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SUMMARY 

Non-empirical, self-consistent field, molecular orbital 

calculations, with the atomic orbitals represented by linear 

combinations of Gaussian-type functions have been carried out 

on the ground state electronic structures of some nitrogen-, 

oxygen-, sulphur- and phosphorus-containing heterocycles. 

Some olefins and olefin derivatives have also been studied. 

Calculated values of properties have been compared 

with the appropriate experimental quantities, and in most 

cases the agreement is good, with linear relationships being 

established; these are found to have very small standard 

deviations. 	Extensions to molecules for which there is no 

experimental data have been made. 	In many cases it has been 

iôtrnd possible to relate the molecular orbitals to the simplest 

member of a series, or to the hydrocarbon analogue. Predictions 

of the preferred geometry of selected molecules have been 

made; these have been used to predict inversion barriers and 

reaction mechanisms. / 	 / 

The extent of d-orbital participation in molecules 

containing second row atoms has been investigated and found 

to be of trivial importance except in molecules containing 

high valence states of the second row atoms. 
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CHAPTER ONE 	Theory 



I 

The Necessity of Quantum Theory 

In classical mechanics the energy E of a system of 

interacting particles is the sum of the kinetic energy (T 0 ) 

and potential energy CV) 

E = T0  + V0 	 (1) 

In this approach both the energy terms are infinitely 

variable resulting in an inability to explain the spectrum 

of atomic hydrogen. 	The classical concept would give rise 

to a continuous spectrum, while the allowed spectrum was 

found to consist of a series of lines. 	In 1885, J.J. Balmer'  

discovered a regular relationship between the frequencies of 

those lines found in the visible region of the spectrum; 

this was 

V = 	- 2) 
	

(2) 

where v is the frequency in wave numbers (cm), Ft is a 

constant called the Rydberg constant and n takes the values 

3,4,5.... i.e.,.integers greater than 2. 

The problem of the interpretation of atomic spectra 

was solved by Neils Bohr1  who postulated that the angular 

momentum (p) of an electron was quantised, i.e., that rim 

the expression below could only take integral values > 1. 

p = n (h/air) 
	

(3) 

where h is Planck's constant. This integer n is called 

the principal quantum number. The angular momentum of an 

electron of mass in moving in a circular path of radius r 

with a velocity v has an angular momentum below:- 

p= mvr = n(h/2u) 	 (4) 
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Bohr was then able to evaluate both the radius and the energy 

of the electron moving round a nucleus of charge Ze; these 

were 

r = 
-h2 	. n2 	 (5) 
4u2  e 2  Z 

(6) 

In the case of the hydrogen atom Z = 1 and the smallest orbit 

is that with n = 1. 	Insertion of these values and those of 

the constants into Equation 5 gives a value of 0.529k; this 

is usually given the identifier a 0  and is called the Bohr 

radius. The Bohr theory was able to predict the Balmer 

series, these being the result of the movement of an 

electron in an orbit with n = 2 to orbits with n > 2. Further 

it predicted the existence of other series similar to the 

Balmer series, this being the first example found of the series. 

v=R(—-.---) n2 >n2. 	(7) 
n2  

The _Schran er Wave Equation 

The Bohr Theory of atoms assumed that electrons were 

particles. 	However a beam of electrons directed at a 

si3fficiently narrow slit, as well as going straight through 

is diffracted to the sides (below) 
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This behaviour is characteristic of waves rather than 

particles and exhibits the wave/particle duality of electrons. 

Schroedinger suggested3  that the proper way to 'describe the 

wave character of electrons was to replace the classical 

kinetic and potential energy functions T0  and V0  with 

linear operators T and V. These were used to set up an 

equation of the form 

- 	 (T+V)I =E.± 
	

(8) 	- 

where I is a wave function describing the movement of 
electrons. 

In the hydrogen atom the potential energy operator is 

identical to the classical potential energy (-e 2 /r), while 

the classical kinetic energy (T = p 2 /2m) is replaced by the 

linear differential operator 

	

2 	2 

T = 	8u2m 17 
	

(0" 

where 	 = 	+ 	+ 	 ( io) 
x2 	y2 	3z 2  

The Schroedinger equation for the hydrogen atom takes the 

form 
h2 	2 

- 
E ZE 	1-i\ 

= 	- 	Ias) 

There is considerable advantage if one works in atomic units, 

which take as fundamental quantities 

the mass of the electron m as the unit of mass 

the charge of the electron e as the unit of charge 

the Bohr radius 	 a0  as the unit of length 

e0  as the unit of energy 
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Equation (n) now becomes 

(v2_)i =E 	 (12) 

The Hydrogen Atom 

The wave function 	is a mathematical function just 

like any other. 	To be physically meaningful it must be 

restricted in several ways:- (1) it must be quadratically 

integrable (i.e., it must be possible to integrate 'I. twice); 

(2) it must be single-valued at all points in space; (3) it 

must go to zero at 1nfiiiitr; (4) Ainy wave function which 

is a solution of equation (12) would still be a valid 

solution if it was multiplied by c where c is any number. 

To fix the value of c a normalisation condition is imposed, 

i.e. 	

dT = 1 	 (13) 

	

1 1 2  dT =1 	 (14) 

where the superscript asterisk refers to the complex 

conjugate of 	Jr } is real then the superscript is 

redundant, giving Equation (14). 

For the hydrogen atom equation (12) is more conveniently 

written in spherical polar co-ordinates. 	When this is done1 

the solutions can be written in the form 

(r, o, 4) = Rnl(P) Ylm  (G, 4) (15) 

where 1, m, n are integers, and r, Q, 0  are the spherical 

polar co-ordinates centred on the atom. 	The angular parts 

0) are called spherical harmoni s and are defined as 

lm' c) = Aim (9) B(4) 
	

(16) 
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where 
Alm (49)  = [(2+m1* P (cos g) 	(17) 

Bm(G) = (27) -*  cos m 	, m 	0 	- 	(isa) 

	

006 m Q , M 'j 0 	 (lab) 

B-M= (if) sin m 	 (lSc) 

	

with PT being associated Leg endre Polynomi?.is. 4  Some 	- 

examples of these are shown in Table I. 

TABLE  
Angular Parts of Hydrogen-Like-Functions 

t = 0(s) 	£ = 1(p) 	 £ = 2(d) 
S 	 - - 	p = ()2 cos o 	d3ag=(y)2(3cosQ_1) 

Py=(7YsinGcos(Fdxz=(7;)2  sin 9  cos Qcos 4  

= ()sin 0 sin ( d = (l 5 )Usin  Q cos 0 sin 4) yz 	7r 

1 	2 
- 	- 	 dxy2 = 	sin 9 cos 2Q 

= ()sin 2  -9 sin 20 

The radial part of the atomic functions are polynomials 

in £ multiplied by an exponential term exp-ar) where a is 

known as the orbital exponent; some of these are shown in 

Table 2. 	This exponent is 1 for the hydrogen atom is 

orbital and for the general case is given b? Z/n where Z is 

the nuclear charge and n is the principal quantum number. 

This is identical in use to that postulated by Bohr, but 

arises from the boundary conditions (1)-(4) above, and is 

not an intrinsic assumption. 	The possible values of n are 

1,2,3... with ! and rn being restricted to the values they 



s-function 

4~ 

Figure 1 Angular Distribution of s, p and d Functions 

Figure 2 Radial Distribution of s and p Functions 
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can take; £ can have the values 0,1,2.. .n-1, and m 

2, L-1, 2-2 ...... 	-2. 	The orbitals are labelled by 

letters according to the value of 2; s,p,d and fare used 

for I = 0,1,2,3.. 

TABLE 2 

Radial Parts of Hydrogen-Like Functions 

fl 	I 	Rnt(r) 

1 	0 	20/2  exp (-Gr.) 

2 	0 	.2a3/2  (1-ar) exp(-ar) 

1 	( 	 exp(-or) 

3 	 () 3/2(3 Ga + 2a 2 r2 ) exp(-ar) 

1 	(8)* a5/2 (2-ar)r exp(-ar) 

8 * a r2  exp (-ar) 
2 45 

The s function is independent of angle; the three 

p functions have the same angular dependence as the x, y, z 

co-ordinates and are known as the P)c p  and p functions. 

d-Orbital's have the same angular dependence as quadratic 

expressions in x, y and z; the labels for these can be seen 

in Table 1. 	Figures 1 and 2 show angular and radial nature 

of the orbitals. 

A fourth quantum number can be used to describe the 

electron completely in hydrogen and other one electron atoms. 

This is the spin quantum number m 5 , which can have the values 

-1 and  -; these are often described as a and 5. 	The use 
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of this quantum number in hydrogen-like atoms is redundant 

but is necessary when such hydrogen-like functions are used 

to describe the electronic structure of poly-electron atoms. 

Thus helium (two electrons) is often described as having the 

electronic structure ls where the two electrons, one of spin 

a and one 0 are placed in the ls hydrogen-like orbital. This 

could be more fully written as 

(He) = ls(l)a(l) ls(2)ct(2) 	(19a) 

= ls(l) 1(2) 	 (19b) 

where the bar implies P spin. 

The Hydrogen Molecule 

The hydrogen atom, and other one-electron atoms are 

very much a special case. 	Far more typical is the neutral 

molecule, H2  

'.12 -- 

- - - 	 / 

I 	"Is 2A 
I 	N 	 / 	 213 

r 
JA1  

/ 	 N 

/ N 
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V 
r 

	

A 	 AD 	 13 

Fig. 3. 	The Hydrogen Molecule. 
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In atomic-units the wave equation for this system is 

+ _L.)I (1,2) = EI(l,2) 
1A lB 2A r2B rAB r12 

(20) 

2 
where 	= kinetic energy of electron (i) 

-- = coulomb attraction between nucleus A and 
r 1 	electron (1) 

= coulombic repulsion between the electrons 
r12  

1 	= coulombic repulsion between the nuclei 

r AB 

In practice, rather than attempt to find a wave-function 

describing both electronic and nuclear motion together it is 

usual to break the problem down into two parts and consider 

first the motion of the electrons in the field of the 

stationary nuclei, resulting in there being a separate purely 

electronic problem for each set of nuclear positions. This 

is a reasonable procedure because the masses of the nuclei are 

several thousand times larger than the electron mass and the 

electrons will adjust themselves to new nuclear positions so 

rapidly that at any one instant their motion is just as it 

would be if the nuclei were stationary. 	This is the Born- 

Oppenheimer approximation and allows the generation of a 

modified, electron-only, 2chroedinger equation, Equation 20a. 

(—IV 2  —êc7 2  _L 	- 	 L_L ~ _L_)1(l,2) = E}I(l,2) (20a) 
rlA 'lB '2A r2B r12 

This is often contracted to the form 

(H1  + 11  + —i—) [ (1,2) = E(l,2) 	 (20b) 

2 	1 	1 where 	H1=--171-jz----- 	 (21) 
 1A 	1B 
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If the electron repulsion was neglected and the 

Hamiltonian operator was the bum, H3  +H 2  then we could replace 

1 (1,2) by a product of two one-electron functions, say 01 

and 02. 	This idea of building up wave-functions as one- 

electron products corresponds with the concept of saying. 

that the electronic structure of helium is ls (above). 

Continuing with this analogy one would expect to place the 

two electrons in the same orbital, one of which would. have 

a spin and the other 0 spin 

then be 

The product function would 

1(1,2) = A(1).A(2) 
	

(22) 

where 	describes all the electrons simultaneously and 

A(i), A(2) describes electrons 1 and .2 respectively. 

However the idea of the wave function being a simple 

produce ignores the Pauli Principle which states that the 

total wave function should be anti-symmetric with respect to 

electron permutation. 	Thus interchanging the electrons in 

Equation 22 would lead to 

11(1,2) = A(2).A(l) 	- 1(1,2) 	(23) 

Only the combination *(1,2) - ' (1,2) would be antisymmetric 

for exchange of electrons 1 and 2. Thus a new expression for 

1 (1,2) will now appear 

(1,2) = A (A(i).A(2) - A(2)A(l)) 	(24) 
where 	is a normalising factor. 	This is what would be 

417  
obtained if the functions were placed as the elements of a 

two by two determinant 

A(l) 	A(1) 
1(1,2) 	= 	• 1 	 I 	(25) 

I A(2) 	7,(2) 
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This determinant is known as the Slater determinant 5  and can 

be generalised 

A(l) 	A(1) 	B(1) .... 	(i) 

1(1,2 .......n) = 	A(2) 	A(2) 

(26) 

A(n) 

The antisymmetry property follows directly from the 

theorem that the interchange of two rows changes the sign 

of the determinant; another property of determinants is 

that the value is zero if two of the columns are identical, 

so that two electrons cannot be assigned tte same spin 

orbital (the Pauli Exclusion Pr 4 nc 4 ple). 6  

Returning now to Equation 24(or 25) it is possible to 

	

evaluate the total energy of the system. 	Writing 'H = 

H1  + H2 + 	the equation becomes r12  

	

H 1. (1,2) = EI(l,2) 	(27) 

Multiplying each side by j(1,2) and integrating over all 

space (i) one obtains 

<1( 1 , 2 )1 HI 1(1,2)> 	= 	E cE(l,2) 1(1,2) > 	(28) 

= E 	since 1 (1,2) 	is normalised.. 

Substituting Equation (24) into (28) one obtains 

E = 	C {A(1).A(2) - A(2)A(1)J J 	H1 +H2  + 
12 

fA(l) (2)- A(2) A(l))> 	 (29) 

The first term (T i ) in the above exoression will be 
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= C A(l) A(2) 	H1  I A(i) A(2) > 	 (30a.) 

= JA(l) H I A(l) d1 1  JX(2) X(2) d1 2 	 (30b) 

since H1  only operates on electron 1. 	on further separation 

into spin and space parts this becomes 

T1  = JA1  I H1  I A1  dv, fa1a1ds1  fA2A2dv2J '202d S2(30c) 

= h11 xlxlxl = h11 	 (30d) 

The H1  operator acting on A(i) will produce another 

such term, with H 2  producing another 2h22  terms. 	Since one 

cannot distinguish between electrons h 1  must equal h22 . 

Each of these terms represents the energy the electron would 

Màve if it was the only electron present in the molecule. 

Turning now to the electron repulsion terms, the 

first of these is 

C A(l) A(2) I 	A(l) A(2) > 	 (31a) 

= A1  A2 J r1 	A1A2 dv1  dv2 f a1a1ds1 / 2 2ds 2 	(5Th) 

= 	Jxlxl 	 (31c) 

There will be another term. identical to this resulting 

from the operator acting on the two negative parts of 11  (1,2). 
This only leaves the cross term, 

'C A(l) A(2) Jr 	J A(2) A(l) >  
12 

Al  A2  A2A /dv1 dv2  /a11 ds1  /a22ds2   

= 	0, because of spin .orthogonaJ.ity  

E(H2 ) = *(4h11  + 2J) = 2h11  ± j AA (53) 
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Physically the J term represents the electron repulsion 

between the charge clouds of electrons (1) and (2)., and is 

known as the coulomb integral. 

The Triplet State of the Hydrogen Molecule,  

The ground state of hydrogen molecule has the 

configuration A. 	If one of these electrons is excited 

into an unfilled orbital, denoted by B, and both electrons 

have the same spin, say a, the resulting state is a triplet 

of configuration ATh 1 . 	The wave function +(1,2) = A BI 

in the shorthand notation of the Slater determinant, i.e. 

A(l) B(l) 	I 
(l,2) 	= 	I 	I 	(34a) 

2. 	I A(2) B(2) 

(A(l) B(2) - B(l) A(2)) (34b) 
= fl- - 

The energy is then given by 

E=4< {.A(l)B(2)B(I)A(2)} H1 +H2+ 	{A(l)B(2)-B(l)A(2) > 

(35) 

Here, the only difference is that the cross term will not 

disappear because of spin orthogonality, i.e. 

- C A(1)B(2) A(2)B(l) > 
sl2 

(36a) 

= _f/A1B2 J rfl  I B1A2  dv1dv2 / a1a1 ds1/ a2a 2ds 2 	(36b) 

K AB 
	 (36c) 

The energy then is 

E = h11  + h22  + J- KAB 	 (37) 
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The integral K is known as the exchange integral 

and results from exchange of electrons (1) and (2) between 

two different orbitals, so that it is not just a simple 

	

electrostatic repulsion. 	It arises from the necessity for 

anti symmetri sation. 

The two energy expressions obtained for the two 

states of the hydrogen atom illustrate the quite general form 

of the energy expression for molecules:- The total energy 

is the sum of the one-electron energies (the energy each 

electron would have if it were the only electron in the 

molecule) plus a coulomb integral for every pair of electrons, 

minus an exchange integral for every pair of electrons in the 

molecule which have tile same spin, i.e. 

n 	n/2 	n 12 11/2 

	

E = E h.. + E J.. + 	. 	(2J. . -K. .) 	(37) 
j 1 	 i ut') 	13 	13 

n 	n/2 n/2 
= 	h.. + 	E (2J..-K.) 	 (38a) 

1 	 1 	, 	13 	1 j  

since J =ii 

Equation (38)  refers to an xi electron system, but is 

more often written in terms of a 2n system, which of course 

implies doubly occupied orbitals, i.e. 

n 	nn 

	

= 2h.. + T F, (2J. . - K. .) 	 (38b) 
ill 	13 	13 	13 

Koopmans' Theorem 

• If one defines a set of energies, e i  such that 

e1  = h± + 	(2J 	- K) 	 (39) 

then this is essentially the energy of an electron in 

orbital 'Yi  interacting with the other 2n-1 electrons. 
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With the assumption that there is no reorganisation of the 

other 2n-1 electrons upon ionisation, e1  can be associated 

with the ionisation potential of an electron in orbital 

This is called KoopmansT theorem7  and finds very common 

usage in comparisons with experimentally determined 

Ionization potentials. 

The Variational Method 

The complete treatment of a quantum-mechanical problem 

involving electronic structure is equivalent to the complete 

solution of the Schroedinger equation appropriate to the 

system under consideration. Mathematical analysis of this 

partial differential equation is only possible for one-electron 

systems, and for many-electron systems solutions are generally 

found by the variational method. 	Solutions of the Schroedingér 

equation give stationary values of the energy, i.e. )  if ± is a 

solution then for any small change 61, 

ÔE = 6< IIHII > = 0 	 •(40) 

Now, if the wave function is allowed to be flexible in that 

a finite number of parameters can be varied i.e., } 

c2 ,c 3 . .cn) then the energy E will be a function of those 

same parameters and the stationary values of E will satisfy 

8E(c11c2,c3. . .cn) = t-F 6c1 = 	2 °2 = 	
= 0 (41) 

Solutioh of these algebraic equations will then lead to 

approximates to the energies E i and the wave functions 

for the stationary states. 	As the flexibility of the 

variation function I. increases, by increasing the number 

of parameters, the calculated energies and wave-functions will 
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become closer and closer to the correct values. 

A very common use of the variational method is with 

a linear combination of fixed functions, for example atomic 

orbitals; cki 
I(C1, C2 , c3 ...) = c1 tb 1  ± C 	 + C 	 + .... 	(42) 

This last equation is the Linear Combination of Atomic Orbitals 

or LCAO approach. 

The Hartree-Fock Method  

According to the variational principle, if an approximate 

many-electron wave S function such as Equation (26) is 

adjusted in order to lower th& energy then the accurate 

- solution of the many electron wave equation will be approached. 

The best molecular orbitals are obtained by varying all the 

contributing one-electron functions T11 2 	in the 

determinant until the energy achieves its minimum values This 

does not give the correct many electron function for a closed 

• shell system, but rather the closest possible approach by a 

single determinant of orbitals. 	Such orbitals are referred 

to as self consistent, or Hartree-Fock orbitals Thus the 

central mathematical problem is the determination of the 

orbitals which give a stationary value of C 11HII >. 	In 

addition a constraint is placed upon the one-electron 

orbitals, namely that they shall be orthonormal, i.e., 

di =ij 	where 6ij= 
	if • i 	i • 	(43) 

and 	=lifi=j 

donstrained variational problems of this type are 

handled mathematically by the calculus of variations. 9  The 

function G has to be minimised:- 
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G=E-2 1 	= 2Eh. + EE(2J 	- K..)-29 e.••• 	(44> E eS  

where the energy expression is Equation 38b above and e 1  are 

as yet undetermined constants. 	A stationary point of the 

function G is such that the variation in G, (oG), is zero 

to the first order, i.e., .G = 0 
	

(45) 

The variation in Gi caused by changing .all orbitals ± by an 

infinitesimal amount to T  + ô. is in full 

= 2J bh.. + 	 6K)_2 	e1  8S± 	(46) 

where 8h± = / 8V 1 (l) H Yi(-L) t  complex conjugate 	(47) 

6iij =  / oY(l) J (l) ¶(l)dTl+ 

T.(l) dT 1  + complex conjugate 

ôKi. = 	fovi*(l) X (l) ¶(l) dT 1 +. 

K.(l) T (i) dT1  + complex conjugate 	(49) 

= / 6±(l) 	(i) d1 1  + complex conjugate 	 (50) 

Here the coulomb operator J is defined by 

(l).= /'f(2) 	- 	(2) d72 	 (51) 
12 

The exchange operator }C cannot be written as a simple 

function but has the property that 

K(l) v(i) = c/ Yf(2) _L_ Y.(2) dm1 	 (52) 

Since the orbitals and their complex conjugates can be varied 

independently exactly the same equations follow if one 

restricts oneself to real functions and real variations.. The 

condition for a stationary point is thus 

8G=0=2 /8YfC 	+ E(2J._K) 1 _Ee14 tJdT 	(53) 

Now since 8T is arbitrary this is satisfied only if the 

quantity in square brackets is equal to zero for each and every  1 
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This leads directly to the differential equations 

+ E(2ff-)J V = 	 ± 	1, ... n 	(54) 

There are thus 11 one-electron wave equations for the orbitals 

.. 	The quantity in square brackets is known as 

the Fock hamiltonian operator F and the wave equations may 

be written in the form 

= 	e1 'I'd 
	 (55) 

The differential equations have a whole set of values e ii  

on the right hand side instead of the usual case of a single 

eigenvalue; this arises because the solutions to the set of  

wave equations are not unique. 	This is caused by one 

property of-determinants which states that any multiple of 

one column may be added to another without altering the 

value of the determinant. 	This is a special case of a more 

general property which states that any orthogonal transformation 

leaves the value of the determinant unchanged. Thus the 

orbitals V1  may be replaced by a new set Vi" where 

V!=T 	T 	 (56) 

provided that 	TikTkj = 

Substitution of Equation (57) into  (55)  makes a significant 

difference only in that the constants e 1  are replaced by a 

new set ekL  given by 

ekt =iTki 	Tz 	 (58) 

It is clearly desirable to remove this indeterminacy 

from the problem and. to fix the molecular orbitals uniquely. 

The matrix 	is hermitian resulting in there being an 

orthogonal transformation such that the matrix is brought to 

9 
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diagonal form, i.e., e 1  = 0 unless i = j. 	Applying that 

transformation to the orbitals, the standard eigenvalue 

problem is obtained:- 

F Yi =  e1  v 

These are known as the Hartree-Fock equations. 

The Hartree-Fock Procedure Applied to the LCAO Approximation 

In the LCAO approximation each molecular orbital is 

considered to be of- the form 

Y.= 	 (60) 

where the 	are real atomic functions (Subscripts p,q,r : s 

will be used for atomic orbitals). 	The molecular orbitals 

have to form an orthonormal sot and for this to be 

possible it is necessary that the number of atomic orbitals 

be greater than or equal to the number of occupied molecular 

orbitals. 	The requirement that the molecular orbitals be 

orthonorma]- in the LCAO approximation demands that 

pqCpi Cqj 8pq = 	ij 
	 (61) 

where 	is the overlap integral between atomic functions
pq  

c1 	and 4)q  i.e., 
Spq  = / p (l) q(l) d71 	. 	 ( 62) 

The total electronic energy can also be written in terms of 

integrals over atomic orbitals if one substitutes the linear 

expansion, Equation (60), into the molecular orbital integrals. 

Thus 

h. -  E CC 	" - pq pi qi tq 
(63) 

where Hpq S the matrix of the harniltonian with respect to the 
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atomic orbitals, 

q =f p Hitq d71 	 (64) 

Similarly 
J. 	= 	E 	C 	C" C 13 	pqrs p1 qj ri 

C 	5 <p/rs 	(65) 

K 	E C. C* C 	C Cpr/qs> (66) 
ii =. pqrs p1 qj ri  

where cpq/rs> is a general two-electron integral over atomic 

orbitals 

pq/rs> =JI p ( l) q(l) 	(2) ( q (2) dT1 dT 2 	(67) 
12 

Equation (39)  then becomes 

E = 	 (68) 

occ 
where P = 2E C"C pq. 	1 	pi n.  

The next stop is to find the optimum values of the coefficieirs 

Cpi which lead to a set of molecular orbitals This is done 

ly reverting to the variation procedure with the small 

variation in 	now given by 

8'?.= 	Ebc(I) 
1 	p pi p (69) 

The condition for a stationary point in the function G. 

Equation (44), becomes:- 

occ 	 occ 
SG=2 E oC C -" + E 	E (oc c C C +c oc c c ) 

1 p1 qipq ij pqrs p1 qj ri sj pi 	Si 

x [2cpq/rs>-'cpn/qs>] 

- 2ijq ejj ôC 1Cqj Sp4  + complex conjugate = 0 	(70) 

Since the 	terms are arbitrary, the complete coefficient 

of each 	must be zero, leading to pi 

( 	occ 
( Cqjjlpq + 	q5C jCqj Cpj [2C/rs> - <pr/qs>] 

= 2 e. . E C 5 	 (71) 
1 13 q qj pq 
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Once again the off-diagonal elements of e 1  can be chosen as 

zero thus assuring unique specification of the molecular 

orbitals. 	The equations then take the form 	.. 

(Fpq - eispq ) Cpq= o 	: 	( 72) 

where the elements of the matrix representation of the Hartree- 

Fock hamiltonian operator F are 

Fpq  = H + E P [Cpq/rs> - Cpr/q&'-] pq 	rs •rs 
(73) 

These algebraic equations were set forth by Hall and Roothaan 

(independently) 10  and are now generally known as the Roothaan 

equations. 

The set of algebraic. eqüationsi.e. Equation(72) can 

he written in matrix form 

F 	= SCE 
	

(74) 

where E is the diagonal matrix of the e i  terms. 	Solving this 

matrix equation is difficult but a formal solution may be 
-t 

obtained by defining a matrix, S 2 , by the equation 

Ss 2  =S 	 . 	 (75) 

Equation (74) can be converted to a standard eigenvalue 

problem in the following manner:- 
IL 	IL 

Define F' = S- 2 F S 

and 	='92 C 	 (76b) 

Then Equation (74) becomes 

= C'E 	 . 	 (77) 

Premultiplication of Equation (77)b (CY', the inverse 

of c' one obtains 

(c'h n' = ( r') 	t 	 (78a) 

= E 	 (78h) 



21 

Thus the problem has been reduced to determining the matrix 

C which, together with its inverse, diagonalises F. 	Once 

the matrix E has been found, it is possible to obtain C since, 

by the very process of diagonalisation, the matrix Q4 has 

been obtained. 

This formal proof has only one drawback however, and 

that is the determination of the matrix s. 	Fortunately 

this can be obtained by another diagonalisation procedure. 

Let U be the matrix which diagonalises S and d be the 

diagonal matrix so-obtained, i.e., 

u -  su =ci 	 (79) 

1 	
ji 

Now d=d2 d2 == 

= 	
_1 

c!2 	 (so) S2T TT

1  
so d2  = ir S 2 	 (81) 

or S= U 	
(82) 

1 

Thus, in order to determine 
s2 it is only necessary to f:ind 

the matrix which di.agonalises S. 	The solutions to Equation 

(74) can thus be readily obtained by diagonalisation techniques. 

Matrix Diagonali sation 

Matrix diagonalisation is carried out by the Jacobi 

method. This method constructs the diagonal matrix Q as 

the limit of a sequence of transformations of the form 

- 	A 	 (83) 
k+l - 	=k =k 

i:e., D=V1 V2 ...  n 	 (84) 

In the Jacobi method, the matrix Ak 
 is searched for the 

largest off-diagonal element (4 = a) and the .rotation 
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angle9k  chosen such that in the matrix A 
	the ij and ji 

elements are zero. 	The elements of the rotation matrix are 

given by 

Vm=l (rn/i, 	j)  

Vi = 	•= 	cos  

v1i = -.vi = 	sin 0  

Vmn = 0 	(m, 	n / i,j)  

Matrix multiplication gives the following set of equations 

k+l 
aim 	= 

k+l
ami 	= 

k aim cos Gk + k a. 	sin 

k+l 
aim 	= 

k+l 
ami 	=ajm 

Ic 
COS  Gk -  

Ic 
aim sin 

= ii 4 	cos2O 	+ 	sin2ok t 24 sin OkCOSGk 	(86) 

k+l a 4 	= k 	2 	k 	.2 

	

cos 	+ a.. 	Sin  k 2() 
	2a s.n QkcOh ®k 

4? = = *(a 	- sin 29k + a. 	cos 
ji 

k+l Ic 
amn= amn 

If the element 4? is to become zero, then must have the 

value a. 
= 	arctan 

-- k k (87) 
- a) 

An example 
11 of this is 

0 1 0 0 

Ak 	
1 O 1 1 

0 10 1 

0 1 1 0 

tan 29 = 4 (o-07 

.. 29=90 	and G=45 
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k+l 
= 	1 0 0.707 0.707 

0 -1 -0.707 -0.707 

0.707 -0.707 0 1 

0.707 -0.707 1 • . 0 

Repeated diagonalisations are carried out in this manner until 

all the off-diagonal elements are zero within a given accuracy, 

usually of the region of 10 -10 . This would lead to an 

accuracy of 10 in the total electronic energy, as defined 

by Equation (68). 

The Self Consistent Field 

The matrix elements of the Hartree-Fock operator are 

dependent on the orbitals through the elements Ppq  i.e., they 

are defined in terms of themselves. The general procedure 

for solving the Roothaan equations is essentially a trial-and-

error process by first assuming a trial set of molecular 

orbitals which allows the calculation of another, hopefully 

better, set. 	This iterative procedure is carried out until 

the molecular orbitals no longer change upon further iteration. 

These are then said to be self-consistent with the potential 

field that they create, and the whole procedure is called the 

Self Consistent Field method (SCF). 

There are several methods for obtaining the trial set 

of molecular orbitals. 

a) P!2!! !22f 	pq_E!E!i this is 

equivalent to completely neglecting the field of the other 

electrons as a zero level of approximation. 	This method works 

reasonably well for molecules which do not have unusual 



24 

structures; in other cases divergence occurs instead of 

convergence 

Trial Vectors: in this method the eigenvectors 

themselves are given to the programme. 	Such eigenvectors are 

either obtained from semi-empirical calculations or from non-

empirical calculations of very closely related molecules. 

Thus for the thiophene-S-oxide molecules the output elgen-

vectors for the calculation with tilt angle of 20.0 degrees 

were used as input for the other three isomers. 

of the 	the diagonal elements 

of the SCF Fock matrix are reasonably independent of the 

geometry of a molecule, and of the environment of a given 

atom. 	1ius a calculation of the. '_ _ L  
eL L4UIIU  UXUC ure Of 

methane will lead to diagonal elements reasonably accurate 

for a calculation on, say, benzene. 	Thus the diagonal 

elements are given to the programme as input data, whereupon 

the programme creates the off-diagonal elements taking into 

account the molecular environment as determined by the 

potential and kinetic energy integrals. 2  

Electron Density Distribution 

For a determinantal wave function such as is used in 

the Hartree-Fock theory the density function is given by 

occ 
P(r) = N 	'f 	 (88a) 

occ 
=2 E 	' T 	 (88b) 

3-  

where N is the orbital occupancy of the ith molecular orbital; 

hence Equation (88b) applies to closed shells. 	The integral 

of P(r) over all r should be equivalent to the total number 
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of electrons in the  system, i.e., 

	

= f P(r) dr = f Ydr 	 (89a) 

= pPpq ftptqdr (using equation Go) (89b) 

= jTq 	 (89c) 

Using this equation the electronic charge distribution may 

be decomposed into contributions associated with various 

atomic orbitals in the LC.&0 expansion. 	This detailed 

analysis is often called a population analysis, and was 

developed by MullikenJ 3  He suggested that the electron 

density function P(r) should be analysed in terms of the 

individual cbntribitions from each atom plus an additional 

contribution from both intra- and inter-atomic overlap terms. 

The one-electron density function can be written as 

= E 5' P R R (r) + E E1PR sR R (r) 
RP pp  pp 	Rpq pqpqpq 

	

+ 2 E p RS S  ES P 	 (r) 	 (90) 

where R, S refer to atoms and the normalised orbital and 

overlap densities respectively as defined below. 

P q(r) = 	l) 	(l) / S q 	 (91a) 

RS ' Ppq(r) = (j)R(l) t(l) / s 	 (9Th) pq 

(In these equations the summations involving p and q are 

over the subset of orbitals belonging to atoms R and s). 

Mulliken characterised the charge distribution by 

extracting three quantities from Equation (90). 	These are 

RS 
(1) Y R  the net atomic population of atom R; (2) x, the 

overlap population between atoms R and 5; () zR, the gross 
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atomic population of atom R. 

yR_:pR +ElsR H 
p pp pq pqPpq  

3R3 = 2 E 5R5 RS 
pq pq pq 

z  = R + z1 XRS 
R>S  

These quantities are defined by 

 

 

(92c.) 

In the evaluation of the gross atomic populations the over-

lap population; xRS  is arbitrarily apportioned equally between 

atoms R and S. 	Such equality may be, in some cases, the 

cause of atomic populations having values different from those 

predicted by classical methods. 	Using the ea.ectror±egativities 

of atoms R and S wuld be an alternative, i. e. 

R_yR+ E' E2 	
ER 	5RSpRS 

R>S pq 	E1+E5 pq pq 

where ER  is the electronegativity of atom H. 

(9i) 

An alternative method of displaying the electron 

density distribution is to evaluate the function P(r) or its 

individual orbital contributions at a grid of points in two 

dimensions. 	Such electron density contour maps yield a 

viausl display of the electron density distribution. 

A computer program. was written which evaluated such 

electron density distributions, with tI;ae resulting contour 

diagrams being plotted on a Calcomp Graph Plotter. 	Several 

contour diagrams are incorporated in this thesis. 

Molecular and Atomic Properties 

In this part, properties other than energy which are 

obtainable from SCF wave-functions are studied. 

a) Multipole moments: 	Consider a distribution of 



charges e1 at points (x1,y,z) represented by the vectors 

ri  from the origin 0 t e; the scalar quantities r
1  are 

associated with vectors r. 	If such a distribution is in 

an external field the energy of interaction (u) of the charge 

distribution with the external field is given 14 by 

(94) 

where 	is the potential of the external field at r. This 

potential can be expanded in terms of the potential and to 

derivative at 0:- 

u= Le.. [t 0 +()0  x + ()o yio z 	+ 
1 1 

*t4 4+(-4) y7 + (. 4) z+ 2@ro 

+ 2 (ey a z )oYjZi + 2()o zcJ + *° 	 (95) 

with the subscript 0 denoting a value at the origin. 	This 

can be placed in tensor notation 

__ 	 )2 

u = 9 eJ cb 0  ± ( era_ o  n a  + 	rarb 0 nianib 

arrbarCo rianibri
] 	(96) 

Here ab,c denote tensor components (with na  being x, 3T 

or Zi) and rpeated suffixes imply a summation over all 

components; thus riaria = 4 = 4+y7+z. 	 Introduction 

of the parameters 

4 cL =Eeinia  

0ab = 	e n a  rib; Rbc =F eiriaribnie 	(97) 

= ½o 	' 	 ab - " raorHo 

Fb = -( 	ra ai arc'O 

27 
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leads to Equation.(96) becoming 

U = q. 	- aFa _*b Fb_Rbc  Fhc  + 	 (98) 

It is possible to transform this by introducing new tensors. 

ab = 	- EQ' s ) = *Eei(3ri arib_r7 Sab)• c cc ab 

(99) 
-ER' S -ER' S ) Rabc=i(!Rbc_Tadd 3bc 
d  bdd ac d  cdd ab 

where S = 0 if a / band 1 if a = b.ab 

The energy of interaction now becomes 

u = 	- Pa  	-. *QabF' - 
	R 	F" 	+ .....( ioo) Lb 15 abc abc 

with q being the charge of the distribution, 	its dipole- 

moment, 0 its quadrupole moment, R its octopole moment. The 

quantities 	F, F' are the potential, electric field and 

electrid field gradient. 	The tensor components of these 

multipole moments are shown in Table 3. 

