparable, being capable of giving homogeneity 

of a few parts in 10? of field.



For some time superconducting solenoid magnets have been 

used that can provide magnetic field strengths of 5T or more, 

with adequate homogeneity and stability for high resolution qe 

As these soleoinds operate at liquid helium temperature (ca, 10K) 

much auxiliary-equipment is needed and the running costs are very 

high. 

The upper limits of the magnetic field strengths quoted arise 

out of the need for field homogeneity over a volume of 0.5 om, 

The required homogeneity calls for magnet pole faces of permanent 

magnets and electromagnets which are strictly parallel, free from 

machining marks and are optically flat?”. The pole cars are 

usually chromium plated to resist corrosion. Homogeneity can be 

improved by attaching small coils (Golay coils) to the pole faces 

and generating shimming patterns by passing through the Golay 

coils small electric currents. Further improvement of the homo- 

geneity of the magnetic field experienced by the nuclei being 

studied may be achieved by mechanical motion of the sample. The 

simplest way of doing this is to spin the sample, usually about 

the vertical axis of the nmr tube and perpendicular to the 3, 

field direction in permanent and electromagnets, at about 2000 

r.p.m. by using an air turbine. In a superconducting solenoid 

the sample is spun along the axis of the By field direction. 

This helps to average out the effects of field gradients along 

the other two axes. 

To enable accurate chemical shift measurements to be made 

a@ great deal of attention must be paid to field stability. 

Permanent magnets give rise to few problems in this respect 

since extensive and careful thermal control 3 ensures 

absolute field stability and resolution. Ambient field distur- 

bances can be minimised by prnetal screening or by feedback 

devices. The stability of an electromagnet, however, depends 
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upon the stability of the current that passes through its coils. 

Some measure of current control is usually achieved by passing 

the magnet current through a small resistance and comparing the 

resultant voltage with a reference voltage. The difference in 

voltage is amplified and the error voltage then used for correc- 

tion purposes. 

Both electromagnets and permanent magnets are also provided 

with a field cunecometen™, or flux stabiliser, which is a device 

employed to minimise the effects of external field variations. 

Whilst most magnets are designed so that the effect of external 

fields is almost negligible, fluctuations may still occur and are 

detected in coils situated near the magnet pole pieces or in a 

field node. The voltage induced by changes in the magnetic flux 

across the gap between the pole pieces are amplified and used to 

apply the necessary correction through an additional set of field 

coils wound around the pole pieces. 

(>) Field Stabilization - Field/Frequency Locking 

Spectrometers, particularly those employing an electro- 

magnet, are often available with a field/frequency lock system in 

which the field (or frequency) is locked onto a particular resonance 

signal. External locking devices®!» 62 employ a control sample of 

high spin content (usually *# or 714) built into the probe as 
close as possible to the experimental sample. The control sample 

is provided with its own nmr circuitry and gives rise to a resonance 

signal in the dispersion mode (u-mode). Any change in the intensity 

of this signal from zero, indicating a drift in the magnetic field 

strength, is used to actuate an electronic feedback loop which 

restores the field strength to its original value. In this way 

the field strength may be held constant to better than 1 in 10° 

indefinitely. However changes in the field strength at the 

experimental sample are not exactly paralleled by changes at the 

control sample since the two samples are physically separated 

by a small distance. For this reason, internal locking systems



have been devised. In these", two separate audio frequencies, 

one the locking frequency and the other the observing frequency, 

are used to modulate the radio frequency. Thus the nmr spectrum 

consists of the normal spectrum (centreband) and side-bands to 

high and low field of the centreband shifted by amounts that 

depend on the modulation frequency. The magnetic field strength 

is then adjusted to a value that corresponds to one of the side- 

bands (at a frequency shifted from the centreband by the locking 

frequency) and to a sharp line in the spectrum of the sample being 

observed (in the dispersion mode). The output from the radio 

frequency detector is ultimately passed through a phase sensitive 

detector operating at the frequency of the sideband being used for 

the lock. The output from this phase sensitive detector is then 

used to actuate a control loop to the flux stabiliser, that main- 

tains the necessary constant ratio of field strength to frequency. 

Other resonances from the sample can now be observed by varying 

the observing frequency through a suitable range and taking one 

half of the radiofrequency detector output through a second phase 

sensitive detector operating at the observing frequency. The out- 

put of this phase sensitive detector is then fed to the recorder 

or oscilloscope. The stability achieved depends upon the sharmess 

of the line chosen to provide the locking signal and upon the 

frequency stability of the audiofrequency oscillators. 

The method described above, where the lock frequency is kept 

constant and the observing frequency varied is a true frequency 

sweep experiment. The converse, where the observing frequency is 

kept constant whilst the lock frequency varies, is a field 

sweep experiment. 

(c) The Magnet Field Sweep 

Commercial nmr spectrometers have available two types 

of magnetic field sweep; a recurrent sweep and a slow sweep. In 

the former case, the output of a saw tooth generator is amplified



and then fed to two small Helmholtz coils usually mounted close 

to the sample and having their axes in the same direction as the 

main magnetic field (3,)- The recurrent sweep allows oscillographic 

presentation of the signal by feeding the output of a linear sweep 

unit to the x-plates of the oscilloscope. The sweeps on the oscill- 

oscope and the field are automatically synchronised and no phase 

shift device is required. By varying the time base and output 

of the saw tooth generator one can control both the rate of sweep 

and its amplitude. This linear sweep is brought into play when 

searching for the resonance of a nucleus and when making spectro- 

meter adjustments. 

A slow sweep unit is provided to enable the signal to be 

recorded under so called slow passage conditions in order to mini- 

mise line distortion. The slow sweep passage may be facilitated 

by using a motor driven recorder linked to a precision potentio- 

meter, the output of which is applied to the sweep coils. 

(d) ‘The Radiofrequency Oscillator 

The upper limit of the main magnetic field for convention- 

al magnets is in the region of 2.5T, which sets the highest radio- 

frequency required at about 100MHz for 4h and 195 nuclei. However, 

with the advent of superconducting solenoid magnets with magnetic 

field strengths of 5T or more, radiofrequencies of 200MHz or more 

are required for ty and 19 nuclei. A low power (a1) source of 

radiofrequency energy, with a frequency stability of the same order 

of magnitude as the main magnet field stability viz. 1 in 10?, is 

required. This is conventionally derived from a quartz crystal 

controlled oscillator. Some transmitters give different frequen- 

cies by controlling the extent of multiplication, through harmonics, 

of the power output from the crystal oscillator while others 

operate by substitution of different crystals. In addition to 

frequency stability the transmitter, that operates at.a constant 

level, has its output modified by passing the signal through



variable attermators before passing to the probe. 

(e) The Probe and Detection Systems 

The sample holder, or probe, is the assembly which carries 

the air turbine for sample spinning, the transmitter and receiver 

coils, the linear sweep coils, pre-amplifier and often the Golay 

coils. The probe position can usually be varied to enable the best 

position in the magnetic field to be found. The radiofrequency 

coil is wound on a precision glass former mounted vertically and 

perpendicular to Bo The sample, in its cyclindrical glass tube, 

is inserted down the inside of the glass former and is usually 

supported at the top and bottom by bearings to facilitate even 

spinning. 

Probes can be divided into two basic types; the single coil 

roca and the double, or crossed, coil meee In the single 

coil arrangement energy from the radiofrequency power supply is 

fed to a coil (the sample coil), and this coil forms part of a 

radiofrequency bridge circuit. nergy absorption by the sample 

produces a change in the balance of the bridge which is detected by 

the receiver. For the double coil method use is made of two coils 

arranged with their axes perpendicular to one another and also to 

the magnetic field. Mmergy from the radiofrequency oscillator is 

fed to the sample via the transmitter coil. When the sample absorbs 

energy an emf is induced in the receiver or sample coil and this 

can be detected by the receiver. This is known as the nuclear 

induction method. Any lack of orthogonality between the coils will 

cause the transmitter to couple with the receiver coil and hence a 

leakage voltage is induced in the latter. A small amount of leakage 

is desirable since it serves as a source of carrier signal. Control 

of the leakage flux without moving the receiver coil is achieved by 

introducing semicircular sheets of metal (paddles) mounted at the 

end of the transmitter coil. Adjustment of these paddles gives a 

controlled finite leakage voltage enabling the receiver detector 

31



  

  

RECORDER 

      

  

            

  

  

  

  

  
    

  

        

    
  

  

    

  

      

RE RE ReSveS 

OSCILLATOR BRIDGE ne 
DETECTOR | 

C.R.O. 

MAGNET MAGSNET 
POLE POLE. 
PIECE PIECE 

AMPLIFIER 

J 

$ - Sample and sample coils 

C- Sweep, modulation and shim coils 

F- Piux stabiliser coils 

Fig. 2.1. Block diagram of a typical NMR spectrometer



to operate at an efficient level and also allowing the desired 

mode of complex nmr signal to be selected. 

The signals to be detected are very weak and therefore the 

receiver must have 2 high sensitivity. Care is needed to reduce 

noise to a minimum. Noise may be the normal electrical noise 

that occurs in all circuits or it may be generated mechanically 

by, for example, the spinning of the sample. To obtain the best 

signal-to-noise ratio the first stage of amplification of the 

signal takes place in a pre-amplifier unit situated close to the 

probe. The transmitter and paces are often built into a 

single unit with a control for the power output of the transmitter 

and a means of altering the gain of the receiver. The time con- 

ane of the output circuit of the receiver is usually variable 

so that it can be varied along with the sweep rate to obtain the 

most favourable signal-to-noise ratio for each sample. The receiver 

output is then fed to the recorder unit of the spectrometer. 

The Facilities Used 

Two spectrometers were used during the investigations reported 

in this thesis: a Varian Associates HAIOOD nmr spectrometer and a 

Perkin-Elmer R12B nmr spectrometer. Since the spectrometers 

received limited use only an outline of their specifications and 

operation will be reviewed. The choice of spectrometer was 

governed by its availability at the time it was required. 

(a) The Varian Associates HAIOOD N.M.R. Spectrometer 

This peccrometee utilizes an electromagnet with an 

optimum magnetic field strength of 2.349T. The corresponding 

nominal frequency for ly resonance is 100MHz although signals 

are detected 2.5 kHz lower in the field sweep and 2.5 kHz higher 

in the frequency sweep HA mode. Current is supplied to the low 

impedence magnet through a comprehensive solid state power supply 

wit fed from a three phase mains power supply. The power supply 
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has a facility to protect against eS 10% variations in line voltage. 

The magnet current is variable and a fine field trimmer is provided 

to compensate for day to day change in magnetic field strength, 

The magnet is mounted in a trunnion support yoke and the main 

coils are cooled with thermostatted water giving a constant temper- 

ature within the magnet pole pieces, normally in the range 300 - 

309K. The whole magnet is contained in an insulating jacket to 

minimise the effects of ambient temperature changes on the magnetic 

field and the sample. A field compensator automatically corrects 

for any Magnetic field drift and may be used as a sweep unit by 

reaction to a false error signal. Field homogeneity is improved 

by means of Golay coils contained in covers protecting the magnet 

pete pieces, 

The probe is precision milled from aluminium and contains field 

sweep coils, modulation coils, a transmitter coil and a receiver 

coil. The probe is designed to accept, in general, sample tubes 

with 5 mm, outside diameters in conjunction with a turbine made of 

milled teflon. The turbine is fitted around the sample tube at 

the appropriate position and a compressed air supply causes the 

sample to spin about its long axis. 

The detection system is of the crossed coil (or double coil) 

variety (section 2:34). The absorption signal is isolated from 

the background radiofrequency signal by a geometric arrangement 

of the two coils, the u+mode being observed when the transmitter 

and receiver signals are out of phase by T1/2 or 90°, The disper- 

sion mode (u-mode) is studied by introducing a phase difference 

other than 11/2 by means of a paddle or metal sheet, positioned 

in the radiofrequency field such that its rotation may cause an 

adjustment of the By field. 

A linear sweep unit allows variable sweep times and widths 

to be employed by using a sawtooth waveform derived from a 

phantastron oscillator. The sawtooth voltage modulates a 
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50kHz signal, applied from a separate oscillator circuit, and 

the modulated 50 kHz signal is amplified in two stages and mixed 

with an unmodulated 50kHz signal which is Tf out of phase. This 

provides a stable linear direct current sweep connected to the 

D.C. modulation-coils on the probe to modify 25 

The HA100D may be utilized in two distinct modes; the HR mode 

which provides a field sweep facility and the HA mode which uses 

the field-frequency lock system. In this thesis chemical shift 

measurements were made in the HA mode and it is this node of 

operation that will be discussed in further detail. 

In the HA mode of operation a reference material must be 

added to the sample under study so that the reference and sample 

are subject largely to the same conditions. The nmr signal from 

the reference is detected at the centre of the dispersion mode 

(u-mode) so that any movement of the signal gives rise to a finite 

voltage in the detector. The signal is amplified and applied to 

the field compensator or flux stabilizer and thus the instability 

is corrected. The sample signals are Processed separately and the 

ultimately recorded. A detailed discussion of the field-frequency 

lock system can be found elsewhere®?©) . Basically, the HA-mode 

of operation is controlled by the radiofrequency unit and the 

internal reference stabilization unit which adjusts 35 keeping 

the ratio of field and frequency in constant Proportion. 

The transmitter section comprises two audiofrequency oscilla- 

tors; the sweep oscillator variable from 3500Hz to 2500Hz and a 

manual oscillator variable from 1500Hz to 3500Hz. The sweep 

oscillator frequency is controlled ty movement of the recorder 

along its x-axis and the manual oscillator is controlled by a 

Precision potentiometer. The oscillator circuits are identical 

Wien bridge sine wave generators, tuned for 50, 100, 250, 500 

and 1000Hz and 1500-2500 and 2500-3500Hz Sweep ranges. Selection’ 
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of either the lock signal, the sweep or manual oscillator frequen- 

cies, an external signal or the difference of the two oscillator 

  

frequencies is possible and may be presented on an oscilloscone 

  

ing on the sweep mode chosen. 

  

modulate the l6CIHz radiofrequency carrier signal and the detected 

components are detected by 

  

sensitive detectors after being 

suitably amplified and filtered. 

The control signal is applied to the stabilization filter and 

passes the D.C. signal to the flux stabilizer to complete the loop. 

The nmr singal in the analytical channel is similarly detected and 

filtered in the integrator/decoupler before being applied to the 

recorder Y-axis circuits. 

(b) The Perkin-Elmer 3122 Spectrometer 

  

This Spececometen utilizes a permanent magnet with an 

optimum magnetic field strength of 1.492T equivalent to an obser- 

vation frequency of 60MHz for ty nmr. The magnet is of a rigid 

barrel construction preventing any relative movement of the pole- 

Pieces. Field stability is maintained poth by passing air at a 

constant temperature around the magnet and by use of & penetal 

sereen. The field stability achieved by means of the foregoing 

measures is such that short term variations are almost completely 

eliminated and long term drift is reduced to a very low level. 

Further stability may be ensured by field locking using a double 

resonance accessory. 

Magnetic field homogeneity is improved by means of Golay   

coils fitted to the pole tins in the szace between them. To reduce 

the effect on the resolution of any residual field variation, the 
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sample tube is spun about its long axis using a specially made 

plastic turbine fitted to the sample tube at the appropriate 

Position. The spinning speed may be regulated by adjusting 

the rate of ‘flow of air meeting the turbine. 

Sweep and shift coils are wound on a coil former mounted on 

the magnet pole pieces. To scan the spectrum, the magnet field 

is 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. The sweep current is obtained from 

the oscilloscope X-deflection wave‘prm or from a potentiometer 

driven by the pen recorder depending whether the spectrum is 

being observed on the cro or on the chart recorder. A 'fly-back' 

occurs while the pen is moving from one chart to the next. The 

part of the spectrum selected for study may be varied by means 

of field shift controls, adjustment of which changes the current 

through the shift coils. 

The 60MHz irradiation field (3) is obtained from a highly 

stable crystal-controlled oscillator contained in a thermally 

regulated oven in the double resonance accessory when supplied; 

as in the case of the spectrometer used. The frequency stability 

of the oscillator is of the order off 2 parts in 10? per hour. A 

6kHz signal, also obtained from a crystal-controlled oscillator, 

is applied to coils orthogonally located relative to the probe 

radiofrequency coil and aligned with the magnet axis, so that 

the magnetic field in the sample region is audiofrequency modulated, 

The By field is controlled by means of a field modulation attenuator. 

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. Each sideband, when stimulated induces in the probe a 60MHz 

radiofrequency response, amplitude-modulated at 6kHz; the modula- 

tion contains information from the nmr signal. 

The probe output is applied to a radiofrequency amplifier, 
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housed in the double resonance accessory when fitted, the output 

of which is detected to obtain the 6kHz signal. This signal is 

smplified and its phase is compared with a reference signal of 

adjustable phase derived from the 6kHz oscillator. The reference 

phase is adjustable so that the w+mode or u-mode component of the 

60,006MHz sideband may be selected as required for observation 

and recording. As there is no audiofrequency detected in the 

absence of resonance, the spectrum baseline is extremely stable. 

The nmr signal is filtered and may be applied to the cro for 

immediate observation, or to the chart recorder for a permanent 

record. 

The double resonance accessory fitted to this R12B spectrometer 

was used in this thesis to stabilize the field-frequency ratio 

against field drift and effect a more accurate chemical shift 

measurement, This ‘field locking" is achieved by introducing a 

small amount of a suitable reference material, such as tetramethyl 

silane, into the sample and using the resonance signal from this 

compound to maintain the required magnetic field value. The 

  

amplitude of the resonance signal may be controlled either auto- 

matically or manually. 

In the locking modes (auto lock and manual lock) the radio- 

frequency levels are as required for normal operation. The lock- 

ing signal level is similar to that of the observation frequer 

  

and is preset for auto lock but variable for the manual lock 

mode of operation. The second irradiation frequency is derived 

from a voltage-controlled os 

          
14,4kHz, whose frequency is thea 

sitive locking detection 

of the variable— 

 



signal and uses it to correct for any drift or disturbance to field. 

The field correction is applied at two points, the ‘fast 

lock' correction which gives a fast response to rapid changes 

in D.C. correction current via the field modulation coils, and 

the 'slow lock’ correction together with a field shift applied 

to one of the field shift coils. Use of the two modes of 

correction enables a rapid response without instability. The 

slow lock system produces a field sweep via a small offset volt- 

age that is used to search for the locking resonance. Once the 

locking resonance is sensed, its resonance swamps the offset 

voltage, and lock is established. The locking detection system 

also contains a detector for the absorption mode of the locking 

signal giving a D.C. output. This output is proportional to the 

level of the locking signal response in the sample when the 

double resonance accessory is in manual lock mode of operation. 

