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PREFA.CE 

This thesis, the first thesis in theoretical 

chemistry submitted for the degree of Master of Science 

at Victoria University of Wellington, has been designed 

to illustrate two alternative approaches to theoretical 

studies. The first five chapters illustrate the modern 

use of operator methods; the last two are concerned 

mainly with molecular orbital calculations for large 

organic molecules, using a giant high speed electronic 

computer. 

I am deeply indebted to Mr Keith Morris, of the 

Applied Mathematics Division, Department of Scientific 

and Industrial Research, for his generous and highly 

competent help in writing computing programs, and operating 

computers, at all odd hours of the day and night, for 

the calculations in this thesis. I would also like to 

thank Dr R.M. Golding, for useful discussions, and the 

Director, Applied Mathematics Division, Department of 

Scientific and Industrial Research, for making computing 

facilities available. 
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Chapter 1 INTRODUCTION 

1.1 The Problem 

The aim of this thesis is to consider two theoretical 

mechanisms which give ris.e to hyperfine effects in the 

electron spin resonance (ESR) and nuclear magnetic resonance 

(NMR) spectra of organic fragments. Hyperfine effects arise 

from the interaction of the nuclear magnetic moment with 

the electronic magnetic moment. The two mechanisms to be 

considered are spin polarisation and hyperconjugation. 

Spin polarisation is an exchange interaction between paired 

~ electrons and unpaired ~ electrons. Hyperconjugation 

is a delocalisation of ~ electrons from a conjugated region 

to a region usually considered as non-conjugated. 

The relative importance of these two mechanisms in 

different organic systems is discussed, by comparing the 

value calculated for the hyperfine coupling constant of 

protons in aromatic fragments, on the basis of these two 

possible mechanisms, with the experimental values for these 

coupling constants from ESR and NMR studies of paramagnetic 

molecules. 

1.2 Fundamental Theory of Hyperfine Interactions 

NMR, ESR and Mossbauer spectroscopy reveal the presence 

of large internal magnetic fields in molecules, due to 

unpaired electrons. These magnetic fields lead to a coupling 

between the angular momenta of the electrons and that 

associated with the nucleus. This coupling is referred to 

as hyperfine interaction. Hyperfine interactions may be 

represented by the general n electron spin Hamiltonian [lJ, 

\'It. i 
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which is derived from Dirac's fundamental equation for the 

electron. This Hamiltonian may be written [lJ in the form 

fC = g~gN~N(r -3> L {Ii I + 

i 

2 [1.(1.+1)s. - .1(1 .5.)s. 
~(-2-1-.--~1~)~(-2~1-.-+~3~) 1 1 1 2 1 1 1 

1 1 

- 21. (1. s . )J I} 
2 1 1 1 

where g is the gyromagnetic ratio for the electron 

gN is the gyromagnetic ratio for the nucleus N 

~ is the Bohr magneton 

~N is the nuclear magneton 

cdr i-rN) is the Dirac delta function of the distance 

of the i'th electron from nucleus N. 

The first term arises from the direct dipolar forces 

between the magnetic moments of the electron and the nucleus. 

When the molecule is in dilute liquid solution, this dipolar 

interaction averages to zero, provided the g-tensor for the 

molecules is isotropic. In this case, only the s 'econd term 

need be considered, and the hyperfine Hamiltonian becomes 

simply 

which is usually written as 

where 

This term is referred to as the Fermi contact Hamiltonian. 

When the magnetic field strength is high, as in ESR and NMR 

measurements, the hyperfine splitting is small compared with 
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the splittings of the Zeeman levels, and the "strong-field" 

approximation is valid, giving 

Ii = 8 it g ~gN ~N L 6 ( r . - r H ) s. I • 3 i 1 1Z Z 

Throughout this thesis it is assumed that only the 

Fermi contact term need be considered in discussing the 

observed hyperfine properties of organic radicals in solution. 

If the g-tensor is anisotropic, the dipolar term will not 

averag e to zero, giving rise to the pseudo-contact term [2J. 

If a fragment is represented by a wave function I ~ >, the 

hyperfine coupling constant a
H 

of a proton in the fragment 

is determined by the average value of the Fermi contact 

hyperfine Hamiltonian given above: 

<~ I aHh S I 
Z Z 

I'!') = <'I' I 81tg~gN~NL6(r.-rH)s. I 3 i 1 1Z Z 

ie = MI<'I'I 87(g~gN~NL6(r.-rH)s. I'!') 
3 i 1 1Z 

and so 

I 87rg~gN~N ('I'lL 6(r .-rH)s. I'll) 
(5"") 3h i 1 1Z 

Z 

where r H is the coordinate of the particular proton studied. 

All observable hyperfine properties are then determined 

by this hyperfine coupling constant. For example, in NMR 

studies, the change in the effective magnetic field, 6H, 

at the nucleus due to the unpaired electrons in a paramag

netic molecule is [3J 

6H = (S ') , 
Z 

The hyperfine splitting in the ES R spectrum of an aromatic 

radical is determined by aN' 



-4-

The properties of the Dirac delta function [4J are 

such that ('If 1\ o(r.-rH}s . I'!J) is non-zero only if there L 1 lZ 

is a non-zero spin density at the coordinates of the proton. 

Thus if a given wave function has no unpaired electron 

density at the coordinates of the nucleus studied, the 

hyperfine coupling constant for that nucleus would be zero. 

1.3 Systems to be Considered 

The organic fragments considered are C'-C H, where C' 
n 

is part of an aromatic system, CHis non-aromatic, and C' 
n 

has net (electron) spin density in its orbitals. 

The highest energy occupied orbitals and the lowest 

energy unoccupied orbitals in aromatic molecules are of IT 

type. Consequently the unpaired electron in an aromatic 

radical is exp ected to be in a X orbital. Until recently 

the occupied ~ orbitals have been assumed to be of lower 

energy than the occup ied ~ orbitals, and the unoccupied 

(antibonding) ~ orbitals of high er energy than the unoccupied 

~ orbitals. Recently one electron molecular orbital (MO) 

studies of aromatic compounds [5J have shown that some of 

the occupied ~ orbitals are of about the same energy as the 

occupied ~ orbitals, but in all cases studied so far, the 

highest occupied orbital and the lowest unoccupie d orbital, 

in the neutral molecule, have always been of~ type. Thus 

it is assumed tha t in discussing hyperfine effects in 

fragments C'-C H of aromatic radicals, the electron spin 
n 

densi ty is of it type. 

If the terminal proton in the fragment C'-C H is in n 
the plane of the aromatic section, which is the nodal plane 

for the ~ orbitals, there should not be any net spin density 

at the proton, according to simple bonding theories. 
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Furthermore, for n )1, and when the terminal proton is 

not in the nodal plane of the ~ orbitals, the exponential 

factor in the analytic expression for theX orbitals at C' 

causes only a vanishingly small spin density at that proton. 

Consequently in either case the proton hyperfine coupling 

constant a H should be zero. 

Experimentally this is not the case. The simplest 

cases, C'-H, are found experimentally to have hyperfine 

coupling constants of up to 20 Mc/s, and some C'-CH2 protons 

have a H values of up to 40 Mc/s. For a spin density at C' 

of about 0.1, the value of a H expected at a C'-CH2 proton 

due to just the value of the C' x wave function at the protons 

is about 1 Mc/s. Clearly simple bonding theories are not 

adequate for interpreting these results. 

1.4 Spin Polarisation 

This is a mechanism by which the spatial distribution 

of the spins of the electrons in the ~ orbitals of the 

C'-C H fragment is altered without a net transfer of electrons 
n 

into these orbitals. This rearrangement, which gives rise 

to spin density at the proton, arises from the exchange 

interactions between the unpaired 7C electron at C' and the 

paired electrons in the a bonds. 

Consider the simplest case, C'-H. There are two 

electrons in the C'-H ~ bond, with spin states I+~) and I-~) 

respectively. Suppose that the unpaired ~ electron has spin 

state I+~). The exchange interaction of the I+~> state 

unpaired ~ electron with the I+~) ~ bond electron is different 

from that with the ,-~)~ bond electron. Consequently, there 

is a small difference in the spatial arrangement of the two 
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~ bond electrons, leading to a small predominance of one 

spin state over the other, at the coordinates of the proton. 

A simple pictorial valence bond (VB) description can 

be given here as an illustration. There are two possible 

arrangements of the electrons in the three orbitals ~,sp2 
and s: 

I ~~s 
c' H 

[where t stands for m = +~ , ~ 
s 

II 

for m = -~ J. s 

There is 2 
a tendency for the sp electron to orient its spin 

parallel to that of the ~ electron, so that II is the 

slightly preferred configuration. This results in small 
2 net spin dens ities in the carbon sp and hydro gen Is orbitals, 

t he latter giving rise to the hyperfine structure character

istic of ~ electron radicals. 

Calculations are presented in chapters 2 to 5 for the 

cases C'-H, C'-C-H, C'-C-C-H and C'-C H, respectively. 
n 

1.5 Hyperconjugation 

This is the second mechanism used to account for the 

net spin densities at the C'-C H protons. In this case the 
n 

net spin density at the terminal protons in a non-linear 

fragment C'-C H arises from the probability of finding t h e 
n 

unpaired elect r on in the Is orbital about the proton. 

This delocalisation of the n electrons, referred to as 

hyperconjugation, arises from the symmetry of the terminal 

protons in fragments C'-C
n

H
2

• Instead of considering the 

Is orbitals about the terminal protons separately, the 
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¢ = N(lsu+lsl) 

¢ = N(lsu-lsl) 
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are considered, where Isu' lSI are the Is atomic orbitals 

(AO's) associated with the hydrogen atoms located above 

and below the aromatic plane, respectively, and N, N are 

normalising constants. The orbital ¢ has X type symmetry 

with respect to the molecular plane of the aromatic system, 

and can therefore combine with the X MO's of this aromatic 

portion, to give a delocalisation of the aromatic x MO's 

out to the terminal protons. 

This mechanism is discussed quantitatively by performing 

~ MO calculations for the whole molecule, including the 

pseudo ~ AO's ¢ in the basis set. Calculations are presented 

in chapters 7 and 8 for molecules containing the fragments 

C'-CH
2 

and C'-C-CH
2

, respectively. 

1.6 Literature Survey 

Hyperfine structure in the ESR spectra of aromatic 

radicals was first encountered experimentally in 1953 [6J. 

As shown in section 1.3, this hyperfine structure was quite 

unexpected on the basis of the then accepted properties of 

aromatic radicals, assuming the unpaired electron was in 

a ~ type MO, which would have a nodal plane at the protons. 

At first it was thought that a possible explanation 

was that bending vibrations of the C'-H a bonds out of the 

molecular plane might allow a non-zero Fermi interaction of 

the unpaired X electron with the protons, but experiments 

with deutrated compounds showed [7J that the splitting 

resulting from this mechanism would be orders of magnitude 
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less than the observed splittings. 

In 1956 McConnell [8J gave an acceptable theoretical 

interp retation of the phenomenon, showing that ~-~ exchange 

interaction (ie spin polarisation) could lead to a splitting 

of the observed order of ma gnitude. McConnell's treatment 

was based on a VB study of a C'-H fragment. In the same 

year, Weissman [9J gave an outline of an MO treatment for 

this same fragment. McConnell later [lOJ summarised and 

extende d both of these treatments. None of these earlier 

papers applie d their theoretical fin ding s to the experimental 

re s ults in any great detail. 

A later and much more extens ive treatment of a C'-H 

fragment was given by Colpa and Bolton [llJ u s ing second 

order perturbation theory rather than the simple first order 

perturba tion theory used by McConnell and Weissman. There 

is, unfortunately, a mistake in sign in one of their equations. 

This is discussed in chapter 6. Carrington, in a review 

article [12J on E3 R spectra, gave a summary of the experi

mental results and the theoretical attempts to explain them, 

up till 1962. 

Recently, Colpa and de Boer [13J have given an MO 

treatment of spin polarisation in an aromatic C'-CH
2 

fra gment. 

Using an MO treatment rather than a VB treatment, they were 

able to separate the effects of spin polarisation and 

hyperconjugation in this fragment. McLachlan [13J had 

earlier given a VB treatment of the ethyl radical, but 

because of the correlation terms introduced into a VB 

treatment, it is not possible to determine separately the 

effects of spin polarisation and hyp erconjugation from his 

treatment. 

Colpa and de Boer [13J also gave a MO treatment of 



~-

hyp erconjugation in C'-CH
2 

fragments. There are several 

features in this treatment which are discussed in detail in 

chapter 7. In that chapter a much more extensive range of 

calculations for hyperconjugation in molecules containing 

C'-CH2 fragments is presented. 

No theoretical calculations by either a spin polar

isation approach or a hyperconjugation approach have been 

performed for the cases n~ 2. There has been a considerable 

amount of interest in the C'-H case, but very little work 

has been done on the longer fragments. 
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Chapter 2 SPIN POLARI SATION CALCULATIONS FOR 

ORGANIC FRAGMENTS 

2.1 Introduction 

A model is set up to determine the spin density at 

the proton terminating a chain of carbon atoms, s.ay C'-C H, 
n 

where there is unpaired electron density confined to the 

initial carbon atom C', considered to be part of an aromatic 

system. The terminal hydrogen atom is assumed to lie in 

the nodal plane of the ~ orbital at C', or else to be suff

iciently distant from C' that t h e amplitude of the wave 

function describing the unpaired ~ electron at C' is vanish-

ing ly small at the coordinates of the terminal proton. 

is assumed to be no hyperconjugation in the fragment. 

There 

A spin polarisation treatment is used: the spatial 

distribution of the spins of the ~ electrons of C'-C H is 
n 

altered as a re s ult of ~-x exchange interaction, but there 

is no net transfer of electrons, paired or unpaired, into 

these orbitals. 

A wave function I ~> representing the ground st a te of 

t h e fra gment is chosen by some suitable method. The proton 

hyperfine coupling constant a H is then calculated as shown 

in section 1.2: 

The configuration intera ction method is used to set up the 

wave function ~ representing the ground state of the 

fra gment: allowance for electronic interaction causes 

certain excited st a tes ~ . to be mixed into the zero order 
1 

represent a tion of the ground give 
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for which the proton coupling constant a H is 

a ::< 
H 

where Q(p) is the spin density at the coordinates p of the 

proton. It is shown in appendix II that Q(p) is expressed, 

correct to second order, as 

where 

Q .. (p) 
lJ 

i 

2 
HOi -
E 2 

i 

Q .. (p) = 1 <'1'. IL O(r . -rH)s. 
lJ ( 5 ) 1 i 1 lZ 

Z 

1'1'. > 
J 

H . . = <'1'. I L e
2
/r .. 1 '1! . > 

lJ 1 i~ j lJ J 

E. = energy of state '1'. above state '1! 
110 

Calculations are performed for the fragments C'-H, 

C'-C-H and C'-C-C-H in chapters 2, 3 and 4, and for the 

general case C'-C IH in chapter 5. Both the valence 
n-

b ond (VB) and molecular orbital (MO) methods are used in 

turn to set up the wave function 1'1') for the fragment C'-Hi 

for the fragments C'-C-H, C'-C-C-H and C'-C IH only the 
n-

MO method is used, since it is simpler from a computational 

viewpoint for the longer fragments. 

Once the calculations have been performed for the 

fragment C'-C H it is easy to extend the results to the 
n 

fragment C'-C H
2

, where the two terminal protons are no 
n . 

longer in the nodal plane of the ~ orbitals at C'. 
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The calculated values of the hyperfine coupling 

constants a·
H 

for the protons in C '-H and C '-CH
2 

are then 

compared with the experimental values, obtainable from 

ESR measurements. Experimental values are also available, 

from NMR measurements, for the proton hyperfine coupling 

constants in systef m; C H ) 

Fe ~C-N~ n m 

S ¢ 3 

where the nitrogen atom may be cons..idered as a pseudo 

aromatic carbon atom, in the sense that it appears to have 

a significant unpaired electron density. 

AROMATIC C'-H FRAGMENT 

2.2 Introduction 

It is assumed that the hydrogen atom lies in the 

plane of the aromatic ring. This plane is the nodal plane 

for the carbon X electrons, and therefore there is zero 

probability of finding the unpaired electron of the carbon 

~ orbital at the hydrogen nucleus. Since the hydrogen 

a tom is in the nodal plane of the aroma tic carbon "J\ orbitals , 

there is no delocalisation of the 1t" electrons onto the 

hydrogen atom. However, ~ -~ exchange interaction can lead 

to a significant spin density at the hydrogen nucleus, 

giving rise to a non-zero hyperfine coupling constant a H• 
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VALENCE BOND TREATMENT OF ARO}~TIC C'-H FRAGMENT 

2.3 The Model 

The notation for the orbitals is: 

1t is the singly occupied carbon 2Px AO 

h is the carbon sp
2

a hybrid pointing towards the hydrogen 

s is the hydrogen Is AO. 

There are three electrons to be considered, each 

occupying one orbital. The zero order VB wave functions 

describing the fragment are constructed from both the space 

and spin parts of the separate AO wave functions. The 

space part of each wave function is given by 

¢(1,2,3) = X(1)h(2)s(3) 

where the numbers refer to the electrons. There is just 

one unpaired electron in the fragment and therefore the 

spin parts of the wave functions must be constructed to be 

eigenfunctions of S2 and S with eigenvalues 3/4 and ~ 
z 

respectively, in atomic units. In appendix I these are 

determined using Wigner coefficients: 

¢o = l//2(aa~_u~u) 

¢l = 1//6(ua~+a~a_2~UU) 

where the symbol aa~ is short for U{1)~(2) ~ (3), and a, ~ 

stand for m = +~ -~ respectively. 
s ' 

The complete zero order VB wave functions for the 

fragment are 

Here the notation IXhsl stands for a 3x3 determinant, and 

includes the antisymmetrisation and renormalisation oper

ations, as shown in appendix III. 
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~ describes a bond between C and H, since the two 
o 

electrons in the hand s orbita~ have opposite spin; ~l 

describes a doublet state corresponding to antibonding 

between C and H. This antibonding means that ~l has a 

higher energy than ~ , and therefore ~ must provide the 
o 0 

best zero order VB approximation for the ground state of 

the C'-H fragment. 

The zero order representation for the ground state, 

~ , cannot give rise to hyperfine splitting at H since it 
o 

has no spin density in the 0'" type orbitals, hand s. 

However, when allowance is made for the electronic inter

ation term ~ e 2
/r . . in the Hamiltonian, some of the excited 

1J 
state ~l is mixed into the zero order ground state ~o' to 

give a representation of the ground state 

~ = ~o + A ~l 
where the mixing coefficient A is given by first order 

perturbation theory as ,,= -HOl/E l ' where HOI = (~l I e 2 I ~o ) 
r . . 

and E1 is the energy of state ~1 above state ~o. 1J 

When there is only one excited state to be considered, as 

here, second order perturbation theory is equivalent to first 

order, as can be seen from the second order expression for 

the coefficients ~. in appendix II. This representation 
1 

~l leads to hyperfine splitting, since ~l has net spin 

density in the orbitals hand s. 

If allowance is made for the overlap between hand s 

in setting up the zero order VB wave functions, then 

~ = [2 (l +S2 )J-¥.!I xhs I (aa~_a~(.(.) 
0 

~l = [6 (1_S 2 ) ] -*IJt;hs I (a.a~+a~a_2~aa) 

where S = <his>. 

For the case where the spin density at C' in J( is F' 
where F is less than one, the appropriate first order 
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representation of the ground state is 

where ). is as given above. 

2.4 The Calculations 

A representation has been found for the ground state 

wave function of the C'-H fragment, which leads to hyper

fine splitting by the hydrogen atom. The hyperfine coupling 

constant a H is evaluated from 

where 

and '±' = '±' + AP'±' • o I I 

The wave functions making allowance for overlap are used to 

evaluate Q(p). The operator ~ 6(r.-rH)s. is handled as 
1 1 1Z 

shown in appendix II, to give 

Q(p) c: 2 { - "Af[3(I-s4)J-¥.! + ).2(l [3(I_S2)J-11Is(p) \ 2 

'" 4 -¥.! I 2 = - 2 f" [3 (l-S)J Is (p) since ~ f«.l 

and assuming that Ih(p) 12 ~ 0, where ¢(p) is the value of 

wave function ¢ at the coordinates p of the proton. 

The mixing coefficient A is now expressed in terms 

of exchange integrals, by evaluating A = - HOllEl using 

t h e VB representations for '±'o and '±' l. The method of reducing 

an expression such as HOI to a sum of exchange integrals 

is outlined in appendix III. This gives 

= J/3 
2 1_s4 

[ J (x h ) - J (~s ) ] 

where J(~h) is the exc hange integral between ~ and h. 

An estimate of the energy separation EI between atates 
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'l' o and "lf l is also required. Both doublet states '1' 0 and '1'1 

have the same space part, and therefore the energy difference 

between them arises purely from the electrostatic repulsion 

term I e
2
/r .. ' Thus El may be determined by setting up 

1J \ 
the matrix for H = L- e2 /r .. and determining the difference 

1J 
between the two eigenvalues of this matrix. The matrix 

elements are 

HOO = -~ (l+S2)-1[J(Xh)+J(x s)_2J(hs)] 

Hll = ~ (1-S2)-1[J(Xh)+J(~s)_2J(hS)] 

H
IO 

= - %}3(l-S4)-%[J(Jth)-J(1\s)] . 

The difference of the eigenvalues of this matrix is found 

to be 

(l_S4)-1 84-3 S4 )[J(Jth)+J(J[s)J2 _ 12(1-S4)J(1th)J(Jt s) 

- 4J(hS)[J("Jt S )+J(Jth)-J(hS)J1 72 • 

Thus the proton coupling constant is 

since 

= 8 1t gfjgNSN 2 HIO pl s (pH 2 

3 h I3 E ( l-S 4)}2 
1 

= -1423F [J(Jt h)-J(1I: s)] { (4-3S4)[J(1(h)+J(7rs)J2 

-12 (1_S4) J (Xh)J ("JC s )-4J (hs) [J (iCs )+J ()"Ch )-J (hs) ]r~ 

Mc/s 

the hyperfine coupling constant for 

a free hydrogen atom, is 1423 Mc/s. 

If the overlap integral S = ( h is ) is neglected through

out the calculations, the above formula may be simplified, 

to give 

Q(p) = 2 HIOfl s(p) 12 

f3 El 
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where HIO = -Ji [J(1rh)-J(JCs) J 
2 

El =12 { [J (Xh)-J(ltS)J 2 + [J(1rh)-J(hs}J2 + [J(hS)-J(Ji.s}J2ff.l 

and so 

a H = -1423( [J(Jth)-J(1ls}J {[J(1lh)-J(lts)J2 + 

J2 [J{Rh)-J{hs)]2 + [J{hS)-J{~)]21~ Me/s. 

2.5 Numerical Evaluation 

Values of the exchange integrals J(Jth), J(Xs), J(hs) 

and of the overlap integral <his) are required. The overlap 

integral can be estimated using Slater wave functions for 

hand s, as 

1.08 R, the 

is 0.720. 

shown in appendix V. For a C-H distance of 

value of S, obtained from Mulliken's tables [35J, 

To obtain the values of the exchange integrals requires 

tedious computation and careful analysis of the rates of 

convergence of the process·es, as well as simplifying approx

imations such as the use of Slater orbitals. Values of the 

required exchange integrals are available in the literature. 

Altmann, using Slater wave functions, gives [15J the values 

J ("1(' h) = 1.81 e . v • 

J(~s) = 0 .745 e .v. 

Although Slater wave functions are not a faithful represen

tation of self-consistent field (SCF) wave functions, they 

represent the outer parts of the SCF wave function, at the 

distances corresponding to normal bond distances, very well. 

Now for a two centre integral, such as J (Ie s ), thes e outer 

parts are where the major contribution to the exchange 

integral is expected, so Altmann ' s value for J(rcs) is 

probably reasonable. The integral J(Xh), however, is an 

atomic integral, ie a one centre integral, and the value 
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given by Altmann is too large, because Slater wave functions 

do not represent the inner parts of the actual radial wave 

functions where there is a strong contribution to the 

atomic integral. 

A more satisfactory method of estimating the atomic 

integral J(Xh) is by the method given by Condon and Shortley 

[16J. 

where Gl and F2 are the radial exchange and coulomb integrals 

respectively. Voge [18J obtained Gl and F2 empirically 

by adjusting these parameters to fit the electron energy 

levels of carbon. From Vo~s data, McConnell [19J estimated 

that J (Jc h) = 1.17 e.v. Fraenkel [20J estimated that J (lt h) 

= 1.26 e.v., but this is not a true theoretical value, since 

Fraenkel slightly adjusted some of his values to fit the 

experimental hyperfine data for C13 splittings in methyl 

radicals. However, Fraenkel also gives values for several 

of the other exc hange integrals required in later chapter s, 

so his values will be used for consistency. This may cause 

small systematic errors, but the main purpose of this 

numerical evaluation is to get an estimate of the order of 

magnitude of the expected proton hyperfine coupling constant. 

Fraenkel also gives values for J(X s) and J(hs), of 0.79 

and -3.92 e.v. respectively. 

All the data necessary to evaluate a H is now available. 

To determine how sensitive the calculated values of a H are 

to the choice of values for the exchange integrals, two 

sets of calculations are given, set I for Fraenkel's values, 

and set II for Altmann's J('Jt: s). McConnell's J(Jl h), and 

Fraenkel's J(hs). 

Calculated values are given for a H using these two 

sets of parameters, considering the case when overlap is 

neglected and the case when the overlap integral S = ( h l s > 
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is allowed for. Values are also given for the electrostatic 

integral HIO ' the energy separation El between the two 

doublet states, and the mixing coefficient A • 

Table 2.1 Calculated a H Values for C'-H Fragment 

set I 

allowing 

for S 

HIO(e.v.) - 0 .476 

El(e.v.) 13.5 

A .0353 

a H ( Mc / s ) - 67 • 6 F 

set II 

neglecting allowing 

S for S 

-0.407 

.0412 

-0.435 

13.4 

.0326 

-62.2 P 

neglecting 

S 

-0.372 

9.8 

.0376 

-62.2p 

Clearly neglect of the overlap integral S throug hout 

the calculations makes no difference to the calculat ed value 

of a H, although it does affect the values of the other 

quantities such as the energ y separation El . Neglect of S 

appears to overestimate the amount of mixing of the excited 

state ~l into ~o by about 15 ~o. 

The value of a H does not appear to be particularly 

sensitive to the choice of values for the exchange integrals. 

This VB treatment has indicated that the proton hyperfine 

coupling constant at the hydrogen atom adjacent to a carbon 

atom having spin density F in its ~ orbital should be 

about -65F Mc/s. 

~ comparison of this value with experiment is deferred 

until after a MO treatment of this fragment has been given 

in the next section. 
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MOLECULAR ORBITAL TREATMENT OF AROMATIC C'-H FRAGMENT 

2.6 The Model 

The notation used for the orbitals is: 

7l is the singly occupied carbon 2px AO [or one of the 

components of a ~ MO of the aromatic system ] 

b is the ~ bonding MO of the C'-H bond 

a is the ~ antibonding MO of the C'-H bond. 

There are three electrons to feed into the MO's~ for 

t h e ground state one electron is placed in ~ , since the 

model requires one unpaired ~ -electron, two electrons in b, 

and none in a. The wave function representing this g round 

state is written as a Slater determinant 

'±' = I Jt b b I auf3 
o 

where the notation is the same as that used in the VB section. 

Thi s '±' cannot lead to hyperfine splitting, since there is 
o 

no spin density in the b orbital. However, this choice of 

ground state wave function has made no allowance for electronic 

interaction, given by a term ~ e 2 /r .. in the Hamiltonian. 
1.J 

When allowance is made for this term, some of the excited 

states '±' . are mixed into the zero order representation, '±' , 
1. 0 

of the ground state, to g ive a representation 

'±' = (1 +)) .2)-*( ,±, + \) . '±' .) 
L 1. 0 L 1. 1. 

for the ground state. 

by perturbation theory. 

The mixing coefficients A . are given 
1. 

Th i s mixing of certain excited states 

into '±' gives a representation which leads to a non-zero 
o 

proton hyper f i n e coupling constant. 

On ly those excited states that have the same value of 

M as '±' , namely ~, can be mixed into ~ , since all other 
s 0 0 

states have HO' = 0, making the ) . zero. It is assumed that 
1. 1. 

t here is only one unpaired electron in the fragment, a n d 
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therefore only those states with S = ~ are considered. 

Excit ed states which do not lead to spin densi ty at the 

terminal p roton are n otconsidered, since the wave func t ion 

~ is used for calculating the proton h yperfine coupling 

constant, which depends only on the spin density Q(p) at the 

proton. Therefore excite d states corresponding to excitation 

in the 1( type orbitals need not be considered, since' no "1{" 

type orbital can g ive spin density at t he coordinates of the 

proton, which is at a nodal plane for the 1( orbi tals • 

Consider an excit e d state with space functionlj(bal. 

Sp in product functions are required which are eigenfunctions 

of S2 and S with eigenvalues 3/4, ~ respectively. As 
z 

shown in appendix I, these may conveniently be determined 

using Wigner coefficients. There are two permitted doublet 

state configurations, 

'¥ 1 = Ix b a \1/ f2 (OOl.I3-a l3a.) 

'1' 2 = IJrb a 11/16 (213wx._aaf3-a l3a..-) 

Now '¥l has no net spin density in the 0 orbitals, and 

therefore does not contribute to Q(p). Therefore '¥l need 

not be considered in '!' , when '!' is used to calculate Q(p). 

~2 does contribute to Q(p). 

The doubly excited state I~aa' need not be considered, 

since the only possible spin function is aal3, which has 

zero spin density in a. 

The ground state of the C'-H fragment is thus repres

ented by the wave function 

~ = ~ +). '¥ 
o 2 

when allowance is made for electronic interaction, and only 

those excited states contributing to the spin density Q(p) 

have been considered. Since there is only one excited state 

being considered, the mixing coefficient A is determined 
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from first order perturbation theory as ) = -H
02

/E
2

, in 

the notation of section 2.3. 

In the more general case where the net spin density in 

~ is f, where f is less than one, the appropriate ground 

state wave function for the C'-H fragment is 

'fI = 'flo + Af 'fl2 

where ~ is as given above. 

2.7 The Calculations 

A representation has been found for the ground state 

of the C'-H fragment, which leads to a non-zero proton 

hyperfine coupling constant, since the mixing of the excited 

state 'fI 2 into 'flo introduced net spin density into the 

orbitals. 

The coupling constant a H is evaluated from the relation 

where 

a H = 8 Jt gl3g
N

I3
N

Q(P) 
3h 

Q(p) = 1 < 'l'IL o(r.-rH)s. \ 'l' ) . 
(S '> i 1. l.Z 

Z 

A general expression for Q(p) is given in appendix II. For 

this calculation only first order perturbation theory is 

used, as explained above, so the general expression for 

Q(p) is reduced to 

Q(p) = - 2 H02 Q02(P) 

E2 

The matrix element Q02(P) is evaluated according to the 

general rules given in appendix II, to give 

Q02(P) = l/~[~ b(p)a(p) + ~ b(p)a(p)J/~ 

= I§. b(p)a(p) 
3 

where ¢(p) is the value of wave function ¢ at the coordinates 
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P of the proton. Thus the hyperfine coupling constant is 

The electrostatic matrix element H02 is evaluated as 

shown in appen dix III, to g ive 

H02 = 1/16 [ - 2 (Jtb ,aJt)-(b Jt ,a Jt)-(bb , ab)+(b7t ,aJt)-(b1t ,7C a)+( b b,ab)J 

= - Y2 J6 ( b J{ ,Jr a ) 

wh ere (a b , cd) denotes ( ab I [ , e 2 /r . . 1 cd > • 
1J 

The energy difference &2 cannot readily be evaluated, 

since ~ and ~2 do not have t h e same s p ace parts, as was the 
o . 

case in the VB treatment. Thus E2 is left as a parameter, 

to be estimated from experimental data, or a more refined 

theoretical treatment of say the benzene molecule than is 

available at present. 

The expression for a H may be simplified by the linear 

combination of atomic orbitals (LCAO) approximation: 

a = 

where h is an sp2 hybrid at C' pointing to H, and s is the 

H Is AO. S is the overlap integral <h i s > . This gives 

H = - g [J (7f h ) - J (1t s )J 
02 

" 4 Jl_S2 , 2 
b(p)a(p) = - ls(p) 1 ,assuming Ih(p) 1 2 0, 

2.[1-S2 
and finally, 

[ J (Jr h ) - J (?[ s}J 1423 (' Mc / s 

since 

2 E2 

8 It g 13 g N I3N I s ( p ) I 2 = 
3h 

(l_S.2 ) 

1423 Mc/s. 

If overlap is neglected, then a H [ J (1{ h ) - J (J[ s )J \ 1423 Mc / s • 

2 E2 
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2.8 Numerical Evaluation 

Unfortunately an experimental value is not available 

for the energy difference E
2

, which corresponds to a CT ~ 15 ...... 

transition for an aromatic compound, such as benzene. These 

transitions are apparently swamped by the much more intense 

IC~~ transi tions. A value for E2 could be obtained theoret-

ically from a fully self-consistent field treatment of 

benzene, but such a study has n ot as yet been done. It is 

usually assumed [8,11] that E2 is about 6-16 e.v., and is 

usually taken as 10 e.v. This value probably should be used 

in the formula making allowance for the overlap S. This 

overlap integral would certainly have to be considered in 

any detailed study of the ~ electrons in benzene, since it 

is by no means small (0.720), and therefore it is reasonable 

to use the formula making allowance for overlap. 

gives a H about -67~ Mc/s. 

This 

Thus a MO treatment of the C'-H fragment gives about 

the same predicted value o f the proton hyperfine coupling 

constant, although until such time as an accurate value of 

E2 is available, too much importance should not be attached 

to the exact calculated value of a H from the MO treatment. 

2.9 Comparison with Experiment 

To compare the predicted coupling constants a
H 

with 

the experimental values, obtained from the hyperfine 

splitting in the ES R spectra of aromatic radicals, estimates 

are needed for the spin densities ~ at the aromatic carbon 

atoms adjacent to the hydrogen atoms. In both the VB and 

MO treatments of the fragment C'-H, no allowance was made 

for any of the carbon atoms other than C'; the required ~ 

should therefore be calculated from a valence theory making 
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no allowance for overlap of the carbon 2P 7t' AO's, in deter

mining the wave functions for the molecule, or at least 

from an orthonormal representation of the wave function. 

Simple Hlickel theory is based on precisely this assumption, 

and so should be suitable for estimating the spin densities 

~ . For the benzene negative ion, both simple Huckel MO 

and VB theory predict 

o)f about -lo.B Mc/s. 

f = 1/6, which gives a predicted a H 
Th e experimental value is -10.7 Mc/s 

[21J. Considering the simplicity of the model and the 

calculation details, the agreement between theory and 

experiment is even better than would be expected. 

A further comparison with experiment is given in 

chapter 6, for a range of aromatic radicals. 

2.10 Spin Polarisation in a N-H Fragment 

The formula given for the proton coupling constant in 

C'-H is also valid for N-H, containing spin density in the 

~ orbital of the N atom, provided the appropriate values 

are used for the exchange integrals. J(it:s) and J(hs) may be 

obtained approximately (due to two int&rpolations for each 

integral) from Kotani's table of molecular integrals [22J . 

The integral J(n h) is evaluated from the relation (Gl +2F2 )/3 

with the parameters Gl and F2 obtained from emission spectral 

data. Hinze and Jaffe [17J, using a least squares procedure, 

give, for N, F2 = 2,oB4 

gives J(Jt: h) = 1.17 e.v. 

and J(hs) = -4.05 e . v. 

-1 I. B -1 cm Gl = 2~,0 5 cm • This 

From Kotani ' s tables, J(Jt s) = 0.61 

Substitution of these va~ues in the 

formula for a H making no allowance for overlap, given in 

section 2.4, gives a H = -BOF Mc/s, whic h is similar to the 

value for the C'-H fragment. 
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Chapter 3 SPIN POLARISATION IN AN AROMATIC 

C'-C-H FRAGMENT 

3.1 Introduction 

In this chapter calculations are performed to 

determine the value of the proton hyperfine coupling constant 

a H for the terminal proton of a fragment C'-C-H, containing 

~ type spin density at C'. MO theory is used to obtain the 

wave function for the ground state of the fragment. Electron

ic interaction leads to a mixing of certain excited states 

into the zero order MO representation, ~ . Certain of 
o 

these excited states which are mixed into ~ give rise to 
o 

spin density at the terminal proton. 