Table 3 

Multipole Moment Operators 

Dipole Moment 	Px =X, 	= y, kz = z 

Quadrupole Moment Q = i(3x2 -r2 ); similarly for y and z 

= - xy 	
; similarly for xz and yz 

Octopole Moment 	Rxxx= *(5x3 _3xr2 ) U 	 " Ryyy  and 

= .xyz 

0xyy= (5xy2 - xr2 ) " 	 " 

R 	,R xxz yzz 
- 	 R yyz 

Hexadecapole Moment 	= *(35x4- 3Ox2 r2 + 3r ) similarly for 
y.,z 

H 	=r,xyr 
2 
 ,xzr 2  ,yZr 2 

 

H 	= x 2  r  2 
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Within the LCAO approximation it is possible to 

replace the summation with an integration, and insert the 

SOP eigenvectors to give, for the dipole moment say 

0CC 

14X 	 a =22 20. k  C ikf P i I XR6 
dT 	 (101) 

The nuclear component of the dipole moment is similarly 

defined 

Mnuclear = NON 2 	Z.x. 
	 (102) 

i=l 

where. 	is the charge of one of the NON nuclei. Equations 

(ioi) and (102) are special cases of the following general 

expressions: -  

oce / 
2' 20 C. 	:IOPS(x-x 	Ni-) 	6.> 	(105) 
k=lij 
	 ± )1 '0 

NON 
Ell= 2 ; OP (x_x),(y_y1 ),(z-z1 )? 	 (104) 

k=1 

where E   is the electronic expectation value of the operator 

OP, evaluated at the point x1 , y1 , z1  and En  is the 

corresponding nuclear component.. 	For example the operator 

for the Q component of the quadrupole moment is
XY 

All operators have to be evaluated at some 

point in space; now the first non-zero multipole moment 

<charge, dipole, quadrupole....) is origin independent, i.e., 

it has the same value no matter where it is evaluated. For 

all neutral molecules the dipole moment (if any) is thus 

origin independent, with Equations (101) and (102) assuming 

that it is being evaluated at the origin. 	It is however 

conventional to evaluate the multipole moments at the centre 

of the mass of the molecule; thus 0xy  would become 
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•QxY = i(X4C )( cm 	cm 
(105) cm )   

The quadrupole moment pdssesses a useful property; it is 

a traceless tensor and as such the matrix Of 0ab values 
can 

be diagonalised. This allows one to use a single value to 

represent the quadrupole moment in special cases; e.g. for 

an axial7y,  symmetric molecule such as methylsilane, 

0xx = 0yy = 
10  (if z is the main symmetry axis) and it 

is necessary only to report Q. 

b) Potential. Electric Field and Electric F 4  eld Gradient: 

The potential operator has the form l/r and is a 

single component operator. 	As shown above the electric 

field and the electric field gradient components can be 

obtained by appropriate partial differentiation. 	The 

operators so obtained are consistent with Equations (105) and 

Table 4 
Potential, Electric Field, Electric Field Gradient 

Potential 	hr 

Electric Field 	-x/r3  and similarly for y, z 

Electric Field 	-(3x2 -r2  )/r5  and similarly for y,z 
Gradient 	- 3xy/r5  and similarly for xz, yz. 

(104) and are displayed in Table 4, where evaluation at the 

origin is assumed for the sake of clarity. 	These operators 

are functions of the atoms rather than the molecule as a whole 

and are thus usually evaluated at all the atoms. 	Electric 

field gradient is a trace-less second rank tensor and behaves 

similarly to the quadrupole moment. 
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c) Second_ 	 _ 2!2 	Dipole Moment  can be 

considered to be the first moment of the charge distribution, 

and can be given by OPa where a = x, y, z. 	The second 

moment has components of the type °ab a similar definition 

holds for third (OPabc) and fourth (OPabcd) moments. 	In 

addition there are operators derived from these, which involve 

rn e. g. 

xr=n+xy2+xz2OP xxx +OP xyy ±OPXzz 
(106) 

These operators, shown in Table 5, are molecular (like the 

multipole moments) rather than atomic. 

Table 5 
Second and Higher Moments 

Second Moment 	x 2 , y 2. 2 , z , xy, xz, yz and r2  

Third Moment 	x3, y3 , z 3 , xy2 , xz2 , x2 y, x2 z, y2 z, yz2 , 

xyz and (combined) n-2 , 2r2 , yr2  

4 	4 	.4 	2 2 	22 , 	2 2 	2 2 	2 2 
Fourth 'Moment 	x, y ,,z '3 xy , x 	yz , x r ,y r 

22 z r , r , xy xy, xyz 2 , x3  z, xy2 , xz 5 , 
x2 yz, y-z, yz 

d) p! 	
The diamagnetic 

susceptibility is very closely related to the second moment 

as the terms in Table 6 reveal. 	Similarly the diamagnetic 

shielding shows resemblances to electric field and electric,  

field gradient. 	It is not then surprising to find that 

susceptibility is a molecular property (centre of mass 

evaluation) and shielding an atomic property. 
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Table 6 

Diamagnetic Shielding and Susceptibility 

Shielding 	3/2(r2 - x)/r3  and similarly for y and z 

- 3/2 x y1/r3 	
11 	 It It  xz and yz 

Susceptibility 	3/2(r2--x2) it 	 it  y and z 

-3/2 Xy 	 H 
	 11  xz and yz 

c) Experimental Data: The dipole moments of many molecules 

are known, both in solution and gas phases. 5  As such it is 

possible to provide direct comparison with the calculated 

16 
values; fewer quadrupole, 	even less octopole17  and only 

one or two hexaaecapole"  moments are known but again 
16 

direct comparison is possible. 	Lately, second 
moment s  and 

diamagnetic susceptibiliti es16  have been evaluated. The 

electric field gradient has been used to predict nuclear 

quadrupole coupling constants 18 and correlation of 

diamagnetic shielding with NMR chemical shifts is very good 

for hydrogen atoms. 9  Finally attempts have been made to 

interpret core level binding energies using the potential 

operator. 20 

The Nature of the Atomic Orbitals 

It is now necessary to consider the nature of the 

atomic orbitals, (k, which are used in the LCAO expansion of 

the molecular orbitals. 	The first choice one would naturally 

tend to make would be to pick the hydrogen-like orbitals of 

Tables 1 and 2. 	However evaluation of electron-repulsion 

integrals could not he carried out because of the polynomial 
0] 

factor in the radial term. 	To circumvent this Slater 
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proposed that the radial part have the form 

= 	 (107) 

The orbital exponent ci. is given by 

a = Z-s 	 (108) 

where Z is the nuclear charge, s is a screening constant and 

n' is an effective principal quantum number. 	These last two 

parameters could be chosen to give good value for energy ,  

levels, atomic radii and other properties.. Slater formulated 

a set of rules to give good approximations to the best atomic 

orbitals of the atoms. 	Exponents are readily available for 

all the atoms up to and including krypton2 

This method has been used extensively for diatomic 

molecules but could not be extended readily for triatomics 

and polyatomics. 	Again four-centre integrals could not be 

evaluated due to an inability to obtain them in analytical 

form. 	Lately however numerical integration has become 

available. 

The major break-through in LCAO-M0 calculations c&mie 

with the introduction of gaussian type functions 22 i.e., 

exp(-ar2 ) instead of exp(-ar). 	In addition the spherical 

harmonics are replaced by powers of x, y and z which gave 

orbitals the same shape as the spherical harmonic; the 

general formulation for a gaussian type orbital is 

G(r) = x L m n y z exp(-ar2 ) 	
( 109) 

e.g., d 	= xy exp(-csr2 ) 	
( 109a)

XY  

The usefulness of these is that a generalised four centre 
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integral can readily be replaced by a twocentre integral in 

the following manner. 

P(x,y,z) 

ric  

(AX a Ay , Az ) 

If the exponents on atoms A and B are a and b respectively 

then the lengths a and can be given by 

and 	 (no) 

Application of the cosine rule to the triangles ACP BOP 

give 
=a + rlc + 2a r 	cos @ 	 (lIla) 

rlB = 
	

+ rlC 	2 r10  cos 0  

± CL r 	= (af ± r]. C2) R1 	 (112) 

a 	2 	b 	 at 	3 	2 

i.e. 	RAB rlA  + ;TE RPB rlB = 	1AE ( if  RAB 

ar 1 	+ h r2 	!'J 	+ (a±h) 	 - (113) 

e 	( -arlA2 ) em(-brlB2) = exp (_arlA 2 brl 2 ) 

= exo _- 	 nyp --(a4b)r1c2 	 (114) 

Unhappily it was found that the total electronic one:cgy of 

a molecule or atom was very much Iss negative when a single 

Slater function was replaced by a single gaussian function. 

However, a string of gaussians was found to produce almost as 

good results. 	It has been found relatively easy to expand 

Slater functions in terms of gaussian functions; e)q)anSioY-5 

of all orbital types up to 4p in urr to six gaussian s for an 

II 



(arbitrary) unit exponent have been published. 23 The method 

of expansion is such that the unit exponent can readily be 

replaced by one of any magnitude, using the same gaussian 

expansion. 

Of course expansions of Slater exponents are not 

absolutely necessary; it is quite possible just to optimise 

a string of gaussians for an atom or molecule (see Appendix 1 

for further discussion). Many gaussian sets are available 

in the literature with those of Roos and Si egbahn24  being 

used in this thesis. 

One small drawback in using the gaussian type functions 

is that integrals which are non-s in charac;ter take a 

comparatively long time to perform. 	In order to get round 

this the method of floating, spherical gaussians was evolved. 2 

Here the only functions used are s-type and higher orbitals 

are represented by linear combinations of s-type orbitals 

at ghost centres, e.g. 

6 	 0 	 2 
carbon 	P =exp 

51 	 52 

This method preserves the speed of s-type integration while 

retaining the electron-repulsion integrals. 	The total 

energies obtained are not too good but do reproduce experimental 

geometries quite well. 

Minimising Computer Time 

If a molecule has rn atomic functions then the total 

number of 'electron repulsion integrals to be evaluated is 

given by *(m4  + 2m3  + 3m2  + 2m). 	There are several ways of 

reducing the number of integrals to be evaluated.. 
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a) The "NO-DO" method: 	Consider the electron repulsion 

integral for the linear system represented below, between 

three S and one P type functtons. 

0 	0 0 LX 

A-fl are the centres with associated exponents a-d. 	The 

general electron-repulsion integral is given by 

S 
2(jb)(c+dfl2 _ 	s(A -B1) SbSd F0 (t) +.s S 	!±fl(pd  )F (t) (rr(a+b+c+a) ab cd c+d i  

(115) 

where S is the overlap integral between s-functions withab  

exponents a and b, the subscript i implies x, y or z and 

t = (a+b)(c+a)/(a+b+c+d).R Q. 	For the illustration above 

both terms are zero because the z co-ordinates of A, B, P, 

Q are all identical. 	If any one of these four atoms was 

out of the plane of the remainder then this would nob be true; 

similarly if the p-orbital was x the integral would he non-zero. 

The IBMOL-4 package recognised 64 combinations of p and s 

functions of which 42 were identically zero for linear systems 

on ground similar to those above. 	For a planar molecule 24 

could be ignored. 	There was thus a considerable saving of 

computing time by leaving such integrals unevaluated. 

t) Thresholds: 	Two thresholds were commonly used to avoid 

excess calculation. 	The first of these applied to the' 

exponential term present in the 5ab  (or Scd) part; if this 

was less than the threshold value then the whole integral 

was set to zero; the input value was 1 x 10 for the 
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calculations in this thesis. The second threshold was also 

an input parameter but was adjusted within the programme by 

using the largest gaussian exponent. 	if an evaluated 

integral was found to be less than this adjusted threshold 

then the whole integral was set to zero. 	Obviously this 

did not save computer time in evaluating integrals but use of 

zeros in the SCF section would obviously be faster. 	These 

two thresholds are common to the IBMOL and ATMOL programme 

packages. 

§z 

	

	rzJJ Integral Evaluation: Consider the arrangement 

of atoms below, a distorted, square-planar form of methane. 

H2 	 y 
I 	 11 

H3 	C 	111 	
x 

114 

Any integral between the carbon x and Hi will be identical to 

that with H3 or y/H2 or y/H4 apart from a multiplying integer 

(±1 in this case). Obviously setting two integrals equal is 

much faster than evaluating both directly. The ATMOL suite 

of programmes uses such equalities. 

rL2LSY2_212 	Symmetry is also used in 

the SCF section to save time. 	It has already been shown that -- 

the SCF procedure requires diagonalisation of matrices. 

Consider now the simple atomic system, Argon, having the 

electronic structure 152  2s 2p 2  2Py2 	
z2 

39 
2 3 2 3p 

y 

1 3p 2 

The 	pxy  Py ' P z 
 functions all belong to different irreduciii].e 

representations. 	The Fock matrix obt ained at SCF convergence 

has the form 
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It can be seen that the Fock matrix consists of four regions, 

each one involving only orbitals of the same irreducible 

representations. 	Thus the matrix is partially diagonalised, 

flizmmetrz; the saving of computer time occurs because it 

is only necessary to diagonalise each of the sub--matrices. 

In molecules the s, p, p and p functions do not 

block the Fock matrix into sub-matrices. 	However it is 

possible to take linear combinations of atomic functions which 

do block the matrix. 	The possible linear combinations are 

obtainable from Group Theory treatrnents,26  and each 

irreducible representation of the molecular point group gives 

a sub-matrix. 	Consider H 90 as an example. 	This belongs to 

the point group C 2 which has the character table below 

C 2v 	E 	C2(y) 	o(yz) 	a(xz) 	 y 

Al 	1 	1 	1 	1 	 I  

A2 	1 	1 	-1 	-1 

B1  1 1 	-1 	1 	-1 	 111 	112 

B2 	1 	-1 	-1 	1 
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The effect of the symmetry operators on the atomic 

orbitals is shown below. 

A.O. 	
j 

E C2  o(yz) a(xz) Sym Orbs 
1 

0 i 0 	is 0 	is 0 i 0 is A1  

02s 0 	2s 0 	2s 0 	2s Q 2s A1  

o 2p 0 	2p. -O 	2p, -O 	2p x 0 2v B2  

o 
2p   0 2p   0 2p   0 2p  

 0 
2p  
 A1 

o 2p. 0 	2p -o 	2p 0 	2p -O 2p,. 

F11 1s H1 1s H2  is 11215 Hi  is A1 +B2  

To obtain tte symmetry adapted orbitals (SAO) it is 

then necessary to multiply, the character by the effect the 

corresponding operation has on a particular function. Thus 

S.A.O.(A1 ) = 1 x 0 is + 1 x 0 is + 1 x 0 is + 1 x 0 i 	4 0 is 

and the S.A.O. for the oxygen is is the same orbital (the 

multiplicative constant 4 being dropped, with normalisation 

procedures -taking care of such constants within the programme). 

For the oxygen is orbital the Al  representation is the only 

one possible, with other representations being zero, e.g. 

S.A.O. (A2 ) = 1 x Q is + 1 x 0 is - 1 x 0 is - 1 x 0 Is = 0. 

For the hydrogen atoms two S.A.0. l  are non-zero, i.e., 

S.A.O. (A1 ) = 1 x H is - + 1 x 112  is ± 1 x 112  is + 1 x H 1 is = 

2(H1 +112 )is 

S.A.O. (B2) = i x Hi  is - 1 x 112  is - 1 x H2 
 is + i x H1  is = 

2(111-112)15 
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The Fock matrix is then blocked into three submatrice, as 

below 

Al 

 

e) SCFConverence: 	It has already been shown that the 

SCF procedure is iterative in nature. 	As. each iteration 

uses quite a large amount of computer time it would obviously 

be advantageous to have some sort of extrapolation procedure 

If one numbers the same matrix element of eigenvectors 

consecutively, as C0 C 1 , 02..* for successive iterations 

it is possible to compute the ratio R given by 

21_O_C2 
	 (116) 

If the absolute value of R is less than 20 no extrapolation. 

is done. 	Otherwise the extrapolated value is 

C 3 	CO + R(C1-C2 ) 	 (117) 

This is used in the IBMOL-4 package as an optional procedure. 
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General Introduction 

The calculations in this thesis have been carried out 

using the Linear Combination of Atomic Orbitals--Molecular 

Orbital Self-Consistent Field method, with the atomic 

orbitals being linear combinations of Gaussian type orbitals; 

ground states of molecules have been studied. 

Integral evaluations were carried out by the IBMOL_L 

and ATMOL-2 suites of programmes on I.B.M. 360/50, 360/195 

and 370/155 computers. 	Population analyses and dipole 

moments were obtained by satellite programmes of the above 

programme suites. 	One-electron properties were obtained by 

a slightly modified version of the appropriate POLYATOM-2 

routines, using an I.C.L. 4-75 computer. 

The calculations were carried out with a view to 

investigating the reactions and properties of organic systems. 

This has resulted in the molecules falling into various 

classes, which are treated separately. 	There are of course 

points common to several, classes; comparisons and corre-

lations have been drawn whenever they seemed appropriate. 

A major example of this is in the extent of d-orbital 

participation in the ground state of molecules containing 

second row elements. Encompassing the division into molecular 

types is a broad partitioning on grounds of the baSis sets 

employed in the calculations. 	The first three sections 

used best atom basis sets with the second involving scaled 

basis sets. 	Some cross-over is provided by the molecules 

norbornadiene and pyrylium ion. 

Turning now to the use of the calculations, SCF convergence 
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immediately makes three properties available for predictive 

or comparative purposes. 	The first of these is total 

energy; it will be found in the molecular section that 

total energy is used to predict geometries, estimate inversion 

barriers, predict reaction pathways and analyse the role 

d-orbitals play in bonding. 	Closely related is the binding 

energy which, besides being directly comparable with 

experimental values, has been used to estimate relative 

stabilities of molecules of similar type, e.g. iso-electronic 

series. 	The second available property is the eigenvalues or 

orbital energies. 	These can of course be related directly 

to ionisation potentials obtained by x-ray or ultra-violet 

methods. 	As well as direct comparison use of orbital 

energies has been extended to predicting a possible analytical 

method for identifying reaction intermediates. 	The eigen-' 

vectors, the third property, have been used to relate 

orbitals of similar molecules to one another and to examind 

the nature of the orbitals in terms of chemical bonding. 

As a second stage the eigenvectors, plus the molecular 

geometry and basis set, are used to evaluate atomic and 

orbital populations, and hence reactivity. 	This reactivity 

includes acidity and nucleophilic substitution, and an attempt 

has been made to extend this to Diels Alder reactivity. 

Attempts have also been made to interpret core orbital 

energies in terms of the atomic charges. 

Also obtainable from the SCF eigenvectors are the one-

electron properties derived in Chapter One. 	Direct comparison 

of many such properties, especially dipole moments have been 
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carried out. 	For molecules which are not yet known it is 

of course possible to predict some values which are likely 

to be of use to future experimentalists. 	The one-electron 

property, diamagnetic susceptibility, has been used in an 

attempt to determine arornaticity. 



I. OZONOLYSIS 
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Introduction 

The ozonolysis of olefins was interpreted for several 

years by the Criegee zwitterion mechanism. 1  This involved 

the formation of a primary ozonide, having a 1,2,3-ttiox0lane 

structure (i), which rearranged via a zwitterion intermediate 

to give a 1,2,4-trioxolane (2). 

C 2  H 4, 	 0 	H 2t-o-ö 	0 	0 

0 3 	 H2C=O 	C0) 
(') 	 (2) 

In the case of the olefin being ethylene the parent 

heterocycle, 1,2,4-trioxolane, was isolated; it was the 

formation of such 1,2,4-trioxolanes which necessitated 

Criegee postulating the zwitterion intermediate. 

This mechanism was subsequently amended by Story and 

his co-workers2  to allow for the formation of cross-ozonides 

(3) by an aldehyde exchange. 

03  

RCIi0 
CH  

2 4 pentane 

00 o 00 . 	. 
R - __ 

( 0 

(3) 
The formation of such cross ozonides is of course 

possible by the Criegee mechanism; however, the use of 

enriched RCHO in the solvent gave rise to 
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This is consistent with the aldehyde. exchange mechanism 

but not the zwitterion mechanism which would predict the 

18 	 18 0 to occur as C- 0-C. 

It was further found that, as the concentration of 

propionaldehyde (R = CH 3CH2.) increased relative to the 

/ amount of solvent hydrocarbon, the nature of the products 

changed until, at 100% propionaldehyde no :.,2,4-trioxolanes 

were isolated, but only cyclohexanone, acetaldehyde and 

propionic acid. 	These were thought to be forridby the 

following reaction scheme. 3  

Me 

EtCH 0 

KD/Lc 
	a 

+ EtCQOH 	 -4- MeCHQ 
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When this reaction was extended to more hindered olefins it 

was found that substantial quantities of epoxide were 

formed. 	Story and his co-workers abandoned the aldehyde 

exchange mechanism in favour of a scheme 3  in which there 

were several competing intermediates involved in ozonolysis 

reactions: -  

/ 
03  +C 2H4 

LA 
	+ 0<"• 

\ 

H2C=O 	 0-0 

+ 

	 OX  0 

\J H N0   

The most likely intermediates for this mechanism would be 

the peroxy-epoxide (5) and the Staudinger molozonide (4); 

the former being the intermediate for formation of epoxides. 

Geometries and Calculation Data 

Using ethylene as a model olefin, calculations have 

been carried out to determine which of the isomeric inter-

mediates (1,2,4 or 5) is the most likely to occur. Such a 

determination could only be completely valid after 

optimisation of all the length and angle parameters in each 



TABLE1 

Total Energies  for 1,2,3-trioxolane, molozonide and peroxy-epoxide structures 

/°N 

T.E.(au) 	 -301.28606 	 -301.24981 
I-El. (au) 	 -811.10232 	 -783.6774 
2-El. (au) 	 307.82776 	 2014.84067 -  
N.R.(au) 	 201.98850 	 187.58686 
B.E.(au) 	 -0.23986 	 -0.20361 
B.E.(kdal/mole) 	-150.50 	 -127.8 

AE (kcal/mole )b 	 L7.79 	 + 14.96 

- 0 

-301.10778 

-784-35889 
295-10044 
188.15068 

-0.06158 

-58..6 

+"L04 1 

Footnotes: a) 1-El = 1-Electron or Nuclear-Electron Attraction Energy 
2-El 2-Electron or Electron-Electron Repulsion Energy 
N.R. = Nuclear Repulsion Energy 

• 	 T.E. = Total Energy = 1-El ± 2-El + N.R. 
• 	 B.E. = Binding Energy = Total Energy - E Atom Total Energies. 

This nomenclature will hold for all Tables of this type. 
• 	 b) AE = Energy of intermediate - (Energy of 0 3 .+ Energy of C2H4) 
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of the three molecules. 	Obtaining a multi-dimensional 

energy "surface ,,  in this manner is too expensive in computer 

time and resources for molecules of such low symmetry. 

Since the geometries of these molecules are of course unknown 

they had to be constructed from similar known'molecules. 

In order to minimise the errors caused by not carrying out 

a full geometry optimisation, the same ttknownit molecules 

were used for each of the intermediates. 

From ethylene oxide C-C, C-H and C-0 lengths, as well 

as H-C-H4  angles were used; ozone supplied the 0-0 length 

and 0-0-0 angle. 5  Using these parameters the 3-membered 

ring in the perox'-epoxide structure (5) is identical with 

that of ethylene oxide. 	Full details of geometries and 

symmetry orbitals are to be found in Appendix 2. 	The 

calculations were carried out with minimal basis sets, the 

same exponents and contraction coefficients being used for 

each molecule.. 	The exact values of these, together with 

the energies of the atoms are tabulated in Appendix 2, 

Tables 1, 2 and 4 for H, C and 0 respectively. 

The Ozone + Ethylene System 

The energies of the three intermediates under 

consideration are shown in Table 1, and are represented 

graphically below. 	Also included in this figure is the 

sum of 0 3  and C 2  H  4  energies. 	
All three intermediates have 

a negative binding energy, i.e. they are all thermodynamically 

stable with respect to dissociation into the constituent 

atoms. 	Only 1,2,3-trioxolane, however, is stable with 

respect to decomposition to ozone + ethylene. Thus the 



E (cu) 

- 301.1 

-301.2 

03  

4 

C 2 H 4  

0 
0' 	 I I 	 0-0 

A 	Li 
0 

LI 

Figure 1. Total Energies of Ozonolysis Intermediates 

most likely reaction pathway for the ozonolysis of ethylen'e'  

is via 1,2,3-trioxolane. 	The most feasible alternative is 

for reaction to occur by means of the Staudinger molozonide, 

while the peroxy-epoxide is very unlikely to form. 	While 

this disagrees with Story's reaction scheme, the energy of 

activation for formation of the peroxy-epoxide (104.1 kcal/ 

mole) is sufficiently large to be prohibitive for ethylene 

+ ozone. 	However it is not so large as to preclude peroxy- 

epoxide formation in other more suitable cases. 

The charge distributions, as determined by aj4ulliken 

population analysis  and the dipole moment of these 

molecules are shown below. 



50 

-0.1696 
0 

/ 
SI 
	

0-0.1739 

0-0.3979 

-0.2344 	0_00557 
-0.0771 	

-0.2515)—... 
/ 0 N0  0.1933 H 

0.2505 
+ 	 -0.2766 

0,2541 
(1) 	 (4) 

= 2.86D 	 4.36D 

1819 

-0.2184 	0.2246 

0.294 d2698 
(5) 
7.74D 

H 
0.2692 

The most obvious feature of these charge distributions is 

that there is no _.o -o or _o -0 -0 nature in (4) 
or (5). 	While the Mulliken method of obtaining such 

distributions is not perfect, it is not so badly in error 

that it would give these distributions if the correct 
- representation were trie 	0 -0-  type. 	This latter classical 

charge distribution is obtained by saying that the new 

bond is formed by the divalent oxygen atom sharing one of 

its lone pairs with the new approaching atom. 	Thus the 

divalent (ring) oxygen has a formal charge of -i-i (a lone 

pair replaced by of the electrons in a bond) and the extra-. 

annular oxygen has a charge of -1 (electron "hole" replaced 

by of the electrons in a bond). 	It is at this point that 

the "chemical" distribution stops. 	However since there are 

other electrons in the molecule it is not likely that they 

will tolerate such a distribution, and there is a general 

a-electron movement towards the nominally positive oxygen. 

Comparing (4) with (1) the hydrogens lose electrons, becoming 

more positive; the carbons and oxygens also lose electrons 
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and become less negative. 	It is thus hardly surprising 

that there is an increase in the dipole moment. A similar 

situation occurs in (5), with the exception that the 

central oxygen a -born acts as a buffer between the formal 

positive and negative charges. 	This results in the 

monovalent oxygen being very negative and hence a very 

large dipole moment is calculated for (5). 

Such a delocalisation is applied in some cases to 

formal chemical charges. 	For example, pyridine-N-oxide is 

usually written as the structure on the left below, but the 

remaining structures7  (resonance forms) among others are 

used to explain reactions of this molecule. 

1 	H IC 	3 - 

.7+ 	I 
0- 

Formation and and Structure of 1,2,4-trioxolane 

The exact structure of 1,2,4-trioxolane has long been 

in doubt. An electron diffraction study 8  found that 

molecular models of C 2  (half-chair)and C 5  (envelope) 

symmetry gave equally good fits to experimental intensity 

and radial distribution curves. 	In an attempt to clarify 

the structure Groth carried out an X-ray diffraction study  

of the 3-carboxy-5-anisyl derivative; this however was 

found to have structural disorder associated with the 

14;" 	•\ 0 
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1,2,4-trioxolane ring. 	Accordingly calculations have now 

been done to decide which isomer is the more likely to 

occur. 	The Gaussian basis sets were identical to those 

above and again the exct geometries used are shown in 

Appendix 2, with the results of these calculations in 

Table 2 where (2a) represents the C S  and (2b) the C2  

structure. 

TABLE 2 

Total Energies for geometries of 1,2,4-trioxolane 

T. E. (au) 

1-El. (au) 

2--El. (au) 

N. R. (au) 

B.E. (au) 

B.E. (kcal/mole) 

2a 

CS(envelope) 

-301.36915 
-800.83834 

301.17640 

196.29279 
-0.32351 

-203.1 

2b 

C2  (3-chair) 
-301.42250 

-808.44889 

307.05080 

199-97559 
.-0. 37686 

-236.7 

2c 

02 (2'-chair) 

-301.46323 
-800.19200 

302.70930 
196.01948 

-0.41759 

--262.9 

Dipole 
Moment 	 2.63 D 	0.70 
	

0.92 

a) Experimental value = 1.09 D, see Ref. 10. 

It can be seen from this table that the 02  structure 

is preferred by 33.6  kcal/mole. 	Comparison of the nuclear 

repulsion energy shows that this is greater in 2b than 2a, 

that is the atoms are closer together in 2b; this would 

lead one to expect an increase in the magnitude of the 

1-Electron and 2-Electron energies. 	Evidently the gain in 

nuclear attraction energy (17electron), a stabilising effect, 

offsets the increase in the other two destabilising terms, 

resulting in a preference for structure (2b). 
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Subsequent to carrying out these calculations, a C 2  

structure was reported by Gillies and Kuczow1cij 0  the 

determination being carried out by microwave spectroscopy. 

Since the structure found was slightly different from 

calculation 2b (mainly in the 0-0 length) a further 

calculation has been carried out using this new geometry, 

the results of which appear in the column (2c). 	This 

geometry was found to be more stable than the other C2. 

structure by 26.2 kcal/mole, making it 59.8 kcal/mole more 

stable than the C 5  isomer. 	Any further reference to 

1,2,-trioxolane applies to structure (2c). 

The two most likely precursors of the Criegee 

zwitterion + formaldehyde are 1,2,3-trioxolane and the 

molozonide. . Cleavage occurs along the dotted lines below. 

These also show the total overlap populations between the 

centres which split apart to form the intermediate. 

7 

	

1701 	 0 
0.1543/ 

0 	1 0 —'--0 fli .1  
0.3638 	. 	0.%89 

0.392 

6 	 VO. 6379 

3679 

The overlap population between centres can be taken as a 

measure of bond strength. Norbornadene, the third figure 

above, is known to cleave readily under mass spectrometry 

conditions to two ions of mass P and (p-26)t 	This 

represents loss of acetylene from the molecule by splitting 

along the dotted line. The calculations on norbornadiene 



TABLE 3 

Total Energies for formaldehyde and the Criegee 
zwitterion. 

H 2  C =.O 	
H2002  

T.E.(au) 	 -113.41306 

1-El. (an) 	 -215.67187 

2-El. (au) 	 70.86911 

N.R.(au) 	 31.38969 

B.E.(au) 	 -0.19604 

B.E. (kcal/mole) 	-123.0 

-187.73977 

-403.52559 

141-52590 

74.25992 

+0.08932 

+56.0 

Figure 2 Total Energies for Formation of 

1,2,4-Trioxo1cne 

,q E (Cu) 

_30U 

-3Qf.4 

0 
/ 	070N0 	H2c02 	

0-0 0-0 
+ 
H2 co (N) 
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using the same basis set (see Section Iv) gave the overlap 

populations above; these predict the correct order of bond 

strength and the bond through which splitting occurs has a 

population greater than that of the ozonolysis compounds. 

Thus fusion of the ozonolysis compounds is quite reasonable. 

1,2, 3-Trioxolane would appear to be less easily split, which 

is consistent with the energy differences between the pre-

cursors and the H 2CO2+ H2CO system (Figure 2). 	These 

energies are 83.6 and 60.6 kcal/mole for 1,2,3-trioxolane 

and molozonide respectively. 	(The calculations on formalde-. 

hyde were based on the experimental geometry, 11  with the 

zwitterion created by adding an oxygen atom to formaldehyde. 

The same exponents and contraction. coefficients were used 

as for the rest of the molecules in this Section. 	The 

energies are shown in Table 3 while exact geometries are to 

be found in Appendix 3). 

Since 1,2,4-trioxolane is formed at very low 

temperatures 10  (-950C), such large activation energies 

would appear to prohibit H 2CO2  ± H200 being formed. However,  - 

recombination to give 1,2,4-trioxolane releases 191.4 kcal/ 

mole. Thus, equating total energy differences to heats of 

reaction, the rearrangement of both 1,2,3-trioxolane and 

molozonide to 1,2,4-trioxolane is exothermic to the extent 

of 107.8 and 130.8 kcal/mole respectively. 	Thus only one 

molecule of 1,2,3-trioxolane  needs to rearrange to supply 

more than enough energy to send another to the H 2CO2  + H2CO 

transition state. 	Therefore, as 1,2,3-trioxolane  is the 

more likely isomer on energy grounds,at lOw temperatures 

LI 
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rearrangement will occur in a smooth manner. In the case 

of the molpzonide intermediate one rearrangement would 

supply sufficient energy to activate two more molecules of 

molozonide to the transition state. 	Thus a chain-reaction 

would be possible and will become increasingly more probable 

as the temperature rises since the formation of inolozonide 

will become more likely. 

This presupposes that recombination occurs to give 

1,2,4-trioxolane and not the starting materials. An important 

factor in controlling the orientation of recombination will 

be the electrostatic interaction between the atoms. 	Below 

are the net charges for the intermediates H2CO2  + H2CO. 

H 	H 02254  

0134 

1 
4 -0.2856 

-0.1517  

H 	H 0.1838 

c/o , 0982 

0 -0.2695 

In both molecules only the hydrogen atoms have a positive 

charge. 	There is then no direct coulombic attraction 

between the big (non-hydrogen) atoms io control the 

orientation. 	However the orientation which leads to the 

least coulombic repulsion is that which gives rise to 

1,2,4-trioxolane. 	This orientation will also minimise 

hydrogen-hydrogen repulsion and maximise hydrogen-big atom 

attraction. 	Thus one would predict on electrostatic 

grounds that recombination will give 1,2,4-trioxolane and 

not the starting materials. 



TABLE 4 

Total Energies for 1,2-ftioxetane, epoxide-0-oxide 
structure, singlet oxygen and ethylene 

OF I 
T.E.(au) 	- 	 -226.74946 

1-El. (au) 	 -573.68613 

2-El. (au) 	 212.84046 

N.R. (au) 	 134.09621 

B.E. (au) 	 -0.31548 

B.E. (kcal/mole) 	-197.9 

0 

/0\ 

-226.64070 

-558.69458 

205.64228 

126.41160 

-0.20672 

-129.7 

I 
02 C2H4  

T.E.(au) -149.08755 -77.68925 

1-El. (au) -260.55097 -167.66885 

2-El (au) 83.41784 56.73247 

N.R. 	(an) 28.04557 33.24713 

B.E. 	(au) +0.13565 -0.47947 

B.E. 	(kcal/mole) +85.7 -300.9 
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The Structure of C 2H402  

Loss of an oxygen atom from the molozonide and the 

perepoxide gives 1,2-dioxetane (6) and the epoxide-0-oxide 

of ethylene (7);  these are the products of parallel and 

perpendicular S  addition of (singlet) oxygen to ethylene, i.e. 

0- 

0-0 

C 2 H4 	I 	I 
	and/or 

(6) 
	

(7) 

Calculations have been carried out on these molecules using 

an option in the IBMOL-4 suite of programmes which allows 

the deletion of atoms from molecules whose integrals have 

already been obtained. 	The only restrictions are that 

the co--ordinates, Gaussian exponents and contraction co-

efficients of the un-deleted atoms must stay the same as 

in the original calculation. 	Besides the molecules 

discussed here, ethylene oxide was obtained in this manner. 

The detailed geometries and symmetry orbitals are to be found 

in Appendix 2. 

The energies of these molecules appear in Table 4, 

together with those of ethylene and singlet molecular oxygen. 