In auto lock mode this output is fed back to give automatic gain 

control in the input of the locking detection system. The func- 

tioning of the system is thereby made independent of the amplitude 

of the locking signal response from the sample thus enabling a 

range of locking material concentrations (1% - 10%) to be used. 

The Accurate Measurements of Chemical Shifts 

In normal continuous wave nmr spectrometry the absorptions 

are recorded on calibrated chart paper and approximate values for 

chemical shifts are deduced by measuring the separation between 

recorded lines. The investigations reported within this thesis, 

requiring accurate measurements of chemical shifts (0.1Hz or 

better), necessitate the careful control of conditions. For 

instance, it is necessary to use identical sween speed and filter 

conditions because of possible response deficiencies. The spectra 

were drawn out in an expanded form (the minimum sweep width poss- 

ible) several times. In the case of the HA100D spectrometer the 

position of each peak can be measured by placing the pen of the 
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recorder at a stationary position corresponding to the peak maxi- 

mum and counting the sweep and manual oscillator frequencies of 

the Varian frequency counter. The difference between the two 

frequencies gives the chemical shift relative to the lock-signal. 

The degree of error is reduced further by taking the average of 

several values. In the case of the R12B spectrometer the chemical 

shifts are measured relative to precalibrated chart paper since no 

frequency counter was available. The spectra were drawn several 

times for the sample sample and the average chemical shift evaluated. 
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3 

CRITICAL RECONSIDERATION OF THE VAN DER S SCREENS 

2 

      
Introduction 

The main research interest of this thesis is the charecteriza- 

tion of the effects of sclvents on the van der veals screening con- 

  

used in this «work. 

  

“aals dispersion Porcss''? hs are considered, in their own right, 

from a classical point of view. The many literature quotations 

that strongly suggest that there is something missing in yast 

characterizations of continuum nodels, especially with regard to 

oy axe highlighted and these provide a eee to the modified 

version of the characterization of ca presented in leter chapters 

of this thesis. 

Tondon Dispersion Forces and the Yan der waals Screening Constant o, ’ 

The van der Waals forces between molecules may be descrited 

in terms of London dispersion forces and repulsion forces so that 

. must have a contribution from both. It is generally accepted 

that at intermolecular distances (contact separations) it eee 

reasonable to neglect repulsion forces. Indeed, significant contri- 

butions to the repulsive tart of o, only occur if there is consid- 

erable overlap of the molecular orbitals of the interacting mole- 

cules. Therefore a theoretical characterization of o, need, toa 

first approximation, only reply on a theory concerning the attractive 

dispersion-type forces. 

From the point of view of a continuum treatment the solute 

molecule is thought of as being a point non-polarizable dipole at 

the centre of a spherical cavity surrounded by solvent continence 

The oscillations of the solute electrons produce transient electric 

dipole moments which in turn produce instantaneous inhomogeneous 

polarizations of the solvent continuum. These polarizations lead 
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to "reaction fields" within the solute cavity that are uniform 

throughout the cavity and in the direction of the transient electric 

dipoles’. This interaction is essentially between a pair of elec- 

tronic oscillators which may be considered to be the solute and the 

"solvent continuum’. London's treatment of van der Waals dispersion 

forces between simple harmonic oscillators’? a demonstrated that 

these forces arise from all the second order terms in the energy of 

the interacting oscillators. These second order terms always tend to 

displace the unperturbed oscillator energy levels downwards thus lead- 

ing to attractive forces between the oscillators. The London disper- 

sion energy” on for a pair of hydrogen atoms of polarizability % 

separated by a distance r, is 

AU = 39 0%2/4r® 3.1 

where hD is a transition energy between the energy levels of the 

interacting oscillators (hydrogen atoms), and may be related to the 

donization energy of the species. It is well accepted» e that 

dispersion forces and thence energies are directly additive. The 

basis of London's argument outlined above is. equivalent to saying 

that van der Waals dispersion forces arise from all square field 

effects (the linear field, or first order, effects averaging to 

zero). Thus the van der Waals dispersion screening may be written 

in terms of square fields only, such that (section 1:9b, equation 

1°56) 

w= -BSE 302 

For non-polar isotropic systems one of these square fields will be 

the mean square reaction field in the solute cavity®?. 

The Models Used_to characterize o 

Following the discourse given in section 1:9b it is necessary 

to compare the gas-to-liquid chemical shift of an isotropic solute, 

involving an isotropic solvent, (section 1:9b, equation 1.55) with 

an appropriate theoretical function in order to test the adequacy 

of the relevant theory relating to o, - The theoretical function 

relating to c depends on the model used to characterize it and 
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of these there are basically three; namely continuum, gas phase 

and cage models. 

The gas phase model??? oy of the liguid specifically depends 

on bimolecular interactions and the calculation of two centre 

potentials. ATthough the virial expansion of nuclear screening 

(section 1:9b, equation 1.34) suggests that only pairwise colli- 

sions between molecules, possibly even in liquids, need be consid- 

ered, a characterization of a dense gas or liquid should involve 

more than one paimvise collision at any given time. This requires 

B extension of the simple bimolecular approach and the setting up 

of equations to represent the potential energy of the system. The 

solution of the problem would necessarily imply the use of many 

approximations. 

With the cage mogels only the first solvent shell around the 

solute molecule is considered. Consequently, the average effect of 

one solvent molecule on the nuclear screening of the nucleus of the 

solute molecule is predicted and the total screening is obtained by 

summing the individual pair interactions. The cage model therefore 

necessarily involves some empiricism. Both the gas and cage models 

have been developed mainly by Rummens et aioe and although the 

results obtained give a more or less semiquantitative description 

of oy reliable results depend on the approximations taken in 

evaluating the potential energy functions and the availability of 

intimate measurements on molecules rather than the more easily 

accessible bulk properties of molecules. 

The preferred model in this thesis is the continuum model 

because bulk properties of molecules are only required and this ~ 

description is a closer representation of the liquid phase than 

the two previously described models. Following Onescen the treat- 

ment of oO ona continuum basis requires that the solute molecule 

is singled out and treated as being a point species at the centre



of a cavity surrounded by a continuum representing the solvent. 

In following the continuum model approach, it is also realized 

that the presently accepted continuum model may itself be inade- 

quate in accounting for = and dispersion forces in general; 

evidence for the former inadequacy will be presented later in 

the thesis. Consequently, the classical continuum model will be 

extended and based on a model with additional features reminiscent 

of both cage and ges models. Before proceeding, however, past 

characterizations of G, one continuum basis will be discussed 

along with some justification of how continuum models may be 

extended to give an approximate description of dispersion forces, 

An Outline of the Continuum Model 

Following the lead taken by Bere in initiating the use of a 

continuum model in calculating electrostatic energies of dipole 

molecules, meee? published his classical paper on electric 

dipole moments of molecules in liquids. The treatment was applied 

to polar molecules although it was implied that there should be 

no real difference between this and the treatment of non-polar 

molecules. The argument of Gare for the case where there 

is no applied electric field, is essentially as follows. 

In the absence of a solvent medium the potential at a point 

with co-ordinates r,@, produced by a point dipole of moment Pp 

lying at the origin and with its axis directed along the reference 

co-ordinate, is given by $- poose/z*. When such a dipole is at 

the centre of a spherical cavity of radius a in an initially 

unpolarized medium the field within the cavity is modified by 

the reaction field set up by the dipole. Although the evaluation 

of this effect requires the consideration of spherical harmonics 

(see chapter 4), only the results obtained will be presented. 

For the potential in the ee 

b, = poose/z* -Rreos® 3.3 

where



Oe Te, 3.4 

(2€,+1) a 

is the reaction field and is in the same direction as that of the 

mL
 

Ll) 

  

dipole producing it and therefore dependent on the instantaneous 

orientation of the dipole. The symbol & represents the dielec- 

tric constant of the solvent medium. The field outside the cavity 

is modified and the electric potential outside the cavity becomes 

¢, =) cose/x* 3.5 

where ra is the apparent dipole moment of the solute as observed 

from outside the cavity and given by 

See - 3.6 

(26, + 1) 

The only field that acts on a spherical molecule in a polarized 

dielectric is therefore the reaction field, i, because the dipole 

field cannot act upon the molecule producing it. The dipole moment 

P is the dipole moment of the molecule in vacuo, pi,» plus the 

dipole moments induced in the molecule by the reaction field act- 

ing upon it. Thus pt may be written as 

pai, 0 +H 6 +6)" +6)? +...) a7 
where %) is the solute polarizability (mean) and g is the reaction 

field factor, 2G ,-1)/(26,#2)2?. The infinite series in (6 

(equation 3.7) is converging, since excl, and may be written 

as (1 -«,8). Thus the liquid phase solute dipole moment is 

=~ = -1 5 
PHP, G -%8) 3.8 

The solute reaction field is thence given by 

= 2 -1 
R) = 6 Py (1 - 448) 3.9 

and for a non-polar molecule the all important square reaction 

field is 

<i> = @ <p> (1 - «g)? 3.10 

The reaction field and continuum treatment will be considered 

in more detail in Chapter 4, although the above equation 3.10 is 

presently accepted to be the entire mean square reaction field in 

accounting for oe 
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3:5 A Review of Fast Continuum Treatments 

The presently accepted general equation for o, is 

2 o, = -B a) 3.11 

where «> is the mean square reaction field in the solute cavity. 

Various workers’? 72+ 73 have attempted to characterize o ona 

continuum basis and presented various equations to this end. The 

earliest attempts suggested that the equation’*? 73 

a o =-23he 
a +N, 
  3.12 

ot 
should be applicable, based on calculations on energies of vaporiza- 

tion of non-electrolytes. The sumbol g is called the reaction field 

factor that will be precisely defined in the next chapter, and y 

and », are mean absorption frequencies of the solute (1( and solvent 

(2) molecules. However insufficient data on suitable solvents were 

used to test the approach in this case. Other ohana? 25 have 

studied the continuum model and used it to correct observed shifts 

in polar systems to obtain information about linear electric field 

effects on nuclear screening. The conclusions reached were not 

convincing in respect of the model or the equation used for oye 

De Montgolfier’o-79 conducted extensive investigations of 

Ce characterized by continuum theories. He concluded that o, may 

be characterized through the equation 

a2 Z at ky B AE 

56 | con | 3-45 
(2 + 1) (nw + 2) %, __polute 

where 1 is the D-line Na refractive index of the energy (essentially 

the solvent) Oz, isa complex transition energy of the solute 

molecule, a) is the mean polarizability of the solute molecule and 

ky is effectively a site-factor dependent on the geometry of the 

solute molecule. Of the theories published to date on the character- 

ization of o, » de Montgolfier provided the most consistent explana- 

tion of the variation of o, with solvent. This is notwithstanding 
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80-83 
the efforts of Rummens who effectively reiterated the ideas 

of de Montgolfier’©-79, but rejected the site factor Ky as having 

no place in a continuum model. However, Rummens later reintroduced 

a site factor that appears again to be out of place in a continuum 

8 % 
model. The Rummens equation for @ is given as ~ 

Ww 

4 Z 2 pS Sek ions a2) ea ied 
"a j 5 5 2 2 ae, 

ay (2% +1)* 

where S is the Rummens site factor, qt is the ionization energy of 

the solute molecule, om the mean polarizability of the solute mole- 

cule, ay the solute cavity radius, n, the D-line Na refractive index 

of the solvent and K a reaction field/site factor constant. qua- 

tion 3.14 is probably the most widely accepted continuum equation 

for oe but it is felt that there are very strong objections to 

the use of a site factor, such as S, in continuum theory. This 

contention will be expanded in the next section. 

Another important point is that the solute molecule has been 

treated as being non-polarizable by previous workers, but with 

polarizability introduced at a later stage of the treatment. It 

is intended in this thesis to treat the solute as being polarizable 

ab initio for the sake of consistency in the theoretical treatment. 

A Critique of the Runmens Site Factor 

Hammenee? discounted the site factor of de Montgolfier’?? 79 

on the basis that it has no place in a theory dependent on a uni- 

formly polarized cavity surrounding a non-polarizable solute that 

is considered as a point dipole. Similarly, it is difficult to 

reconcile Rummens' site factor) which accounts for the site of 

a resonant nucleus in a solute, with the reaction field treatment 

of a point dipole solute. This observation aside, it appears 

additionally that there are several oversights in Rummens' approach, 

Basically, Rummens takes the correctly defined site factor for 

85, 86 
a@ pair of molecules in the gas phase, Spair , and transposes



tor for a zaiz cf nolecules 

  

is given t 

  

    

  

between the centr: 

averaging the invers 

  

between a resonant nucleus and a fixed point in the continuum while 

the solute freely rotates in its cavity. Second, the equation may 

equally well be derived by averaging the inverse sixth power of the 

distance between the nucleus, in a static molecule, and a spherical 

surface of continuum at a fixed radius from the centre of the solute 

molecule. Rummens extends this gas chase site factor for a contin- 

uum, by further averaging the inverse sixth power of the 
Scont? 

distance over the continuum from a distance of the sum of the 

radii of the solute and solvent (>) to a distance of infinity 

(eo). This is correct from a mathematical point of view but 

Rumnens appears to take the average over all shells of continuum 

from Ty to 90. This is tantamount to avereging over five dimen- 

sions, or at least two dimensions twice. Tertainly in the deriva- 

tiion®S of Soir two dimensions are accounted for in considering 

the shell of the solvent molecule centre about the solute molecule, 

Thus in the evaluation of S$ it should cnly be nece: 

  

cont 

extend S. in the remaining radial diner 
vair 

  

continuum. In the derivation given by Rummens, 

to be 

i 1 
“cont   

@=qy 3.16 

where q is a/ey5 
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It is considered here that the derivation of Scont should 

follow the method described below. The continuum site-factor 

0 
Syair rear 

712) 
cont =   3.17 

12 

which is an average over = of Soir (equation 3.15) from X10 

throughout the continuum (to effectively co). From equation 3.15 

equation 3.17 may be written as 

See a4 Scont = Sr75 ei ar 3.18 
X2 (x* - a*y 

Evaluation of this integral®” (py parts and partial fractions) 

gives 

  

Scont = 5 1+ ote a aah 

6 ey * 2at (1-02)/ 84° liq 22 

For simple systems q varies between 0.2 and 0.4 so that the site 

factor defined by equation 3.16 varies from 1.13 to 1.69 whereas 

that defined by equation 3.17 varies from 1.20 to 1.90. It was 

suggested that the most rigorous test of equation 3.16 (and now 

perhaps equation 3.16) is the interpretation of the gas-to-infinite 

dilution chemical shifts of the totally isotropic systems, the 

group TVB tetranethyls. It vas stated®? 

"... the plots of exper: ental. gvan der Waals 
shifts vs. (ae - WIE ‘/ (ans + ae (the reaction 
field term) result in apBroximately parallel 
straight lines, none of which goes through the 
origin. Introduction of the site factor (S,.4 
in equation 3.14) makes these plots go through 
the origin, all with correlation coefficients 
of about, 0.993..." 

By reference to Table 3.1 it is evident that the site factors for 
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the group Te tetramethyl systems, as given by equation 3.16, are 

roughly constant.fora given solute molecule. It must also be 

emphasized that if each of the abscissa values of a line: 

  

regression are multiplied by a constant then ndther the intercept 

  

nor the correlation coefficient will be changed. Consequently,   

in the present™case, it is impossible for these site factors 

(either from equation 3.16 or equation 3.19) +o change the corze- 

lations of ©, WSs f(n) - reaction field term - significantly or, 

moreover, the intercepts, which must remain finite (Table 3.2). 

It appears that the use of site factors, both from equations 3.14 

and 3.19 in no way improves the characterization of os 

This must throw into question the validity of the currently 

accepted characterization of 0 83, It may further be argued that 

the concept of a site-factor is incompatible with a reaction-field 

theory where the field within the cavity containing the solute 

molecule must be homogeneous. This has also been pointed out by 

Forenen’’. It would appear that the use of a site factor in a 

reaction field characterization of ©, appears to be conceptually, 

mathematically and physically incorrect. 

Past Literature Observations Regarding Continuum Treatments 

If the widely accepted treatment of %, is in fact incorrect 

there could be hitherto unrecognised shortcomings in basic continuum 

theory. In fact such shortcomings have been pointed out in the 

literature. The intention now is to draw the various observations 

together in an attempt to more clearly identify the route to 

improving continuum theory. 

Although Onsager's reaction field theorye is essentially for 

Polar solute molecules, the theory is assumed to be capable of 

extension to transient dipole moments and thence non-polar solute 

molecules and is therefore of fundamental relevance. The conclusion 

reached by Onsager in his discussion is that his treatment is an 

68 incomplete description of continuum theory. It is quoted; 
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"se. The present development of the theory is by 
no means complete... Nevertheless, it appears that 
the develepment of the theory...will involve care- 
ful consideration of molecular arrangements, and 
probably some arbitary exercise of judgement..." 

Certainly, other researchers such as Kirkwood’? and Prock and 

MeCankey”” have agreed with Onsager that continuum/reaction field 

theory is incomplete. It is stated in the book by Prock and 

McCankey”? that 

"...Not taken into account in the Onsager equation 
are those short range forces, chemical in nature, 
that exist between molecules in condensed media..." 

It has been pointed out by Pullman?2 that there are two prin- 

cipal methods of studying environmental effects in liquids - contin- 

uum models and discrete models - both of which have their individual 

shortcomings. 

In papers dealing with nmr and especially in connection with 7 ’ 

the most significant indication of an inadequacy of the continuum 

model has been given by Buckingham et al? - 3 

"..eTwo effects may contribute to o-:... Inter- 
action between the solute and solvent in its 
equilibrium configuration... (and)...Departures 
from the equilibrium solvent configurations will 
lead to a ‘buffetting' of the solute and hence to 
a time dependent distortion of the electronic 
structure..." 

It will be seen later that this is the general theme of the charac- 

terization of o, in this thesis. 

From some excellent work on medium effects on nuclear screen- 

92 5 ing by Raza and Raynes t was concluded that: 

",..the tentative, but physically reasonable, con- 
clusion that the magnitude of o- depended primarily 
upon the amount of ‘exposure’ t8 the solvent 
experienced by the solute proton..." 

which indicate that something more than a simple reaction field 

approach is required. when reporting on a factor analysis on a 

group of data with respect to solvent effects on nuclear screening, 

Bacon and Maciel”? stated that: 

",..a factor was missing and that a re-examination 
of the premises on which solvent effect contribu- 
tions, particularly dispersion shifts, are based 
is required..."
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It has been concluded also by Buckinghas?t in consideration of 

oD that the resonant hydrogen nuclei, which are generally on or 

close to the periphery of the molecule, are: 

",..therefore exposed to direct contact with the 
surrounding molecules,..." 