An expression i s given in section 3.4 for a H in terms 

of certain exchange integrals. Numerical evaluation shows 

a H = -4.4(, Mc/s 

where F is the spin density at C'. 

3.2 The Model 

The notation for the orbitals is, 
1( is the singly occupied carbon C' 2P'l: AO 

bl(a l ) is the bonding (antibonding) MO of the 

b
2

(a
2

) is the bOrid ing (antibonding) MO of the 

The zero order MO representation of the 

of the C'-C-H fragment is 

~o = I 'Jt' b l b l b 2 b 2 1 u:a~al3 

C'-C bond 

C-H bond. 

ground state 

When allowance is made for the electronic interaction term 

Le
2
/r .. in the Hamiltonian, certain excited states~. are 

1J . 1 

mixed into ~ , to give a representation 
o 
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for the ground state. The coefficients A. are given by 
1 

second order perturbation theory as 

where 

A. 
1 

H .. = 
1J 

and E. is 
1 

the energy difference between ~ and ~ . . o 1 

Only those excited states with M 
s = ~ have HOi t 0 

and therefore have non-zero A .• 
1 

In the X electron radicals 

to which these theoretical results are to be applied, there 

is only one unpaired electron, and therefore the excited 

state configurations to be mixed into ~ must have S = *. 
o 

In calculating a H, only those excited states which make 

non-zero contributions to Q(p), the spin density at the 

proton, need be considered in mixing the ~. into ~ • 
1. 0 

Therefore excitation in the~ type orbitals is not considered, 

since this cannot lead to spin density a~ the proton. 

Consider the excited state with space function 

I~ b l b l b 2a 2 I· The spin function for this state must be 

In blblb2a2 I. as •• to satisfy the Pauli principle. The 

spin functions of the remaining three non-equivalent electrons 

are determined by the Is Ms> = I¥.! ~> spin eigenfunctions 

for three electrons, given in appendix I. 

spin states, 

The second set 

given in AI.4 
The second of 

1//l6(2sasau_~sa_ausas) 

II J2( l.W.ssa_u.as~s) 

of I¥.! ¥.! ) three electron spin 

has been used. This is quite 

the above spin eigenfunctions 

This gives two 

eigenfunctions 

arbitrary. 

for the C '-C-H 
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fragment does not give net spin density in the ~ orbitals, 

whereas the first one does. Therefore, the required 

e x cited state doublet confi guration which can mix into 

~ and lead to spin density at the proton is 
o 

Similarly for an excited state with space function 

17t b
l 

a
l 

b
2

b
2

1 the required doublet state configur-ation is 

'1' 2 = 1'7t' bl a l b2 b2 1 1/ J6 (2(3u.cx.u.(3_aa(3u(3-asaa(3 ) • 

The next excited state to be considered is the 

doubly excited one, with space function l1t blalb2a21 . 

There are no restrictions imposed on the spin functions 

in this case, except that the state must have S = ~, 
M =~. The spin eigenfunctions for five non-equivalent 

s 
electrons are given in appendix I. There are five 

eigenfunctions I ~ ~> ; the only ones contributing to a H 
are those leading to spin density at the proton, and those 

having a non-zero matrix element of electrostatic inter

action with ~ , since this determines the mixing of the 
o 

excited states into the ground state. 

Of the five eigenfunctions given in ~I.6, only one, 

e, has HOi = O. Now any linear combination of these 

five spin eigenfunctions I~ ~ > is also a spin eigenfunc

tion I ~ ~> . In the next section it is shown by taking 

certain orthogonal linear combinations of the four 

eigenfunctions that do not have HOi = 0, that only one 

of these combinations makes any contribution to Q(p). 

The other three either have Q .. (p) = 0, HO. = 0, or 
1. J 1. 

Hil = O. From the general form of Q(p), given in 

appendix II, it is seen that such wave functions make no 

contribution to Q(p). The required doublet state 

configuration is shown to be 
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There are no other doubly excited states, or even 

more highly excited states, which make any contribution 

to Q(p). For all possible cases, either zero Q .. (p) or 
1.J 

H .. matrix elements mean that these states can make no 
1.J 

contribution to Q(p). This is because the Q .. (p) are the 
1.J 

matrix elements of a one-electron operator, and so 

vanish if states i and j differ by more than one of their 

individual one electron quantum numbers. Several other 

Q .. (p) are virtually zero since they are functions only 
1.J 

of al(p)bl(p), which are negligibly small. 

elements are from: a two electron operator, 

The H .. matrix 
1.J 

and so vanish 

if states i and j differ by more than two of their indiv

idual one electron quantum numbers. 

Thus the improved representation of the ground state, 

as regards hyperfine properties, is 

'1: = [1 +LA i
2

J-¥.l[ 'f'0 + A l'f'l + A 2 'l'2" + A 3'f'3J· 

The general expression for Q(p), given in appendix II, is 

thus reduced to the simpler form 

Q(p) 

since it is shown in the next section that QOi(P) = 0, i 11 
and Q .. (p) = 0, ill. 1.1. 

The c hoice of the doubly excited state configurations, 

to simplify the formula for Q(p), has not so far involved 

any approximations or assumptions. The procedure amounted 

merely to choosing convenient linear combinations of the 

initial set of spin eigenfunctions. 

3.3 The Calculations 

The wave function chosen above to represent the 

ground state of the C'-CH fragment is now used to calculate 
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the hyperfine coupling constant a H• The wave functions 

involved are: 

':J.1 = 
0 

':J.1 l = 

'1' = 2 

'1'3 = 

\j! = 
3a 

'l'3b= 

1'1: b l b l b2b:?Jaa~a.f3 

l~blblb2a2 1 1,16(2~a~aa_aa~a~_aa~~a) 

l~blalb2b2 1 1/J6(2~aaa~_aa~a~_a~aa~) 

I Jtb l a 1 b2a2Il/2[3 (2a~~aa_u.~a~a_a~aa~_aa~~cx._aa~a~+2wxa~~) 

17t b l a 1 b2a2 Il/213 (.2wxa~~_2aa~a.~_a~a~a+a~~acx._~aa~a+ ~Q.(3aa) 

1)( b l a I b2a21l/6 (2a.a~a.~+2aa.a~~_4ua~~a_2a.~aa~_·2 ~aaa~ 

+ ~a~a+a~~aa+~au~a+~cx.~aa) 

'1' 3c = l7(b l a l b2a'21l/2 (a~u..~a._a~~aa_~aa~a+ ~a~aa) 

':J.1
3d

= IJrb l a I b 2a 2 1l/213 (2a~a.u.~_2 ~aaa~_a~a~i..,-a~~aa+ ~a.a~a+ ~a~aa) 

'l' 3e = 11( b 1 a l b2a21l/312 (3 ~·~cx.a.a+aa~~a;.aa~a.~+aaa~~_cx.~a~a 
_~au~_a~'~aa_ ~aua~_ ~aa~a_ ~a~aa) • 

The required matrix elements are Hal' Ho2 ' H03 ' H2l , H3l' 

QOl(P), Qll(P) and Q23(P). Other matrix elements for ':J.1
3i

, 

i = a,b,c,d,e are also required, to show that ':J.1
3 

is the 

only doubly excited state that need be considered. 

Using the methods outlined in appendix III, the 

electrostatic matrix elements are evaluated to give 

Hal = -Y216 (b 2X ,1t a
2 ) 

H02 = -}216 (bjC ,7C a l ) 

H03a = ~J3[2(blb2,a2al)-(blb2,ala2)] 

H03b = l (b l b 2 ,a l a 2 ) 
2 

= Y2 [(blb2,ala2)-2(blb2,a2al)] 

= -1J2E (b
l

b
2

,a
l

a
2

) 

= 0 
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The spin density matrix elements are evaluated by 

the met h ods given in appendix II, assuming that bl(p)al(p) 

= O. The non-zero matrix elements are 

QOl(P) = 1/6 b 2 (p)a2 (p) 
3 

Qll Cp) 2 2 = g, [b
2 

(p) + a
2 

(p)J 
3 

Q23a(P) = -12 b
2

(p)a
2

(p) 
12 

Q23b(P) = -16 b
2

(p)a
2

(p) 
3b 

Q23c(P) = J6 b
2

(p)a
2

(p) 
1i 

Q23d(P) = 12 b
2

(p)a
2

(p) 
1i 

Q23e(P) = g,13 b 2 (p)a
2

(p) 
9 

where ¢(p) is the value of the wave function ¢ at the 

coordinates p of the proton. 

Linear combinations of the four doubly excited state 

configurations ~3a to ~3d are now chosen, to simplify the 

expression for Q(p). Two linear combinations ~3f and ~3g 

of ~3a to ~3d can be chosen so that H03f = H03g = O. 

The linear combination 

h as 

and this is 

by taking 

and 

~3j = N(ca~3a + cb~3b + cC~3C + cd~3d) 

H03j = N(ca Ho3a + c b
H03b + cc H03C + c d Ho3d ) 

= (blb2,a2al)[Bca-cc] + Y2( b l b 2 ,a l a 2 ) x 

[3c +c -J3c -[3c ] b cad 

zero if c =j3c and c = j3c b • Th erefore, c a d 

~3f = 1/2J2( ~3a + ~3b +f3~ +fj~3d) 3c 

~3g = 1/2/2 ( ~3a ~3b +13~ -13~ 3d) 3c 
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H03f = H03g = 0 and QO~f(P) = Q03g(P) = 0, since 

Q03i(P) = 0 for i = a,b,c,d. 

Another linear combination ~3h can be chosen so 

that Q23h(P) = 0, since 

Q23j(P) = N[c a Q23a (P) + c b
Q23b(P) + cc Q23c(P) 

+ cd Q2 3 d ( P )J 

= NJ6 C-l3ca-cb+9cc+3!3CdJb2(p)a2(p) 
36 

which is zero if c a =/3, c b = -3, Cc "" -1, cd =.fj . 
Thus 

'l'3h = 1/4C/3'¥3a - 3~3b - ~3c +/3~3d) 

has Q23h(P) = O. 

The fifth eigenfunction, say '1'3' must be orthogonal 

to each of 'l'3f' 'l'3g' 'l'3h' and therefore is completely 

determined once these other three have been chosen. These 

orthogonality conditions give 

'1'3 = 1/4(3'l'3a ~[3'l'3b -J3'l'3c - ~3d) 
and from the above expression for Q23j(P) it follows that 

Q23 ( p) = - ~ b 2 ( P ) a 2 ( P ) • 
3 

The wave functions for 'l'3h and 'l'3 are now expanded in 

terms of the basis set of spin product functions, in order 

to evaluate the matrix elements H3h ,1 and H3l: 

'l3h = 

'l'3 = 

IX blalb2a2 1 1/2(~uaS+~SS~_aS~~_aaSaS) 

I J( b
l 

a 1 b
2

a"2 I l /2j3( 2o.ssaa_~u:.{3a_l.X.su.aB-LW.SSU._u.u.Sl.X.S+2u.u.u.SS) . 

The required matrix elements are 

Q33(P) = Q3h3h(P) = 0 

Q
33h 

(p) = 0 
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H3h,1 = 0 

H31 = ~.[2 (Jra l' b l/() • 

Clearly the doubly excited state configuration ~3h makes 

no contribution to Q(p), and as stated in section 3.2, 

13 is the only doubly excited state configuration which 

makes a contribution to Q(p). 

The general expression for Q(p) thus becomes 
2 

H02H21 + H03H31]QOl (p) 

E2 El E3 El 

+ 2 

where the non-zero matrix elements are 

HOI = -Y2f6 ( b
2

7t",Jra2 ) 

H02 = -1J2/6 (b
l

Jr,7C a l
) 

H03 = /3 (b
l

b
2

,a
2

a
l

) 

H21 = - (a l b 2 ,a2b l ) 

H31 = 1J2/2 (a l
Jr ,1{"b l ) 

QOl(P) = 116 b 2 (p)a 2 (p) 
3 

+ HOI Q ( ) 11 P 
E 2 

1 

2 2 
Qll(P) = ~[b2 (p) + a 2 (p)] 

3 

To simplify this expression and make a numerical 

evaluation of the matrix elements possible, the LCAO 

approximation is made for the 

b
l 

= 1/12(h
l

+h
2

) 

b
2 

= 1/12(h
3

+ s) 

MO's aI' a 2 , b l , b 2 : 

a l = 1/12(h
l
-h

2
) 

a 2 = 1//2(h
3

- s) 
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where is an 2 
sp hybrid orbital at C'pointing to C 

" " " " " " C 

" " " " " " C 
s is the H Is AO. 

Assuming that Ih
3

(P) 1
2 = 0, this gives 

QOl(P) = f6 Is(p) 1
2 

b 
Qll(P) = 2 Is(p) 12 

3 
Is(p) 12 

Q23(P) = J2 
b 

and for the electrostatic matrix elements, 

(b2~ ,Xa2) = ~[J(~h3) 

( b 1]C ' ~ a 1) = ~[J (7t hI) 

" " C' 

" " H 

(b
l

b
2

,a
2

a
l

) = (a
l

b
2

,a
2

b
l

) 

= . ~[J(hlh3)-J(hls)+J(h2s)-J(h2h3)J· 

It is further assumed that the energy of the doubly 

excited state ~3 above the ground state ~o' E
3

, is given 

by the sum of the energies for the corresponding two 

single excitations, E3 = E2 + El , 

The final expression for the spin density at the 

proton is then 

Q(p) = [A + A2 + BJ Is(p) 12 

and for the proton hyperfine coupling constant, 

a
H 

= 1423 [A + A2 + BJ Mc/s 

where A = -1 [J (1t" h
3 

)-J (it' s }J 

2El 

B = - [ J (7t h l )-J (7t'h 2 )1 [ J (hI h3 )-J (hI s )+J (h2 s )-J (h2 h 3 ) J 
2E2 ] 2El 

The first order term, A, describes the spin polarisation in 
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the bond between C and H caused by the net spin density 

in J( • The second order term, B, may be interpreted in 

an interesting manner: the first bracket represents the 

spin polarisation of the bond between C' and C by the spin 

density in 7t and the second bracket represents the spin 

polarisation of the bond between C and H resulting from 

the spin density already induced in the first bond. This 

is referred to as a consecutive polarisation mechanism. 

3.4 Numerical Evaluation 

In making a numerical evaluation of the various 

exchange inte grals and hence aH' all the hi are taken as 

sp2 hybrids. This is not realistic for h2 and h
3

, but 

allows an immediate extension of the results to the case 

for C'-CH2 , which is of considerably more interest than 

C'-C-H, since experimental results are available for two 

radicals containing the fragment C'-CH
2

. 

Karplus and Fraenkel [20J give values for most of 

the required exchange integrals: 

J (';I(' hI) = 1. 2:6 e. v • 

J(~h2) = 0.932 e.v. 

J(h
2

h
3

) = 0.921 e.v. 

J(h
l

h
3

) = 0.573 e.v. 

and Altmann [15J gives J(~h3) = 0.036 

Fraenkel's value for J(h
l

h
3

) actually 

carbon internuclear distance of 1.40 ~ 

2 
for sp hybrids h. 

]. 

e.v. Karplus and 

refers to a carbon-

rather than the 

1.54 ~ to be expected for an aliphatic chain. However, 

this value is used since the main purpose is to obtain an 

order of magnitude estimate of aH' not a highly accurate 

value. The values of the other exchange integrals are 

assumed negligible (eg J(~ s) = 0). 
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In the evaluation of a H for a C'-H fragment, in 

section 2.8, an analogous expression to A was obtained, 

namely 

- [J (7t h )-J (1ts)J 

2El 

except that the numerical values of the two exchange 

integrals was not the same. For the C'-H fragment, 

[J(Xh)-J(~ s)J = 0.47 e.v., using Fraenkel's values, 

which gave a H = -68 Mc/s, whereas for this C'-C-H 

fragment, [J(nh3)-J(~s)J = 0.036 e.v. Thus, assuming 

that El is about the same as the E2 in the C'-H fragment, 

1423A = -68 x 0.036/0.47 = -5.2 Mc/s. Tqis gives A = .0035 
2 and clearly A is negligible compared with A. 

Similarly, 1423[J(~hl)-J(nb2)J/2E2 = 68 x 0.33/0.47 

= 47.7 Mc/s. Assuming El ~ 10 e.v., then 

1423B = -47.7 x[0.573-0.912J/20 = +0.81 Mc/s. 

Thus a H = -5.2 + 0.8 Mc/s 

= -4.4 Mc/s. 

For the cas e where the spin dens i ty in 7: is f' , where 

r is less than one, the proton hyperfine coupling constant 

b e comes 

a H = - 4 • 4 F H c / s • 

3.4 Extension to Aromatic C'-CH2 Fragment 

The conclusions for the C'-C-H fragment are als o 

valid for a C'-CH2 fragment, where the terminal hydrogens 

no longer lie in the plane of the aromatic system. The 

C'-CH2 fragment is considered to have a bonding orbital 

B. and an antibonding orbital A~ in e a ch C-H bond [i=1,2J. 
1 1 

Rather than use these MO's directly, symmetry adapted 

linear combinations are taken: 
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combination symmetry energy type 

<PI Bl + B2 0- bonding 

<P2 Bl B2 J( bonding 

<P3 Al + A2 ~ antibonding 

<P4 Al - A2 Jt antibonding 

The combinations <PI and <P3 then correspond to the orbitals 

b
2 

and a 2 defined for the C'-C-H fragment. The treatment 

of spin polarisation in the ~ orbitals of the C'-CH
2 

fragment 

is then the same as for the C'-C-H fragment, except for the 

numerical evaluation of the exchange integrals. In this 

C'-CH2 fragment, the orbitals <PI and <P3 are approximated 

by LCAO to give 

<PI = 1//2[h3 + l//2(lsu+ lS l)] 

¢.3 = 1/I2[h3 l/!2(lsu+ls l)] 

h b f h " 2 b"d b t C were as e ore, 3 1S an sp hy r1 on car on a om , 

in the plane of the aromatic system and pointing towards 

the bisector of the angle HuCHl • Isu and lSI are the Is 

AO's associated with the hydrogen atoms located above and 

beLow the aromatic plane, respectively. 

From the numerical evaluation for the C'-C-H fragment, 

it is seen that none of the exchange integrals involving 

the orbital s make any contribution to a
H

, and this will be 

so for this C'-CH
2 

fragment also. Tl1.1s the numerical value 

for a H is virtually the same as for the C'-C-H fragment, 

namely a H = -4.4f Mc/s. 

The above discussion has neglected the orbitals <P2 

and <P4. For the C'-CH2 fragment, the terminal protons no 

longer lie in the nodal plane of the A orbitals, and if 

there is anymixing between the aromatic X orbitals and <P2 

or <P4 then there could be quite large values of a H• 
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Considering only the ~ orbitals of the fragment, the 

ground state is 1¢2¢2~l asa, which does not have net 

spin density in the orbitals about the protons. However, 

configuration intera ction with some excited ~ states 

would lead to net spin density. Consider the excited state 

1¢2¢2¢4 Iasu giving a first order approximation for the 

ground state 

Clearly configuration interaction with excited ~ states is 

equivalent to mixing between X , ¢2 and ¢4. However, 

usually this mixing is referred to as hyperconjugation, so 

that neglect of hyperconjugation means spin polarisation 

can occur only in the a orbitals, and as shown above this 

leads to a proton hyperfine coupling constant of -4.4 Mc/s. 

A comparison with experiment is deferred until 

section 6.3, where it is shown that the observed a H values 

in t wo molecules containing C'-CH
2 

fragments are consider

ably larger than those predicted by spin polarisation in 

the ~ orbitals of the C'-CH
2 

fragment. Thus there is no 

justifica tion for ignoring this mixing of the 1t. orbitals, 

and in fact when this mixing is allowed for, in a full 

hyperconjugation treatment, the calculated values are in 

much more satisfactory agreement with experiment. A 

hyperconjugation treatment of radicals containing C'-CH
2 

fragments is given in chapter 7. 
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Chapter 4 SPIN POLARISATION IN AN AROMATIC 

C'-C-C-H FRAGMENT 

4.1 Introduction 

A calculation is performed to determine the value of 

the proton hyperfine coupling constant a H for a fragment 

C'-C-C-H, containing X type spin density at C'. MO theory 

gives a representation 

'¥ = (1 +L). 2)-r~('£1 
1 0 

of the ground state of the fragment, where the '£I. are 
1 

excited states which must be considered to be mixed into 

the zero order representation of the ground state, '£I , 
o 

when allowance is made for electronic interaction. 

An expression for a H in terms of certain exchange 

integrals is given in section 4.3. Numerical evaluation 

shows that 

a H = +0 .15~ Mc/s 

where f is the spin density at C'. However, there is 

some uncertainty in the magnitude, and possibly even the 

sign, of a H, because values are not available for some of 

the required exchange integrals. 

4.2 The Model 

The notation for the orbitals is: 

Il is the singly occupied carbon C' 2px AO 

bl(a l ) is the bonding (antibonding) MO of the C'-C bond 

b
2

(a
2

) " " " C-C " 
b

3
(a

3
) " " " C-H " 
The zero order representation of the ground state of 

the C'-C-C-H fragment is 

'£I 0 = IX b l b l b 2 
b

2 
b

3 
b

31 uU[3u[3af3 • 
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When allowance is made for the electronic interaction term 

L e 2 Ir . . , certain excited states ~. are mixed into ~ • 
l..J l.. 0 

Only those excited states which contribute to Q(p) are 

considered; therefore only excited states corresponding to 

excitations in the cr orbitals are considered. 

As explained in section 3.2, only states 

need be considered. There are twenty four different 

excited states which give rise to I ~ ~>states, and many of 

these have more than one possible spin function. Thus there 

are a great number of possible excited state configurations 

to be considered. The space parts of these wave functions 

are 

':1'1 = 

~2 = 

'1'3 = 

~4 = 

'l'5 = 

'l'6 = 

'l'7 = 

~8 = 

'1' 9 = 

1jJ IO= 

'l' ll= 

1jJ12= 

I Jr b l b l b 2 b 2b
3

a
3

1 

Iltb l b l b 2a 2 b
3

b
3

1 

l7lblalb2b2b3b31 

l1tb l b l b 2 a 2b
3

a
3

1 

I Xbla l b 2 b 2 b
3

a
3

1 

l1tb l a l b 2 a 2 b
3

b
3

1 

I 7lb l b l b 2 b 2 a
3

a
3

1 

l1tb l bla2a2b3b31 

I J( alalb2b2b3b31 

1 J(bla l b 2 a 2 b
3

a
3

1 

I Jlb l a l b 2 b 2 a
3

a
3

1 

l1tb l b l b 2 a 2 a
3

a
3

1 

~13 = 

'l'14 = 

'1'15 = 

~16 = 

'l'17 = 

1jJ18 = 

~19 = 

'l'20 = 

~21 = 

1jJ 22 = 

1jJ23 = 

':1: 24 = 

I TC' b 1 a 1 a 2 a 2 b 3 b 31 

I J[ a 1 alb 2 a 2 b 3 b 31 

I 1\ a 1 alb 2 a 2 b 3 a 31 

I1lblala2a2b3a31 

l1t:b l a 1 b 2 a 2 a
3

a
3

1 

l1tb l bla2a2a3a31 

l1t"a 1 a 1 b 2 b 2 a 3 a 31 

I Jtalala2a2b3b31 

IX b l a 1 a 2 a 2 a 3a 31 

I Jrala l b 2 a 2 a 3 a 3 1 

I ~al a l a 2 a 2b
3

a
3

1 

Ixalal'il2a2a3a3 1 

Fortunately most of these wave functions make no contrib

ution to Q(p), and hence need not be considered in the 

second order representation of the ground state of the 

fragment. 



-41-

As in section 3.3 a large number of these wave 

functions have either Q .. (p) or H .. e qual to zero, and so 
::I.J ::I.J 

make no contribution to Q(p). The spin density matrix 

elements Q .. (p) are significantly different from zero 
::I.J 

only if they are functions of b
3

(p) or a
3

(p), since the 

values of the wav e functions b l , aI' b 2 , a 2 are virtually 

zero at the coordinates of the terminal proton. 

All of the wave functions ~10 to ~24 differ from ~o 

by more than two of the individual sets of one electron 

quantum numbers, and therefore the matrix elements HOi 

are zero for i = 10, 11, . . . ,24. Thus none of these wave 

functions need be considered in the second order represen-

tation of the ground state. 

also zero. 

The matrix element H6l is 

The only non-zero QOi(P) is for i = 1. The only 

other spin density matrix elements that nee d be considered 

are Q . . (p) for i,j = 1, 2, ,9. Inspection of the space 
::I.J 

parts of the wave functions shows that the only ones which 

not identically zero or else virtually zero are Qll(P), 

Q24(P) and Q35(P). 

Thus the representation of the ground state of the 

C'-C-C-H fragment, for hyperfine studies, is 

':lJ = [1 + LA. 2 ] - ¥.![ ':lJ + ~ A . ':lJ • ] 
::I. 0 i=l::I.::I. 

where the mixing coefficients A. are given by second order 
::I. 

perturbation theory. The appropriate spin parts of these 

five excited state wave functions must now be chosen. 

All five of the wave functions have limitations on 

the spin functions imp osed by the Pauli principle. ~l 

must have a spin function .~~~S .. , the spin functions for 

the remaining three positions being determined by the 

spin eigenfunctions for three non-equivalent electrons, as 

g iven in appendix I. There is no unique set of spin eigen

functions I ~ ~> for three non-equivalent electrons, but for 
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convenience set II is used. Thus there are two possible 

spin product functions for ~l: 

l/l2(aal3tX.l3a l3-au l3Lt.I3I3cx,) 

1/16 (2I3UI3tX.I3Lt.a_uuI3UI3tX.I3-UUI3tX.I3I3tX.) • 

The first one gives QOl(P) = 0, whereas the second gives a 

non-zero QOl(P). Thus the spin function for ~l is chosen as 

~l = I~ b b b b b a I 1/16(2I3al3al3aa_aal3al3al3-uul3~l3a) 
1 122 3 3 

The spin functions for '±'2 and '±'3 are derived in exactly the 

same way, and are 

~4 must have a spin function .ul3 •••• , the remaining 

spin functions being determined from the I ~~) spin eigen

functions for five non-equivalent electrons, as given in 

appendix I. Linear combinations are chosen from these 

five eigenfunctions to give configurations having spin 

density at the proton, and which have HOi and/or Hli equal 

to zero for as many of the linear combinations as possible. 

This considerably simplifies the expression for Q(p). This 

is the same type of problem that was encountered in the 

preceding chapter, and proceeding in the same way, the only 

spin eigenfunction which makes any contribution to Q(p), 

when suitable linear combinations are chosen, is 

The spin function for ~5 must be of the form ••• UI3 •• 

and as for '±'4 there are five spin eigenfunctions for ~5. 

Linear combinations of these are chosen so that only one 

of these makes any contribution to Q(p). This is the 

wave function 
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'fI5 = I Jt b l a 1 b 2 b 2 b3a3 I l!2!3( 2 u f3'f3uf3u,u_uf3lW.f3f3(.LIJ,f3auf3u:.f3 

_auf3IJ,f3f3IJ,_uaf3uf3uf3+2 uaaa f3 f3f3 ). 

The last excited state wave fUnction to be considered 

is 'fI6 • Once again, there are five possible spin eigenfunc

tions for this. By taking the same kind of linear combin

ations as for 'fI 4 , it follows that there is only one linear 

combination which makes any contribution to Q(p). However, 

in this case Q26(P) ~ bl(p)al(p) ~ 0, as well as H6l = O. 

Consequently, 'fI6 makes no contribution to Q(p). 

Thus the only excited state configurations which 

need be considered in the second order representation of 

the ground state of the C'-C-C-H fragment are 'fI l , 'f1
2

, 'f13' 

'fI 4 and 'fI5 where the spin functions for these are as given 

above. The general expression for the spin density Q(p) 

at the proton, given in appendix II, is so reduced to 

Q(p) = 2 [_HOI + H02H2l + H03 H3l + H04 H4l + H05H5l ] QOl (p) 

El E2 El E3 El E4 El E5 El 

4.3 The Calculations 

'l' 
0 

'fir 

'fI 2 

'f3 

'f14 

= 

= 

= 

= 

= 

The wave functions are 

17C b l b l b2b2b3b31 aaf3uf3uf3 

I JC b b b b b a 1 1/./6 (2f3uf3Uf3au_aaf3uf3lX.f3_uuf3uf3'f3a) 
112 2 3 3 

\1(' b b b a b b I 1/16 (2 f3uf3uaa.f3_UUf3uf3uf3_UUf3 f3uo:.f3 ) 
112 2 3 3 

Ix b a b b b b I 1/16 (2 f3uau:.f3uf3-auf3uf3Uf3-~au:.f3uf3 ) 112 2 3 3 

I Jt b b b a b a I 1/2/3 (2uaf3f3f3Uu._aaf3f3u f3u_l.W.f3f3Uu.f3 11223 3 
_uuf3uf3f3u_auf3uf3uf3+ 2u,uf3au:.f3f3) 
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~5 = l~ blalb2b2b3a3 11/213(2USSUSUU_asaassu_usUUSUS 

_UUSUSsu_UUsuSUS+2 UUUUSSS) 

where 

¢ = a 

¢b = 

¢c = 

¢d = 

¢e = 

1/213 (2UUSUUSS-2uUSUSuS_uuSSUSu+uuSSSUU-Susuusu+suSUSUU) 

1/6(2UUsasuS+2ausaaSS-4uusussa_2~SsauS-2SuSuuuS 

+uuSsusu+UUSSsuu+suSUUSu+suSUSUU) 

1/2(aas susu_uusssua_sasuuSu+s~asuu ) 

1/2/3 (2 UUSSUUS-2 SUSCt.U.0:.S-uuf3Su Su,_uusssuu+sasuusu+ s·asusuu) 

1/3 J'2 (3sussauu+uas0:.SSu,+uuSuSuS+uuSuuSS-uUf3SuuS 

_uussu.sa_uaSSS~-Susaaas-saS~~-Sasasuu) 

The required matrix elements are HOI' H02 ' H03 ' H04 ' 

H05 ' H21 , H31' H41 , H51' QOl(P), Qll(P), Q24(P), Q3 5(P). 
Other matrix elements for ~4i are also required, to show 

that ~4 as given above is the only configuration with this 

space function which need be considered. 

Using the methods given in appendices II and III, the 

required matrix elements are 

HOI = - Y2 16 (1t b 3 ' a 3 rr) QOl(P) =/§. b
3

(p)a
3

(p) 

H02 -Y2/6 (Jtb
2

,a
2

Tt) Qll(P) 
3 2 2 = = ~[b3 (p)+a

3 
(p)J 

-Y2!6 
3 

H03 = (~bl ,al~) Q24(P) = -/?:.. b
3

(p)a
3

(p) 
3 

H04 =/3 (b
2

b
3

,a
3

a
2

) Q35(P) = -13.. b
3

(p)a
3

(p) 
3 

H05 =[3 (b
l

b
3

,a
3

a
l

) 

H21 = - (a
2

b
3

,a
3

b
2

) H31 = - (a
l

b
3

,a
3

b l ) 

H41 = Y2 /2 (~a2 ' b 2")t) H51 = y/.12 Ot aI' b liC' ) 
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H
04b = 2- (b

2
b

3
,a

2
a

3
) 

2 
H

04c = }l2 [(b2b3,a2a3)-(b2b3,a3a2) 2J 

H
04d = -tbJ3 (b

2
b

3
,a

2
a

3
) 

H
04e 

= ° 
Q24a(P) = -12 b

3
(p)a

3
(p) 

12 

Q24b (p) = -16 b
3

(p)a
3

(p) 
3b 

Q24c(P) = .f§. b
3

(p)a
3

(p) 
4 

Q24d(P) = ~ b
3

(p)a
3

(p) 
4 

Q
24e 

(p) = ?!.12 b
3

(p)a
3

(p) 
9 

Proceding as in the previous chapter, and choosing the 

linear combinations 

'f4f = 1/2/2('l:'4a + 'l:'4b +J3'f4c +.J3'l:'4d) 

'f
4g 

'f4h 

'f4 

= 

= 

= 

l/2/2('l:'4a 'l:'4b +J3'l:'4c -!3'f4d ) 

l/4(.[3'l:'4a - 3'f4b - 'f4c +J3'l:'4d) 

l/213(3'l:'4a +[3'f4b -13'f4c - 'l:'4d) 

'l:' 4e, 

then H04f = H04g = 0, Q24h(P) = 0, H14h = 0, so that only 

'f4 makes any contribution to Q(p). The expression given 

here reduces to the expression given in section 4.3 for 'f
4

, 

in terms of spin product functions, when 'f4a to 'f
4d 

are 

expanded in terms of the basis set of spin product functions. 

A similar analysis follows for states 'f5 and 'f6' to 

give the spin functions listed at the beginning of this 

section, for 'f5' As shown in section 4.2, the wave function 

'f6 makes no contribution to Q(p). 
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To proceed further, the LCAO approximation is made 

for b. , a. : 
1 1 

b
l = 1//2 (hI +h 2 ) a l = 1/I2(hl -h

2
) 

b 2 = 1//2(h
3

+h
4

) a
2 = 1/j2(h

3
-h

4
) 

b
3 

= 1/[2 (h
5

+ s) a
3 

= 1//2(h
5

- s) 

where hI is a hybrid at C' pointing to the next carbon, 

and s is the H Is AO . This gives 

HOI 

H02 

H03 

= - YI; /6 [ J ("1rh 5 ) - J (Jr s ) ] QOl(P) = 

= -71t j6 [J (1th
3 

)-J (:l(h
4

) ] Qll(P) = 

= -h)6 [J (Xh
l 

)-J (7t:h
2 

)J Q
24 

(p) = 

Q
35 

(p) = 

=~ [J (h3h5)-J(h4h5)+J(h4s)-J(h3s) ] 

=fl [J(hlh5)-J(h2h5)+J(h2s)-J(hls)] 
4 

= -~[J(h3h5)-J(h4h5)+J(h4s)-J(h3s)] 

-/6 Is(p)1
2 

b 2 
2 Is (p) I 
3 2 
~ Is(p)1 

6" 
~ 

6" 
/s(p)1

2 

H04 

H05 

H2l 

H3l 

H4l 

H5l 

= -~[J(hlh5)-J(h2h5)+J( h 2s)-J(hl s)] 

= 71t J2[J(~h3)-J(1t:h4}J 

= 71t fi[ J (1Chl )-J (it:h2)J 

Substitution of these values in the above formula for 

Q(p) gives, when the assumption that E4 = El + E2 , 

E = E + E3 is applicable, 5 1 

and 

where 

Q(p) = [A + A2 + B + C] Is(p)1 2 

a H = l423[A + A2 + B + C] Mc/s 

A = - [J(~h5)-J(~s)J 

2El 

etc, 

B = [J(~h3)-J(1th4)1~J(h3s)-J( h3h5)}- {J(h4S)-J(h4h 5 )}] 

2E2 ][ 2El 
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c = rJ(Jthl)-J(Xh2)1 fJ(hlS)-J( hlh5)}- {J( h 2S)-J(h2h 5 )}] 

l 2E3 j 2El 

Factor A represents the spin polarisation induced in the 

C-H bond by the unpaired electron in ~ • Factor B is the 

product of two terms: the first represents the spin density 

induced in the bond between C and C by the unpaired electron 

in ~, and the second represents the spin density induced 

in the bond between C and H by the spin density already 

induced in the bond between C and C. Similarly factor C 

makes allowance for the consecutive polarisation' from X 
to bond C'-C and in turn to bond C-H. This consecutive 

polarisation mechanism is further discussed in the next 

chapter, for the general case C'-C IH. 
n-

4.4 Numerical Evaluation 

Literature values are available for some of the 

required exchange integrals: 

J (x hI) = 1. 26 e. v • 

J(~h2) = 0.932 e.v. 

J(h
3

h
5

) = 0.573 e.v. 