Figure 3 represents graphically the total energies of (6), 

(7) and the systems 2 x formaldehyde and ethylene + singlet 

oxygen molecule. 	The figure shows that both (6)and (7) are 

thermodynamically unstable with respect to formation of 

C2H4  + singlet oxygen, the respective energy differences 
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E (au) 
-226.6 

-226.9 

0 	
0—c. 	

d2 

2H2C0 	CH 

Fig. 3. The C 2HO2  System 

being 70 and 16 kcal/mole respectively. For 1,2-dioxetane 

there is a more favourable decomposition pathway 

decomposition to two molecules of formaldehyde. (The epoxy-

0-oxide would have to rearrange to 1,2-dioxetane before 

forming formaldehyde). 	A reaction scheme consistent 

with these observations is 

- 

•1+ 

A 	2H2C0 



Any epoxide-0-oxide formed would revert to starting 

materials with the principal reaction being formation of 

formaldehyde via a 1,2-dioxetane intermediate. 

Experimentally compounds derived from both epoxide-0-

oxides and 1,2-dioxetanes have been isolated, when the 

reacting olefin is 1,2-diphenylcyclobuteneJ 2  

	

Ph—f 	Ph 

	

0 	0 

JL 	Ph 
Ph 	Ph 

04- 

I! 

Ph 

• 	111+ 

Ph- 	Ph 
	

Ph11' Ph 
OOH 

(a) 
	

(9) 

The diketone (8) is formed in non-polar solvents such 

as benzene or methylene chloride, while the hydroperoxide (9) 

	

is isolated ff'om reactions in methanol or acetone. 	In the 

case of a simpler olefin, tetramethoxyethylene the sole 

product in non-polar solvents is the 1,2-dioxetane 13  (below) 

0 2
-  + 
[\ 

R 	P 

0-0 

R"R 

(10) 
R= OCH3 
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The structure of (10) was determined by spectroscopic methods. 

Decomposition gave the corresponding ester, dimethylcarbonate. 

Carbonyl compounds are also the products from 1,2-dioxetanes 

produced by the action of base on halogenated hydro-

peroxides . 14  

OOH 	 0-0 	R 2CO 

LCH  R 2LCH 2CI 	R 2 2CI 	 H2CO 

• 	 / (11) 

• R=CH 3  

The kinetics of the decomposition of 3,3dirnethyl-1,2-dioxetafle 

(ii) have been studied15  with the activation energy for 

decomposition being 23.0 kcal /mole in carbon tetrachloride 

The existence of 1,2-dioxetanes in ozonalysis reactions has 

also been inferred by Story and his co-workers, 16 who 

postulated the existence of 3_spiro_cyclohexyl-4,4--dimethyl 

-1,2-dioxetane (12) when the corresponding 1,2-diol was 

isolated after reacting the crude ozonolysis product with 

LiA1H4. 

C 
 0-0 

PR2  
LIAIH4 Cy~

OH OH  
_JR'2  

(12) 
	

R==CH 3  

Thus experimentally, the evidence definitely favours the 

formation of 1,2-dioxetanes in non-polar solvents. Since, 

with the exception of gas-phase reactions, this system is 
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the best for comparison with calculated resultsi there is 

fair agreement between the calculated predictions and 

experimental results. 	The charge distributions and dipole 

moments of (6) and (7) are shown below. 

.3453 

0-0 -0.2192  

L 1  -0.2529 
2361 

4.97D 
	 2.61D 

Again, the charge distribution in the epoxide-O-oxide 

does not reflect the O-.O as is usually written, the reason 

for this being the same as for the molozonide and peroxy-

epoxide molecules. However the formally 0 atom has a very 

negative charge at the expense of the rest of the atoms in 

the molecule and gives rise to the high dipole moment. Indeed 

this is almost twice as large as that of 1,2-dioxetane. 

Orbital Energies and Ionisation Potentials 

The photo-electron-spectra of formaldehyde, 16 

ethylene 17 and ethylene oxide 18 have been reported in the 

literature. 	Figure 4 shows how the calculated orbital 

energies compare with the experimental ionisation potentials 

for these moledules. 	Included also is the correlation for 

ozone; due to contamination by 0, the observed spectr 19  

of 03  is in some doubt. 

0.1823 

2334 



TABLE 6 

Orbital Energies and Ionisation Potentials (in brackets) 

H 2  C = 0 

	 U 	C2  H4 0 3  

A 

-561.5 

-313.59 

-39.85 

-24.16(-21.0) 

-17.95(16.0) 

B12 

-20.31(16.9) 

-12.95(10.86) 
Bj 

-15.92(14.40) 

A1  

-559.89 

-312.19 $ 

-40.31 

-26.58 

-19-03(16.6) 

-14.00(11.7) 

B 2  

-312.19 

-24.82 

-16.02(13.7) 
B 1  

-20.88(17.4) 

-13.46(10.57) 

A 2  

-16.27(14.20) 

A 	 A. 
- 

	

-310.59 	-570.31 

	

-29.79 	-562.33 

• -17.50(14.47) -47.88 

3u 	-28.98 

	

-310.56 	-22.28(19.3) 

-22.58(18.87) -14.54(13.5) 

2u 	 B2 

-18.81(15. 68)-562-34 

-38.54 

-14.95(12.38) -20.72(17.0) 
B lu 	-15.08(13.5) 

-12.66(10.51) 	P1 
$ 	 -21,70(19.3) 

A, 

-12.80(12.52) 
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TABLE 5 

Total Energies of 0 3  and Ethylene Oxide 

° 03 	 /\ 

T.E.(au) 	- 	-223.58435 	-152.24769 

1-El. (au) 	 -443.34573 	-353.58644 

2-El;(au) 	 151.20407 	126.23665 

N ? R. (au) 	 68.55731 	75.10210 

B.E. (au) 	 +0.25195 	-0.42578 

B.E.(lccal/mole) 	+158.1 	-267.2 

Table 5 shows the total energies of ethylene oxide and 

ozone, while Table 6 contains the experimental ionisation 

potentials and calculated orbital energies for the four 

molecules mentioned above. 	Excluding the values for ozone 

because of the experimental uncertainty, the remaining 16 

points yield a least squares evaluated line of equation 

iP(expt) = 0.877 IP(calc) - 0.502 with a standard deviation 

of 0.036 and 0.642 in the slope and intercept respectively; 

the overall standard deviation is 0.486. 	This best 

straight line and the points for it are shown in Figure 5. 

Taking this best straight line it is possible to 

obtain a set of predicted experimental ionisation potentials. 

Table 7 contains the calculated and predicted experimental 

IPs for the three ozonolysis intermediates (1), (4) and (5). 

The predicted experimental values are those obtained from 

the calculated orbital energies of less than 26ev since the 

calculated data used to obtain the best straight line did 

not extend beyond this value. Table 8 contains similar 



TABLE 7 

Calculated IP's and Predicted Experimental IP's - 
Ozonolysis Intermediates 

(1) (4) 
' (5) 

Pred. Pred. Pred. 
Caic. Exp. Caic. Exp. Calc. Exp. 

562.74 A 562.86 A' 565.30 
561.51 561.67 561.25 
312.77 555.14 551.94 
46.79 313.47 314.81 
33.92 313.29 314.49 
26.65 22.87 46.23 45.63 
21.52 18.37 34.52 39.58 
17.41 14.76 31.38 31.74 

B 
15.33 12.94 29.69 27.19 23.34 

2 561-.51 23.38 19.99 25.80 22.12 
312.78 21.24 18.12 21.20 18.08 
3950 20.60 17.56 19.71 16.78 
26.33 22.58 16.58 14.03 17.53 14.86 
18.55 15.76 15.16 12.79 13.74 11.54 
15.81 13.36 11.32 9.42 8.66 7.09 B1 
22.81 19.50 	All 23.05 19.71 	A" 21.95 20.41 

.18.87 . 16.06 18.25 15.50 19.11 16.25 
11:02 9.16 17.83 15.08 18.07 15.34 A2 19.06 16.23 12.84 10.75 14.44 12.16 
14.14 11.89 10.77 8.94 7.47 6.05 



b2 

12 	 16 	 20 

20 

16 

12 

Fig. 5. Calculated v. Experimental Ionisation Potehtials. 

values for other species likely to occur during ozonolysis. 

From these tables it can be seen that all the 

compounds which contain the formal 0-0 charge distri-

bution are characterised by two ionisation potentials of 

less than 10ev. 	Indeed, of the molecules which do not 

have this structure, only 1,2,•3-trioxclane has any IF 

below 10ev. 	Such low ionisation potentials are 

characteristic of very highly localised molecular orbitals; 

for example in the spectra of tertiary amines and amine-N-

oxides, the first experimental ionisation potential of 

pyridine.-N-oxide being 8.4ev. 20  As an example of how 

localised these orbitals can be the eigenvector for the out- 



560.39 
312.54 
45.05 
30.26 
20.55 
19.47 
_1 	irc 

lB _.a 560.46 
312.55 
32.73 
22.74 

B1 13.95 
22.08 

- 16.80 
A2 17.45 
- 11.14 

H2CO2  

Pred. 
Cale. Exp. 

ÀY. 562.15 
559.17 
315.12 
45.17 
32.95 
25.32 
20.33 
17.95 
11.00 

All 	22.25 
16. 28 
11-39 

(6) 

Pred. 
Cale. Exp. Cale. 

L. 564.79 
552.90 
313.65 
43.72 
34.74 
25.78 
19.34 
15.82 

B2 313.64 
- 26.29 

19. 31 
9.30 

Pi 	17.72 
8,83 

17.34 

(7) 

21.70 
17.32 
15.24 
9.13 

19.00 
l377 
9.48 

17.52 
16.57 
13.05 

18.44 
11.73 
18.86 
14.23 
14.80 
9.26 

TABLE 8 
Calculated IF's and Predicted Experimental IF's - Other Molecules 

(2c) 

Fred. Fred. 
Exp. Cale. Exp. 

A 	561.48 
- 	 559.75 

313.79 
43.22 
38.18 

22.10 25.08 21.49 
16.46 21.00 17.91 
13.37 19.46 16.56 

16.43 13.90 
22.54 15.16 12.79 
16.43 13.42 11.26 
7.65 B 	561.52 

14.60 - 	 313.81 
7.24 35.71 

14.70 26.34 22.59 
21.71 18.53 
18.36 15.59 
17.32 14.68 
15.25 12.87 
13.00 10.90 
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of-plane atomic orbital in the molecular orbital of lowest 

IP for the molozonide structure is 0.891. 

Since these orbitals are heavily localised they will 

not be greatly affected by replacement of hydrogen atoms 

by other substituents, provided that such substituents do 	N 

not themselves have localised orbitals. 	Thus, monitoring 

of an ozonolysis reaction by photo-electron spectroscopy 

would give valuable insight into the species which were 

presept if the spectrometer could scan fast enough. 

Similarly for the reactions of singlet oxygen with ethylene, 

detection of epoxide-0-oxide would be possible. (In this 

case the measurement of the dipole moment would serve as 

confirmation of what the end product was, since that of the 

epoxide-0-oxide is very large and almost double that of 

1, 2-dioxetane). 

There is one major drawback to attempting to detect 

the presence of ozonolysis and related intermediates. Since 

ozonolysis is by necessity carried out at very low temperatures 

it may not be possible to obtain a high-enough concentration 

of intermediates in the gas phase. 	The technique of ESCA 

spectroscopy circumvents this problem. 	The orbital energies 

of approximately 560ev correspond to molecular.. orbitals 

which are largely localised on the oxygen ls. levels and may 

thus be assigned to a particular atom. 	The orbital 

energies can be found in Tables 7 and Sand are assigned 

to the atoms (below), where the carbon ls levels are also 

included. 



Lf\ N. 
H H 

co 

3±d2 
0-0  

57d 31  
0#s "N%  

%2.33 

551.94 a 

/ 	
562.74 

? 561t25 	0/ N0561 
51  

0565.30 

314.81 314.49 	
312.77 

555.14 
0 

\ 62 . 8 56l67 

313-143. 29 
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561,48 0___
- 0 

560.42 /  00 \ 313.79  Lj  
75 	 312.54 

55.90 

/

0 64.79 

313.65 

The molecules with oxygen atoms which are formally written 

with a negative charge have very low oxygen ls ionisation. 

potentials. 	Although the population analysis does not 

suggest a unit negative charge on these atoms they are 

always the most negative in the molecule. 	It would thus 

be expected that they would be the easiest atoms from which 

to remove an electron, i.e. they would have the lowest 

ionisation potential. 	The formally +1 atoms would be 

expected by the same argument to have high ionisation 

potentials, as indeed they do have. 	The carbon is levels 

are virtually unaffected with the sole exception of the 

Criegee zwitterion, where the ionisation potential is 2eV 
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One-Electron Properties of Ethylene Oxide and l,2,4-Trioxolane 

Property 	 Components " p., H40 	 C 2  H  4  0 3 
Ca1c. 	Expt. 	Calc; 

Dipole Moment 	 1.57 	1.88 	0.92 

Quadrupole Moment 	Q7 	 1.64. 	25 '4- 0.4 	7.97 

QYY 

	

-3.64 	0.5 	-8.01 
Q 	 2.00 	1.8 ± 0.8 	0.04zz  

2nd Moment 	 gxx 17. 17 16.3 ± 0.4 	39.31 
(electronic) 

	

14.02 	13.3 ± 0.4 	35.64 

gzz 	 7.58 	6.8 ± 0.4 	11.63 

gxz 	
- 	 - 	 0.67 

Diamagnetic 	 -91.64 -85.4 ± 0.9 	-200.52xx  Susceptibility 	X 	 -105.01 -97.7 ± 1.1 	-216.11 (electronic) 	 yy 

	

-132.30 -125.4 ± 2.0 	-317.97 
X 	 . - 	- 	 2.85 

zz-j-(xx + yy) 	-33.98 	-33.85 . -109.66 

Units. 
Debye 

10_2Gesu. cm2 

l0_16cm2  

10-6 erg/(G2.mole) 
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higher than the rest of the carbon atoms. It would appear 

from this that, of the two possible structures for the 

zwitterion, resonance form (a) would appear to predominate. 

H2C-O-O 	C 	) H2C=O-O 

(a) 	 (b) 

While calculations using minimal basis sets tend 

to overestimate core ionisation potentials, and differences 

between core levels, the differences in these molecules are 

sufficiently large to enable one to detect the presence of 

molecules with formal 	charges. 

One-electron Properties of Ethylene Oxide and 	 4-TLioxol ane  

Using the SCF eigenvectors, together with information 

regarding the co-ordinates, Gaussian exponents and contraction 

coefficients it is possible to calculate many one-electron 

properties of molecules. 	Several of these have been 

experimentally obtained for ethylene oxide, 
21  and are 

presented in Table 9, together with the corresponding 

properties for 1,2,4-trioxolane. 	All the properties have 

been evaluated at the centre of mass, using the carbon-12 

scale ( 12c = 12.00000). 	the orientation of the molecules 

is such that the C 2  axis is the y-axis, the z-axis is 

perpendicular to the mean ring plane, with the x-axis 

perpendicular to these two. 

Overall there is reasonably good agreement with 

experiment. 	Where the experimental data refers to electronic 

properties only, the calculated values are greater than 

experimental. 	The situation is reversed when-the experi- 

mental quantity consists of both nuclear and electronic terms 
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i.e. in this case the calculated value is less than the 

experimental. With the exception of quadrupole moment 

the calculated values have the correct relative component 

magnitudes. 	In the case of quadrupole moment the 

experimental error is sufficiently large to allow the - 

reversing of the Q and Qyy  terms, thus bringing them into 

agreement with the calculated values. 

The experimental method used for determining the 

properties (except dipole moment) allows the possibility 

of two sets of values. 21 For example the quadrupole 

moment alternatives for the xx, yy and zz components are 

-22.9, 3.4 and 195 x 10_26esu . cm2  respectively. 	The 

figures in Table 9 represent those that Flyare and his co-

workers thought most likely; the calculated values 

endorse his choice. 

Since the agreement for the properties is good for 

ethylene oxide, the predicted values for 1,2,4-trioxo1ane 

should be in reasonable agreement with experimental data. 

Summary 

Using ethylene as a model the ozonolysis of olefins 

has been investigated. 	Of the three proposed reaction 

intermediates 1,2,3-trioxolane is the preferred initial 

product, with the Staudinger molozonide slightly inferior 

in energy. 	The rearrangement of -these via the Criegee 

zwitterion to 1,2,4-trioxolane has been investigated as 

has the geometry of this last compound. 	Simultaneous 

calculations on the ethylene-singlet oxygen yields a reaction 

scheme consistent with experimental observations. 	The 
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ionisation potentials and one-electron properties have been 

favourably compared with experimental data. 	Such comparisons 

have been used to predict further experimental information. 
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II. AZOLES 
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Introduction 

There has been much work done on the electronic 

structure of the five-membered nitrogen heterocycles, 

the azoles (below) 

0? N 	 _iq 

ON 	X - CO) 
Pyrrole 	 Pyrazole 	Imidazole 

(— NN,

N  

1, 2, 3-Triazole 	1, 2, 4-Triazole 	Tetrazole 

The electronic structure calculations have ranged from 

empirical' through semi_empiri cal 2_6  to non-empirical7 ' 8  

calculations. 	Various ground state properties such as 

dipoles moments '' 	ionisation potentials 2,3,5,7,8 

charge distributions 1-8 and tai.xtomerism 46  have been 

investigated; ultra-violet transitions have also been 

studied. 2,6  In general the agreement between experimental 

and calculated values is reasonable for all methods, but 

of course in many of the empirical and semi-empirical 

methods such experimental data is used for calibration. Of 

the non-empirical calculations, that of Clementi on pyrrole 7  

was based on a geometry9  which has since been superseded by 

a microwave determination. ° Berthier's calculations 

on pyrazole8  and imidazole8  used geometries based upon 

averages from data on other molecules, and hence enforced a 
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standardised situation which allowed no special exceptions 

for these molecules; he also used a different basis set 

from reference 7. 	There is thus no consistent set of 

non-empirical calculations on the azoles. 	Calculations 

have therefore been carried out on all of the azoles with 

the same basis set, using experimental geometries where 

possible. 

Minimal basis sets were used with the carbon and 

nitrogen being represented by seven s-type and 3 x three 

p-type functions. Hydrogen was represented by three 

s-type functions. 	Full data of Gaussian exponents and 

contraction coefficients are to be found in Appendix 2, 

Tables 1, 2 and 3  for hydrogen, carbon and nitrogen 

respectively. 

The recent microwave structure for pyrrole' 0  was used, 

while imidazolej '  pyrazole, 12  1,2,4-triazole13  and 

tetrazole were taken from crystal structures (in the 

case of tetrazole the 5-amino derivative was used). The 

geometry of 1,2,3-triazole  was based on the remaining azol?s. 

For càldulations on isolated molecules the ideal structure 

is one determined by gas phase methods, i.e., microwave or 

electron-diffraction spectroscopy. 	While the rotational 

16 
constants of pyrazole, 15  imidazole 	and 1,2,4-criazole 17  

have been reported some years ago, the full details of 

geometries have never appeared. 	- 

Full details of the geometries used are given in 

Appendix 2 along with the symmetry orbitals. For all 

molecules the out of plane axis is the z-axis so that 

pz 	PU. 



TABLE 1 

Total Diergies for the Azoles 

T. E. (eu) 
1 El. (eu) 

2 El. (eu) 
N. R. (eu) 
B.E. (eu) 
LE. (kcal/mole) 

Pyrrole 

-208.04264 

-595.83665 

266.69231 
161.10170 
-0.84039 

-526.6 

Pyrrole7. 

-207.93135 

160.78558 
• -0.83779 

-525.7 

Pyrazole 

-223.73266 
-628.84177 
238.04159 

167.06752 
-0.36163 

-226.9 

Pyrazole8  

-223.823. 

-0.568 
-356.4  

Imidazole 
-223.93474 
-624.87695 
236.44661 
164. 49560 
-0.56367 

-353.7 

Imidazole8  

-223.849 

-0.594 

-372.7 

1,2, 3-Triazole 

_239.8L985 
-655.29297 
246.76871 
168.67440 
-0.31110 

-195.2 

1,2, 4-Triazole 
-239.80328 
-653.40207 

245.81027 
167-78851 
-0.26453 

-166.0 

Tetrazole 

-255.80079 
-675 .71377 

252-31150 
167. 60148 
-0.09435 

-59.22 
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Total Energies 

The total energies of molecules (i)-(6) are recorded 

in Table 1, together with Clementi's results for pyrrole 

and Berthier's for pyrazole and imidazole. 	In the case 

of pyrrole the present total energy is better than that of 

Clementi. by 0.11 au. 	This can largely be explained by 

the difference in the basis sets used, since the improvement 

in binding energy is very much smaller (0.003 au.).. 

Berthièr's calculation on pyrazole is better than that 

reported here, both in terms of total energy and of binding 

energy. By comparing the binding energies of the two 

calculations the effects of differing basis sets are 

minimised, leaving only geometras the difference between 

the calculations. 	It would thus appear that Berthier's 

standard geometry is a better approximation to a gas-phase 

structure than the crystal structure of reference 12; such 

a result is not too unexpected since pyrazole exists as a 

hydrogen bonded polymer 12  and the geometry used was one unit 

of this polymer. 

The situation is different in imidazole in that the 

total energy from Berthier's calculation is considerably 

worse than the present one while his binding energy is 

marginally better. 	It would thus appear that his geometry 

is slightly nearer that which will be found from a gas-

phase determination. •Thus neither of these molecules have 

strongly unique geometric factors. 

As the number of nitrogen atoms in the ring increases 

the binding energy decreases. 	There are two factors 
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contributing to this:- 1) a C-H bond which contributes 

considerably to the bonding in the molecule is replaced by 

an almost non-bonding nitrogen lone pair orbital; 2) the 

u-system becomes increasingly more localised on the 

nitrogen atoms because of their considerably greater 

electronegativity. 	The decrease in magnitude of the binding 

energy from pyrrole to the average of the diazoles (Berthier's 

calculations) is 162.6 kcal/mole; from there to the average 

triazole figure and thence to tetrazole the values are 

153.4 and 94.2 kcal/mole respectively. 	On this basis 	it 

is likely that N 5 
 H should exist as atoms rather than as the 

molecule pentazole. 	Using thermochemical data from the 

"jAT'TAF Thermochemical Tables" for atoms and " Thermo chemi stry 

Of Organic and Organometallic Compounds" (by J. D. Cox and 

G. Pilcher, Academic Press, 1970) for pyrrole, imidazole 

and pyrazole the experimental binding energies are -1.640, 

-1.465 and -1.445 au. respectively. 	The relationship 

between experimental and calculated binding energies is 

then given by B.E.(exp) = 0.733 B.E.(calc) -641 kcal/mole. 

It is then possible that the intercept would he sufficiently 

large for pentazole to exist (see pentazine and hexazine in 

Section in). 	Decomposition to HN 3  and N2  is another 

possibility, the likelihood of which cannot be estimated 

without calculations on these molecules. 

Orbital Energies and lonisation Potentials 

The photo-electron spectrum of pyrrole has been 

reported by' several authors; 19,20,21 while there is general 

agreement that the two lowest ionisation potentials should 
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Figure 1. Photo-electron Spectrum of Pyrrole, 

Imidazole and Pyrazole 
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be assigned to the two top u-levels, there has been no 

completely convincing assignment of either the third 

u-leve.l or the a-levels. 	Lindholm, using his spectro- 

scopically parameterised version of the INDO program 21  

(SPINDO), predicts a set of energy levels for pyrrole 

which fits the observed spectrum very well. However such 

success depends on the accuracy with which the parameters 

were obtained, and if based on wrong assumptions (say 

regarding the ordering of the molecular orbitals) may be 

entirely fortuitous. The spectra for all the azoles have 

been recorded; those for pyrrole and pyrazole agree with 

those previously pblished while there is no data on the 

remaining azoles to date. 

The spectra of the azoles appear in Figures 1 and 2 

They were recorded on a Perkin Elmer P516 spectrometer 

which had a resolution of 30m eV for bands in the region 

of 10 eV. 	Commercial samples of pyrrole, pyrazole, 

imidazole and 1,2,4-triazole were used, while standard 

synthetic methods were used to prepare 1,2,3-triazole 22  

and tetrazole. 23  Pyrrole, purified by distillation and low 

temperature crystallisation, was admitted to the spectro-

meter via a volatile sample manifold inlet. 	The remaining 

azoles were introduced via a direct insertion probe in the 

temperature range 25-75 °C, the lowest temperature giving a 

satisfactory spectrum being used. 

To facilitate the correlation of orbital energies with 

experimental ionisation potentials the original (delocalised) 

molecular orbitals were transformed into hybrid orbitals 

using Coulson's method. 24  This allows one to take linear 
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Figure 2. Photo-electron Spectrum of 1,2,4-Triazole, 

1,2,3-Triazole and Tetrazole 
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combinations of $ and p orbitals on the same centre and to 

generate hybrid orbitals pointing in any direction provided 

that the angle between any pair of hybrid orbitals is greater 

than 900. 	For the azoles the 2s, 2px  and 2p 
  were formed 

into hybrids of pseudo-sp 3  type, the directions being 

chosen such that they pointed directly to neighbourih atoms 

(in the case of )C-H and N-H); forlone-pair type 

nitrogens ( N:) the lone pair was assumed to be along the 

bisector ofthe external angle. 	Figure 3 shows the direction 

of some of the hybrid orbitals of 1,2,3-triazole; the 

relative amounts of 2s,.2p x9  2p  for these hybrids are shown 

in Table 2. 	This Table also shows the ovurlap integral 

between hybrid orbitals on the same centre; Coulson's method 

depends on these overlaps being zero - as can be seen they 

are sufficiently small to be considered zero. 

TABLE 2 

Analytical Form of the Hybrid Orbitals of Figure 3, with 
Overlap Integrals between Hybrids on the 

Same Centre 

Orbital s x 

Yl  1.0 -0.00280 1.06815 !ll2 -0.10 x 10-11  

1.0 -1.36738 -0.93978 Y 1 ly -0.15 x 10 13  

1.0 1.37228 -0.93260  !2Y 7  0,34 ç 10
-10  

1.0 1.46304 1.00552 -0.15 x 10
-11  

1.0 -0.90742 0.32580 Y 46 -0.80 x 10-11  

Y5 1.0 0.48933 -1.70649 Y5 Y6  -0.64 x 10-11  

As a second stage the hybrid orbitals were combined 

into bond orbitals. For example, from Figure 3,  two bond 
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orbitals are Y + '1 4  and T, + H; there were of course the 

corresponding antibonding pairs. 	As is to be expected 

these transformations had no effect on the total energies 

nor on orbital energies. 	Using all 3  sets of SCF solutions 

(delocalised, hybrid and bond orbital) it is possible to 

obtain the principal character of each orbital. 	These 

characters have been listed, together with orbital energies 

in Tables 3.1-3.6 inclusive. 	The results are' presented 

by irreducible representation; except in the case of 

pyrrole, the azoles are of C 5 .symmetry giving A' and All 

representations, with A' being sigma- and All being pi-type. 

The sigma representations in pyrrole are A-,  and B 2  and pi 

are B1  and A2 ;•• for simplicity the orbitals have been 

assigned to a and iv types with A', A l  and B2  being a and 

A'T, B1  and A2  being iv. 	Only in the case of pyrrole is 

there likely to be confusion, so the orbital energies have 

been labelled lc 	15a  and liv - 3u in Table T..l. 

The orbital energies fall into several regions, the 

first of which is the core-level region. 	This comprises 

the orbitals la - 50 which are highly localised is levels, 

having eigenvectors of approximately 0.98-0.99. 	The 

nitrogen atom to which a hydrogen atom is attached (N i  in 

all cases) has the highest binding energy (most negative 

orbital energy) while a nitrogen atom in the a-(2,5)-

position is more strongly bound than one in the 0-(3,4)- 

positions. 	The carbon is levels move smoothly to higher 

binding energy as more nitrogen atoms are incorporated into 

the rings. 	On electronegativity grounds the nitrogen will 
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TABLE 3.1 

Orbital Energies and Principal Character of Pyrrole 

Eigenvalue (eV) 	Principal Character Centres/Bond 
Orbitals 

Al  

-427.9 (icr) is N 

-311.0 (2cr) is 

-309.8 (4) is 

—36.95 (6cr) 2s N(Ca+ c) 

-30.01 (7cr) 2s C;. -N 

-22.93 (9cr) 2s CN 

-21.29 (11cr) 2Ca$' Is H C a  H 	CC 

-17.68 (12cr) 2PCaPI 2p, 	ibH NH, CC 

• -16.02 (iso- ) 2p0, 1STJ C8H, 	CBCS 

B 2  

-311.0 (39) is 	- 

-309.8 (5cr) Is (3 
--28.27 (89) 2s Cap ,  2N CaC; + C a  N 

-22.23 (10cr) 2 C' 2yCa' 2p CaCi - 

-17.31 (139) 2p 
XCI 1 H 

-16.37 (14cr) 2xC' 2Py•' 	As
H CH, CaC 

B1  

-17.69 (iu) 2p zCN  ("A") 

-11.65 (27) 2P zCN  ("E") -N, CC 5  

A2  

-10.34 (37) 	2p zC("E tt ) 	 CaCi 
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TABLE 3.2 

Orbital Energies and Principal Character of Pyrazole 

Eigenvalue (eV) Principal Character Centres/Bond 
Orbitals 

A' 

-429.7 is N1  

-426.9 is N2  

-312.2 is C5  

--311.5 is  P3 
-310.6 is C4 

-39.95 2s ("A") N, C 

-32.32 2s ("E") N1C5  - N2C3  

-30.81 2s ("E") C3C,C5  - N1N2  

-24.77 2p, isH NH + C 3H 

-24.07 2p, 1H C3H+C5H-C4H. 

-22.79 2p, 1H C5NJ , C4H+C5H 

-19.24 2p, 1H NH - C 
3 
 H 

-18.59 2p, 'SH C4  	- C 
5 
 H 

-17.58 2p9 1H C 4  C 5 - C3C4  

-13.84 SP2 N2  

Flu 

	

-19.15 	 2p ("A") 	 N1, C 

	

-13.01 	 2p ("E") 	 N 2  C 3 
 C 4 - N1C5  

	

-11.32 	 2p ("E") 	 N1N2  - C2C3 
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TABLE 3.3 

Orbital Energies and Principal Character of Imidazole 

Eigenvaiue (eV) Principal Character Centres/Bond 
Orbitals 

A'. 

-428.3 is Ni  

-425.5 is N3  

-312.1 is C2  

-311.5 13 C5  

-310.9 is C4 

-38.69 2N,C ("A") N, 	C 

-33.31 2N,C ("E") C5N1 - C 4  N 3 

—29-39 2sN,C 
("E") CC5 	N3C2N1H 

-23.79 2 M,C' 	2 NC' 	1H NH, CM 

-23.71 ti " 	 " C4  	- C 5  H 

-21.84 " 	 " C2  	+ C 
5 
 H 

-H18.59  2 N,C' 	1H C4C51 
 NH 

-17.60 2 N,c' 	1H C2NJ C5 , C 2H-05H 

-17.33 sp2, 	1H C2H-C4H, C2N3C4  

-12.83 sp 2  N3  

All 

-18.57 2p 	("A") N,C 

-12.71 2p 	("E") CrC 

-11.17 2p3  ("E") CC, NCN 

rat 



TABLE 3.4 

Orbital Energies and Principal Character of 1,2,3- 

Triazole 

Eigenvalue (eV) Principal Character Centres/Bond 
Orbitals 

A' 

-429.4 is Ni  

428.2 is Na 

-427.0 is N3  

-312.5 is 05  

-311.5 is 04  

-42.03 2s ("A") Iql + N2  + N3  

-34.69 2s Ni  - N3  

-31.98 2s N2  - (04  + c5)' 

-25.18 2s 2p 	1H NH, N3C4 , C4C5  

-24.09 2s 2p 	1H NM + CN, C 4  H - C 
5 
 H 

-22.85 2p 1H CM, C4FI + C 
5 
 H 

-18.85 2p iSH C4C5 , NH - C 
5 
 H 

-18.47 2p 1H C4I1 	ON 

-15.16 2 
w3  + N2  

-12.81 sp2  N3  - N2  

All 

-19.90 2pz N1i-N2 + N3 +c4 +C5  

-13.71 2pz N3C4  - N1C5  

-12.35 2p z (NI  -i-N2+N3)-(c4+c5) 

19 



'TABLE 3.5 

Orbital Energies and Principal Character of 1,2,4- 

Triazole 

Eigenvalue (dv) Principal Character Centres/Bond 
Orbitals 

At 

-429.5 is N1  

-427.5 Is N2  

-426.2 Is N4  

-313.1 is C5  

-312.1 is C3  

-41.13 2s 	(fIAIT) N1+N2+N3 , C3+C5  

-34.40 2s ("E") N1N2  - C5N4C3  

-32.73 2s 	("E") C5N1  - C 3N2  

-25.07 2s 2p 	1H 
C5H+N3Ni-C3N4 

-24.68 2s 2p 	1H C 3 H + NH 

-22.90 2s 21) 	-IsH  C 5 H + N1C5N4  

-19.02 2p N2C3N4  

-18.76 2p C 3 H + CN 

-14.92 SP 2 N2  + N4  

-13.34 sp 2  N2  - N4  

AT? 

-19.72 2p ("A") N1+N2+N4+C 3+C5  

-13.42 2p z  
("") 

Ni  - C 3 
 N 4 

-12.50 2p 
( 11 u) C 

3 
 N 2 - N 4  C  5 
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TABLE 3.6 

Orbital Energies and Principal Character of Tetrazole 

Eigenvalue (eV) Principal Character Centres/Bond 
Orbitals 

At 

-429.7 is N1  

-429.0 is N2  

-428.0 15 15 

-427.0 is N4  

-313.8 is C5  

-43.09 2s ("A") N1+N2+N3+N4 , C5  

-35.80 2s ("E"•) N2-'-N3  -2N4  

-34.55 2s ("E") N1+N 2  - (N3+C 5 ) 

-26.08 2s 2p 	i s H NH 

--25.35 2s 2p 	is  N 1  N  2 + C 
5 
 H 

-23.26 2s 2pH 1H C 5 
 H -I- CN 

-19.56 2p N 1  N  2  N 3 
 N 4 

-16.70 SP  N2+N3+N4 

-13.73 sp 2  ("E ll ) N2  - N4  

-13.50 sp2  215 - N2  - N4  

All 

-20.46 2p ("A") N1+N2+N3+N4-'-0 5  

-14.47 2p ("E") N 1  C 5 - N2N3N4  

-13.24 2p ("E") N1N2  - C 
5 
 N 4 

rri 

F' 



require more of the electrons than did the carbon it re-

placed; consequently the remaining carbons will have a 

smaller share of the electrons, thus becoming more positive, 

resulting in a higher binding energy. 	The separation of 

the energy levels for each element is quite large (1-2 (-V) 

but is likely to be larger than that found experimentally. 

In any case gas phase measurements would be necessary for 

comparison purposes as the molecules form hydrogen bonded 

polymers in the solid state. 

The next region consists largely of 2s orbitals of 

nitrogen and carbon. 	These correspond to the A1+ E 

orbitals of the cyclopentadienyl anion. 	The orbital 

., 	- 	--$-$,-, 	-f 	.11 	4-t, 
± 	 LJL) ) s5 a posi t ive Lumu.aa t,SUiL U4 a44 LLIC 

2s levels with nitrogen predominating. It is therefore to 

be expected that Ga will become more and more binding as the 

number of nitrogen atoms in the ring increases. 	The E 

representations have one nodal plane in the cyclopentadienyl 

anion; the site of this nodal plane in the azoles' pseudo-E 

orbitals (7a, 8a) is controlled in most cases by the 

nitrogen atoms. 