In fact it has been suggested by Lumbroso-Bader et a” that 

neighbouring solvent molecules must be included in a reaction field 

characterization of nuclear screening such that the influence of 

the solvent medium should be considered in terms of a continuum 

approach and the electrical part of solvent effects as due to a 

specific solute-solvent interaction. 

A paper that directly throws into doubt the state of reaction 

field theories with respect to nmr screening is by Taeeiaiee 9 

and Musher”” who concluded that: 

Sa cre ea ene yy ego 

expressions from other presently avaitetie theories..." 

Of interest is the suggestion by Coulson?” in a general overview of 

dielectrics approaches to intermolecular forces that: 

"...near neighbour solvent molecules must be 
treated differently (to the remaining solvent)..." 

The above literature quotations, suggesting that continuum 

theory is probably incomplete, are by no means exhaustive. However, 

the few examples shown here are sufficient to stimulate the need 

founded, 

An Outline of the Proposed Extension of Continuum Theory 

In view of the analysis of the interacting isotropic 

oscillators’°* e (section 3.2) as desribed by London, it is 

evident that the square field describing dispersion forces, and 

thence van der Waals dispersion screening, Ms (equation 3.2) may 

be thought as being made up of two parts. One part being made up 

from the sums of the mean square reaction fields from the solvent 

and acting upon the solute molecule: this does not involve any 

solvent-solute distances in the analysis. The other part is made 

up from the solvent dipoles creating a square field at the solute 

H



molecule. This latter contribution involves a solvent-solute dis- 

tance and, unlike the first part, that is of a continuum nature, 

relies on the discrete nature of the solute and solvent molecules. 

705 ae the basic Giesgente Thus, even on the approach of London 

model appears to be inadequate. On this basis, and with the 

evidence presented in section 3.7, an outline of the extended 

continuum approach to be used in this thesis to describe o, will 

be given. 

It is proposed that the reaction field contribution must be 

made up of two parts. These are the classical reaction field of 

the solute molecule described generally in the way of past 

porcereioe 69 and a further reaction field from the nearest neigh- 

pour solvent molecules. It must be accepted that since van der 

Waals dispersion forces are being considered, with their inherent 

mee dependence, the nearest ‘continuum molecules* to the central 

solute must have a greater effect than the remainder of the contin- 

uum, Indeed, these nearest neighbour solvent molecules will be 

anything but pores Soe and it is probably not unreasonable 

to treat these solvents as occupying cavities themselves. If this 

is so it may be argued that their extra-cavity electric fields may 

augment the reaction - field of the solute cavity. This continuum-cage 

type of approach, to accommodate these fields, may be regarded to be 

an equilibrium type of situation where the configuration of the mole- 

cules with respect to the rest of the continuum is taken to be static, 

other than electron oscillations. 

It will be shown that there is a need for yet another square 

field term to describe the more discrete solute-solvent encounters. 

This discrete part of the square field effect will be considered 

from the point of view of solute-solvent peripheral atom encounters 

with the molecules having a finite shape and size, rather than being 

25



treated as point dipoles. Such a non-equilibrium situation may 

be thought of as being a molecular "buffetting" interaction 

between the solvent and solute peripheral atoms. The idea of a 

non-equilibrium "buffetting" effect was expressed by Buckingham 

et al,?> at the early stages of the application of continuum 

models to os although in a different sense to that presented in 

this thesis. 

Bases on the proposals expressed for ba, in terms of square 

field effects (equation 3.2) may be assumed to be written as 

of, = -BKR> + 85) + 5) 3.18 
where sey is the mean square solute reaction field, <E> is the 

extra cavity square field of the solvent molecules surrounding the 

solute molecule and Ey is the square of the "buffetting” field 

due to the solvent-solute non equilibrium encounters. 

The application of reaction field theory to u, will now be 

developed and the effects of more specific molecular encounters 

on o will be attempted on a somewhat classical basis.



CALS Beate 

THE APPLICATION OF RHACTION FISLD THEORY TO THS 

REFORMULATION OF THE VAN DER WAALS NUCLEAR SCREENING CCNSTANT 

4a Introduction 

The reaction field concept outlined in section 3.4 will now 

be considered in more detail and then extended in an effort to 

more completely describe os To facilitate this the historical 

back ground to the development of reaction field theory and con- 

tinuum models will be discussed initially and the philosophy 

behind the approach undertaken in the work will be presented in 

outline. 

The consequences of treating a molecule as a point dipole at 

the centre of a cavity surrounded by continuum were investigated 

initially by using a model of an ion treated as a charged con- 

ducting sphere surrounded by a continuous dielectric. Such a 

model facilitated considerable progress in the theory of electro- 

lytes but is inappropriate for electric moments. A vast improve- 

ment was achieved in the latter connection by considering an 

ideal non-polarizable electric dipole moment at the centre of a 

spherical cavity in a continuum. It is this approach that has 

provided the basis of many of the continuum models used to 

investigate dielectric properties. The basic approach has been 

adapted with varying degrees of sia Te) including treat- 

ing the dipole as eccentric and considering the cavity as being 

ellipsoidal. 

Although the type of extensions of the basic model mentioned 

above can lead to some mathematically elegant and interssting 

results, the basic model will be adopted herein to afford an 

adequate treatment of the reaction field/continuum model. This 

will keep the ensuing mathematical treatment as simple as possible 

and may provide as accurate a description of the system as might
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anything more elegant in view of the approximations that will be 

encountered later on in the treatment. Perhaps the only signifi- 

cant extension of the basic model is that the dipole will be 

eventually considered as polarizable. 

a . ; ; 69, 101 
The Reaction Field of a Polarizable Point Dinole 2 

  As a preliminary to ext 

  

onal reaction field 

theory the formulation of basic reaction fields will be considered. 

Attention will be focussed on an electric dipole moment at the centre 

ofa spherical cavity that is surrounded by a continuum medium of 

solvent. The electric dipole moment polarizes the continuum and 

this polarization produces an electric field in the spherical cavity 

that is proportional to the magnitude of the electric dipole moment. 

This electric field is called the reaction field. To calculate the 

reaction field, the potential within the cavity due to the dipole 

itself and due to the interaction of the dipole with the continuum 

must be known. 

If the centre of the dipole is chosen as the origin of a 

co-ordinate system in which the direction of the z-axis is taken 

as being along the dipole vector, there is symmetry about the z-axis 

(fig. 4.1). Because there are no charges present inside or outside 

the cavity the electric potentials must satisfy Laplace's eqetien 

V7g-0. The general solution of Laplace's equation is developed 

into a series of spherical harmonics, but the axial symmetry of the 

present system permits the general solution to be written as 

6- -fa + Br) cos 
= 41 

where A and B are integration constants which have different values 

inside and outside the cavity, x is the radial distance from the 

origin and 6is the angle between the radial vector and the z-axis. 

The following boundary conditions are appropriate for the 

solution of this problem; the subscripts 1 and 2 refer to inside 

and outside the cavity, respectively: 

B



1. is continuous, viz. 6, (a) = $,(a) 

2. All tangential components of the electric fields 

produced in the system are continuous, viz. Ep (2) = 

Bgo(a). Since B= -(7/,.) (a$/e6) it follows that 
rg, @ = 2, re 

3. All normal components of the dielectric displacement 

are continuous, viz. D_,(a) = D(a). Since D_ = 

-€ (db/or) or €B,, it follows that € (@$,(a)/er = 

& @$p(a)Ar). 
4, As r+0, or equivalently 2 oo, the field of a dipole 

in a medium of dielectric constant & is obtained whose 

potential is defined as $,(r70) = peose/ ee 
5. Because there is no externally applied electric field, 

then $,(r>00) = 0. 

From condition 5 it follows that B, = 0 and from 4, A= P/E. 

Hence the potentials inside and outside the cavity may be written 

respectively as 

b Sah - BY cosé 42a, 

€r° 

bg == Ap cose 
= 

4,2b 
= 

From conditions 2 and 3 the values of BL and Ag may be obtained and 

the more complete expreaticas for the potentials become: 

1. 2, - &) 
  

  

, Si -, } poose , 43a 
Gr (ze, +6,) 2 

3pcose 

2 (26 + Je? 4.3 

The tangential electric fields and radial electric displacements 

with respect to the radial vector, may be written 

B= -1(9\ = d - 2(€, -€ 
- (4) r g 2) psine 

€ (26,46, Ja? 4a 
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ss 24.) ~ 3 psin§ 

  

  

‘e2 = — 
r\pe/ (26, +€,) 2 Asti 

ot Zs E 26 iW &) cosé 4be Dig = -~,(—]= |= + —. 3 a SONS Y (2€, + a 

ab, 68 , pooss 
Dene 
eS 2 a 4 ud ws (26, +&) P 

It is clear from the above equations (especially 4.4a and b) that 
the angle 6 can only be zero for there to be a constant reaction 
field in the cavity that is single valued and thus it must be 

coaxial with the generating dipole. The reaction field, R,, is 

therefore 

2(@-&) p 
  

(26 +€) 2 465 
It has been shown in chapter 3 that equations of the type 4.5, even 

with site factor modifications, are unable to characterize van der 
Waals dispersion screening. The reason for this will now be 

investigated. 

A Critique of Van der Waals Forces Characterized by Reaction Fields 

In his treatment of van der Waals dispersion forces, London?°» a 
described the mutual dipolar interaction of two molecules, i.e. the 
forces are treated as being caused by dipolar electric fields only, 
This approach requires the values of the dipole moments of the 

interacting molecules derived from a description of coupled electron 

oscillators, Essentially, this treatment of van der Waals dispersion 
interactions is based on a discrete dipole - dipole interaction 
model. It is noticeable that induced dipole effects were not des- 
cribed in the London??» ie treatment probably because the effect 
may be very small. 

An alternative description of van der Waals dispersion forces 
is through a reaction field (continuum) model. The continuum model 
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does not recognize the effects of individual molecules other than 

that in the central cavity represented by the point dipole under 

study. There is thus no part in continuum theory for the direct 

effects of the dipolar fields of solvent molecules. It is these 

effects that London characterized, and if they were included in 

reaction field approaches they would be treated twice, their effects 

having already been accommodated in the reaction field. Kizicrooda’? 

approach was consistent with these contentions because, even though 

he considered the moments of nearest neighbour solvent molecules, 

these were only added to the solute moment in an enlarged cavity 

and not considered to enhance the moment of the solute material. 

It is clear that in continuum theory, only reaction fields have to 

be considered and not primary dipolar fields, although secondary 

dipolar fields that could originate from the effects of the reaction 

field may have to be dealt with. 

In view of the above contentions it appears, at least super- 

ficially, that there is little scope for improving conventional 

reaction field approaches. However, it does appear that Craeer ce 

based approaches may be incomplete for the following reasons. In 

a pure liquid all molecules must on average have the same properties. 

Therefore, if one molecule is single out in a cavity, and character- 

ised, every other molecule individually can be treated in the same 

way. It is important to determine the effects of this. Referring 

to equations 4.4b and 4.4d, it can be seen that because the electric 

potentials o, and o, are continuous at the cavity surface and the 

former leads to discrete dipolar and reaction fields, these fields 

must have identities outside the cavity. Equations 4.4b and 4.44 

can therefore be rewritten as 

sing Ra*sind 
~ 2 46a 

2pcose Racos@ 
i as aS) o 4.6b 

As has just been emphasised continuum theory is not concerned with 

E, 
  ee = 
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dipolar fields but merely with reaction fields. In reference to 

these it has been argued that 6 must be zero. In consequence 

the only effect of concern is 

toe 4.7 

When the selected solvent cavity is remote from the solute molecule, 

now considered a constituent of the continuum, Dio is vanishingly 

small, However, the situation is different when the solvent cavity 

contacts the solute molecule. In this situation Dio = R/8 2 = 

R°/64) at the centre of the solute and its polarizing influence on 

the molecular (point) dipole can be ignored. However, at the peri- 

phery of the solute, where atoms are usually located for which chem- 

ical shifts may be studied, D_. ~R and the influence of the solvent 

molecule must be considered. cedeke a term, designated Ro, must 

be included with Ry in a continuum treatment of the solute molecule. 

If solvent molecules polarize the peripheral atoms of a solute 

molecule, so must the solute molecule polarize the peripheral atoms 

of the solvent molecules. The polarization of the solvent atoms 

generates local dipoles (stemming from reaction field considerations 

and not inherent) that will cause a perturbation of the adjacent 

atoms of the solute, It is evident, therefore, that this, a third 

effect, must be included with R, and Roe The intention now is to 

consider R, and R, and leave the third (second order) effect until 

chapter 5. 

The Primary Reaction Field, Ry» and its Contribution to a, 
  

In the Onsager aoe the cavity is treated as being evacuated 

such that q = 1 and the expression 4.5 for R, becomes 

eR R 
1 (2, +1) 4.8 

The formula 2(€- 1)/(2€, + 1)a? is called the reaction field factor 

and represented by g. Thus for brevity 

R, = e 4.9



This reaction field, produced by the dipole moment Pp will induce 

further electric moments in the cavity that are proportional. to 

the reaction field, as shown by equations 3.7. and 3.8. Thus 

the true reaction field must be given by 

2 gp(l -% 8 

where q is the solute mean 

  

polarizability. 

Because the present treatment relates to non-polar molecules 

the only relevant dipole moment is a transient one, Although the 

conventional theory is strictly for a permanent-dipole moment, it 

will be assumed that the theory is directly transposable to transient 

dipole moments. Because < is governed by square electric dirole 

moments 

ex = 2 (1 -ug) <p 4. 

or written in terms of dielectric constants and refractive indices 

ey = (ne + 2)% «, - De <n, 

9(265 + n5)* = 4.12 
  

by employing the Seeseton: (af -1)/ (ee +2)=% v= and the 

formula for g. Inherent in this is the acceptance of the cavity 

radius, being given by the approximate expression 

4ytna3/3 = 1 4.13 

where N is the number of solute molecules per unit volume and identi- 

cal to UVa» where L is Avogadro's number and V, the molar 

volume of the solute. The choice of a has been contentious; e113” 

suggested that a should be the kinetic radius of the molecule and 

Kirkwood’? along with Frolich 9 suggested that a should be an order 

of magnitude greater than the molecular radius. The Onsager cavity 

radius (equation 4.3) is between the above mentioned two suggestions 

and is consistent with the theory being used. 

Thus, the mean square reaction field of a polarizable point 

dipole, may be written 
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anLy (né + 2)* (ne - 1)? , 2. 1 <p?) sap aati aa” mm | 4 
a Vv (2n2 + ne)e a Non par 

where ng has been substituted for the dielectric constant €, of the 

isotropic solvent (strictly only true at infinite frequency). 

It must be stressed once again that the above treatment is 

based on an oversimplified model because in reality a molecule is 

not a point and there is no such thing as a microscopically indivi- 

sible continuum; also, no account is taken of fields produced by 

higher electric moments of the solute molecule. 

The Extra-Cavity "Reaction Field' of the Solvent, R, 
  

The earlier suggestion (section 4:3) that near neighbour sol- 

vent molecules should be treated differently to the rest of the 

continuum is consistent with the implications of the quotations from 

the literature given previously in section 3:7. Rummens®? considered 

this as justification for the introduction of a site-factor”? to 

account for deficiencies in the fundamental approach. The present 

contention is that this is necessary and that RS has to be included 

in reaction field theory. 

At this stage it is interesting to observe Kirkwood's®? modifi- 
cation of the eres treatment of polar molecules in an external 

field. His treatment resulted in a specific effect from the solute 

molecule and its nearest neighbours. This bears some similarity 

to the proposed inclusion of Ry with R. Kirkwood related the dipole 

moment, p, of a single molecule and the total moment, Pr of that 

molecule and its Z nearest neighbours through the following equation: 

Dp = p2(1 + 208) 4.15 

where CoS% is the average value of the energy weighted cosines of 

the angles between the dipole moment of the central molecule and 

those of its near neighbours. In the present context interest is 

focussed on <> and it would be interesting to entertain an



    adantation of equation 4.15 for th: vever, this would create z eh 

  

  

several fundamental problems. If 2 was equated to twelve, corzes- 

6 % _- 

ponding to close packing”, and cos ¥to 1//J for the average 

orientation of the dipoles, the values of <:    
    
    

    

unaccettably high = ight. 

dimensions of the vould be uncl 

less, there is an 

of which suggests, along with a 

4,15, that the total mean square reaction field may best be described 

by a sum of two terms; one similar to equation 4.14 and an additional 

one from the effect of the nearest neighbours. It is now proposed 

that this may be achieved by a simple extension of the Onsager 

approach without recourse to the Kirkwood principles. 

“hen considering the effect of Ry on nuclear screening it would 

appear necessary to evaluate the time average effect of <2) directly 

at the relevant nucleus. However, reference to equations 4+.4a and 

4.4e and the accepted formula 

R = jig (1-4) 4,16 

reveals that not only are 2 and p directly proportional but co-linear, 

Therefore referring to figure 4.1, if a molecule is considered to 

contain a peripheral resonant nucleus this would have to te consid- 

ered to not always experience the effect of <> and on time average 

some absurdly small factor of this. This apparent paradox is avoid- 

ed by evaluating the square field &e> that is responsible for the 

van der Waals Bocce) 72 on the whole molecule. Because this 

solute molecule is considered to be uniformly polarizable it follows 

that any atom anywhere within it is subject to <n) and that this 

may be used in the evaluation of the screening of individual nuclei. 

The treatment of 22> must conform with the underlying principle. 

In view of the above contentions it is necessary to evaluate 

2 the total square field function of that causes the van der Yaals 
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Fig. 4.1 A solute cavity in the solvent continuum. 
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force on molecule 1 and assume that this is responsible for screening 

the relevant nuclei. As shown earlier «> is only effective at 

peripheral atoms but these must be considered purely as part of the 

uniformly polarizable solute molecule. Therefore, if there are Z, 

nearest neighbour solvent molecules there must be Z pairwise 

interactions. The initial problem is to determine how to treat these. 