J(h
4

h
5

) = 0.921 e .v. 

J(~h3) = 0.036 e.v. 

from Karplus and 

Fraenkel [20J 

from Altmann [15J. 

The other exc hange integrals are very small and for most 

purposes can be assumed zero. However, even though small, 

they cannot be neglected in this problem, since owing to 

the multiplying factor of 1423 Mc/s they make a significant 

contribution to a H • In section 6.5 it is shown that 

temperature dependence of NMR spectra enable the determin

ation of a H values in paramagnetic molecules as small as 
-4 10 Nc/s. 

To make a reasonable estimate of a H, at least some of 



-48-

the remaining integrals are required, and in particular 

The evaluation of these 

requires the services of a fast electronic computer. 

Unfortunately such a computer was not available in New 

Zealand in time for this thesis work. Consequently, only 

a very approximate estimation of a H can be made, using the 

above values. From this it appears that 

a H = +0.15 Mc/s 

and therefore, for the case where the spin density at C' 

is F ' 
a = H + 0 • 15 f' Mc / s . 

Note that the sign of a H is opposite to that for the C'-H 

and C'-C-H fragments. However, until reliable values are 

available for the other exchange integrals, even this 

sign is slightly uncertain. 

A further complication is that even if all the required 

exchange integrals were available, there would be consider

able doubt about the validity of the values for such large 

internuclear distances. All the exchange integrals used here, 

and those usually reported in the literature are evaluated 

using single term Slater wave functions of the form 

Nrrn--le-p rYlm(9,</» [see appendix V for discussion on Slater 

wave functionsJ. S ingle term Slater wave functions provide 

a reasonable representation of AO's in the region between 

two adjacent atoms at normal bonding distances, but it has 

recently been shown [23J, by using self-consistent field 

(SCF) wave functions for carbon, that Slater orbitals 

considerably underestimate t h e values of overlap and 

exc hang e integrals for much larger distances, of greater 

than 2~. For a carbon-carbon distance of 4 ~ a single 

Slater wave function underestimates the exchange integral 

between two 2p~ orbitals by a factor of six, compared 
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with the value obtained from the SCF wave functions. 

This als o occurs when allowance is ma·de for the fact that 

the effective "atomic" orbitals needed in molecules are 

rather less extended in space than the SCF AO's, due to 

shifts in electron density needed for binding. 

Proceding as in section 3.4, t he results for the 

C'-C-C-H fragment can be extended to apply to a C'-C-CH2 
fragment, when hyperconjugation is neglected, to give 

about the same value of a
H

, namely +0.15 Mc /s. 

No experimental a H values are available for radicals 

containing a C'-C-C-H or C'-C-CH
2 

fragment. The negative 

ion of perinaphthane should be suitable for an ES R study, 

if this ion can be prepared. The corres ponding ion of 

acenaphthene has been prepared [13 J and its ESR spectrum 

measured . 

perinaphthane acenaphthene 

In cha p ter 8 a MO hyperconjugation study of perinaphthane 

is presented . This shows that the effects of hyperconjug-

ation at the C'-C-CH
2 

protons are much greater than those 

from spin polarisation arising from spin density at C'. 
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Chapter 5 SPIN POLARISATION IN AN AROMATIC 

C'-C H FRAGMENT --n-l ~.-...;;.~~=.;;.;..= 

5.1 Introduction 

An expression is derived for the proton hyperfine 

coupling constant 

C H, containing ~ 
n 

a H of the terminal proton in a fragment 

type spin density at the first carbon. 

It is assumed that there is no hyperconjugation in the 

fragment. MO theory gives a representation 

'1! = (1 +"" . 2 ) -y.!( '!J +" A . 'Y . ) L 1 0 L 1 1 

for the ground state of the fragment. 

excited states which are mixed into the 

The 'Y. represent 
1 

zero order MO 

representation of the ground state, 'Y , when allowance is 
o 

made for electronic interaction. 

The proton coupling constant a H is expressed in terms 

of certain exchange integrals. The general expression 

given in section 5.3 reduces to the cases given in the 

previous chapters for specific values of n. An interpret-

ation of the mathematical form of this general expression 

for a H leads to the concept of spin polarisation transmission 

throughout a fragment C'-C H by a consecutive polarisat-
n-l 

ion mechanism. 

5.2 The Model 

® 8i - C2- ••• -Ci-C i + l - ••• -C -H 
n 

X is the singly occupied 2p~ AO at Ci 

b.(a.) is the bonding (antibonding) MO of the ~ bond 
1 1 

between atoms i and i+l. The zero order MO representation 

of the ground state of the fragment is 
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which has Q(p) = 0 and so cannot lead to spin density at 

t h e pro t on. Wh en allowance is made for t h e electronic 

interaction term L e
2
/r .. , 

lJ 
certain excited states '¥ . are 

1 

mixed i n to t h e zero order re presentation, '1' • 
o 

As e xp lained 

in sections 3.2 and 4.2, the only excited states which need 

be considered are those contributing to Q(p); the 

appropriate excited states were seen in section 4.2 to 

correspond to just one or two excitations in the ~ orbitals. 

Furthermore, those doubly excited states where both of 

t h e excitations are in the same orbital, or those where 

one of the excitations is not in the b orbital, need not 
n 

be considered, since in both cases either the Q .. (p) or the 
lJ 

H .. are zero. This was seen in section 4.2 for the specific 
lJ 

case n = 3. The only excited state wave functions that 

can contribute to Q(p) are 

'1'1 = pC b
l 

b
l 

b
2

b
2 

'¥2 = lJ'C" b l b l b 2b 2 

'l'n = r1t bla l b 2 b 2 

'¥n+l= l1t b l b l b 2 b 2 

· b a I n n 

b a b b I n-l n-l n n 

• b b I n n 

• b a b a I n-l n-l n n 

• b a I n n 

The spin parts of these wave functions, which must have 

I s Ms ) = I ~ ~> , are determined in the same manner as in 

section 4.2. Wave functions corresponding to a single 

excitation have orbitals which are doubly occupied, and 
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so must have UB for their spin functions; the three 

remaining singly occupied orbitals have their spin 

functions determined by the spin eigenfunctions for three 

non-equivalent electrons, as 1//!6(2BUU_UUB-UBU). The 

other spin eigenfunction l/l:2(aaB_UBU) leads to wave 

functions for which QOi(P) = 0, and is consequently neglect

ed. Similarly, for the wave functions corresponding to 

double excitations, orbitals which are doubly occupied 

must have spin functions UB, and the spin functions for the 

remaining five singly occupied orbitals are determined by 

the spin eigenfunctions for five non-equivalent electrons. 

Proceding as in sections 3.3 and 4.3, it is possible to 

choose linear combinations of the five original spin eigen

functions for five non-equivalent electrons so that only 

one of them makes any contribution to Q(p): 

1/213 (2 U BBUU_uBuBu_uBaaB-aaBBu_aaBuB+2aaaBB) 

From an inspection of the space parts of the above 

wave functions it is readily found which Q .. (p) are non
l..J 

zero, s inc e t h e Q .. (p) are the matrix elements of a one 
l..J 

electron operator. ThUS the general expression for Q(p), 

given in appendix II, 

Q(p) = 2 \-HOI + ~l 
L El i=2 

is reduced to 

HOi Hill Q
Ol 

(p) 

Ei El J 
+ 

+ 2 Ln 
HO . HO + . I Q ( ) l.. ,n l..- . +. 1 p l..,n l..-

i=2 E. E . 1 
l.. n+l..-

5.3 The Calculations 

The matrix elements are evaluated as explained in 

appendices II and 

QOl (p) 

III, to give 

=16 b (p)a (p) 
- n n 3 
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b (p)a Cp) 
n n 

2 2 [b (p) + a (p)J 
n n 

Q .. + l(P) = -,fi. 
1,1 n- 3 

b (p)a (p) 
n n 

HOi = -~fi6 atbn_i+l,an_i+1~) i = 1,2, •.. ,n 

HO +. = /3 ( b . b , a a . ) ,n J n-J n n n-J 
j = 1,2, ••• ,n-1 

H . 1 = - ( a . + 1b ,a b . + 1 ) 1 n-1 n n n-1 
i = 1,2, ••. ,n 

H +. 1 = ~ 12 (1( a . , b . -,r) n J, ~ ~ n-J n-J j = 1,2, ••. , n-1 • 

Thus HO· = - f3 H +. 1 1 J n J- , 
j = 1,2, •.• ,n 

HO +. = -~ H·+ 1 1 ,n J -I ..} J , j = 1,2, ••. ,n-1 

and so the expression for Q(p) becomes 

?:.{6 HOI 
2 2 2 

Q(p) b (p)+a (p) 
2 HOI 

+ n n - -
b (p)a (p) 3 E b (p)a (p) 3 E 2 

n n 1 n n 1 

+ ?:.J6 
3 

HO,n+j_1Hn+j_1,1 

En +
j

_ 1 E1 

and then using the relations (A) above, 

b 2(p)+a 2(p) 
n n 2 + 

b (p)a (p) 
n n 

b (p)a (p) 3 
n n 

}(A) 

n 

+. ~J6 L 
j=2 

[-E.-:-E-
1 

+ -E-
n

-+-:-· _-1-E-1 + E.E : . 1] 
J n J-

So far this result is exact to second order; no approxim

ations or assumptions have been made other than that the 

only excitations of significance are i n the ~ orbitals, 
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and that the system has the terminal proton in the nodal 

plane of the ~ orbital at Ci' so that hyperconjugation 

cannot contribute to the spin density at the proton. 

To further reduce this expression, several assumptions 

and approximations are made: 

1) a reasonable assumption is that the energies of the 

doubly excited states, E +., are given by the sum of the 
n 1 

energies of the two singly excited ~tates corresponding to 

the same excitations: En+i = El + Ei +l , i = 1,2, ••• ,n-l. 

This reduces the above expression to 
2 2 2 

Q(p) ~J6 HOI b (p)+a (p) 
2 HOI 

+ft n n = -- + 
b (p)a (p) 3 

El b (p)a (p) 3 E 2 
n n n n 1 

2) The NO's a., b. are now approximated by LCAO: 
1 1 

3 

n 
HO·H· l [ J J 

E. El j=2 J 

where h2i is a hybrid orbital on atom i+l, pointing to atom i. 

This gives 

b (p)a (p) = _~ l s(p) 1 2 where s = h 
n n 2n 

(7t b k ,a k"TC ) = ¥.2 [J(1th2k_l)-J(1f h2k)] 

(b.b.,a.a.) = (a.b.,a.b.) 
1 J J 1 1 J J 1 

and the expression for Q(p) becomes 

Q( p) = [A + A2 + Lc.] Is (p) I 2 
j=2 J 

A2 
n 

and so a H 
= 1423 [A + + L C . ] Nc/s 

j=2 J 

where A = -1 [J(1t" h2n_l)-J(lth2n)J 

2E 
1 
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[{J(h2 (n_j)+2h 2n)-J(h2 (n_j)+2h 2n_l)} 

- f J (h2 (n-j )+1 h2n )-J (h2 (n-j )+1 h 2n_ l )11 
This general expression for a H reduces to the expressions 

given in chapters 2, 3 and 4 for the specific values 1, 2 

and 3 of n. 

5.4 Limitations 

The approximations and assumptions involved in the 

derivation of the above expression for a H are:-

(1) The Fermi contact Hamiltonian H == .§. Jr gSgNSN L o (r.-rH)s.I 
3 ill 

is the one appropriate for discussing hyperfine effects 

in aromatic radicals, and the perturbation derivation of 

this Hamiltonian is accurate enough for these studies. 

(2) Hy percon jugation does not cont ribute to the spin density 

Q(p) at the proton. 

(3) Excitation in t h e 1t"' orbitals need not be considered. 

(4) The mixing coefficients A. are small, so that pe r turbat-
1 

ion theory may be used. 

(5) The energies of the doubly excited st a tes are given by 

i == 1,2, ••• ,n-l. 

(6) b .lp)a . (p), i == 1,2, •.• ,n-l are negligible compared 
n-l n-l 

( 7 ) 

C8 ) 

with b (p)a (p). 
n n 

The LCAO-MO approximation for a . , b. is a reasonable one. 
1 1 

Overlap integrals may be neglected. 

The first two are statements of the mode~. (4) and 

(6) are mathematical approximations, and as such can be 

eas ily checke'd for their validity ; in chapter 2, the mixing 
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coefficients were calculated to be of the order 0.04, for 

the specific case n = 1. (5) is physically reasonable, 

and corresponds to the one electron approximation in 

constructing MO energy level diagrams. In a more accurate 

treatment, slight differences between En+i and El + Ei +l 
due to different exchange interactions, would have to be 

allowed for. (8) has been shown to be valid for the 

specific case n = 1. Thus (3) and (7) are the main approx-

imations. (7) seems to be reasonable for a type bonds, in 

that these are usually highly localised, and so should be 

adequately represented as above. 

5.5 Interpretation of the Results of the Calculations 

( i ) The numerical variation of a H with n 

For n ~ 3, all of the factors A, A2 C. become very , 
J 

small. However, A become's <.<.. C. as n increases, and probably 
2 J 

for n ~ 3 ) A (and therefore A ) can be neglec ted, so that 

after this the C. are the main features determining both 
J 

the magnitude and sign of a H. For n = 3 it appeared from the 

calculations in chapter 4 that a
H 

could well change sign: 

for n = I and 2, a H is negative, but for n ~ 3 a H appears to 

be positive. This will, however, have to be checked by 

computing the required exchange integrals. 

(ii) Interpretation of the formula in terms of "consecutive 

polarisation" 

This arises from an interpretation of the mathematical 

form of the coefficients C., which are products of the two 
J 

factors. The first factor represents the spin density 

induced in the bond between atoms n-j+l, n-j+2 by the 

unpaired electron in the orbital ~ • The second factor 
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then represents the spin density induced in the bond 

between atoms C and H by the spin density already induced 
n 

in the bond between atoms n-j+l, n-j+2, 

This is called a consecutive polarisation, This is 

a two step consecutive polarisation, corresponding to 

steps such as 

®------.~ ci -C 2 - ••••••• -C i T,-C_1_" +_1-__ " _"_"_'_"_-_C_n __ t H 

with one such step for each possible ~ bond, Note from 

the expression for Q(p) or a H that there is no consecutive 

polaris a tion of more than second order, corresponding to say 

® ~ I } 
C'-C - -C-C- -C-C- -C -H 01 2 I t n 

To obtain this type with m steps, it would have been necessary 

to use m'th order perturbation theory in calculating Q(p). 

Although this idea of consecutive polarisation has 

emerg ed from the particular mathematical form of the results, 

it seems physically reasonable" However, this is a conse-

quence of the choice of MO formalism and the use of pertur-

bation theory" If other methods were used to obtain 

approximations of the eigenfunctions of the Fermi contact 

Hamiltonian, then a different form would be expected for a H, 
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Chapter 6 COMPAR I 3 0N WITH EXP ERIMENT 

6.1 Introduction 

The four preceding c h apters have given theoretical 

expressions for the proton hyperfine coupling constants 

for spin polarisation in C'-C H systems, where C' is an 
n 

aromatic carbon atom having spin density in its ~ orbital. 

These hyperfine coupling constants are expressed as 

where f = spin density in the ~ orbital at C' 

Q = -65 Mc/s for n = 0 

= -4.4 Mc/s for n = 1 

= +.15 Mc/s for n = 2. 

Experimental values are available for the cases 

n = 0, 1 from ESR spectra. Hyperfine coupling constants 

determined experimentally from ESR spectra are usually 

expressed in gauss , since the measurements are made by 

fixing the frequency and scanning the magnetic field, to 

detect the resonance signal. The conversion factor from 

Mc/s to gauss is found from the relation gSH = hv to be 

1 gauss = 2.8029 Mc/s . Thus the above constants Q have 

the values -23, -1.6, +0.05 gauss, for n = 0, 1 , 2 

respectively. Magnetic field units (gauss) are used in 

the remainder of this thesis, when predicting a H values 

to be compared with values obtained from ESR spectra. 

Experimental values are available for the proton 

hyperfine coupling constants in N-C H fragments, obtained 
n 

from the temperature dependence of the NMR spectra of 

dithiocarbamate complexes containing these fragments. 
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The experimental a H values for these protons are 

expressed in Mc/s , although they could be given in gauss . 

In this case the relation gN~NH = hv gives the conversion 

factor 1 gauss (proton) = 2.128 x 10-3 Mc/s , whereas 

1 gauss (electron) = 2.803 Mc/s . To avoid confusion 

between the two types of gauss units, all results relating 

to NMR studies are given in Mc/s. 

6.2 C'-H Proton Hyperfine Coupling Constants 

In chapter 2 the relation a H = -23f gauss was 

predicted. It is reasonable to assume that Q is approx-

imately the same for all C-H bonds in a given aromatic 

molecule, and to a first approximation for all C-H bonds 

in any aromatic molecule. The hyperfine splitting in 

the ESR spectra of aromatic radicals can therefore be 

used to determine the relative unpaired electron densities 

at each of the ring carb on atoms. If the unpaired electron 

densities at the ring carbon atoms in aromatic radicals 

can be calculated from a suitable bonding theory, the 

theoretical prediction a H = Qf, where Q is a constant, 

can be c hecked . This is the approach used here. 

To a first approximation the aromatic spin densities 

p can be obtained from simple Hlickel calculations. In 

deriving a H = Qp , no allowance was made for any exchange 

interactions of the paired ~ electrons in the C'-H bond 

with unpaired ~ electrons at carbon atoms oth e r than C'. 

Therefore the spin densities r are calculated on the 

assumption of no overlap of the carbon 2p~ AO's, or at 

least from a set of orthonormal vectors. The former 

corresponds to the standard form of Huckel theory. A 

discussion of various other forms of Huckel theory is 



-60-

given in chapter 7, section 7.2 I-Hickel calculations are 

usually performed on the assumption that all carbon-carbon 

bonds are of equal length. However, in the polynuclear 

aromatics it has been shown [24J by x-ray analysis that 

there are considerable variations in the bond lengths, 

from 1.35 ~ to 1.46 ~ within a given molecule. The spin 

densities f are therefore given as determined from two 

Huckel approaches, 

assuming all C-C bond lengths are equal 

making allowance for the observed variations 

in bond length by taking 

r3-. = constant x S .. 
lJ lJ 

where S .. is the overlap between adjacent 
lJ 

2p x AO's, as calculated with Slater AO's, 

using the observed x-ray internuclear 

distances, and r3 . . is the resonance integral 
lJ 

between AO's i and j. 

Calculations were performed for naphthalene, anthracene, 

tetracene, perylene, phenanthrene, pyracene and acenaphthene. 

The experimental results are given by Colpa and de Boer [13J 

and Colpa and Bolton [llJ. In the calculations for 

pyrac e ne and acenaphthene, hyperconjugation was allowed for, 

as shown in chapter 7. The spin density at carbon atom 
2 i is simply c . , where c. is the coefficient of the 2p~ AO 

1 1 

at atom i in the MO containing the unpaired electron, and 

the MO coefficients are normalised so that ~ ci2 = 1. 

For a molecule with 2n aromatic carbon atoms, the MO 

containing the unpaired electron is ¢2n for the positive 

ion and ¢2n+l for the negative ion, where the MO's are 

numbered so that the most stable MO is ¢l. 
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Table 6.1 Calculated Spin Densities e and Experimental 

Coupling Constants a H for C'-H 

molecule ion position experimental f( 1) f(2 ) 
-flH (gauss) 

Naphthalene negative a 4.95 .1810 .1772 
0( S 1.87 .0691 .0728 00(3 

Anthracene negative a 5.41 .1934 .1876 

S 2 .76 .0967 .0949 
Q( ($ 

.0483 C(X)'f Y 1.53 .0512 

a.. 6.65 .1934 .1876 positive 

S 3.12 .0967 .0949 
y 1.40 .0483 .0512 

Tetracene negative U 4.25 .1473 .1442 

S 1.55 .0563 .0530 
0( ~ y 1.15 .0336 .0370 r 

positive a. 5.17 .1473 .1442 

S 1.72 .0563 .0530 

Y 1.06 .0336 .0370 

Perylene negative a. 3.53 .1078 .0965 
0( S 3.08 .0833 .0778 63; y 0.46 .0130 .0163 

positive u. 4.10 .1078 .0965 

S 3.10 .0833 .0778 

Y 0.46 .0130 .0163 
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Table 6.1 (continued) 

Phenanthrene negative a 4.43 .1723 .1501 

0( S 3.71 .1157 .1137 

c>=Qy Y o. '±3 .0018 .0020 

¢ h 6 2.88 .0991 .1071 

¢ 0.63 .0541 .0579 

Pyracene negative ex. 1.58 .0640 .0705 

0~ positive a 2.00 .0667 .0716 

Acenaphthene negative a 4.17 .1651 .1706 

00: S 2.42 .0790 .0709 

Y 1.04 .0518 .073,7 
<X 

Figures 6.1 and 6 .2 give a H (experimental) as a function 

of F(l) and f(2) respectively. According to the theoretical 

predictions, a plot of a H versus f should be linear, with a 

slope of about -23 gauss, and should pass through the origin. 

Figures 6 .1 and 6 .2 confirm this. Both methods of calcul

ating f give graphs passing very close to the origin. 

A least square analysis gives a slope of -29.4 gauss for 

a H versus f(l) and -30.4 gauss for a H versus p(2). The 

standard deviations are 0.50 and 0 .57 gauss respectively. 

The two methods of calculating the spin densities give very 

similar results. The slopes are slightly greater than 

expected, -23 gauss . This could arise in several ways: 

(a) limitations in the method of calculating the spin 
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FIGURE 6.2 
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densities F ' such as the neglect of overlap, and 

use of the same Slater exponent [see appendix V, 

section AV.l] for determining the MO's for both 

positive and negative ion; 

(b) neglect of exchange interactions of the C'-H ~ 

electrons with other aromatic carbon 2Px electrons; 

(c) the numerical values used for the exchange integrals 

J(~h) and J(~s), which were calculated with Slater 

AO's. 

However, the general features of the graphs are as predicted, 

namely a linear relation between a
H 

and ( , passing through 

the origin. 

There are several features to be noted from these 

graphs. If it is assumed that the X electrons in pyracene 

and acenaphthene are restricted to the naphthalene nucleus, 

the ( values to be used are those for naphthalene. If the 

experimental a H values are plotted against these ~ values, 

the points lie further off the line of best fit than when 

they are plotted against the values of (' making allowance 

for hyperconjugation. Hyperconjugation in these molecules 

is discussed in detail in chapter 7. 
Both graphs show a general tendency for the positive 

ions to have larger Q values than t h e negative ions. 

Simple Huckel theory predicts that the ring carbon spin 

densities are the same for the positive and negative ions 

of the same molecvle. When allowance is made for overlap 

of the carbon 2P7C AO's, or for non-adjacent S interactions, 

this symmetry is destroyed. In chapter 7, five forms of 

Hiickel theory are us ed to determine the j( MO' s for pyracene 

and acenaphthene. These were also applied to naphthalene 

and anthracene. The assumptions of the methods, numbered 
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(1) to (5), are given in section 7.2. The prefix XR 

indicates that the x-ray bond lengths have been used. 

Since all the ~ AO's in these two molecules have the same 

coulomb integrals, methods (4) and (5) give identical MO's. 

Method (2) also gives the same spin densities as method (4), 

for these particular molecules. As shown in section 7.7, 

methods (2) and (3) are equivalent for determining spin 

densities. The spin densities are shown in table 6.2 

Table 6.2 Spin Densities for Naphthalene and Anthracene, 

Calculated with Different Forms of Huckel Theory 

radical position method (1 ) (4 ) XR(l) XR(4) 

=(2)=(5) =XR(2)=XR( 

naphthalene ex.. .1810 .1787 .1772 .1746 

-ve ion ~ .0691 .0713 .0728 .0755 

naphthalene ex. .1810 .1779 .1772 .1742 

+ve ion ~ .0691 .0721 .0728 .0756 

anthracene a .1934 .1961 .1876 .1878 

-ve ion ~ .0967 .1043 .0949 .1063 

y .0483 .0549 .0512 .0597 

anthracene ex.. .1934 .1668 .1876 .1513 

+ve ion ~ .0967 .0910 .0949 .0909 

Y .0483 .0520 .0512 .0544 

The numbering of the positions is as in table 6.1 

All methods other than (1) and XR(l) predict greater 

spin densities for the negative ions than the positive 

ions, at the ex. position in naphthalene, and the ~, ~ 



-65-

positions for anthracene, and smaller values at the ~ 

position in naphthalene and the y position in anthracene. 

This order is the reverse of the experimental order for 

the a H values for anthracene. 

This difference in the a H values of corresponding 

positive and negative ions was the subject of a theoretical 

analysis by Colpa and Bolton [llJ, who derived an equation 

which appeared to account for the observed difference in 

terms of charge densities at the ring atoms, as well as 

spin densities. However , it was shown later [25J that 

there i s an error of sign in their derivation . Discussion 

is still continuing o n this sub ject [25J but as yet no 

satisfactory solution has been found. In the discussions 

so far the validity or s ,ignificance of the simple Huckel 

spin densities has been neglected. Huckel theory neglects 

any electronic interaction, and this could lead to signifi

cant changes in the eigenfunctions, and so the spin densities. 

6.3 C'-CH
2 

Proton Hyperfine Coupling Constants 

In chapter 3 the relation a H = -1.6 F gauss was 

predic ted, considering spin polarisation in the ~ orbitals 

of a fragment C'-C-H. Experimental values are available 

for the pyracene positive and negative ions, and the 

acenaphthene negative ion. 

pyracene acenaphthene 
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Assuming that the ~ electrons are restricted to the 

aromatic region (the naphthalene nucleu&), the spin 

density at C' to be used in a H = -1.6 p gauss, should, to 

a first approximation, be that appropriate for the corres

ponding ion of naphthalene, namely 0.1810 for both the 

positive and negative ion, according to simple Huckel 

theory. Therefore the hyperfine coupling constant at 

the C'-CH2 protons should be about -1.6 x . 1810 = -0 . 29 

gauss, if only spin polarisation in the a orbitals leads 

to spin density at the CH
2 

protons, and this value should 

be observed for both the positive and negative ions of 

pyracene and acenaphthene. Since the C'-CH
2 

protons are 

not in the nodal plane of the ~ orbital at C', there is 

a small contribution to the spin density at these protons 

from the value of the C' 2p~ wave function at the coordin

ates of the protons. Assuming that the C ' 2p~ wave function 

can be adequately represented by a Slater AO at a distance 

of about 2.15 R, this leads to a contribution of about 

+4.0 f gauss, where F is the spin density at C'. Thus the 

net contribution to a H is about +2.4~ gauss, which for 

F = .1810 gives a proton hyperfine coupling constant of 

about +0.43 gauss for either the positive or negative 

ion, for both pyracene and acenaphthene. 

Experimentally it is found [ 13J that the C'-CH2 a H 
values for these radicals are much larger than 0.43 gauss, 

and are not the same for positive and negative ions: 

pyracene negative ion 

pyracene positive ion 

a H = 6.58 gauss 

a H = 12.80 gauss 

acenaphthene negative ion a H = 7.53 gauss. 

The assumption that the s p in density at the C'-CH
2 

protons arises only from spin polarisation in the ~ bonds 
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or from the amplitude of the CI 2p~ wave function at the 

coordinates of the protons is inadequate for explaining 

the experimenta l results. 

The reason for this apparent discrepancy between 

theory and experiment is that t h e unpa i red electron in 

the ~ orbital of the aromatic re g ion is not confined to 

t h e aromatic region. Th ere is a con siderable de g ree of 

delocalisation of the ~ electrons of t h e aromatic region 

out to the orbitals of t h e CH
2 

protons. Such delocalis-

ation is usually referred to as hyperconjugation. This 

means that the formula for a H in a CI-CH
2 

fragment is not 

appropriate for discussing the observed CH
2 

a H values in 

the ions of pyracene and acenaphthene, because hypercon

jugation leads to net spin density about the CH
2 

protons. 

Hyperconjugation in these radicals is considered in detail 

in chapter 7. 

In these ions the net spin density F at e l , as 

determined from a hyperconjugation treatment of the wh ole 

molecule, still makes a contribution of -1.6f gauss to 

the a H for the CH
2 

protons, but this value, about -0 . 2 

gauss, is almost negligible compared with the a
H 

arising 

from the direct probability of finding the unpaired 7C 

electron in the Is orbitals about the CH
2 

protons. 

S imilarly there is a contribution of about -28 ~ ' gauss 

to the eH
2 

a H from the spin density p i at the carbon atom 

of the CH
2 

group, this spin density arising from hyper-

conjugation. This is also a small contribution compared 

with the a H arising from the unpaired X electron density 

at the eH2 protons, being about -0.4 gauss for the 

positive ions and only -0.03 gauss for the negative ions. 

The problem is thus to find a molecule containing the 
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fragment C'-CH2 or C'-C-H, where hyperconjugation cannot 

lead to net spin density at the terminal protons. 

6.4 C'-C-CH2 Prot on Hyperfine Coupling Constants 

At present no experimental evidence is available for 

comparison with the values predicted from a spin polaris-

ation mechanism in the a bonds . Once again it is likely 

that hyperconjugation would be much more important than 

spin polarisation in any radical containing this fragment. 

A MO hyperconjugation treatment for a molecule containing 

this fragment, perinaphthane, is given in chapter 8. The 

ions of this molecule should be capable of ESR examination. 

6.5 Proton Hyperfine Coupling Constants in N-C
n

H
2 

Fragment~ 

Experimental results are available for the proton 

hyperfine coupling constants in fragments N-C
n

H
2
-, occuring 

in dithiocarbamate complexes. These a H values have been 

determined from the temperature dependence of their NMR 

spec~ra, by Dr R.M . Golding [26J, who has recently shown [3J 

that the a H factors for protons in a paramagnetic molecule 

can be determined from the relation 

where 6H is the change in the effective magnetic field at 

the nucleus due to the unpaired electrons in the molecule. 

The advantage of this method is that it is possible to 
-4 determine v e ry small values of a H, down to about 10 Mc/s, 

whereas using ESR measurements it is difficult to determine 
-1 a H values of less than 10 Mc/s. However, to perform NMR 
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measurements a reasonably stable species is required, 

and the concentrations needed with the present experi

mental methods are considerably greater than those required 

for ESR measurements, which can handle very low concen

trations of unstable species. 

This method has been applied by Dr Golding to dithio

carbamate complexes of the type 

where R is an aliphatic chain. The NMR measurements permit 

the calculation of the proton a
H 

values for the iron atom 

not only in its ground electronic state for these complexes, 
2 6 2 

T
2

, but also in the first excited state, AI' In the T2 

state there could be complications arising from the neglect 

of the pseudo-contact term in the hyperfine Hamiltonian 

[see section 1 . 2J but for the 6Al state there should not 

be any contribution from the pseudo-contact term, and the 

Fermi contact term should be solely responsible for the 

o b served proton hyperfine coupling constants. 

The experimental a H values, given in table 6.3, 

indicate that there is a significant amount of spin density 

at the aliphatic and aromatic protons, arising from the 

unpaired electrons of the iron atom. This would also lead 

to spin density at the nitrogen atom, in its X orbitals. 

If this spin density at the nitrogen atom gives rise, 

through a spin polarisation mechanism in the a orbitals, to 

the spin density implied at the protons by the obs.erved a H 
values, then the results a H == Qf derived for spin polar-

isation in C'-C H fragments should also be valid for N-C H, 
n n 

a part from slight numerical chang es for certain of the 
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exchange integrals. It was shown in section 2.10 that Q 

for N-H is about the same as for C'-H~ it is assumed that 

Q for N-C H is about the same as for C'-C H. 
n n 

The experimental results, k~ndly supplied by Or R.M. 

Golding [26J, are given in table 6.3, for the 6Al state 

of the iron atom. 

Table 6.3 

a 

c 

e 

g 

Proton Hyperfine Coupling Constants for the 

6Al States of Dithiocarbamate Complexes 

b 

d 

f 

h 
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Table 6.3 (continued) 

a
H 

in Mc/s 

molecule CH
2 

(1) CH
2 

(2) CH
3 

aromatic aromatic aromatic 

(para) 

a .668 -.0804 .0083 .0195 

b .455 .0542 -.0815 .0093 .0031 

c .435 .0930 .0389 -.0787 .0012 .0186 

d .838 

e .495 . 0386 

f .469 .0648 .03 1 3 

g .3 0 3 .004 8 

h .261 .012 

All of the fragments N-C H imply a negative spin 
n 

density at the nitrogen atom, arising from spin polarisation. 

If the formula for a H for C'-C-H is used as a rough guide 

for the implied values of the spin density at the nitrogen 

atom, it is seen that the N-CH
2

- fragments imply large 

negative spin densities at the nitrogen atom of about 0.1. 

Since there are three such nitrogen atoms in each complex, 

this corresponds to a large probability of the unpaired 

electrons from the iron atom having been delocalised, or 

at least having some effect, on the nitrogen atoms. 

Furthermore, if the observed proton hyperfine coupling 

constants were the result of spin density at the nitrogen 

atom giving rise to spin density at the protons, by spin 

polarisation in the 0" bonds of N-CnH, the values of a H in 

the sequence N-CH2-, N-C-CH2-, N-C-C-CH3 would be expected 

to decrease in magnitude more rapidly than they are observed 

to, and a change in sign of a H would be expected. It theref<ore 
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appears that spin polarisation in the ~ orbitals is not 

the main mechanism contributing to the observed a H values. 

6.6 Conclusion 

Comparison of experimental and theoretical results 

for proton hyperfine coupling constants in C'-CH
2 

and 

N-C H fragments have indicated that in these cases deloc-
n 

alisation of electrons from the region where the unpaired 

electrons are usually considered to be restricted to, may 

be much more important than spin polarisation, in accoun

ting for the observed proton hyperfine coupling constants. 

For C'-H fragments, where there is no possibility of 

delocalisation, spin polarisation in the ~ bonds appears to 

account satisfactorily for the observed proton hyperfine' 

coupling constants. 

In the remainder of this thesis, detailed MO studies 

are made of delocalisation (hyperconjugation) in molecules 

containing C'-CH
2 

and C'-C-CH
2 

fragments. The methods 

developed are, in principle, applicable to any molecules. 
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Chapter 7 HYPERC ONJUGATION IN AN AROMATIC 

C'-CH
2 

FRAGMENT 

7.1 Introduction 

Hyperconjugation, the other possible mechanism leading 

to spin density at the protons, is n~considered, since the 

spin polarisation mechanism does not appear to be able to 

account quantitatively for the observed proton hyperfine 

coupling constants for C'-CH
2 

groups. 

MO calculations making allowance for hyperconjugation 

are presented in this chapter, for two molecules containing 

C'-CHZ fragments, pyracene and acenaphthene. Five methods 

of calculating the MO's for these molecules are considered. 

A range of calculated values for the C'-CH2 proton hyperfine 

coupling constants result, depending on the method used to 

determine the ~ MO's, and the assumptions made in calculating 

the a H values from the MO wave functions. However, all 

methods lead to larger values for a H than the spin polaris

ation mechanism dis cussed in chapter 3 a n d section 6.3, 
and all methods account for t h e o b served facts that a H is 

larg er for the positive ion of pyracene t h an t h e negative 

ion, and that for the negative ions, acenaphthene has a 

slightly greater value of a H than pyracene. 

Calculations are presented to show the s ensitivity of 

the results to certain parameters involved in the calculation 

of the MO's; in particular, the choice of values of some 

of t h e coulomb integrals, and the use of assumed bond lengths 

and angles. The calculated C'-CH
2 

a H values are found to 

be sensitive to the choice of coulomb integrals, but are 

little affected by the changes in bond lengths and angles 

required when the values for pyracene obtained from an 



-74-

x-ray study are used. 

From a MO viewpoint, hyperconjugation means an extension 

of the ~ electron system from conjugated region~, such as an 

aromatic system, to regions usually considered to be non

conjugated, such as a saturated aliphatic portion of a 

molecule. This delocalisation is basically a consequence 

of t h e symmetry properties of the molecule. 

In an aromatic C'-CH2 fragment suc h as occur~ in pyracene, 

carbon atom C is bonded to another carbon atom as well as 

C', and to the two hydrogens, Hu and HI' located above and 

below the aromatic plane respectively. These four bonds are 

usually considered to be of ~ type. 