TABLE 4 

2s Levels in Pyrazole 

6o(A1 ) 	0.500N1 + 0.358N2  + 0.132C 3  + 0.096C4  + 0.168C5  

7a("E") 0.424N1  - 0.359N2 - 0.353C 3 	 + 0.245C5  

8a ("E") 0.213N1 + 0.331N 2  - 0.165C 3  - 0.398C4 - 0.305C5 

Thus for pyrazole (Table 4) the nodal plane is either 

parallel (So) or perpendicular (7a) to the N-N bond. A 

similar situation exists for 1,2,4.-triazole. Th& only 
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example where the nodal position is not determined purely 

by symmetry with respect to the siting of the nitrogen 

atoms is in 1,2,3-triazole, where the division is into 

bonding regions with CC + NN (Sc) and CN + CNN (7c) 

character rather than 2CN (8a) and CC +NNN (7o). 	The two 

separately strongly bonding NT regions obtained are 

evidently more favourable than the NT'IN system. 	The split 

in the pseudo degenerate energy levels is much larger for 

1,2,3-triazole (2.71 eV) and imidazole (3.92 eV) than for 

the other compounds (1.6 eV). 

For molecules with one or two nitrogen atoms the 

comparatively small amount of delocalisation of nitrogen 2s 

with carbon 2s, 2p. and nitrogen 2p can be understood in 

terms of the free atom orbital energies which are, 18 in the 

Hartree-Fock limit;- N, 2s, 25.72eV; N, 2p, 15.44 eV; 

C, 2s, 19.20 eV; C, 2p, 11.79 elf. 	For molecules con- 

taining three nitrogen atoms, the splitting of the atomic 

2s nitrogen levels on molecular formation leads to the 

overlap of nitrogen and carbon 2s levels, in turn .giving 

rise to very delocalised orbitals. 	This is evidently 

what occurs in the 6c-8a orbitals in 1,2,3-triazole. 	- 

The He II photo electron spectrum of pyrrole 25  covers 

this region of orbital energies. 	Some of these are also 

accessible to He I and it is found that the He I is less 

intense than the corresponding He II spectrum. Since, for 

He 'I excitation the cross-section of an s-orbital is less 

than that for a p-orbital (the reverse holds for He II 

excitation) it is plausible on this basis to assign the 

five a orbitals (6c-10a) to the 2s orbitals in this region. 

This is consistent with the principal character of the 



TABLE 5 

Vertical Ionisation Potentials (eV) and Assigned Energy Levels 

Regions Pyrrole 

3.23 	1A 2 

Imidazole Pyrazole 

9.15 	3M 

1,2,4-Triazole 1,2,3-Triazole  Tetrazole 

8.78 	3A" 10.0 	3M 10.06 	3M 3A" 3A" 
11.3 11.3 (lsA' 

9.22 	2B   ( 	
2At' 9.88 	2AT' 10.56 15A' (15AI 

( 

10.3 ç 10.9 	
( 

(14A. 

12.85 	9A1 - ------L1L_ !2d_.JLH 11.1 	2A" ( 2A" 

- 12.15 14At 12.1 	14A' 12.1 	2A" 

13.65 	6B,. 13.7 	14A 7  Cl' 13.63 13A' 
- 13.6 	( 

14.3 	5B, 14.0 	13A' (13A' 14.6 	13A 1  13A' 
C-  15.0 

8A1  14.7 	lÀ" 14.7 	lÀ" 15.1 	12A' 12A' (12A' 
14.7 16.1 	( 

lB1  15.3 	12A' 115.1 	12A' 16.0 	lÀ" 15.6 	lÀ' ( 
lÀ" 

17.5 	7A1  17.9 	hA' 17.5 	hA' 18.2 	hA' 17.6 	111' 18.5 	Ilk' C 
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orbitals 6a-I0a for pyrrole. 

Of the eighteen molecular orbitals, ten have so far 

.been accounted for; there are thus eight (five a and 

three TT) still to be assigned, all of which are accessible 

to He I excitation. 	The observed spectra up to 20 eV 

may be separated into three distinct regions (Table 5). 

Region A, which extends from 8-10 eV in pyrrole, moves to 

higher binding energy as nitrogen atoms are substituted 

for C-H groups, and is at 10-14 eV in tetrazole. It 

contains two or three more or less separated bands, some 

or all of which show resolved fine structure. 	Region B 

begins some 2 eV to higher binding energy than region A 

for each molecule and contains a set of strong overlapping 

bandstth no resolvable vibrational structure. 	It extends 

over about 3 e for pyrrole reducing gradually to about 

1. 5 eV for tetrazole. 	Region C consists of a single band 

of moderate intensity and no vibrational structure with 

vertical IP 17.5-18 eV and with a downward trend from 

pyrrole to tetrazole. 

Substitution of OH by N in the ring will transform 

one - level from largely )C-H to>N:lone pair. The 

binding energy of the orbital in this substitution will thus 

be markedly decreased, while the reverse tendency should 

occur with the other orbitals owing to the general effect 

that an increase in nuclear attraction leads to a lowering 

of the eigenvalues. 	These effects are found to occur; 

while pyrrole has two clearly separated bands in Region A, 

pyrazole has three and 1,2,4-triazole has four (two of 

which are considerably overlapping). 	For imidazole, 



1,2,3-triazole and tet±'azole there are two, three and 

three observed bands respectively, where the calculations 

predict three, four and five; there must again be 

considerable overlapping. 

The "promotion" of bands of Region B to Region A 

results in Region B shrinking in width and overall intensity. 

Region C is unaffected except for the expected shift to 

higher binding energy. 	This single level in Region C is 

well separated from the other bands, has moderately high 

intensity resulting from largely p-orbital character. 	The 

calculations show that the lla level is well separated from 

those of lower binding energy and derives largely from 

p-orbital components from the ring atoms towards hydrogen 

atom(s) of the s-positions with respect to the N-H group. 

Accordingly Region C is assigned to orbital lla. 	The 

seven outstanding bands of regions A and B can then be 

divided on experimental intensity and calculated groupings 

to be in the following ratios (A:B):- pyrrole 2:5; 

diazoles 3:4; triazoles 4:3; tetrazole 5:2. Region A 

contained 2ii + (n-l)o levels where n is the number of 

nitrogen atoms. 	The calculations suggest that in all the 

compounds the third u level is at lowest binding energy; 

assigning the first band in each spectrum to this level 

and the band near 18 eV to no suggested that the ratio of 

observed IF to calculated eigenvalue was consistently about 

0.81. 	The whole set of 48 points were then plotted as a 

graph of observed IP versus Calculated Eigenvalue, Figure 4, 

Using where appropriate the intensity ratios of regions A 

and B and assuming that the calculated orbital ordering was 
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correct. 	The two sets of data correlate well, the best 

straight line having a slope of 0.799 ± 0.023 while the 

maximum deviation from the line is 0.6 eV and the standard 

deviation is 0.4 eV. 	Bearing in mind the uncertainties in 

the geometries used for some of the molecules and the 

limited size of the basis set, this correlation is very 

good and justifies the assumption that the ordering of the 

energy levels is correctly calculated. 

Correlation of Molecular Orbitals of Azoles 

The azoi.es are aza-analogues of the cyclopentadienyl 

anion (D 
5h symmetry) but of lower symmetry (C 2vfor  pyrrole, 

Cs for the remainder). 	It has already been shown that the 

first three ion-core levels (6c-8o) fall into, in most cases, 

the A1+E combinations of C5H5 . The only other orbitals 

which can be directly fitted to an A + E combination are the 

three u-orbitals. 	The most strongly bound is the A 

representation, being a symmetric combination of all 

orbitals, with the largest eigenvector being that of Ni  in 

all cases (N1  is the nitrogen to which hydrogen is bonded). 

The other two orbitals have a single node each, passing 

through or perpendicular to the N-H direction. 

The control of nodal positions by the N-H bond 

extends to the centre group of valency shell orbitals 

which contain the main X-H (x = C, N) bonding levels to-

gether with CN and CC ring bonding, i.e. the orbitals in 

this region 99-13o are very strongly influenced by the N-H 

position. 	Thus, if one assumes that the N-H bond lies 
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along the y-axis, the orbitals fall into two main types 

those which have longitudinal polarisation with 

orbitals largely given by (2Py ii 2 s)N,c ± is1.1 

transverse polarisation with 	± 25 )Nc ± is H. 

(This classification does not imply polarisation in the 

dipole moment sense since transverse polarisation in 

pyrrole (e.g. lla) leads to a zero dipole moment perpendicular 

to the N-H bond (Figure 5.) 

[a] 

Fig. 5. Transverse (llG) and Longitudinal (12o) Polarisation. 

There is a slight tendency to form A l  + E arrangements 

in this range of molecules. 	The E orbitals of C 5HJ are 	of 

radial and tangential character, which, in the case of 

pyrrole, appears to a small extent in the lla and 12a 

orbitals. 	It is however still less evident in the other 

azoles, such that these can be best regarded (in pyrrole) 

as CC + CH and C a C + CH bonding respectively. 	All 

the orbitals in this region contain 1H together with s and p 

character from the ring atoms. Using longitudinal and 

transverse polarisation it is possible to correlate the 

orbitals in this region. 	Thus the 9a orbital in pyrrole 

( CH + NH ) correlates with 90 in the other azoles, except 

for 1,2,4-.triazole where it is lOo. 	These are all longitud- 

inally polarised and consist of NH ± 03 H in pyrazole and 



Figure 6 Correlation of Orbitals 99-11a 

(T = Transverse Polarisation; 

L=Longitudinal Polarisation) 
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Figure 7 Correlation of Orbitals 6cr-8& 

(s = Nodeless Orbital) 
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Figure 7 (continued) 
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Figure 8. Correlation of Azole Molecular Orbitals, 

in order, from left to right, Pyrrole, 

Imidazole, Pyrazole, 1,2, 4-Triazole, 

1,2,3-Triazole and Tetrazo1e 



1,2, 4-triazole. 	Similarly, lla in pyrrole correlates 

with the other lla orbitals which have largely transverse 

C-H components (C 5H with , a little less C 4H in pyrazole 

and 1,2,3-triazole, C2H + C 5 H in imidazole and C 5 H in 1,2,4-

triazole.and tetrazole). 	The use of this correlation by 

polarization is shown in Figure 6 for the 9a-lla orbitals. 

The only complication in this method of correlation lies in 

the (accidental) near degeneracy in. the energies of the 

orbital pairs 9a/10a and 13o714a  in imidazole and 12a/13cr 

in 1,2,3-triazole. 	This leads to the orbitals having mixed 

transverse and longitudinal polarization character. 

In the orbitals 6-8c there is again the pseudo C2- 

'axis, as was found in the 9o--13a region. 	However in this 

case it is controlled not by the N-H bond but by the siting 

of the nitrogen atoms, whether they be >N: or )NH. 	This 

leads to a slightly more arbitrary analysis than in the 

- 99-13a range since the transverse and longitudinal polari-

zations tend to be more difficult to define. However, 

combining this with the symmetry of the wave! function in 

bond orbitals it is possible to obtain a reasonable 

correlation (see Figure 7). 	The symmetry of the bond 

orbital wave function is only in the sign of the eigenvectors 

and not their absolute magnitude. 	Such correlations are 

summarised in Figure 8. 

The orbitals 15a in the diazoles, 14o, 15 0  in the 

triazoles and 13-15a  in ttrazole are lone pair orbitals. 

The eigenvectors for the hybrid orbitals in the lone pair 

direction are shown in Table 6. 	These orbitals are highly 
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Lone Pair Levels 
I 

Pyrazole -0.927 N2  15a 

Imidazole -0.936 N3 
 15 

1,2,3-Triazole 0.815 N2  -0.606 N3  150 

-0.492 N2  -0.707 N3  14a 

1,2,4-Triazole -0.828 N2  +0.409 N4  15a 

-0.833. N4  -0.438 N 2 14cy 

Tetrazole -0.822 N3  +0.444 N4 +0.424 	N2  iSa 

-0.763 N4  +0.576 	N2  14a 

-0.455 N3  -0.382 N4  -0.629 	N 13a 

localised in the diazoles, but in the triazoles they form 

reasonably localised linear combinations of the form 

(LP A ± LPB) with the symmetric combination being at a more 

bonding level than the antisymmetric combinations. It is 

not therefore surprising to find that the three lone pair 

orbitals of tetrazole form an A1  + E set, with combinations 

of the type LP  + LP  + LPc (A, 139), LPB - LPc (E, 14a) 

and 2LPA - LP  - LPc (E, 150). The energy difference in 

1,2,3-triazole (2.3 eV) is greater than that of 1,2,4- 

triazole (1.6 eV) owing to the closex proximity in the 

former case of the nitrogen atoms. 	Electron density plots 

of some representative lone pair orbitals occur in Figures 

9a - 9f. 

Such lone pair levels are usually thought to be virtually 

non-bonding, i.e. to have a binding energy less than or 

equal to that in the free atom (which would have to be taken 
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as sp 2  hybridised with a weighted average energy..) 	That 

this is not true can be seen from the magnitudes of the 

orbital energies and ionisation potentials. 	Further, lone 

pair levels are assumed to be less binding than u-orbitals. 

Again the results do not support this view. 

One-Electron Properties of the Azoles 

Several one-electron properties of the azoles are 

presented in Table 7 together with the experimental values 

for pyrrol&26  This allows an estimate of how accurately 

the wave function for these molecules can predict experimental 

values. 

Thequadrupole moment tensors are obviously not very 

well represented. 	This can be explained on the grounds 

that such tensor components result from small differences in 

large numbers, and the values could be much improved by the 

use of a larger basis set. 	In the case of the diamagnetic 

susceptibility and second moment tensors the experimental 

measurements refer to the electronic contribution to the 

property only and would be expected to be nearer the 

experimental values. This is indeed found to be true with 

the calculations tending to over-estimate the exerimental 

values by 4-5% - for both properties. The experimental method 

used to determine the properties listed in Table 7 lead to 

two values for the properties; Flygare chose the set of 

values which seemed to be most reasonable. 	As was found 

for ethylene oxide, the results for pyrrole endorse his 

choice. 



TABLE 7 

Some 1-Electron Properties of the Moles 

Molecule 
Pyrrole 	Pyrrol e ( expt)a .  Pyrazole Imidazole 1,2,3-Triaz.  1,2,4-Triaz. Tetrazole 

Property 

Quad. xx 6.31 6.60 ± 1.2 12.64 7.60 4.83 8.54 5.06 

Mom   YY 0.91 5.8 ± 1.6 -8.83 -3.49 -2.92 -7.42 -6.08 

zz -7.22 -12.4 ± 2.3 -3.81 -4.11 -1.91 -1.12 1.02 

Diamg xx -205.5 -195.7. ± 1.1 -183.64 -190.61 -172.58 -172.83 -168.13 
Sus yy -204.7 -197.6 ±1.3 -187.77 -187.21 -174.40 -175.86 -163.67 

zz -342.8 -329.8 ± 0.2 -308.84 -315.32 -288.8 -290.84 -278.08 

- xy - - . 3.66 -1.36 1.29 -0.37 -1.43 

zz-4(n + yy) -137.7 -133.2 . -123.13 -126.41 -115.29 -116.49. -112.18 

2nd 7-X 40.50 39.1 ± 0.6 +36.91 +36.76 +34.3 +34.64 32.25 
Moment 40.31 38.6 ± 0.6 +35.90 +37.56 +33.8 +33.92 33.30 

zz +7.95 7.4 ± o.6 +7.37 +7.37 +6.86 . +6.82 6.33 

xy - -. 
-. +0.86 -0 , 32 -0.30 0.09 -0.34 

From reference 26 
In units of 10'_26 ecu cm2  
Electronic contribution only, in units of 10 erg/(G 2  mol) 

a) 	If IT 	 It 	 TI . 	1016 cm2 

H 
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In this same publication Flygare and Sutter have 

suggested that the term n4(xx  + yy) can be considered as 

a measure of the aromaticity of a ring system in that it 

represents how different the out-of-plane magnetic 

susceptibility is when compared to the average of the in-

plane compOnents. 	The values reported are however for the 

-total magnetic anisotropy, i.e. the sum of paramagnetic and 

diamagnetic terms: 

Xfj = 	X jj 	 i,j .  = x,y,z 	(1) 

Xj 	s< 	E(y+z)IO> 	(2) 

= - 
	 - 	

(y + 4)] 	(3) 

Equation (2) is the electronic term, while the first term 

in equation (3)  cannot be evaluated by a ground state wave-

function. 	Therefore the only comparison that can be made 

is with the diamagnetic susceptibility term; fortunately 

however the trends apparent in total magnetic susceptibility 

are also found to occur in the diamagnetic contribution. 

These values for a sample of molecules, taken from work by 

Flygare2627 appear in Table 8. 	From this it can be seen 

on chemical grounds that the more negative is the 

zz-fr (xx ± yy) term the more aromatic is the molecule. 

The diamagnetic anisotropy term for the azoles shows 

that the aroinaticity of these molecules decreases as the 

number of nitrogen atoms in the molecules increases. Further, 

where there are identical numbers of nitrogen atoms in the 

molecules, e.g. the diazoles and triazoles the more aromatic 

N 
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Total and Diamagnetic Susceptibilities 

Total Benzene Pyridine Pyrrole Furan 

xx -34.9 -28.3 -31.9 -30.5 

yy -34.9 -30.4 -37.0 -33.3 

zz -94 6 -86.8 -76.8 -70.6 

zz-*(n + yy) -59.7 -57.45 -42.35 •-38.7 

Diamagnetic 

xx -286 -271.9 -195.7 --189.5 

yy -286 -275.7 -197.6 -182.5 

zz -508 -480.6 -329.8 -313.9 

zz-4(n+yy) -222 -206.8 -133.15 --127.9 

molecule is the isomer in which there are fewer N-N bonds, 

i.e. imidazole is more aromatic than pyrazole and 1,2,4-

triazole than 1,2,3-triazole. 	This.trend is similar to 

that found for binding energy and is a symptom of the same 

underlying cause, i.e.. that the more nitrogen atoms present 

in a molecule the less stable is that molecule. 

The second moments are, like the diamagnetic susceptibi-

lity terms, in reasonable agreement with experiment. They 

decrease as the number of nitrogen atoms increase, showing 

that the electron distribution is much more compact. This 

is indicative of the higher degree .of localisation of the 

electrons when nitrogen replaces C-H. 	Considering only 

the zz component, this shows that as the number of nitrogen 



atoms increases the average height above the plane gets 

less, i.e. there is more localisation of the electrons, 

presumably in nitrogen. 

Dipole Moments and Population Analysis 

The dipole moments and vector components of the 

azoles are shown in Table 9, where the directions have been 

rotated such that the components lie either parallel (M11) 

or perpendicular (i.) to the N-H bond, which itself points 

in a negative y-direction. 	The convention used for signs 

of dipole moment vector components is that a positive 

dipole has its negative end in the positive cartesian 

direction. 

TABLE 9 

Dipole Moment Components in the Azoles (in 

Debye units) 

Exp. Calc. 	ll 

94 

Pyrrole 

Pyrazole 

Imidazole 

1,2, 3-Triazole 

1, 2, 4-Triazole 

Tetrazole 

1.80 2.01 

2.21 2.85 

3.8 4.41 

4.50 

3.20 3.56 

5.15 5.17 

	

2.01 	0.0 

	

2.23 	1.77 

	

4.31 	0.96 

	

3.26 	3.10 

	

3.50 	0.65 

	

4.72 	2.11 

	

-0.53 	2.54 

	

1.65 	3.07 
(-30.1) (+83.0) 

	

1.46 	3.15 
(+52.4) (+95.3) 

	

2.79 	2.87 

	

(81.7) 	(83.0) 

	

1.14 	2.91 

	

(54.0) 	(86.6) 

	

2.53 	2.92 
(47.0) (825) 



TABLE 10 

Population Analyses of the Azoles 

Pyrrole - 

Ni C2,C5 C3,C4 

is + 2s 3.398 3.025 3.050 

2p0  2.454 1.917 2.064 H 

2p 1.628 1.096 1.090 
TT 

H 0.670 0.836 0.847 

- Pyrazole- - 

Ni N2 	C3 C4 CS 

is + 2s 3.365 3.588 	3.009 3.033 3.005 

2p a 2.408 2.391 	2.139 2.133 2.085 

2p 1  1.531 1.146 	1.116 1.114 1.092 

H 0.615 - 	 0.723 0.770 0.736 

Imidazoie 
• Ni N3 	C2 C4 CS 

is + 2s 3.380 3.552 	3.009 3.024 3.028 

2p 2.457 2.621 	1.882 2.057 2.004 

2p 17  1.585 1.101 	1.088 1.133 1.094 

H 0.644 - 	 0.794 0.764 0.784 

1, 2, 3-Triazole 
• 

• Ni •N2 	N3 c4 CS 

is + 2s 3.365 3.586 	3.534 3.001 3.013 

2.384 2.209 	2.544 2.060 2.067 

2p 	• 
TT  

1.586 1.131 	1.092 1.132 1.058 

H 0.616 - 	 - 0.766 0.756 

1,2,4-Triazole 
Ni N2 	N4 C3 CS 

is + 2s 3.366 3.587 	3.552 3.003 2.992 

2.389 2.442 	2.623 1.986 1.975 

2p 1.582 1.103 	1.096 1.130 1.088 
TT  

H 0.613 - 	 - 0.739 0.737 

Tetrazole 
Ni N2 N3 N4 CS 

is + 2s 3.369 3.581 3.571 3.587 3.012 

2p0  2.414 2.322 2.398 2.461 1.961 

2p TT  
1.626 1.117 1.091 1.137 1.028 

H 0.583 - - - 0.740 

a 
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The values for the total moment are in reasonable 

agreement with  experiment, there being a tendency to predict 

a higher dipole moment than that found. Except in the case 

of pyrrole, where there is only one non-zero •component, it 

would seem reasonable that part of the error will come from 

each non-zero component, resulting in an error in the angle 

that the total dipole moment will make with the N-H bond. 

Unfortunately the available microwave data does not contain 

the individal components, so that no estimate of the 

accuracy of the individual components can be made. 	(A study 

of experimental results in McLellan's "Tables of Dipole 

Moments" shows tha no reliable increment can be made for an 

Nmethvl group). 

The populations of the atoms in the azoles are given 

in Table 10. 	There are several striking trends in the 

populations. 	The hydrogen which is attached to nitrogen 

has a much lower population than those attached to carbon 

(i.e. it has a higher positive charge.) 	This is what would 

be expected on acidity grounds; -the order of charges would 

thus give the following order of acid strengths (weakest 

first):- pyrrole c imidazole c 1,2,3-triazole = pyrazole 

1,2,4-triazole C tetrazole. 	An alternative method of 

assessing relative acid strengths is to examine the overlap 

populations between centres, which gives a measure of 

relativebond strengths. 	The values for X-H (x = C, N) 

are shown in Table 11. 	It can be seen that the N-H bond 

has a smaller overlap population in all cases showing that, 

as expected, N-H is weaker than C-H. 	On the basis of data 
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TABLE 11 

X-H Overlap Populations 

Ni-H 02-H 	03-H 04-H CS-H 

Pyrrole 0.3795 0.4291 	0.4356 0. 4356 0.4291 

Pyrazole 0.3526 - 	 0.4318 0.4401 0.4349 

Imidazole 0.3637 0.4158 	- 0.4311 0.4287 

1,2,3-Triazole 0.3553 - 0.4288 0.4276 

1,2,4-Triazole 0.3552 - 	 0.4222 - 0.4248 

Tetrazole 0;3623 - 	 - - 0.4184 

in this Table the order of acidities is (weakest acid first) 

pyrrole C imidazole C tetrazole C 1,2,3-triazole = 1,2,4-

triazolec pyrazole. 	The piCa for1,2,4-triazole is not 

known; the values for the remaining azoles are as follows:-

tetrazole (t5), 1,2,3-triazole (9.42), pyrazole (14.0), 

imidazole (14.2) and pyrrole (16.5). 	While this order is 

not in agreement with that predicted by the charge or over-

lap population methods, it is important to note that pKa is 

the thermodynamic quantity, while charge and overlap 

population relate to kinetic acidity. 

Another trend of the population analysis appears in the 

populations of the 2p TT  functions of the nitrogens and carbons. 

In classical terms the atomic species N: and'C'H each 

contribute one electron to the u-system while 	N-H contri- 

butes two. 	The former, one u-electron type, have a 2p 

population of slightly greater than 1.0 showing that they 

are u-acceptors, while the latter, ?N-H type are very much 

u-donors to the extent of -'0.3 electrons. 	They are very 

heavy a-acceptors to counter-balance this, while 	CH, 	N: 

are a-donors. 	The delocalisation of the two ft electrons 



could be considered to be a measure of the aromaticity of 

the system with the smaller the population the more aromatic 

the molecule. 	The order of decreasing aromaticity would 

then be pyrazole, 1,2,4.triazole, imidazole, 1,2,3-triazole, 

tetrazole and pyrrole. 	This does not agree with the order 

predicted by diamagnetic anisotropy; howcver, since 

population analysis is a somewhat arbitrary procedure, it is 

more likely that the diamagnetic anisotropy will predict - 

the correct order. 

A trend that is not immediately apparent from Table 10 

is the virtually constant effect on the population of an atom 

when the adjacent carbon atoms are replaced by nitrogens. 

This data is shown in Table 12, from which it can be seen 

that substitution of N for C-H leads to a drop in population 

by approximately 0.10 electrons, with very little variation. 

Similar results were also found for the azines, and for 

nitrogen-oxygen heterocycles. 

TABLE 12 

Total Population as a Function of Neighbouring Atoms 
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c - x - C 

X = NH 	7.451+ 0.030 

X 	 - 

X = N 	7.272 ± 0.001 

X=CaH 	 - 

X 	CH 	6.244 -E 0.030 

C - x - N 

7.344 ± 0.050 

7.145 ± 0.035 

7.178 

6.149 ± 0.030 

6.180 ± 0.100 

N - X - N 

7.217 ± 0.070 

6.996 ± 0.030 

7.061 

6.011 + 0.030 

6.095 ± 0.020 
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Using. the population analysis data and assuming a 

classical structure for sigma and pi systems it is possible 

to compare the bond polarisation relative to the unpolarised 

classical structure with a complete separation of u and u 

systems. 	For example, consider the a system of pyrrole:- 

the H   has a net charge of 0.3298e which must be balanced 

by -0.3298e at the nitrogen. Thus the N-H bond has a 

moment of 0.3298. 	The remaining -0.4260e of the a population 

of N gives rise to a C-N moment of 0.2130. 	The Ca_H  moment 

is 0.1636, and since the total charge from the moments must 

equal the total charge from the population the Ca_Ce moment 

is 0.0396 (C at positive end). 	The remaining moments can 

be obtained by a similar inspection method for C2v  

higher symmetry) molecules. 	For C 5  symmetry the method is 

more complec, and is exemplified by the u--moments of 

pyrazole (below). 

The first part is to set up (arbitrarily) the various 

bond moment vectors, i.e. 

-0.1143 -0.1161 -c-d = 0.4687 a =0.0116 

+c-b =-0.1463 b =-0.1045 

+b-a= -0.1161 c = -0.2508 

-0.0920 '4 _0•1413+a+e = -0.1143 d = -0.2179 

• • 
4687 H 

-e+d = -0.0920 e =-0.1259 

• a+b-ic-d-e = 0.0 

The negative end of the moment is the arrow-head, with 

the u-charges given outside the molecule. 	The first 5 

equations are then set up in the following manner; the -ye 

end of b and the +ve end of c must equal the charge on N2, 



TABLE 13 

Bond Moments in the Azoles 

U-,  

1' 

	

N-H 	 C2-H 

	

0.3298 	 0.1636 

N-C2 	 C2-C3 

	

a 0.2611 	 0.0396 

	

u-0.1860 	 -0.0900 

03-H 

0. 1535 

N-H C3-H C4-H 

0.3850 .0.2773 0.2298 

NI-N2 N2-C3 c3-C4 
a 0.1547 0.1336 0.0044 

u-0.2508 -0.1045 0.0116 

05-H 
• 0.2643 

C4-05 

0.0586 

-0.1259 

05-Ni 
0.2325 

-0.2179 

t~~3  

N-H C2-H c4-H 

0.3559 0.2059 0.2360 

N1-C2 C2-N3 N3-C4 

0.2471 0.0679 0.1045 

TT-0.2026 +0.1145 -0.0140 

05-H 
0.2158 

C4-05 

0.0502 
-0.1186 

05-Ni 

0.2337 

-0.2126 



Table 13 (contd.) 

N-H 	C4-H 	C5-H 
0.3845 0.2339 	0.2445 • 

N1-N2 N2-N3 	N3-C4 	C4-05 	C5-N1 

a 0.1395  0.0346 	0.1125 ,  0.0013 	0.2253 

ii -0.2249 -0.0936 -0.0012 -0.1308 	-0.1890 

N-H 	C3-H 	CS-H 

0.3870 0.2611 	0.2632 

N1-N2 N2-C3 	C3-1\74 	N4-05 	CS-Ni 

a 0.1289 0.1578 	0.1138 	0.0618 	0.2350 

ii -0.2168 -0.1136 -0.0164 +0.1129 -0.2011 

NN 

H 

N-H C5-H'  

0.4170 0.2597 • 	 • 

N1-N2 - 	 N2-N.3 N3-N4 • 	 N4-05 	CS-Ni 

0.1143 0.0169 0.0135 	0.0343 	0.2523 
ii -0.2092 -0.0918 0.0005 	0.1368 	-.0.1645 

C 
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i.e. -b+c = -0.1463. 	These 5 equations are not independant 

and a sixth is necessary for determining a-c. 	This is 

obtained by the algebraic sum of the vectors, in a clockwise 

or anti-clockwise direction, equalling 0.0 and is the sixth 

equation above. 	The values obtained from these equations 

are shown above, with the minus sign indicating that the 

initial guess set the vector in the wrong direction. 

This method is equally applicable to the sigma and pi 

systems and the results are shown in Table 13, where 1) the 

sigma moments point in the direction of the arrows, 2) the 

pi moments are given a sign relative to the sigma system, 

3) the H atoms are always at the positive end of the dipole. 

The resulting bond moments are very reproducible from 

molecule to molecule. 	The sigma set shows that the C-N 

bond is polarised in the direction expected from electro-

negativity considerations. Hydrogen-carbon and hydrogen-

nitrogen are very heavily polarised while C-C and N-N bonds 

are very little polarised, as one would expect. 	In contrast 

to this the N-NH system is quite heavily polarised towards 

the N(H) nitrogen. 	There is in fact a general polarisation 

towards the NH position in the sigma system, which leads to 

a clear difference in the CaNe  and  CJa  polarisations 

(average values 0.070 and 0.159 respectively). This heavy 

flow of electrons is partially offset by the u-system, where 

the bond moments, with very few exceptions are polarised in 

the opposite direction to the a-system, i.e. there is a It 

flow from position one to the 0 position. 

The splitting of dipole moments into sigma and pi 

contributions has long been a favoured method of analysis 
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While it is a simple matter to arrive at average positions 

of the sigma and pi electrons (by addition of the components 

of orbitals of sigma and pi symmetry), partitioning the 

nuclear contribution is a somewhat arbitrary procedure, 

there being several ways inwhich this could be done:- 

a) the pi contribution is 6/36 of the total nuclear andthe 

sigma share is 30/36 - this is based on there being 6ii 

electrons and 30a electrons; b) a refinement of the first 

method where the a share consists of all the hydrogen atoms 

Plus (30-n)/(36-n) of the C-N atoms (n is the number of 

hydrogens) and the ii gets the remaining 6/364 parts, 

e.g. for pyrazole the a contribution is 4x  + 26  N,C 32 

and the ii 6/32 N,C; c) the assumption of a classical 

structure with the following sharing:- 	C-H has 5a and i 

N-H has aand and N: has aand jn.. This last 

method o.f.partitioning has been used in other cases and the 

results are to be found in Table 9, together with the angle 

that p a and p make with respect to the p direction.TT  
The first important feature is the constancy of the 

direction of the u dipole moment which, to within a few 

degrees, is in all cases in the direction of 4 11 	In 

contract p 0  changes direction quite markedly and iii a seem-

ingly arbitrary manner. However much of this can be explained 

by considering changes in a bond moments. 

In pyrrole kLa is in the direction of •-i11; addition 

of a nitrogen alpha to the N-H (giving pyrazole) replaces 

a very polar C-NH with a less polar N-NH and creates a 

fairly polar C-N. 	The net effect of these changes is to 
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cause a a bond moment rotation anti-clockwise, resulting 

in p. for pyrazole being anti-clockwise of its-position in 

pyrrole. 	Similarly in creating imidazole from pyrrole the 

C-NI-I terms nearly cancel resulting in the control of P. 

corning from the C2-N3 and C4.-N3 bond moments. 	It is not 

then suçorising that p. points between these two directions. 

Obtaining 1,2,4-triazole from pyrazole generates two new 

C-N dipoles which has the effect of rotating P. of pyrazole 

in an anti-clockwise direction. 	From 1,2,4-triazole to 

tetrazole some of this rotation is lost due to the formation 

of less polar N-N bonds and P.of tetrazole is clockwise 

of 1,2,4-triazole. 	The only azole which cannot be at 

least qualitatively rationalised in this manner is 1,2,3-

triazole with its very high degree of rotation. 

Tautomerismin the Triazoles and Tetrazoles 

l,2,3•-Triazole, 1,2,4--triazole and tetrazole can 

exist in other forms than those described above. These 

tautomeric forms are obtained by moving hydrogen atoms from 

one nitrogen to another, giving compounds 4a-6a. 

( 

 N 

O'N /0 

1H-1, 2, 4-triazole 	1H-tetrazole 

	

N  
D 	

/0\ 
NH 

	

(5a) 	 (Ga) 
4H-1, 2, 4-triazole 	2H-tetrazole 

(4) 

1H-i, 2, 3-triazole 

( 

 N Co 
qH 

'I 

I qa 
2H-1, 2, 3-triazole 
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The nomenclature for these molecules is based on the nitrogen 

atoms position first of all (i.e. 1,2,3 or 1,2,4) and then 

the prefix lii, 2H or whatever identifies the nitrogen to 

which the hydrogen is attached. It is however conventional 

to omit the position of the hydrogen when it is in the 1H 

position, i.e. in 4-6. 	Calculations have accordingly been 

carried out on the compounds 4a-6a with a view to determining 

which is the more stable structure, i.e. which is most 

likely to be found in the gas phase. 	The same basis sets 

were used as for molecules (l)-(6); with the exception of 

2H tetrazole the geometries were constructed by averaging 

the lengths of the 1H-tautomers since the molecules increase 

in symmetry . to C2v* 	2H-Tetrazole was based on the 2-methyl-- 

5-amino derivative with the N-CH3 being replaced by a N-H 

with, the same bond length as for the 1H-tautomer. 	Full 

details of the geometries are to be found in Appendix 3. 

TABLE 14 

Total Energies for the Triazole.and Tetrazole 
Tautomers 

4a 	 5a 	 Ga 

T.E.(au) -239.89881 -239.79-88 -255.79094 

1-El (au) -645.60138 -653.53090 -677.79389 

2-E1 (au) 242.25262 253.27476  

NR 	' (au) 163.44995 167.87007 168.72820 

B.E. 	(au) -0.36010 -0.25448 -0.08450 

IB.E.(kcai/rnole) -225.9 -159.7 -53.0 

B.E. 	(iii) -195:2 -166.0 -59.2 

The total energies for the-molecules 4a-6a are in' 

Table 14, where for reference are included the binding 

energies of the 1H tautomers. 	In the case of 1,2,3-triazole 

it is predicted that the more stable tautomer is that ,with 
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C 2v structure. 	The energy difference is fairly large 

being 30.7 kcal/mole, but gas-phase microwave data shows 

that the molecule exists as the C S  isomer. On the other 

hand 1,2,4-triazole is predicted to exist as the C 5  isomer 

(energy in its favour by 6.3 kcal/mole) while tetrazole 

should he in the lH form by 6.2 kcal/mole. . These are both 

in agreement with the experimental findings, where gas-

phase microwave measurements predict the lii tautomer for 

1, 2, 4-triazole and ultraviolet spectroscopy indicates that / 

lH -tetrazole should be the stable isomer. 	indeed the 

agreement with experimental dipole moments for both tetra-

zole tautomers is excellent (tetrazole 5.11D;. 1-ethyl-

tetrazole 5.22D; 2-ethyltetrazole 2.6D) since the 

calculated values are 5.18D (1H) and 2.55D (2H). It would 

therefore appear that 1,2,3-triazole  suffers somewhat. from 

both isomers being of a constructed geometry, which is not 

true in the case of tetrazole (both tautomers based on 

experimental data) and 1,2,4-triazole (lH based on experi- 

mental data). 	Even so, this represents a considerable 

improvement on the semi-empirical methods which either 

1) predict the relative energies of the tautomers correctly 

Only after an extrapolation procedure  or 2) get only 1,2,4-

ti-iazole the correct way round. 4  In non-empirical calcu-

lations the only work is that by Berthier on Li}I-1,2,4-triazole 

where an energy of -239.782 au was obtained, which is 

slightly worse (by 6.2 kcal/mole) than that obtained here. 