London’?, in describing the dispersion forces between molecules, 

considered the force between a pair of molecules on a coupled electron 

oscillator basis and concluded that when considering a many body 

interaction each pair effect is approximately additive to give the 

total effect of the interaction. So from the point of view of the 

model under consideration the R on molecule 1 is the sum of the 

individual pair effects over all time. Any attempt to argue that 

the solvent fields are effective at different times is tantamount 

to saying that the pairwise interactions are not additive and this 

would be contrary to London's conclusions’+, 

If a molecule 1 has one near neighbours of type 2, R, may be 

considered to affect molecule 1 through a cone subtended ee the 

periphery of molecule 1 at the centre of 2, where its dipole is 

located. This is equivalent to saying that molecule 1 may be 

considered to be approximately subject to «ne for Vz, of all time 

(the space between molecules being ignored because electrons can- 

not couple with nothing) where a are the number of molecules 1 

that can surround a molecule 2. There are however two such cones 

that can have an influence on molecule 1 ~ when the moment of 2 is 

essentially towards molecule 1 and also when away from molecule 1. 

The pair interaction is thus equivalent to 2/24 x > + Because 

there are Z, such pairwise interactions the total effect on mole- 

cule 1 is %, x 2/2, (5) which becomes 24 RS) when Z, = Z,. whilst 
<a5> is only effective at the periphery of the solute molecule, this 

molecule has to be considered a uniformly polarizable cavity and 

the force acting on the whole molecule, considered 
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due to >, which is the field causing the screening of atoms 

within the molecule. Because its magnitude is evaluated for peri- 

pheral atoms it might be argued that it is only really applicable 

to peripheral atoms and that other values of «> would be opera- 

tive for differently sited nuclei; this point requires further 

elucidation. 

Consistent with the assumption that van der Waals forces bet- 

ween molecules are approximately additive’? a molecules in 

cavities of the type 2 can only affect the properties of the mole- 

cule filling cavity 1, through 24> for a pure liquid or at least 

for molecules of the same size. In the present context, therefore, 

any property arising from van der Waals forces must depend on 

<R> + 2en8> for a molecule in the bulk of a pure liquid. There- 

fore when molecule 1 is surrounded by twelve molecules (approximate- 

ly for a pure liquid) it follows from equation 4,14 that the total 

mean square reaction field <> is given by 

o. (n* - 1)* (n? + 2)2 
2y = Gp?) + 2a p% Cepeda   

ae 

This is arranged in the form of equation 4.15 to demonstrate the 

similarity between the outcome of this approach and that of 

Kirkwood®?, 
In the case of solutions of compound 1 very dilute in a 

different solvent 2 the relevant square reaction field is given 

    

by an 
(= 64TT yp (n? + 2)? (nano 

gl} ve Puma? a (an + ny) 

G82 (nb + 2)? (nb - 1)? 44.18 
2 i 

V3 mn, 

where f = 2, x 2/2, + It can be shown, by consideration of the 

formula for the close packing of spheres?”, that 

2 2 = T(r, + 25)/r,) 

and thence f becomes Zn x 2 sin” (@/2)/M where 6 is the angle 

subtended by the periphery of 1 at the centre of 2 where 1 and 2
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are considered as spherical cavities, in contact. This is illus- 

trated in figure 4.2. For molecules whose radii (calculated from 

equation 4.13) are not too dissimilar, as in the case of the mole- 

cules (solutes and solvents) considered in this thesis, it can be 

shown that the value of sin*(9/2) is about the same as the value 

of 6/4, with @ measured in radians. Replacing sin”(6/2) by 6/4, for 

convenience, the expression for f in equation 4.18 maybe written as 

20/20. 

To summarize therefore, it is proposed that the total reaction 

field effect can be written as the sum of two terms (equation 4.18): 

Gp = «D+ &> 4,20 

where RD is defined by equation 4.14 and <> by 

2) = 2&2 bat 
Thus the van der Yaals screening,which is also taken to be directly 

additive, tO'-206 in terme of reaction fields ic 

Sup = 26> 4.22 

where 8 is the square field screening coefficient. 

In order to test the validity of the reaction field theory as 

proposed above it is necessary to formulate an explicit expression 

for the mean square dipole moment Yo and this will be outlined in 

the next section. Then, by judicious choice of the 
  

propriate 

systems, that are compatible 

  

1 principles, 

equations 4.18 and 4.22 will be tested using the avpropriate data 

(table 4.6). 
2 

The Expression for $> 
  

  

Both the direct a 

the value chosen for<p*>, 

  

use of Slater screening parameter: 

  

lity measurements ~~ a 

70, 9 
zu oscillator?» ie The ve      



Solvent cavity Solute cavity 

7 

A 

Cone of influence for RS 

Fig. 4.2 Cone of influence for x, with solute and solvent 2 

cavities imagined to be in contact. 
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4370 

4? = 3a%hV/ 2 4,23 

and polarizability measurements agree quite well, but differ from 

those obtained from diamagnetic susceptibility measurements and 

Slater screening parameters. 

The quantum mechanical oscillator expression will be used 

because of its relative simplicity and its direct relevance to the 

foundation of the London dispersion forces’°* i which form the 

very basis of this thesis. In the quantum mechanical oscillator 

expression, h) is set to twice the value of the ionization energy? !° 

I, of the molecule concerned. Equation 4,23 is rewritten as 

p> = 301 4.2 
The idea that HD = 212° ig still a matter of contention, though it 

will be used in this work. 

Tests of the Reaction Field Equation 

Gas-to-Solution +y Chemical shifts of the Group IVB Tetramethyls 
  

The most suitable systems with which to test the reaction 

field screening as described by equation 4.22, are perfectly iso- 

tropic systems. Systems that fall into this category are probably 

the group Te tetramethyls. Each of the five compounds can be 

taken in tum as solutes in each of the five solvents. The zero 

density gas-to-infinite dilution chemical shifts of these systems 

have been measured”? and the relevant data are tabulated in tables 

4,1 and 4.2, For each solute molecule in the five solvents a 

linear regression analysis of the gas-to-solution dy chemical 

shift on <a> is performed and the significance of the correlation 

is determined using Spearman's correlation test, The results 

are given in table 4.3. 

If equation 4,22 is a totally accurate description of o the 

linear regression analysis should give a correlation coefficient 

of unity, a gradient equal to the screening coefficient, B, which 
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TABLE 4.1 

SiMe, 

GeMe,, 

SnMe,, 

PoMe,, 

DATA FOR THE GROUP IVB TETRAMETHYLS 

  

ero ew? 19? 107 erg Wise meee 

10.2 

11.9 

12.8 

14.4 

15.9 

16.6 

15.7 

14.7 

13.2 

15.7 

124.6 

139.5 

138.2 

139.5 

135.9 

1.7902 

1.8266 

1.9088 

2.0541 

2.2044
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4:7 

for the hydrogen atom is?» H2, 15 between 0.74 x 1978 esu and 

diag: 10718 esu, and a zero intercept. It can be seen from table 

4,3 that the regressions are very good and are significant. The 

B-values obtained (average of 0.87 x 10528 

ea? » 112, 

esu) are within the 

range expect: a2 but there is a non-zero intercept that 

is unaccounted for in equation 4.24, It would appear, therefore, 

that the reaction field description described in this chapter is, 

as expected, an incomplete one and there is an additional effect 

still to be characterized. 

Van der Waals a-Values 

A more exacting test of reaction field theory than its applica- 

tion to nmr chemical shifts, would be to calculate a very funda- 

mental van der Waals parameter. Such a parameter is the a-value 

4, ae) and this will now in the van der Waals equation of state 

be considered. 

In a liquid (or gas) the molecules will experience balanced 

forces from molecules on all sides. However, the molecules near 

the surface will be pulled in toward the interior of the liquid by 

the unbalanced attractions of their neighbours below the surface. 

The total force on one surface molecule will be proportional to the 

number of molecules that pull it downwards and thence the density 

of the fluid. The total force on all the surface molecules will 

also be proportional to the density and the force on each molecule 

Thus the force on the surface molecules may be written in terms of 

the proportionality 

: x(a)’ 4.25 

where N is the number of molecules per volume, V. The force on 

the molecules in a unit of surface area is termed the internal pressure 

and given by 

P. ae («\ a INT ¥ 4,26 
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where a is a proportionality constant characteristic of the liquid 

or gas being considered. 

For gases at high density or for liquids the volume at the 

disposal of a molecule of the gas or liquid is less than the bulk 

volume of the fluid by Nb, where b is the effective volume of one 

molecule. With the corrections involving a and b the~perfect 

gas equation 

PY = NET 4.27 

for a system of N molecules must be amended to the classical van der 

Waals equation of state, which, to some extent, is accepted to be 

applicable to Tiquicsst as well as gases; 

€ + 2() i) (v = 2) = NKT 4.28 

It appears therefore that a serves as the most fundamental measure 

of intermolecular foces, especially dispersion forces, between 

molecules and should be amenable to characterization by reaction 

field theory. 

For a molecule i in a continuum made up from molecules of type 

dj, the pairwise potential energy may be expressed by us 5° 

total potential energy of the molecule may, to a first approxima- 

The 

tion, be written as the sum of the pair potential energies: 

U = Su, 

2 i<j 4,29 

For a continuum the sum may be replaced by an integral over the 

volume of the continuum and thus equation 4,29 becomes: 

= 3 tra, "19" foe 

o | aoe 4.30 

. oe 

where x is the number of molecules j, ar = 4ttrtar the volume 

element of continuum a distance r from i, and ois the effective 

radius of molecule i. If j >1, XN, = N and it may be written that 
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a 
3, N Nee 4,31 

m8 0 
N 

where Vy ee ar » the volume of the system. At the wall or 

o 
surface of the fluid there is only a nett force into the 

medium and thus 

Us (WALL) = x Ni 4,32 

or, 

F Somes U, (WALL) = N J, (WALL) Br, uy jar 4,33 

oC 

The energy of molecule i in terms of a reaction field may be given 

yo? 25 the expression 

U, = -1 2 
i 2 o& CRD 4 oH 

where % i is the polarizability of molecule i. Therefore U, wah) 

may be written as 

U, (WAIL) = -1 2 
ze 24 Cam 

The expression for a, in terms of pair potentials, is 

4.35 

co 
a= 3| uy or 4,36 

Y 

and thence from equations 4.33, 4.35, and 4.36 

ee 3 %; <p? V5 4.37 

where V, = V,/N, the molecular volume. Van der Waals a-values 

(and b-values) are generally quoted in a molar rather than mole- 

cular sense in order to be directly comparable to the more conven- 

tionally written van der Waals equation of state) 3 

(7*2,) (V=b) = Let 4.38 
ye 

where a in equation 4,38 is the a of equation 4.28 times Ln 

Gi 26.023 x 10°) molecules nol), Rewriting equation 4.37, 

therefore, in order to be compatable with equation 4.38 rather 

than equation 4.28, leads to: 

VE



L 2 
27781 < Rp Ma 4.39 

where V, is the molar volume of the fluid (=1V,). 

The reaction field and its effect on a surface molecule is 

different to the reaction field and its effect on a molecule in 

the interior of a liquid. A non-polar molecule in a cavity, l, 

at the surface of a liquid will only be surrounded by continuum 

for one half of the cavity surface. Because reaction fields may 

be imagined to arise from the apparent charges at the interface 

of the cavity and continuum it is envisaged that the cavity poten- 

tial will be halved at the surface compared to the bulk of the 

liquid. This is equivalent to the modification of equation 4,31 

ha 4.32. Thence the reaction field in a surface cavity is only 

half of that for a cavity in the bulk (R,/2). The all important 

mean square reaction field in a surface cavity is therefore 

<> / and this would be the total square field using Onsager's 

ee However, the effect of the reaction field extension 

from neighbouring molecules must also be considered. 

In the surface of a liquid there is also an imbalance of the 

forces stemming from aD, acting on the surface molecules due to 

the removal of neighbouring molecules immediately above the sur- 

face. Thus the imbalance must be considered from the point of 

view of the effect of R, on molecule 1 from the diametrical mole- 

cules immediately below the surface; the effects of ‘in-surface' 

molecules 2 are ineffective in contributing to the internal 

pressure. The force on molecule 1 due to these three, for a 

pure liquid, ‘subsurface’ molecules is thus 3 x 2 <ne> /2, » or 

<Rey 2, assuming that there are twelve near neighbour molecules 

about any given molecule in the tlk. This is consistent with 

the argument in section 4.5. Therefore, the total square field 

contributing to the forces on a molecule 1 in the surface of a 

~) o
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liquid is «n> /4+ <> /2, which for a pure liquid becomes 

{Re yp> = 3<RSD/H 4.ho 

Effectively equation 4.39 may be written, for a pure liquid, 

as 

~2 2 
Rate > Vy 441 

If 4 is in the units of en? molecule, Vy in ca? nol and the 

reaction field in cgs esu units, a will be in en? erg nol”, 

However, because the reference values need ° for comparison with 

the values calculated eltpress a in the units of 1° atmmol™ these 

latter units will be adhered to in this thesis. This necessitates 

the modification of equation 4.4! to 

: a (1° atmmol~*) = 2.229.10! a <RL> Vy 4.ke 

with the units of > Vy and <®> as suggested above. 

Table 4.4 gives the calculated (equation 4.42), using data 

from table 4.6, and tabulatea!16 values of a. It can be seen that 

although in many instances the values predicted using equation 4,42 

are low, the agreement between these and the literature values is 

better than would be expected using the value of Ge based on a 

Onsager-only approach, where in > would be a<m> » Although 

it must be accepted that‘a is a gas phase parameter evaluated using 

a liquid phase theory and that there is probably a temperature 

effect on van der Waals a-values/!*» ae » that might explain the 

discrepancy between literature and calculated values it could also 

be concluded that reaction field theory does not completely describe 

the fields responsible for van der Waals forces. This work, on 

van der Waals a-values, will be extended in chapter 7. 

Heats of Vaporization 

Linder’? stated that the potential energy of a liquid should 

be approximately equal to the negative of the energy of vaporiza- 

tion, although this assums that the rotation, translation and 

vibration of each molecule is the same in the liquid and gas phase.



TABLE 4.4 VAN DER WAALS a-VALUES-I 

a-VALUE/1> atm no17* 

SPECIES raBuLatep +> CALCULATED (EQN. 4.42) 

Ar 1.345 0.77 

kr 2.3 1.23 

Xe 414 3.99 

uh 2.253 2.56 

cre, 16.49* 8.16 

sine, 18.07% 10.05 

Cty» 22.81 15.03 

ee etsy 26.95 Ogi, 

Celie 18. 17.64 

Coty 4.39 2.58 

Ont, 4472 7.42 

CoH 5.489 7.92 

H, 0.242 0.05 

sir, 4.195 1.21 

col, 20.39 20.57 

® calculated from critical data 

11? atm mol~ = 0.1013 gm? mol72 
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This latter assumption is seldom satisfied and there is no assurance 

that the energy of vaporization would correctly give the interaction 

potential. However, for the purposes of this thesis it will be 

accepted, at least initially, that the potential energy of a liquid 

and its negative energy of vaporization are the same. 

Adopting the erreeson a ve for the potential energy of a 

non-polar molecule in a static electric field for the case of a 

reaction field and the above assumption that the potential energy 

and the negative of the energy of vaporization are equal, the 

energy of vaporization, eld » May be written, in molar terms, as 

BAP = a, <n? y2 4.43 

At low vapour pressures, the vapour, in equilibrium with its liquid, 

is essentially ideal, and the negative energy of vaporization, 

= defined as the energy in taking a molecule from the liquid 

to the gas at zero pressure, may be venlacedn by Ag. Ae 

is the difference in energy between the vapour phase and the liquid 

phase and may in turn be reriecedaat by Du4? - LkT, where AxA? 

is the enthalpy or heat of vaporization. 

Because vaporization takes place from the surface of a liquid 

it is porposed that the reaction field expression should be appro- 

priate for the surface of a liquid and the expression for Age 

is 

Dw? = otdee d/2 + ut A 

Tt is shown in table 4.5 that the calculated AnY“? (equation 

4.44), using the data in table 4.6, does not correspond with the 

literature value of (en although it is better than would 

be found on the basis of an Onsager reaction field treatment alone. 

However, more will be done towards the characterization of NBO 

in chapter 7 when the shortcomings of this treatment will also 

be discussed.



TABLE 4.5 HEATS OF VAPORIZATION -I 

116 
VAP VAP 

SESE pees bie 4 Beate (aga. 4 ut 
(ko nol) (ka nol7>) 

Ne 16.- 43 2.047 0.36 

ar 55 - 148 7-273 3.70 

kr 73-207 16.283 4a? 

Xe 105-165 15.843 9.91 

67 - 18 8.8 1.01 CH, 7 - 187 ‘ 98 

CMe, 171 - 425 * 23.611 9.32 

SiMe, 191-451 26.916 10.19 

SoMe, 222 - 351 33.013 15.95 

Potey, 2s - 383 36.967 26.96 

CoH 5 228 - 530 32.733 17.63 

gH, 236 - 563 34.052 24.07 

cel, 223 - #9 31.888 25.38 

CoH, 130 - 308 = 19..503 8.60 

CoH, 105 - 282 14.436 20.98 

Coe 123 - 297. 15.631 20.95 

1, 3, 5 (CH,) 
‘ 3)3 263 - 458 43.960 23.48 
6S 

Sif, 129 - 252 22.113 3.60 

EH, 10 = 31 1.048 0.33 

% kT taken as the average over the temperature range quoted 

wen BAe 
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TABLE 4.6 PHYSICAL CONSTANTS OF SOME SPECIES CONSIDERED (#30°C) 

SPECIES w/o em? = t/10 erg sy _/omnol n® 

Ne 0.39673 HH. 5°9 16,738 1.1908* 

ar 1.64473 25.2 2g8 1.5217 
= eka? au 38.98 1 5765* 

Xe 4,021°3 19.5°3 47, 5}18 1.8149% 

cH, 2.55119 20.9116 30°? 1.81877 
Gris 10.987 15.7? 108.567 2.026416 

ay, 9.87449 14.846 88.997 2.242026 

om a 5 15.449 eee 138.9146 2.24e2126 

Che age aes 42,3445 1.74537 
CoH, 4.26129 16.8. ie, 2.1023 
OH, 4 7129 18.4 43) 2.06677 

CH, C=CCH, 7.15> aoe 78.326 1.938026 
(CH, ),6=C(CH), 11.68° 13.3146 118.9126 rgggtt6 

si(0dH,), 12.9% 14.8° 150.3772 a. .g30n HE 

si (CHCA), 1.2” 15.70? 190.267 2.029584 

si (0cH, cH, ), 20.412 14.8° 204.0%? 1.896146 
G(No,),, 8.96? see 120. 2.069126 

H, 0.81449 2.72tté 28,826 1.22937 

cr, 2.89°* 28.5" 66.879 1.32484 
Sif, 3.337" 27.197 62.7779 1 64a 

SF 4,539" 30.97" Wit 1st 
Ogre 10.1729 Fone 17.429 3.85128 
col, 10.5? 18.3°7 97.0 = 2.21482 
cBr, (~100°¢) 15.2? 16.8° 12.745 2 556g116 
1, 4 CyHp0, 8.7307 15.267 86.20? 2.0296" 

a. Estimated from the Lorentz-Lorenz formula”®, 

b. Estimated from data in ref. 119. 

c. sstimated from data on similar compounds.