Instead of considering the hydrogen Is AO's separately, 

in forming bonds, the normalised linear combinations 

~H = [2(1+S)J-~(LSu + lSI) 

rrH, = [2(1-S)J-~(lSu lSI)' 

where S = <lsu ' IS'l > 

can be taken. These have ~ and ~ symmetry respectively, with 

respect to the molecular plane. Therefore, '1l H combines with 

the other n orbitals in the molecule, namely those of the 

aromatic region, to extend the conjugation of these aromatic 

-n: orbitals to the CH2 groups. Symmetry considerations show 

that '7tH, cannot combine' with the Q" orbitals of the molecule, 

and O"H cannot combine with the 7C orbitals. If the molecule 

contains an unpaired electron, which is in a Ir orbital for 

an aromatic molecule, this leads to spin density a~ the 

CH
2 

groups. 

The CH
2 

group is therefore treated as having a '1t -type 

pseudo AO ~H. Consequently, the AO's for the carbon atom 

o!f the CH
2 

group are taken as three hybrids of c:r symmetry, 

pointing to 0 H and to two other carbon atoms respectively, 
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and one pure 2p~ AO. 

Symmetry considerations have lead to the assignment 

of two '1r type AO' s to each CH
2 

group, the carbon 2p,~ and 7t:"H. 

The amount of ~ electron density at these atoms in the 

CH
2 

groups is then determined by a MO calculation for the 

7C electrons. Therefore these ~ AO's associated with the 

CH
2 

groups are n~ included in the basis set of '71: AO's used 

in setting up the '71: MO's for the entire molecule, by the 

method of linear combination of atomic orbitals (LCAO). 

MO calculations for molecules as large as pyra~ene are most 

readily performed with some form of Huckel theory. 

An alternative approach, discussed in section 7.8, is 

to determine the MO's for the entire molecule by including 

in the basis set of AO's all the high energy electrons, 

namely 2s, 2p , 2p , 2p for carbon and Is for hydrogen. 
x y z 

This method does not involve any assumptions of a division 

into ~ and ~ type electrons, or of the consideration of 

just the ~ orbitals. No arbitrary assumptions about the 

type of a hybrid AO' sat each a tom are made, and with this 

method, the validity of ass,uming that the unpaired electron 

in the positive or negative ion is in a ~ type MO, can be 

checked. The main disadvanta ge of this method is that it 

requires conSiderably more. computation than the ~ electron 

calculations, since the basis set contains almost four times 

as many AO's. 

7.2 HUckel Theories 

All Hackel theorie~ are based on a one electron MO 

approach. The eigenfunctions for a single electron, in the 

field of all the nuclei, are determined by LCAO-MO. These 

are the one-electron MO's. The total number of electrons 

considered is then fed into these MO's, in accordance with 
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the aufbau principl~, placing up to two electrons in each 

non-degenerate orbital. Since the Hamiltonian used in 

calculating these MO's is a one-electron Hamiltonian, this 

method neglects any electronic interaction, such as coulombic 

repulsion or exchange interaction. 

All forms of Hlickel theory are based on an expansion 

of the one-electron MO's in terms of a LCAO. The variation 

principle is applied, as shown in appendix IV, to minimise· 

the energy of each one-electron eigenfunction, yielding the 

secular equation in matrix form, 

where 

He = seE 
C 't SC = I 

H is the Huckel matrix, 

S is the overlap matrix, 

C is the MO matrix, whose column vectors give the 

coefficients of the AO's in the LCAO-MO's, 

E is the eigenvalue matrix, giving the energies 

of the MO' s ;. 

The matrix elements of Sand H are given by 

S. . = ( if>. I ¢ . > 
1J 1 J 

H.. . = < ¢ . 1'1( I ¢ . > 
1J 1 J 

where the I ¢.) are the bas is AO' sand 1l is the effec t ive 
1 

one-electron Hamiltonian. Usually the exact form of the 

Hamiltonian is not specified. The diagonal elements of the 

Huckel matrix, denoted by a., are referred to as coulomb 
1 

integrals; the off-diagonal elements, written as S .. , are 
1J 

referred to as resonance or exchange integrals. 

When dealing with molecules where there is only one 

type of X AO and only one value for the bond lengths, the 

values of the S .. nee'd not be further spec ified, when only 
1J 

nearest neighbour S interaction is considered. However, in 
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the molecules studied here, there are two different types 

of Jt AO' s, carbon 2p 7C. and hydrogen "1LR , and three different 

bond lengths. Therefore a variation of the resonance integrals 

~ with atom type and bond length must be assumed. All forms 

of Ruckel theory considered in this thesis assume a linear 

relation between ~ .. and S .. , often with a simple c<onstant 
:1.J :1.J 

of proportionality. The overlaps S .. are conveniently 
:1.J 

evaluated using Slater wave functions, as shown in appendix V. 

Until recently, all Hucl{el calculations had been performed 

for just the ~ electrons, and it was implicitly assumed that 

the X electrons accounted for the chemical properties of 

conjugated compounds. Recently Ruckel theory has been 

extended [5J to include all the high energy electrons. In 

this form it is applicable to many inorganic compounds as 

well as organic ones. 

Five forms of RUckel theory are considered in this 

chapter. Since the observed proton hyperfine coupling 

constants depend on the spin density at the protons., such 

measurements provide a sensitive test for methods of construc-

ting approximate eigenfunctions for molecules. The experi-

mental results are therefore used to compare these five 

forms of Huckel theory. 

only the ~ electrons. 

The first four methods consider 

Method (I): Simple Huckel Theory 

By neglecting all the off-diagonal overlap matrix 

elements, i.e. by setting S .. = 6 .. , the secular e·quation 
:1.J :1.J 

RC = SCE is simplified to HC = CEo This requires merely 

the evaluation of the eigenfunctions C. and eigenvalues E. 
:1. :1. 

of the Ruckel matrix R. 

This is the standard form of RUckel theory, and is 

often the only form considered. Only those resonance integrals 
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between AO 's on adjacent atoms are considered. IV-hen there 

is more than one AO type, or more than one value for the 

bond lengths, the resonance integrals are evaluated by 

assuming a relation 

~ .. = constant x S .. 
1J 1J 

and the S .. are evaluated with Slater wave functions. 
1J 

At first sight this app roach a ppears to be self-

contradictory, in that at one stage the S .. are assumed 
1J 

zero for i not equal j, whereas at another stage they are 

calculated to be non-zero and used as such to determine the 

~... This is, however , the standard form of Huckel theory, 
1J 

and has proved useful for predicting "resonance" energies 

and providing simple qualitative understandings of certain 

properties of conjugated molecules. However, its main 

advantage is its mathematical simplicity, and this is no 

doubt the reason that it was almost the only form of Wickel 

theory used for many years. It is important to note that 

there is no theoretical justification for setting S .. 
1J 

This method gives a highly symmetrical solution. 

energy levels are equally spaced above and below the 

= 6 ..• 
1J 

The 

zero 

of energy, for molecules with only one type of AO, and the 

coefficients of given AO's in corresponding bonding and 

antibonding MO's are numerically equal. 

Nethod (2) 

All the overlap integrals are once again set equal to 

6 .. , but allowance is made for all ~ .. interactions, in 
1J 1J 

assuming 

~ .. = constant x S .. ' 
1J 1J 

This makes little change to the binding energy of a given 

molecule, compared with method (1), but destroys the symmetry 

o f the solutions: the energy levels are no longer equally 
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spaced above and below the zero of energy, and the coeffic

ients of given AO's in corresponding bonding and antibonding 

MO's are no longer numerically equal. 

Method (3): L~wdin's method making allowance for overlap 

This method, due to Lowdin [27J mak~s full and exact 

allowance for overlap, in solving the secular equation, 

whereas methods (1) and (2) make no allowance for overlap. 

The bas is set fl et> .)] is no longer an orthogonal set. As 
1 

shown in appendix IV, the eigenvalue problem HC = SC E can 

be transformed to a tractable form 

where 

H'C ' = C ' E 

HI = S-~ S-V-! 

C = S-¥.l C I • 

The major problem with this method is the computation of 
-}.2 

the matrix S ,but this is readily accomplished with an 

electronic computer 

In method (3), only those overlap matrix elements 

between AO'S on adjacent atoms (i.e . , bonded atoms, in the 

usual chemic a l sense) are considered. The ~ .. integrals are 
lJ 

evaluated as in method (1), although the method of solving 

the secular equation, making full allowance for overlap, 

is quite general. 

Method (4) 

This is the same as method (3), except that all overlap 

matrix elements are considered. The ~ .. integrals are 
lJ 

evaluated as in method (2). As discussed in appendix IV, 

the real matrix S-~ exists if and only if S is positive 

definite. Now although the complete matrix S is positive 

definite, the matrix S with certain, even small, matrix 

elements neglected may not be positive definite, and in 
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such a case no real solution of the secular equation exists. 

Methods (3) and (4) are of comparatively recent origin 

compared with method (1). 

Method (5): Extended Huckel Theory 

This method, developed recently for organic molecules 

by Hoffmann [5J, considers all the high energy electrons. 

It is not restricted to conjugated organic molecules, but 

can be applied to any molecule, organic or inorganic. For 

organic compounds, the carbon 2s, 2p , 2p , 2p , and hydrogen 
x y z 

Is AO's are considered. Full allowance is made for overlap, 

using Lowdin's method [see appendix IV], and considering all 

overlap matrix elements. The overlap integrals may be 

evaluated using Slater wave functions, or self-consistent 

field (SCF) overlaps may be used. Hoffmann has developed 

the method so that just t h e x, y and z coordinates of each 

atom, together with four parameters, are fed into a computer, 

which computes the overla p integrals and then the MOIS. 

A similar program is given in appendix VII of this thesis. 

The coulomb i ntegrals ~. are estimated from emission , 1 

spectral data, being ta k en as the negative of the valence 

state ionisation energies (VS IE). The resonance integrals 

S .. are evaluated from the assumed relation 
1J 

S. . = k *( u. +u..) S . . 
1J 1 J 1J 

where 1< , a cons tant, is taken as 1.75 by Hoffmann . 

This method gives an eigenvalue problem o f order 4n+m 

f or a molecule C H; , whereas the -,r: elec tron methods (1) to 
n m 

(4) give matrices of order n+* m, or less. Even for compar-

atively small molecules, such as benzene, this method leads 

to a considerable amount of computation, and since the 

solution of the secular e quation requires two eigenvalue 
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extractions, is not suitable without a high speed electronic 

computer. 

The method used here for evaluating the resonance 

integrals is more realistic than that used in methods (1) 

to (4), when there are AO's with different coulomb integrals. 

It makes allowance for the degree of bonding depending on 

the electronegativities of the two AO's overlapping to form 

the bond, as well as on the degree of overlap. Another 

method that has been suggested for evaluating the resonance 

integrals [28J is 
~ 

~ .. = -k [u .. a..J S .. 
1J 1 J 1J 

where k, a positive constant, is usually taken as 2.0 . 

7.3 Hyperconjugation in Pyracene and Acenaphthene 

All five of the above forms of Huckel theory are applied 

to these two molecules. Full computational details are given 

{or pyracene, and just a summary of results for acenaphthene. 

The same methods were also applied to napht halene. This 

provides a , convenient basis for discussing the extent of 

hyperconjugation in pyracene and acenaphthene. The model 

used for the electron calculations is given first, and 

then the model for method (5). The ~ electron energy levels 

and MO's for all five methods are then discussed. 

7.4 The Model for ~ Electron Calculations 

For the molecules pyracene and acenaphthene, the ~ and 

~ type AO's and MO's belong to different irreducible repres

entations of the point group appropriate for the molecule 

concerned. Consequently there is no overlap between any ~ 

and ~ type orbitals, and the ~ electrons can be considered 

separately. This is not true, however, for the molecule 
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perinaphthane, discussed in the next chapter. 

Each CH
2 

group provides two ~ AO's for the basis set 

of the Huckel 71 electron calculations. This gives 18 7r AO's, 

and hence 18 ~ MO's, for pyracene, and 14 for acenaphthene. 

In the negative ion of pyracene, 19 electrons are fed into 

these MO's, with two electrons in each of the bonding MO 's 

and one electron in the lowest energy antibonding MO. In 

the positive ion of pyracene, 17 electrons are fed in, and in 

this case the highest energy bonding MO is singly occupied. 

In each case there is one ~ MO containing a single unpaired 

electron. This electron is responsible for the hyper fine 

properties of these radicals. 

Group theory can be used to reduce the order of the 

matrices involved in methods (1) to (4), from one l 8 x18 

matrix for pyracene, to two 4x4 and two 5x5 matrices . 

Instead of using the basis set {1 <1>. >\ of AO's, a set of 
1 

symmetry adapted linear combinations of the 1<1>. ) are chosen, 
1 

saY {I ¢i~ ' such that each I¢i> transforms as an irreducible 

representation of the symmetry group of the molecule, which 

is D2h for pyracene and C
2v 

for acenaphthene. A theorem in 

group theory states that there are no matrix elements, of a 

scalar operator such as the Hamiltonian, between I¢ .) belong-
1 

ing to different irreducible representations. Therefore the 

1 8x18 matrix has blocked out diagonal form, and in the 

extraction of eigenvalues only the submatrix for each irred

ucible representation need be considered. The numbering of 

the AO's, and the symmetry adapted orbitals are given below. 

Pyracene: numbering of ~ AO's, and symmetry orbitals 

The AO's 1, 4, 16 and 18 are the pseudo AO's ~H associated 

with the CH
2 

groups , and defined in section 7.1. 
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7.5 Calculation of Resonance Integrals 

All the ~ electron methods use the relation 

[3 .. = constant x 5 ..• 
1J 1J 

For convenience in computation, all energies are measured 

in units of [3 , the resonance integral between two carbon 
o 

2p AD's on adjacent atoms a distance 1.39 ~ apart. The 

overlap S .. for two such AD's is given in appendix V as 
1J 

nearly 1/4; "therefore the above constant is taken for 

simplicity as 4, so that 

[3 .. = 4 s .. 
1J 1J 

where all resonance integrals are measured in units of [3 • 
o 

The overlap integrals are calculated as shown in 

appendix V, with 5 later AD 's, using an exponent of 1.625 for 

carbon, and 1.0 for hydrogen, as given by Slater's rules [29J. 

X-ray evidence [30J shows tha t all the carbon atoms in 

pyracene are planar, so that only the hydrogens of the CH2 
g roups lie out of the molecular plane. The bond lengths for 

aromatic carbon-carbon, aliphatic carbon-carbon, and carbon

hydrogen, are taken as 1.39, 1.54 and 1.08 R respectively. 
o 

The angle HuCH
l 

within a CH
2 

group is taken as 109 28', 

the tetrahedra l angle. The internuclear distances and angles 

calculated from the x-ray data are used in a later study in 

section 7.16. As is clearly seen from table AV.4 in appendix 

V, the overlap 5
12 

is dependent on the C-H distance and the 

angle HuCH
1

• The larger overlap integrals are given below, 

although for methods (2) and (4), all overlap matrix elements 

were considered • 

S12 = • 6399 S23 = .1919 5
56 

= .2484 

S13 = .1137 5
24 

= .0436 S57 = .0352 

S14 = .1164 S25 = .0311 5
58 

= .0020 

5
16 

= .0235 5 26 
= .0013 5 5 ,12'= .0157 
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S2,14= .0179 

S18 = .0014 

The choice of coulomb integrals for the calculations 

is the mathematical way of allowing for the inductive effect. 

All the aromatic carbon 2p~ AO's are assumed initially to 

have the same value of the coulomb integral, say a . The 
o 

a. values for the aliphatic carbon 2p AO's and the pseudo 

AO 's 7C"H are expressed as 

a = u. + °l~o (i. e. for 7r' H) 1 0 

(X.2 = ex.. + °2~O (i. e • for the adjac-
0 

ent carbon 2P7t). 

The values of ° 1 , ° 2 used initially are those .chosen by 

Coulson and Crawford [31J for a study of hyperconjugation in 

toluene, 

°1 = -0.5 °2 = -0.1. 

Since the methyl group in toluene is usually considered to 

be electron donating with respect to the aromatic ring, 

and since ~ is negative, a 
o 

been expected. However, as 

positive value of ° 1 might have 

shown in section 7 .11, these ° 

values do in fact lead to the CH
2 

groups in pyracene and 

acenaphthene being electron donating to the aromatic rings, 

and, furthermore, it is shown in section 7.15 that the more 

negative the value of °
1 

is, the greater is the amount of ~ 

electron density donated from the CH
2 

groups to the aromatic 

ring. The values of ° chosen by Coulson and Crawford were 

chosen to fit the experimental dipole moment data fo r toluene. 

The valence state ionisation energies for carbon 2p and 

hydrogen Is AO ' s, of -11.4 and -13.6 e.v. respectively, 
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according to Hoffmann [5J, also appear to suggest that 

°1 s h ould be positive. However, as shown in section 7.8, 

the coulomb integral for "1\ H' according to method (5), should 

be 
~(1-1.75 S)/(l-S) 

where S = ( lsu llSl) and UH is the coulomb integral for a 

h y drogen Is AO. With the assumed bond leng ths and angles, 

this g ives '\ = -9.4980 e .v., which corresponds to a ne gative 

value for °
1

, of about -0.67. 
The dependence of the calculated a H values, and the 

charge densities and binding energy, on °1 and °2 , is further 

discussed in section 7.15. 

For conveni ence in computation, all energies for met h ods 

(1) to (4) are measured from a in units of S , wh ich is 
o 0 

inhe rently ne gative. 

7.7 Calculation of the Proton Hyperfine Coupling Constants 

(i) C'-CH
2 

Protons 

The proton hyperfine coupling constants (PHFCC) are 

determined from the MO containing the unpaired electron in 

the radical. If this MO is expressed as 

'l'= L c.¢. 
.11 
1 

where the ¢. are the basis AO's, the spin density Q(p) at 
1 

one of the CH2 protons, say the upper one of the pseudo AO 

where 

Q(p) = ['l'(p)J
2 

1¥(p) = L c.¢.(p) 
.11 
1 

and ¢.(p) is the value of the AO ¢. at the coordinates p of 
1 1 

the proton. The ¢ (p) are evaluated with Slater wave 
i 

functions, giving, for the assumed bond lengths and angles, 
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<1>1 (p) = .3914 ¢2(P) = .2880 

<1>3(P) = .0494 <1>4(P) = .0216 

<1>5(P) = .0494 <1>7(P) = .0093 

<1>14(P)= .0112 . 
The proton HFCCa H is then 

2 
8rrg~gN~N Q(p) = 1594 [~(p)J gauss (electron). 
3h 

If contributions to ~(p), and therefore a H, are considered 

from only the IT H AO about the proton and the 2P 7T' AO on the 

adjacent carbon atom, then 

~(p) = .3914c l + .2880c2 • 

This was the method used by Colpa and de Boer [13J in a 

study of pyracene. 

The above values of the <t>~(p) show that <1>l(P) and <1>2(P) 

are considerably larger than any of the others, which for 

most purposes may be assumed zero. However, the contribution 

of these small <1>i(P) to ~(p), and hence a H, is determined by 

c.<1>.(p), not just <1>.(p), and for the singly occupied MO's 
111 

of pyracene and acenaphthene, these c. values are larger in 
1 

magnitude than, and opposite in sign to, c l or c 2 ' Conse-

quently the contribution of these small <1>i(P) to a H is not 

negligible; numerical evaluation in section 7.14 shows 

that neglect of these small <1>i(P) leads to a H values which 

are about twice as large as otherwise, when allowance is 

made for all the <1>.(p). The HFCCs calculated by making 
1 

allowance for all the <1>i(P) are labelled aU in section 7.14; 

those calculated by considering just <1>1 and <1>2 are referred 

to as a H. A further set of values could be given, by cor.rect

ing the a H: values for spin polarisation in the ~ bonds of 

C'-CH~, as explained in section 6.3. However, this leads to 
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only small changes from aH: it decreases the values by 

about 0.3 gauss for negative ion, and 0.6 gauss for positive 

ions. 

Since the contribution of ¢.(p) for i ~ 1,2 is not 
1. 

negligible, it is important to consider the significance 

of the values calculated with Slater AO's. These are 

generally considered to provide a reasonable representation 

of AO's for distances corresponding to normal bond lengths. 

However, the distances involved for these small ¢.(p) are 
1. --

considerably greater than norma~ bond lengths. The best 

test available at present is to compare these Slater AO's 

for carbon 2p states with SCF AO's. Such AO's have recently 

been determined for both the spectroscopic states of the 2p 

electrons in atomic carbon, and in simple molecules such as 

C
2

• Several MO studies of aromatic molecules have been made 

recently using LC-SCF-AO, in an attempt to get a better 

representation of the "tail" of the molecular wave functions 

than that provided by MO's constructed from simple Slater AO's. 

An analysis of these results [23J shows that at about 3.5 R 
the overlap between two carbon 2p~ AD's calculated with a 

Slater AO has only one third the value calculated with the 

SCF-AO's, whereas the exchange integral between two carbon 

2p~ electrons at the same distance, calculated with a Slater 

AO, is only one eighth of the value calculated with the SCF-

AO's. This shows that Slater AO's underestimate the value of 

AO's at large distances, and more than justifies the inclusion 

of the terms arising from the small values of ¢.(p) in the 
1. 

calculation of aH. Slater AO's may even underestimate the 

contribution of these small ¢i(P) to aH~ but since they have 

been used to determine all the overlap integrals in this 

chapter, they are used, for consistency, in the evaluation 

of aH. 
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Aromatic Protons 

The ~ MO containing the unpaired electron is also used 

to calculate the aromatic proton HFCCl s • A comparison of 

the calculated spin densities and experimental proton HFCC's 

for the negative ion of naphthalene gives a H = -28 p gauss, 

for all five methods, where ~ is the spin density at the 

adjacent carbon atom. Experimental data is not available 

for the positive ion of naphthalene; it is assumed that the 

above relation is also applicable for the positive ions of 

pyracene and acenaphthene. As observed in section 6.2, 

positive aromatic ions usually have somewhat larger a H values 

than the corresponding negative ions. However, this makes 

only small differences to the calculated a H values, and is 

not considered in this chapter, since all five methods predict 

a larger value of the aromatic a H for the pooitive ion of 

pyracene than the negative ion, without additional assumptions. 

As. discussed in section 6.2, the carbon spin densities 

~ are calculated from an orthonormal set of MO's, i.e. MO's 

which are orthogonal and normalised so that \ -2 L- c i = 1. 

For methods (1) and (2), these are ~H' the eigenvectors of 

the matrix H, which are also the MOIS. For methods (3), (4) 

and (5) they are ~H" the eigenvectors of the matrix ai, 
-* since the MO's ~ = S ~H' are not orthogonal. The spin 

density at atom i is C. 2 , where C. is the coefficient of the 
1 1 

2p~ AO at atom i, in the orthonormal vector corresponding to 

the singly occupied level. An alternative method is to 

perform a Mulliken population analysis [40J for the MO's 

S-~ ~H' of methods (3), (4) or (5), and use the net atomic 

population, as defined by Mulliken. This alternative is not 

considered here. 

These orthonormal vectors are also used to calculate 

the charge distributions for the neutral molecules. The 
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total electronic charge associated with atom i is 

n/2 2 
2 L c ik k=l 

where the summation is over all the occupied levels, i.e. 

the bonding MO's, in the neutral molecule. The charge 

distribution for the negative and positive ions could be 

calculated similarly, but is not given for the ~ electron 

calculations. 

7.8 The Model for the Extended Huckel Calculations 

All carbon 2s, 2p , 2p , 2p and all hydrogen Is AO's 
:x: y z 

in the molecule are considered. The overlap integrals are 

evaluated with Slater AO's, using an exponent of 1.625 for 

carbon and 1.0 for hydrogen, the values given by Slater~ 

rules [29J. There have been suggestions [5,39J that a 

smaller value for carbon and a larger value for hydrogen 

might be more appropriate for molecules. Theoretical evidence 

for this, and a systematic means of allowing for it in the 

calculations, is discussed in section 7.19. The bond lengths 

and bond angles used are those given in section 7.5. In 

section 7.17, the x-ray bond lengths and angles for pyracene 

are used. 

The coulomb integrals, taken as the negative of the 

atomic VSIE's, are evaluated from emission spectral data 

[32 J . The values used by Hoffmann [5J are: 

-21.4 e.v. for C 2s 

-11.4 e.v. for C 2p 

-13.6 e.v. for HIs. 

However, the method of evaluating the VSIE's from the spectral 

data is somewhat arbitrary, and alternative values suggested 

by Gray [41J are -19.5 for C 2s and -10.8 for C 2p. For 

the constant k, in B .. = k ~(a..+u.) S .. , Hoffmann's value of 
lJ 1 J lJ 
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1.75 is tal~en. Hoffmann has shown [5J that the charge 

distributions for methane are independent of k, for k 

greater than 1.5, although the binding energy depends 

approximately on k, for k greater than 1. The effects of 

varying the coulomb integrals, and the consta~t k, on the 

calculated properties of pyracene and acenaphthene, are 

discussed in sections 7.15 and 7.16. The alternative 

method of setting up the off' -diagonal Huckel matrix elements, 

~ 0 0 = -k [IX 0 a 0 J 72 So 0 

1J 1 J lJ 

is also considered in section 7.16. 

The overlap integrals are computed from the master 

formulae given in appendix V. All overlap matrix elements 

°d d t th t th t 0 S-~ 0 t 0 are conS1 ere, 0 ensure a e ma r1X eX1S s 1n 

real form, so that the energy levels are real. The computer 

program given in appendix VII was used to compute the 

overlap matrix from supplied cartesian coordinates of the 

atoms. It was found by bitter experience that overlap 

matrices for molecules as large as pyracene~ were rarely 

positive definite, when set up by hand, due to the inaccur

acies of expressing the data to only three significant 

figures, and the necessity of neglecting overlap integrals 

smaller than 0.02, to make it possible to set up the matrix 

by hand in a finite time. 

Method of solving the secular eguation 

There are three possible ways of proceeding with an 

MO calculation for a given molecule, with method (5). The 

first way, which is the one requiring the greatest amount 

of computation time, takes directly the matrix of order 

4n+m, for a molecule C H , and solves the secular equation 
n m 

HC = SCE using Lowdin's method. This is satisfactory for 

small molecules, of say less than six carbon atoms, but for 
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larger ones, the time of computation becomes excessively 

large. Furthermore, the computer available, an Elliott 503, 

cannot readily handle matrices of order greater than 50, for 

the ALGOL version of the Huckel calculation, given in 

appendix VI, or of order 75 for a machine code version. 

To reduce the order of the largest matrices to be 

considered, some factorisation of the secular equation must 

be achieved. The greatest factorisation possible is to 

use group theory, to find the sets of symmetry adapted linear 

combinations of the basis AO's which transform as irreducible 

representations of the point group of the molecule. For 

pyracene, this reduces the problem from considering one 

68x68 matrix to two 13x13, two 12x12, two 5x5 and two 4x4 

matrices; for acenaphthene, the 58x58 matrix is reduced to 

one 23x23, one 21x21, one 8x8 and one 6x6 matrix. This 

results in a considerable reduction in the magnitude of the 

calculations, since the time for solving a given secular 

equation HC = SCE of order n, depends approximately on the 

fourth power of the order n. For molecules with lower 

symmetry, the group theoretical factorisation of the secular 

equation is not as favourable~ for example, for perinaphthane, 

a molecule with C
2v 

symmetry to be discussed in the next 

chapter, the initial 64x64 matrix can be factored only to 

one 36x36 and one 28x28 matrix. 

An alternative factorisation is possible, provided that 

the a and 7r type electrons belong to different irreducible 

representations of the point group of the molecule. For 

example, in pyracene, the a type AO's belong to the irreducible 

representations Bl ' B2 ,B and A , whereas the ~ type 
g u 3u g 

AO's belong to the representations B2 ' Bl ,B3 and A • g u g u 
Thus, for pyracene, the 18 ~ type AO's, namely the 14 carbon 

2P"Tt' AO's and the 4 pseudo AO's 7T H' defined in section 7.1, 
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may be considered separately. Similarly, for acenaphthene 

the 14 ~ type AO's can be considered separately. However, 

for molecules such as perinaphthane, discussed in the next 

chapter, both Cf and 1f type AO' s belong to the same irreduc

ible representations, and a factorisation into ~ and ~ type 

orbitals is not possible. 

Calcula t ion of overlap and J-Ilickel matrix elements 

The formula given earlier for method (5), 

f3 .• = k ~(a..+a...) S .. 
1J 1 J 1J 

must be modified, when t h e secular equation is factorised, 

either us ing group theory, or into a and 7r type orbitals. 

(i) Using group theory 

Only those matrix elements within a given irreducible 

re pres entation set are non-zero. The symmetry adapted 

linear combina tions for a particular irreducible represen-

tation are written n 

where the l et> ') 
r 

constants . N. 
1 

I ¢l> = Nl L 
clr /et>r > r=l 

I ¢2> = N2 L c2r let>r '> r=2 

) ~ I ¢ = N r--l c let> > n n nr r 

are the basis AO's, and the c. are int egral 
1r 

is a normalising factor, 
n 2-¥.! 

N. = [ L c. ] , 
1 r=l 1r 

and n is the numbe r of linear combinations for that irred-

ucible representation. For a g iven I¢. ) , most of the c. 1 1r 
are zero, and the maximum number of non-zero c. for any 

1r 
molecule studied in this thesis is eight. All of the AO's 
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I¢ ) in a given I¢. ) are of the same type, i .e. the same 
r 1. 

AO type and the same chemical species, and therefore they 

have the same coulomb integral and the same effective nuclear 

charge. 

The group overlap matrix element between I¢.) and I¢.), 
1. J 

usually denoted by G .. , is 
1.J 

G .. = <¢. I ¢ .) = 
1.J 1. J 

n n 

N.N. L Lc .c. <¢ I¢ ') 
1. J r=l s=l 1.r JS r s 

n n 

= NiN j L L c. c. S 
1.r JS rs. 

r=l s=l 

for c. , c. real. The corresponding matrix element of the 
1.r JS 

reduced Hiickel ma trix, H .. , is 
1.J 

n n 
H. . = < ¢ . II{ I ¢ . > = N. N. L L c. c . ( ¢ I R I ¢ > . 

1.J 1. J 1. J r=l s=l 1.r JS r S 

The diag onal elements H .. and the off-diagonal elements 
1.1. 

H .. , i~j, must now be considered separately. The diagonal 
1.J 

element is 

Now 

H .. 1.1. 

( ¢' I1lI ¢ > = a 
r r r 

k ex. S 
r rs 

since all of the a for a given I¢. ) are equal. Thus, 
r 1. 

H .. = 'l .. [l + k(G .. -1)] 1.1. 1. 1.1. 

where a. is the coulomb integral of anyone of the basis 
1. 

AO's with non-zero c. in the linear combination I¢.) . 
1.r 1. 

The off-diagonal elements of 

H . . = ( ¢. I1{I ¢. ) = 
1.J 1. J 

the reduced Huckel matrix are 

N.N. ~ Lc. c. k~(a+a) S 
1. J r=l s=l 1.r JS r s rs 

since for i ~ j, u ~ a , by symmetry. 
r s 
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Thus, 

H .. = <¢. IUI ¢. ) = k ¥.!(a..+a..) G .. for i 1 j 
1J 1 J 1 J 1J 

where U. is the coulomb integral of any of the basis AO's 
J 

with non-zero c. in the linear combination I¢. >. 
JS J 

Clearly the of f -diagonal elements in the reduced Huckel 

matrix are constructed according to a formula similar to 

that for the non-reduced case. Note carefully, however, 

that it is the original coulomb inte grals a that are used 
i 

in constructing the off-diagonal elements in the reduced 

matrix, togther with the appropriate reduced matrix group 

overlap integral G .. , and not the corresponding diagonal 
1J --

elements in the reduced matrix. 

The formula H .. = a. [ 1 + k(G .. -l)J 
11 1 11 

is also applicable 

for the alternative way of setting up the resonance integrals, 

H = -k [a a J¥'! S 
rs r s rs 

for which case the off-diagonal elements in the reduced 

Huckel matrix are 
~ 

H .. = -k [u.a.J G ..• 
1J 1 J 1J 

The computer program for Huckel calculations using Lowdin's 

method, given in appendix VI, makes allowance for this use 

of group theory. For the non-reduced cases, S .. = 1 and so 
11 

U.[l + k(S .. -l)J = u .. Thus, the above formula for the 
1 11 1 

diagonal elements of the reduced fftickel matrix is also valid 

for tne non-reduced case, and the same computer program may 

be used for both cases. 

Note carefully that the normalising factors N. for the 
1 

symmetry adapted linear combinations '¢ .) do not make 
1 

allowance for overlap between the AO's within that ' ¢. ) 
1 

This method seems preferable to the normalisation method 

used by Gray [41J, making allowance for these internal 

• 
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overlaps, since it leads to concise expressions for the 

elements H .. and H .. of the reduced Huckel matrix, in 
11 1.J 

terms of the corresponding elements of the group overlap 

matrix G, instead of the rather more clumsy formulae of Gray. 

(ii) Divis ion into t:r and 7t' type electrons 

Here the normalised J( type pseudo AO's 

7tH = [2(1-S)]-~(lSu - lSI) 

are included in the basis set of X AO's. S ince this is a 

pseudo AO, and not merely a symmetry adapted linear combin

ation, the internal overlap factor S = <lsu llSl> must be 

include d in the normalisation, to ensure that <7fH l1CH> = 1. 

If aH , ~ are the coulomb integrals for a hydrogen Is AO, 

and Jf"H respectively, the diagonal element in the Huckel 

matrix, for nH is 

a~H =~H.ll{l~ '> = 1 <Is -lslli-lllS -lsI'> 
2(1-S) u u 

= UH (1 - kS)/(l-S) 

With ~ = -13. 6 e.v. and k = 1.75, this gives a ~H = -9.4980 

e.v. 

The off-diagonal element of the Huckel matrix, of~H 

wi th a carbon 2p " AO ¢ i is 

= 

= 

[2(1-S)J-~[ <¢il~I ISU> - <¢i!1{lls l >] 

[2/(1-S)J~ <¢. I~ lI s > 
1. u 

k ¥.!( ex, . +~- ) < ¢. I71" H'>. 
1. H .1. 

Once again, the off-diagonal elements are constructed from 

the coulomb integral for the hydrogen Is AO , not that for 

the pseudo AO ~H' Consequently, a slight modification of 

the computer program in appendix VI is netded for this case. 
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To permit a direct comparison of method (5) with 

methods (1) to (4), the method using the factorisation into 

cr and It type states is used initially. In section 7.19, 

factorisation using group theory is considered, in a more 

sophisticated version of method (5). For sections 7.9 

through to 7.18, method (5) refers to these 7t elec tron 

calculations, and the numbering of the basis AO's is the 

same as for the ~ electron calculations, in section 7 . 4. 

7.9 Energy Levels and 7t MO Coeffic ients 

The energy levels and ~ MO coefficients calculated 

from each of methods (1) to (5) are given in appendix VIII, 

for pyracene. Calculations were also performed for acenaph-

thene and naphthalene. The results from methods (3) and 

(4) for acenaphthene ar e also given, and for (3), the 

orthog onal vector coefficients, i.e . the matrix C', are 

g iven, as well as the MO coefficients, to enable a compari

s on with t h e MO c oeffic ients S-~ C ' • 

The coefficients of AO' s not listed for pyracene ca'n 

be obtained from those g iven by noting the symmetry of the 

level and consulting the appropriate 

orbitals given in section 7 . 4. 
symmetry adapted 

All energies for methods (1) 

units of /3 from a zero at U • 
0' 0 

to (4) are measured in 

For method (5), energies 

are measured in e.v., from a zero for the electron completely 

removed from the molecule. 

7.10 Evaluation of the Results for the 7( Elec trons 

Five methods of calculating the ~ MO's have been 

considered. These are now compared, as re gards charge 

distribution, energy levels, and calculated proton hyper-
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fine coupling constants for the C'-CH2 and aromatic protons. 