Like the lH tautomers those under consideration here 

have certain trends in common both among themselves and 

with the lH tautomers. 	For example the three occupied ii' 



TABLE 15 

Orbital Energies of the Triazole and Tetrazole Tautoniers 

211-1,2, 3-Triazole 411-1,2, 4-Triazole 2H-Tetrazole 

A1 : Al  A' 

-429.18 (la) -429.39 (ia) -430.91 

-427.47 (3o) -426.57 (3o) -429.10 

-311.53 (5cr) -•312.81 (5cr) -428.23 

-40.49 (6a) -40.91 (6cr) -427.32 

-31.71 (So) -35.45 (7cr) -312.73 

-24.67 (9cr) -25.08 (9cr) -43.68 

-21.55 (11cr) -23.86 (11cr) -36.10 

-18.74 (12cr) -18.87 (130 -34.56 

-14.44 (14cr) -14.55 (14cr) -26.82 

-25.17 

2 B 2 -22.67 
-427.48 (2cr) -426.60 (29) 

-19.46 
-311.54 (4cr) -312.82 (4cr) 

• -16.35 
-33.72 (7cr) -31.82 (59) 

-14.63 
-23.43 (109) -24.67 (109) 

-13.68 
-17.92 (139) -19.56 (12cr) 

-13.53 (15cr) -12.66 (iSo) 

B1  B1  All 

-19.08 (in) -19:74 (in) -21.47 

-12.80 (27) -13.73 (an) -14.17 

-13.28 
A2  A2  

-12.47 (3m) -12.21 (37) 
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orbitals have the following features: a) the first U 

orbital has a totally symmetric orbital with the largest 

eigenvector being that associated with the NH nitrogen. 

b) the remaining two Ti orbitals either have a node 

perpendicular (2u orbital) or parallel (37) to the N-H 

direction. 	These three orbitals thus confirm with the 

A+E set which was found with the lH tautomers. The 

energy difference between the pseudo-E levels (Table 15) 

is 0.33, 1.52 and 0.89ev for 4a, 53, and Ga respectively; 

the values for the 1H tautomers are 1.36, 0.92 and 1.23eV. 

Thus the closer the N: type of nitrogen atoms are together 

the greater is the interaction between them and the greater 

the differenCe between the pseudo-E pair. 

This same effect is to be found in the lone pair 

levels of the triazoles. 	Thus 4a has a difference of 

0.91eV as against 2.36eV in 4; in the latter the lone pairs 

are on adjacent nitrogen atoms while they are separated by 

an NH in the former case. 	This reasoning leads to the 

prediction that the split for 4H-1,2,4--triazole (2 adjacent') 

should be greater than that for the lH-tautomer (separated by 

a C--H group); the energy differences are 4H, 1.89eV and 1H 

1.58eV. 	The lone pair levels are very much the same in 

character as for the 1H-tautomers, showing a symmetric 

combination at a lower energy than the anti-symmetric lone 

pair combination. 	These were the top two occupied a levels. 

Similarly the top three a orbitals in 2H-tetrazole are lone 

pair levels of a very similar nature to the 1H-tautomer, 

with the lowest of the form LP 1-I-LP 34-LP41 
 then a pseudo--E 

pair LP1-LP 3  (14a) and 2LP4-LP1-LP3  (159). 



Figure iQa Correlation of Tautomeric Azoles with 

PyrrQle Orbitals (6a-8a). Pyrrole 

Orbitals are shown at top of Figure. 
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Figure 10b Correlation of Orbitals 9a-119 

with those of Pyrrole 
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The core levels show the same trends as the 111-tautomers 

did, with the level of highest binding energy that of the N-H 

type of nitrogen. 	The nitrogens alpha (adjacent) to the 

N-H are at higher binding energy (2H-1, 2, 3-triazole) than 

those beta (4H-1,2,4-triazole); the same trend applies to 

the carbon Is levels in the triazoles. 	In 2H-tetrazole 

there is the expected general increase in carbon Is binding 

energy due to the extra nitrogen atom. 	Once this has been 

taken into account the carbon has almost the same ionisation 

potential as.2H-1,2,3-triazole which is to be expected since 

the carbon is beta to the N-H in 2H-tetrazole. 

In the orbitals 6a-8a the correlation with the pyrrole 

-.orbitals is easily made ,The first of these is a totally 

symmetric 2s level with nitrogen having the largest 

eigenectors; this then conforms to the A type found in 

pyrrole. 	It is not surprising then that 7a and 8o form 

the E pair; there is however some cross-over in the order 

of these two functions, as can be seen in Figure lOs. The p 

correlation of the remaining orbitals is reasonably straight-

forward with the exception of the 12o and 13a orbitals 

of tetrazole where, as was found for the 1H-tautomer the 

orbitals 12a-15o do not correlate at all 'well. 	Figure 

lOb shows the correlation of 9a-lla with pyrrole. 

Protonation of the Triazoles and Tetrazole 

The triazoles and tetrazoles can all be protonated 

in positions which give rise to the tautomeric forms 

below. 



TABLE 16 

Total Energies of Protonated Triazolés and Tetiazoles 

7a 7b 8a 8b 

T.E. -240.10542 -240.12711 -240.09559 -240:07064 

1E1 -664.48859 -666.34287 -662.24372 -662.89045 

2-E1 246.10329 246:87091 244.93853 245.25601 

NR - 	 178.27998 179.34485 177.20960 177.56380 

B.E. (au) 	 -0.46611 -0.48780 - 	 -0.45628 -0.43133 

B.E. (kcal/mole) 	-292.5 -306.1 -286.3 -270.7 	- 

9a 9b 90 9d 

-256.01666 -256.04417 -256.04554 -255.99839 

-682.23785 -683-38948 -685.16980 -686.97405 

250.13375 250.59051 251.42776 252.22089 

176.08745 176.75480 177.69651 - 	 178.75477 

-0.20965 -0.23716 -0.2353 -0.19138- 

-131.6 -148.8 -149.7 -120.1 

r 
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NNH 

(7a) 
1H, 2H-1, 2, 3-triazole 

N NH 

• HN,NH 	
N/' 

(7b) 	 a) 

1H,3H-1,2,3-triazole 1H,4H-1,2,4-- 
triazole 
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(8b) 

1H, 2H-1, 2, 4-triazole 
(9a) 

iii, 2H-tetrazole 

( 

 J~ \ 
0~ N 

(9b) 
1H, 31-1-tetrazole 

HN 	N 

N
O ~N 

H 
(go) 

1Hj4H-tetrazole 

• N--NH 

H 

'N' 

(9d) 
2H, 4H-tetrazole 

Calculations have therefore been carried out on these 

ions in order to determine which of the protonated species 

is likely to exist. The basis sets used were identical to 

those of the neutral species; with the exception of 9b, 

constructed geometries were used. (The geometry-of 9b 

was based on that of 5-amino-1,3-dime'hhyl tetrazoliuin chloride). 

Full geometries can be found in Appendix 3. 

The total energies of the protonated triazoles and 

tetrazoles are presented in Table 16. 	In the case of 

charged molecules the definition of binding energy presents 

a problem. 	Consider the pathways available, for the 

decomposition of 7a into its constituent atoms:- 
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 7a 	's 2xC.+3xN+3xH+H 

 7a 	t 2xC+2xN+N+4xH 

 7a 	) lxC+lxC+3xN+4xH. 

The preferred set of atoms will be that in which the 

most stable cation is formed (or rather the least unstable). 

Leaving out as a possible product on the grounds that it 

is unlikely to be formed when there are carbon and 

nitrogen available, the most suitable criterion for deter-

mining which of 2) or 3) is the more likely is the atomic 

ionisation potential. 	The experimental ionisation potentials 

for carbon and nitrogen are 11.3 and 14.5eV  respectively, 

showing that the least unstable atomic arrangements is 

pathway 3). 	However before this can be used to find binding 

energies, it is. necessary to show that the basis sets used 

for carbon and nitrogen predict the same order of ionisation 

potentials. 	The calculated values are nitrogen 14.65ev, and 

carbon 10.79eV which is in good agreement with the experimental 

values; accordingly decomposition pathway 3)  has been used 

to evaluate the binding energies of Table 16. 

The binding energies of the protonated species are 

considerably greater than the corresponding neutral compounds. 

Thus, since binding energy is the only means of comparing the 

relative stabilities of molecules of different atomic 

composition, protonation of an azole is a thermo-dynamically 

favourable process, i.e. it is more favourable to exist as 

than as H+A (A = Azole) 

In the 1,2,3-triazole  system the favoured structure is 

the most symmetric one, i.e. molecule 7b; similarly one of 

the C 2  tautomers of the protonated tetrazoles is most 
V 
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favoured (9c) but is at only slightly better (more negative) 

energy than one of the Cs  tautomers (9b). 	In contrast to 

this, the preferred isomer for the 1,2;4-triazole system 

is the C symmetry molecule, (8a). 	There is however one 

feature common to all of these four compounds, namely that 

the preferred isomer is the one which does not have 

adjacent N-H groups in the ion. 	Since these bonds have 

very high dipole separations,. N-H dipole interactions are 

the principal factor in determining the relative stabilities 

of prptonated species. 	This criterion -explains the relative 

energies of 9b and 9c, where the N atoms are further apart in 

9c, thus making it more stable than 9b. 	The use of 

constructed geometries is not without its dangers as was 

shown with the prediction of the wrong isomer being 

preferred for the neutral 1,2,3-triazole tautomers. 	However, 

as the structures of the predicted isomers show a coherent 

pattern, it would seem probable that the predictions are this 

time correct. 

Accordingly it is possible to calculate the proton 

affinities of the three neutral azoles, where proton affinity 

is defined as the change in binding energy upon protontion 

of a neutral molecule (here the geometries are the experi-

mentally correct tautorners for the neutral .species, and 

"best-energy" for the protonated species). 	In this manner 

the proton affinities for 1,2,3-triazole, 1,2,4_triazole and 

tetrazole are -110.9, -120.3 and -90.5 kcal,/mole respectively. 

In other words the calculations predict that 1,2,4-triazole 	/ 

is a stronger base than 1,2,3-triazole,  which is in agreement 
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with the experimental pKa values for gain of a proton 

(1,2,3--triazole, 1.17; 1,2,4-triazole, 2.30). 

Addition of a proton to the neutral molecule generates 

a positively charged heterocycle; this environment would 

make it more difficult to remove an electron resulting 

in ionisation potentials becoming greater in magnitude. 

Such a pattern ought then to be found in the calculated 

orbital energies; that this does occur can be seen from 

the orbital energies of the protonated species (Table 17). 

For example, the 159 orbital energy of the protonated 

1,2,3- -briazole system is 20.95 or 21.91eV (depending on the 

tautomer), compared to 13.34eV in the neutral molecule. 

This lowering of orbital energy by approximately, 7eV applies 

not only to valence-shell a orbitals, but also to core and 

pi levels. 	This is not then simply a replacement of a 

relatively non-bonding lone-pair by a lower orbital energy 

N-H bond but is a systematic lowering of the eigenvalues 

due to the positive charge on the molecule. 

The question of where this positive charge lies in 

the molecule' again shows a deficiency in the classical 

approach., where the charge is thought firstly to reside in 

the nitrogen to which the new hydrogen is bonded, with 

resonance forms allowing delocalisation via the pi system to 

the other ring atoms i.e. 

(N 	

N + _ (N 



NJ 

11 

[•1 

TABLE 17 

Orbital Energies (eV) of Protonated Moles 

7a 7b 8a 8b 

438.41 437.51 436.91 437.42 
437.08 437.51 436.71 437.40 
436.00 437.39 434.91 433.70 

319.99 319.19 321.67 320.72 
318.40 319.18 319.75 320.71 
49.76 50.24 48.51 48.97 
42.20 42.76 42.78 141.96 

39.81 39.57 39.71 40.46 
32.84 33.75 32.77 32.68 
31.63 31.95 31.99 32.01 
31.01 29.88 30.95 31.51 
27.13 28.07 27.68 26.90 
25.71 25.31 •26.45 26.89 
24.65 25.25 25:26 25.60 
20.95 21.91 20.96 20.10 

27.53 27.51 26.87 27.43 
21.07 22.15 21.86 20.58 
19.73 - 19.11 19.30 20.19 

9a 9b 9c 9d 

439.30 439.06 437.67 439.38 
438.20 438.53 437.67 439.36 
.437.48 .437.77 436.99 437.01 
434.73 435.94 436.96 437.01 
321.79 320.76 322.83 320.17 

50.98 51.09 50.84 51.69 

43.70 44.08 43.77 44.24 
41.82 41.91 42.82 42.72 
34.20 35.19 34.09 35.18 
33.26 33.23 33.70 33.11 
32.74 30.17 31.55 32.92 
27.65 29.03 29.16 27.98 
26.81 26.46 26.95 26.08 
22.41 23.25 22.93 23.04 
20.41 21.45 . 	 20.72 21.63 

28.55 28.15 27.95 . 28.94 
21.49 22.88 22,70 21.88 

20.58 19.91 21.08 21.02 

111 



This predicts two possibilities which are borne out by 

calculations:- 1) although protonation occurs via the a 

system, it effects the pi system as well. 2) the new )N-H 

atom formed by protonation of >N: behaves in a similar 

mariner to the original 	N-H atom. 	The population 

analysis of Table 18 reveals both effects, while the effect 

on the u-orbital energies is sufficiently large that the 

virtual (unoccupied) u-orbitals are of negative energy. 

The classical approach does not however allow one 

feature which the population analysis shows to be very 

important:- on protonation the population of the hydrogen 

atoms decreases from 0.82 to 0;62 (C-H) or from -0.62 to 

In other words a large part of the new 

positive charge appears on the peripheral hydrogen atoms, 

not on the ring atoms. 	This will of course minimise the 

electrostatic repulsion between the fractional positive 

charges by placing them as far apart as possible, while 

at the same time leaving the ring atoms not very much 

different from what they were in the neutral species. 

Protonation also reduces the X-H (x = CON) overlap 

populations, resulting in the X-H bonds being more readily 

broken (Table 18) 
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Population Analyses of Protonated Azoles 

Ni N2 N3 C4 CS 

7a c 5.737 5.624 6.077 5.062 5.161 
TT 1.547 1.536 0.930 1.100 0.888 
H 0.4901 0.527 - 0.652 0.670 

Nl,N3 N2 C4,C5 Nl,N2 N4 C3,C5 

7b a 5.819 5.881 5.081 Sb 	a 	5.744 6.128 5.034 
TT 1.483 0.992 1.021 it 	1.541 1.083 0.918 
H 0.498 - 0.661, H 	0.519 - 0.643 

Ni N2 C3 N4 CS 

Ba a 5.814 5.981 4.982 5.914 5.009 
ii 1.491 1.069 1.035 1.502 0.903 
H 0.514 - 0.641 0.515 0.632 

Ni N2 N3 N4 CS 

9a a 5.781 5.690 5.933 5.989 5.014 
it 1.554 1.526 0.941 1.091 0.888 
H 0.496 0.466 7 - 0.629 

9b cy 5.840 5.869 5.764 5.983 4.962 
TT l;507 0.979 1.473 1.062 0.978 
H 0487 - 0.456 - 0.640 

N1,N4 N2,N3 CS N1,N4 N2,N3 CS 

90 0 5.828 5.861 5.023 9d a 6.045 5.694 4.952 
TT 1.540 1.059 .0.801 it 0.944 1.520 1.072 
H 0.485 - 0.620 - 0.467 0,636 

X1-H X2-H X3-H• X4-H X5--H 

7a 0.334 0.324 - 0.412 0.407 

7b 0.332 - 0.332 0.409 0.409 

8a 0.338 .- 0.406 0.335 0.406 

Sb 0.336 0.336 0.407 - 0.407 

9a 0.338 0.327 - - 0.395 

9b 0.334 - 0.323 - 0.399 

90 0.338 - - 0.338 0.395 

9d - . 0.327 0.327 - 0.397 
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III. AZINES 
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Introduction 

The azines are six-membered rings containing at least 

one nitrogen atom:- 

C9" 0 

	

(I) 	 (2) 

	

Pyridine 	Pyridazine 

•1 

(5) 	 (6) 

CQ 
(3) 

Pyrimi dine 

C• N 

(7) 

(4) 

Pyrazine 

0 
(8) 

1,2,3-Triazine 1,2,4-Triazine 1,3,5-Triazine l,2,3,4_Tetraziiie 

cc N 	 N 
 I 	I 	I 	j 

i*Y 

(9) 	 (10) 	 (11) 	 (12) 

1,2,3, 5-Tetrazine 1,2,4,5- 	Pentazine 	Hexazine 
- 	 Tetrazine 

There have been non-empirical ca1culation 1  on two of the 

azines carried out using experimental geometries. Clementi 

has carried out calculations on pyridine la and pyrazine tm  

using basis sets rather similar to those employed for the 

azols; pyrazine has also been investigated using somewha t  

larger basis sets. 2,3 	In the semi-empirical field, 
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Lindholm 4 ' 5  and his co-workers have used the Extended Huckel 

method for comparison with the observed photo-electron 

ionisation potentials. Heilbronnar has also interpreted 6-8 

the photo-electron spectra in terms of another 1-luckel 

procedure. 	Other properties investigated include heats 

of formation, 9  ultra-violet spectra, 10,11,12 lone pair 

orbital s , 1 3 14  geometries and bond lengths, ' 12  dipole 

	

11 12 	 11,15 
moments ' 	and ionisation potentials. 

Non-empirical calculations have therefore been carried 

out on all the azines with the exception of pyrazine. After 

the results for pyridine were obtained, and found to be so 

similar to those of Clementi, pyrazine was omitted on the 

grounds that another calculation would .be a waste of 

computer resources, since Cl ementits calculation could be 

employed. 	Further, the larger basis sets on pyrazine would 

be ohsiderably better in energy than the minimal basis sets, 

but probably show few other advantages since the orbital 

energies, for example, are very similar in both cases. 

Minimal basis sets were employed, the exponents and 

contraction coefficients being identical to those used for 

the azoles. 	The exponents and contraction coefficients can 

be found in Appendix 2, Tables 1, 2 and 3 for hydrogen, carbon 

and nitrogen respectively. Of the azines, pyridine, the 

diazines, 1,3,5triazine and 1,2,4,5-tetrazine have been 

known for many years; 1,2,4-triazine has only recently been 

	

synthesized. 	The geometries of all the known azines 

except 1,2, 4-triazine have been determined' 722  by microwave 

spectroscopy (pyridine, pyridazine) or X-ray crystallography 

(pyrimidine, pyrazine, 1,3,5-triazine, 1,2,4,5--tetrazine). 
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With the exception of hexazine, the geometric parameters 

of the remainder were chosen by analogy with the geometries 

of the known azines. 	Because of its high symmetry, the 

bond length of hexazine was optimised by the CNDO-2 

procedure yielding a length of 1.2841; for the non-empirical 

calculati&n this was increased to 1.2921 because the C-C 

length of benzene predicted as being optimal by the CN]JO-2 

procedure was 0.008A less than that found experimentally. 

Full details of geometries can be found in Appendix 3, to-

gether with the symmetry orbitals. 

Total Energies of the Azines 

In Table 1 are shown the total energies for all the 

azines which have been investigated., together with the 

results obtained by Clementi for pyridine and pyrazine. The 

total energy of pyridine is 89.7 kcal/mole better than that 

found by Clementi, but comparison of the binding energies 

indicates that this improvement is largely due to basis set 

differences. 	The similarity between these results is great 

enough to justify the omission of pyrazine from the 

investigation. 	 - 

As was found for the azolçs, there is a reasonably 

steady decrease in the binding energy as the number of 

nitrogen atoms in the molecule increases. 	The cross-over 

point at which a molecule becomes less stable than the 

constituent atoms appears between the tetrazines and 

pentazine. 	Thus both pentazine and hexazine are not pre- 

dicted to exist on the grounds that they have a positive 

binding energy. 	However comparison of experimental 23 and 



TABLE 1 

Total Energies of the Azines 

Pyridine Pyridine la Pyridazine 

T.E. 	(au) -245.76489 -245.62194 -261.68003 

1-El (an) -733.73373 - 
-760.94102 

2-El (au) 282.47203 - +291.29111 

N.R. 	(au) 205.49681 - 207.96989 

B.E. 	(au) -0.95219 -0.9383 -0.69939 

B.E. 	(kcal/mole)-597.5 -588.8 -438.9 

Pyrimidine Pyrazine 1,2, 3-Triazine 1,2, 4-Triazine 

-261.67872 -261.55432 -277.59443 -277.61161 

-.762126596 - -787.26331 -787.75888 

291.87855 - 
- 299.68565 299.96951 

208.70869 - 209.98323 210.17776 

-0.69808 -.0.7092 -0.44585 -0.46303 

-038.0 -445.0 -279,8 	. -.290.6 
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1,30--Triazine 1,2,,3,4-Tetrazine 

	

-277.54134 	-293.51233 

	

-797.80361 	-813.03726 

	

304.56137 	307.72164 

	

215.70090 	211.80329 

	

-0.39276 	 -0.19536 

	

-246.5 	 -122.6 

1,2, 3, 5--Tetrazine 

-293-54386 
-810.64642 
306.70101 

.210.40155 
-0.22693 

-142.4 

1,2,4,5-Tetrazine Pentazine - Hexazine 

-293.47477 -309.3932.1 -325.28963 

-817.03802 -846.00741 -872.51195 

309.52232 	. 319.13923 327.18347 
214.04093 217.47497 220.03885 

-0.15827 0.09142 0.36270 

-99.31 +57.4 227.6 
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calculated binding energies (Table 2) for pyridine and the 

diazines (using thermochemical data from Reference 23a for 

the molecules and from Reference 23b for the atoms) gives 

a linear plot of equation B.E. (exp) = 0.814 B.E.(calp) - 

708 kcal/mole (very similar to that found for the azoles). 

TABLE 2 

Experimental and Calculated Binding Etiergies (kcal/mole). 

Molecule H(g) B.E. 	(exp) B.E. 	(calc) - 

Pyridine +34.55 -1193.5 -597.5 

Pyridazine +66.52 -1051.64 -438.9 

Pyrimidine +46.99 -1071.17 -438.0 

Pyrazine +46.86 -1071.30 -445.0 

Once this equation has been applied to pentazine and hexazine :  

the! binding energie become -660.3 and -521.7 kcal/mole 

respectively, i.e. they are predicted to be thermodynamically 

mo-e stable than as atoms. 	However a more valid comparison 

for chemical purposes is their stability with respect to 

decomposition into the small fragment molecules, HC CH, 

HCN and N2. 	Calculations have been carried out on these 

molecules using their experimental geometries; the energy 

comparisons of the azines with all possible decomposition 

pathways to these fragment molecules is shown in Table 3. 

From this table it can be seen that pentazine and hexazifle 

are thermodynamically unstable with respect to decomposition 

into the appropriate small fragment molecules. 

Pyridine and all the diazines are very much more 

stable than their fragment molecules; further the triazines, 



• N N 
0.4019 	 I 
• 	I 	I 

	

N 	 N 

0 . 
0.4570 

0 . 
N 

63 
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29 

N 70.0.6 05 

0.4523 
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0. 39 3>7 1N 

1.4414 (3 1-ICN) 
	

1.3652 (HCN + 	+ HC cii) 

1€ 3962 :(H(--'N ± N2  + TIC on) 
	

1.3241 (N2 FHCN) 

1. 4035 (3 HcN) 

0.5097 	 0.3868 0 

 . r N 

.451 

14 	 N 

.3878 N 

1:3065 (142 + 2 HON) 1.2739 (N2  + 2 HCN) 

12974 (2 N2  + TIC S CH) 

Fig. 1. Overlap Populations of the Azines 
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with the exception of 1,3,5-triazine, should all he stable 

molecules. 	Finding that the longest known triazine should 

decompose to fragment molecules is somewhat surprising; it 

is however consistent with the binding energy values of 

Table 2. 	(The preparation of 1,3,5-.triazines from 

nitriles often requires the use of high temperatures and 

pressures; this is compatible with the nitriles being 

more stable than the azines with the high temperature and 

pressure being needed to force them to combine.) 	In a 

similar fashion, the only known tetrazine, l,2,4,5-.tetrazine 

is the least stable with respect to decomposition to atoms 

or fragment molecules. 

Figure 1 shows some  of the results obtained from a 

population analysis on the triazines and tetrazines; beside 

each unique bond is the total overlap population between 

the centre constituting that bond. 	Below each molecule 

is the sum of the overlap population of the bonds which 

would have to be broken to form the fragment molecules. 

Thus the smaller this number is the easier it would be to 

break the bonds involved. 	For the triazines, the largest 

value of this number is found in 1,3,5•-triazine, which is 

closely followed by the more recently synthesised 1,2,4-- 

triazine. 	This of course has two possible decomposition 

pathways, of which the formation of 3HCN molecules is 

thermodynamically preferred (Table 3). 	Such a decomposition 

pathway has a larger sum of overlap populations and hence 

the alternative route (to N2 + I-EN + HC CH) is kinetically 

preferred. 	The remaining triazine, 1,2,3-triazine has the 
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TABLE 3 

Fragmentary Decomposition Stabilities 
(kcal/mole) 

Molecule No. 	01' No. of No. of E 	Er,, mol 	nag HCECHd HCNb N2  

Pyridine,  2 1 0 215 , 1 

Pyridazine 2 0 1 -162.6 

II  1 2 0 -112.1 

Pyrimidine 1 2 0 -111.3 
Pyrazined 1 2 0 -33.2 

1,2,3-Triazine 1 1 1 -59.1 

1,2,4- 1 1 1 -69.9 
I, 0 3 0 -19.41 

1,3,5- 	II 0 3 0 +24.69 

1,2,3,4-Tetrazine 1 0 2 -8.3 

0 2 1 +42.22 

1,2,3,5- 	" 0 2 1 +22.43 

1,2,4,5- 0 2 1 ±65.78 

Pentazine 0 1 2 +116.29 

Hexazine 0 0 3 ±180.61 

T.Energy = -76.447566 

T.Energy = -92.526893 

T.Energy = -108.52582 

a) Clementi's Pyrazine and above fragments 

lowest overlap population sum of the triazines, but is still 

higher than the known tetrazine; thus it is quite possible 

that 1,2,3triazine  will be synthesized. In contrast to this, 

the as yet unknown tetrazines will prove much more difficult 

to isolate. 	In summary, since one can relate overlap 

population to bond strength, 1,3,5-triazine and 1,2,4,5-

tetrazine are kinetically more stable than their isomers, 

and 1,2,3--triazine  is the most kinetically stable of those 

not yet known. 
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All three diazine isomers are known, with the stability 

order on the basis of binding energy being pyrazine > 

pyridazine > pyrimidine. 	Thus pyridazine and pyrimidirie 

are thermodynamically less stable than pyrazine, and should 

rearrange to it under appropriate conditions. This 

phenomenon has been investigated experimentaliy 4  with the 

perfluoro aromatics below. 

F 

F 	 F OfF R)01  

RCJ 

This evidence indicates that the tEarrangements are possible 

but does not agree with the predicted changes based on the 

binding energies of the parent heterocycles (the pyridazine 

nucleus rearranges to the pyrazine nucleus less readily 

than to the pyrimidine nucleus, while the opposite is pro--

dicted by binding energies). 	This does not cast doubt on 

the validity of the calculations since (a) perfluôro-

compounds do not necessarily reflect the behaviour of the 

parent heterocycl (b) experimental technique consisted 

of a brief exposure to 580°C, so that the perfluoro compounds 

may not be thermodynamically at equilibrium. 

Correlation of the Calculated Energy Levels 

The azines vary in molecular point group such that the 

only common feature of the molecules is a a/ri separation of 
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the orbitals. 	Thus the symmetry in decreasing order is 

6h (benzene; hexazine); D 3 (1,3,5-triazine), D 2 (pyrazine; 

1,2,4,5-tetrazine), C 2  type A (pyridine; pyrimidine; 

1,2,3-triazine; 1,2,3,5-tetrazine; pentazine), C 2  type B 

(pyridazine; 1,2,3,4-tetrazine) and C 3  (1,2,4-triazine). 

It is necessary to divide the 02v  species into two types, 

the first of which (A) has the C 2-axis passing through an 

atom and a o orbital occupation of 1-1a1 , 1-7b 2' 	In type B 

the C 2-axis passes through a bond resulting in an •occupation 

of 1-10a1 , 1-8b2 . 	While it is conventional in group theory 

to make the highest rotation axis the z-axis, it is more 

convenient to make the z-axis the out of pine axis in all 

molecules. 

Despite the varying nature of the molecular point groups 

it is possible, from a study of the eigenvectors to show that 

all of the orbitals are perturbations of the benzene system. 

The molecules thus show an approximate DEh  syi:ie try in that 

the wave functions show nodal planes in the same position as 

benzene, although the wave functions are less smooth. 	A 

result of this is that the position of the symmetry axes in 

the various point groups becomes less important since it is 

no longer the symmetry of the wave function but siting of 

the nodal planes which is under consideration. 	The allowed 

combinations of atomic orbitals in DEh  symmetry are shown in 

Figure 2. 	There ± represents the sign of the atomic orbital 

in the symmetry orbital, where the atomic orbital isls, 2s, 

or 2p type; the arrow represents the linear combination 

of 2p and 
2p 
  orbitals which transform according to Dshs 

namely the radial (a) and tangential (T) orbitals. 	The 



arrowhead will be taken conventially to be the positive end 

of R and T orbitals. 

1205. 

13 	 14 15 16 

cx 
17 19 

Fig. 2. The Symmetry Orbitals of Benzene in the Ground State. 

The two types of C orbitals have orbitals of a and 

b2  type which correlate differently with the e1 UA CluBs b3 

and b2  orbitals; some examples are shown below, 

+0+ 
	 : 4CN+ 4 CN 

al(elUA) 
	

b2(elB) 
	

b2(e1 ) 
	

al(e1UB) 

It is not necessary that the a1  orbitals of the C2v correlate 

with a1  nor, do all of the b 2  correlate with b2 . . In Table 4 

the definition of non_nsh  groups in terms of the benzene 

-symmetry orbitals is listed. 



TABLE 4 

The Orbital Correlation 

13 14 	15 16 17 	18 

D6h 	a 	aig  b1u 	b 2  elUA CluB 	C2gA 

)II 	a 	2 elgA elgB 

D 3 	a 	a1' a l' 	a' e e'et 

¶1 	az "  e "  ell 

D 2h a 	a 	b 	b. 	b 	b. g 	2u 	2u 

ii 	b1  
b 3 b 2g 

a 	a1 	a1  a1 	a1  b2  

it 	bi b1  a2  

C2VB 	aa1 b b2 	b2  a1  

TT 	b1  a2  b1  

C 	a 	a' 	a' 
S 

a' 	a t at 

iT 	a ll  a ll  all 

Analysis of the effect of aza-substitution on the orbital 

energies leads to the conclusion that, although there is a 

shift to higher binding energy as the number of nitrogen 

atoms increases, the effect is not purely additive with 

respect to the number of nitrogen atoms. 	It can however 

be explained in terms of orbital symmetry, with the 

introduction of a nitrogen atom having a large, medium or 

small effect upon orbital energies. 	These will he called 

the first, second and third order perturbations respectively.. 
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2gB 

e' 

bi g  

b 2  

C 

01 

CL1 

a' 	a' 



First Order 

Molecule -- 	Energy 

Benzene 	. 	24.0 

Pyridine 	 25.0 

Pyrazine 	 26.0 

Pyrimidine 	 25.7 

1,2, 3-Triazine 	27.0 

1,2,3. 5-Tetrazine 	28.4 

Second Order 

Energy 

29.5 

30.1 

30.8 

34.5 

35.2 

35.7 

35.2 

Molecule 

Benzene 

Pyrimidine 

Pyridazine., 

1,2,4, 5-Tetrazine 

Energy 

29.5 

31.5 

32.1 

34.7 

TABLE 5 

First, Second and Third Order Effects on Orbital Energies 

Third Order 

Molecule 

Benzene 

Pyridine 

Pyrazine 

Pyrimidine 

1,2, 3-Triazine 

1,3, 5-Triazine 

1,2,3, 5-Tetrazine 

• - 
	 Benzene 

Pyridine 

Pyrazine 

Pyrimi dine 

1,2,3-Triazine 

1,2. 3, 5-Tetrazine 

24.0 

24.5 

25.35 

26.1 

26.65 

27.25 

Pyridazine 

1, 3, 5-Triazine 

1,2,3-Triazine 

1,2,3. 5-Tetrazine 

31.5 

35.7 

33.2 

36.5 

I—! 
Flo 
Ct 
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Third order perturbation occurs when a nitrogen atom 

is introduced in a nodal plane in the molecule. At first 

sight it might appear that a nodal nitrogen atom should 

have no effect on the orbital energy. 	This would be true 

if the nitrogen contained only 2s or R type orbitals, since 

they must have zero cigenvectors in the nodal planes. There 

is in general a non-zero T component which can interact with 

anti-symmetric 2s or 2p orbitals on the adjacent centres, and 

lead to an energy perturbation. 	Some typical examples of 

this can be found in Table 5a for the elu  and e 2  type of 

orbitals. 	For the inner valency shell orbitals of largely 

2s N or 2s charactrr the tangential (T) component is small 

so that the third order effect is particularly small, being 

abdut 0.6ev per nitrogen atom introduced in the 6elu  ard 2O g  

orbitals. 	The first and second order perturbations occur 

when the nitrogen atom is introduced in non-nodal positions 

either at the centre of the wave (Table 514 or adjacent to 

the nodal position (Table 5c). 	Consider an orbital of 

type (below) where the figures inside the ring are an 

arbitrary numbering •system and those outside represent the 

eigenvector nature at the various positions. 

2.0 

l.a 	
e 

WA 
1.0 

-2.0 



130  

For this ring numbering the wave function has !naxrllu.m 

amplitude at 02 and 05; introduction of a nitrogen atom' at 

either of these two positions leads to a first order effect, 

with the electron attracting property of the nitrogen atom 

supporting the waves' natural tendency. 	This first order 

effect is quite large being often 25eV  or more per nitrogen 

atom introduced, e.g. benzene to pyridine (2.0ev) and 

pyridine to pyrazine (3.2ev). 