CHAPTER 5 

THE EFFECT OF STERICALLY CONTROLLED MOLECULAR ENCOUNTERS 

531 

ON THE VAN DER WAALS NUCLEAR SCREENING CONSTANT 

Introduction 

It was proposed in the last chapter that there is a further 

contribution, yet to be taken into account, in the characteriza- 

tion of o, besides the reaction field contribution. The sugges- 

tion was that this originates with the polarization of peripheral 

solvent atoms by the equivalent of Ros Therefore it was not sur- 

prising to find that there was some factor missing in the analysis 

of the results in section 4.6. However, the statistical signifi- 

cance and excellent correlation found in the regressions of o%, on 

<> indicate that this further effect may be approximately the 

same in similar systems. Before attempting to characterize this, 

secondary, non-reaction field, effect it is interesting to look 

into some past indications, both experimental and speculative, of 

the possibility of a localized specific type of contribution to o, . 

Hopefully these indications will help towards the eventual character- 

ization of this non-reaction field effect. 

An ‘exposure’ factor was advocated? in order to explain di 

chemical shifts in compounds such as Si (CH,CH,)),+ The concept of 

an ‘exposure’ factor suggests that the continuum model should be 

inadequate, as has been found, and that a model requiring a more 

intimate knowledge of molecular encounters is required to describe 

or . Additionally, it has been shown that the benzene induced 

ly shifts in but-l-en-3-one show an unusual dependence on the 

composition of mixtures containing these compounds. Normally, 

ratios of induced dy shifts for different positions in a given 

molecule should be independent of concentration. In the case 

mentioned above it was found that the alkenic hydrogen adjacent 

to the carbonyl function showed an anomalous shift. This anomaly



can be explained only on the basis of a short-range interaction 

between the relevant hydrogen atom and benzene. This remaining 

localized contribution to m will be termed a "buffetting" effect 

in recognition of Buckingham's original realization?” that non- 

equilibrium effects should be characterized, although in fact he 

was probably referring to an effect equivalent to that of «n5> 

characterized herein. 

The present hypothesis is that the reaction field concept of 

@ point solute molecule at the centre of a cavity is unreal, and 

that an additional effect due to discrete pair-wise ‘collisions’ 

of solute and solvent molecules must be acknowledged in order to 

accommodate the dipolar effects of the reaction field polarized 

peripheral atoms and thence complete the characterization of the 

dispersion forces involved. If such pairwise encounters are 

important their effect should be analagous to that of bimolecular 

encounters in the gas phase, where the primary dipolar fields may 

be thought to cause a similar effect to R At the outset, there- ‘3° 

fore, it is wise to seek some justification for this assumption 

from known parameters applicable to the gas phase. Using the gas 

phase value of Qo /»p = -7.7 ppm one oie reported?2? for 

CHy» the pair-wise collisions of methane molecules in the liquid 

phase should, based purely on the density dependence produce a 

contribution of - 0.26 ppm to the gas-to-liquid shift in addition 

to the normal reaction field contributions. This additional con- 

tribution is similar to the values of the intercepts quoted in 

table 4.2. 

Although the above comparisons are by no means rigorous the 

numerical compatibility is sufficiently satisfactory to indicate 

some justification for evaluating the hypothesis in detail. 

Continuing with the assumption that van der Waals force 

70, 71, 104-106 
effects are additive and electric field screenings



may be written as? 

om -AB, BE” -Bt>.... 5.1 

it is proposed that oe should be characterized by 

oy ~ Sar * Br 5.2 

where Op is characterized by equation 4.22 and yr is a new screen- 

ing constant yet to be characteriged. If yr arises from the dipolar 

fields due to polarized atoms at the periphery of solvent molecules 

it must be remembered that the polarization is caused by Ry. 

Because the direction of Ry is unique at a given instant of time 

and is effective only over a distance rva it is evident that OB 

must essentially be characterized by pairwise solute-solvent inter- 

actions. 

Electric Field Formulation of or 

The polarization at the centre of the solute molecule by Ry is 

very small because of the significant attenuation of R, over an 
2 

additional cavity (solute), or molecular, radius. However R, is 
2 

considered to be almost the same at the periphery of the solute 

cavity as in the solvent cavity of origin. Therefore the polariza- 

tion of the periphery of the solute molecule is significant. A 

similar polarization of the periphery of a solvent molecule will 

occur and the electric fields of the induced dipoles can affect 

the screening of nuclei at the periphery of a solute molecule. 

Br will therefore be considered on the basis of a perturbation 

of the peripheral solute atoms by electric fields originating at 

the periphery of the solvent. For simplicity a hydrogen atom 

hydrogen atom dipolar interaction will be considered from the 

point of view of encounters between the peripheral atoms of solvent 

and solute. The reference for considering these encounters will be 

a right hand triple based on the solute hydrogen atom with the z-axis 

colinear with the bond to that atom. 

2 
The electric field, E, produced at the solute atom containing 
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the resonant nucleus of interest by a point solvent atom electric 

nonent,™, when the two are separated by a distance r is given py:09 

32) 2 ot 
E = -— -- 563 

Yr YP 

If there is no restriction on the spatial position of the solvent 

atom with respect to the solute atom, the time average linear 

electric field over all space will be zero but the mean square 

value may be finite. It is therefore necessary to evaluate the 

square of the instantaneous electric field at the resonant nucleus. 

The problem may be simplified by considering the time averaged 

behaviour of the solvent atom and its moment in order to obtain the 

resulting mean electric field, The instanteous value of the time- 

averaged electric field, that is averaged to zero, can be deduced 

by considering the situation in one octant about the solute hydrogen 

atom of interest. On time-average the appropriate solvent atom can 

be considered to reside on a radius vector at an angle of 4° 4ae 

to each of the three co-ordinate axes based on the solute atom, 

and the solvent moment m can be characterized by considering the 

solvent electron moments in one octant about the solvent atom. 

By considering the electron oscillations in one octant about 

the solvent atom, the electric fields, at the solute hydrogen atom 

that are parallel and perpendicular to the bond containing the 

resonant nucleus (fig. 5.2) may be written as: 
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The average position of the solvent atom may be considered to reside 

successively for equal times on each solute axis. Therefore each 

> = 
of moments m_,, ™ ad tay! 

and n are effective at the same time on each 

solute axis for 4 of time in one octant. In this isotropic situa- 

tion the total field will be zero. However if there is some con- 

straint on the approach of the solvent atom to the solute atom 

the fields given by equations 5.4 - 5.6, may be modulated. Assuming 

that such a constraint can be described by modulation factors appli- 

cable to 5 E and zy in the octant it is convenient to consider 

these to be defined ty o§ B< 1, 0g *$ landog*’s 1. The 

factors Ay Xand «are taken to be measures of the anisotropy of 

the approach, or steric hindrance, of the solvent to the solute 

atom containing the resonant nucleus. The fields in question may 

now be rewritten as 

5, = (ait, Re Re? 5.8 

B= < (at, B,J? 569 
B, - Aet,-i,- yx? a 

If, as in the case of many C-H bonds and C-F bonds, there is axial 

symmetry about the solute z-axis it is possible, to a good approx- 

imation, to put % =o! . The average electric field in one octant 

over all time may be written as the average of equations 5.8 - 5.10 

such that 

By = (2p- 2 «) (ait,.- m, - a) Spiel 

6r? 

In the context of Br the most meaningful* electric field would be 

  

the square of the linear electric field (or more precisely the 

scalar product) over the four octants away from the bond containing 

the atom of interest. In this case B and % would have upper limits 

of 4 instead of 1 as defined for one octant. For this four octant 

definition it is necessary to express the effect in terms of four 

 



pairwise potentials’”* eG . Thus, the total square field in the 

four octants as defined above, keeping the upper level of BB and 

“as unity and for convenience putting 2« = flor % + 06! -£), 

may be written as, 

Bw. % (Wil, +84 ae) Up 4, 6)? 5.12 
Or 36r° 

Any cross terms in the electric moments will be zero because of the 

cartesian coérdinates chosen. Expressing each moment in terms of 

mean electron charge displacements such as 

m = e% ¢x> 5.13 x. 

and assuming that the mean displacement in the X, y and z directions 

on the solvent hydrogen atom are the same, the square field may be 

written as 

vs be" <x? > (2R- py 5.14 
sTOleg 96 

The value of <*> may, to a reasonable approximation! 29 » be 

written as the mean square value of the radial distribution function 

of the 1s arbital in the free hydrogen atom. The radial distribu- 

tion function for the ls arbital of the hydrogen atom ight 

  

2 = 4 (2) 
aa ay 5.15 

and thence 

2 ee >= Danie Pails 

° 
oo 

} Rear 

0 

where a, is the Bohr radius (=0.529 x 10; om) te and q is the vari- 

able radial distance from the hydrogen nucleus. Evaluating the 

integral gives 

Coste > 22 5.17 

and the square field is then given by 
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5 3 

222 Z 
2 - Gie aS (2p- f) 5.18 

3° 
Putbing the electron charge in terms of esu. units (4,802 

x 1072° Franklin) 
2 

“5 K (2fa- f) 5.19 
# % 

r 

where 

K = 1.377 x 1074 esu 5.20 

In keeping with the general philosophy of square field screen- 

ing’, % may be written as, 

a 2 

Sr (2p 2 5.21 
oye 

= 

The usefulness of equations 5.19 and 5.21 can only emerge if 

there is some way of assigning values to Rf and - on a steric basis 

but that is consistent with the aforegone discourse. A geometri- 

cal basis for fh and pin now be presented. 

Geometrical Formulation of f> and fo 

The parameters of pana f describe the total effective access- 

ibility of a solute atom to the solvent atom as a result of pair- 

wise encounters in one octant. The solvent atom is contained on 

the periphery of the solvent molecule which is assumed to be 

spherical. The pairwise encounters within a particular octant on 

the solute atom are considered to act successively and need not 

involve the same solute atom or solvent molecule. if the model 

is correct then the square field of equation 5.19 must be considered 

to be operative for any one of the solute peripheral atoms. With 

this in mind the values of /§ and pen be based on a geometrical 

accessibility where the encountering species are rigid and passive. 

For most solute molecules the solvent encounters of significance 

will be ineffective within the four octants of space around the 

solute atom that embraces the bond to that atom. This is because 
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the remainder of the solute molecule occupies most of this space 

preventing the solvent molecule approaching the solute and makes 

the solute atom-solvent atom distance, r, so large as to render 

the field effect insignificantly small. Consequently the encounters 

in the other four octants only need be considered. A hypothetical 

solvent-solute encounter situation is depicted in figure 5.3 on a 

two-dimensional basis. However, each molecular situation needs to 

be considered individually. 

From figure 5.3, if the centres of the peripheral solvent 

atoms can adopt all positions on an arc of radius XQ from the 

centre of the solute atom in the octant of interest, p = 1 and 

a=1 (P= 2). If contact is broken from the solvent atoms and 

solute atom, p and «will be less than unity. If the two dimension- 

al angle @ is the angle of the radius vector with the so-called 

-axis which happens to be the angle of non-contact in this case 

the following values of foana ® for contact will apply (fig. 5.3): 

f= Land &, = (4 - 0°) af 0% ¢ 45° 5.22 
45 

O and f3, = eee 5 if 0° 245° 5.23 
450 

The remaining part of p and ® from unity, (1 -/3,) and (1 =e) 

or 

Uc 

must operate on a distance modulated basis. It is proposed that 

the modulation should be on inverse sixth Power of distance basis 

because of the van der Waals dispersion nature of the square field 

effect. If r’ is the solute atom-solvent atom distance at the 

-axis, viz. the extreme point in the octant of interest where 

direct atom-atom contact is prevented by steric hindrance, r_ is 
ce 

the solute atom-solvent atom distance at contact and assuming a 
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continuous change in distance from contact, ty to the point ata 

distance xr’, the average inverse sixth power of the distance used 

in the modulation of # and fill be 

  

r 

rx ar 

c eet 
<r> = ee: = (ze si ) 5.24 

sts 5(r - x) 
z 

c 

The total value of fpand would then be given by 

Pr = A * 2 A) 2 er’> 5.25 

and 

wp = % + (1-8) E> 5.26 

or 

Fo eet (2 - f,) re gr’> 5.27 

for the appropriate situations. In the above treatment, where 

hydrogen atom-hydrogen atom encounters have been considered the 

value of Ty, may conveniently be set to the sum of the van der Waals 

radii of the two atons!1° (for two hydrogen atoms this is 2.4 x 

ioiecae The general theory will now be tested fron an nmr point 

of view and extended to take account of solvent atoms other than 

hydrogen using the above-mentioned molecular model to evaluate 

pP anf geometrically. 

An Experimental Test of "Buffetting" 

The first step in assessing the validity of "“buffetting" theory 

is to demonstrate that a reliable and extensively viable value of 

K for H - H interactions is available. For this purpose the systems 

referred to in table 4.2 are considered. Calculations of (2p. Fy)” 

reveal that this parameter is sensitive to the dimensions of the 

solute but not the solvents. It is for this reason that the good



linear regressions demonstrated in table 4.3 ere obtained and the 

intercepts but not the slopes of these are influenced by equation 

5.21; the values of B thus remain valid. Table 5.1 presents the 

values of (2pyp - fo) calculated for the group IVB tetramethyls 

on a geometrical basis. The basis of the geometrical model for a 

group of IvB tetramethyl solute molecule is a ‘hard" hydrogen atom 

hemisphere bonded to the rest of the molecule treated as ‘hard" 

hemispherical methyl groups bonded to the central atom. 

The solvent, considered as a sphere of the appropriate size 

with the solvent hydrogen atoms around the periphery, is envisaged 

to encounter the solute hydrogen atom of interest from two different 

aspects with equal probability. The two encounter aspects are 

depicted in figures 5.4 and 5.5, with the totel frase F values 

calculated in terms of one octant, consistent with the theory in 

section 5.2. The values of yee deduced from equation 5.21 are 

presented in table 5.2, using the steric parameters calculated on 

the above basis and o, from table 4.2 From these 20 similar ~ Rp 
t/.6 12 4 

values of (Tiny a mean value of 0.7133 x 10° esu (SD = 0.05 x 

10! esu) is obtained. If cae eee 

the sum of two van der Waals radii of hydrogen, K is found to be 

to be 2.4 x 10° ca, 

1.363 x 10" esu, in close agreement with the theoretically 

calculated value in section 5.2 of 1.377 x 19 esu. This 

certainly gives confidence to the theory behind the formulation of 

oy in equation 5.21 and the geometrical formulation of Ay and Foe 

Neopentane as solute has been isolated to demonstrate that the mean 

value of ye = 0.7133 x iol esu found experimentally can be 

used with equation 5.21 using /3= 0.66 and B = 0.81 x 1078 esu to 

evaluate the value of fr of 0.85 (SD = 0.02) in good agreement with 
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51D 

that calculated on a geometric basis (0.84). 

Having established some degree of confidence in the theory 

regarding H - H encounters, it would be prudent to test the theory 

in the consideration of encounters with solvents containing peri- 

pheral atoms other than hydrogen. 

Consideration of Solvents with Peripheral Atoms other than Hydrogen 

If the so-called "buffetting"” solvent atom is changed from 

hydrogen to an atom with more electrons (chlorine for example ) 

it may be expected?** 125 that the effect of “buffetting" will be 

greater, However, the general theory of section 5.2 is built up 

around a theory of hydrogen atom - hydrogen atom encounters and 

such an extension to other situations on an ab initio basis would 

be a formidable task on account of the increased number of electrons. 

Yonsmotor-> suggested a Hartree-Fock scaling factor, Q, which is 

equal to unity for a hydrogen atom and is replaced by q =<8x2>/ 

ae for atoms such as the halogens. These values of | can be 

multiplied into equations 5.19 and 5.21 to obtain the "buffetting" 

effect of a non-hydrogen atom. However, the value of Q must be 

distance modulated by the sums of the van der Waals radii of the 

intereacting atoms in the appropriate way. So, modifying equations 

5.19 and 5.21 in more general terms leads to, 

H 6 
K r 

Y= - (Ph ~ Fy = 5.28 
ay bo HH HX 

and 

H 
BK eae 6 

fae (Pe Pr 8 (Tm 5.29 

ix 

where X refers to the interacting solvent atom. 

In order to test the validity of equation 5.29 the intra- 

molecular chemical shifts between two non-equivalent hydrogen atoms 
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in an appropriate solute molecule at low concentration in various 

solvents were studied. The solute molecule considered was 1, 3, 5- 

triisopropylbenzene and the chemical shift between the methyl 

hydrogen resonance (doublet) and the methine hydrogen resonance 

(septet) was measured in the solvents tetramethylsilane (H), carbon 

tetrachloride (cl), tetranitromethane (0), 1, 4 dioxan (H/0), 

carbon tetrabromide dissolved in tetramethylsilane (Br/H), and 

decafluorocyclohexene (F), using the Varian Associates HAIOOD 

spectrometer. 

The Pana p values for the methine and methyl hydrogen atoms 

were very difficult to calculate and the most reliable way of 

predicting fp and Pras found to be by the use of a ‘Courtauld 

Atomic Model' of the solute molecule and spheres of the appropriate 

Be for the encountering solvent molecule. The Prana p's 

estimated in this way are probably not too accurate but thought 

to be a reasonably good estimate for the purpose of this study. 

Therefore, if the chemical shift of the methyl group in a given 

solvent is taken to be Sox, and for the methine group Sou, their 

difference may be written as 

BO OcH, -ch = You, - 3 cx 5.30 

and since the absolute Ves depend on, 

v= Op * yr ~ Chap 5.31 

it follows that 

CH. cH A vu, “CH = O73 -ORy 5.32 

assuming the reaction field to be the same at both hydrogens 

(no site factor), It is necessary to use one solvent as a basis 

for the rest of the measurements and calculations; tetramethyl- 

silane was chosen for this purpose, having a periphery of hydrogen 

atoms. The Q-value for hydrogen is taken to be unity cl =1), as



mentioned previously, The intramolecular chemical shift difference 

measured between the solvent under study with its periphery of 

atoms X is related to that in tetramethylsilane (H) by 

Syne (x)_ 6H(x) (H)_ ,CH(H) 
Boi cs = (Gyo? oer) ~ (ome 9-33 

Written more explicitly using equation 5.29 and rearranging, 

equation 5.33 becomes 

H 2 DA" yf) “Hi 6 x . g = CH, - CH - HH, - CH x 
XC, oie —_ x ak 

CH, - CH = ACB y -Foy \en 
god HH 

5.34 

where Jt (Py Fo) oi, - cx @Ry Fae, (x) “2B y “Fa )ouz). 