The calculation of these proton HFCC's permits a sensitive 

test of the five methods, and provides a novel way of 

checking bonding theories, being concerned directly with 

the wave funct i ons rather than the energy levels. 

7.11 Charge Distributions 

Certain levels, namely rb2 ' 5 b l ' 5 b 2 ' 4b
3 

' 4a g u g g u 
for pyracene and 6a 2 for acenaphthene, are almost entirely 

re s tricted to the non-aromatic region, whereas other levels, 

namely 3blu' 3b2g for pyracene and 4b l , 5bl for acenaphthene, 

are almost entirely restricted to the aromatic region. The 

MO's of intere s t for hyperfine studies o f the positive and 

nega tive ions are 2a ,3b3 for pyracene, for the positive 
u g 

and negative ions respectively, and 3a2, 4a
2 

for acenaphthene. 

All five methods indicate a significant amount of electron 

dens ity at the CH
2 

groups, for the singly occupied orbitals. 

The electron densities for all the occupied levels are 

conveniently compared by calculating the charg e distributions 

for the neutral molecules, as explained in section 7.7. 

Table 7.1 gives the atomic charge densities for pyracene 

and ace n aphthene. The numb e ring of the AO's is as in 

section 7.4. 

Table 7.1 Atomic Charge Densities in Neutral Molecules 

PYRACENE 

method atom: 1 2 5 6 8 CH (7( ) 

1 .916 1.072 1.001 1.006 1.008 1.988 

2 .908 1.041 .982 .997 1.071 1.9q,9 

3 .938 1.050 1.001 1.006 1.008 1.988 

4 .932 1.017 .983 .997 1.06 ,9 1.949 

5 .888 1.062 .976 .999 1.075 1.950 
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ACENAPHTHENE 

1 2 5 6 8 9: 10 11 

1 . 916 1.072 .994 1.007 1.009 .999 1 .007 .999 

2 .903 1.038 .934 .999 1.079 1.001 1.065 .961 

3 .937 1.050 .995 1.007 1.009 .999 1.007 .999 

4 .927 1.015 .937 .998 1.077 1.001 1.063 .961 

5 .884 1.059 .926 1.001 1.083 1.000 1.069 .961 

At om 1 refers to the pseudo AO n
H

, and the CH
2 

charge 

density is the sum of the values for atoms 1 and 2, giving 

a measure of the total ~ electron density associated with 

each CH
2 

group. 

The two methods which consider only nearest neighbour 

int e ractions, namely (1) and (3), give very similar charge 

distribut ions, being identical for t h e aromatic atoms, and 

for the CH2 group density; similarly , the three methods 

(2), (4) and (5), which allow for aIlS .. interactions, 
lJ 

give very similar charge distributions, particularly for 

CH 

1.988 

1.941 

1.987 

1..942 

1.943 

the aromatic atoms and the CH
2 

group density. There are, 

h owever, significant differencffi between these two sets of 

methods; the methods making allowance f or aIlS .. interact-
lJ 

ions predict larger variations either side of the mean value. 

The column hea.ded CH
2 

in table 7.1 shows that all 

methods indicate that the CH
2 

groups donate ~ electrons to 

the aromatic system, as is expected in classical organic 

chemistry. The methods making allowance for aIlS . . inter-
lJ 

actions imply the greatest donation of ~ electron density 

from the CH
2 

groups to the aromatic rings. 

7.12 Energy Levels and Binding Energies 

Figures 7 .1 and 7.2 sh ow the predicted energy levels 

for pyracene, from the five methods. Methods (1) and (2) 
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Figure 7.2. ENERGY LEVELS FROM METHOD 5 
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give energy levels which are approximately symmetrically 

spaced above and below the zero of energy, at U. Method 
o 

(1) gives a completely symmetrical energy level diagram 

for naphthalene, with pairs of bonding and antibonding MO's 

equidistant above and below the zero at a
o

' and nearly 

symmetrical ones for pyracene and acenaphthene. 

Methods (3), (4) and (5) indicate that the antibonding 

levels are spread over a considerably greater range of 

energies than the bonding levels: the centre of gravity 

of the energy levels lies in the antibonding states. This 

is a general feature of any MO method making allowance for 

overlap. 

Table 7.2 gives the calculated binding energies for 

the X electrons, in the neutral molecules. 

Table 7.2 Binding Energies for 'it' Electrons 

method units pyracene acenaphthene naphthalene 

1 ~o 34.994 24.298 13.601 

2 So 34.596 24.007 13.385; 

3 f3
0 

23.424 16.622 9.820 

4 So 21.798 15.570 9.302 

5 e.v. 37.085 28.532 19.884 

The methods making allowance for overlap appear to 

predict smaller binding energies than methods neglecting 

overlap. However, none of methods (1) to (4) give a 

numerical value for ~ , which is treated as an adjustable 
o 

parameter to be obtained by comparison with experiment; 

there is no reason to expect S to have the same numerical 
o 

value for each method. 

The uv spectra for pyracene, acenaphthene and 

naphthalene have been recorded by Danenberg [42J. The 
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p-band can easily be shown, using group theory, to 

correspond to the transition from the highest energy 

bonding level to the lowest energy antibonding level, i.e. 

to the transition 12a )~1 3b3 > for pyracene, or to 
u g 

13a2) ~ 14a2'> for acenaphthene. It is found experimentally 

[42J that the p-bands occur in the order pyracene, acenaph

thene, and naphthalene, for increasing energy. The ratio 

of the energy of this transition for naphthalene to acenaph

thene, and for naphthalene to pyracene, is 1.05: 1.07 

experimentally. The values predicted fr om the five methods 

are, in order, 1.04: 1.08, 

1.04: 1.08, 1.03: 1.06. 

1.11: 1.22, 1.04: 1.07, 

All of the methods, except method 

(2), account satisfactorily for the observed ratio. 

7.13 Comparison of Naphthalene with Pyracene and Acenaphthene 

Insight into the significance of hyperconjugation in 

pyracene and acenaphthene can be gained by observing that 

ten of the ~ MO 's in each of pyracene and acenaphthene 

corres pond to the ten A MO 's of naphthalene. A comparison 

of the AO coefficients in the MO 's, symmetry types, and 

energies enables an identification o f the "naphthalene MO's" 

in pyracene and acenaphthene. These corresponding MO's 

are shown in figure 7.3, as calculated from method (4), 

although similar results apply to any of the methods. The 

energies are measured, for each molecule, from a natural 

zero at I a.i / n , where n is the number of 1l electrons. Non

corresponding levels are marked . 

The two X MO 's for each of pyracene and acenaphthene 

which were noted in section 7 .11 to be restricted to the 

aromatic region, correspond to those two 7\ MO's of naphth

alene which have only small amounts of electron density at 
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atoms 5 and 7. The JC MO' s which contain the unpaired 

e lectron in the positive or negative ions of pyracene and 

acenaphthene correspond to the la and 2b
3 

levels of 
u g 

naphthalene, respectively. 

Figure 7.3 shows that the antibonding levels of 

pyracene and acenaphthene which are not extensions of 

naphthalene ~ MO's have considerably higher energy than 

the antibonding levels corresponding to naphthalene X MO's. 

However, the bonding MO's which are not extensions of 

naphthalene ~ MO's are not the most stable bonding MO's of 

pyracene or acenaphthene. 

Predicted Proton Hyperfine Coupling Constants 

The proton HFCC' s- a H for the C' -CH
2 

and aroma tic 

protons of pyracene and acenaphthene are calculated as 

explained in section 7.7. The notation a H, a H for the 

C'-CH
2 

protons is as defined in that section. 

The HFCC's for the aromatic and C'-CH
2 

protons provide 

different tests of the MO containing the unpaired electron. 

For the aromatic protons, a
H 

depends on the spin density in 

an orbital, the 2p~ AO of the adjacent carbon atom, and 

does not require a knowledge of the analytic form of that 

AO other than that needed to calculate the overlap integrals 

in det ermining the MO' s • However, for the C' -CH
2 

pr ot ons , 

the HECC depends on the value of the entire singly occupied 

MO at a particular point, namely the nucleus of one of the 

CH
2 

protons. As well as requiring a knowledge of the AO 

coefficients in the singly occupied MO, this necessitates an 

accurate knowledge of the amplitudes of the AO's at this 

particular point. This is a much more exacting test of the 

wave function than that required for the calculation of the 

aromatic a H values. 
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Tables 7.3 and 7.4 give the calculated proton HFCC's 

for the pyracene and acenaphthene ions. The experimental 

values are from Colpa and de Boer [13J; experimental 

data is not available for the acenaphthene positive ion. 

Table 7.3 Calculated Aromatic Proton Hyperfine Coupling 

Constants for Pyracene and Acenaphthene 

(in gauss) 

PYRACENE 

method positive ion negative ion 

1 1.87 1.83 

2 2.11 1.56 

3 1.84 1.82 

4 2.07 1.57 

5 2.18 1.55 

experiment [13J 2.00 1.58 

ACE NAP H T H. ENE 

negative ion positive ion 

position: 8 9 10 8 9 10 

method 

1 1.90 1.86 4.92 2.20 1.61 4.89 

2 1.15 2.42 4.56 3.22 .99 4.82 

3 1.90 1.84 4.·90 2.21 1.58 4.85 

4 1.18 2.39 4.56 3.19 .98 4.76 

5 1.10 2.46 4.56 3.28 1.03 4.93 

experiment 1.04 2.42 4.17 
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Table 7.4 Calculated C'-CH
2 

Proton Hyperfine Coupling 

Constants for Pyracene and Acenaphthene 

(in gauss) 

PYRACENE 

method 

1 

2 

3 
4 

5 

ACENAPHTHENE 

1 

2 

3 

4 

5 

negative ion 

1.17 

2.88 

1.28 

3.46 

2.97 

1.20 

3.39 

1.32 

3.98 

3.47 

a' 
H 

3 .47 

6.97 

3.86 

8.52 

7.91 

3 . 56 

8.11 

3.97 

9.71 

9.00 

Experimental values [ 13J: 

pyracene negative ion 

pyracene positive ion 

ac enaphthene negative ion 

positive ion 

3.79 

10.76 

3.58 

10.58 

7.90 

4.17 

17.11 

3.97 

13.89 

9.74 

6.58 

12.80 

7.53 

gauss 

" 
" 

a' H 

9.48 

20.50 

8.74, 

20.17 

16.43 

10.29 

25.91 

9.54 

25.03 

19.18 

The predicted v a lues of the HFCC's for the aromatic 

protons in the pyracene and acenaphthene ions are in 

satisfactory agreement with experiment. All five methods 

account for the fact that the positive ion of pyracene has 

a larg er value than th e negative ion, although me~hods (1) 

and (3) underestimate the difference, wh ereas methods (2), 

(4) and (5) overestimate it, Methods (2), (4) and (5) all 
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indicate about the same values for t h e acenaphthene 

negative ion, and all account for the observed order of 

The two methods (1) and (3) which consider 

only nearest neighbour S .. interaction incorrectly predict 
1J 

that a 8 is slightly greater than a
9

, for the acenaphthene 

negative ion. For both pyracene and acenaphthene, it is 

seen that the two methods neglecting non-adjacent Sij 

interactions predict very nearly the same values, as do the 

three methods (2), (4) and (5) which cons ider all S. . inter-
1J 

actions. Method (5) gives the best fit to the data for the 

acenaphthene negative ion, and method (4) the best fit for 

the pyracene ions. 

Table 7.4 indicates a considerable range in the values 

calculated for the HFCC's of the C'-CH2 protons in any 

given ion. For the negative ion of pyracene, the calculated 

values range from L.17 to 8.52. gauss, depending on the 

method used to calculate the ~ MO's and the assumptions 

made regarding the ¢.(p), in calculating the HFCC's. 
1 

None of the a H or a'-H values calculated by anyone 

method of determining the X MO's accounts precisely for the 

experimental values for both the positive and negative ions 

of pyracene, and the negative ion of acenaphthene. The a H 
values from method (5) give the best fit, although in all 

three cases the calculated values are about 25 ?o too high. 

The aH t values calculated above appear to involve the most 

reasonable assumptions, and therefore method (4) provides 

the best interpretation of the experimental C'-CH
2 

proton 

HFCC's for the three cases. However, the values for the 

negative ions are only about half the experimental values, 

and that for the positive ion of pyracene is only 83 ~ of 

the experimental value. For the a H values, method (2) 

gives the best fit for the negative ions, but for the 
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positive ion of pyracene, methods (2) and (4) significantly 

overestimate the value, and methods (1) and (5) give the 

best fit, being about 28 ?otoo low and too high, respectively. 

However, all methods of calculating the ~ MO's and 

both methods of evaluating the proton HFCC's for the C'-CH
2 

protons from these MO's correctly predict that the HFCC for 

t h e acenaphthene negative ion is slightly greater than for 

the pyracene negative ion. Table 7.5 gives the ratio of the 

calculated values for the acenaphthene and pyracene negative 

ions. 

Table 7.5 Ratio of C'-CH
2 

Proton HFCC's for the Negative 

Ions of Acenaphthene and Pyracene 

method a H a' H 

1 1.02 1.03 

2 1.18 1.16 

3 1.03 1.03 

4, 1.15 1.14 

5 1.17 1.14 

The ratio of the experimental values of 1.14. 

Methods (2), (4) and (5) all account satisfactorily for the 

observed ratio. The two methods which neglect non-adjacent 

~ .. interactions underestimate the value. 
lJ 

All of the methods also predict that the coupling 

constant for the positive ion of pyracene is significantly 

larger than for the negative ion, as is found experimentally, 

but the ratio is too large in all cases. The a H values 

from method (5) give a ratio of 2.07, which is the closest 

to the experimental ratio, 1.75, but the absolute a H values 

from method (5) are about 25 Z too high. 
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Once again, as for the charge densities and the 

aromatic proton HFCC 's, it is seen that the calculated 

C'-CH
2 

proton HFCC's obtained from the two methods which 

consider only nearest neighbour ~ interaction are about 

the same, as are the values o.btained from the three methods 

wh~ch allow for all ~ interactions. 

In all cases, a H. is only about half the value of a H, 
which shows clearly that the contribution to the HFCC's 

of ¢ . (p), for i 1 1,2 is not negligible. 
l. 

However, as 

explained in section 7.7, S later AO ' s may not provide a 

satisfactory means o f evaluating these small ¢.(p). In 
l. 

section 7.7, it was sugg ested that Slater AO's may under-

estimate the contribution o f these small ¢.(p ). 
l. 

Ho\vever, 

table 7.4 shows that in a ll three cases, the experimental 

value lies between the calculated aa and a~ values, suggest

ing that Slater AO' s . £~estimate the contribution of these 

small ¢.(p). For example, if Slater AO's overestimate the 
l. 

contribution of these small ¢.(p) by a factor of two times, 
l. 

the values for the pyracene negative, pyracene positive, 

and acenaphthene negative ions, calculated from method (5), 

would be 5.44, 12.16 and 6.26 gauss , respectively, giving 

a much improved fit to the experimental data. 

A surprising feature to be noted from table 7.4 is 

the large difference in calculated C'-CH
2 

proton HFCC's 

obtained from methods (1) and (2), or from methods (3) and 

(4), the difference between the two methods being allowance 

for all ~ .. interactions in the sec ond one, in each case. 
l.J 

The values from the methods considering all ~ .. interactions 
l.J 

are more than double those from methods' considering just 

nearest neighbour interactions. Table 7.2 shows that the 

corresponding change in the binding energies is only a few 

percent. 
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Colpa and d e Boer, in a st u dy using a method similar 

to (4), report [ 13 J calculated values of the proton HFCC's 

as follows: 

pyracene negative ion 

pyracene positive ion 

acenaphthene negative ion 

acenaphthene positive ion 

In calculating the a l values 

¢l(P) and ¢2(P), so their a l 
values i~ table 7.4. 

a
l 

7.72 

1 3 .50 

8.29 

16.34 

a
8 

1.86 

1 .. 92 

2 .01 

2.70 

1.89 

1.41 

4.77 

5.42 

these authors considered only 

values correspond to the a' H 

These authors appear to have an error in their calcul-

ations, arising from an incorrect value of the overlap 5 12 , 

taken from work by Muller [33J. Muller gives 5 12 = 0.491 
o 0 0 

or 0.512 for angle HuCHl and RC_H = 105 , 1.09 A and 120 , 

1.14~. From appendix V, the correct values for these 

parameters are 0.623 and 0.632 respectively. The value of 

5 12 for 109
0
28' and 1.08 ~ is 0.6399, according to table Av.4 

in appendix V; Coulson and Crawford [3lJ give the value 

0.64. It appears that Muller could have neglected the 

int e rnal overlap 5 = <~su llsl> in calculating 5 12 , since 

allowance for this increases the value of 5 12 • 

Colpa's calculations were repeat e d here, using their 

parameter values (5
12 

= 0.5). The values obtained, in 

their notation, are: 

a l a 8 

pyracene negative ion 5.73 1.76 

pyrac cne positive ion 17.77 1.70 

ac e naphthene ne ga tive ion 5.98 1.91 

acenaphthene positive ion 2 1.86 2.34 
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Colpa and de Boer calculated the aromatic proton 

HFCC's in a different way from that used here: they used 

a formula developed by Colpa and Bolt on [llJ in a discussion 

of the different a H values for positive and negative ions 

of the same aromatic molecule. As mentioned in section 6 .2, 

there is an error in sign in this formula. The a
l 

v alues 

obtained above using Colpa's parameters are not the same as 

those given by Colpa. However, Colpa did not report the 

parameter values assumed for the angle HuCHl and the distance 

C-H within a CH
2 

group, and this could acc ount for the 

differences. The calculated aromatic proton HFCC's for the 

acenaphthene negative ion, either as reported by Colpa and 

de Boer, or as calculated here with their parameters, are-

not in the same order as the experimental values. Further-

more, the calculations with Colpa's parameters predict that 

the positive ion of pyracene has a larger aromatic proton 

HFCC than the negative ion, which is contrary to the experi

mental results. Colpa and de Boer thought that this wa s 

p ossibly due to an inductive effect, but a pparently it was 

due to an error in the value for the overlap S12. Consid-

eration of the inductive effect in section 7.15 shows that 

varying the coulomb parameters 01 and 02' from 01 at -0.5 

to -0.9 or to +0.3 does not affect the order a8 < a
9 

(, alOe 

Before discussing fUrther the calculated prot on HFCC's, 

several assumptions involved in the calculation of the ~ MO 's 

are considered. These are the values chosen for the coulomb 

integrals, and for the constant k, and the use of the 

assumed bond lengths and angles. 

7.16 Variation of the Coulomb Integrals 

The choice of coulomb parameters for ~H and the adjacent 

carbon 2P n ' in section 7~6, was somewhat arbitrary. 
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Calculations were t h erefore performed in which the parameters 

°1 and °2 , defined in section 7.6, were varied over a wide 

range: for ~l = -0.9 to +0.5, with °2 at -0.1, and for 

°2 = -0.2 to +0.2, with °1 at -0.5. Method (4) was used, 

althoug h similar results are found for method (2), and the 

e f fects on the C'-CH
2 

and aromatic proton HFCC's, as well 

as on the binding energy and charge densities, calculated. 

Table 7.6 and figures 7.4 " 7.5 give the calculated C '-CH2 
proton HFCC' s, table 7.7 the aromatic proton HFCC' s, and: 

table 7.8 the binding energy and charg e densities. 

Table 7.6 Calculated C'-CH2 
Proton HFCC's for Pyracene 

Pos-itive and Negative Ions, as 01~2' Vary 

°1 °2 positive ion negative ion 

a H a · ' 'H a H a' H 

-.9 -.1 12.77 23.42 4.0l! 9.62 

-.7 -.1 11.68 21.78 3.75 9.07 

-.5 -.1 10.58 20.17 3.46 8.52 

- .. 3 -.1 9 • .47 18.45 3.17 7.96· 
-.1 -.1 8 .. 38 16.81 2.89 7.40 

.1 -.1 7.32 15.15 2.6.1 6.86 

.3 -.1 6.32 13.55 2.34 6.31 

.5 -.1 5.37 12.00 2.07 5.77 

-.5 -.2 11.28 21.12 3.59 8.73 

-.5 -.1 10.58 20.17 3.46 8.52 

-.5 0 9.90 19.22 3.33 8.31 

- .5 .1 9.22 18.25 3.20 8.10 

-.5 .2 8.58 17.31 3.08 7.89 

-.9 -.2 lJ3.·67 24.63 4.21 9.92 
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Table 7.7 Calculated Aromatic Proton HFCC's for Pyracene 

Positive and Negative Ions, as °1~2 Vary 

aH, (gauss) 

° 1 ° 2 
positive negative 

° 1 ° 2 
positive negative 

ion ion ion ion 

-.9 -.1 2.03 1.52 -.5 -.2 2.05 1.56 

-.7 -.1 2 .05 1 .54 -.5 -.1 2.07 1.57 

-.5 -.1 2 .07 1.57 -.5 0 2.09 1.57 

-.3 -.1 2.08 1.59 -.5 .1 2.10 1.58 

-.1 -.1 2.10 1.62 - ,.5 .2. 2.12 1.59 

.1 -.1 2.11 1.64 

.3 -.1 2.11 1.66 -.9 -.2 2.01 1.51 

.5 -.1 2 .12 1.69 

Table 7.8 Calculated n Electron Binding Energy, and 

Atomic Charge Densities for P.lra.c ene, as 

°1~ Vary 

binding atomic charge densities at atom 

° 1 ° 2 energy 1 2 5 8 CH2 

-.9 -.1 22.560 .8771 1.0620 .9855 1.0761 1.9391 

-·5 - ·.1 21.798 .9322 1.0168 .9835 1.0692 1.9490 

-.1 -.1 21 .151 .9930 .9658 .9821 1.0622 1.9588 
+.3 -.1 20.63.9 1.0596 . 9086 .9813 1.0552 1.968a 
+·5 -.1 20 .438 1.0950 .8776 .9812 1.0516 1.9726 

-·5 - .2: 21.936 .9452 1.0024 .984.2 1.0699 1.9476 

- ··5 -.0 21 .668 .9189 1.0316 .9827 1.0686 1.9505 
-.5 +.2 21.433 .8912 1.0621 .9813 1.0673 1.9533-

-.9 -.2 22.672 .8895 1.0475 .9865 1.0770 1.9370 
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Table 7 . 6 and figures 7 . 4, 7.5 indicate large variations 

in the C'-CH
2 

proton HFCC's as 6i or 6
2 

are varied ; the 

HFCC's are seen to have about the same dependence on 6
2 

as 

on 6
1

• However, table 7.7 indicates cons iderably less 

change for the aromatic proton HFCC's as 6
1 

or 62 vary. 

There is relatively little change in the binding energy, 

shown in table 7 . 8, although the binding energy favours 

the more negative values of both 6
1 

and 6
2

• The atomic 

charge densities for the AO's 1 and 2 do change significantly, 

although the charge densities at t h e aromatic atoms are 

only slightly affected . Note, however, that the total 

electron density associated with the CH2 groups doe's not 

vary to a great extent. 

Figure 7 . 4 shows that for the calculated a H values, 

coulomb parameters of about -0.9 for 6 1 and -0 . 2 for 62 
give the best fit to the experimental data. However , when 

considering the calculated a H values, coulomb parameters 

of about +0 . 3 for 6
1 

and -0 . 1 for 6
2 

provide the best fit 

to the experimental data , and give a better than that from 

the a 'H values with their optimum choice of 6 values. 

Now tables 7 . 7 and 7.8 show that both the calculated 

aromatic proton HFCC ' s and the binding energy favour the 

choice of -0.9 for 6
1 

and -0 . 2 for- 62 . Calculations were 

also performed for acenaphthene with these sets of parameters, 

giving the results shown in table 7 . 9 . 

Table 7.,9 Acenaphthene Negative Ion Coupling Constants 

C'-CH 2 
protons aromatic protons 

6
1 

6
2 

a H a' H a8 a
9 

a lO 

- . 9 - . 1 4 . 76 11.19 1 . 08 2 . 44 4 . 50 

+.3 -.1 2.58 6.94 1.37 2.28 4 . 68 
~ 

experiment 7.53 1 . 04 2 . 42 4.17 
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The variation of 6
1 

has a comparative ly small effect on 

t h e aroma tic proton HFCC's, but definitely favours the 

c h oice of -0.9 for 61 • Once a gain, the alI value for the 

C'-CH
2 

protons, with 6
1 

= +0.3 is in better agreement with 

experiment than the a H value with 6
1 

= -0.9 . 

Calculations were also performed with method (5), in 

whic h the coulomb parameters for the AO's 1 and 2 were 

varied over a wide range. For AO 1, t h is corres p onds to 

chang ing the coulom b integ ral for t h e hydrogen Is AO; the 

resulting value for the coulomb integ ral for AO 1 is 

given by the formula in section 7.8. The binding energy, 

and proton HFCC's, for pyracene are given in table 7.10. 

Table 7.10 

a a... 

&ffect of Variation of Coulomb Integrals in 

method (5), for Pyracene ~ Electrons 

binding aromatic a H C ' -CH2 protons-H 2 energy +ve -ve +ve l.on -ve ion 

a H a' H a H a' H 
-13.0 -11.4- 37.158 2.14- 1.53 9 . 4-9 18 . 84- 3.36 8.6 

13.6 -11.4- 37.085 2.18 1 . 55- 7.90 16.4-3 2.97 7.9 

14-.0 -11.4- 37 . 074- 2 . 20 1 . 5:6 7.00 1 5 .03 2 . 73 7.4-

14-.6 -11.4- 37.110 2 .23 1.58 5.83 13.18 2.4-2 6.9 

14-.8 -11.4- 37.135 2 . 23 1 . 58 5 . 4-9 12.63 2.32 6.7 

13. 6 -ll.l 36.672 2.15 1.54- 8 . 90 17.95 3.14- 8 . 2 

-13 . 6 -11.7 37.522 2.21 1 . 55 7.05 15.14 2.81 7.,6 

Calculations were also performed for the ~ electrons of 

acenaphthene, with method (5), for this same range of 

coulomb integ rals, since the three aromatic proton HFCC's 

for the negative ion of ac e naph thene provide a convemient 

check for the calculations with a given set of parameters. 

The re s ults are g iven in table 7 . 11. 

3 
1 

7 
o 
1 

1 

2 



Table 7.11 

" H 

-13.0 

-13.6 

-14.0 

-14.6 

-14. 8 

-13.6 

-13 .6 

" 2 

-11.4 

-11.4 

-11.4 

-11.4 

-11.4 

-11.1 

-11.7 
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Effect of Variation of Coulomb Integrals in 

Method (5), for Acenaphthene ~ Electrons 

binding 
energy 

28.573 

28.532 

28.524 

28.539 

28 .551 

28.327 

28.749 

negative ion 
aromatic protons 

a 

1.07 

1.10 

1.12 

1.14 

1.15 

1.09 

1.11 

2.48 

2 .46 

2.46 

2.44 

2 .44 

2.47 

2.46 

4.52 

4 .56 

4.58 

4.60 

4.60 

4.54 

4.57 

C'-CHi2 protons: alI 

+ve ion -ve ion 

22 .87 

19.18 

17.14 

15.27 

13·91 

21 . 52 

17.25 

9 .93 

9.00 

8 .47 

7.73 

7.51 

9.41 

8 .64 

The first interesting feature to be noted from tables 

7 .10 and 7 .11 is that the binding energy for both pyracene 

and acenaphthene passes through a minimum at about -13.9 

e.v. for "H. No analagous turning point was found earlier 

for method (4), when the coulomb parameters were varied. 

The aroma tic proton HFCC' s and the C' -CH
2 

a 'H; values 

appear to favour the less negative values of "H and "2' 

but the binding energies and C'-CH
2 

proton HFCC's a H favour 

the more negative values, in particular, "H = -14.8 e.v. 

With "H = -14.8 e.v., the calculated a H values for the· 

C'-CH
2 

protons in pyracene positive ion, pyracene negative 

ion, and acenaphthene negative ion, are 12.63, 6.71 and 7.51, 

to be compared with the experimental values of 12.80, 6.58 

and 7.53. The agreement between these calculated a H: values 

with this set of parameters, and the experimental values, 

is excellent, and is better than the set of values obtained 

under opt imum conditions with method (4). 

Variation of the coulomb parameters for methods (4) and 
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(5) has shown that a considerably improved fit of the a H 
values to the experimental C'-CH

2 
protons HFCC's can be 

obtained, by appropriate choice of coulomb parameters.. The 

agreement between the calculated C'-CH
2 

a
H

, values and the 

experimental HFCC's can also be improved in the same manner, 

although even with optimum choice of coulomb parameters, 

this does not give as satisfactory a fit as the a H values. 

According to method (4), the binding energy, the aromatic 

proton HFCC 's and the C'-CH
2 

a H values do not all favour the 

same set of parameters, but for method (5), both the binding 

energy and the C'-CH
2 

a H values favour the choice of U
H 

= 
-14.8 e.v. The values so calculated are in excellent 

agreement with the experimental HFCC's. 

In section 7.19, an attempt is made to justify a 

particular choice of coulomb parameters. 

Variation of the Constant k, for Method (5) 

The constant k, iri ~ .. = k ~H a.. +a.. )S .. was taken as 
lJ 1 J:g 

1.65, 1.75, and 1.85, and the effect on the proton HFCC's 

calculated, as 

The opt ion f3 . . 
lJ 

well as on the atomic charge densities. 

= -k [~.a.J~ S .. was also considered, with 
1 J lJ 

k taken as 1.75, 1.80, 2.0. The notation k = -1.75, etc, 

is used to denote this second option. The i( electron 

energy levels for k = 1.75, 1.65, 1.85, -1.80 are given in 

figure 7.2. The binding energy is found to depend approx-

imately linearly on k. The calculated proton HFCC's, and 

atomic charge densities, are given in table 7.12. 



Table 7.12 

k 

atomic charge 

densities at 

atom: 

aromatic 

proton HFCC's 

C'-CH 2 protons 

positive ion 

C'-CH 2 protons 

negative ion 
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Effect of Variation of the Constant k, 

in Method (5), for Pyracene' JC Electrons 

1.65 1.75 1.85 -1.75 

1 .907 .888 .874 .887 

2 1 . 046 1.062 1.073 1.062 

5 .975 .976 .977 .976 

6 .999 .,999 1.000 .999 

8 1.073 1.075 1.076 1.075 

+ve 2.19 2.18 2.17 2 . 18 

-ve 1.56 1.55 1.54 1 .. 55 

a' 
H' 

15.28 16.43 17.37 16.69 

a H 
7.16 7.90 8.51 8.07 

a' H 7.53 7.91 8.20 7.98 

a H 2.77 2.97 3.12 3.01 

-2.00 

.856 

1.087 

.978 

1.004 

1.078 

2.15 

1.52 

18.73 

9.40 

8,.63 

3.14 

Table 7.12 shows that the aromatic atom charge densities 

are virtually independent of k, and are independent of the 

o,ption used to construct the resonance integrals. The 

charge densities at the X AO's in t he CH
2 

groups depend to 

some extent on the value of k, although the total CH
2 

group 

1t electron density is virtually independent of k. 

The aromatic proton HFCC's are virtually independent of k, 

althoug h the C'-CH
2 

proton HFCC's are dependent on k to 

a small degree. The two methods 

i3 .. = 1.75 ¥.z(a.+u.) s .. 
lJ 1 J lJ 

and i3. . = -1. 75 [ a . • a... ] ~ s. . 
lJ 1 J lJ 

are seen to give almost identical results. 
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Use of X-ray Bond Lengths and Angles 

An x-ray study of pyracene [30J gives the following 

bond lengths and angles for the carbon framework. 

There are some significant 

variations from the bond lengths 

assumed in section 7.5, particu

larly bonds 2,3 8,9 and 6,11. 

Calculations were performed 

1-44 with these x-ray values for the 

carbon framework, and the values 

assumed in section 7.5 for the 

carbon hydrogen distances and 

angles. A prefix XR indicates 

that this x-ray data has been 

employed. The energy levels and 

7C MO coefficients for method XR(5) a :re given in appendix VIII. 

The energy levels for method XR(4) are given in figure 7.1. 

Table 7.13 gives the binding energies, and proton HFCC's 

calculated from methods XR (2), XR(4) and XR(5). 

Table 7.13 Use of X-ray Parameters for Pyracene 

method: XR(2 ) XR(4) XR(5 ) 

binding energy 34.601 21.933 37.419 

aromatic proton +ve 2.28 2.24 2.36 

HFCC 's a H -ve 1.69 1.69 1.67 

C'-CH 2 
protons a' 

H 20.00 19.39 15.52 

positive ion a H 10.48 11.11 8.24 

C'-CH 2 
protons a' H 6 .10 7.58 7.02 

negative ion a H 2.42 3.61 3.14 



-123-

The above values in table 7.13 should be compared with 

those given in tables 7.1, 7.3 and 7.4. This shows that 

the use of the x-ray parameters for the carbon framework 

makes little difference to the ~ electron binding energy, 

the j\ MO coefficients, the individual one-electron energy 

levels, or the C'-CH2 proton HFCC's, although it does cause 

s ma ll changes in the aromatic protons HFCC's. 

However, in all three cases, the binding energy is 

increased by using the x-ray data, and for methods XR(4) 

and XR(5), there is a slight improvement in the fit of 

both the C'-CH2 a H and a H values to the experimental data, 

in that the a H. values are slightly decreased, and the a H 
values slightly increased. 

The use of the assumed bond lengths and angles in the 

earlier calculations therefore appears reasonable. 

7.18 Variation of the Parameters for the CH
2 

Groups 

The remaining variables to be considered for the 7C 

electron calculations are the carbon-hydrogen distance, 

and the angle HuCHl , in the CH2 groups. Calculations were 

performed, using method (5), for a C-H distanc~ of 1.08 i, 
and for the angle HuCHl taking the values 1050, 109028' 

and 120
0

, and with the angle HuCHl at 109 028', with the 

C-H distance as 1.08, 1.10, 1.13 R. 
The x-ray parameters were used for the carbon frame

work, and the values chosen in section 7.8 for the coulomb 

integrals. Method (5) was used, since this is the only one 

of the five methal s which offers a sys tema tic means of 

allo\'ling for the effect of the variation of angle HuCH!, 

and distance C-H, on the coulomb integrals for the AO's irH • 

Table 7.14 gives the calculated binding energies, and HFCC's. 



Table 7.14 Variation of CH
2 

Group Parameters for Pyracene 

Angle HuCHl 
105 0 109 0 28' 1200 109

0
28' 

distance C-H (~) 1.08 1 . 08 1.08 1.10 1.13 

binding energy 36.484 37.419 39.402 37 . 497 37.5)85 

aromatic proton +ve 2 . 34 2 .. 36 2.40 2 . 36 2.35 

HFCC's a H -ve 1.67 1.67 1.68 1.54 1 .. 68 

C'-CH 2 protons a' 
Hi 15.97 15.52 15.10 15.34 15.06 

positive ion a H 8.83 8.24 7.20 8.14 7.99 

C'-CH 2 protons a' 
H 7.05 7.02 7.19 6.94 6.83 

ne g ative ion a H 3.31 3.14 2.82 3.12 3.10 

The values in table 7.14 should be compared with those 

in tables 7.1, 7.3, 7.4 and 7.13. The values of both the 

aromatic and C'-CH
2 

proton HFCC's are remarkably independent 

of the angle HuCH
1 

or the C-H distance. The calculated 

1\ electron binding energy appears to favour configurations 

with the CH
2 

protons further apart than their separation 

at the usual carbon-hydrogen distance of 1.08 ~ and at the 

tetrahedral angle. 

7.19 Self-Consistent Field Approach 

In this section, a form of self-consistent field MO 

( SCF-MO) theory, applicable to organic molecules such as 

pyracene, is developed. This is basically a refinement of 

the extended HUckel method, discuss-ed in section 7.8. In 

the SCF modification of this method, a systematic way is 

found for allowing for the variation of the coulomb and 

Slater parameters with the atomic charge density, for each 
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atom in the molecule. 