Introduction of nitrogen atoms at positions 1, 3, .14. 

and 6 leads to a second order. effect. 	For example, benzene 

to pyridazine (2eljlA  to 4b2 , 2.6ev) and benzene to pyrimidine 

(2eluA to 6a1 , 2.0ev); the second order effect is smaller 

than the first order per nitrog atom. 	For the other 

benzeneoid orbitals el uB e2gA e2gB and b1u  all., the 

eigenvectors are equal so that only a second order effect is 

observed on the addition of a nitrogen atom. 

i) Core Levels. 	The first six levels in all the azines are 

heavily localised (with cigenvectors greater than 0.98) and 

shift fairly constantly to higher binding energy as the 

number of nitrogen atoms increase. . The separation of core 

levels of a particular type of atom (N or c) within a molecule 

is fairly small, the largest nitrogen separation being 

1.4eV in 1,2,3,5-tetrazine (see Table 6). 	A similar 

separation occurs in the pyrimidine carbon is energies; 

pyrimidine is 1,2,.3,5-tetrazine with the OH and N atoms 

reversed. 	Other pairs of molecules related in the same 

way and showing the same splits of carbon is and nitrogen ls 

levels are:- pyridazine and 1,2,3,4-tetrazine (0.4ev); 1,2, 

3-triazine (0.7ev); 1,2,4-triazine (0.4ev). 	Such a 
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Calculated Molecular Orbital Energies (e) 
Pyridine Pyridazine Pyrimidine Pyrazine 1,3,5-Triazine 1,2,4-Triazine 
Al  -426.37 A1  -427.1 70 Al  -427.07 Al  -427.07 ET -42779 A 	-428.36 

-311.96 -312.35 -313.04 -427.07 -313.90 -428.09 
-311.40 -311.95 -312.60 -312.27 -35.8 

- 	 T4279  
-311.27 -38.8 -311.72 -312.25 -27.4 -313.48 

-35.85 -32.5 -38.0 -37.45 -19.05 -313.12 
-31.51 -25.4 -31.5 -34.64 -13.50 -312.78 

-24.95 -21.9 -25.7. -26.04 Al l -427.73 -39.74 
-21.04 -20.9 -21.8 -21.21 -313.88 -35.00 

-1.11 -17.9 -19.5 -19.67 -40.3 -32.89 

-17.21 -14.7 -17.8 -14.50 -23.0 -27.42 
-12.46 B2  -427.73 -14.2 -12.01 -16.9 -26.27 

B2  -311.96 -312.36 B2  -427.07 B2  -312.28 A2 ' -22.2 -21.78 

-311.28 -311.94 -312.60 -312.25 A2 1 ' -19.3 -21.38 
-30.18 -32.1 -34.5 -30.82 E" -14.4 -19.77 
-24.61 -26.2 -26.1 -25.33 -18.51 

-19.70 -19.3 -20.7 -20.55 -15.41 

-18.24 -18.1 -18.05 -18.60 -14.58 

-15.91 -12.1 -12.75 -16.62 -12,00 

B1  -16.79 B1  -17.8 B1  -17.9 B1  -17.67 A'? 	-18.61 

-12.42 -13.25 -12.9 13.43 -14.13 

A2  -12.12 'A2  -12.85 A2  -13.4 A2  -12.56 -13.45 



1,2, 3: 1 The 
Al  -428.84 

-428.21 

-313.15 
- 312.40 
_io.45 
-33.14 
-27.00. 

-21.88 
-19.18 
-16.91 -
12.46  

B2  -429.25 

-313.16 
-5.13 
r26.70 
.21.44 
-18.65 

H13.1' 
B1  -18.67 

-13.73 
A2  -13.89 

TABLE 6 (Contd.) 

1,2, 4,5-Tetrazine 1,2,3, 4-Tetrazirie 	1,2,3, 5-Tetrazine Pentazine Heicazine 

A1g  -429.23 A1  -429.46 Al  -429.50 Al  -430.67 Aig '_431 • 69  

-314.15 . -429.13 -428.66 -430.49 -46.60 

-41.8 -313.72 -428.04 -429.60 -22.57 

-27.7 -41.99 -314.17 -315.35 E29* - 
431-75 

-22.3 -34.81 	. -41.26 _44•47 -31.65 

-15.45 -28.36 -36.47 -37.80 -13.62 

-429.25 . -22.39 -28.32 -29.40 Ei  -431.72 

-314.16 -22.02 -22.17 -22.72 -41.09 

-34.7 -17.67 . -17.95 -19.70 -18.29 

• 	 -21.1 -12.68 -15.81 -16.19 Bi -431.76 

-15.7 B2  -429.49 12.35 -13.96 -17.32 

B -429.23 -429.13 B2 -428.69 B2  -430.68 B2 -25.12 
3u 

-38.7 -313.72 -314.22 -429.60 A2 -22.34 

-22.7 -37.54 -35.70 -39 , 52 Big -17.14 

-16.9 - -27.82 -27.29 -30.08 

B1g  -29.5 	. -19.85 -22.02 -23.73 

-12.35 -16.25 -19.02 -17.30 

1u 19.8 13.36 -13.71 -12.25 

B3g  • -14.45 B 1  -19.58 • B1  -19.29 B1  -27.02 

B2g  -15.35 -4.41 -14.37 -15.64 

A2  -14.93 A2  -14.57 A2  -16.05 

H 

F-' 



correlation, if it could be extended to other series of 

molecules would enable quite accurate predictions of -The 

theoretical separation energies of core electrons to be 

made. 	The experimental separations are likely 'to be 

smaller than those calculated, but gas phase spectra, which 

are not readily obtainable with present instrumentation 

would be necessary for significant comparisons. Correlation 

with solid phase spectra would be better than for the azoles, 

since there are no N-H bonds in the azines to generate 

hydrogen bonded polymers. 

The occupied u-orbitals of 

benzene are a2u and  elg. Although the Clg benzenoid levels 

are split in all the azinos except hexazine and 1,3,5-triazire, 

the energy separation is less than 2ev in all cases; if an 

average value of the pairs is taken then the e jg  behaves 

in a similar fashion to the la 2u orbital. 	Furthermore 

these 7-levels vary in an almost superimposable manner with 

the azine a-analogues of the 3alg  2e 2g  and lb 2u orbitals. 

In all of these cases there is a largely monotonic shift 

to higher binding energy as the number of nitrogen atoms in 

the ring increases; this is to be expected since the 

geometric differences are small, the molecules have a 

constant number of electrons, winch are being attracted to 

an increasingly positive environment with an associated 

increase in binding energy. 

The Inner Va12n21 Shell_9! 	. These orbitals, of 
similar character to the benzene 2alg  2elu and 2e 2g orbitals, 

cover the range 7a to lla and are largely 2s(N) and 2s(C) 

in nature; there are no nodes in 7a (2alg)  so that this is 

stabilised by all the atoms in the ring. 	Although the 

eigeñvectors are larger at N than C in this series they 

132 
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cannot be considered as solely 2s(N) levels. Thus, although 

there is a progressive energy shift to hexazine from 

benzene, and although the largest change (2,8ev) lies between 

benzene and pyridine, the separation of the free atom 

2s orbital energies is 6.52 in the Hartree-Fock limit. 

Thus considerable delocalisation is implied on energetic 

as well as eigenvector grounds. 

The energetic shifts of the pseudo 2elu  orbitals are 

very similar to the 2alg  changes, especially if the mean value 

of the orbital energies are taken (except in 1,3,5-triazine 

and hexazine this formerly degenerate pair are separated). 

The one exception .;o this general trend is pyridazine where 

—er-e is an increase in energy going from pyrimi.dine to 

pyri'dazine in the average of the pseudo 2elu  pair while 2alg 

drops steadily. 	This, together with the apparently 

capricious separation of the energies of the two pseudo-

degenerate orbitals (0.4ev is pyridazine, 4.0ev in 1,2,4,5-

tetrazine) can be explained by the effect of the nodal 

positions in the two orbitals. 	The first order effect 

leads to an increase in binding energy of about '2.5eV 

for each nitrogen atom introduced; thus orbital 5h 2u in 

pyrazine which has two nitrogens placed correctly f-or a 

first order effect resulting in a lowering of energy by 

5.OeV compared to benzene. In contrast the other half of. 

the pyrazine degenerate pair, orbital 2b3, has the nitrogens 

placed correctly for two third order effects only. 	This 

orbital is not lowered terribly much therefore, and results 

in a large separation of the formerly degenerate levels. On 
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this basis it would be expected that 1,2,3,5-tetrazine 

should show a large separation. There are however two 

effects opposing this, i) the first order lowering by P12 

is partially offset by second order tendencies of N1 and N3, 

2) there is some second order effect on eluB  orbital due to 

there being nitrogen atoms off-axis, which did not apply. -to 

pyrazine. 	It is having nitrogen atoms off-axis which 

causes the large separation in 1,2,4,5-tetrazine's  pseudo- 

e-U pair. 	Thus, the °]uA  orbital has lowering by four 

second-order effects as has the e1UE  orbital. 	However the 

second order effect on the eluA  is about 1.2ev (Table Sb) 

per nitrogen atom while it is about 2.5eV l.a clUB;  this 

results in the -split for 1, 2, 4, 5-tetrazine being large. 

(The uneven distribution of electron density in elUB  ones 

not conflict with the wave's natural intensity distribution, 

which is in contrast to the elUA  type where the natural 

tendency is to have the wave at its most intense away from 

the second order nitrogen.) 

Pyridazine having a higher average value than that 

expected from the 2a lg  orbital for the pseudo .2C1u  pair is 

caused by the orbital 5a1  being at an unexpectedly high 

level; examination of the ei.genvectors shows that, while 

the orbital 5a1  is of e1UA  character, the largest eigen•-

vectors involve the carbon atoms so that the expected 

second order perturbation is less than usual. 	In addition, 

the gap between the energy levels is small because this 

molecule has two nitrogen atoms off the eluB  axis. 

The second degenerate pair in this region, the benzenoid 

2e 2gand  lb 2u orbitals show similar effects to the other two 
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orbital types. 	In 2e  2gthe  second order effect of the 

nitrogen atom is about 1.2 ± 0.3ev, and the third order 

effect is about 0.6ev in 2e2gB. 	The entirely tangential 

orbitals of pseudo lb  2u character vary in energy to a lesser 

extent than the others. 	This is a natural consequence of 

the difference in orbital energies between 2s(N) and 2s(C) - 

while that for 2pNand 2pC is 3.6ev. 

iv) OuteiVaiencz Shell Orbitals. Replacement of> CH in 

benzene by ~:N: removes a C-H bonding level and introduces 

a "lone pair" level, charactei'ised by very high coefficients 

of 2s(N) and nitrogen radial functions in the molecular 

orbital. 	The fir-t ionisation potential from any of the 

azines is greater than 9ev, so that these lone pair orbitals 

cannot be termed non-bonding. 	The total populations of the 

nitrogen. atoms..shows that they are overall effectively sp 2  

hybridised, but the "lone pair" orbitals have sharply varying 

proportions of 2s and 2p. 	For n nitrogen atoms n lone pair 

orbitals would be excepted, and would be non-degenerate in 

most cases. 	Since they contain a high electron density 

outside the internuclear regions they are expected to be 

the lowest binding energy a-species within a molecule. 

Complications arise from the lone pair orbitals having the 

same symmetry (radial) as the C-H bonding levels; namely 

that mixing of these two types can occur provided that the 

lone pair orbital has an energy comparatively near the 

appropriate CH level. 	The principal CH bonding levels in 

benzene are, in increasing binding energy, 3C2 g  3elu ,  2blu  

and 3a1g although 3e 2g  has about 50% tangential orbital 
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character in benzene itself. 	If the lone pair orbitals 

were strictly localised on nitrogen then the distinction 

between 302g  and  3Clu  would disappear in several cases; 

for example 3e2gA  and  3eluA  would both be symmetric lone. 

pair combinations in pyrimidine, similarly 2b 3--u  and 3a1g 

would be the symmetric lone pair combination (al l ) in 

1,3,5-triazine. 	Thus residual amounts of C-H bonding 

charactel' have enabled the completion of the overall 

correlation diagram (Figure 3), 

orbitals of the azines correlat 

out loss of distinction between 

In the diazines there are 

evident, which can be described 

which shows how the occupied 

to those of benzene, with-

the symmetry species. 

two lone pair orbitals 

as (Ni ± N2) where N and 

Nj  are the lone pair orbitals of nitrogen atoms i and .j. 

In pyrimidine and pyridazine the symmetric combination 

lies to higher binding energy than the anti-symmetric 

combination; for pyrazine the opposite is true. 	For 

pyrazine the 3e2gB  and 3eluB  orbitals are nodal at the 

nitrogen atoms, and hence cannot be lone pair orbitals; 

however the lone pair combinations are satisfied by 

and 3e1UA  and, since 3e2g  lies to lower binding energy 

than 3eiu  inbenzene, with aza-substitution likely to have 

a similar effect in the two cases, the order of the lone-pair 

orbitals is interpretable. 	For both pyrirnidine and 

pyridazine the lowest binding energy benzenoid molecular 

orbitals available for the lone pairs are e2gA and  e2gB;  a 

degenerate pair. 	In both molecules c2gBhas  a node 

between the nitrogen atoms; since they are then unlikely 

to perturb the e2gB  level as much as in the e2gA  series, the 
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will occur at lower binding energy. 

Sevral apparently anomalouá lone pair combinations 

are explained similarly: thus in 1,2,4-triazine no 

prientation of nodal planes can lead to the symmetric 

(Ni  + N2  + N 3 
 ) combination, which can only arise with 

3alg whose binding energy is too high to be capable of 

supporting a lone pair combination of three nitrogen atoms. 

A similar argument applied to 1,2,3,5-tetrazine  shows that 

Ni  + N2  + N3 + N5  would again be of 3alg  type, resulting 

in the totally symmetric combination being replaced by an 

orbital of lower binding energy - a 2b 1u type. 

Since the nitrogen lone pair levels c.ccur .  at low 

binding energy it is unlikely that there will be a 

sign'ificant interaction with Cl-I levels unless there are 

several nitrogen atoms such that one of the linear combin-

ations is of high enough binding energy to appear in the 

CI-! region. 	Such an interaction does occur in 1,2,4,5-tetra - 

zinc where there are five levels high in lone pair character; 

of these Sag  and 6ag  separated by 6.8ev are the symmetric 

and anti-symmetric combinations of (Ni  + N2  + N4 
 + N 

5 
 ) with 

(C 3H + CO). 	Although the effect is less marked, the 

symmetric lone pair combination, (N1  + N 3  + N5 ) of 1,3,5- 

triazine shows similar evidence of interaction with the 

symmetric CH levels since the two orbitals 5a1' (largely lone 

pair) and 4a1 ' (largely CH) are separated by some 6eV. This 

and the Sag/Gag  separation of 1,2,4,5-tetrazine are the 

largest single separations of orbitals of the -same symmetry 

in the outer valency shell of the azines. 	This can be 
....... ............ 

attributed to mixing of the form shown below. 
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TABLE 7 

Azine Lone Pair Orbitals and their Correlation 
with Benzene 

Molecule 	 S.O. 	B.S.O. 	 Nature 
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Pyrimidine 

Pyrazine 

1,2, 3-Triazine 

1, 2, 4-Triazine 

1,3, 5-Triazine 

1,2,3, 4-Tetrazine 

1,2,3, 5-Tetrazine 

1,2,4, 5-Tetrazine 

Pentazine 

ha1 3e2gA N1 

8b2 3e2gB 
10a1 3e2gA 

7b2 3e2gA 
ha1  3e 2gB N1+N3 

3e2gA 

b 2 3e1  N1~N4  

ha1  N1-N 2 +N 3  

7b2 e2gB 
10a1 e2gA N1+N7+N3 

iSat e2,,.B 
-' -I 

17aT e2gA N2±N4 

16a' eluB . 

Get 
e 2 

2N1-N3--N5 

N 7-N 5  

5a 2hiu N1-fN3+N5 

10a1 e2gA 
8b2 C2gB N2-N3 

7b 2  e1  N1-N4  

9a1 eluB  N2+N3 

ha1  e2gA N1+N3-N2-N5 

7b 2  e2gB N1-N3 

10a1  b11  

9a1  e1i N1 
 -

FN  2+N3 N5  

3b  1g  e2B N1+N4-N2--N 5  

Gag  e2gA N1 -fN2 +N 4+N5- (C 3H+C5H) 

5b 2u luA  N1+N5-N2-N4 

4b 3u e1 

Sag  aig IT , +N ?+N 3+NL+C3H+CGH. 

ha1 e2gA N3 

10a1  b lu 
7b2 e2gB N1-N2+N4-N5 

6b2 el uB N1+N2-.Nt-N5 

Pyridine 

Pyri dazine 
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0.45(N1+N+N5) - 0.18(d2M+0411+C5H) 

N1+N2+N3  

C 2H+C4H+C6H— - 

0.16(N1+N3+N5 )+0.2(C2  H+C 4H+C6H). 

In Table 7 the calculated lone pair combinations to-

gether with their assignment in terms of benzene-like 

orbitals are recorded. 	In all cases it is clear that the 

orbitals have been filled in the order 3e2 g 3e1u >2blif3aig  

i.e. in a reverse aufbau principle. 	This is consistent 

with their energies in..benzene. 

tion of T  

Various workers have studied the photo-electron spectra 

of benzene and the azines, but of these Lindholm et al. have 

studied the widest range of binding energy by the use of 

He(I) and He(II) radiation. 	Figure 4 shows the correlation 

of the theoretical and experimental energy levels based upon 

KoopmanTs theorem and the data of Table 6. 	In correlating 

the two series line for line it has been implicitly assumed 

that the ordering of the orbitals is correctly given by the 

calculations. 	This is supported by comparing the grouping 

of the experimental and calculated levels (Table 8). 	In 

all cases, except for pyrazihe the number of lines within the 

theoretical groups is in agreement with experiment. Further 

support comes from the observation that in each diazine 

spectrum there is at least one peak near 16eV (experimental) 

that has a much lower intensity than adjacent peaks. The 

cross-sect  ion ôf2selebtronstbHe(I) irradiation is much 
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lower than that of 2p -  e1ectron, so the low intensity of 

this peak is therefore Oonsistent with high 2s character. 

This peak and the corresponding benzene peak to 2b1u which 

has a carbon contribution almost equally split between 

and R orbitals. 

Assuming then that, since the calculations predict the 

correct groupings, the orbital ordering within a group is 

correct, the experimental data was plotted against the 

calculated energies. (Figure 5). 	If energy levels beyond 

an observedionisation potential of 22ev (i.e. He (I) only 

used), the points yield a least squares fit of the form IP(exp) 

= 0.81 IP(halc)-0.leV, with a standard deviition of 0.2eV; 

if- all 92 points are included the relationship is IP(exp) = 

0;785 IP(calc) ,+ 033eV with a standard deviation in the 

slope and intercept of 0.01 and 0.20eV respectively, while 

the overall standard deviation is 0.540. 	This line is 

very similar to that found for the azoles, and effectively 

passes through the origin. 

Table 8 also contains the major groupings of the 

energy levels as determined by the INDO, CNDO-2 and 

Extended Huckel Methods (EHM) procedures; the data for the 

EHN was obtained from Lindholm's work. 	It is clear that 

none of these semi-empirical methods give as good a 

prediction of the groupings as the non-empirical results do. 

Further, even when the semi-empirical energies are treated 

in the best possible manner the least squares fits of the 

experimental and calculated energies - is very much poorer 

(the best possible treatment is to assume that each semi-

empirical method gives the correct ordering although of - 
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TABLE 8 

Comparison of Experimental and Calculated Orbital 
Energy Groupings 

14i 

C 

Expt. 2:3:5:2:2:1 

LCGO 2:3:4:1:2:2:1 
INDO-2 4:3:1:1:3:2:1 

INDO 4:3:1:1:3:2:1 
EHT 4:5:1:2:2:1 

Pyrimi dine 

4:3:3:2:1: 

4:3:3:2:1:1:1 

4:2:1:2:1:2:2:1 

4:2:1:2:1:2:2:1 

3:1:3:3:2:1:1:1 

Pyridine 	Pyri dazine 

3:7:2:2:1 
	

4:6:2:(?)
*  

3:7:2:2:1 
	

4:6:2:2:1 

4:5:3:2:1 
	

4:2:1:2:1:2 

4:5:3:2:1 
	

4:2:1:2:1:2 

3:6:1:2:2:1 
	

10:2:2:1 

Pyrazine, 	1,3, 5-Triazine 

2:2:3:(2+1):2:1 	2:2:1:4:1:2 

4:6:2:1:1:1 	4:1:3:2:2:2:1 

4:2:1:2:1:2:1:1;1 2:2:3:2:1:2:2:1 

1:4:1:3:1:2:1:1:1 2:2:3:2:1:2:2:1 

2:2:6:2:1:2 2:5:3:2:2:1 

*-Experimental Me(II) spectra not yet reported 

course not all calculations can.be correct simultaneously. 

Any attempt to force experimental groupings on the semi• 

empirical methods would only worsen their least squares fit. 

Thus the least squares fits for 77 points (benzene was 

omitted from these calculations) are:- (1) CNDO-2; IP(exp) 

0.546 IP(calc) + 3.71ev with the standard deviation in 

slope and intercept being 0.015 and 0.342ev; (2) INfO; 

IP(exp) = 0.5c4 IP(calc) + 4.987ey, with standard deviations 

in the slope and intercept of 0.022 and 0.542ev; 

(3) EHIVI, IP(exp) = 1.359 IP(calc) - 7,485ev, with the 

standard deviations being 0.037 and 0.651ev. 	From this it 

is evident that, even when used in the best possible way, 

the semi-empirical methods are very much poorer in predicting 

experimental ionisation potentials. This is very much 

emphasized when the overall standard deviation, or scatter, 



is directly used; the figures are:- non-empirical, 0.540; 

CNDO-2, 1.026; IN, 1.69 and EFII1, 1.05ev. 

The major problem in interpreting photo-electron 

spectra is the identification of the symmetry of the orbital 

from which the electron is ejected. 	To circumvent this 

problem the experimental spectra are often calibrated by 

the results of semi-empirical or non-empirical quantum 

chemical calculations. 	Before this calibration can be 

reliable two criteria must be met (a) the major groupings 

must be reproduced by the calculated energy levels, (b) the 

calculated levels must not be too dependent on input 

parameters. 	Consider first the EHM method:- the orbital 

energies cover roughly the experimental range, but are very 

severely cramped in the outer valency shell. Assignments 

are thus more uncertain and even the primary groupings are 

different to define in some cases. 	AS far as a choice of 

parameters is concerned, that made by Lindholm gives results 

that are numerically similar to experiment in the 12-16eV 

region, but which differ considerably at both ends of the 

observed spectrum, thus accounting for a differing slope 

from the remaining least squares fits. 

The CND0-2 and INDO methods reproduce the groupings 

better then EFIIVI but grossly exaggerate the spread of the 

energy levels. 	For example the lowest 0 and lowest it 

energy levels (highest binding energy) are shifted to very 

high binding energy compared to the experimental values. 

It seems likely that this effect is due to the omission of 

the core levels and the reduction of the nuclear charge, so 

1142 



that the innermost a and ii levels become pseudo core-

levels. 	Both these methods give identical orbital 

ordering in most cases. 	The parameters used in CNDO-2 

and INDO are those originally programmed by Pople; 

Lindholm has however reparameterised the INDO procedure to 

give a better fit of experimental and calculated data. This 

SPINDO procedure has improved results for hydro-carbons but 

has not yet been extended to heterocycles. 

As has already been pointed out the non-empirical 

calculations fit the experimental groupings quite well, 

although there is a tendency to over-estimate the value of 

the ionisation potential. 	The only parameter for L.C,G.O. 

calculations is the length of the basis set which does not 

seem important for furan and pyrrole, thiaph.ene, pyrazine 

or benzene. 

It would therefore appear that the semi-empirical 

methods are not sufficiently accurate to predict correctly 

the experimental ionisation potentials. This is despite 

it being possible to establish linear relationships between 

observed and calculated values, these are probably of 

little use owing to slope and intercept variations; Thus 

only the L.C.G.O. series have significance. 

Since there are quite marked differences between the 

assignments of Lindholm & Heilbroirner it is appropriate to 

compare their assignments with those obtained with the 

present non-empirical calculations. 

In pyridine, the closely spaced group at lowest 

binding' energy is generally agreed to consist of the lone 

pair orbital (11a 1 ) and the two u-levels (la 2  and 2b1 ), 

the non-empirical calculations all place the ionisation 
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potential order as 1a 2<2b1<lla1  while both Lindholm and 

Heilbronner place the first ionisation potential as ha 1  

with the u-levels in either order. 	Given the closeness of 

the levels, it seems unlikely that any single calculation 

can assign the orbitals unequivocally, although the 

consistency of the non-empirical results with different basis 

sets seems likely to make them correct. 	The next seven 

orbital energies to higher binding energy are assigned very 

similarly to those of Lindholm, except that, within each of 

the pairs 9a1/5b 2  and 11a1 /6b2 , the ai orbital is pre&icted 

to appear at lower binding energy. 

In pyrimidine, pyridazine, 1,3,5-triazine and 1,2,4,5--

tetrazine the assignments agree very closely with those of 

Lindholm for almost all o the observed lines the sole 

exceptions being trios of closely spaced lines near 14ev in 

the diazine spectra, and a single reversal of the innermost 

7-level (la 211)in 1,3,5-triazine with the symmetric lone pair 

level (5a). 	Heilbronner' s assignments differ from those 

of the non-empirical calculations and Lindholm's in the 

interchange of individual pairs, of lines for each molecule. 

In the case of 1,2,4,5-tetrazine,  the agreement with Lindholm 

is good, with an interchange of 4b 3uend 4biu and the raising 

of the 5a  orbital being sufficient to bring the calculations 

into identical order with the non-empirical results. 	The 

second and third 7-levels appear at a much higher binding 

energy in Heilbronrier's calculations. 

Thus, in summary then, there is considerably better 

agreement between the results obtained by Lindholm and the 

non-empirical calculations than between the latter and 
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Heilbronnér's Huckel calculations. 	The non-empirical 

calculations thus faour Lindholm's assignments with the 

differences occurring within groups of closely spaced lines. 

Dipole Moments and Charge Distributions 

The dipole moments and charge distributions of 1  the 

azines are listed in Tables 9 and 10 respectively. 	Only 

TABLE 9 

Dipole Moments and Vector Components in 6-Membered Rings 

Molecules 1(exp) 14 (calc) p11  JA p Ia n  

Pyridine 2.15 1.82 -1.82 0.0 -1.65 -0.17 

Pyridazine 4.22 3.65 -3.65 0.0 -3.16 -0.49 

.Pyrimidine 2.44 2.15 -2.15 0.0. -1.83 --0. -,"2 

,2,4-Triazine - 2.16 1. 21 -1.79 -"ã (-324.8 	)(-118.0° ) 

1,2,3-Triazine - 4.41 -4.41 0.0 -3.87 -0.54 

1,2,3,4-Tetrazine - 4.01 --4.01 0.0 -3.51 -0.51 

1,2,3,5-Tetrazine - 2.48 -2.48 0.0 -2.16 -0.32 

Pentazine - 2.84 -2.84 0.0 .-.35 -0.49 

three of the known azines which possess dipole moments have 

had them reported. 	The agreement with the experiment values 25 

is quite good with the calculated value being some e6 1/6 of 

the experimental; it would be reasonable to expect that the 

calculations similarly underestimate the values which will 

be found once the ring systems are available. 	The position 

of the nitrogen atoms would appear to dominate the magnitude 

of the dipole moment. When the nitrogen atoms are all at 

one end of a molecule the dipole moment is high (for example, 



TABLE 10 

Population Analysis of the Azines 

Pyridine 
	N 

is + 2s 	3.5116 
2p a 
	

2.7303 
2p IT 
	

0.9933 
Total 
	

7.2352 

Pyridazine 	J1, N2 

is+ 2s 	3.5392 
2pa 
	

- 2.5787 
2p11 
	 1.0109 

Total 
	

7.1288 
'H 
yrimidine Ni,N3 

is + 2s 3.5339 
2pa 2.6942 
2p 17 1.0156 
Total 7.2442 
H - 

czc6 C3,C5 

.3.0526 3.0632 
2.0325 2.1636 
1.0094 0.9984 
6.0945 6.2252 
0.7813 0.7821 

03,06 
3:0444 
2.0541 
1.0074 
6.1059 
0.7722 

02 c4,c6 

3.0162 3.0526 
1.9766 2.0704 
1.0060 0.9760 
5.9988 6.0990 
0.7622 0.7676 

Wi 
3.0563 
2.1695 
0.9911 
6.2169 
0.7818 

04,05 

3.0642 
2.1782 
0.9817 
6.2241 
0.7692 

CS 
3.0689 
2.1676 
1.0107 
6.2472 
0.7701 

yrazine 	N  

is + 2s 3.4902 
2p7 2.7382 
2pr7 0.9951 
Total 7.2235 
H -. 

1,2,3-Triazine 	N1,N3 

Is + 2s 3.5444 
LPG 2.5754 
2prr 1.0093 
Total 7.1291 

H - 

C 

3.0550 
2.1144 
1.0025 
6.171.9 
0.7739 
N2 C4, C6 CS 

3. 5584 5.0489 3.0565 
2.4379 2.0700 2.1978 
1.0221 0.9862 0.9869 
7.0184 6.1046 6.2412 

0.7550 0.7628 

l,4-Triazine Ni N2 N4 C3 CS 

is + 2s 	. 3.5516 3.5437 3.5085 3.0354 3.0444 
2pa 2.5691 2.5874 2.7443 1.9443 2.0729 
2p TT 	. 0.9953 1.0040 0.9848 1.0181 0.9930 
Total 7.1160 7.1351 7.2376' 6.0158 6.1103 

H - ,. 	 - 0.7548 0.7614 

1,3,5-Triazine 	N C 1,2,4,5-Tetrazine 	N 

is + 2s 3.5271 3.0080 3.5465 
2pa . 	 2.7080 2.0220 . 2.5814 
2pii 1.0158 0.9841 0.9875 
Total 7.2509 6.0141 7.1154 

H - 0.7344 . - 

1,2,3,.4-Tetrazine Ni,N4 	. N2,N3 c5,c6 
ls,+ 2s . 3.5526 3.5661 3.0439 
2pa 2.5735 2.4307 2.0880 
2Pr 	. 0.9903 1.0218 0.9880 
Total 7.1164 7.0186 6.1198 

H - .,- 0.7450,... 

3.0449 
2.0746 
1.0049 
6.12 144 
0.7626 

C 
3.0187 
2.0052 
1.025]. 
6.0491 
0.7205 
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TABLE 10 (Contd.) 

1,2,3, 5-Tetrazine Nl,N3 	N2 	N4 	C4,C6 
is + 2s 3.5561 	3.5650 	3.5346 3.0457 
2pa 2.5610 	2.4492 	2.7123 1 , 9533 
2p TT 1.0222 	0.9923 	0.9942 0.9844 
Total .7.1393 	7.0065 	7.2411 5.9834 
H 	. - 	 - 	 - 0.7431 

Pentazine Ni,N5 	N2,N4 	N3 C6 
is + 2s. 3.4933 	3.5352 	3.5333 3.0386 
2pa 2.6622 	2.4524 	2.4717 1.9565 
2prr 0.9774 	1.0216 	1.0110 0.9909 
Total 7.1329 	7.0092 	7.0160 5.9860 
H - 	 - 	 - 	 - 	 . 0.7140 

pyridazine with two nitrogen atoms adjacent has a higher 

dipole moment than pyridine with its single nitrogen). 

When pr1  dazine is converted to pyrimidine, the nitrogen. 

atoms have more C-N dipoles surrounding them than they do 

in pyridazine, but now they oppose one another resulting in 

a reduction of the dipole moment. In a similar fashion 

1,2,3-triazine has all the nitrogen atoms together in the 

molecule, and hence a high dipole moment; when one nitrogen 

is (a) moved round the ring (generating 1,2,4-triazine) 

there are once again C-N dipoles in opposed directions and 

the value decreases; (b) a nitrogen replaces the C5-H5  group 

(generatihg1,2,3,5-tetrazine) there are again opposingC-N 

dipoles created and the value drops (c) a nitrogen replaces 

.C4-H4 (generating1;2,3,4-tetrazine) the two àlinosttparallel 

C-N dipoles become considerably less parallel (the angle 

between them is 50 0 ) and the dipole moment decreases. 

When the C5-H5 group is replaced by yet another nitrogen, 

pentazine is formed with the oected dipole moment being 

less as the C-N dipoleä are at an angle of -120 0 ; the 

smaller dipole is found. 



Included in - Table 9 are the dipole moment vector 

components parallel 	and perpendicular (i ) to the 

C2-axis (in 1,2,4-triazine the k 	 direction is defined11  

as the perpendicular bisector of the exterior angle at Nfl; 

the sense of the vector components is shown below, with a 

positive dipole moment having its negative end in the 

positive cartesian direction. 

X 	' • x 
I . 	I 
XN .__X 

14 

I pll 

1 

II 

	 X=CH 1 N 

For all these molecules the value ofll is negative, i.e. 

the nitrogen is at the negative end of the molecul. This 

is consistent with nitrogen being more electronegative than 

carbon. 

As was done for the azoles the dipole moment was 

partitioned into a and n moments. 	The partitioning of the 

nuclear component into a and n parts was accomplished in 

the same manner as the azoles, i.e. 	of the N and * of C 

terms were assigned to the pi system; there are of course 

no complications of >NH type to be found in the azines, 

The value of the a-moment is of approximately the same 

magnitude as that found in the azoles; •onthe other hand 

the u-moments are very much smaller and in all cases point 

1 47 



TABLE 11..- * 

BonPopu1ationMoments (x° -h -in the Azines 

Sigma System 

• 	X-Y HLC C-N N-N 	• C-C 

0.241 0.121 0.004 0.007 
-' 	-r 

No. of points 
• 	 29 30 

- 

7 11 

• 	Maximum-..,. 	-. 	•- -. 	 * • 	 * •.- 	• 	 - 

Deviation 0.023 0.015 * 0.003 0.003 

Pi System 

X-Y 	 C-N 	- C-C 

	

0.004 	0;008 

No. of points 	30 	11 

Maximum 
Deviation 	0.003 	0.010 

	

- 	 - 

N-N 

0.012 

7 

0.010 

- _-, 	-.- 	- 	
'. 	_, 	•- 	-' 	•- 	

• 	 - 	 - 

3 . , 	 '. 	* 	 - 	 - 	 - • 	 • 	 - 	 . 	 - 
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in the same direction as the a-moment (even in the C 

symmetry 1,2,4-triazine). 	This can be explained by each 

atom donating only one electron to the iT-system, whereas 

in the azoles the >NH group donates two. 

In support of this the p populations of Table 10
TT 

are all very close to unity. 	This in turn results in the 

bond moments (determined in the same manner as the azoles) 

being much smaller than the 7-bond moments of the azoles, 

by a factor of 3 or 4. Accordingly only the average values 

and deviations of the u-bond moments are recorded in 

Table 11. 	Since the n-bond moments (and n-populations) 

are small there is no need for a large counter moment in 

the a-system and the values are again considerably less 

than the azoles. 	The only exception to this is the C-li 

value which is virtually the same as found in the azoles. 

Nitrogen atoms are generally u-accep -bors and carbon 

generally u-donors with there being occasion1 variations 

from this arrangement. Nitrogen is a a-acceptor in all 

cases and sufficiently so to more than counterbalance the 

cases where it is a 7-donor, i.e. in all cases the nitrogen 

atoms are negative. 	Similarly the carbon atoms are a- 

acceptors, but this does not outweigh the 7-donation in all 

cases. 	This results in the carbon atoms having a positive 

charge (but only just) in some cases; these cases all have 

a nitrogen on each side of the carbon in question. 

The negative charge in (almost) all the C/N atoms 

occurs at the expense of the hydrogen atoms, which are in 

all cases positively charged. 	Indeed as the number of 

nitrogen atoms increases the population of the hydrogen 



diminishes since the smaller number of hydrogen atoms 

tries to satisfy the demands of the same number of larger 

atoms. These demands cannot be completely met and the 

total population declines and the charge separations 

decrease. 	The average atomic populations - Table 12 - 

show this. 

TABLE 12 

Average Atomic Populations in the Azines 

H C N 

Mono-azine 0.7817 6.1713 7.2352 

Diazines 0.7705 6.1498 7.1988 

Triazines 0.7505 6.0826 7.1687 

Tetrazines 0.7362 6,0508 . 	 7.1048 

Pentazine . 0.7140 5.9860 7.0600 

Table 10 also shows that the nitrogen 2s functions 

are more localised than carbon, since the population of 

nitrogen is typically 1.52 while that for carbon is 1.05. 

Substitution of C-H by N has a similar effect to that 

found for the azoles, i.e. the population of a group X 

drops by approximately 0.11 electrons when the adjacent C-H 

group is replaced by N (below). 

C-X-C 	 N-X-C 	N-X-N 

X = N 	7.240 ± 0.02 	7.130 ± 0.02 .7.015 ± 0.020 

X = CH 6.240 	 6.130 ± 0.02 7.015 

14.9 
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One-Electron Prorties of the Azines 

Some one-electron properties of the azines are 

reported in Table 13. 	The values of the quadrupole moment 

tensor components for pyridine are in reasonable agreement 

with the experimental data, with correct signs being 

obtained and the correct order for each component in 

magnitude. However the xx and yy components are in 

error by 2.4 and 2.9 imits;it would seem likely that the 

quadrupole moments for the other azines could also be 

considerably in error, especially for those components which 

are calculated to be low in magnitude. 