It is appropriate to discuss the case of 1,4 dioxan and carbon 

tetrabromide dissolved in tetramethylsilane in more detail. The 

distances yy are based on an average solute atom van der Waals 

radius. For 1,4 dioxan there are eight hydrogen atoms and two 

oxygen atoms on the periphery of the solute molecule. The van 

der Waals pais” of hydrogen is 1.2 x 1078 em and of oxygen is 

1.4 x 1078 cm and thence the average H/O van der Waals radius in 

1,4 dioxan is 1.24 x 108 em. In the case of carbon tetrachloride 

in tetramethylsilane the situation is even more complex. The 

ratio of tetramethylsilane to carbon tetrabromide used was 5.6 

molecules to 1 molecule respectively. Since the van der Waals 

radius of momines-” is 1.95 x 10° cm the average H/Br van der 

Waals radius in the CBr,/Sine), system used is 1.31 x 1078 cm. 

+* ‘ 2 
With this value the average of O(2p, “Frc, = cy Cam be shown 

to be 0.175. Because one oxygen atom replaced two hydrogen atons, 

in the case of 1,4 dioxan, the value of a is related to the 

calculated value of g/o by the formula



5 6 

H/O)= a ° 
eis Oe 5.35 
  

10 

However, in the case of CBr,,/ SiMe, + in unit volume the solute may 

be "buffetted" by 5.6 x 12 H and 4 Br atoms. On account of the 

differing volumes of each solvent molecule the probability of 

Hebuffetting is 5.6 x 12 x v™S/y°Bt% times that of the 4Br atoms. 

Consequently the experimental value of di/ Br in the mixture will 

be given by 

Qi/Br = (655    gf + ugB® 

87.2 

5.36 

  

from which Bee can be found. 

The results and measurements with 1, 3, 5 triisopropylbenzene 

are shown in table 5.3 and it can be seen that, although there is 

not absolute agreement between the values of Q calculated here 

and those derived from Hartree-Fock perculntions 12> there isa 

definite correlation between them as shown by figure 5.6 (correla- 

tion coefficient = 0.98; significance level 41%). The source of 

the discrepancy may be due to inaccuracies in the determination of 

p and p fron a molecular model that may not be precisely to scale, 

and also to the fact that the screening constant coefficient, B, 

may not be the same for the methine and methyl hydrogens. 

The evidence of this particular piece of research gives 

credence to the idea that the theory introduced in this chapter 

may be extended to "non-protic' solvents. Further evidence will 

be presented in subsequent chapters which will both complement 

and supplement the ideas presented so far throughout this thesis. 

A Critque of the Molecular Encounter Theory 

The presence of some other term in the characterization of 

o, besides the reaction field terms in 0, is probably correct in 
RF 

view of the evidence presented herein and from the numerous examples 
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Fig. 5.6. Relationship between the Hartree-Fock calculated and 

experimental Q-values. 
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in the literature (section 3.7). The presence of an effect on 7, 

due to steric effects is novel, although such steric effects on 

nuclear screening are not entirely new. It has been stated in 

connection with intramolecular nuclear screening ~’ that 

".,.Steric interaction causes deshielding 

only, since the effective shielding of the 

hydrogen nucleus is decreased on a symmetri- 

cal distortion of the electron cloud..." 

and such an extension to intermolecular nuclear screening effects 

appears reasonable. However, certain limitations must be discussed 

before further evidence is presented to support the theory presented 

in this chapter, and indeed that in previous chapters. 

The first observation must be in regard of the additivity of 

the square-field and thence nuclear screening terms. Whilst this 

Ss 35, 104-106 
is a well established fac it is merely an approxima- 

tion in the same way as the additivity of pair potential? (ye 

energies but must be accepted if any progress is to be made. 

Also the overall approach uses equations for point dipoles in the 

sense that transient moments behave analogously to permanent 

moments. Such an approximation is probably not too bad in view 

of the results obtained so far. 

The major criticism must come from the fact that no account 

is taken of the effect of molecular distortions away from the 

point of molecular encounter, since ‘hard' molecular models are 

examined on a primarily hydrogen atom-hydrogen atom encounter 

situation. Also any repulsion effects have been ignored, Both 

the repulsion terms and molecular distortion terms would probably 

appear in other than square field terms and it is thought that 

such terms would only be of any significance when the molecule is 

in an excited electronic state. Therefore, because molecules are 

treated as being in the ground electronic state it is assumed



that the effect of molecular distortions and repulsion effects 

are negligible. 

A more elegant derivation of the theory may be forthcoming by 

using a complete quantum-mechancial treatment rather than the 

essentially classical treatment used herein. However, the approx- 

imations inherent in any quantum treatment of molecular interactions 

involving more than one electron would probably be much greater or 

at least as great as those used in the present classical approach. 

A drawback of the theory maybe that an entirely general form- 

ulation of p and f appears to be impossible and each molecular 

situation must be treated separately. It is not impossible, however, 

to envisage a pana fF scale for particular functional group-solvent 

situations and will be discussed in the next chapter. whatever 

the drawbacks of the approach presented herein it appears that it 

is definitely a step closer to a more complete characterization of 

the effects of van der Waals dispersion forces on nuclear screen- 

ing and indeed (as will be demonstrated in the next two chapters) 

of some non-nmr effects.
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6:2 

6:2a 

CHAPTER 6 

APPLICATION OF MOLECULAR ENCOUNTER THEORY TO N.M.R. 

Introduction 

Although the evaluation of K was a good absolute check on the 

theory presented in chapter 5, the rest of the results are really only 

self consistent and thus provide merely indirect evidence towards 

the general applicability of the theory. 

It is now proposed to provide further evidence towards establish- 

ing the authenticity of the theory, especially in respect of Sr by 

analysing more ay gas-to-liquid chemical shifts. Later some 19p 

gas-to-liquid shifts will be analysed to demonstrate the extension 

of the theory to nuclei other than qi, From a more qualitative 

point of view and in an effort to demonstrate that the theory can 

be used with complex molecules the status of the linear reaction 

field in nuclear screening will be appraised. Finally a qualitative 

examination of some diastereotopic chemical shifts in various sol- 

vents will be conducted. 

Gas-to-Solution ly Chemical Shifts in Relatively Simple Systems 

The B-Value of Hydrogen in Methane 

An indirect, though useful test of using equation 5.29, with 

Kye, set equal to 0.7133 x 1012 esu, is possible by analysing the 

gas-to-solution Ty chesicatlshitte oF CH, with C(CH )y, and Sn (CH, )y 

to obtain B for the hydrogen atom in CH, through the equation 4 

of = -BKR> + KH B, seo) 
6.1 

HH 

For the two solvents C(CH, )y and Sn(CH, )y, the respective experi- 

mental chemical shifts are -0.217 eae and -0,322 pom tt and 

2 <xX> is 0.186 x 10! esu and 0.272 x 10! esu (equation 4,18). 

The values of p ee evaluated from a geometrical model 
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6:2b 

6:2c 

similar to that depicted in figure 5.3 using the appropriate 

molecular ase? a For both solvents it was found that 

Pres and fy = 1.65. B was evaluated (equation 6.1) as 0.79(3) 

18 
x 10°” esu from the C(CH, )y- It is not suprising that the average 

of these values (0.84(4) x i078 esu) is similar to the values of 

B determined for the group IVB tetramethyls (average 0.87 x 10718 

esu) because the hydrogen atoms are all contained in om hybridized 

bonds. 

The Q-Values of Chlorine and Bromine 

Knowing B for CHy» values of Q for Cl and Br can be evaluated 

through equation 6.2 below: 

y= -B(<an>+ a xt (2B y> Fy) 6.2 

(Pr heh 
67 and -0.567 ppm? for CH, with CCl, and 

CBr), respectively, the corresponding values of 0.355 x oe esu 

12 

Taking om, as -0.410 ppm 

and 0.509 x 10“ esu for <> and 0.096 and 0.090 for the geometric- 

ally measured values of (2p Fo) reveals that cee = 7.2(9) and 

Ga = 12.9(8). Whilst the former of these values is in excellent 

agreement with that given in table 5.3, the latter differs from 

the value given in table 5.3 by about 60%. This is due no doubt 

to the fact that the two experimental chemical shifts were obtained 

at quite different temperatures (30° for 1, 3, 5 triisopropyl 

benzene and 100°C for CH, ). 

os of Cyclohexane and Benzene 

Having validated the theoretical principles embodied in this 

thesis, they can now be put to further use. An important solvent 

screening that has eluded definitive experimental characterization 

is OF The way now lies clear to deduce values of this for 

different anisotropic solvents using the formula:



See ORY en oe a 
where oe ORY is calculated from equation 6,1. For convenience 

the solvents are assumed to be spherical in the calculation of 

fh and 6 » with their molecular radii calculated from the molar 

volumes, The mean value of o for CoH). is found to be 

0.042 ppm (table 6.1) and is therefore between the values predicted 

by Raza and Raynes?” (og, = 0) and Honer”” (a, = 0.1 ppm). The 

larger and consistently similar values for CH, (table 6.2), 

whose average value of on is 0.500 ppm, show some dependence on 

the size of the solute molecule and numerically agree with 

generally accepted spate, 

6:2d The B-Value of Hydrogen in the Hydrogen Molecule 

Any comments on the credibility of the values of B have been 

based on that deduced for the hydrogen aton!?, Predictions have, 

however, been made for bound hydrogen in the Hy molecuie! It 

is prudent, therefore, to compare the most recent prediction with 

values deduced using equations 4.24 and 5.21 or equation 6.2. The 

only suitable 1y chemical shift data for Hy are those given by 

Dayan and Widenlocher!2?, 

82 

Unfortunately, in agreement with 

Rummens-“, it has to be concluded that all of the shifts reported 

by those authors!? need another -0.3 ppm added to them (having 

been provided with the raw experimental data by Dr. Dayan it is 

difficult to see where the error arose). when th adjusted chemical 

shifts are further corrected by the appropriate values of os 

deduced earlier, and analysed using equation 6.2 the values of B 

given in table 6.3 (which contains the other necessary parameters) 

are obtained; it should be noted that Hy is unique in that while 

fi, = 1 ana fr = 2 for the "buffetted" atom, so that for this
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Or = 0 (equation 5.21), the same buffetting causes a finite value 

of Br for the other atom because of the short distance involved. 

The “buffetting" mechanism on the hydrogen molecule can be 

conveniently split into two parts. First, the normal contribution 

and secondly when the "buffetting" occurs in the four octants 

including the other hydrogen atom. quation 5.21 may be rewritten 

as 

H 2 ‘ 2 

"HX 

where PR and ¥ are the totally distance modulated values in the 

‘rear’ four octants. As mentioned above, be = 1 and & = 2, and 

therefore the extra-octant contribution with (2hi, - fo is the 

sole contribution to Sr for Hj. The molecular model for H, is 

shown in figure 6.1. 

Whilst the average of the two values of B for hydrogen in H., 

0.644 x 10728 esu, is somewhat larger than predicted (0.285 x 10718 

esuye-e, it is important to note that both the value reported in 

the literature!2® and that found experimentally are less than for 

the hydrogen atom (0.74 x 10718 esu) 42 

18 

» or that found experimentally 

in section 4.5a (0.87 x 10 ~ esu) for a hydrogen atom in an sp 

hydridized bond to carbon. Furthermore, from the gas-to-solution 

9 and the data given in table 6.3, chemical shift for H, in cl,” 

a value of gt of 7.2 can be deduced, that is again in excellent 

agreement with the value given in table 5.3 

Considerations of the Molecules Si (OCH, ),, Si (OCH,CH, )y, and Si(CHCH,)), 

The molecules used so far have been relatively simple and it 

is therefore prudent to examine some ty chemical shifts of solute 

molecules that are more complex. Some appropriate systems, that 

are still approximately isotropic, are Si(CH,CH, ), with 34 (CH), 
, 

116
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Si(OCH,)), with Sn(CH,),, and Si (OCHCH,),, with Sn(CH,),- On account 

of the molecular complexity of the solutes, the errors in estimating 

p and Fe geometrically would be high and consequently it becomes 

convenient to evaluate (2A, “£q) from each chemical shift and 

draw comparisons between the resulting values. It would be expect- 

ed that the CH, and CH, groups of Si (OCH), and Si(OCH,CH,),,» 

respectively, should be in similar molecular environments, This 

is borne out by the similarity between the value of (2By - fq) 

given in table 6.4. The fact that the value of (2B 5 - fon)” for the 

CH, group of Si(CH,CH,),, is not similar suggests that differences 

between the bond angles and lengths in the Si-C-C and Si-0-C 

groupings enforces a small but detectable change in the steric 

environment of the relevent hydrogen atoms. 

Solute Size and o; Using the Anomalous Solvent, (NO, )y, 
  

The above-mentioned relatively complex. molecules may be used 

to examine theories relating to the effect of solute size 130 on 

o. It is believed that the solvent tetranitromethane, (No, ), 

may be anisotropic!--, By using equations 6.2 and 6.3, with the 

appropriate values of (2f - po estimated geometrically and the 

value of ge from table 5.3, the values of - for the solvent C(NO,), 

containing various solutes may be evaluated. The appropriate analy- 

ses are shown in table 6.5 from which it appears that C(NO,),, is 

indeed anisotropic with a mean value for o; of 0.350 ppm. The 

value of o varies with the size of the solute molecule or the 

radial distance of the resonant nucleus from the centre of the 

molecule. The smaller solutes, or smaller distances of the ly 

from the molecular centre, gives rise to the larger values of a 

in general. This is in agreement with previous findings using 

130 
a somewhat different approach to the problem . It is interesting 

to note that the value of a for the CH, resonant ty in Si (OCH,CH, dy 

118
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TABLE 6.5 DATA FOR THE SYSTEMS INVOLVING (NO), AS THE SOLVENT 

  

SOLUTE ay ae Rr /ppm (2p ~ F 1 ae %3/ppm 

Si(OCH,CH, ),, -0.053 -0.137 0.146 0.275 

Si(OCHCH, ), 0.045 -0.137 0.179 0.326 

Si(OCH,),, 0.042 -0.122 0.132 0.252 

CMe, -0.028 -0,122 0.230 0.394 

SiMe, -0.035 -0.122 0.270 0.439 

SnMey, -0.072 -0.125 0.295 0.438 

CH, -0.053 -0.247 0.090 0.311 

Mean o, = 0.350 ppm (S.D. = 0.07 ppm) 

* estimated from previous experience 

& = 3.4 from 1,4 dioxan point in section 5.5 

B = 0.87 x HOG rene 
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and for the CH, in Si (OCH, dy are in very close agreements support- 

ing the idea expressed previously based on arguments involving 

(2, - fon) , that these hydrogens are in very similar molecular 

environments. 

In conclusion it has been demonstrated that experimental 

gas-to-liquid ty chemical shifts for 'simple* systems of isotropic 

molecules can be considered to arise from reaction field effects 

and a molecular "buffetting" due to pairwise encounters that are 

sterically controlled. The use of such an idea through the 

appropriate equations has provided an extensively consistent 

method of analysing experimental gas-to-liquid ly chemical shifts, 

as well as elucidating other interesting nmr parameters such as 

CA and ideas regarding molecular structure. However, ty 

chemical shifts are relatively small and it appears to be wise to 

turn attention to the larger solvent shifts found for 19%, 

Gas-to-Solution 19% Chemical Shifts in Selected Systems 

General 

Although the theory has only been applied to ly nmr chemical 

shifts so far, there is no reason to believe that it should not 

be applicable to other resonant nuclei and in particular 19% nmr 

chemical shifts. The method adopted here will be to use some 195 

gas-to-solution chemical shifts, a of isotropic systems and 

calculate the value of B for fluorine in different molecules from 

the expression: 
X_H 

2 2 qx oe m= -BKRI> + — (2 t, 6.5 
= 

The values of By and bo are calculated geometrically in the same 

way as was done previously. However, the value of x26 (0.7133 x 

io“ esu) used previously for buffetting of the hydrogen atom has
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to be modified to 0.4958 x 101 esu to account for the difference 

between Tr), (2.4 x 108 cm) and Typ (2255-% 1078 cm); further data 

relevant to the ensuing analyses are provided in table 4.6 and 

other tables specifically referring to the solute molecule under 

study. 

B-Values of Fluorine in CF,, Sif, and SF 
  

Initially, the gas-to-solution chemical shifts of CF, in 

various solvents are analysed through equation 6.5 and using a 

model similar to the one depicted in figure 5.3. Although no 

value for the van der Waals radius of the or, group could be 

found, its value was calculated as 2.34 x 108 em from the known 

bond lengths of C-F and c-H, 1(C-F) and 1(C-H), and van der 

Waals radii, ry of F, H and CH» using the formula 

x, (F) +1(0-F) 
  x (CF,) = r,(CH,) 

we Gis 1(G-H) 

The results of the analysis on CF), is given in table 6.6. It is 

evident that there is some variation in B, as was found by Mohanty 

BoA Somieteino@ |. althonsiiethe’ uean value’ (30.6(5).x 10m esu) 

compares well with that of 26 x 10728 esu deduced from gas phase 

studies? Z 

Other relevant and suitable gas-to-solution chemical shift 

data are available for the molecules Sif, and SF¢- The geometri- 

cal models for these are depicted in figures 5.3 and 6.2 respective- 

ly; the van der Waals radii of the six, group (2.4 x 1078 cm) 

and SF. group (2.4 x 107cn) are found in the way described for 

the x group. It should be noted that the model for SF is an 

extension of figure 5.3, but with account being taken of the extra 

number of atoms peripheral to the SF, group. The relevant analyses 

are given in tables 6.7 and 6.8. Again there is some degree of 

22
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variation in the B values tabulated. This is more so in the case 

of SiF,, as was also shown by Mohanty and Bernstein’, The average 

of the B values evaluated for fluorine in Sif, and SF¢ are 

41.2(9) x 10718 esu and 15.7(2) x nape esu respectively. This 

3 is compared to the respective values 2 of 43 x 10718 esu and 

45x 1078 esu from gas phase studies. It would appear that whilst 

agreement is good in the case of Sif, it is not so good in the case 

of SFy. The situation is not improved significantly by considering 

the values of B for fluorine in CF, Sif, and Sig reported earlier 

by Petrakis and Bernstein’+ to be 16.4 x 10728 ae esu, 43.5 x 10 

esu and 29.5 x 109718 esu respectively; in any event there is some 

indication that these values may be inferior to the later values 

given by Mohanty and Bernstein?“, It has been inferred?+ that B 

values for X-H bonds in dy nmr should decrease as bond contraction 

or double bond character increases but the B values for X-F bonds 

in 195 nmr should increase with increased double bond character. 