A cyclic procedure is used: the standard extended 

Huckel method (5) is used to determine the amount of 

electron density associated with each of the sand p type 

AO's in the basis set, for the neutral molecule. These 

initially calculated atomic charge densities are used to 

modify the coulomb integrals ~ and a , and the Slater 
s p 

exponents )-,s and JA'p for eac h atom in the molec'ule. The 

overlap matrix is then computed wi th this new set of parameters, 

using the computer program given in appendix VII, and the 

secular equation set up and solved. The MO's are then 

determined using the computer program for Huc k e'l calculations, 

given in appendix VI. A new set of charge densities is 

calculated from this set of MO's, and then used to modify 

the coulomb and Slater parameters for each atom. This 

process is continued until the computed charge densities at 

the end of a given cycle are sufficiently close to the 

input charge densities, for that cycle. 

self-consistency has been achieved. 

At this stage, 

The resulting SCF MO's can then be used to calculate 

the atomic charge densities for the positive and negative 

ions, in turn, and the process can be repeated for each of 

these in turn. In this manner, a self-consistent set of 

MO's is obtained for the positive ion, and a different set 

for the negative ion. 

A similar allowance for the variation of the coulomb 

inte g rals with charge density and atomic configuration 

has recently been considered by Gray [ 43J, in MO calculations 

for the permanganate ion. However, the method developed in 

this thesis appears to be the first attempt to allow for a 

systematic variation of the calculated overlap integrals 

with atomic charge density throughout the molecule. The 

met h od is practable only with a computer program such as 



-126-

that given in appendix VII. 

Modification of the Slater parameters 

The overlap integral is a function of the Slater 

exponents for the corresponding AO's, as discussed in 

appendix V. According to Slater's rules [29J, the value 

of ~ is given by Z ~/n, where Z~ is the effective nuclear 

charge. This can be simply related to the computed atomic 

charge densities . 

A carbon atom in a molecule is initially assigned 

Z ~ = 3.25, in accordance with Slater's rules, and is assumed 

electrically neutral, with a total electron density of 

4.0 in the AO's with principal quantum number 2. If d is 
o 

the total electron density associated with this particular 

atom in the molecule, as determined from the initial .MO 

calculation, then the value of Z~ for the second cycle is 

Zr = 3 . 25 + (4.0 - do) 

If d
l 

is the charge density computed in the second cycle, 

u s ing the above value of Zl' then 

Z * =Z * + (d -d) 2 1 0 1 
and so on. 

For the hydrogen atoms, there is only one basis AO, 

and in this case, 

Z ,* = 1.0 + (1 . 0 - d), 
1 0 

Z2't- = Zl + (do - d l ), and so on. 

Modification of the coulomb parameters 

The coulomb integrals for the extended Huckel calcul

ations are taken as the negative of the corresponding 

valence state ionisation energy (VSIE). VSIE's cannot be 

defined unambiguously, and several alternative methods of 

evaluating them from the experimental data have been used 

[43, 44J. 
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For a neutral carbon atom, an average energy W is 

calculated from emission spectral data, for each config-
3 2 2 uration such as 2s2p or 2s 2p. The average is taken over 

all spectroscopic terms, considering the J components of 

the terms separately, with each term weighted by the approp

riate degeneracy. Similarly an avera g e energy is calculated 
2 2 for each configuration such as 2s2p or 2s 2p, of the 

+ 
positive ion C. The ionisation potential for carbon 

relates the energy zeros of the two spectroscopic systems 
+ 

C and C , and hence the appropriate VSIE under consideration 

can be evaluated. Two examples are given below. The VSIE's 

are evaluated for first the p electrons, and then the s 

electrons, for configurations sp3 and s2p2. 

Similarly, the VS IE's of the sand p electrons for 
+ 2 2 

C , 2s2p , and 2s 2p, are calculated. An experimental 

value for t h e electron affinity of carbon can be used to 

deduce values of the VS I E 's for the ne gative ion, C-, s2p3. 

From this data, graphs of the sand p VSIE's for 

both the config urations spn and s2 pn-l can be constructed, 

as a function of the c harge on the carbon atom. These 

graphs are then used to evaluate the sand p coulomb integrals, 

for a given configuration and charge density. 

Calculated VSIE's 

All experimental data employed, except for the electron 

affinity of carbon [45J, are from Moore's tables [32J. 

For C( 2s 2 2p2), the spectroscopic terms are 3 P2 , 3 Pl , 3 Po ' 
1 1 

SO' D2 · Hence the avera g e energy for the configuration is 

= JL[5 3P
2 

+ 33 p + 3 p + IS + 5 1D J 
15 I 0 0 2 

-1 cm = 4,858.9 
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+ 2 2 2 
For C (2s 2p), the spectroscopic terms are P

3
/

2 
and Py-!, 

and + 2 2 2 
W(C 2s 2p) = g [4 P

3
/ 2 + 2 Py-!J = 42.7 

-1 cm 

The ionisation potential of carbon is 90,878.3 

Hence the p electron VS IE for C( 2s 2 2p2) is 

-1 
cm 

90,878.3 + 42.7 - 4,858.9 = 86,062.1 cm- 1 

= 10.667 e.v. 
+ 2 

For C (2s2p ), the spectroscopic terms are 

W(C 
+ 2 1 [22S + 4 

+ 44p3/2 + 24p + 42p3/2 2s2p ) = 6 P5 / 2 28 Y-! 

+ 22p 
~ + 62D5/2 

= 75,807.6 -1 cm 

= 143,315.5 

+ 42D3/2J 

-1 cm 

The ionisation potential of C+ is 196,666.3 -1 cm 
+ 2 

the s electron VS IE for C (2s2p ) is 

196,666.3 + 143,315.5 - 75,807.6 = 2 6 4,174.2 

Hence 

-1 cm 

= 32.743 e.v. 

n 2 n-l The sand p type VSIE 's for the configurations sp , s p 
- + and C , C, C , are given in table 7.15. 

Table 7.15 Calculated VS IE's for Carbon (in e.v.) 

s VSIE's 

P VSIE 's 

configuration 

n sp 
2 n-l s p 

n sp 
2 n-l s p: 

9.918 

1.723 

+ 
C C 

21.586 32.743 

20.058 32.410 

11.862 23.019 

10.667 24.371 

so 
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Modified coulomb parameters 

The charge densities; for a particular cycle give an 

electron density sXpy for each carbon atom in the molecule, 

where x and yare, in general, non-integral. The total 

electron density with principal quantum number 2, at that 

atom, is x + Y = d,say. The configuration gXpy is represented 

by the linear combination 
d-l b 2 d-2 a sp + s p 

in order to recompute the coulomb parameters. Clearly 

a + 2b = x 

a(d-l) + b(d-2) = y 

giving a = 2-x, b = x-I. 

The modified VSIE's for the sand p type electrons are then 

given by the same linear combination of the appropriate 
d-l 2 d-2 . VSIE's for the configurations sp ,s p ,wlth the values 

appropriate for the charge density at that atom. Thus, 

-a. VSIE[s, d-l 
,d] + b VSIE[s, 

2 d-2 
dJ = a sp 55 p 

S 
, 

-a VSIJ:i:[p, d-l 
,d] +- b VSIE[p, 

2 d-2 
dJ = a sp s p p 

d-l where VSIE[s, sp ,dJ is the VSIE for an s electron, in 

the configuration spd-l, for the atomic charge density d. 

This is obtained graphically from the data given in table 

7.15. 

For hydrogen, no such analysis is poss~ble, since 

hydrogen has only one electron. A linear relation between 

the hydrogen Is VSIE and the atomic charge density is 

assumed, with a proportionality constant of 4 e.v. per 

electronic charge. Higher values . of this constant appear 

to lead to divergence of the cyclic process, according to 

Lohr [46J. 
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Results 

Sufficient time was not available to perform all the 

necessary calculations for this section, but a preliminary 

study of pyracene lV'.as done, to obtain some estimate of the 

total electron density at the various atoms in the molecule, 

for the neutral case, and the positive and negative ions. 

This enables a deduction of the way in which the coulomb 

parameters should have been varied, systematically, in 

section 7.15. The computed charge densities, from the 

first cycle, are given in table 7.16 

Table 7.16 

atom 

CA 

CB 

CE 

CK 

HA 

HE 

Charge Dens it ie's for all the as, and 2p 

Type AO's of Carbon, and Is AO's of all the 

Hydrogens, 

positive ion 

3.859 

4.050 

3.941 

4.111 

.941 

.893 

neutral 
molecule 

3.984 

4.127 

3.941 

4.134 

.941 

.910 

negative ion 

4.338 

4.238 

3.941 

4.146 

.941 

.927 

According to the above discussions, the Is coulomb integral 

for the pseudo AO's ~H (ie. for t h e C'-CH2 Is AO's) 
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should be significantly more negative than t he value 

c h osen initially, and the coulomb integral of the adjacent 

carbon 2p ~ AO should also be slightly more negative than 

the value chosen originally. Furthermore, the value· of 

the coulomb integral a~H should be more negative for the 

positive ion than f or the negative ion. Thus, it would 

be permissible, in section 7.15·, to use somewhat different 

sets of coulom b parameters to account for the experimental 

data for the positive and negative ions. Th is ana lysis has 

shown that the choice of larger numerical values for the 

coulomb integrals for 7T"H and for the adjacent carbon 2pw 

AO a ppears reasonable. 

The values given in the tables in section 7.15 are 

therefore seen to favour the calculat ed ali C'-CH
2 

proton 

HFCC's, rathe r than the a H values. This suggests that 

Slate r AO's overestimate the amplitude of AO's at large 

distances, although other evidence, discussed in section 

7.7, seemed to point to the opposite conclusion. 

Conclusion 

MO calculations in this chapter have shown that 

hyperconjugation lea ds to significantly greater values of 

the CI-CH2 proton HFCC's in the pyracene and acenaphthene 

positive and negative ions, t han does the spin polarisation 

mechanism considered in chapter 3. 

Five different methods of calculating the ir MO's have 

been considered; t h ree of the methods accounted satisfactor-

ily for the experimental data, provided suitable values 

were c h osen for c ertain parameters in the calculations. 

A systematic method was later discussed for logically 

choosing the values of these parameters. Howeve r, the 
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~ MO 's calculated from two forms of Huc kel theory 

considering only nearest neighbour interactions could 

not account satisfactorily for the experimental data. 

ESR data has been shown to be a convenient way of comparing 

different metho~ of calculating MO 's for large molecules. 

Hyperconjugation in three molecules containing C'-C-CH
2 

fragments is now considered. 
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Chapter 8 HYPERCONJUGATION IN AN AROMATIC 

C ' -C-CH2 FHAG?-1ENT 

8.1 Introduction 

Calculations in the preceding chapter have shown that 

hyperconjugation leads to significantly greater spin 

densities at C'-CH2 protons than does spin polarisation in 

the ~ bonds arising from spin density at C'. In chapter 4, 

spin polarisation in the ~ bonds of a fragment C'-C-CH2 
was shown to give rise to only very small values for the 

terminal proton HFCC's, of about +0.05 f 
is the spin density at C'. 

gaus-s, where F 

In this chapter, hyperconjugation is considered in 

three molecules containing a fragment C'-C-CH2 • The 

molecules are perinaphthane [1,8-trimethylenenaphthalene], 

3,4-aceperinaphthane, and pleiadane, all of which are 

shown in figure 8.1. Another molecule of the same type 

is 3,4,5,8,9,lO-hexahydropyrene, which is also shown in 

figure 8.1. Since these molecule& contain both C'-CH2 
and C'-C-CH

2 
protons, a comparison of the values of th~ 

proton HFCC's for these two types of protons is possible. 

The molecule pleiadane is considered, as well as the other 

two, because of a subtle difference in the symmetry properties 

of this molecule compared with the other two. For peri-

naphthane and aceperinaphthane, group theory allows for the 

possibility of the coefficients of the AO's for atoms HI, 

HJ [see figure 8.1J being zero, in the MO's containing the 

unpaired electrons for the positive and negative ions. 

In pleiadane, however, the corres p onding atoms HI, HJ do 

not lie in the reflection plane passing through atoms CE, 

CJ, and perpendicular to the aromatic plane. Consequently 
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there is no group theoretical reason for supposing the 

coefficients of the AO's associated with these atoms to 

be zero in any particular MO. 

The six and seven membered non-aromatic rings in these 

molecules would not be expected to be planar. Consequently 

hydrogen atoms such as those bonded to carbon atom CL are 

both on the same side of the aromatic plane, and the linear 

combination (Is -Is ) of the Is AO's associated with these 
u 1 

hydrogens does not have r -type symmetry with respect to 

the plane of the aromatic rings. 

All three molecules studied in this chapter have C 
s 

type symmetry. In all three cases there is no group 

theoretical factorisation of tS and 7r type electrons, so 

that the 7r electrons cannot be considered separately, as 

was possible for pyracene and acenaphthene, in the previous 

chapter. Instead, the MO calculations must be performed by 

including in the basis set all of the high energy AO's. 

The extended Huckel method, discussed in section 7.8 of 

the previous chapter, is used. 

The secular equations are of order 64 for perinaphthane, 

74 for ace-perinaphthane, and 70 for pleiadane. Group 

theory is used to reduce the order of these matrices, as 

explained in section 7.8; 
is then of order 41. 

the largest matrix to be handled 

The calculations were performed with a modification 

of the overlap program, given in appendix VII. With this, 

sets of symmetry adapted linear combinations of the basis 

AO's are given, and the computer calculates the overlap 

matrix for each irreducible representation set, when 

supplied with the atomic coordinates. The program is 

arranged so that the ma trix elements S .. 
l.J 

the basis AO's are computed as required. 

= ( ¢i' ¢j> between 

Consequently, at 
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no stage is it necessary to compute or store the complete 

matrix, of order equal to the number o f high energy AO's 

being considered in the molecule. In this manner, the 

method can be employed to perform MO calculations for giant 

molecules, with several hundred atoms, provided the molecule 

has reasonably high symmetry. 

8.2 The Mode.l 

All aromatic carbon-carbon, aliphatic carbon-carbon, 

and carbon-hydrogen bond lengths are taken as 1.39, 1.54 

and 1.08 X, respectively. Tetrahedral angles (109 0 28') 

are assumed in the non-aromatic rings. The values given 

in section 7.8 are used for the Slater and coulomb parameters, 

and the constant k is taken as 1.75. The atoms are labelled 

in figure 8.1. The basis AO's are numbered so that all of 

the AO's for CA are given first, in the order 2s, 2p , 2p , 
x Y 

2p , then all of the AO's for CB, and so on. When all of 
z 

the carbon AO's have been given, the hydrogen Is AO's are 

listed. The z axis is chosen to be perpendicular to the 

aromatic plane, for purposes of comparison with the calcul

ations for pyracene and acenaphthene, in the previous 

chapter. The atomic coordinates, required as input for the 

overlap program, are calculated from straightforward, but 

tedious, trigonometry. 

The proton HFCC's for the positive and negative ions 

are evaluated for each of the four-non-equivalent types of 

hydrogens in the non-planar aliph.tic rings. Slater AO's 

are used to calculate the amplitudes of t h e basis AO's at 

the coordinates of these protons. The proton HFCC's are 

then calculated as shown in section 7.7. S ince it was 

found in the previous chapter that the most satisfactory 

agreement between the calculated and t h eoretical C'-CH2 
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proton HFCC ' s was obtained by considering only th~e 

contributions to the lIFCC from the hydrogen and carbon AO 's 

associated wit h t hat particular CH2 group , the values 

referred to as a H values in section 7.7 are used here. 

Because of t he symmetry of t he molecules studied here, the 

MO' s conta i ning the u npa ired e lectrons in the positive and 

negative ions have componen ts from the carbon 2s, 2p and 2p 
x y 

AO's 01 the carbon atom of the particular CH
2 

group, as 

well as from the 2p AO for that c arbon . Values are also 
z 

calculate d for the aromatic proton HFCC's, as shown in 

section 7.7. 

8.3 Results 

Table 8 .1 gives t h e calculated binding energies, and 

atomic c h arge densities, for the neutral molecules. Table 

S .2 gives the calculated proton HFCC's for the positive and 

ne gative ions. No experimental data is a va ilable at present 

on the ES R spectra o f any of these molecuilies. 

Table 8.1 Binding Energies and Atomic Charge Densities 

molecule : perinaphthane aceperinaphthane pleiadane 

binding energy 234.4.92 e.v. 2.66.378 253.397 

charge density 

a t: CA 

CB 

CC 

CD 

CE 

C.J 

CK 

3.919 

4.137 

4.060 

4.126 

3 .936 

4.003 

4.147 

3.972 

4.102 

4.131 

3.97q, 

3 .984. 

4.006 

4.148 

3.912 

4.148 

4.058 

4.137 

3.937 

3 .994 

4.231 



CL 

CN 

HA 

HB 

HE 

HF 

HG 

HH 

HI 

HJ 

Table 8.2 

non-aromatic 

pr otons 1-

HG 

HH 

HI 

HJ 

HM 

HN 

aromatic 

protons:

HA 

HB 

HE 
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4.142 4.144 4.154 

4.132 

.939 .939 .939 

.941 .941 .942 

.940 .920 .940 

.910 

.920 .920 .921 

.9l0 .912 .818 

.932 .932 .925 

.908 .908 .924 

Calculated Proton HFCC's for Positive Ions 

perinaphthane 

4.37 

14.54 

o 
o 

2.94 

1.29 

4.98 

aceperinaphthane 

3.12 

12.69 

o 
o 

17.62 

17.06 

p1eiadane 

14.25 

117.5 

8.52 

0.27 



non-a romatic 

protons 

HG 

HH 

HI 

HJ 

HM 

HN 

aromatic 

protons 

HA 

HB 

HE 
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Negative Ions 

perinaphthane 

1.14 

7.58 
0 
0 

1.32 

2.32 
4.66 

aceperinaphthane 

0.97 
6.65 

0 
0 

11.04, 

111.07 

1.80 

1.41 

pleiadane 

0.,02 

11.37 
0.004 

1.44 

1.11 
2.44 

4.53 

In all cases it is found that the MO's containing the 

unpaire d electrons in the positive and negative ions are 

of A" symmetry. Consequently the coe f ficients of the Is 

AO's of the atoms HI and HJ, for perinaphthane and 

aceperinaphthane, are rigorously zero, and the only non-zero 

AO coefficients for this C'-C-CH
2 

group is for the 2 p
y 

AO of carbon atom CL, where the y-axis points along CJ-CB. 

However, the amplitude of this AO at the coordinates of HI 

of HJ is zero. Furthermore, for any ?O o f A" symmetry, 

the contributions to the spin density at HI or HJ from 

atom pairs such as HG, HK or CK, CM always exactly cancel. 

Consequently, the proton HFCC 's for the C'-C-CH
2 

protons in 

perinaphthane and aceperinaphthane, are rigorously zero. 

However , for pleiadane, the proton HFCC 's for the C'-C-CH2 
protons are definitely non-zero, being as large as 8.52 gauss 
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for the positive ion. This is ofl the order of magnitude 

of the C'-CH
2 

proton HFCC's for the pyracene and acenaph

thene ions. 

Table 8.2 shows that in all cases the HFCC's for a 

given non-aromatic proton in the positive ion is signifi

cantly larger than for the negative ion. The wide. range 

of calculated values of the proton HFCC's in these three 

molecules suggests that they should make interesting 

experimental ESR studies. 

Table 8.1 shows that the charge densities for peri-

naphthane and aceperinaphthane are very similar. These 

c harge densities could be used as the basis for a SCF 

study of these molecules, as discussed in section 7.19. 

The C' -C-CH and C' -CH protons are' seen to ha,ve charge 
2 2 

densities significantly less than one. As explained in 

section 7.19, a coulomb integral of about -14.0 e.v., and 

a higher effective charge, would be more appropriate for 

these molecules. 

8.4 Conclusion 

Theoretical studies in t h is chapter, of three 

molecules containing C'-C-CH~ fragments, have shown that, 

provided certain AO coefficients in the MO's, housing the 

unpaired electrons are not rigorously zero, as a consequence 

of the symmetry of t h e molecule, hyperconjugation can lead 

to values of the C'-C-CH
2 

proton HFCC's of about the same 

order of magnitude as for the C'-CH
2 

proton HFCC's for 

the pyracene and acenaphthene ions. 

The wide range of calculated values, and the lack of 

any experimental data at present, suggests that an ESR study 

of these radicals might yield valuable information. 
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Chapter 9 CONCLUSION 

Two alternative theoretical mechanisms have been 

considered in this thesis, in interpreting experimental 

data on the hyperfine coupling constants of protons in 

fragments C'-C H os organic molecules, for n = 0, 1, 2. 
n 

For the C'-H case, hyperconjugation does not occur, for 

reasons of symmetry, and in this case the spin polarisation 

mechanism appears to be able to account satisfactorily for 

the experimental data. 

For the cases C'-CH2 and C'-C-CH2 , spin polarisation 

was calculated to lead to only very small values of the 

HFCC a H, for C'-CH
2

, and minute values for the longer frag

ment. 

In the second part of the thesis, molecular orbit~l 

calculations were performed to estimate- the contribution 

of hyperconjugation to the C'-CH
2 

and C'-C-CH
2 

proton HFCC's. 

The calculated values for C'-CH2 were found to be in good 

agreement with experiment, although a reasonably wide range 

of calculated values was obtained, depending on the method 

used to determine the MO's, and on certain assumptions 

made in evaluating the HFCC's from these MO's. 

In the last chapter, value s were predicted for the 

C'-C-CH2 and C'-CHa proton HFCC's in three molecules 

containing these fragments. It appears that in certain 

cases, determined by the symmetry of the molecule, 

hyperconjugation can give rise to s i gnificant amounts of 

spin density even at the C'-C-CH
2 

protons. 
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Appendix I THE CONSTRUCTION OF SPIN EIGENFUNCTIONS 

USING WIGNER COEFFICIENTS 

ALI Introduction 

Wigner coefficients provide a simple and convenient 

way of determining the eigenfunctions obtained by combining 

two angular momenta jl and j2' to give a resultant angular 

momentum j. 

Wigner's formula is 

\ jlj2 j m) = [ <jlj2mlm2 l jlj2j m) Ijlj2mlm2 > 
ml ,m2 

where ml , m
2 

are the eigenvalues of the angular momenta jl' 

j2 respectively about a particular axis of quantisation, 

and m is t he eigenvalue of j about this same axis. 

I jlj2mlm2> = Ijlml ) Ij2m2 > is the product of the simultaneous 

2 2 ei genfunctions of the opera tors J
l

, J
zl 

and J
2

, J
z2 

for the 

two angular momenta jl and j2· 

\v igner's formula then det ermines the s imul taneous 

eigenfunctions of J2 and Jz for the vector sum j = jl+j2. 

The coefficients ( jlj2mlma l jlj2j m> are pure numbers, 

and are usually o btained from tables, such as those given 

by Condon a nd Shortley [36J; general expressions for these 

coefficients are available, but are extremely cumbersome. 

The summation in Wigner's formula is over all values of 

ml , m
2 

satisfying the restrictions mi = ji' 
d + -an m

l 
m

2 
- m. 

j.-l, 
:1. 

,-j. 
:1. 

To determine the simultaneous eigenfunctions of the 

operators S2 and S for more than one electron, take 
z 

jl = Sl' j2 = S2 where Sl and S2 are the resultant spins 

of a given number of electrons. 



For example, by ta k ing Sl as two electrons, S2 as 

three electrons: 

S = 1, 0 ml = ~l , 0 
1 

S2 = .'2., 1 m2 = ~ + 1 , 
2 2 2 2 

and by combining 5.
1 

and S:2 according to Wigner's formula, 

the simultaneous eigenfunctions of S2 and S for 
z 

electrons are obtained: 

I j m) = L ( SlS2mlm2 lS1S2j m) ISlml ) IS2 m2 ) 

ml ,m2 

five 

where ISlml > , IS2 m
2

) are the simultaneous eigenfunctions of 

S2 and S for two electrons and three electrons respectively. 
z 

If these are not available, they may themselves be determined 

from Wigner's formula, as shown below. 

The formula may thus be applied successively to obtain 

the eigenfunctions for 1, 2, 

results are tabulated below, 

to the eigenvalues S(S+l) of 

number of electrons. 

AI.2 One Electron 

1:lt2 :1;2 ) = u. 

1112 -lt2 ) = s 

AI.3 Two Electrons 

10 0 ) = 1/12(us-sa) 

11 1) = au 

11 0 ) = 1/12(US+SU) 

11-1) = ss 

3, 4, 5, . . . electrons. The 

where the symbol I s M ) refers 
S2 

s 
and M of S z' for the total 

s 
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AI.4 Thre e Electrons 

1:r2 3/2 ) = au.a 

13/2 1~) = l/f3( UU~+~~~+ ~UU ) 

\ 3/2-lt2) = l/!3( ~~a+ ~a~+~~ ~ ) 

1?Y2- 3/2) = ~ ~~ 

11t2 lt2) = 1/ f2 « (..(.~a_ ~UM ) 

11f2 - 1/2 ) = l/J2( a~~_ ~u.~ ) 

11/2 1/2) = 1/j6(2UU~_a~a_ ~aa ) 

11'2-1/2) = 1/f6(~U~ +' (..(.~~-2 ~~~) 

Set 2 

IIt2 l~) = l/J2( a.as- u.~a) 

Ilt2-lt2) = 1/[2 ( ~a~_ ~ ~(..(. ) 

Ilt2 1/2) = 1/J6( UU~ +~~a_2 ~ua ) 

Ilt2-1f2) = 1/f6(2a~~+ ~~a+ ~a~ ) 

AI.5 Four Electrons 

12 2} = ~ 

12 1) = 1/2( aau~+au~u+u~uu+ ~~ ) 

12-1) = 1/2( ~ ~ ~a+ ~~a~+ ~a~~+~~~~ ) 

12- 2 ) = ~~ ~ ~ 

11 1) = l/f2( Uaa~_~a~a ) 

11 0 ) = 1/2( a~~~_a~~a+ ~a~~_ ~a~a ) 



(8~888-88~88)~/1 = (~£_2~1 

(~888-8~8n8-8n88n-n8n88+88nn8+88n8n)2t/l = (2~_2~1 

(8n8rn"-~88Tl-~8n8-8thJ'rrn+~8Tl8,.,+n8rm8) 2t /1 = (21-r 21£1 

(nn8~-n8nn~)]f/l = (~£ ~£I 

88888 = (2/~_2/~1 

(8888n+888n8+88n88+8~888+~8888)2!/1 = (2~_2~1 

(88n8n+8n88Tl+n888n+88Tln8+ 
8n8Tl8+Tl88n8+888~+nn888+n8n88+8~88)0Ir/l = (21r_2/~ I 

(~8n8+n8nn8+8~n8+~88n+ 

n8'08n+8-rr8n+nrrn88 +88nxm+8n8'Ym+~88rrr,) 01t /1 = (2~ 2~ I 
(rrrl'nn8+'rmXl8~+'m'J8nn+'Y"l8'rm~+8nnnrdY/l = (2/£ 2/~ I 

',..,mmn = (2/~ 2/~ I 
suoJloaT3 aA~.!I 9·IV 

(n8n8-8~8-n88n-8n8n-~882+88~2)i!2/1 = <0 01 

(Tl8Tl8+8nn8-n88Tl-8n8~)2/1 = <0 01 

(8Tl88-n888-88n8+888,.,)2/1 = (I-II 

(-nn88-88'Y'n)Y/l = (0 11 

(nnn8-n~8"'-Tl8nn+8nnn)2/I = (I 11 

(88n8 -888n) Y /1 = (1-1/ 

(n8n8-8nn8-n88n+8n8Tl)2/1 = (0 11 

('Y''mJ8 -nn8n) y /1 = (1 11 

(n888-8n88)~/1 = (1-11 

-9f/l-
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13/2 3/a) = 1/ I6l2cw.w:x.s-aaaf3u .. au.sua) 

13/2 :Y2) = 1/3 [2(2 Su:.u.uS+2USu:.aS+au.SUS+u.w.x.SS- SlX.Uj3v1._ U SU.Su 

-2auSSlX.-sas~_ussUU) 

13/2-1/21 = 1/3/2 (2 ~SlX.US-2 sassu.-2u,SSSU,+uSSUS+ SUSUS+U,SU.SS 
+SauSS-ssuSa-sssua) 

13/2-3/2) = I/J6(SSsu.s+ssaSS-2SSSSU) 

13-'2 3/
2

) = 1/ j2(uscw.u-su.u.u.a) 

13/2 :Y2) = 1/ J6 (U.S Su,u,+Uf3uSU+.Uf3uu:.S- SU'.LW.S--(3aasa... SUSWL.) 

13/2-1/2) = 11/6 cu.Sl3sa+CA.ssas+uw-,sS- SU,SSlX.- SlX.sas- Sw.x.SS) 

13/2-3/2} = 11 J2CC-'I3SSS-SUSSS) 

13/2 3~ ') = 11 J3 0 (2Wl.Uj3+2au.u.su+2uu:.l3o.a.-3u Saaa- 3 Su.u.aa) 

13/2 :lt2) = 1/3.JlO (4lUl.f3SU,+4au.SU,S+4u.aaj3S-6 ssaaa_aSaaf3_usasa 
_uf3suu-SuaaS-j3u,u,j3u-SU,SUU) 

13/2 -1/2) = 1/3 JlO C6 uuSSS+ Su.Sj3u.+ susuj3+ su.aSS+uj3ssu,+u.j3sas 
+uj3u.j3S-4SSau.S-4I3suj3U,-4SSSUU) 

1~2-3/2) = 1/ 13 0 (3 saj3SS+ 3U.SSSS-2 SSSj3U.-2 sssaS-2 ssaSj3) 

la) = 1:Ir2 1/2} = 1/2I3L2uu.aSS-2lX.USUS-uSuj3lX.+u.SSuu_suul3u+sasao:.) 

Pi 2-:lt2) = 1/2.[3 (2 SSS"''''-2 SSLi.SLCSUSUS+ saaj3S-lkSSl.X.j3+vl.SU,13 S) 

Ib) = 1:lt2 112> = 1/6 (2uuj3U,S+2lX.aaSS-4UUSsu-2U.saaj3-2Su.u.u.s 
+usasu.+u.j3saa+sauS"'+Sl.X.j3aa) 

11/2- 1/2) = 1/6 (2 j3susa+2 SSSUD.-4 SSauS-2 W~SSU+ S"'S"'j3 
+saaSS-2u,Sj3SU+U,SSvl.j3+usass) 



(88~8n-8n88n-n888n-88nn8-8n.8~8-

n88n8-nn888+n8n88+8nn88+888nn£)~£/1 = (Gfr_Gfr I 

(nn8~8-~8nn8-8nnn8-nn88n-n8n8n-

8nn8n-88'm:m+8n8xm+'n88'n'n+~88 £) Y £/1 -= (Gil Gfr I = (a I 

(88n8n+8n88n+88~8-8~8n8-n888~G-'n88n8G)£fG/l = (Gfr_Gkl 

(~8n8+"08rm8+xm88'n-n8n8'n-8'XmU8G-thm8nG)gG/l = (.GJr Gfrl = (pi 

(88n8"O+8n88n-88nn8-8n8n8)G/l = (Gfr_Gfr I 

(~n8n8+n8xm8-rm88'n-~8n8n)G/l = < Gil Gfr I = ( :) I 

-9,.,1-
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Appendix II GENERAL SPIN DENSITY FORMULAE FOR USE 

IN MO CALCULATIONS ON LINEAR SYSTEMS 

AILl The General Formula 

A general formula is developed for calculating the 

spin density at the proton in a linear fragment C -H, 
n 

where the fragme n t is represented by a MO wave function 

obtained by mixing certain excited state configurations 

~ . into the zero order representation ~ of the ground 
1 0 

state . This mixing must be considered when allowance is 

made for the electronic interaction term H = [ e
2
/r ..• 

1J 

This gives a MO wave fun ction of the form 

where, according 

A = i 

where Hik is t h e 

E. is the energy 
1 

The general 

coupling constant 

to second 

- HOi 
+ 

E . 
1 

+\~ . ~ .) L 11 

order perturbation 

[ HOkHki 

Ek Ei kti 

theory, 

matrix element < ~ . I L e
2
/r .. I ~k> and 

1 1J 

of state ~ . above state ~ • 
1 0 

expression for the p roton hyperfine 

a
H 

is 

8 J1: g~gN ~NQ (P) 
3h 

where Q(p) is the spin density at the coordinates of the 

proton. As shown in section 1.2, t h is is evaluated from 

Q ( p) = 1 < ~ I [ 0 (r . - r H) s. I ~ > 
( 5 ) i 1 1Z 

Z 

where o(ri-rH ) is the Dirac delta function of the distance 

of the i'th el e ctron from the proton. As seen above, the 

wave function ~ is usually expressed as a linear combination 
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of other MO wa ve functions; therefore it would be useful 

to have a general formula for Q(p) in terms of the component 

functions of '1' . 

This problem is most satisfactorily approached through 

the formalism of density matrix theory [37J. Consider the 

general case of spin densities. The spin density is to 

be determine d at a g eneral position r in space, from a wave 

function '1' t hat is g ive n as a linea r combination of ot her 

wave function s ':1: .• One of t h e bas i c equat ions of d e n sity 
1 

matrix t he ory [37J g ives fo r the s p in density function Q(r), 

whic h is t h e densi t y of spin angular mo mentum at t h e g eneral 

r in space, I 

Q(r) = ! ~ <~ I Sk I'± )k 
( 5 ) z 

z 

point 

The <'± ISkz l '± ) k denotes a matrix element calculated by 

integ rating ove r the spin and space coordinates of all the 

electrons except the space coordinates of electron k. 

The I on the summation indicates that after the summation, 

the indices k are dropped. 

An equivalent definition of the spin density function 

Q( r) is 

Q(r) = 1 <\].i lL O(r.-r)s. I 'l' ) 
(5' '> i 1 lZ 

Z 

where 6(r.-r) i s the Dirac delta function of the distance 
1 

bet ween electron i and the general point r in s pace. 

If the wave function \j! representing t h e system is now 

expressed as a linear comb i n a tion 

\].i =L a. ,±. 
.11 
1 

of other wave functions 'l' . , 
1 

the expression for Q(r) may be split up into a sum of terms 

corresponding to the sum of the wave functions constituting 

'1' : 
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Q(r) = L >I< Q .. (r) a. a. 
i,j ~ J ~J 

= L a.a. Q .. (r) assuming the coeff-
~ J ~J i,j icients are real 

where Q .. (r) 
~J 

= ! < 'l! . I [ cd rk-r)sk I'l!. > 
( s '> ~ k Z J 

Z 

<s ) is the expectation value of the total spin of the 
Z 

radical, and is the same for each ~., since only states 
~ 

with the same M value as 'l! can be mixed into 'l! • s 0 0 

The above expression for 'l! is now substituted into 

this formula, and throughout the derivation only terms 

up to second order are retained. 

The a.a. which "appear in the expression for Q(r) are, 
~ J 

correct to second order: 

a 2 = 1 -L HO~ 
o 

a a. = 
0 ~ 

2 
a. = 
~ 

a.a. = 
~ J 

i 

- HOi 

E. 
~ 

2 
HOi 

E. 2 
~ 

E 2 
i 

+ 

HO·HO· 
~ J 

E. E. 
~ J 

[ 
kti 

HOkHki 

Ek E. 
~ 

'l!. 
~ 
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yields 

= f -[ HO~ ] 
E 2 

i i 

+[ 
2 

2L Hbi Q .. (r) + 2 l.l. 

i E. i > j l. 

To calculate the spin density 

E. 
l. 

HO·HO · 
l. J 

E. E. 
l. J 

at the 

Q .. (r) 
l.J 

coordinates of 

the proton, say Q(p), r is taken equal to p, and it is 
2 

noted that QOO(p) = ~ (p) = O. Thus the general expression 

for the spin density at the coordinates 

Q(p) = 2 [[-
HOi [ HOkHkiJ QOi(P) + 
E. Ek Ei l. l. kii 

[ HO·HO· Q.". (p) + 2 J l. 
l.J 

E . E . i ) j J l. 

AII . 2 Evaluation of Matrix Elements 

of 

+ 

t he proton is 

2 

[
HOi 

E 2 
i i 

Q . . (p) 
l.l. 