The second moments of pyridine are in considerably 

better agreement with experimental data although the xx and 

yy terms are reversed in order. 	The errors in the experi- 

mental data are sufficiently large to enable these two 

terms to be interchanged. 	There is a general tendency for 

the values to decrease in magnitude as the number of nitrogen 

atoms increases, if one allows 1,3,5-1-Iriazine and 1,2,4,5- 

tetrazine to be considered as being abnormally low. 	A 

similar trend was found in the azoles, where it was 

attributed to increasing localisation of the electrons by 

the more electronegative nitrogen atoms. 	This also can he 

applied to the azines; the value for the azine is higher 

than the value for the azole with the same number of 

nitrogen atoms, supporting the view that this can be 

related to delocalisation of the electrons since six-

membered rings must be, larger than five-membered. 

The diamagnetic susceptibility components are also in 

good agreement with the experimental values; this is 



TABLE 13 

Some i-Electron Properties of the Azines 
(Experimental values in b racket s )d 

Quadrupole Moment (in 10_2Eesu.cni2) 

xx yy 
Pyridine 7.30(9.7±1.1) -339(-3•5±0 -9) 
Pyridazine -4.84 5.77 
Pyrimidine -4.61 4.81 
1,2,3-Triazine -0.22 -1.52 
1,2,4- 10.45 -12.64 
1,3,5- 	" -0.97 -2.12 
1,2,3,4-Tetrazine -8.09 2.98 
112,3,5- 	It  5.91 -11.03 
1,2,4,5- 	II -12.65 6.55 

Second Moment (in 10_16cm2) 
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zz 

-3.31(-6.2 -1- 1-5) 
-0.93 
-0.20 
1.74 
2.18 
3.09 
5.11 
5.13 
6.09 

Pyridine 
Pyri dazine 
Pyrimidine 

3-Tnazne 
1,2,4- 
1,3;5- 
1, 2,3,4-Thtrazine 
112,3 ,5--   I? 

1;2,4,5- 	II 

INN 
	 3T3T 

-59. 68(-56. 2+0.8)-57.47(-57 
-55.84  
-54.93 -55. L15 
-53.23 -52.25 
-52.98 -52.19 
-50.23 -50.39 
-50.35 -50.05 
-51.09 -50.24 
-50.10 -48.52 

zz 
l+0.8)-9.C5--L(?-C.8) 

-8.52 
-8.48 
-8.01 
-7.98 
-7.91 
-7.50 
-7.47 
-7.45 

c) Diamagnetic Susceptibility (in 106erg/G2  mole) 

xx 	yy 
	 zz 	zz- -  ( xx+yy) 

Pyridine -282.19 -291.55 -496.98 
(-275.7+2. 0)(-27l. 9+1.6) (-480. 6+2.2)( 

Pyridazine -270.7;1 -273.07; -471.17; 
Pyrimidine -271.19 -269.01 -468.27 
1,2,3-Triazine -255.65 -259.81 -447,50 
1,2,4- 	TI  -255.27 -258.62 -446.21 
1,3,5- 	TI  -247.33 -246.65 -426.88 
1,2,3,4-1titzine -244.13 -245.41 -425.95 
1,2,3,5- 	II -244.85 -248.43 -429.90 
1,2,4,5- 	it -237.43 -244.12 -418.36 

-210.11 
-206.8) 
-199.42 
-198.17 
-189.77 
-189.70 
-179.9 
-181.2 
-183.3 
-177.6 

a) Experimental Values taken from Reference 26 
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especially true of the aromaticity term, zz-(xx+yy) although 

£ the agreement may be fortuitously good due to a cancellation 

of the large errors in the individual components. However 

the figures are sufficiently good for one to feel 

reasonably confident that the experimental data, once 

obtained, will be similar to the values of Table 13 

The aromaticity term behaves in a similar manner to what 

was found for the azoles, i.e. it decreases as the number 

of nitrogen atoms increases with 1,3,5-triazine and 1,2,4,5--

tetrazine being abnormally low; this mirrors the trend 

found in the binding energies. 	As was fpuad for the 

second moments the aromaticity term (and the individual 

components) start at a higher value than the azoles. It-

would therefore seem that the aromaticity starts at a 

different origin for the azines; comparison would then 

only be valid betweenisoelectronic (a + it) species. 

It should be noted that the experimental method of 

determining these properties gives rise to two different 

sets of values for the properties. 	Choice between them 

is made on grounds of"reasonableness", or "intuition' 

the values of Table 13 endorse this choice, and will be 

useful in making such a choice for the remaining azines.. 
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IV. NORBORNADIENE AND ITS CATIONS 



3 3  

Introduction 

Bicyclo-(2, 2, l)-hepta-2, 5-diene or norbornacliene (1) 

as it is more commonly called is the parent hydrocarbon 

of the 7-norbornadienyl cation (2). 
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(1) 	 (2) 

The structure of this cation has been the subject of a 

considerable amount of speculation and controversy, 1  both 

from an experimental 1,2,3 and from a theoretical 4,5,6J  

point of view. 	The classical approach to the structure 

of the cation leads to the assumption that the 7-OH group 

should rearrange until the molecule is of 02v symmetry. 

However the low temperature NIM studies of Winstein and his 

co--workers 2  showed that the 02v structure could not be the 

correct one since the olefinic protons were not all 

equivalent at low temperatures. 	There must therefore be 

some form of "flipping" of the 7-OH group, and the--e 

workers were able to place a lower estimate on the energy 

barrier to this inversion of 19.55 kcal/mole, 	At this 

time they could only provide an estimate of the barrier 

since the ion underwent side reactions on heating before 

inversion became fast on the NMR time scale. However 

Winstein has subsequently 3  amended the inversion, barrier 



156 

to 16.7 kcal/mole. 

There have been several estimates made of this 

energy barrier by semi-empirical procedures. ' Hoffmann, 

using the extended Huckel method  obtained a value of 8 kcal/ 

mole, while Winstein, 7  performing a partial geometry 

•optimisation with the CNDO/2 procedure obtained a value 

of 184 kcal/mole, which is obviously incorrect by an 

order of magnitude. 	The best of the semi-empirical 

calculations was that of Dewar, 6  using the MINDO/2 procedure 

with full geometry optimisation, who obtained a value of 

26 kcal/mole; however the author (of this paper and this 

program) has subsr3quently8  reported that there were several 

features of the MIN/2 program which were not optimal 

for non-classical carbonium ions. 

Norbornadiene 

As a preliminary to the determination of the above 

energy barrier for the inversion about the 7 C-H group, an 

investigation of the parent hydrocarbon was undertaken. The 

geometry of this was based on the complex9 !?nor  Pd C12 11 9  

in which the norbornadiene group was almost of C 2  geometry. 

Electron diffraction data 10  showed that the molecule was 

of C 2 symmetry, but was not used because a) there was 

insufficient data for a full set of co-ordinates to be 

obtained, b) only the average C-H length was reported. 

Accordingly the complex with PdC1 2  was slightly modified to 

generate a structure with C2v  symmetry. 	Full details of 

this geometry, together with its symmetry orbitals are to be 

found in Appendix 2. 	A minimal basis set was used for both 
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carbon and hydrogen; details of the exponents and contraction 

coefficients can be obtained from Appendix 2, Tables 1 and 3 

for hydrogen and carbon respectively. 

The total energies and orbital energies of 

norbornadiene are given in Table 1. As can be seen the 

binding energy of norbornadiene is not particularly large, 

TABLE 1 

Calculated Energies for Norbornadiene 

Total Energy (au) 

1-Electron Energy (au) 

2-Electron Energy (au) 

N. Repulsion Energy (au) 

Binding Energy (au) 

Binding Energy (kcal/mold) 

Orbital Energies (eV) 

10 

-267.70658 

-941.59191 

376.49740 

297.38793 

-0.45714 

-285.9 

Dl 	 A2 

-311.96 
-311.37 
-310.74 
-36.30 

• -31.28 

-25.99 
-22.42 
-18.23 
-14.84 

-13.21(n) 

-310.75 
-33.60 

-22.33 
-17.54 

-15. 26(7) 
-11.94(r) 

-311.96 
-310.73 
• -29.20 
-21.35 
-17.70 

-17.15 

-310.73 

-22.35 
-16.91 

being only 286.9 kcal/mole This is somewhat smaller than 

pyrrole (526 kcal/mole) and pyridine (598 kcal/mole). Indeed 

since the addition of a carbon atom in going from pyrrole 

to pyridine leads to an increase in binding energy, the 



further addition of a C-H group to pyridine (which would 

give a compound iso-electronic with norbornadiene) would 

be expected also to lead to an increase in binding energy 

compared to pyridine. 	Thus the binding energy of 

norbornadiene is abnormally low and can be considered as 

an indication of the instability of the molecule. 

As usual the orbitals of lowest energy are very 

localised on the ls functions, and can be considered core 

functions. 	The four olefinic carbons appear at lowest 

ionisation potential thus reflecting the greater electron 

density around the olefinic carbon atoms. 	The apex carbon 

appears next at slightly less than 0.6 eV higher ionisation 

potential than the olefinic carbons; the energy difference 

between the apex (C-7) and the junction carbons (Cl, c4) is 

similar to this value. 

In three-dimensional molecules such as norbornadiene 

there is no clear separation of sigma and pi orbitals on 

symmetry grounds as there was in the azoles and azines. 

However, the orbitals 10a, 6b 2  and to a considerably lesser 

extent 5b 2  are largely rT-orbitals, with the predominant 

eigenvectors being C-p s  of approximate magnitude 0.75, 

where C_Pz  is that which is most appropriate for the ii-. 

direction. 	The He(I) photo-electron spectrum 
1.1 has two 

very narrow lines at the low ionisation potential end, 

which have been assigned to electrons from the pi orbitals; 

the calculations support this assignment. . Correlation of 

the observed and calculated ionisation potentials leads to 

a least squares line of equation IP(exp) = 1.309 IP(calc) - 
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7.619, with 'standard deviations in slope and intercept being 



0.151 and 0.420 respectively and the overall standard 

deviation is 0.937. 	This line is markedly different from, 

and not so good as that found for the azines or azoles. 

The dipole moment of 0.58D is oriented such that the 

negative end is at the electron rich olefinic end of the 

molecule. 	The result of a MullfLken population analysis 

are presented in Table 2. 'The atomic populations indicate 

that the olefinic carbons are least negative which would 

place them at the highest ionisation potential end of the 

core orbital photo-electron spectrum. 	This is in direct 

opposition to the eigenvalue order and is a result of the 

arbitrary equipar Uttion of the overlap population which is 

employed in determining atomic populations. 	This charge 

distribution also disagrees with the direction of the 

dipole moment. 

TABLE 2 

Nulliki.m Analysis of Norbornadiene 

Atomic Populations 

Cl, C4 6.2753 Hl, H2 0.7264 

C2, 	C3, 	CS, 	CS 6.2631 H3, H+, H5, H6 0.7568 

C7 6.4015 •H7, H7 0.7579 

Overlap Populations 

C-C (Olefinic) 	0.6379 
	

C-H (Olefinic) 0.14912 

C-C (Junction-Olefin) 0.3679 C-H (Junction) 0.4245 

C-C (Apex-Junction) 	0.3922 C-H (Apex) 	0.4209 

However the populations of the hydrogen atoms show 

that the apex hydrogens are the most negative; this is in 

agreement with which hydrogen atom is the most likely to be 

159 
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removed to generate a norbornad.ienyl cation (this would 

entail removal of a hydride ion). 	On the other hand, the 

hydrogen atom next most likely is not Hl/H4 but the 

olefinic hydrogens; this is of course impossible in the 

presence of saturated centres. 	Besides, all the hydrogen 

atoms are positively charged. 

A better and more consistent method is to investigate 

the total overlap populations between centres, which give a 

measure of the kinetic strength of bonds. 	First let us 

consider the breaking of the carbon skeleton; in a mass 

spectrometer the largest non parent ion is at P-26, which 

is caused by loss of acetylene from the molecular ion by 

breaking bonds 01-02 and 03-04 (or c4-c and C6-C_'). The 

overlap populations would predict such .a skeletal breakdown 

as the most likely since these bonds have the smallest over-

lap population. 	(Strictly speaking, the populations of 

the radical cation should be used for comparison with the 

mass spectrum, but since this involves the loss of only one 

electron out of fifty it has been assumed that the overlap 

populations of the radical cation will be practically identical 

to that of the parent molecule). This prediction leads one 

to assume with some confidence that the reactivities of the 

C-H bonds will be placed in the correct order. 	Thus the 

apex bond is most likely to break followed closely by the 

other saturated centres, with the olefinic C-H bond being 

strongest, i.e. the correct order since it is the 

7-norbornadienyl cation which will be investigated later. 

Despite such encouraging predictions, there are two 

points which are not as good as would he expected  on grounds 
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of the results for the azines and the azoles. 	These are 

the low binding energy and the fairly poor agreement of 

calculated and experimental ionisation potentials. Both 

these figures can be improved upon. 

Scaled Norbornadiene 

Using the scale functions from methane and ethylene 

the calculation on norbornad.iene was repeated, yielding the 

results of Table 3. 	The energy has improved considerably. 

TABLE 3 

Calculated Energies for Scaled Norbornadiene 

-268.18036 

-947.24069 
P1 R7zflfl 

297. 38793 

-0-93092 

-584.2 

Total Energy (au) 

1-El Energy (au) 
fl fl'I 	r' 

£iiitLy ¼t4i 

N.R. Energy (au) 

Binding Energy (au) 

Binding Energy (kcal/mole) 

Orbital Energies (eV) 

Al B2 

-308.00 -306.04 

-307.57 -31.49 
-306.03 -20.67 

-34.12 -16.06 

-29.36 -13.27(u) 

-24.41 -9.62(u) 

-21.17 

-16.53 

-12.78 

_ll.00(.TT) 

Bl 

-308.01 

-306.02 

-27.31 
-19.76 

-16.02 

-15.22 

A2 

-306.02 

-20.69 

-14.81 

with the introduction of scaled functions, to the extent 

of 297.3 kcal/mole. This improvement is in line with that 

predicted from the methane and ethylene improvements, i.e. 
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somewhat less than sum of twice the improvement in 

ethylene and thrice the improvement in methane. As 

expected from the magnitude of the scale factors, both 

the one-electron and two-electron energy terms have 

increased in magnitude, with the attractive energy increase 

outweighing the repulsive energy increase0 	The definition 

of binding energy creates a problem reminiscent of that 

encountered in the protonated azoles. Here the problem 

is whether scaled or "Best Atom" gaussian sets should be 

used for evaluating bind energies; the binding energy in 

Table 3 was based on a "Best Atom" set. This was used as 

1) it is a better representation of the atnms (as "best 

atom" implies) and 2) the retention of scaled functions 

would imply that atoms formed by dissociation of a molecule 

still retained some of the characteristics of the molecule. 

The ordering of the orbital energies remains virtually un-

changed in the to calculations, with the ony two orbitals 

which cross in energy being the 4b 2  and 5b1  orbitals, which 

were the two closest together in energy terms in the 

unsealed calculation (the separation was 0.16ev). The 

scaled levels show the same changes as the model systems, 

methane and ethylene; the valence shell orbitals are 

approximately 2eV less negative in the scaled calculation 

which brings them nearer the experimental values. 11 This 

improvement in magnitude is paralleled by an overall 

improvement in the least squares fit; the best straight 

line for the scaled calculation is given by 

IP(exp) = 1.197 IP(calc) - 3.513 with standard deviations in 

slope and intercept and the overall standard deviation being 
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0.118, 1.664 and 0.809 respectively. 	These standard 

deviations are considerably less than those of the unsealed 

("best atom!!)  calculations, while the slope and intercept 

tend more to the values they ought to have if Koopmanns' 

Theorem is strictly followed (i.e. 1.0 and 0.0 respectively). 

The core levels are affected somewhat more than the 

valéncy shell orbitals, with the ionisation potential 

reduced by approximately 4ev. The order is the same as the 

unsealed set (junction, apex, olefinic) but the energy gap 

is reduced to 0.43ev  between the junction and the apex, while 

it is increased to 1.54ev between the olefinic and apex carbons. 

This region of the photo-electron spectrum has been examined 

by X-ray photoelectron spectroscopy, using an AEI ES100 

spectrometer. 	The ls electron binding energy, a broad 

singlet at 285.3ev  (Figure i) was determined using chloroform 

(289.6ev, Figure 1) and n-hexane (285.0ev) as internal 

standards. 	This procedure involves only the measurements 

of well-resolved doublets close together on the energy scale, 

thus overcoming any possible errors arising from chargin'g or 

non-linearity of the energy scale. At half-height the 

broad carbon ls line has a peak width of 1.9eV, to be 

compared with the usual width for single peaks of approximately 

1.4eV. 	The peak which should have a 2:1:4 weighting has a 

rather smaller splitting than that calculated, i.e. the 

difference between the highest and lowest carbon ls levQl 

is experimentally about 0.6ev (from width at half-height) 

whereas the calculations make the difference 1.9ev. 	Such 

an overestimate of core level separations is fairly common 

in such calculations; 15  similarly the calculations place 
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the core levels approximately 20-30eV to higher binding 

energy than those found experimentally. 

Using the experimental value it is possible to arrive 

at some estimate of the strain involved in the norbornadiene 

system. The only figures available for comparison are the 

soft X-ray emission spectra of Mattson and Ehlert, 13  who 

obtain 276.5, 279.6 and 277.7eV for methane, ethylene and 

cyclohexane respectively. 	After allowing 7.3eV (based on 

cyclohexane) for the differences in experimental technique 

the solid state ESCA binding energy in an unstrained 

olefinic system is probably near 286 , 9eV. (Since there 

are four olefinic carbons in norbornadiene, the experimental 

is level will be characterised mainly by these carbons). 

The value for norbornadiene (285.3ev) suggests that there 

may be up to 1.6eV of strain evident here; thermochemical 

estimates of 1.07 and 1.28ev16  have been given. 

The valency shell was also examined on the ES100 

spectrometer, using both the Al Ka
and He(I) irradiation. 

The resolution on this machine with X-ray bombardment 

revealing only four broad bands which were centred on 8.0, 

13.0, 17.2 and 26.6ev and which had integrated areas of 

1:5:9:3 respectively. 	Using He(I) Lrradiation the 

resolution was considerably better and is similar to that of 

Heilbronner, having peaks and shoulders (sh) at 8.6, 9.4, 

11.1(sh), 12.17, 13.64 and 15.03ev. 	Since the ES100 had 

not revealed any peaks at higher ionisation potential than 

the work of Heilbronner, a further sample was examined on the 

Hewlett-Packard 5950A spectrometer which, unlike the AEI 

instrument, is fitted with a monochromator. This improved 
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the resolution immensely and the spectrum is reproduced in 

Figure 2. 	The ,main peaks and associated shoulders (sh) 

are at 9.8, 11.2(sh), 14.5(sh), 16.8, 22.2, 26.8(sh), 28.5 

and 33.4ev. 	The approximate .areas are in the ratios 

1:1:1:3:2:2:3:2 with at least one further peak probable 

between those at 11.2 and 14.5eV where the counts per second 

do not fall too near the base line. Direct comparison of 

the higher ionisation potentials is difficult since there 

is not sufficient resolution, even on the I -J25950A, to assign 

the theoretical lines; however, the theoretical lines can 

be grouped together with centroids at 9.62, 11.0, 13.03, 

15.8, 20.8, 24.41. 28.33 and 32.8eV. 	The linear least 

squares fit of those centroids to the experimental data 

gives IP(exp) = 1.010 IP(calc) - 0.713ev, with standard 

errors in slope and intercept of 0.038 and 0.805 respectively. 

The correlation of the three sets of experimental ionisation 

potentials and the two sets of calculated energy levels is 

fairly straightforward, and is shown in Figure 3. 

Table 4 shows the population analysis of scaled 

norbornadiene. The data is very little different from that 

of the unscaled run, and the predictions made there still 

hold true. 	The 'change in the dipole moment is similarly 

small, the value for the scaled calculation being 0.76 D. 

TABLE 4. 

Population Analysis for Scaled Norbornadiefle 

Cl,C4 6.1808 h1,H4 0.8205 

C2, 	C3,C5,C6 6.1566 H2,H3,H5,H6 0.8650 

C? 6.2635 2 x H7 0.S237 

CI-Hi 0.4285 Cl-C2 	- 0.3661 

C2-H2 0.4693 C2-C3 •0.5724, 

C7-H7 0.4126 C4-C7 	. 0.3837 
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The Nature of the Norbornadiene Valency Shell Orbitals 

Scaling alters the eigenvèctors by only a small amount 

compared to the inscaled set. 	The discussion which 

follows is therefore equally applicable to both scaled and 

unscaled calculations. 	In the azines and azoles it has 

been shown that the low lying valency shell orbitals tend 

to be of predominantly 2s character. 	Figure 4 shows the 

carbon 2s symmetry orbitals as well as the possible 

combination of these symmetry orbitals. 	It is possible 

tO place the orbitals 	in order by the number of nodes 

present, i.e. 1l  (0 nodes); ly 2  (1 node parallel to olefinic 

plane); T 
  

(1 node bisecting the olefinic bonds); '6  (1 node 

passing through Cl_C4-C7); 	(2 nodes parallel to olefi-nic 

plane); ?7 (2  nodes, one bisecting the olefinic bonds and 

one passing through Cl-C4-07) and finally 1 5  (3 nodes, as 

indicated in Figure 4). 	As the energy of the allowed 

combinations increases it becomes more and more likely that 

the predominantly 2s character will become increasingly 

"contaminated" by carbon 2p and hydrogen is functions. 

Another possibility for molecular orbitals 'l5 is that 

combination of symmetry orbitals does not occur and the 

molecular orbitals will be localised in only one of the 

contributing symmetry orbitals. 

The lowest energy (most negative) orbital is 4a 1  and 

hence could be any one of the combination orbitals '1lY3. 

It is hardly surprising however that 4a1  turns out to he 

the nodeless combination lyl . 	The eigenvectors decrease in 

magnitude in the order olefin, junction, apex, showing that 

the olefinic centres tend to predominate at high ionisation 
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potentials (the first valence ionisation potential in. 

ethylene is greater than that in methane). It is not then 

surprising that of the one node functions, the purely 

olefinic combination orbital, T occurs next in the table 

of orbital energies (orbital 2b 2 ). The next molecular 

orbital is 5a1  which has combination orbital T as its 

predominant feature. 	Again, this is a single node orbital 

where the node, parallel to the olefinic carbon plane, 

passes through the olefin carbon - bridge carbon bonds. 

Orbitals 4a1  and 5a1  can be considered as the symmetric and 

antisymmetric combinations of saturated and unsaturated 

carbon 2s levels, with the symmetric combination occurring 

at highest ionisation potential. 

Orbital 3b1  is of type Y4, the remaining single node 

combination orbital. 	In contrast to 4a1 , the olefinic 2s 

levels have smaller eigenvectors than the junction 2s orbitals, 

showing that one is passing from an unsaturated to a 

saturated region of 2s orbitals. 	There is besides some 

evidence of weak C-H bonding, of C 25-H15  character, involving 

the junction atoms. 	This orbital is the last that can be 

truly considered as a localised 2s orbital, although the 2s 

functions still play an important role, but not the pre-

dominant one. 

Orbital 6a1  is the next occupied orbital and has a 

considerable amount of 2s character, namely in the apex 

carbon; however since this has a significant amount of apex 

P Z 
 and apex hydrogen ls its primary characteristic is C7-H 

bonding. 	In a similar fashion 7a1  is predominantly 

junction C-H bonding, having large contributions of p-orbitals 

Li 
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in the direction C-H. 	Since these are the symmetrib 

combinations of C-H bonds one would expect to find two 

more orbitals which have the antisyrnmetric combinations 

of saturated C-H bonds. 	The 4b2  orbital contains this 

combination for the apex C-H pair, although there is also 

some olefinic carbon-hydrogen bonding present. The anti-

symmetric combination of junction C-H bonds appears in 

orbital 5b1 . 	The olefinic C-H bonds are not so localised 

as the saturated C-H bonds, and occur in most orbitals and 

are the main contributing bonds only in orbitals 2a 2  and 4b1 . 

The first of the predominantly ring bonding orbitals 

is 3b2 , where the bonding occurs along th saturated type 

of bonds, but not along the a olefinic bonds (There is no 

reason on grounds of symmetry why this should be so since 

there is a symmetry orbital pointing directly along the 

olefinic C-C direction which is not nodal in the middle of 

this bond). 	The eigenvector for this a--olefinic bond 

is very low, being 0.07. 	There is however some pseudo 

ti-overlap across the olefinic centres. In contrast to this 

is orbital 5b 2  where there is a very large eigenvector for 

olefinic a bonding (0.87) although there is sufficient 

olefinic fl-type and apex p type bonding to make this a 

pseudo fl-type of orbital. 

A similar situation to the 3b 2/5b2  one exists in the 

8a1/9a1  pair where the upper of these is mainly olefinic 

a-bonding (eigenvec,tor = 0.82) and the lower is bonding 

along saturated C-C bonds (In 8a1  there is also a small 

amount of apex C-H bonding). 	In fact 9a1  and 5b2  are the 

main symmetric and antisymmetric olefinic a bonds. 	The 
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two other orbitals which contribute to the bonding along 

saturated C-C bonds are 6b1  and 3a2 . 

The orbitals of lowest ionisation potential (1a1 , 

6b2 ) are of n-type symmetry as already mentioned. 	It is 

possible to take linear combinations of the two contributing 

p orbitals at the clefinic centres so that one obtains two 

new p orbitals, one of which is perpendicular to the plane 

and one parallel to the plane of the olefinic systems, i.e. 

P 
TT 

and Pa  bonds. 	The eigenvectors for the P TT 
are 0.85 in 

l0a1  and 0.99  in 6b2 . These correspond to the symmetric 

(10a1 ) and anti-symmetric (6b 2 ) olefinic ii orbitals, with 

the antisymmetric at lower IP than the symmetric orbital. 

The splitting between the two pi-levels is predicted 

to be larger than that found experimentally (1.38eV against 

0.85ev). 	This could in part be due to using the geometry 

of a palladium complex where the olefinic bonds are drawn 

closer together thus increasing their interaction. 

-Some - of the key orbitals are given in Figs. 5a-5d. 

The Inversion Barrier of the 7-Norbornadienyl Cation 

Since the scaled basis set gave a much improved total 

energy, and since the calculated ioni$ation potentials 

were in better agreement with the experimental data, the 

scaled basis set was used for the cation. 

In order to determine any inversion barrier it is 

necessary to obtain the total energies of two different 

states of the molecule. These can be regarded as the 

transition and ground state geometries. 	Consider as an 

example PH3 ; the transition state would be a planar molecule 



Fig. 6. Plot of Total Energy (E) against Angle (o) 

I — - —I - - 
-90 	-60 	-36 

I-  - 267.23 

0 -r 
30 	60 	 S 

>9 (deg) 



while the ground state would be pyramidal in form. 

The transition state for the flipping of the 7-nor--

b.ornadienyl cation could be one of the two possible 

structures below. 	Structure (3) is a symmetric one: 

structure (4) allows for the hydrogen at the 7 position 

failing to flip until 07 has passed thrcugh the symmetric 

arrangement of the carbon skeleton. 
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H 

C 

H 

(3) 
	

(4) 

:\Which of these two possibilities actually occurs can be 

found by determining the total energy of the cation as a 

	

function of the angle 0 in structure (4). 	This data is shown 

in Table S and graphically in Figure 6. 	From these it is 

TABLE 5 

Total Energy of the 7-Norbornadienyl Cation, as a Function 
of the Angle 0 

0 '' Etot 

	

0.00 	 -267.21008 

	

15.00 	 .. . 	 -, 	 . 20669 

	

30.00 	 .19651 

	

54- 75 
0 
	 , 	 . 16450 

	

90.0 	 . 	.07309 

immediately obvious that the-symmetric structure (3) is 

considerably favoured over the unsymmetrical structure (4); 



171 

thus the possibility suggested previously 17  that there 

were two mirror image transition states is eliminated. 

One further alternative is that the carbon is not symmetrically 

placed in the transition state, giving structure (5), 

another mirror image form. 

(5) 

This possibility has not been investigated for several 

reasons:- i) too much computer time would be used in 

determining the transition state; 2) the semi-empirical 

method used by Dewar has indicated it does not exist; 3) the 

curve of Figure 5., by reason of its smoothness indicates 

that such a structure is unlikely.-(Each- of -the ---struc-turas of -

type (4) are special cases of structure (5). 	There would 

then be some indication in Figure 5 of a double maximum, 

instead of the almost parabolic curve that has been obtained. 

While this is not conclusive, taken together with Dewar's 

semi-empirical calculations it seems unlikely that an 	- 

investigation of this nature would be fruitful.) The 

transition state for inversion of the 7-norbornadieny]- cation 

has accordingly been assigned as having structure (3), with 

a total energy of -267.21008 aü. 

It is now possible to turn one's attention to the 

geymetry of the ground state. 	Since a full geometry 

optimisation (as was carried out by Dewar) is not feasible 
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with non-empirical calculations, two parameters were chosen 

as being the key ones in determining the geometry of the 

ground state; they are shown below. 

The angle a is the angle which the Cl-C7(H7)-C4 plane 

makes with the vertical (horizontal being defined as the 

plane of the olefi:üc carbons). 	The angles chosen were 18, 

36 and 54 degrees and were based on those obtained by Dewar 

(38.8) and Winstein (550)  with their respective semi-empirical 

methods. 	The distance r is the length of the C-C olefinic 

bond towards which the C7-H7 group is tilted. 	Again 3 

distances were choser; the shortest, r 1 , was the original ---  

C-C olefinic length, while the longest, r 3 , was the C-C 

length from cyclopropane since this would be the largest 

possible bond if C7 was to move within a single bond distance 

of C2 and C3.. The final length, r2 , was based on the average 

of these two lengths. 	Calculations were carried ot..t at all 

possible combinations of r and a. 	The nine points so 

obtained are shown in Table 6. 

TABLE 6 
Total Energy of the 7-Norbornadienyl Cation, as a Function 

of a and r. 

a 	= 	 18 360  540 
 

= 1.365 -267.21310 .20370 .14509 
= 1.453 .22261 .21896 .16776 
= 1.540 .21727 .21862 .17424 
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Figure 7 shows how the total energy varies with the 

angle at each of the r'values. 	Figure 8 shows the variation 

of energy with r at each of the angles a. 	It -then only 

remains to determine from this grid of points an optimal 

geometry representing the ground state of the cation. For 

eachof the six curves in Figures 7  and 8 parabolic inter-

polation gave the minimum for each curve; these minima are 

enblosed in squares (for r = r1 , a = 0, 18, 	36 degrees were 

used in the parabola since a = 18, 36, 54 gave a maximum not 

a minimum; all other cases gave minima). 	The values for 

the parabolic minima for the E versus a were further treated 

in a parabolic manner giving a "minimum of minima" to be 

used as the optimal value of a. (While this last parabolic 

treatment is of doubtful mathematical validity, it is at 

least as good as, and probably much better than a minimum 

obtained by a free-hand curve drawing method). 	The optimal 

value for r was found in a like mannor. While still holdipg, 

the reservations about the mathematical validity it should 

be noted that a) the energy predicted for each of the 

optimal parameters is better than any value shown in Table 6 

and b) the energies for optimal r and a are almost identical 

'(Figures 7 and S). The values of r and a for the ground state 

geometry are 1.4751 and 26.120 respectively. A calculation 

was therefore carried out using this optimal geometry, the 

results of which are presented in Table 7, together with the 

corresponding values for the transition state. From these 

two calculations the barrier to inversion is 8.5 kcal/mole. 
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TABLE 7 

Total Energies of Transition and Ground States of the 
7-Norbornadienyl Cation 

- 	 Ground Transition 

T.E.(au) -267.22370 -267.21008 

1-El (au) -908.13339 -908.93220 
2-El (au) +356.20673 356.68681 

N.R; 	(au) 284.70296 285.03531 
Binding (au) -0.86651 -0.85259 

Binding (kcal/mole) 	-543.7 -535.2 

The l-Norbornadienvl Cation 

It has already been shown that the weakest C-H bond 

in the norbornadiene molecule is C7-H, resulting in the 

prediction that the kinetically favoured cation is the 

7-cation. 	By removal of a hydrogen from one of the bridge 

carbon atoms one generates the 1-cation and it is then 

possible to compare the thermod'mamic stabilities of 

these-two- cati-oas.(-TheC1-H bbnd fâ ]thàsf as weak as the 

C7-H). 	From chemical concepts it is difficult to predict 

which is the more stable form of the cation; the 7-cation 

is secondary making it less stable than the tertiary 1-cation. 

On the other hand, the generation of the 1-cation 

involves the most rigid part of the molecule and is 

reminiscent of 9-bromotriptycene 	which is very reluctant 

to form carboniurn ions of the type of the 1-cation. 

A calculation of the 1-cation- has been carried out 

where the junction hydrogen has been removed leaving the 

rest Of the molecule at the same geometry. The results of 

this can be found in Table 8, which shows that the 7-norborna-- 



dienyl cation is more stable (by 3.3 kcal/mole) than the 

Cl-cation. 	This energy difference is small however and 

the conclusion could easily be reversed by a geometry 

optimisation of the Cl-cation. 	Such an optimisätion was 

not carried out as this calculation was carried out for 

comparison purpo$es only. 

TABLE 8 

Total Energies of the l-Norbornadienyl Cation 
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Total Energy 

1-El Energy 

2-El Energy 

N.R. Energy 

Binding Energy 

Binding (kcal/mole) 

-267.21836 

-909.28085 

356.74825 

285-31424 

-0.ë6ll7 
-540.4 

The Norbornadiene Cations 

Tables 7 and 8 show the total energies of the cations 

of principal interest, i.e. the 1-norbornadienyl cation.,-

and the 7-norbornadienyl cation (transition and ground 

states). Using the sum of the atom energies as 

6 x C -I- 7 x H + 1 x C+  the binding energies of these Tables 

were obtained. 	All the cations are considerably less 

stable than the parent hydrocarbon (the opposite of what 

was found in the azoles/protonated azoles). Thus they will 

be more reactive than the parent hydrocarbon; there is 

some evidence of this in the side reactions which occurred 

with the 7-cation in Winsteins' original estimation of the 

inversion barrier. 

The population analysis in Table 9 shows the effect on 



TABLE 9 

Population Analysis of Norbornadiené Cations 

Transition Ground C4-cation 
- State State 

Cl 6.1811 6.1651 6.1506 
C2 6.0902 6.0303 6.0476 
C3 . 	 6.0902 6.0303 6.1188 
C4 6.1811 6.1651 5.7214 
CS 6.0902 6.1031 6.1188 
C6 6.0902 6.1031 6.0476 
C7 5.7832 5.9110 6.2634 
Hi 0.7530 0.7517 0.7634 
112 0.8208 0.8175 0.8174 
113 0.8208 0.8175 0.8046 
H4 0.7530 0.7517 - 

115 0.8208 0.8218 0.8046 
116 0.8208 0.8218 0.8174 
H7 0.7045 .0.7102 0.7622 
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Cl-Hi 0.4165 0.4167 
C2-H2 0.4670 0.4611 
C3-H3 0.4770 0.4611 
C4-.H4 - 	 0-.•4165 	.: ------ 04167 
C5-H5 0.4770 0.4659 
C6-H6 0.4770 0.4659 
C7-H7 0.3913 0.3946 
C1-C2 0.3635 0.3452 
C2-C3 0.5553 0.4759 
C3-•04 0.3635 0.3452 
C4-05 0.3635 0.3782 
C5-C6 0.4759 0.5608 
C1-.C7 0.3911 0.3878 
C4-C7 0.3911 0.3878 

0.4180 
0.4701 
0.4653 - 

0.4653 
0.4701 
0.4064 

0.3647 
0.5573 
0.3937 
0.3937 
0.5573 
0.3690 

0.3794 
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the charge distribution. 	Considering first the carbon 

which classically carries the positive charge, the centre 

with lowest population is the Cl-cation. 	It would be 

expected that, with olefinic centres adjacent, it would 

be possible to delocalise some of the charge onto these 

centres. 	Such a delocalisation cannot occur via the 

u-system of the olefinic centres, since the orbital which is 

electron deficient on Cl is in the nodal plane of the it-system. 