If it is possible to quantify double bond character directly in 

terms of bond contraction, viz. the difference in the calculated 

bond length and the observed bond length, then it is evident that 

double bond character changes as C-F <S-F< Si-F. Thence, it may 

be expected that B(C-F) < B(S-F) <B(Si - F) in accordance with the 

findings of Petrakis and Beraeteine but not with Mohanty and 

32 Bernstein“~, who found B(C-F) <B(Si - F) < BGS). Although the 

findings herein show that B(S-F) <B(Si-F), the absolute value of 

B(S-F) appears to be anomalously low. It is possible that the SF 

molecular model is at fault or the “"buffetting" equation must be 

redefined on account of the resonant fluorine atom having a different 

site symmetry than any previously considered ones. In general for 

tetrahedrally disposed atoms in spherical molecules the site



6:3¢ 

symmetry)? of the resonant nucleus is Cy (this is probably a 

reasonable assumption even in the case of the hydrogens of the 

group IVB tetramethyls) whereas the site Pe aa of the 

fluorine atom in SF is Ch ye Because the question of symmetry 

was never considered during the development of the theory 

(chapter 5) it is not known how the "buffetting" equation may 

be altered by a change in symmetry. However, accepting the fact 

that there may be a deficiency in the theoretical make-up 

regarding SF¢ it must also be accepted that the presently proposed 

value of B for fluorine in SF is as good has has been previously 

proposed?!’ Je. 

The B-Value of Fluorine in COEF 

  

A final examination of 19, nmr chemical shifts is undertaken 

with the molecule CeFe - hexafluorobenzene. The geometrical model 

was considered in two parts (figures 603) and 6.4); the molecule 

viewed to the side of the benzene ring as shown in fig. 6.3 and 

to the plane of the benzene ring as shown in fig. 6.4. The time 

probability of a solvent molecule encountering the CF solute 

molecule may be considered on the basis of relative areas of the 

parts of the molecule being approached. It is easily shown that 

the ratio of the areas of the CFs molecule viewed from the side 

of the benzene ring (fig. 6.2) to the plane of the benzene ring 

(fig. 6.3) is approximately equal to unity. It would appear 

therefore, that the encounter probability should be the same from 

the side of the ring as from the plane of the ring. With this 

premise, the values of B are evaluated through equation 6.5 and 

presented in table 6.9, along with other appropriate data. The 

mean value of B for fluorine in CgFe is 15.8(7) x 3978 esu 

which is lower than found in Cry, (930 x 10718 esu). Although no
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literature value can be found to make a comparison, it is inter- 

esting to note that wherever the site symmetry of the resonant 

nucleus is other than Cay (or differs from a sp bonding situa- 

tion) the value of B appears to have been reduced. For example 

the B value of F in SF, is found to be lower than in Cy, and in 

SiF,, and in the case of B values of H the value is lower in the 

case of Hy compared to CH, 

It appears that the theory is applicable to 19% gas-to-solution 

chemical shifts as well as dy shifts. Because of the relatively 

large values of 19, chemical shifts compared to the anisotropy 

screening, % which is independent of the resonant nucleus, any 

inherent anisotropies of the solvents chosen in the aforegone 

studies will not be of any great detriment to the analysis, however 

approximate the c correction. In the above 19, shift analyses a 

for CgHy 5 was ignored and a for Cee taken as 0.5 ppm. 

  

6:4 Some at Chemical Shifts of Spheroidal Molecules 

Spheroidal molecules (oblate and prolate) have been studied 

from the point of view of linear reaction field screening’”’ sous 

1330 1? . However if the spheroidal molecule is non-polar only 

the mean square reaction field need be considered and to a first 

approximation it is possible to treat spheroidal molecules as 

spherical. 

6:4a a Chemical Shift Analysis of Benzene 

Gas-to-solution chemical shift data is available for benzene 

with four 'protic' isotropic solvents. It is reasonable to assume 

that the nuclear screening due to molecular "buffetting" is the 

same in all four solvents and therefore a linear regression 

analysis of ©, on <n? is possible. With the solvent CoH,» the 

value of on was varied between O and 0.1 ppm until the best straight 

line was found. The value of o; was not allowed to exceed 0.1 ppm



TABLE 6.10 LINEAR REGRESSION ANALYSIS FOR BENZENE 

7 2 
SOLVENT v/ Dem <> 1912 esu 

CMe, -0.268 0.103 

SiMe -0.243 0.101 

snley, 0.277 0,146 

Cela > -0.203 0.183 

e 
Regression analysis of o on ED? : 

mene See */ 10718 esu 

oO. -0.61 - 

0.05 0.25 0.100 

0.10 0.92 0.586 (intercept = -0.195 ppm) 

neglect CeH)> 0.73 0.946 (intercept = -0.200 ppm) 
point 

  

; 2 2 SOLVENT of Fem ve ama 

CCl, 0.443 0.265 

aT on 
use B = 0.58(6) x 10° esu; Q found as 5.68 
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because this is the generally apcautesee? 121 upper limit of a 

for CgHy 5+ The relevant analyses are shown in table 6.10 where 

the best straight line (correlation coefficient = 0.92) is when 

o, = 0.1 ppm. The value of B is given as 0.58(6) x 10718 esue 

If cyclohexane is removed from the regression analysis the value 

of B is shown to be 0.54(6) x 10m een (correlation coefficient 

= 0.73), although there are only three points in the regression 

analysis. The value of B for hydrogen in an sp hybridized bond 

will be taken as 0,.58(6) x one esu. It is interesting to note 

that the ratio of hydrogen (bonded to carbon) B values in an 

sp~ bond to an sp’ bond is 0.68 and the ratio of fluorine (bonded 

to carbon) B values in an sp- pond to an ae bond is 0.51, indicat- 

hy and 19% chemical ing that the effect of hybridization on both 

shifts may stem from a similar cause. 

If the reaction field screening calculated from equation 4.22 

is taken from each gas-to-solution shift of benzene (table 6.10), 

the appropriate value of (2Ap - ae can be evaluated for each 

system using equation 5.21. Furthermore, the values of Bo and 

Pr are evaluated geometrically using figures 6.3 and 6.4 of the 

appropriate dimensions. The encounters of the hydrogen atoms in 

benzene is divided into two modes, as was the case with CeFe. 

Based on the encounter probability towards the plane of the ring 

being equal to the probability of encounters towards the side of 

the ring (on the basis that the relative surface areas are about 

equal) p was found to be 1 and approximately 1. It can be seen 

from table 6.11 that this is not in accord with the experimentally 

expected value of v It is possible that the time probability 

of solvent encounters towards the benzene ring cannot be defined 

precisely on the simple basis of relative surface areas. It may



6:4 

be speculated that because of the electron rich area on the 

plane of the benzene ring, the solvent may spend a greater time 

in this position that at the relatively electron deficient side 

of the ring. This could be due to a specific type of complexation 

occurring between the Tf-electrons of the benzene ring and the 

solvent on a transient though continuous basis. It is indicated 

in table 6.11 that a better agreement is found between the experi- 

mental and geometrical Po value if the encounter probability of 

the solvent to the atom containing the resonant nucleus is greater 

towards the plane of the ring than towards the side of the ring. 

The analysis in table 6.11 indicates that solvent encounters 

towards the plane of the ring should take place for between 2/3 

and 3/4 of all time. 

Returning to the C.F, molecule (section 6:3c) where equal 

solvent encounter probabilities towards the plane and the side of 

the ring gave a B value of about 16 x 10728 esu (table 6.9). If 

encounter time probabilities of a solvent molecule towards the 

plane of the Ck ring is taken to be 2/3 of all time, this renders 

a value of B for fluorine, Baye (C-F), at about 25 x 30728 esu 

(Poy = 1 and fre = 1,4(5)) and then the ratio of BL2 (C-E) to 

Bay? (C-E) as about 0.8, closer to the ratio found for hydrogen 

B values (0.68). 

Analysis of Some Other Spheroidal Molecules 

Some further gas-to-solution chemtcal shift data of selected 

spheroidal molecules in different solvents with the appropriate 

analyses and results are given in table 6.12, The values of p 

and bp have not been determined geometrically but it has been 

assumed that in each case the ratio of (2A, - fr” for a group 

IVB tetramethyl solvent to ccl,, as solvent is 1.2. This number 

arises from the ratio of the (2A, - fy) value for CH, with a 
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group IvB tetramethyl solvent to that with cel, as solvent. 

Although this may not be exactly the case in all instances it 

serves the purposes of giving some semi-quantitative value to 

the analyses. It is evident from table 6.12 that the get values 

compare very favourably with the ones derived previously in this 

thesis. The values of “ for CeHy and CgHy as solvents are also 

close to the ones derived previously, both in this thesis and 

elsewhere?°. 

An Examination of the Linear Reaction Field 

96 
Laszlo and Musher® examined quantitatively the linear 

1 
reaction field concept using nmr screening constants for “H's 

in two molecules (I & 11). Their conclusions were that the reaction 

field must assume different values at different points in the mole- 

cule, especially complex molecules. Moreover, the magnitude and 

direction of the linear reaction field at a given molecular posi- 

tion given by the equation for a spherical cavity?’ or spheroidal 

cavity! 3 does not adequately describe the experimental reaction 

field dependence on €; 

= - 

Pe ee ag 6.6 
3a (e+(x/,)) 

The linear electric field (or reaction field) effect on ty 

shielding is well accepted 135, 136 and for a given 4 in 4 

chemical bond, in the absence of electric patirationcd: is given 

by 

Ac = ~ABs 6.7 

where a is the electric field component along the bond directed 

towards the i. A is accepted to be reasonably constant bonded to 

carbon and quoted at about 2 x lore esu. 

The solute molecules considered were cis - 2, 6 - dibromo - 

4, 4-diphenylcyclohexanone(I) and 2-bromo-4, 4 diphenylcyclohexanione 
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Br 4 p 

we Br 

H{a] 

iL . cis-2,6-dibromo-4,4-diphenylcyclohexanone. 

  

I . 2-bromo-4,4-diphenylcyclohexanone. 
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6:6 

(II). Examination of a molecular model of each of these molecules 

indicates that the nuclei A and Z in molecule I and II respectively 

are in similar steric positions the bromine atom not being in a 

position to affect nucleus A in molecule I to any significant degree. 

Without any justification of any particular steric effect on 

nuclear screening, the difference in screening between nucleus A 

and nucleus Z should leave the linear reaction field only. Examina- 

tion of table 6.13 shows that with the limited data available it 

would appear that whilst the reaction field difference A R(A-Z) 

(calculated using equation 6.6 and data in reference 96) varies in 

a systematic fashion, the difference in screening Ac (A-Z) is 

effectively constant. The only conclusion that can be drawn from 

this is that the linear reaction field effect on nuclear screening 

is unimportant and close to zero. This could go some way towards 

explaining the quandary left by laszlo and Husher”” as was indicated 

above. It is not suprising to find that linear electric reaction 

field effects are very small since they are analagous to the 

paramagnetic nuclear screening (section 1:9b) which is an effect 

that depends on the mixing of ground and exited states of the atom 

in the presence of Bo. This effect is small for ty chemical shifts 

but very much more significant for 1p chemical shifts. 

It appears that without any specific reference to the mole- 

cular encounter theory, or "buffetting" theory, a conclusion has 

been reached regarding the status of the linear reaction field. 

Furthermore it appears that it may be valid to examine the theory 

in this thesis using polar solute molecules, provided the solvent 

is suitably non-polar. 

Solvent Effects on Diastereoisotopic Chemical Shifts in Sulphinyl 

Chloride Compounds 

Magnetic non-equivalence of the alpha gem—iimethyl groups of 

wi



TABLE 6.13 NUCLEAR SCREENING DIFFEREN GSS AND LINEAR REACTION 
FIELD DIFFERENCES FOR THE H NUCLEI A AND Z IN 
MOLECULES I AND II RESPHCTIVELY? 
  

=A 9(A-Z)/ppn -AR(A-Z)/10" esu souyarr 

0.150 0.47 15.70 

0.169 0.45 12.67 

0.153 0.43 9.67 

0.153 0.40 6.78 
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isopropyl-} -ketosulphinyl chlorides (ROG (CH), Soc ) has been 

observed and has been shown to be solvent dependentic’. This is 

probably due to the different steric environments of the hydrogen 

atoms in the methyl groups relative to the rest of the molecule. 

However the original choice of solvent was not as judicious as it 

might have been in the light of the evidence presented so far in 

this thesis. Consequently a series of these isopropyl-f ~ketosul- 

phinyl chlorides have been studied at low concentration (< 5 mol %) 

in the solvents tetramethyl silane and carbon tetrachloride using 

a Perkin-Elmer R12B NMR spectrometer operating at 60 MHz. The 

intramolecular difference in the methyl group ty nuclear screening 

were thus observed in a 'protic' and ‘chloric’ solvent. The results 

are presented in table 6.14. 

It was observed that the methyl groups generally showed a 

different diasterotopic shift in the two solvents. The screening 

difference between the methyl groups (A and B) in the two solvents 

may be given by: 

H |.¢l 
A-B — “BK \@ 2 2 

Ag = (2B-5)% - (2=R-£) 
CCl, -TMS moe f Poe, P TMS 6.8 

HH 

  

The square reaction field effects of course cancel by differ- 

ence. Specific effects of self-association are expected to be 

eliminated by using a low concentration of solute and it is 

expected that linear reaction effects can be neglected (section 

6:2c). Thus, the difference be coins may be considered to 

depend on the solvent size, the nature of the peripheral atoms 

on the solvent and the nature of the R-group in the solute together 

with its steric hindrance of the methyl groups of interest (A & B). 

The most spectacular change is where the R-groups are phenyl 

B 
and f-naphthyl, going from a screening difference, (Rae 

143



TABLE 6.14 NUCLEAR SCREENING DIFFERENCES (in Hz at 60 MHz) 

OF ALPHA GEM-DIMETHYL GROUPS IN SULPHINYL CHLORIDES 
  

cH, 
RCOG=SOC1 

~ cH{B) 

ib Soiver 
R-group TNS Gel, 

Methyl 5.4(2) 5.4(2) 

n-butyl 5.1(7) 4.3(3) 

1,methylethy1 6.2(5) 6.6(7) 

1,methylpropyl 6.6(6) 6.7(0) 

cyclohexyl 6.6(7) 5.2(7) 

phenyl 2.8(3) 0 

R-naphthyl 2.3(4) 0 

« -naphthyl 0 0 

Note: Aot7® is measured with respect to calibrated chart 
SOLVENT 

paper over 5 ppm and are stated as the average of at 

least five measurements with standard deviations of 

less than 0,05 He 

yak



of O when the solvent is carbon tetrachloride to 2.3 and 2.8 Hz 

when the solvent is tetramethylsilane. Although no quantitative 

value can be given, it is evident that the Phenyl group and 

fp-naphthyl group display a similar steric role in the compounds 

being studied. It is interesting to note that when the R-group 

is changed to an &-naphthyl group the value of Be oar is 0 

for both carbontetrachloride and tetramethylsilane. This may have 

been predicted to some extent, especially when the solvent was carbon- 

tetrachloride, from the results on the phenyl group and A-naphthyl 

group. However, it is evident that the m-naphthyl and fy-naphthyl 

groups display different steric effects in the compounds being 

studied. 

Furthermore, it may be expected that n-butyl will have a greater 

steric effect on Act ee than the methyl group. This is reflected 

in the results given in table 6.14, Also it is evident that the 1 

methylethyl and 1 methylpropyl groups, although of differing steric 

effects with respect to solvent encounters in an absolute sense, 

are susceptible to similar changes in AA 
SOLVENT 

is changed from tetramethylsilane to carbon tetrachloride. This 

when the solvent 

should not be too surprising in view of the similar molecular 

shape of 1 methylethyl and methylpropyl groups. Although no 

quantitative value can be given to the above results it is evident 

that there is a definite solvent dependent steric effect on the 

diastereotopic chemical shifts in the sulphinyl chloride compounds 

studied. As an aside, it was interesting to note that the coupling 

constant of the methyl and methine hydrogens in the isopropyl 

group of the molecule Me, CHCOCMe,,SOC1 is observed to change from 

6.2(5) to 5.6(7) Hz upon changing the solvent from tetramethylsilane 

to carbon tetrachloride. 

The solute MeCOCMe.,SOC1 was studied in more detail because 

1s
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? : A-B $ * 
the screening difference Ac” sotvent 2 the same in both tetra- 

methylsilane and carbon tetrachloride. It would have been 

desirable to have a gas phase spectrum of this solute and 

observe the intrinsic screening difference betweeen the methyl 

groups A and B. However this was impractical on account of its 

low vapour aan” (b.pt. 80° (@ 2 tor. The extensive sol- 

vent measurements, made in finer detail, are shown in table 6.15. 

z 4 $ A-B 
It is observed that there is a change indo SOLVENT generally, 

although some of this may be due to specific or anisotropic effect, 

especially in the case of hexafluorocylohexane and benzene. The 

. 5 =) 
fact that benzene gives a different: Boceavars 

silane, both being 'protic' solvents, indicates that the two 

to tetramethyl- 

methyls A and B are in different magnetic and possibly steric 

A-B 
SOLVENT 

silane and carbon tetrachloride is possibly a volume effect on the 

positions. The equality of the Ao values for tetramethyl- 

poand f values that more or less outweighs the difference in 

“buffetting" strength of the chlorine atom relative to the hydrogen 

atom. It appears however that there is a solvent effect on dia- 

stereotopic chemical shifts, possibly of the type described in 

chapter 5. 

Conclusions 

It would appear that gas-to-solution nmr chemical shifts of 

van der Waals origin can be analysed precisely when they are 

treated as arising from two effects; the first being due to the 

reaction field effects of the solvent continuum (chapter 4) and 

the second due to short range non-continuum molecular "buffetting" 

(chapter 5). The former effect is formulated using an extended 

Onsager type approach and the latter by a novel semi-classical 
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TABLE 6.15 NUCLEAR SCREENING DIFFERENCES (IN Hz aT 60 MHz) 

OF THE ALPHA GXN-DIMETHYL GROUPS IN THE SULPHINYL 
2 Me 

CHLORIDE, Me-C-f=socl 

  

SOLVENT Re (measured over 100 Hz range) 

T.M.S. 5.2(0) 

CCl, 5.2(4) 

CBr, (saturated 5.0(4) 

solution in ccl, ) 

C.F ig 5.8(3) 

Cele 5.0(4)



dipolar electric field approach. Whilst the emphasis has been 

on the analysis of nmr chemical shifts through equations 4.22 

and 5.21, it is evident (chapter 4) that the overall approach 

may be applied to some non-nmr problems. Such problems will 

be dealt with in chapter 7. 