To facilitate calculations , a brief discussion is 

given on the method of calculating the Q .. (p) matrix 
l.J 

elements. Th ese are the matrix elements of the one 

electron operator \" 
L b (r . -rH)s. 
i l. l.Z 

Consequently, these matrix elements must obey the general 

rules given by Condon and Shortley [38J for anyone electron 

opera tor. To standardise the notation used in t h is thesis 

wi th that of Condon and Short ley, t he wave 

are written as 

f unctions 'f . 
l. 
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where the a j are the individual sets of one electron 
S quantum numbers , such as b

l 
' etc. If the operator 

given above is denote d by 6, then from the general results 

for one electron o perators , t he matrix elements < l. 1 6 1 ~ . > 
1 J 

are zero if ~. and ~ . differ in more t han one of their 
1 J 

individual sets of quantum numbers. It should be noted 

that permutations of the quantum numbers in ~ . are 
J 

permitted, to bring as many as possible of the a j for ~ . 
J 

to be the same as those for ~ .• 
1 

If '1'. 
1 

individual 

and ~ . differ in regard to just the k'th 
J 

qua n tum numbers, after the rearrangement,then 

< 'll.161'll. ) = + ( u.(a
k

) 1 6 1 u.(b
k » 

1 J 1 1 

= +. (+ l/~ ) [ (k) (bl~)J 
7- U i a u i at r=p 

Here the + sign refers to the sign of the p e rmutation 

required to reorder the one electron quantum numbers in 

~ ., so that ~ _ and ~. differ in only one of their one 
J 1 J 

electron quantum numbers. The + '!f.z arises from the spin 

part of (bk ): +~ arises from an U spin function for (b k ) 

and -t2 for a S spin function. The "at r=p" refers to the 

values of the wave functions u . (a k ), u.(bk ) at the space 
1 1 

coordinates r=p. Tpis arises from the "spotlighting" 

p r operty of the Dira c delta function &(x-x ) when multi
o 

plied by a function of x and integrated over the complete 

range of the x variable [4J. 
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Appendix III EVALUATION OF ELKCTROSTATIC 

MATRIX ELEMENTS 

In using perturbation theory to set up approximate 

eigenfunctions of hyperfine interaction for simple organic 

fragments, the matrix elements of electrostatic interaction 

between two states A and B, represented by wave functions 

'1: A and '1: B ' are required. These matrix elements, written 
N 

< A I L e
2
/r .. I B ) 

i ) j=l lJ 

are readily evaluated from the general rules given by 

Condon and Shortley [38] for any two electron operator, such 

as \ e 2 /r .. . L lJ 

The wave functions are written as determinants, to 

satisfy Fermi-Dirac statistics . The Pauli principle is then 

automatically satisfied. 

notation is employed : 

For convenience, a shorthand 

'f' A 

which may also 

= 1 

fN! 

be written as 

= ! ~ (-l)PP¢(A) 

IN! P 

is short for 

In these expressions, i the a are the individual one electron 
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u. 
quantum numbers. 

S 
For the C -H fragments, they are the ~ , 

n 
a 2 ' etc. 

For two states A and B, A: 1 2 
a a • a 

N 

the general expression for the electrostatic matrix element 

is 

IB) = 1 
N! 
[[ 
i)j P pI 

I N 
(-l)P+P TT 

k=l 

2 
e /r . . 

1J 

where the continued p roduct of Kronecker delta functions 

contains a term for each index except i and j. Note that 

this Kronecker delta function is quite distinct from the 

Dirac delta function discussed in chapter 1 and in appendix 

II. The Kronecker delta function is defined by 

6(i,j) = 0 i t j 

Edi,j) = 1 i = j. 

For this matrix element to be non-zero, it is seen from 

the delta function terms that B can differ from A by at most 

two of the individual sets of one electron quantum numbers. 

There are therefore three cases which can give rise to non

zero electrostatic matrix elements: when A and B differ in 

regard to two, one and none, of the individual sets of one 

electron quantum numbers. 

separately. 

These three cases are considered 

(i) A and B differ by two individual sets 

For convenience, a permutation is taken of the quantum 

numbers in B to give a representation BI where (N-2) of the 

sets correspond with those in A with the latter in conventional 
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A: a
l 

1 B I :a 

2 
a 

2 
a 
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k 
• • • a 

k 
• • b • 

t N 
• a • • a 

t 
• b • 

N 
• a 

In general, BI is not in its conventional order, so the 

matrix element must be multiplied by plus or minus one, 

according to the parity of the permutation from the conven

tional order of B to this order BI. The above general 

expression for the matrix element is thus reduced to 

<A 1\ e 2 /r .. IB) = + f(akat l e 2 /r . . Ibkb t ) _ ( aka t \ e 2 /r . . Ibtbk )] L lJ - L: lJ lJ 

where the ~ refers to the sign of the permutation B ~ BI. 

(ii) A and B differ by only one set 

In the same way as above, the representations are chosen as 

A : 

B I: 

I 2 
a a 

I 2 
a a 

k N 
• a • a 

k 
• b • 

N 
• a 

and the general expression is reduced to 

( A \ [ e 
2 

/ r i j iB> = ~ [ ~a kat I e 
2 

/ r i jib ka t ) - <a ka t i e 
2 

/ r i j I a tb k > ] 
t a 

where at runs over the (N-I) individual sets which are 

common to A and B. 

(iii) A identical with B 

The general expression is reduced to 
N 

<A I[ e 2 /r .. IB) = ~ [(a
k

a t l e
2
/r .. \ aka

t
) 

lJ ~ lJ 
k >t=l 
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Any of the integrals (ab le2 /r .. Icd), which throughout 
lJ 

this thesis is abbreviated to (ab,cd), is zero if mat m c 
b d s s 

and/or m t m ,where m is the spin quantum number. s s s 

Thus each of these integrals should be written as 

6(m a,m c).6(m b,m d) (ab,cd) 0 

s s s s 

Two examples are given, to illustrate the use of these 

formula: -

I 
Here a 

I it b b b b I aaso.s 1 I 2 2 

In b l b l b 2 a 2 1 UUf3 sa.. 

= 1(0. , 2 a 
a = b l ' etc. The representation B can be 

reordered by a permutation of odd parity to give B', which 

differs from A in regard to only b 4 : 

Thus 

A 1( 0. b LX. b S b ex. b S 
I 1 2 2 

B'.o ')tex.bo.bS ex.bS 
1 1 a 2 2 

[(b2X,a2~)-(b2~,TIa2)+(b2bl,a2bl) 

-(b2bl,bla2)+(b2bl,a2bl)+(b2b2,a2b2)] 

Note that there is no term (b2 b l ,b l a 2 ) arising from a 3 , since 

m (a 3 ) t m (a 4 )o 
s s 

(ii) 'II A = 17t' b l b l b 2 b 2 1 acx.sas 

'II B = 11( b 1 alb 2 b 2 I Saa.u.S 

Here A and B differ by two of their quantum numbers, and no 

reordering of B can reduce this number. Thus 

< A I [ e 
2 

/ r i jiB> = - ("7£ b I ' a 1 Jt" ) 

There is no term 



-15 8-

Appendix IV THE EI GENVALU ES AND EIGENFUNCTIONS FOR 

A NON-ORTHOGONAL BASIS 

AIV.l Derivation of Equation 

Lowdin's method [27J i s used to obtain the eigenfunctions 

and eigenvalues for a non-orthogonal basis. The usual case 

in which a non-orthogonal basis arises is when MO's are being 

constructed by LCAO, and when overlap between adjacent AO's 

cannot be neglected. 

A set of basis AO wave functions · .. , 
is taken, from which it is desired to construct MO's ~ . by 

J 
LCAO: 

'J! . =Lc . . ¢ . 
J i 1.J 1. 

The coefficients c .. must now be determined. Two matrices 
1.J 

Hand S are constructed: 

H .. = ( ¢. I H I ¢. ) 
1.J 1. J 

Sij = ( ¢i l ¢j ) 

where H is the Hamiltonian operator of which the MO's 'J! . are 
J 

to be approximate eigenfunctions. 

The coefficients are determined by two conditions, the 

variation principle and the normalisation condition: 

E
j 

= < ~jIHI 'J! j) = a minimum 

<'£1. 1'£1. > 
J J 

<'J! . I '£I . ) = 1 
J J 

• ••• ( 1 ) 

• ••• (2) • 

The condition for E. to be a minimum is d E.j d c. = 0 for 
J J 1. 

i = 1,2, ••• , n . Now from (1), 

E . {L c . ·¢·I L c k '¢k) = ([ c .. ¢. I H IL c k '¢k) 
J i 1.J 1. k J i 1.J 1. k J 



ie E. [C .. 2S .. + 2 'f'
J 1J 11 L 

i >k 

-159-

2 
c .. H .. 

1J 11 

i ) k=l 

c .. ck.H' k 1J J 1 

This relation is differentiate d with respect to c., and the 
1 

result set equal to zero. Thus 

E
j 
[2C

ij
S
ii 

+ 2 [I c
kj

s
ik
l = 

k 

ie 

k=l 

Condition (2) gives 
n n 

<Z cij¢ilL. ckj¢k ) 
1=1 k=l 

n n 

=L L 
i=l k=l 

2 c .. H .. 
1J 11 

"'k 
c .. S 'kck' 1J 1 J 

• ••• ( 3 ) 

= 1 •••• (4 ) 

The relations (3) and (4) for the coefficients may be 

written in matrix form as 

H C = S C E 

c+ s C = 1 

where t stands for the Hermitian transpose. 

AIV.2 Method of Solution 

• ••. ( 5 ) 

• ••• (6 ) 

To determine the AO coefficients in the MOts, the 

matrix C must be found, where C satisfies conditions (5) 

and (6). To determine the order in which electrons should 

be fed into these MO's, the matrix K must be found. 

Equation (5) is not an eigenvalue equation. It may be 

written as (S-lH)C = CE, which is equi~alent to the 
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determination of the eigenvalues E. and eigenvectors C. of 
-1 ). -1). 

the matrix (S H). Unfortunately, the matrix S , and 

therefore (S-lH), is not symmetric~ consequently the eigen

values and eigenfunctions of (S-lH) may not be real. This 

prob lem could, in principle, be solved using the algebra of 

complex matrices, but w·ould require a considerable amount 

of work, and has not as yet been programed for a computer. 

Instead, a transformation is applied to equation (5), 

to reduce the problem to the determination of the eigen

values and eigenfunctions of a symmetric matrix, whose 

eigenvalues and eigenfunctions are real. With this method, 

equation (6) is automatically satisfied. This is a method 

developed by Lowdin [27J. Equation (5) is multiplied on the 

left with S-~ , to give 

(S- ·Y~S-~ )(S~C) = (S~C)E 

which is equivalent to 

where 

H'C' = C'E 

H' = S-~HS-~ 

C I = S~C . 

•••• ( 7 ) 

Equation (7) is then an eigenvalue equation, with H ' a 

symmetric matrix. 

The matrix C whose column vectors give the coefficients 

of the AO's in the MO's is thus determined by computing the 
- Y2 - ¥.!,. . - 72 matrix S ,taking the product H' = S tlS ,finding the 

eigenvalues EH , and eigenfunctions C' of H', and reversing 

the transformation to give C: C = S-~CI. These operations 

are performed on a high speed digital computer. The only 
-~ difficult part is the computation of the matrix S • 
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AIV.3 Computation of Matrix S-* 

Two methods were used, an iterative process and a 

finite method. For small matric e s, of order less than 

ten, an iterative process is fast and accurate. The matrix 

S is inverted, and a Newton- Raphson square root iteration on 
-1 -'l'2 -YOl -~ S performed, to give S • A check matrix S SS , which 

should be the unit matrix, is computed. Five iterations 

usually gave off-diagonal elements of this matrix of less 

than 10-6 • 

For larger matrices, a finite process using unitary 

transforms is more suitable. The eigenfunctions of S, when 

arranged as a row of column vectors, form a unitary matrix 

V, which transforms S to diagonal form, 

where 
= SD = diag[ ),. l ' ). 2 ' 

,) are the eigenvalues 
n 

,) J 
n 

of S. The matrix 

S is positive definite [36J and consequently all of the 

eigenvalues of S are greater than zero. The real matrix 
-~ SD is therefore computed b y taking the inverse square 

root of the diagonal elements of SD' which are simply the 
-Y2 eigenvalues of S. The required matrix S is then found 

by reversing the unitary transform, 

S-Y2 = V SD -r~ V-I. 

Furthermore, since V is unitary, V-I 

for transposition, and therefore 

S- Y;! = V SD -Y-l VT . 

where T stands 

It is much more convenient from a computing viewpoint, 

to use V
T 

than V-I, since V
T is merely the matrix V with 

rows and columns intercha nged, whereas V-I is a different 

matrix, in general, and must be computed and stored separ

ately. 
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An ALGOL-503 program, i.e. one written in ALGOL-60 

for an Elliott 503 computer, to perform Huckel calcula tions 

using Lawdin's method, is given in appendix VI. This 

program was written for this thesis by Mr Keith Morris, of 

Applied Mathematics Division, Department of Scientific and 

I ndus t rial Research. 

The input is the upper triangle of the overlap 

matrix S, followed by the diag onal elements of the matrix H. 

The matrix S-~ is compute d , using the unitary transform 

method discussed above. The matrix H is then set up, using 

one of three options for calculating the off dia gonal elements: 

(a) H . = f3. . = 1j 1J 

(b) H .. = f3. . = 1J 1J 

(c ) H. f3 . . - = 
1j 1J 

4 s. 1j 

k ¥.! (H .. +H .. ) , S .. 
11 JJ 1J 

-k ¥.! [H ... H .. 1 s .. 
11 J J 1J 

= k ~ ( a . +a.. ) s .. 
1 J 1J 

= -k[a . . ll.J~ s . . 
1 J 1J 

where k is a positive constant, read from 

The matrix H' S-~ -¥.! is then set = S 

the data tape. 

up, and the 

eigenvalues E and eigenfunctions C', of H' evaluated, using 

Householder's method. The matrix C' of orthogonal vectors, 
-1;2 

and the matrix C = S C' of the MO vectors, are printed. 

For convenience, the vectors are arranged in order of 

increasing energy for the associated eigenvalue. 

~his program can handle matrices of up to order 50; 

for larger matrices, it is necessary to rewrite this ALGOL 

pro g ram in machine code. This ena bles an exten sion to 

matrices of up to order 76. 

Ap p roximate computation times are 75 seconds for a 

matrix of order 18, 5 minutes for one of order 30, and 

25 minutes for one of order 48. 



Appendix V SLATER WAVE FUNCTIONS AND 

OVERLAP INTEGRALS 

AV.I Slater Wave Functions 

These are simple analytic expressions used to represent 

AO's, of the form 

where N is a radial normalising factor 
r 
\fr 

n is an effective principal quantum number 

fA-::: ZV:/n>j: , where Z ft is an effective nuclear 

charge 

Slm(e,0) is a normalised real spherical harmonic, 

defined by 

if m ::: 0 

if m > 0 
if m < 0 

{

CO s ( I m I ¢ ) t}f:: : : : 
(cos e) sin( Iml¢)j if m < 0 

Iml ( PI cos e) is the associated Legendre polynomial of order I 

and degree Iml. 

The normalising factor N is 
r 

evaluated using the integral 

q r k+l 
e- dr::: k!/q ,to give 

N ::: (2j-L)n"'+Y:; [r(2n'*'+1}J-Y.l 
r 

= (2)-L)n4-+y:; [(2n~)!J-Y:; ~ for n integral. 
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The numerical values of the parameters~ and n· are 

chosen to minimise the energy, and are readily determined 

from the rules given by Slater [29J. These are as follows. 

principal quantum number 1 2 3 4 5 6 

n· 1 2 3 3.7 4.0 4.2 

)A-= Zt:'/nVr , where Z'lt= Z-S and Z is the actual nuclear charge. 

The screening constant S is determined by dividing the 

electrons into groups: 

Is, 2s 2p, 3s 3p, 3d, 4s 4p, 4d 4f, etc. 

For any group of electrons, S is formed from 

(a) nothing from any shell outside the one considered; 

(b) an amount 0.35 from each other electron in the group 

considered, except for the Is, where 0.30 is used; 

(c) if the orbital considered is of s or p type, an 

amount 0.85 from each electron with principal 

quantum number less by one, an amount 1.00 for each 

electron still further in, but if the orbital is of 

d or f type, an amount 1.00 from each electron 

inside it. 

Thus for carbon 2s and 2p AO's,jA- = 1.625 and so 

( ) 8 -1.625r 8 -1.625r ¢ C 2p = 1. 99 re cos e = 1. 99 ze z 
Slater AO's do not provide the best AO's, either for 

free atoms or atoms in molecules. The best available AO's 

are SCF AO's obtained by the Hartree-Fock procedure. However, 

these are usually obtained as numerical tables, and are 

therefore not very convenient to use. Slater AO's offer a 

reasonable compromise, being easy to handle with their 

simple analytic form. Furthermore, SCF AO's can be closely 

approximated by a sum of Slater type AO's. For molecules, 

neither SCF free atom nor Slater AO's are best, but it is 
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possible to express the best AO's for molecules as a sum of 

Slater type AO's [39]. 

AV.2 Overlap Integrals 

These are expressions Sij = (n i Ii mi )-til n j 1 j mj rj> 

and are readily evaluated using Slater wave functions. 

The integration over all space is performed with spheroidal 

coordinates (sometimes known as prolate spheroidal coordinates), 

) = r +r 
a b 

R 

~ = r -r 
a b 

R 

¢ = ¢a = ¢b 

where R is the internuclear distance. The limits of integ

ration are 1 to 00 for i ' -1 to 1 for 1J and 0 to 2X for ¢' 

Although S = S it is nessary to make a convention as 
ij j i' 

to which orbital is referred to first, ie as to which of i 

and j is labelled a, to avoid ambiguity in the formulae. 

Mulliken et al [35J, who have given master formulae for many 

of the required overlap integrals, take the convention that 

the orbital with smaller n+ , or if n~ = n~ , the one with 
1 J 

larger~, is orbital a. For convenience, the formulae are 

expressed in terms of two auxiliary parameters p and t, 

defined by 

p = Y:.!()o<- +,!'-'b)R/a a 0 

where distances are measured in ~, and a 
o 

is the Bohr radius, 

which has the value 0 .52 9172 ~. 

To evaluate the integrals, 

integrals are used: 

the following standard 

k+l 
00 

f k -px -p x e dx = e 
I 

~ [k!/pj(k-j+l)!J 

j=l 
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r' k -ptx 
Bk(pt) = L,x e dx 

k+l 
= -e-Pt~[kl/(pt)j(k-j+l)l J 

k+l . 
-eptL" [kl/(pt)J(k-j+l) lJ. 

j=l j=l 

These formulae are valid only for integral k; when k is 

non-integral, the Ak(p) and Bk(pt) must be expressed in 

terms of the incomplete gamma function. The calculations 

in this thesis do not require values for k non-integral. 

The Huckel calculations in chapters 7 and 8 require 

values for the overlap integrals between the following 

AO pairs: 

(a) two H Is AO's 

(b) two c 2s AO's 

(c ) two C 2po- AO's 

(d) two c 2P1t AO's 

(e) a H Is AO and a C 2s AO 

(f) a H Is AO and a C 2pcr AO 

(g) a C 2s AO and a C 2p~ AO 

(.h) the H pseudo AO 1t'H and a C 2P1t AO. 

Formulae for cases (a) to (g) can be obtained directly 

from Mulliken's tables [35J. The formula for case (h) 

is expressed in terms of those for (a) and (f). 

The formulae for cases (a) to (f) are given below, 

in terms of the parameters p and t defined above. Some 

additional formulae are given for such cases as the over

lap of two hydrogen Is AO's, when the hydrogen atoms have 

different effective nuclear charges, giving a non-zero 

value of · t for the AO pair. These additional formulae are 

required for the g eneral overlap program. 

S(ls, Is, 

S(ls, Is, 

t =O) 

t)O) 
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S(ls, 25, ttO) = 8-13- '~2p4(1+t)3/2(1_t)5/2 [ A B -A B -A B +A B J 
3 0 2 1 1 2 0 3 

S(ls, 2Po-,ttO) = 8- l p 4(1+t)3/2(1_t)5/2[_A B +A B +AB -A B J 
3 1 2 0 1 3 0 2 

S(2s, 25, t=O) = (360)-lp5[15A4-10A2+3AOJ 

S(2s, 25, t)O ) = (48)-lp5(1_t 2 )5/2 [A B -2A B +A B J 
4 0 2 2 0 4 

S(2s, 2P~n t=o) = (60)-13-~p5[5A3-AIJ 

S(2s, 2Po-,ttO) = (16)-13-~ 5(1_t2 )5/2 [A (B -B )+A (B -B ) 
p 302142 

+Bl(A2-A4)+B3(A2-AO)] 

S(2po-,2p~,t=O) = (120)-lp5[5A4-18A2+5AOJ 

S(2p~, 2p~,t>0) = (16)-lp5(1-t2)5/2[B2(AO+A4)-A2(BO+B4)J 

S(2p~,2p~,t=0) = (120)-lp5[5A4-6A2+AOJ 

S(2p~,2p~,t)O) = (32)-lp5(1-t2)5/2[A4(BO-B2)+A2(B4-BO) 

+AO (Ba-B4 }J . 

When the parameter t is zero, it is more convenient in 

computation to use the special formulae given by Mulliken 

for these cases: 

For t = 0:
S(ls, 15) = e-P[1+p+~2/3J 

S(2s, 25) = e-P[1+p+4p2/9+p3/9+p4/45J 

-p 2 3 4 
S(2p~,2p~)= e [-l-p-p /5+2p /15+p /15J 

S(2p~,2p~)= e-P[1+p+2p2/5+p3/15J 

S(2s, 2p~) = S(2p~,2s) = 6-13~e-P[p+p2+7P3/15+2p4/15J 

These master formulae were used to compute the tables 

of numerical values for cases (a) to (g), given below. 
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Table AV.l Overlap Between Two Hydrogen Is AO's 

1.0 

1.1 

1.3 

1.4 

1.5 

1..6 

1.7 

S 

.61655 

.56529 

. 51587 

.46875 

.42425 

.38258 

.34383 

.3 0805 

R 

1..8 

1.9 

2.0 

s 
.27518 

.24516 

.21786 

.11685 

.05998 

.02977 

.01439 

.00681 

Table AV.2 Overlap Integrals Betw"een Two Carbon Atoms 

)"'a = I'b = 1.625 

R (~ ) S(2s,2s) S (2s ,2Pa-) S (2po-' 2Pcr) S (2P'7t t 2p1[' 

1.3 .45762 .44490 .31819 .28815 

1.35 .4316 9 .42948 .32630 .26553 

1.39 .41148 .41654 .33031 .24843 

1.40 .40650 .41323 .33099 .24430 

1.45 .38213 .39637 .33263 .22442 

1.50 .35861 .37907 .. 33158 .20587 

1.60 .31429 .34386 .32276 .17251 

1.70 .27374 .30878 .30708 .1 4381 

1. 8 0 .23703 .27472 .28672 .11931 

1.90 .. 20410 .24238 .26351 .09854 

2.0 .17483 .21220 .23892 .08105 

2.5 .07522 .09910 .12577 .02892 

3.0 .02942 .04088 .05561 .00961 

4.5 .00120 .00:u81 .00272 .00027 

5.0 .00038 .00058 .00089 .00008 

) 
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Table AY.3 OverlaE of Hydrogen Is AO with Carbon 

AV.3 

2s and Carbon 2p .. AO's 

R (~) S(ls, 2s) S (Is, 2PO') 

1.0 . 61922 .48255 

1.08 .57573 .46804 

1.10 .56498 .46379 

1.2 .51221 .43956 

1.3 .46165 .41159 

1.4 .41381 .38138 

1.5 .36907 .35014 

1.75 .27187 .27341 

2.0 .19551 .20539 

2.5 .09556 .10657 

3.0 .04416 .05114 

3.5 .01961 .02329 

4.0 .00846 .01022 

5.0 .00148 .00183 

Overlap of the Pseudo AO ~H with a Carbon 2pz AO 

Consider first the overlap between a carbon 2p AO 
z 

and a hydrogen Is AO centred in a plane above the nodal plane 

of the 2p. This overlap S is a function of the distance R 
z 

/ 
\ 
\ 

IS 
and the angle~. Since p AO's 

+ transform as the components of a 

vector, the carbon 2p AO can be 
z 

expressed as the linear combination 

12p ) = sin ~ 12p \l') + cos ~ 12P7C) z 

where 12PcY') is a carbon 2p AO directed 

towards H and 12 p~)is a carbon 2p AO 

with its nodal plane along the line 
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joining C to H. Then ~sI2px) = 0 by symmetry, and so 

5(15, 2pz; R,0) = sin 0 5(ls,2p~). 

The pseudo AO n H is given in normalised form as 

X -~ H = [2(1-5H}J (lsu- lsl) 

where SH = ~sullsl) is given as a function of the distance 

R, in table AV.l. From above, it follows that 

5· (1\H' C 2 P ; R, 0) = , z 

[2/(1~5H)J¥2 sin 0 5(ls, 2PO"; R). 

Values of this function are tabulated 

below for R between 0.90 and 1.20 R, 
9 0 and 2~ between 95 and 120 . 

Table AV.4 Overlap Between Pseudo AO ~H and Adjacent 

Carbon 2p AO z--

R(~) 
20 = 95

0 
20 = 1099 28' 20 = 120

0 

0.90 .69841 .73306 .755173 

1 . 00 .64 573 .68156 .70498 

1.08 .60370 .63993 .66356 

1.14 .57260 .60876 .63234 

1.20 ~54196 .57785 .60144 
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Appendix VI ALGOL-503 PROGRAM FOR HUCKEL CALCULATIONS 

HUCKEL; 
becin integer n; 

begin intecer array title[1:999]; 
n := 1; 
inatrinc(title, n); 
print ££R99L9??; 
n := 1; 
outstring(title, n); 
print ££L?? 

end; 
prefix(£ ?); 
digits(2); 
read n; 
becin real work, k, suah; 

Integer i, j, n2, bll, b12, a, b, s, 1; 
array 5[1:n,1:n], A[O:n], B[l:n]; 
awitch 8S := 11, 12, 13, 14, 15; 
procedure BSWRlTE(block, aize, aain, back); 
value block, size, main, back; 
intecer block, size, aain, back; 
becin elliott(7, 6, 5121, 0, 3,0, size); 

elliott(5, 5, 20, 0, 0, 4, block); 
elliott(O, 4, back, 0, 6, 7, aain); 
elliott(7, 7, 0, 0, 0, 0, 0) 

end; 
procedure B5READ(block, size, aain, back); 
value block, aize, "in, back; 
intecer block, aize, aain, back; 
becin elliott(7, 6, 5120, 0, 3, 0, size); 
----- elliott(5, 5, 20, 0, 0, 4, block); 

end; 

elliott(O, 4, back, 0, 6, 7, aain); 
elliott(7, 7, 0, 0, 0, 0, 0) 

procedure 5QR2B5(n, I, bl); 
value n, bl; 
inteler n, bl; 
array C; 
becin!!!! t, nora, eps, sine, coaine, laabda, au, aO, al, 

bO, beta, XO, x1; 
intecer k, a, .1; 
array a, x[l:n], b[O:n], c[O:n-l], cs, sn[l:n-l]; 
switch s := insp, ret; 
!!!! procedure sua(i, a, n, a); 
value m, n; 
!!!! a; 
intecer i, a, n; 
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becin work := 0.0; 

end; 

~ i := m step 1 until n do 
work := work+a; 
SUll := work 

real procedure aax(a, b); 
value a, b; 
!!!! a, b; 
max := if a>b then a else b; 
!!!! prooedure rx (i, j); 
value i, j; 
integer i, j; 
becin i:= n*(i-1)+j+bl; 

~; 

elliott(3, 0, i, 0, 7, 2, 5120); 
elliott(7, 5, 5122, 0, 2, 0, work); 
rx := work 

procedure wx(i, j, a); 
value i, j, a; 
!!!! a; 
intecer i, j; 
begin i := n*(i-1)+j+bl; 

end; 

elliott(3, 0, a, 0, 7, 2, 5122); 
elliott(3, 0, i, 0, 7, 2, 5121) 

procedure HOUSEHOLDER2(n, C, a, b, x, nora); 
coaaent This subroutine calculates the eicenvalues 
and eicenfunctions of a sy ... tric aatrix, usinc 
Householders .ethod; 
value n; 
real norm; 
intecer n; 
array C, a, b, x; 
becin real t, sicaa, alpha, beta, camma, absb; 

array p[2:n]; 
norm := abab := 0.0; 
for k := 1 step 1 until n-2 do 
becin a[k]:= C[k,k]; 
----- sicma := 8ua(i, k+1, n, g[i,k]f2); 

t := absb+abs(a[k]); 
absb := sqrt(sicaa); 
norm := max(norm, t+absb); 
alpha := g[k+1,k]; 
b[k] := beta := if alpha<O.O then ab.b else -absb; 
if si~O.O then-
beCin gamma :;-':O/(sigma-alpha*beta); 

g[k+1,k] := alpha-beta; 
~ i := k+1 step 1 until n do 
p[i] := gaama*(sum(j, k+1, i, C[i,j]*C[j,k]) 
+sum(j, i+1, n, C[j,i]*C[j,k]»; 
t := O.5*gamaa*sum(i, k+1, n, C[i,k]*p[i]); 
~ i := k+1 stef 1 until n do 
p[i] := p[i]-t*g i,k]; 



end; 

end 
~; 
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for i := k+l step 1 ~ n do 
for j := k+l step 1 until i do 
K[i,j] := ~[i,j]-g[i,k]*p[j]-p[i]*K[j,k]; 
for i := 2 step 1 until n do 
begin BSREAD(bl, n-k, addre8s(x)+k, n*(i-l)+k+l); 
-- p[i] := galllJla*sum(j, k+l, n, x[j]*g[j,k» 
~; 
.!2!: i := 2 step 1 until n do 
begin BSREAD(bl, n-k, address(x)+k, n*(i-l)+k+l); 

for j := k+l step 1 ~ n do 
x[j] := x[j]-p[i]*K[j,k]; 
BSWRlTE(bl, n-k, address (x)+k, n*(i-l)+k+l) 

end 

a[n-l] := g[n-l,n-l]; 
a[n] := g[n,n]; 
b[n-l] := g[n,n-l]; 
t := abs(b[n-l]); 
norm := max(norm, absb+abs(a[n-l 1)+t); 
norm := max (norm, t+abs(a[n]» 

for i := 1 step 1 until n do 
begin .!2!: j := 1 step 1 until n do 

x[j] := 0.0; 
xli] := 1.0; 
BSWRlTE(bl, n, address(x), n*(i-1)+1) 

end; 
HOUSEHOLDER2(n, g, a, b, x, norm); 
eps := norm*2~-9; 
b[O] := mu := 0.0; 
m := n; 

insp: if m::0 ~ goto ret!!.!! i := k := m1 := m-1; 
if abs(b[k])<eps then 
begin g[m,m]-:= arm]; 

mu := 0.0; 
m := k; 
&oto insp 

end; 
for i := i-1 while abs(b[i]»eps do 
k := i; 
lambda := if abs(a[m]-mu)<0.5*abs(a[m]) or ml=k then 
a[m]+O.5*b[m1] else 0.0; 
mu := arm]; -
ark] := a[k]-laabda; 
beta := b[k]; 
for j := k step 1 until m1 do 
b.cin aO := a[j]; 

a1 := a[j+1]-lambda; 
bO := b[j]; 
t := sqrt(aO*aO+beta*beta); 



ret: 
end; 

~; 
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cosine := cs[j] := aO/t; 
sine := sn[j] := beta/t; 
a[j] := cosine*aO+sine*beta; 
,a[j+l] := -sine*bO+cosine*al; 
b[j] := cosine*bO+sine*al; 
beta := b[j+l]; 
b[j+l] := cosine*beta; 
c[j] := sine*beta 

b[k-l] := c[k-l] := 0.0; 
~ j:= k step 1 ~ ml do 
begin sine := sn[j]; 

end; 

cosine := cs[j]; 
ao : = a[j]; 
bO := b[j]; 
b[j-l] := b[j-l]*cosine+c[j-l]*sine; 
a[j] := aO*cosine+bO*sine+lambda; 
b[j] := -ao*sine+bO*cosine; 
a[j+l] := a[j+l]*cosine; 
for i := 1 step 1 until n do 
begin xO := rx(i, j); 

end 

xl := rx(i, j+l); 
wx(i, j, xo*co8ine+xl*sine); 
wx(i, j+l, -xO*sine+xl*cosine) 

arm] := a[m]+lambda; 
goto insp; 

procedure MXMULT(bll, bl2); 
value bll, b12; 
integer bll, bl2; 
for i := 1 step 1 until n do 
begin BSREAD(bll, n, a, n*(i-l)+l); 
~ j := 1 step 1 until n do 
begin work := 0.0; 

~; 

end; 

for 1 := 1 step 1 until n do 
work := work+A[l]*S[l,j]; 
B[j] := work 

BSWRlTE(bl2, n, b, n*(i-l)+l) 

Boolean procedure on; 
on := 1<i+8 and l<n; 
procedure PRINT(head); 
strine head; 
for i := 1 step 8 until n do 
for j := 1 step 1 until n do 
begin if j=l or j=4l then 

begin print ££~ nwaber£LS?1; 
prefix(£ 1); 
for 1 := i, 1+1 while on do 
print ££S511, 1; 
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print ££L21Enerey Levels£LS411j 
aliped(3, 3) j 

end; 

~; 

for 1 := i, 1+1 while on do 
j)rInt A[l]; 
print ££1211, head 

prefix(£ 1)j 
ali~ned(l, 4) j 
print ££L11, jj 
for 1 := i, 1+1 while on do 
beiin work := ~-4*(entier(»4.S[j,1]+0.5»j 

if work~O.O ~ print work else print ££S911 
end 

procedure SWOP(x, y); 
!!!! x, y; 
be~in work := x; 

x := y; 
y := work 

.!!!!!j 
02 := n*n; 
a := address(A)+l; 
b := address(B)j 
s := address(S)j 
bll := 0; 
b12 : = 02; 
for i := 1 step 1 until n do 
begin S[i,i] := 1.0; 

end; 

for j := i+l step 1 until n do 
S[i,j] := S[j~:= 0:0--

11: read i, jj 
12: r;;:d work; 

S[i,j] := S[j,i] := work; 
if buffer(l, £,1) ~ ioto 11; 
if buffer(l, £;1) then goto 13; 
j := j+l; 
~oto 12; 

13: for i := 1 step 1 until n do 
B[i] := s[i ,i]; 
SqR2BS(n, S, b11); 
for i := 1 step 1 until n do 
becin A[i] := 1.0/sqrt(S[i,i]); 

S[i,i] := B[i] 
end; 
BSWRlTE(b12, 02, s, 1); 
BSREAD(bl1, 02, s, 1); 
!2.!: i := 1 step 1 until n do 
be~in S[i,i] := A[i]*S[i,i]; 

for j := i+l step 1 until n do 
be~in work := S[i,j]; 
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S[i,j] := A[i]*S[j,i]; 
S[j,i] := A[j]*work 

end 
~; 
MXMULT(bll, bll); 
SSREAD(b12, n2, s, 1)j 
~ i := 1 step 1 ~ n do 
A[i] := 0.0; 

14: ~ work; 
15: read ij 

A[i] := work; 
if buffer(l, £,1) then ioto 14; 
.!! ~ buffer(l, £;?) ~ ioto 15; 
~k; 
if k(O.O then for i := 1 step 1 until n do 
S[i] := sqrt(abs(A[i]»j 
sumh := O.Oj 
for i := 1 .tep 1 until n do 
begin S[i,i] := A[i]*(l.O+k*(S[i,i]-l.O»; 

end; 

comaent This method of setting up the 
diagonal elements of matrix H permits the 
use of iroup theory reduction of matrices, 
in which cases the diagonal elements of the 
overlap matrix submatrices are not necessarily 
one; 
sumh := sumh+A[i]j 
!2! j := i+1 step 1 until n do 
S[i,j] := S[j,i] := if k>O.O then O.S*k*(A[i]+A[j])*S[i,j] else 
i f k=O.O then 4.o*S[I;j] else k*S[i]*S[j]*S[ i ,j] 

MXMULT(bl1, b12)j 
SSREAD(bl1, n2, s, l)j 
MXMULT(b12, b12); 
S5READ(b12, n2, s, 1); 
SQR2BS(n, S, b12)j 
A[O] :=.!! k:O.O then.,75 else ...,75j 
~ i := 1 step 1 until n do 
AU] := 5[i,i]; 
BSREAD(b12, n2. s, l)j 
for i := 2 step 1 until n do 
if A[i-1]<A[i]=k:0.O then 
for j := i, j-l while~-l]<A[j]=k=O.O do 
b;Jin SWOP(A[j-l], A[j])j - --

end; 

!2! 1 := 1 step 1 until n do 
SWOP(S[l,j-l], S[l,j]) 

PRINT(~thogonal Vectors?)j 
1 := n ~ 2; 
k := O.Oj 
~ i := 1 step 1 until 1 do 
k := k+2.0*A[i); 
if ~2*1 then k := k+A[l+l]; 
aligned (2 -;-4); 



------------------------ -------------------

end--' 

end--' 
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.!2!: i := 1 step 1 ~ n do 
be~in if i=l or i=41 then 

end; 

print alicned(4:-J), ££HL9?Sum of diaconals of H£L??, sush, 
££L2?Total energy of molecule£L??, k, 
££L2?Bindin, enerey£L??, suah-k, 
££L2?Char,e densities£L??; 
work := 0.0; 
for j := 1 step 1 until 1 do 
work := work+2.0*S[i,j]t2; 
!! ~2*l then work := work+S[i,l+1]t2; 
print i, work, ££L?? 

belin array C[l:n]; 

end 

~ i:= 1 step 1 until n do 
c[i] := A[i]; 
MXKULT(bll, bl2); 
BSREAD(bl2, n2, s, 1); 
.!2!: i := 1 step 1 ~ n ~ 
A[i] := c[i]; 
PRINT(£Molecular Orbital coefficients?) 

print ££L9HR99??; 
wait; 
restart 
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Appendix VII CO~IPUTER PROGRAM FOR OVERLAP MATRIC ES 

The extended HUc k el calculations in chapters 7 and 

8 necessitated the development of ru computer program to 

handle the calculation of the overlap inte g rals between 

the sand p type AO's associated with any given number of 

atoms, situated at arbitrary p ositions in space. 

Wh en there are non-planar atoms with p type AO's, 

the evaluation of the overlap integrals by hand is consid

erably more tedious than for the case when all atoms with 

p type AO's are planar. The · calculation is tractable, and 

sufficiently accurate, only if programmed for an electronic 

computer. 

When two p AO's, located in the same plane, are not 

directed along the line joining their centres, or perpendic

ular to this line, the overlap integral between these two 

AO's is evaluated by resolving each p AO into two mutually 

perpendicular components. Each p AO can be represented by 

a vector perpendicular to the nodal plane and pointing in 

the direction of the positive values of the wave function. 

Thus, 

A 
P it' 

!p ) = 
2 

p 

p~ 

I p~ > cos O + 

B 
!Per> cos [:3 + 

I p~> sinO 

!p! > sin S 

where Ip!. , 
A 

I p~ are p AO's centred at ~ and pointing towards 

B and perpendicular to AB, respectively. 

overlap integral is then given by 

The required 
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< A, B > < A I B <PI I P2 '> = P lf I p~ cosO cos S + p~ P .,e '> sinO sinS 

since, by symmetry, <P~ 1 p~) = <p~ I p! > = o. <p~ I P~ > 
and <p!: I p! '> are found either from the general formulae 

or the numerical tables given in Appendix V. 

When the initial p AO's are not planar, each p AO 

must be resolved into three mutually perpendicular compon

ents, one along the line joining their centres, and the 

other two mutually perpendicular to this line. This leads 

to an immense amount of calculation for a molecule as 

large as perinaphthane. 

The method developed here uses parallel axes at each 

atom, with one p AO pointing along the positive direction 

of each of the axes. Hoffmann [34J gives a brief outline 

of the method of resolving the basis p AO's. Let 

fi = i, j, ~ be cartesian unit vectors 

R, . 
-lJ 

= the unit vector along the interatomic distance 

vector for an atom pair (i,j). 

Then, the overlap integrals between the sand p type AO's 

on atoms i and j are:-

<ns. In's .) = 1. S (ns ., n' s . ) 
1 J 1 J 

<ns . In' p . ) = 
1 J 

( np . In' p . > = 
1 J 

R. .• p. S (ns ., n' p _ . ) 
-lJ -J 1 vJ 

-(R ..• P.)(R ..• P.) S(nP ..... . , n'p _ .) 
-lJ -1 -lJ -J v1 ~J 

[ P.-(R ..• p. )R .. J[P.-(R ..• P.)R .. J 
-1 -lJ -1 -lJ -J -lJ -J -lJ 

= - (R ..• p . ) (R ..• p .) S (np ., n' p .)1 + 
-lJ -1 -lJ -J a 1 ~J 

+ 

rD .• P. - (R ..• p. )(R ..• P.)] S(np .... . , n'p_.) 
L~l -J -lJ -1 -lJ -J '~ 1 ' ~J 

where formulae for S(ns., n's.), S(ns., n'p .), S(np .,n'p _ .), 
1 J 1 0"" J O" l .... J 

S(np~i' n'p~j) are given in appendix V as functions of the 

parameters p and t, which characterise the atom pair (i,j) 

and the distance between the two atoms. 
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An ALGOL-503 program, i.e. an ALGOL-60 program 

for an Elliott 503 computer, is given on the next page. 

This program was written for this thesis by Mr Keith Morris, 

of the Applied Mathematics Division, Department of Scientific 

and Industrial Research. The input for the program 

consists of the atomic number of the atom, followed by the 

cartesian coordinates of that atom. The atomic numbers· 

identify each atom, and so determine n, the principal quantum 

number of the high energy electrons, ~(s), ~ (p), Ui(p) 

and U
i 

(s ) • r ( s) and )"'< p) are the exponents in the sand 

P S later AO's, as define d in appendix V: a.(s) and u.(p) 
1 1 . 

are the coulomb integrals for the sand p electrons. 

If in a particular calculation, alternative values 

are to be used for these parameters, the program is arranged 

such that a new set of parameters can be specified at any 

stage, which will then apply to all subsequent atoms with 

that particular atomic number. This can be done as many 

times as desired, in a given calculation, and can be used, 

for example, to give each carbon atom in a particular 

molecule a different set of Slater and Coulomb parameters. 

The program presented below can handle the overlap 

matrix for molecules with up to 250 high energy basis AO's, 

although this limit can easily be extended if required. 

The computation time is controlled completely by the speed 

at which the computer can punch the matrix elements on tape, 

ready for input to the Huckel program given in appendix VI. 
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ALGOL-503 PROGRAM TO CALCULATE OVERLAP MATRICES 

OVERLAP; 
begin!!!! x, y, z, mu, hi, k, work; 

integer i, j, orbs, ni, posn, atom; 
Boolean blc; 
array X, Y, Z, MU, H[1:250], SMUS, SHS, SMUP, SHP[1:100]; 
integer array D, N[1:250], SN[1:100]; 
switch s := 11, 12, 13, l.rr; 
procedure TEST(lcom, lsem); 
label lco., lsea; 
!! buffer(l, £,?) then goto lcom.!!!! if buffer(l, £;?) 
~ goto lsem; 

procedure PUT; 
begin i := i+l; 

end; 

orbs := orbs+l; 
D[orbs] := i; 
X[orbs] := x; 
Y[orbs] := y; 
Z[orbs] := z; 
N[orbs] := ni; 
MU[orbs] := mu; 
H[orbs] := hi 

co ..... nt The following are the assum.d valu.s for the Slat.r 
expon.nts and coulomb integrals. The subscripted variable 
is the atomic number. SMUS[i], SMUP[i] are the Slater 
expon.nts for the sand P type ADs. SHS[i], SHP[i] are the 
coulomb integrals for the sand p type ADs; 

sNell := 1; 
SMUS[1] := 1.0; 
SHS[1] := -13.6; 
SN[5] := 2; 
SMUS [ 5 ] : = 1. 3 ; 
SHS[5] := -15.2; 
SMUP[5] := 1.3; 
SHP[5] := -8.5; 
SN[6] ~= 2; 
SMUS[6] := 1.625; 
SHS[6] := -21.4; 
SMUP[6] := 1.625; 
SHP[6] := -11.4; 
SN[7] := 2; 
SMUS[7] := 1.95; 
SHS[7] := -26.0; 
SMUP[7] := 1.95; 
SHP[7] := -13.4; 



SN[S] := 2; 
5MU5[S] := 2.275; 
5H5[S] := -35.6; 
SMUP[S] := 2.275; 
SHP[S] := -lS.0; 
orbs := 0; 
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begin integer array title[1:999]; 
i := 1; 
instring(title, i); 
print ££R99L9Q??; 

11: 
end; 

i := 1; 
outstring(title, i); 
print ££UL?? 

read atoll; 
if buffer(l, £*?) then 
begin read ni, au, hi; 

SN[atom] := ni; 
SMUS[atoa] := mu; 
SHS[atom] := hi; 
!! ni:t:l then 
be,in read au, hi; 

mu" , SIIUP[atom] := 
SHP[ a toa] : = hi 

end; 
co .. ent This aake. provision for the Slater and 
coulomb paraaeters to be given values other than 
the assuaed ones; 
TEST(ll, 13); 
goto lerr 

end el.e -----begin x := y := Z := 0.0; 
i := 0; 
TEST (12 , 12); 
~ x; 
TEST (12 , 12); 
read y; 
TEST(12, 12); 
read Z; 
TEsT (1 2 , 12); 

lerr: print ££L?INPUT ERROR£L??, punch(3), ££L?INPUT ERROR£L??; 
wait; 
re.tart; 

12: ni := SN[atoa]; 
mu : = SIIUS[a toa]; 
hi := SHS[atoa]; 
PUT; 
if ni~l then 
be,in au := SIIUP[atoa]; 

hi := SHP[atoa]; 
for j := 1 step 1 until 3 do 
PUT 
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TE5T(ll, 13) 
end; 

13: read k; 
prefix(£ ?); 
ali,ned(O, 6); 
diltits(2); 
posn := 5; 
print orbs; 
for i := 1 step 1 until orbs-1 do 
be,in j := i+1; 

blc := false; 
for ni := ni while D[j]~l ~ j<orbs do 
j := j+1; 
.!! D[j]=l ~ 
!2! j := j step 1 ~ orbs do 
be,in !!!! p, q, r, t, q2; 

inte,er k, n; 
Boolean blw; 
array A, B[0:4], DOT[2:]; 
switch overlap := 51s1s, S1828t, Sls2pt, 52s2s, S2.2p, S2p2p, 
52s2st, 5282pt, S2p2pt, Slslst, lend; 
procedure 5WOP; 
be,in k : = i; 

end; 

i := j; 
j := k 

!!!! procedure C(i, j); 
co .. ent This is a subroutine for calculatinlt the quantity 
C(i,j) = Ai(p) ti .. s Bj(pt) in Mullikens notation. The 
procedures for calculatinlt the Ai(p) and Bj(pt) are 
,iven below; 

value i, j; 
inte,er i, j; 
C := A[i]*B[j]; 
r := sqrt«X[i]-X[j])f2+(Y[i]-Y[j])f2+(Z[i]-Z[j])f2); 
blw := N[i]>N[j]; 
if blw then SWOP else 
be,in if N[i]=N[j] then 

~; 

becin blw := KU[i]<KU[j]; 
if blw then SWOP 

end 

DOT[2] := (X[j]-X[i])/r; 
DOT[3] : = (Y[j]-Y[i])/r; 
DOT[4] := (Z[j]-Z[i])/r; 
p := .9448723*(MU[i]+MU[j])*r; 
t := (MU[i]-MU[j])/(KU[i]+KU[j]); 
q := p*t; 
A[O] := exp(-p)/p; 
for n := 1 step 1 until 4 do 
A[n] := A[o]+n*A[n-l]/p; 



if q=O.O then 
be&in B[l] .- B[3] .- 0.0; .- .-

B[O] '- 2.0; .-
B[2] := 2/3; 
B[4] .- .4 .-

end else 
~abs(q)<8.0 then 
b8&in for n := 0 step 1 until 4 do 

..!! n:2*(n div 2) then 
be&in switch s := 11; 

r := 2.0/(n+l); 
Y := r*JO-8; 
x := rj 
k := 0; 
q2 := q*q; 

11: k := k+2; 
r := r*q2*(n+k-l)/(k*(k-l)*(n+k+l»; 
x := x+r; 
if r>y then &oto 11; 
B[n] :=-x:;:r--

end e1.e ---be&in switch s := 11; 
r := 2.0*q/(n+2); 
y := abs(r*JO-S); 
x := r; 
k := 1; 
q2 := q*q; 

11: k := k+2; 
r := r*q2*(n+k-l)/(k*(k-l)*(n+k+l»; 
x := x+r; 
..!! ab8(r»y then loto 11; 
B[n] := -(x+r) 

end 
end else -----be,in x := 1.0/q; 

!!!!!; 

y := x*exp(q); 
Z := (x*x)/y; 
B[O] := y-z; 
mu := -1.0; 
hi := 1.0; 
for n := 1 step 1 until 4 ~ 
becin B[n] := mu*y-z+hi*x*B[n-l]; 

end 

au := -1RU; 
hi := hi+l.0 

if N[i] = 1 then 
belin k := if N[j] = 1 then 
(if k=O.O then 1 !!!! ~e18e .!! D[j] = 1 then 2 else 3 

end else 
b8ii~:= if t = 0.0 ~ 4 else 7; 

k := k+(if D[i] = 1 then 
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(if D[j] = 1 then 0 else l)else 
if D[j] = 1 t'ii8ill else 2) --

end; 
loto overlap[k]; 
co .. ent The followin, are the foraulae for the various 
type. of overlap intecral.. A subroutine has been 
liven earlier for the C(i,j); 

Sls18: work := exp(-p)*(1.0+p*(1.0+p*(1/3»); 
loto lend; 

81s1.t: work := 0.25*pf3*(1.0-t*t)fl.5*(C(2,0)-C<0,2»; 
coto lend; 

Sls2st: work := .72168783~-1*pf4*(1.0+t)fl.5*(1.0-t)f2.5 
*(C(3,0)-C(2,1)-C(1.2)+C(0,3»; 
coto lend; 

Sls2pt: work := -DOT[D[j]]*.125*pt4*(1.0+t)tl.5*(1.0-t)f2.5 
*(-C(3,1)+C(2,0)+C(1,3)-C<0,2»; 
coto lend; 

82s28: work := exp(-p)*(1.0+p*(1.0+p*(4/9+p*(1/9+p*(1/45»»); 
coto lend; 

S282p: work := -DOT[if D[j]=l then D[i] el.e D[j]]*.288675134 
*exp(-p)*p*(1:D+p*(1.0+p*(7/15+p*(2/15»»* 
(if D[i]=l ~ 1.0 !!!! -1.0); 
coto lend; 

82p2p: work := exp(-p)*(-DOT[D[i]]*DOT[D[j]] 
*(-1.0+p*(-1.0+p*(-.2+p*(2/15+p*(1/15»») 
+«if D[i] = D[j] then 1.0 el.e O.O)-DOT[D[i]]*DOT[D[j]]) 
*(1:D+p*(1.0+p*(.4+p*(1/15»»); 
IOto lend; 

S282.t: work := 1/48*pt5*(1.0-t*t)t2.5*(C(4,0)-2.0*C(2.2)+C(0,4»; 
loto lend; 

S2.2pt: work := -DOT[if D[j]=l then D[i] el.e D[j]]*.36084391~-1* 
pf5*(1.0-t*t)f2.5 -- --
*(C(3.0)-C(3.2)+C(1,4)-C(1,2)+C(2,1)-C(4,1)+C(2,3)-C(0,3» 
*(if D[i]=l then 1.0!!!! -1.0); 
loto lend; 

S2p2pt: work := .03125*pf5*(1.0-t*t)f2.5*(2.0*DOT[D[i]]*DOT[D[j]] 
*(C(0,2)+C(4,2)-C(2,0)-C(2.4» 
+«if D[i] = D[j] then 1.0 el.e O.O)-DOT[D[i]]*DOT[D[j]]) 
*(C(4, O)-C(4,2)+C(2,4)-C(2,0)+C(0,2)-C(0.4»); 

lend: if blw then SWOP; 
ni := 106*work; 
work : = 10-6 *ni ; 
.!! wor~O. 0 then 
becin if blc ~ 

becin posn := p08n+9; 
.!! po.n~75 ~ 
be,in print ££L??; 

p08n := 9 
end; 
print work 

end el.e 
beCin p08n := posn+18; 



end· --' 

end 
.!!!!; 

end 
end else -----
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print £,?; 
if posn>75 then 
beKin print ££L??; 

posn := 18 
.!!!!; 
print i, j, work; 
ble := true 

ble := false 

print £;£L??; 
ble := false; 
sealeci(8); 
posn := 0; 
~ i := 1 step 1 until orbs do 
if H[i]:tO.O then 
be,in work := H[i]; 

~; 

print £,?; 
posn := posn+15; 
!! posn>75 then 
beKin print ££L??; 

poan := 15 
end--' print work; 
!2! j := i step 1 until orbs do 
beKin !! H[j]=work ~ 

becin posn := poan+4; 

end 
end--' ble := true 

if posn>75 ~ 
beKin print ££L??; 

posn := 4 
end---' print j; 
H[j] := 0.0 

!! ble then print £;? el.e 
print 0, 1, £;?; 
print k, £;£L9HR99??; 
wait; 
restart 
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Appendix VIII PYRACENE 1\ ELECTRONS MO COEFFICIENTS 

PYRACENE n MO's from method (1) 

The basis AO's are numbered as in section 7.4, page 83. 

symmetry energy c 1 

lb 2.963 .2590. lu 

lb 2.883 .2877 2g 

Ib3g 2.l15 .3007 

2b1u 2.~09 .1678 

la 2 • 0.4 7 • 33 6 5 
u 

2b3g 1.471 .1917 

2b2g 1.185 .1291 

3b1u .994 0. 

2a .530 .1520. 
u 

3b3g -.60.7 -.1230. 

3b2g -.994 0. 

4b -1.241 .1445 lu 

3a u -1.579 -.0.847 

4b2g -2.129 -.2281 

5b1u -2.669 .3659 

5b 2g -2.765 .3139 

4b3g -3.353 .3282 

4au -3.359 .3263 

Mo. coefficients 

.350.5 .1845 

.380.2 .1378 

.30.72 .1911 

.1710. -.2385 

.3348 .1493 

.1477 -.1894 

.0.850. -.3731 

0. 0. 

.0.612 - .3956 

.0.0.52 •. 4117 

o 0. 

-.0418 -.3778 

.0357 .2493 

.1452 .2315 

-.310.1" .1280. 

-.2778 .1954 

-.3658 .0.898 

-.3645 .0951 

.1862 

.0.70.7 

o 

-.4254 

0. 

o 

-.340.4 

.40.82 

0. 

o 

.40.82 

.3360 

0. 

-.40.54 

- .0694 

-.2194 

o 

0. 

.0931 

.0.353 

-.1694 

-.2127 

-.0488 

.3944 

-.170.2 

-.40.82 

.2581 

.2556 

-.40.82 

.1.680. 

.42:36 

- .20.27 

-.1097 

.0.20.5 

.040.0. 
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PYRACENE 7r MO' s from method (2) 

MO coefficients 

symmetry energy c 1 c 2 c
5 c6 c 8 

1b1u 4.029 .2661 .3100 .2111 .2282 .1121 

1b2g 3.746 .3063 .3524 .1606 .0949 .0414 

1b
3g 

2.198 .1942 .,201-5 -.2101 -.3810 -.2345 

2b1u 2 .026 .1870 .2032 .2669 0 -.3202 

1a 1.579 .3002 .3191 .2234 0 -.0900 u 

2b
3g 

1..018 .2770 .2822 -.0460 0 .3026 

2b2g .791 -.1346 -.1143 .3641 .3295 .1787 

3b1u .717 -.0222 -.0108 .0225 .4288 -.3962 

2a - .006 .1767 .1536 -.3464 0 .2742 
u 

3b
3g -.936 .1181 .0691 -.4189 0 -.2363 

3 b2g -1.097 -.0189 .0041 .0144 .4013 -.4110 

4b1u -1.374 .0815 .0169 -.3981 .3446 .1588 

3a -1.562 - .0676 -.0178 .2805 0 .4080 
u 

4b2g -1.985 .0659 -.0104 -.2975 .4700 .2158 

5b 1u -2.736 .3666 -.3361 .0479 -.0145 -.0164 

5b2g -2.739 .3652 -.3356 .0540 -.0222 -.0291 

4b
3 

-3.0'34 .3526 -.3526 .0349 0 .0113 
g 

4a -3.035 .3522 u -.3525 .0372 0 .0174 
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PYRACENE 7( MO' s from method (3) 

MO coefficients 

symmetry energy c 1 c 2 c
5 c6 c 8 

Ib1u 1.662 .1752 .2532 .1567 .1685 .0843 

Ib2g 1.624 .2061 .2879 .1139 .0607 .0304 

2b1u 1.364 .1448 .1601 -.1797 -.3319 -.1659 

Ib
3g 1.340 .2165 .2339 .1717 0 -.1673 

lia 1.297 .2591 .2693 .1307 0 -.0446 u 

2b
3g 1.058 .1787 .1479 -.1446 0 .3235 

2b2g .908 .1144 .0814 -.3246 -.2976 -.1488 

3b 1u .796 0 0 0 .3654 -.3654 

2a .463 .1441 .0613 -.3683 0 .2413 u 

3b
3g -.710 .1325 -.0092 -.4448 0 -.2769 

3b 2g -1.323 0 0 0 .4709 -.4709 

4b1u -1.771 .1809 -.0623 -.4470 .4001 .2000 

3a -2.593 -.1109 .0550 .3164 0 .5431 u 

4b2g -4.252 .3719 -.2642 -.2830 .5273 .2636 

5b1u -6.561 .5514 -.4946 .2325 - .1328 -.0664 

5b2g -7.724 .4424 -.4260 .3943 -.4776 -.2388 

4b
3g -14.750 .6619 -.7861 .2075 0 .0498 

4a -14.942 .6598 -.7862 .2237 0 .1029 u 
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PYRACENE ~ MO ts from method (4) 

MO C oeffic ients. 

symmetry energy c 1 c 2 c
5 c6 c 8 

1b1u 1 •. 966 , .1706 . 2112 .1589 .1770 .0819 

Ib2g 1.879 .2 076 .2528 .1220 .0733 .0322 

2b1u 1.397 •. 1585 .1731 -.1598 -.2965 -.1850 

1b
3g 1.328 .1349 .1532 .2203 0 -.2719 

1a 1.090 .2409 .2651 .1952 0 -.0802 u 

2b
3g . 782 .2436 .2548 - .0302 0 .2586 

2b2g .655 - .122.6 -.1075 .3302 .2995 .1626 

3b 1u .608 .0205 .0106 -.0208 -.3951 .3646 

2a - .006 .1753 .. 1523 -.3436 0 .2719 u 

3b3g -1. 210 .1341 .0716 -.4767 0 -.2701 

3b2g -1.510 .0230 -.0061 -.0169 -.4703 .4826 

4b1u -2.081 .1054 .0125 -.4889 .4248 .1953 

3a u -2.552 .0886 .0137 -.3567 0 -.5228 

4b2g -3.921 .1106 -.0358 -. 4137 .6607 .301:11 

5b 1u -6.964 .5701 -.5488 .0961 -.0341 -.0326 

5b2g -6.996 .5657 -.5473 .1168 -.0672 - .0661 

4b
3g -9.659 .6056 -.6511 .0774 0 .0247 

4a -9.675 .. 6047 -.6511 .0836 0 .0408 u 
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PYRACENE 7t' NO's from method (5), with k==1.75 

and taking UH = -13.6, Uc == -11.4 

MO coefficients 

symmetry energy c 1 c 2 c
5 

c 6 c 8 

Ib1u -16 .165 .2014 .2445 .1162 .1079 .0509 

Ib2g -16.087 .2145 .2609 .0973 .0532 .022'8 

2b1u -14.538 .1102 .1304 -.1917 -.3298 -.1971 

'lb
3g -14.433 .1674 .2103 .2065 0 -.2212 

la -14.114 .2315 .2912 .1760 0 -.0666 u 

2b3g -13.287 .1948 .2421 -.0726 0 .3042 

2b2g -12 • .832 -.0959 -.1008 .3382 .·3050 .1651 

3b1u -12.699 .0158 .0093 -.0208 -.3945 .3652 

2a -11.388 .1418 .1599 -.3524 0 .2790 
u 

3b
3g -8.749 .1111 .0936 -.4806 0 - .. 2693 

3b 2g - 8 .169 .0181 -.0024 -.0171 -.4721 .4820 

4b1u - 6 .895 .0796 .0337 -.4934 .42119 .1964 

3a -5.899 .0718 .0348 -.3618 0 -.5215 u 

4b2g -2.943 .0722 .0005 -.4220 .6614 .3054 

5b 1u 7.292 .5758 -.5459 .0728 -.0216 -.0257 

5b 2g 7.331 .5746 -.51159 .0820 -.0326 -.0455 

4b
3g 13.960 .6197 -.6370 .0617 0 .0206 

4a 13.986 .6192 - .6372 .066 1 0 .0324 u 
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PYRAC ENE Jr MOts from method XR5, with k = 1.75. 

CH2 parameters taken as 1.08 R, 1090 28' 

MO coefficients 

symmetry energy c l c 2 c
5 c6 c8 

lb lu -16.109 .2012 .2447 .1194 .1094 .0544, 

Ib2g -16.029 .2152 .2622 .0999 .0500 .0254 

2b lu -14.555 .1123 .1331 -.1869 -.3395 -.1892 

2b
3g -14.472 .1778 .2239 .2008 0 - .2025 

la -14.212 .2307 u .2907 .]702 0 -.0682 

2b
3g -13.304 .1846 .. 2292 -.0965 0 .3131 

2b2g -12.848 .0964 .1019 -.3375 -.2844 -.1816 

3b lu -12.622 .0086 .0022 -.001:5 -.3995 .3666 

2a -11.558 .1376 .1556 -.3425 0 .2874 u 

3b
3g -8.571 •. 1066 •. 0855 -.4814 0 -.2820 

3b2g -8.196 .0212 .0005 -.0500 -.4743 .4776 

4b1u -7.066 .0840 .0351 -.4930 .3964 .2115 

3a -5.942 .0738 .0347 -.3759 0 -.5098 u 

4b2g -2.921 .0770 -.0013 -.4166 .6812 .2901 

5b lu 7.561 .5772 -.5498 .0764 - .0247 -.0272 

5b 2g 7.600 .5757 -.5497 .0870 -.0426 -.0467 

4b
3g 13.590 .6179 -.6313 .0639 0 .0219 

4a 13.614 .6175 - .63]5 .0681 0 .0333 u 
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ACENAPHTHENE 7t' MOs from method (3) 

MO nUJllber 
1 2 3 4 5 6 7 8 

1b1 2b1 1a2 2a2 3b1 4b1 3a2 4a2 

Energy Levels 
1:-.646 11.410 1".322 1.101 0.941 0.796 0.496 -0.718 

Molecular Orbital coefficients 
1 ..()'.2633 -0.1517 -0.3263 -0.1942 -0.1218 -0.1490 -0.1347 
2 -0.3751 -0'.1748 -0.3470 -0.1676 -0.0896 -0.0662 0.0097 
3 -0.3751 -<>.1748 0.3470 0-.1676 -0.0896 0.0662 -0.0097 
4 -0.2633 -0.1517 0.3263 0.1942 -0.1218 0.1490 0.1347 
5 -0.1964 0.1498 -0.2188 0.1186 0.3369 0.3719 0.4522 
6 -0'.1753 0.3087 0.3240 0.3654 
7 -0.1964 0.1498 0.2188 -0.1186 0.3369 -0.3719 -0.4522 
8 -0.0876 0.1543 0.1668 -0.3105 0.1620 -0.3654 -0.2630 0.2842 
9 -0.0502 0.1882 0.1124 -0.3557 -0.1364 -0.3654 0'.2220 0.2782 

10 -0.0535 0.2578 0.0566 -0.2329 -0.3308 0.3895 -0.4545 
11 -0.1003 0.3764 -0.2729 0.3654 
12 -0.0535 0.2578 -0.0566 0.2329 -0.3308 -0.3895 0.4545 
13 -0.0502 0.1882 -0.1124 0.3557 -0.1364 -0.3654 -0.2220 -0.2782 
14 -0.0876 0.1543 -0.1668 0.3105 0.1620 -0.3654 0.2630 -0.2842 

HJ nUlllber 
9 10 11 12 13 14 

5bl 6bl 5a2 7b1 8b1 6a2 

Energy Levels 
-1'.323 -l.837 -2.641 -4.688 -7.262 -14.846 

Molecular Orbital coefficients 
1 -0.1927 -0.1096 0.4485 0.6577 0.9346 
2 0.0690 (J.0552 -0.3378 -0.6171 -1.1118 
3 0.0690 -0.0552 -0.3378 -0.6171 1.1118 
4 -0.1927 0.1096 0.4485 0.6577 -0.9346 
5 0.4667 0.3106 -0.2281 0.4691 0.3049 
6 0.4709 -0.4295 0.5041 -0.4939 
7 0.4667 -0.3106 -0.2281 0.4691 -0.3049 
8 -0.4709 -0.2148 0.5398 0.2520 -0.2469 0.1081 
9 0.4709 -0.1948 -0.5533 -0.3192 0.1716 -0.0379 

10 0.4614 0.3457 0.4410 -0.1984 0.0120 
11 -0.4709 -0.3895 -0'.6383 0.3433 
12 0.4614 -0-.3457 0'.4410 -0.1984 -0.0120 
13 0.4709 -0.1948 0.5533 -0.3192 0.1716 0.0379 
14 -0.4709 -0.2148 -0.5398 0.2520 -0.2469 -0.1081 
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ACENAPHTHENE "7t" Ills from method (3) 

ORTHOOONAL VECTOR COEFFICIENTS 

III number 
1 2 3 4 5 6 7 8 

1b1 2b1 la2 2a2 3bl 4b1 3a2 4a2 

Energy Levels 
1-.646 l r.410 1·.322 1".101 0.941 0.796 0.496 -0.718 

Orthogonal Vectors 
1 -0.3676 -0.2017 -0.4269 -0'.2441 -0.1488 -0.1700 -0.1321 
2 -0.4924 -0.2182 -0.4253 -0.1967 -0'.1024 -0.0696 0.0108 
3 -0.4924 -0.2182 0.4253 0.1967 -0.1024 0.0696 -0.0108 
4 -0.3676 -0.2017 0.4269 0.2441 -0.1488 0.1700 0.1321 
5 -0.2561 0.1861 -0.2677 0.1391 0.3851 0.3972 0.4161 
6 -0.2285 0.3836 0.3705 0.4082 
7 -0.2561 0.1861 0.2677 -0.1391 0'.3851 -0.3972 -0.4161 
8 -0.1142 0.1918 0'.2038 -0.3647 0.1853 -0.4082 -0.2811 0.2617 
9 -0.0654 0.2339 0.1374 -0.4178 -0.1560 -0.4082 0.2372 0.2562 

10 -0.0697 0.3204 0.0692 -0.2735 -0.3783 0.4162 -0.4185 
11 -0.1308 0.4677 -0'.3120 0.4082 
12 -0.0697 0.3204 -0.0692 0.2735 -0.3783 -0.4162 0.4185 
13 -0.0654 0.2339 -0.1374 0.4178 -0.1560 -0.4082 -0.2372 -0.2562 
14 -0.1142 0.1918 -0.2038 0.3647 0.1853 -0.4082 0.2811 -0.2617 

MIl number 
9 10 11 12 13 14 

5bl 6b1 5a2 7b1 8b1 6a2 

Energy Levels 
-1'.323 -1'.837 -a. 641 -4.688 -7.262 -14.846 

Orthogonal Vectors 
1 -0.1693 -0.0903 0.3213 0.4125 0.4513 
2 0.0594 0'.0446 -0.2347 -0.3752 -0.5229 
3 0.0594 -0.0446 -0.2347 -0.3752 0.5229 
4 -0.1693 0'.0903 0.3213 0.4125 -0.4513 
5 0'.3862 0.2409 -0.1542 0.2803 0.1416 
6 0'.4082 -0.3555 0'.3418 -0.2946 
7 0.3862 -0.2409 -0.1542 0.2803 -0.1416 
8 -0.4082 -0'.1778 0'.4189 0.1709 -0.1473 0.0500 
9 0.4082 -0.1612 -0.4294 -0.2166 0.1023 -0.0175 

10 0.3820 0.2683 0'.2992 -0.1183 0.0055 
11 -0.4082 -0.3225 -0.4331 0.2046 
12 0.3820 -0.2683 0.2992 -0.1183 -0.0055 
13 0'.4082 -0.1612 0'.4294 -0.2166 0.1023 0.0175 
14 -0.4082 -<>.1778 -<>.4189 0.1709 -<>.1473 -0.0500 
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ACENAPHTHENE - 7t. MOs from method (4) 

110 number 
1 2 3 4 5 6 7 8 

lbl 2bl la2 2a2 3bl 4bl 3a2 4a2 

Energy Levels 
1.932 1.523 1.284 0.930 0.762 0.608 0.145 -1.106 

Molecular Orbital coefficients 
1 0.2564 0.1661 0.1829 -0.3057 0.1352 -0.0310 -0.1920 -0.1409 
2 0.3154 0.1871 0.2067 -0.3281 0.1234 -0.0197 -0.1740 -0.0795 
3 0.3154 0.1871 -0.2067 0.3280 0.1234 -0.0197 0.1740 0.0795 
4 0.2564 0.1661 -0.1829 0.3057 0.1352 -0.0310 0.1920 0.1410 
5 0.2036 -0.1053 0.2699 -0.0938 -0.3403 0.0500 0.3196 0.4889 
6 0.1939 -0.2492 -0.3105 0.4189 
7 0.2036 -0.1053 -0.2699 0.0938 -0.3403 0.0500 -0.3196 -0.4889 
8 0.0945 -0.1520 -0.3045 -0.1514 -0.2199 -0.3494 -0.3314 0.2317 
9 0.0582 -0.2029 -0.2616 -0.2933 0.0915 -0.3790 0.1833 0.3299 

10 0.0627 -0.2685 -0.1552 -0.2248 0.3320 -0.0088 0.4048 -0.4560 
11 0.1105 -0.3583 0.2743 0.3646 
12 0.0627 -0.2685 0.1552 0 .2248 0.3320 -0.0088 -0.4048 0.4560 
13 0.0582 -0.2029 0.2616 0.2933 0.0915 -0.3790 -0.1833 -0.3299 
14 0.0945 -0.1520 0.3045 0.1514 -0.2199 -0.3494 0.3314 -0.2317 

MO number 
9 10 11 12 13 14 

5bl 6bl 5a2 7bl 8bl 6a2 

Energy Levels 
-1.512 -2.008 -2.519 -3.899 -6.983 -9.666 

Molecular Orbital coefficients 
1 0.0217 0.1047 -0.0920 -0.1129 -0.8032 0.8558 
2 -0.0066 0.0141 -0.0151 0.0361 0.7751 -0.9208 
3 -0.0066 0.0141 0.0151 0.0361 0.7751 0.9208 
4 0.0217 0.1047 0.0920 -0.1129 -0.8031 -0.8559 
5 -0.0108 -0.4851 0.3705 0.4237 -0.1508 0.1138 
6 -0.4741 0.4006 -0.6726 0.0721 
7 -0.0108 -0.4851 -0.3705 0.4237 -0.1509 -0.1137 
8 0.4812 0.1899 0.5371 -0.3075 0.0702 0.0463 
9 -0.4870 0.2066 -0.5216 0.3029 -0.0240 -0.0114 

10 0.0221 -0.4862 0.3275 -0.4022 0.0146 0.0042 
11 0.4620 0.4644 0.6602 -0.0237 
12 0.0221 -0.4862 -0.3275 -0.4022 0.0146 -0.0042 
13 -0.4870 0.2066 0.5216 0.3029 -0.0240 0.0114 
14 0.4812 0.1899 -0.5371 -0.3075 0.0702 -0.0463 
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