Probably the most promising aspect of the work is the recog- 

nition of the "buffetting" interaction and the characterization 

of the corresponding nuclear screening, oy (equation 5.21). 

Whilst this depends on both the solute and solvent molecules, it 

also depends, through Po and Pp on the steric accessibility of 

the solvent molecule to the solute molecule containing the resonant 

nucleus. It would appear that repulsion forces can be neglected 

because of the favourable comparison between the experimental and 

‘hard* atom calculated values of Ba and fo 

With a knowledge of the appropriate, and apparently universal, 

fundamental constants it follows that equation 5.21 may emerge as 

a means of determining local features of molecular structure and 

thus facilitate the elucidation of molecular structures. 
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CHAPTER Z 

SOME NON-N.M.R. ASPECTS OF MOLECULAR ENCOUNTER THEORY 

Van der Waals a-Values 

In section 4:7 the van der Waals a-value was predicted for 

pure liquids using a relationship of the form 

RF 3 2 a =2 Lack vy, ToL 

8 

By comparing the predicted and accepted values of a it is contended 

that there should be a contribution to the van der Waals a-value 

from what may be the "buffetting" effect. It is expected that 

the "buffetting” square field will give rise to a similar form 

of energy dependence as that due to reaction fields, but with some 

steric control. 

Inherent in the theory of molecular "buffetting" is that only 

pairwise atom-atom encounters are considered. The parameters p 

and % describe the total effective accessibility of the solvent 

to the solute atom as a result of many pairwise interactions, consid- 

ered to operate successively; successive pairwise encounters need 

not involve the same solute atom or even the same solvent molecule. 

If this model is correct, the contribution of the "buffetting" 

effect to intermolecular forces can be considered to arise from 

the square field implicit in equation 5.19, which in turn can be 

considered to be operative for any one of the solute peripheral 

atoms: 

B= Ke (2p-§) 72 
= 

By analogy with the reaction field energy considerations, 

the van der Waals constant aoe due to molecular "buffetting" 

may be written: 

BY mel) Wie 
ee 5 ree 703 
2 
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However, the following assumptions must be made, with the reasons 

given: 

(1) %\, is the polarizability of the bond containing 

the resonsant atom since it is this part of the 

molecule that is distorted most in transmitting 

the force through the molecule, i.e. the "buffetting" 

contribution originates locally at the periphery 

of the solute molecule. 

(2) V,, is the molar volume of the entire molecule 

because the entire molecule experiences the force. 

(3) = is the same at the surface of the liquid as in 

the bulk of the liquid since the force required is 

the total force from one encounter which may be 

considered to be maintained through successive 

collisions. There is one exception to this however - 

the case of the Hy molecule. In this case, whatever 

the orientation of the Hy molecule in the surface, 

it is uncertain how the "buffetting" may be determined. 

For convenience i will be taken to be zero at the 

surface of the liquid for Hy. 

In keeping with the reference:!© stating van der Waals a-values in 

units of fe atm mol”~ the values of abl 4411 be calculated and 

stated in these units also. Rewriting equation 7.3 therefore, 

leads to: 

aPl (1? atm mol”) = 2.972 x 10" x, Be Va 74 

with %, in om? monday ie in cgs esu, var in eae molt. A 

CRIT a af 
complete table is presented (table 7.1) with a 

BI ana aCAlC (= aBF 4 BT) 
a ant set out. whilst fundamental data
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are given elsewhere in this thesis (table 4.6) bond polarizi- 

bilities’? are taken to be; 

thy (GH) = 0.65 x 1072+ on? 

up (CCL) = 2.63 x 407?" cw? 

wg (Si-F) = 0.83 x 31072 on? 

and (2Bp - fr is either calculated geometrically as explained 

in section 5:3 or derived from nmr experimental data presented in 

previous sections of this thesis. It can be seen from fig. 7.1 

that, despite the approximate nature of the calculations, the 

agreement between the classically based and presently calculated 

total values for a is quite satisfactory and appears to be signi- 

ficant; the correlation reveals the expected slope of unity with 

a zero intercept. 

The foregoing justification of the theoretical interpretations 

proposed in this thesis from a non-nmr point of view provides the 

stimulus for following a more extensive use and assessment of the 

theory. To this end, the work on heats of vaporization initiated 

in chapter 4 will be extended. 

Heats of Vavorization 

In section 4:7c the heat of vaporization was determined for 

various liquids using a reaction field relationshio of the form 

AWA? 2 ahd ay /2 + ut 75 

It is contended that there is a "buffetting" contribution to the 

heat of vaporization when treated on an electric field basis, in 

much the same way as with the van der Waals a-value. Equation 

7.5 may be completed by including the "buffetting" field contri- 

bution to the energy. It is proposed that An? can be fully 

described through the following equation: 
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AHA? -aldwe > /2+ 4,2 H+ ier 7.6 

It can be seen from table 7.2 and fig. 7.2, along with the 

statistical analyses, that the relationship between the liter- 

Brae and calculated heats of vaporization is significant with 

a good correlation. By no means is the relationship perfect but 

it must be remembered that no account has been taken of the effect 

of temperature on the electric fields concerned whereas the Ane 

literature values are quoted over a temperature range. The most 

dissatisfying aspect of this work is the significant size of the 

intercept, but this may be due to the assumptions made in section 

4:7c concerning the equivalence of the interaction potential and 

the negative energy of vaporization. It has been argued’? that 

the interaction potential is a free energy function whereas the 

energy of vaporization is an energy function in the thermodynamic 

sense. Nevertheless, the versatility of "buffetting" and reaction 

field theory away from nmr chemical shifts has once again been 

demonstrated. 

An Investigation of Some Vibrational and Electronic Spectral 

Line Intensities 

It may be expected that a solvent will perturb the energy 

levels of a solute molecule in solution relative to when it is 

in the gas phase at low pressure. Evidently, this can affect the 

vibrational and electronic spectrum of the solute molecule in the 

same way that the nmr spectrum is changed in going from the gas 

phase to the liquid phase. The solvent effect in vibrational and 

electronic spectroscopy may manifest itself as frequency shifts, 

line width changes and line intensity changes. Because of the 

abundance of data, the relatively simpler theoretical background 

and the size of the effect??? it is proposed to investigate, 

from a semi-quantitative point of view, line intensity changes 

ey 
on
 
I



TABLE 7.2 HEATS OF VAPORIZATION - II 

SPECIES ae = Aligg RT at BG (aye ie 
(kJ mol ~) (kd mol™) — (kg moi?) (kd nol) 

Ne 2.047 0.11 - 0.36 

Ar 7-273 2.85 - 3.70 

Kr 10.283 3.30 - 44? 

Xe 15.843 8.79 - 9.91 

cH, 8.898 9.95 1.26 12.27 

Qe, 23.611 6.84 3.22 12.53 

SiMe), 26.916 7.53 3.78 13.97 

SnMe), 33.013 13.57 4.12 20.07 

PoMey, 36.967 24.35 4.19 31.15 

Cela 32.733 14.48 3.50 21.13 

Cglg 34.052 20.75 6.56 30.63 

cel, 31.888 22.17 2.14 27.52 

CoH, 19. 503 6.36 0.87 9.47 

CoH, 14.436 19.37 1.95 22.93 

CoH 15.631 19.24 0.35 21.30 

1, 3, 5- 
(Cig eel 43.960 20.28 2.65 26.13 

Sif, p2rng 2.02 1.83 5.43 

Hy 1.048 0.16 - 0.33 

ene py as in table 7.1 

- - Ane (Ave) from equation 7.6 with LkT taken as the average 

over the temperature range quoted with Aue in ref. 116. 

156



OH 

linear regression: 

r = 0.813 
vap ei a ° 
expt/kJ mol % Pa si 

ce = 5.95 kd mol 
uo t 

significance: 

P<1% 

oO 
° 

© ° 

30 F 

oO 

sia 
° ee 

© ie 
20 F © 

oO 
oe 

10 F 
° 

°   
: ! 

10 20 30 40 
vap 

SHeieia calcd./hd moi? 

Fig. 7.2. Relationship between experimental and field calculated heats 

of vaporization. 
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if 3a 

in the spectrum of a molecule in going from the gas phase to the 

liquid phase. 

Basic Theory 
In the case of vibrational and electronic spectroscopy the 

spectrum is produced as a consequence of electric dipole moment 

changes caused by the external electric field of the electro- 

magnetic irradiation. It is therefore necessary to imagine that 

there is an external electric field operative when considering the 

reaction field. No such field was necessary from the nmr viewpoint. 

Following the work of cemet” the cavity electric field 

may be written as 

F-G+R 77 

where the internal field z is given by 

eS z 7.8 
(26,+ 1) 
  

and the reaction field R is given by 

R= gt ne ® 7.9 

Because the time taken for an electric dipole transition is short 

compared with the time taken for fl to cause molecular reorienta- 

68, 140, 141 
tions, RF may be rewritten from equation 7.9 as 

_ 2@-1)  @a* -2) 
Gea) ce nes F 7.10     

where the explicit expressions for g and %/a? are used in terms 

of dielectric sonstants and refractive indices. From equations 

7.8 and 7.10 F may be written 

pm & +2) Z 7.11 

(26, + 05) 

and thence 
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F°/a = nt (ne + 2)? / (2nd + no)? 7.12 

where € 2 is replaced by ng. Extending the idea of reaction field 

‘overspills' from neighbouring solvent molecules into the solute 

cavity (chapter 4) it is proposed that the overall ratio of the square 

fields, F/s°, may be given by 

Pe = nf (ne + 2)°/(2ng + nh) + £((nb + 2)/3) 7.13 
for a dilute solution, or for a pure liquid 

r/r ws Hn? + 2)/3)* 7.4 

This is in keeping with previous angen ee aa for Fe /ae 

for a pure liquid whose values are about three times less that 

of equation 7.14. The change in spectral intensity for a mole- 

cule in the liquid phase relative to the gas phase is piven? by 

the ratio r/s, where Ey is the applied electric field in vacuo. 

Beg Ay is the line intensity in the liquid phase and AQ the line 

intensity in the gas phase at low pressure then the ratio of these is 

given by 

eae ne 
Ay/Ay =F. /85 7jA5 

hee Ee = nj, for a dilute solution 

2 2 2 Ne 2 2 
Ay/4y = n3 (ny + 2)°/(2n5 + ny) + (05 + 2)/3) 7.16 

and for a pure liquid 

Ay/ag & Ha? + 2)/30' 7.17 
Before examining the validity of equations 7.16 and 7.17, 

some gas phase data for methane in foreign gases at different 

areeeicest will be considered. It can be seen from figure 7.3 

that there is an excellent linear relationship between the ratio 

4 /Ay (ratio of the line intensity in the mixture (M) to the pure 

gas (p) and the gas density (P)» or, more precisely, /®/M. It 

appears that a reaction field equation, such as equation Vel, 

can not be used in this case, even when the density is relatively 

high. The linearity suggests that the interactions of importance



TABLE 7.3 SOME GAS PHASE VALUES OF (4p/4P >) FOR METHANE 

AT VARICUS PRESSURES IN He, Ar AND No 

  

a) V3 - BAND OF CH, IN He 

Pi am/Ap 

1 1.000 

100 1.015 

200 1.029 

300 1.044 

400 1.059 

b) 3 - BAND OF CH, IN Ar 

p/m Am/Ap 

a 1.000 

100 1.040 

200 1.081 

300 1.120 

400 1.160 

c) D5 - BAND OF CH, INN, 

Pp 1M Am/Ap 

2 1.000 

100 1.054 

200 1.107 

300 1.162 

400 1.216 
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are due to simple encounters, not attributable therefore to 

reaction fields. Furthermore, it may be postulated that the 

A/Ay measurements can be characterized in terms of a molecular 

interaction that has some analogy with the buffetting concept 

(chapter 5). The fact that the gradients of the lines (fig. 

7.3) are different indicates that the interaction depends on the 

perturbing solvent and the ratio of the gradients may be in the 

ratio of the Hartree-Fock scaling factors, ee (section 5.5) for 

He, Ar and No. The ratio of the gradients is found to be HezAr:N, 

1:2.7:3.7. Nevertheless it would be difficult to interpret 

this ratio quantitatively. 

The gas-to-solution intensity changes for Pehexenen © 

(3p-band ) were reported to be well accounted for using the tradi- 

tional formula for a pure liquid. However this may be fortuitous 

because if the traditional or extended formula (equation 7.16) 

for a dilute solution is used the calculated values of (Ay/Ae) 

are not in so good agreement with experiment (Table 7.4a). There 

is evidently something missing from the field equation leading to 

A,/Ag (equation 7.15). If it can be imagined that an extra square 

field term is added to F* (equation 7.13) of the order 6E°, a good 

agreement is found between calculated and experimental (Al/Ag)'s 

(Table 7.5). From previous nmr experience it is evident that 

the distance modulated Hartree-Fock factor (section 545) for 

fluorine is not too different to that of chlorine and will probably 

be not too different to that of sulphur. So, to a first approxima- 

tion, it is assumed that the "buffetting" effect of the solvents 

cso. ccl, and CnFm is the same. 

From the gas-to-pure liquid intensity change of pyelonexanes 
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TABLE 7.5 A CONTINUATION OF THE RESULTS FROM TABLE 7.4 

a. VIBRATIONAL 3 p-BAND oF N-HExana! 

SOLVENT (F* + 6n°)/x6 (reb) (Al/ag) BXPTAL 
(eqn. 7.13 extd.) 

as, 1 1 

col, 0.89 0.91 

cnFm 0.84 0.82 

b. VIBRATIONAL 9.85 poBAND OF CYCLOHEXANONE AT VARIOUS TeMPERATURES! 1? 

T/oc (F° + an” )/a6 (rel. a/* (Al/Ag) FXPTAL. 

(eqn. 7.14 extd.) 

35 1 1.45 i 

60 0.96 1.20 0.96 

90 0.87 0.65 0.87 

120 0.77 0 0.77 

c. VIBRATIONAL 852 /1394 cm™/ - BANDS OF BENZa@g AT VARTOUS 

TeM>ERATURES! 2 

2 ope t 7 90 
T/ot (F 5 gE W539 sae (4, / Ay EXPTALy 

q/B° = 0.1 g/B° = 0.2 852 cm 1394 em 

(eqn. 7.14 extd.) 

26 1 zl 1 Hy 

77 0.95 0.4% 0.96 0.4% 

141 0.91 0.90 0.99 0.91



at different temperature the calculated (a,/ 6) values are not 

in agreement with the experimental (4/48) values (table 7.4»). 

Again it appears that there is something missing, although at 

first sight it may appear that there is something extra accounted 

for in the reaction field treatment. Since the measurements were 

taken at different temperatures, it may be imagined that the 

cavity size may increase with increase in temperature. Because 

“buffetting" originates with the polarization of solute peripheral 

atoms by R, (chapter 4), then the larger the cavity it may be 

expected that the "buffetting" probability will be smaller. It 

is therefore necessary to add a different amount to the reaction- 

field-type F (equation 7.14) for a pure liquid at different 

temperatures; less added at the higher temperatures. The results 

are illustrated in table 7.5b where it can be seen that by adding 

various amounts of a to Fe to account for "buffetting", excellent 

agreement can be demonstrated between experimental and calculated 

(A, /Ag) It is interesting to note that nothing is added at 

120° implying an extremely large cavity or zero "buffetting". 

Because the boiling point of cyclohexamone is 155°C it is 

possible that this has a significant effect on the situation. 

Similar arguments apply to the gas-to-pure liquid measurements 

143 
on benzene where (t/a?) -values are reported (table 7.5c). 

Following this idea an extra amount of field is added to the 

benzene value at 26°C only (boiling point of benzene ~ 80°C). 

It is possible in the case of vibrational spectroscopy that the 

"buffetting" effect may be different for different vibrational 

modes. 

With the extension to electronic spectroscopy.” a it 

can be seen (table 7.4d) that the reaction-field type analyses 

(equation 7.13) by no means explains the experimental intensity



changes (more correctly oscillator strength changes). It may be 

expected that in electronic spectroscopy no simple reaction field 

type theory can account for this adequately. Certainly changes 

in molecular shape in electronic and vibrational spectroscopy 

would necessitate a different approach to the theoretical treatment 

of the molecular encounter or "buffetting" theory. 

Perhaps the most interesting observation is with cis- and 

trans-piperylene where the reaction type field will probably be 

the same but the "buffetting" will be different. This is reflected 

in the experimental results shown in table 7.4d. 

Whilst little has been deduced about the nature of the 

reaction and cavity field as presented in this section, or whether 

the traditional or extended approach is valid, it has been demon- 

strated that there is another effect operative, that is possibly 

of a steric nature. The results are by no means extensive or 

entirely conclusive, but the internal consistency of each set a 

data is a good indication that there may be an additional effect 

operative just as there appears to be in the nmr screening 

equation for oe 

Conclusions 

Based on a theory using an extended reaction field continuum 

approach along with an essentially pairwise non-continuum 

“puffetting" interaction, that was designed to account for the 

van der Waals nuclear screening constant, several non-nmr para- 

meters have been accounted for with a reasonable degree of pre- 

cision. This was vossible by an adaptation of the electric fields 

derived for use in the nuclear screening equation. 

It has been possible to describe quantitatively the van der 

Waals a-values, as used in the van der Waals equation of state, 

and heats of vaporization of non-polar liquids. Although exact 

agreement between the values derived in this work and values 
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derived elsewhere was not apparent in every case there was a 

significant correlation between the values. Furthermore, it 

has been possible to analyse some non-nmr spectral line intensity 

changes in going from gas to liquid, albeit on a somewhat empirical 

basis. The general success of the entire approach regarding nmr 

and non-nmr problems that reflect van der Waals dispersion forces 

indicates that further and more complex problems may be open to 

explanation. A long standing problem that has eluded satisfactory 

interpretation is the mechanism of interaction of the lanthanide 

shift reagent with certain molecules and the way that it affects 

the chemical shift. It is possible that the application of the 

theory in this thesis may provide the answer. Also a method of 

quantifying steric effects with respect to reaction mechanisms 

and molecular conformations may be afforded by an extension or 

adaptation of the theory regarding molecular encounters. This 

would have fundamental implications in the field of polymer 

chemistry and biochemistry where an understanding of the intima- 

cies of molecular interactions is of great importance, Thus there 

is scope for further work from a furimental and applications point 

of view regarding the work in this thesis. 
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