Any delocalisation therefore has to occur through the 

sigma-system. 	That it does occur is evident from the 

populations of the olefinic carbons with those farthest 

from the classical charged atom being most affected; thus' 

the greater the charge dispersal the better it appears to 

be. 	This delocalisation of the charge by means of the 

olefinic centres shows up in the overlap populations also, 

with the olefinic bonds becoming weaker and the saturated 

bonds from the cationic centre to the adjacent olefinic.. - 

centre becoming stronger, i.e. there is an averaging out of 

bond strengths across an allylic type system. 	Besides this 

through-bond dispersal of the positive charge, a through- 
F 	

space mechanism also operates, with the C4 atom being 

lowered in population by 0.03 electrons (almost as much as 

the adjacent olefinic centre). 	- 

The largest drop in population of the cationic centres 

occurs for C7, especially in the transition state (''0.48 

electrons). 	Even in this case there is by no means a 

complete charge on the cationic centre; all the remaining 

atoms, including hydrogen help to disperse the charge 
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TABLE 10 

Orbi±al Energies of Norbonadiene Cations 

Transition State 	Ground State 	Cl-Cation 

-319.61 -318.41 -319.26 

-315.71 -315.85 -315.38 
-315.70 -315.85 -31L!.84 
-313.37 -315.07 14.27 
-313.3 -315.06 314.27 
-313.35 -312,79 314.26 
-313.35 -312.78 314.26 
-41.48 -41.82 -41.76 
-37.99 -37.77 -38.57 
-36.27 -35.90 -36.43 
-34.35 -34.80 -34.05 
-31.32 -30.97 -31.09 
-28.20 -28.20 -28.19 
-27.08 -28.00 -27.34 
-26.89 -26.99 -26.72 
-26.08 -26.31 -25.76 
-25.37 -24.91 123.74 
-23.61 	- 	

-- _23.7-6- ---2;:&5 

-. 
-22.50 -22.47 -22.41 
-21.70 -21.58 -22.36 
-20.10 -20.24 -20.41 
-19.38 -19.31 -20.07 
-17.51 -17.82 -18.61 
-16.28 -16.21 -16.75 

N 
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round the molecule. 	In the (unsymmetrical) ground state 

it is the atoms towards which the 07-H group is tilted 

that are most affected by the charge dispersion. 	In the 

ground state cation the bond between these olefinic centres 

is lengthened and there is a considerable drop in the overlap 

population between the carbons; the other olefinic centres 

have their overlap population virtually unaffected. Similarly 

there is very little change in population when the transition 

state is generated. 	Despite the fact that there is no 

positive population between 07 and 02 and 03 (the olefinic 

centres to which it is tilted) it would appear that the 

reason for the ground state being unsymmetrical lies in the 

more efficient delocalisation of the positive charge. 

It is possible to estimate further the extent of 

delocalisation of the positive charge by considering the ls 

orbital energies. 	Olah has shown 18  that in a pure sp 

hybridised carbonium. ion such as the tertiary butyl cation 

the- charge is - effective-ly locaiisedTh thëThlaidãl tionic - 

centre, since the centre atom here occurs at approximately 

3.9ev higher binding energy than the outer methyl-type 

carbon atoms. 	Where delocalisation occurs, as in the 

tropylium ion, while there is a shift to higher  binding 

energy because of the positive charge, the ls levels all 

occur at the same position. 	The orbital energies of the 

three cations are shown in Table 10. 	The binding energy 

difference between the saturated carbon ls levels in the 

Cl-cation and the transition state cation is 3.9eV, exactly 

that which was found by Olah for (CH 7 ) 3C t . Bearing in mind 
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Figure 9 Some Orbitals of the 1-Norbornaclienyl Cation 

(Transition and Ground States): (a) and (b),. 2s-levels; 

(e) and d), apex C-H level; (e) and (f), olefinic sigma 

bonds; (g) and (h), pi-orbitals 
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that there is a tendency for gaussian calculations to over-

estimate energy differences between is levels, it would 

appear that there is a small deloçalisation Of the positive 

charge in these two species. 	When attention is turned to 

the ground state cation, this binding energy difference is 

considerably less, being 2.6ev implying that there is a 

large amount of delocalisation of the charge. 

The effect on the orbital energies when the cation 

is generated is to lower them by approximately 7.4eV in the 

valency shell region (in the .core region it is a more variable 

lowering but always greater than 8ev). 	This lowering of the 

eigenvalues affects the virtual orbitals also, resulting in 

there being some virtual orbitals of negative energy (this 

was also found in the azoles when protonation occurred). 

Generation of the cation has very little effect on 

the nature of the orbitals. 	Thus there are orbit als of 

primarily 2s character, two orbitals (in a syiwnetricand aziti-

symmetric pair) of 7-type, two olefinic a-type and so on; 

i.e almost identical with the neutral parent molecule. The 

only significant difference is the loss of a C-H level, as 

one would expect. Thus in the ground state and transition 

state 7-cations there is only one apex C-H bond but two 

junction C-H orbitals; this situation is reversed in the 

1-cation. 	Some examples of the orbitals for the cations 

are shown in Figures 9a-9h. 
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Summary 

The electronic structure of norbornadiene has been 

investigated using two different basis sets. 	The results 

of each calculation have been compared with experimental 

data and found to give a reasonable fit. 	The nature of 

the orbitals has been demonstrated and data from the 

population analysis used to predict which of the saturated 

cations is most likely to be formed. 	The transition and 

ground state geometries of the 7-cation have been obtained, 

yielding an inversion barrier of 8.5 kcal/mole (a lower limit 

since the transition state is likely to be nearer optimal 

than the ground state) 
	

This barrier is the closest to 

experimental yet obtained 	Finally the effect of the 

positive charge is discussed together with experimental 

data on the ls ionisation potentials. 
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Inti-oduction 

The heterocycles of Group VI elements which are 

analogous to pyridine necessarily have a positively 

charged framework. The oxygen analogue is the pyrylium 

ion (1), while the sulphur analogue is called thiopyr.y]ium 

(2). 	These may formally be regarded as being formed by 

the replacement of a -CH=CH- group in the tropylium cation 

by 0 and S respectively. Replacement of two such -CH=CH- 

groups by S leads to the 1,2-dithiolium (3)  and 1,3-dithiolium 

(4) cations. Since the replacement of two lit electron donors 

by one 27 electron donor does not affect the number of 

n-electrons, these molecules all have 6it electrons and are 

potential aromatic systems. 

on , 0 
(1) 	 (2) 	 (3) 	 (4) 

The largest amount of quantum-mechanical information reporte2f 15  

on these molecules has been concerned with the ultra-violet 

spectra, 2-4,10-12,14,15  often of very highly substituted 

derivatives, and benzo-derivatives; 8 ' 	other phenomena 

investigated include bond lengths, 4,12b,13  charge 

distributions, 5 ' 8 ' 12  NNR chemical shifts 5  and aromaticityJ' 5  

There is a shortage of data on the systems (l)-(4) and 

the following were used in the calculations. 	For the 1,2- 

dithiolium salt the simplest structure reported 6  that of 

the 4-phenyl compound, was used. Pyrylium was based on the 
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structure of the pyridinium cation, thiopyrylium on 

phosphorin and the 1,3--dithioliüm cation on the analogous 

molecule bis-(1,3-dithiole) 17 . 	Full details of lengths 

and angles can be found in Appendix 3. 	Basis sets will be 

described at the point appropriate for each molecule. 

Calculations on the Pyrylium Cation 

Non-empirical calculations have been carried out on 

the pyrylium ion using two different minimal basis sets. 

For the first calculation the standard best atom set was 

employed, with the functions described in Appendix 2, 

Tables 1, 2 and 4 for H, C and 0 respectively. 	When this 

was complete the results of several scaled runs were 

available and ;  since these gave improved molecular energies, 

the standard basis sets were replaced by the appropriate 

scaled functions. 	This left the pyrylium ion somewhat 

misplaced since it could not be directly compared with the 

analogous thiopyrylium ion. - Accordingly th cIcultiOfl 	- 

was repeated using a scaled set for each atom; the scaling 

factors for hydrogen and carbQn were taken from scaled 

ethylene (Tables 8 and 9 in Appendix 2 respectively) while 

those for oxygen were taken from scaled vinyl alcohol. Such 

scaled functions were found to be suitable in hetero-aromatics 

such as furan18  and can be found in Table 12 of Appendix 2. 

The repetition of such a calculation was useful on two 

grounds (1) it enabled a direct comparison to be made with 

the thiopyrylium cation (2) more generally it supplied a 

"cross-over" molecule for six-membered rings, as the azines 

had been studied with best atom bases. 
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TABLE I 

Total Energies of Pyrylium Ion (la) and Scaled 

Pyrylium Ion (lb) 

la lb 

T.E. (au) -265.77082 -266.06431 

1-El. (au) -774.65270 -777.43618 
2-El. (au) 291.71601 -294.20601 
N.R. (au) 217.16586 217.16586 

B.E. (au) -1.01687 -1.31056 
B.E. (kcal/mole) -638.1 -822.2 

Table 1 shows the total energies of the pyrylium ion 

using both basis sets. 	Binding energy is defined here as 

being the difference in energy between the molecule and the 

atomic species 5 x H + 4 x C + 1 x C 1  + 1 x 0; carbon was 

assumed to form the ionic atom since it has the lower 

calculated (0 = 13.26ev, C = 10.80ev) and experimental (13.61 

and 11.3ev) ionisation potential (cf. •protonated azoles, 

Section 2); best atom basis sets were used for alL atoms, 

on the same grounds as was discussed for norbornadiene 

(Section 4). 	The binding energy of the "best-atom" 

pyrylium ion is some 40 kcal/mole more negative than was 

found for pyridine using a best atom calculation; this 

then implies that the oxygen heterocycle is more thermo-

dynamically stable than the nitrogen one. A possible cause 

of this is the net positive charge on the molecule drawing 

the electrons more closely together. 	If this were true it 

would be expected that both the electron-nuclear attraction 

and electron-electron repulsion energies would be greater 

for the pyrylium ion; comparison of the energies with those 
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of Table 3.1 shows that the expected variations do occur. 

This table also shows that there is a considerable 

increase in nuclear repulsion energy; since this implies 

the atoms are closer together, the expected energy change 

could comprise effects from the nuclei being closer to-

gether, as well as the electrons being drawn in by the 

positive charge. 	The scaled calculation is considerably 

better in terms of energy, by 184.1 kcal/mole; while this 

is not such a large improvement as was found for norbornadiene, 

it is of course a considerably smaller molecule. 	Since 

the majority of scale factors are greater than unity the 

one- and two-electron energies show the expected increase 

in magnitude. 

The orbital energies of pyridine, unscaled and scaled 

pyrylium ion are shown in Table 2. 	In all cases the 

orbital of highest energy is that localised on the hetero-

atom is orbital with the oxygen is orbital being at 

considerably greater binding energy than in either. furan19  

562.7eV) or than that of 1,2,5-oxadiazoie 19  (564.2ev) where 

it is in a more electron deficient environment. In the 

scaled calculation there is the expected shift to lower 

binding energy (by analogy with norbornadiene); the 

shift is very much smaller in magnitude than the carbon is 

changes on scaling but is of the same approximate magnitude 

as was found for furan and 1,2,5-oxadiazoleJ8 ' 19  The 

increase in binding energy from furan to la shows how the 

positive charge, a valence shell phenomenon can effect the 

core orbitals. 	The carbon ls orbitals occur in the same 



TABLE 2 

Orbital Energies (eV) of Pyridine, Pyryliuni and Scaled Pyryliurn 

Pyridine la lb Pyridine la lb 

A1 	-426.37 -572.06 -571.94 B2  -311.96 -320.70 -317.83 

-311.96 -320.69 -317.83 -311.28 -317.85 -314.55 

-311.40 -318.76 -315.59 -30.18 -37.79 -36.58 

-31127 -317.85 -314.55 -24.61 -32.83 -31.81 

-35.85 -50.04 -49.05 . -19.70 -27.49 -26.52 

-31.51 -40.21 -37.91 . -18.24 -24.93 -24.08 

-24.95 -32.24 -31.20 -15.91 -22.60 -21.61 

• -21.04 -28.85 728.13 

• 	 -19.11 -25.51 -24.72 B1  -16.79 -26.54 -25.85 

• -17.21 -25.21 . -24.47 . 	 -12.42 • 	 -20.27 -19.29 

-12.46 	• -21.59 -20.73 
• A2  -12.12 -18.62 -17.44. 

F-' 
a' -a 
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(decreasing) order of binding energies in all three 

molecules, namely c2(=C6), c4, C3(=C5). 	The span of 

energies in pyridine is 0.7ev, but in the (unscaled) 

pyryliurn ion the spread is 2.8eV; this is increased in 

the scaled calculation to 3.3eV. 	It is possible then 

that the difference in energy levels may ho detectable 

using x-ray photo-electron äpectrosbopy. 	The decrease in 

orbital energy on replacement of N by 0+  is greatest for 

the carbon next to the hetero-atom (8.7ev); it does not 

however decrease with decreasing distance from the hetero-

atom since the C4 ls orbital has its energy made more 

binding than the C3/C5  value (7.3ev as oposed to 6.6ev); 

Orbital 5à1 , the first orbital after the core orbitals 

is very highly localised on the oxygen 2s function. 	This 

orbital shows the greatest increase in binding energy when 

comparison is made with the corresponding pyridine orbital. 

The extent of localisation can be judged from (1) the 

eigenvector of the 2s orbital being 0.76 in this orbital 

(2) the population analysis which credits the oxygen 2s 

function in orbital 5a 1  with a population of 1.33 out of 

a total 2s population of 1.68 (79%),  the remaining being 

spread fairly evenly through the remaining a 1  orbitals. 

(similar figures, 1.40e in 5a 1  being 80% of the total, 

hold for the scaled calculation). 	This localisation is 

also true of pyridine but is much less marked; the tendency 

for localisation due to the 2s orbital energy of the oxygen 

atom is reinforced by the nominal unit charge on the oxygen 

atom. 	This can be shown by examination of the corresponding 

orbital infuran18 ' 19 (4a1 ) where the eigenvector of the 2s 

orbital is 0.72, giving a population of 1.24 which is 73% 

of the total. 
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The energies of the remaining orbital do not in 

general show such a marked increase in binding energy; the 

typical increase in binding energy is approximately 7ev 

upon the introduction of O with the main exception being 

lb1 , where the orbital is very heavily localised on 

oxygen 2p,  to such an extent that there is virtually no 

contribution from the C5 2p functioni. 	This is a further 

indication of the effect of the orbital energies of oxygen 

i.e. where the orbital is virtually localised on an oxygen 

function, (e.g. in 5a   and lb1) by virtue of its free atom 

orbital energy being so much lower than the other atoms, 

then that orbital is at abnormally high biAding energy. 

The introduction of scaled functions has the same effect 

as in norbornadiene, i.e. a general decrease in binding 

energy; the ordering of the orbitals is identical in both 

calculations. 

TABLE 3 

Character of the Valency Shed.]. Orbitals in the Pyrylium 
Ion 

Orbital 	 Nature 

	

5a1 	Highly localised oxygen 2s level 

	

6a1 	Predbminantly 2s, but with 0 value of opposite 
sign to carbon 2s functions. C4 is highest 
eigenvector, decreasing .to C2/C6. 

	

7a1 	Large amount of 2s present, but no longer pre- 
dominant. Mainly ring C2-C3/C5--C6  bonding. 

	

8a1 	Totally symmetric C-H bonding level, plus a 
little ring bonding. 

	

9a1 	More C-H bonding of the form (C2-H)-(C3-H)-(C4-H) + 
(C5-H). 

	

10a1 	Very delocalised orbital with main bonding being 
O-C2/0-C6. 	 . 

	

lla1 	Some lone pair characteristic but not particularly 
marked. 	 - 	 - 

(Contd. 
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Table 3 (Cond.) 

Orbital 	 Nature 

3b2 	Extensive ring bonding from 0 to C4. C2-C3 
bond is exclusively 2s in nature. 

02 	General ring bonding with oxygen somewhat 
isolated from remainder of molecule. 

5b2 	p-Bonding in pairs round ring, with a node 
passing through each atom. 

6b2 	C-H Bonding of type (C2-H) + (c3-H)-(c4-H)-(c5-H) 

7b2 	Similar to 5b2 , but has an additional node per- 
pendicular to 03-04 bond. . Significant amount of 
C-H bonding giving, a double W shaped orbital. 

lb1 	Heavily localised on 0 2p  orbital. C4 effectively 
non-existent. 

2b1 	Split into two parts 1) oxygen 2) carbon with 
C2/C6 of zero eigenvector. 

1a2 	C2-C3 bond with C2 slightly greater. 

The overall nature of the orbitals in pyrylium, 

whether one considers the scaled or unscaled sets, is 

similar in many respects to that of pyridine, as one would 

expect. 	These differences consist of differences in 

degree rather than in nature; thus orbital 6a 1 , which in= 

pyridine is nodal across the C2-C3 and 05-06  bdnds, is 

nodal between the 0 and the 02, CE atoms. 	This node occurs 

just on the oxygen side of the a-carbons so that it has 

shifted by approximately half a C-C bond length. Similarly 

the lone pair character of the top a-orbital (11a) is very 

much reduced with the appropriate p eigbnvector being 

reduced from 0.81 (pyridine) to 0.55 (pyryliuni ion). 	Such 

differences are by no means confihed to the A1  symmetry type. 

For example, 6b2 , a predominantly Ca_H/Cs_H  bonding level in 

both molecules has a  greater amount of Ca_H  than CTH in 

II 
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the pyryliuni ion, while in pyridine they are almost equal. 

In the it-system orbital lb 1  has already been mentioned; 

orbital 2b1  behaves in a similar fashion to 6a  in that 
the nodal plane lies between CaO  instead of CaC• 	There 

is thus an overall effect of the molecule splitting into 

two entities; in the pyrylium ion the first part is 0, the 

second part is the carbon atoms. In pyridine the split is 

into C2-N-C6 and C3_C4_C5 moieties. (The nature of the 

orbitals is recorded in Table 3). 	This in general leads 

to an increase in eigenvector when compared to pyridine, if 

there was no node between the nitrogen and its adjacent - 

carbons; similarly, where there was a node the eigenvectors 

in general show a movement away from the hetero-atom. This 

type of push-pull mechanism explains results for orbitals 

such as 7b2  where the C-C bond is more prominent in 

pyrylium than in pyridine. 

TABLE 4 

Population Analysis of Pyryuium and Scaled Pyryliuin. 

Best Atom Calculation. 
0 2,C6 C3, C5 C4 

ls + 2s 3.6769 -3.0694 3.0738 3.1078 
3.0407 1.9734 2.1585 2.2513 

2p Tr  1.5606 0.8433 0.9955 0.7617 
Total 8.2772 5.8852 6.2280 6.1208 
H - 	 - 0.6563 0.6912 0.6807 

'Scaled' Calculation 

is + 2s 3.7471 3.0330 3.0523 3.0924 
2p0  3.0777 1.8869 2.0926 2.1890 
2p Tr 1.6120 0.8311 0.9889 0.7479 

Total 8.4368 5.7510 6.1339 
- 	

6.0292 
H 	! - 0.7368 0.7663 .0.7594 
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Table 4 shows the results of a Mulliken population 

analysis on both pyryliuni calculations; although the numbers 

are different in magnitude in the two calculations trends 

are the same, and as such can be discussed together. 	The 

oxygen atom has a net negative charge which is indirect 

opposition to the classical structure drawn for (1) above, 

where it is implicitly assumed that the positive charge is 

localised on the oxygen atom. The population is somewhat 

less than that found for furan18 ' 19  but greater than for 

1,2,5-oxaiazole18 ' 19  (using the appropriate basis sets 

for comparison). This is in keeping with the different 

electronegativities of C, N and 0. 

The alternative classical representation is that the 

oxygen replaces two carbon atoms in the tropylium ion, 

giving a two-electron donor to the u-system (if pyridine-like 

the oxygen would give only one-electron to the u-system). 

The 2p,1  population of 1.56 and 1.61 for the unsealed and 

scaled sets respectively is very much more reminiscent of 

the situation in pyrrole (2p 11  = 1.63) than that in pyridine 

(2p 7  = 0.99). 	This then suggests that the better classical 

representation is the one where oxygen is a 2 electron 11-

donor. However this requires that the oxygen atom accepts 

1.04e from the p-a system, a rather large transfer. 	The 

classical one u-electron arrangement does not require re-

arrangements of such magnitude (+0.33e from oxygen 2s, -0.04e 

from p-a and -0.56e from p-r). 

It is possible to use the population analysis of 

Table. 4 to predict the relative preference of the carbon 

atoms for nucleophilic attack. 	Total population predicts 
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that only carbon atoms C2 and C5 should be attacked, as 

these are the only ring atoms with a net positive charge. 

Nucleophilic attack on 2,4,6-tri substituted pyrylium salts 

does occur at the C2(C6) position; 20 ' 21  however the effect 

on the total population of the substituents cannot be 

predicted. 	As nucleophilic attack on the ring carbons 

must occur from a direction perpendicular to the plane of 

the ring (in plane attack is prevented by the hydrogen atoms) 

it is likely that the 2p,1  populations may be a more correct 

criterion for predictions regarding nucleophilic attack. 

This then predicts that the most active position would be 

the C4 position, closely followed by the C2/C6 positions. 

This would appear to contradict the experimental evidence 

of the 2,4, 6-trisubstituted compounds (above); however, 

when the Cit  position is free from substituents nucleophilic 

attack occurs at this position. 22 

TABLE 5 

Second Moments   and Diamagnetic Susceptibilities  

Pyridine la lb 

2nd Moment 	xx -59.7 -55.8 -55.1 
yy 57.5 -57.0 -56.4 
zz -9.1 -8.5 -7.6 

Diamag. Sus 	xx -282.2 -277.8 -271.84 

yy -291.5 -272.7 -266.03 

zz -497.0 -478.2 -473.07 
zz-(n-i-yy) -210.1 -202.9 -204.13 

a) Electronic term only, in units of 10 -16cm 

14 	it 	 11 IT 	TI 	11 11 10_6erg.G2/mole. 
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The tensor components of the second moment and 

diamagnetic susceptibility properties are shown in Table 5, 

along with those of pyridine. 	The second moment values 

for pyrylium ion are smaller than those for pyridine, 

indicating that the charge pulls the electrons in towards 

the nuclei. 	The aromaticity factor, zz-12(xx+yy)  as 

defined by Flygare23  from the diamagnetic susceptibility 

tensors indicates that the pyrylium ion is slightly less 

aromatic than pyridine. 	Translation of this arornaticity 

charge into chemical shift differences is not possible because 

of the effect of the molecular charge (counter ion and 

2. solvent do not appear to affect the NIVIR spectrum significantly). 

If one assumes that the hydrogen populations give, an indication 

how the nuclei are shielded: from the applied field, then the 

lower the population of a hydrogen atom then the farther 

downfield (lower I values) will the hydrogen resonate. The 

predicted order is then (high to low field) C3/C5, C4, C2/C6 

which is in qualitative agreement with the observed data 

(C3/C5, 1.51; C4, 0.71; C2/C6 0.4T). 

Thiopyrylium Cation 

Scaled minimal basis sets were used for this molecule. 

The scale factors used for carbon and hydrogen were those 

obtained by scaling ethylene; those for sulphur came from 

scaling of thio-formaldehyde. 	The exponents and contraction 

coefficients can be found in Appendix 2, Tables 8, 9 and 13 

for H, C and S respectively. 

F' 



TABLE 6 

Total Energies (au) and Orbital Energies (eV) for the 
Thiopyrylium Cation 

T.E. -588.14487 
1-El. -1319.4685 
2-El. 465.88060 
N.R. 265.44302 
B.E. 	(au) -0.99593 
B.E. 	(kcal/mole) -624.9 

A1 	- -2501.8 B2  -315.4 
-315.4 -314.3 
-314.9 -188.7 
-314.3 -35.09 
-246.3 -29.75 
-188.6 -24.60 

-39.25 -23.54 

-29.79 

-26.40 B1  -188.55 

-24.11 -21.72 
-22.27 -17.79 
-19.37 

A2  -17.12 

The total energy terms obtained for thiopyrylium are 

shown in Table 6; evaluation of the first ionisation 

potential for sulphur gave a value of 9.5eV against 10.8eV 

for carbon. 	This is in reasonable agreement with the 

experimental values of 10.36(S) and 11.3(C);  accordingly 

the atom species used in determining the binding energy 

were 5 x C + 5 x H + 1 x S with unsealed basis sets being 

used for atomic calculations. 	The binding energy thus 

evaluated is slightly less than the unsealed pyryliurn ion 

and considerably less in magnitude than that of scaled 
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pyrylium, with which comparison should be made. This then 

predicts that the thiopyrylium' cation is less stable with 

respect to decomposition to the atoms than is the pyrylium 

ion. 

Starting at highest binding energy the first ten 

orbitals are localised and can be regarded as core orbitals. 

The first of these is the sulphur is orbital; it is 

followed by the carbon ls orbitals where the order (in 

decreasing binding energy) is C2/C6 04, C5/C3. 	This is 

the same order as was found for pyridine and both calculations 

on the pyrylium ion; the span of carbon ls energies in 

thiopyrylium is only 1.0eV which is much less than that 

found for the pyrylium ion. 	Since a span of 1.9eV was not 

resolvable using ESCA techniques on norbornadiene (Section 4)' 

it is unlikely that it will be possible to separate these 

peaks. 	The small span of carbon ls energies is consistent 

with the electronegativities of sulphur and oxygen. 	Thus 

when oxygen is present it is a very electron withdrawing. 

group and this makes great lowering of the 02/CE and c4. 

core orbital energies take place. 	In contrast the sulphur 

atom is very much less electro-negative resulting in the 

carbon atoms receiving a somewhat greater share of the 

electrons. 	This is shown by the average of the carbon 

energies being 1.2eV to lower ionisation potential than the 

pyrylium ion. 	The remaining core orbitals are the hetero- 

atom 2s and 2p orbitals; the three 2p orbitals occur at 

some 58ev less negative binding energy than does the 2s level 

(cf. 63eV  in the free atom). 	There are very slight energy 

differences in the three 2p functions. 
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TABLE 7 

Nature of Thiopyrylium Valence Shell Orbitals, and Assignment 
in Terms of Benzene Orbitals 

Orbital Benzene Type Nature 

7a1  Alg  Symmetric valency shell S orbital 

8a1 Elu. Valency shell S with nodal plane 
passing through 02-03. and 05-06 
bonds 

4b2 E1u Valency shell S with node through 
S and 04 (Other "half" of pseudo- 
degenerate pair) 

9a1  E 2 Valency shell 8:- Sl-i-04-C2-03--05-06 
in nature 

5b2  E 2 Valency shell S (02-03 05-06) with 
C4 and Sl x orbitals 

10a1 Alg Symmetric 0-H level 

lla1  B1  C-H level of (C2-H)+(C6-H)-(03--H)-- 
(05-H) type 

12a 1  
11 

Sl lone pair + (02-H) + (06-H) - 
03-H)--(C4--H)-(C5-H) 

• 7b2 Eiu (02-H) + (03-H) - (05-H) - (06-H) 

13a1 E 2 Sulphur lone pair 
81)2  E 	2 Mixed 0-H and ring bonding 
6b2 B 2 - Ring bonding 
2b1 A2u Symmetric valency shell z combination 
3b1  E1g  (03 + 04 + 05) - (Sl + 02 + 0) z. 

combination with 02, 06 small 
la  Eig  02 + 03 - 05 - 06 combination.. 

In the pyrylium ion it was found that the first non-

core orbital was very localised on the oxygen 2s.orbital. 

This was attributed to the 2s function being of much lower 

energy in the free atom and hence not interacting strongly 

with the carbon functions. Calculations on the sulphur atom 

using the unsealed basis set showed that the 3s orbital, 

energy was very similar to that of carbon 2s (22.07eV and 

24.65eV respectively); the values for the 3p and 2pvalUes 

are almost identical (12.19ev and 11.78eV). The sulphur 
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atom would then be likely to behave much more as a carbon 

atom than did the -oxygen in pyrylium ion or even-the 

nitrogen in pyridine, i.e. there is much less distortjdn of 

the benzene molecule in thiopyryliuin than in pyrylium. 

Assignments could then be made of the valence shell 

orbitals to pseudo-benzene type orbitals (D 6h)with more 

ease then was found for pyri.dine (the differences in degree 

found in the pyrylium ion were sufficiently marked to cause 

changes in the positionsof nodes and-hence disallow the 

benzene type of analysis). 	The nature of the valency shell 

orbitals is recorded in Table 7, together with the assignments 

in terms of benzene orbitals. 	The occupation order is the 

same as for benzene but, since this is also true of pyridine, 

this does not show how alike the thiopyrylium cation and 

benzene are; the gap between the pseudo-degenerate levels 

shows this in a striking manner '(Table 8). 	In most cases 

the thiopyrylium orbitals have an overall tendency to be 

closer together in energy when they are pseudo-generate. 

Separation of Pseudo-degenerate levels in Thiopyrylium and 
Pyridine (in eV) 

Pseudo-Degenerate Pair 	Pyridine 	Separation in Thin- 

8a1  /4b2  

9a1/5b2  

1 2a1  /7b2  

l3a1 /8b2  

3b1/la2  

1.4 

0.5 

0.9 

3.2 

0.4 

pyrylium 

0.69 

0.04 

1.27 

1.00 

0.67 
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In view of the near equalitr of the electronegativities 

of carbon and sulphur it is not surprising that the orbital 

energies are somewhat similar. 	This has several important 

consequences on the electronic structure:- (i) the orbitals 

corresponding to those which were largely localised on oxygen 

will decrease their ionisation potential quite sharply. The 

observed energy change is 9.8eV for 7a 1  and 4.1ev for 2b1  

(5a1 and lb1  in pyryliurn) which can be contrasted with a 

decrease of approximately 2eV for the other orbitals 

(ii) the sulphur 35 population of 1.74 electrons comes from 

orbitals 7-9a1  and 11-13a1  not predominantly from one 

orbital, (iii) the sulphur atoms has a net positive charge 

of 0.4234 (from Table 9) since the carbon atoms are able to 

get a larger share of the electron than they could in the 

pyryliun ion, (iv) because of (iii) the carbon atoms have a 

higher population and become more alike in charge, which is 

of course compatible with the lesser span of the ls orbital 

energies. 	A further result of (iii) is that the hydrogen 

atoms become somewhat less positively charged (population 

increases). 

TABLE 9 

Population Analysis of Thiopyrylium Ion 

Core + Valence s 

Valence p. 

Valence 

Total 

H 

S C2/C6 C3/C5 C4 

11.6940 3.1360 3.0509 3.0764 

2.3764 2.1351 2.1041 2.1785 

1.5063 0.8942 0.9592 0.7979 

15.5766 6.1553 6.1143 6.0528 

- 	0.7469 	0.7742 	0.7689 
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The total population of the carbon atoms is greater 

than six for all carbons; on this basis none should be 

activated towards nucleophilic attack. However the 

carbon populations show that the preferred order is 

C4 > C2/C6 > 03/C5, i.e. the same order as was found for the 

pyrylium ion. 	Extending this to take in both molecules 

the reactivity order would be C4(0), C4(s), C2/C6 (0), 

C2/06(S), C3/C5(0), C3/C5(S). 	The hydrogen populations 

predict the H2/H6 protons to be at lowest field in the NMR 

spectrum, then H4 and finally H3/H5; this is the correct 

predicted order but comparison with the pyrylium populations 

shows that the tftLopyrylium resonances should be upfield 

of the corresponding pyrylium resonances. 	This is not in 

fact observed and emphasizes that the population analysis 

is only a qualitative guide to experimental data. 	It may 

be that the lower electronegativity of S allows greater 

delocalisation. 

TABLE 10 

1-Electron Properties of Thiopyrylium Cation.a 

n 	yy 	 zz 	zz-3- (xx+yy) 
Second Moment 	-64.55 	-84.33 	-9.34 	- 

Diamag. Sus. 	-397.42 	-313.48 	-631.65 	-276.20 

a) For units see Table 5. 

Some 1-electron properties of the thiopyrylium cation 

are shown in Table 10; the second moment components are 

somewhat greater than those found with the scaled pyryliurn 

calculation. 	This is to be expected since the sulphur 



TABLE 11 

Total Energies (au) and Orbital Energies (eV) of the 
Dithiolium Cations 

1,2-Dithioliurn 	1,3-Dithiolium 

T.E. -908.01639 -908.02141 

1-El. -1783.4320 -1766.4419 

2-El. 600-.15072 -591.94399 
N.R. 275.26486 266.47650 

B.E. -0.64531 -0.65033 
B.E. (kcal/mole) -404.9 -408.1 

Al 	-2502.01 	B2  -2502.03 	Al  -2501.98 B2 	-2501.98 

-317.00 -317.01 -317.52 -315.71 
-315.65 -247.01 -315.73 -246.71 
-246.90 -189.32 -246.70 -189.06 

--189.26 -1.39.24 -189.06 -189.01 

-189.19 -36.29 -188.99 -35.32 
/17r7 nfl 	r7n In 	I., ,.n 	nfl 

cO.(O 

-35.88 -24.66 -35.76 -22.81 

-29.58 -21.44 -30.18 -19.86 

-27.82 -26.97 

-23.39 	B1  -189.11 -24.59 B1 	-18895 
-20.40 -23.22 -21.67 -22.64 

.-18.32 -18.06 

	

A2  -189.16 
	

A2  -188.95 

	

-18.71 	 -18.44 
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orbitals are more diffuse than the oxygen. 	The aromaticity. 

parameter is very much larger than that found for the 

pyrylium ion; this is reminiscent of the difference between 

the azoles and the azines and can similarly be described 

as a change in origin of the aromaticity parameter, i.6. the 

aromaticity term can only be applied to i. 30-electronic 

species. 

The Dithiolium Cations 

The basis sets used were identical to the thiopyrylium 

cation case, and the results of these calculations are 

shown in Table 11, where the atomic species used to determine 

the binding energies were 3 x H + 3 x C. + 1 x S-+  1 x S. 

The binding energies are almost identical, but considerably 

smaller than those found for the thiopyrylium cation. It 

would seem therefore that, as the number of hetero-atoms 

substituted for -HC=CH- groups in the tropylium cation 

increases, the stability of the molecules decrease. 

The core orbital ionisation potentials occur at higher 

binding energy than was found for the thiopyrylium cation. 

This is consistent with the same charge being present in a 

smaller nuclear framework; the sulphur 2p orbital energies 

for several substituted 1,2-dithiolium cations has been 

reported; 25  the values found here show the same trend as 

first row ls levels, i.e. the calculations overestimate by 

some 25ev. 	In the 1,2-dithiolium cation the carbon atoms 

adjacent to sulphur have ls orbital energies more negative, 

by 1.3ev than the unique carbon. 	This would lead one to 

expect that unique carbon in the 1,3-dithioliuni case to be 
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at higher ionisation potential still, since it is adjacent 

to two sulphur stoms, and the 04/C5 atoms to be at the same 

value as 03/05 of the 1,2 isomer.. 	That this is not so can 

be seen from Table 11. 	The observed carbon ls values can 

be explained by the following two classical representations:- 

S. % 	/ s 

(5) 
	

(6) 

where in each case the positive charge is delocalised over 

three atoms. 	Representation (5) is an alkyl carbonium ion 

with a di--sulphide bridge; a calculation on the allyl 

positive ion using the same carbon-hydrogen skeleton as in 

the 1,2-dithiolium ca€ion gave the centre carbon a ls 

orbital energy of -316.33 and the terminal carbons -318.52eV, 

similar to what was found for the 1,2-dithioliurn cation. 	- 

The two "olefinic" carbons 04/C5 of, structure (6) are at lower 

ionisation potential because the positive charge is not 

delocalised over them. 	The remaining atom, 03 of 6, does 

not show the allyl characteristic 'b&cause it is in the 

centre of a 4-electron 2-centre bond, involving the ir-orbitals 

of Sl-C2-C3. 	If these structures are to be considered 

realistic there are clearly several characteristic's which 

must also occur:- (a) the overlap population and 7-populations 

for the carbon part of (5) must be similar to those found 

for the carbonium ion; (b) the p. 7  populations of the sulphur 
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atoms in (5) must be greater than in (6) because in the 

latter case they have . the positive charge associated with 

them; (c) the C4-S3/C5--Sl overlap u-population should be 

higher than the C3-Sl/C2-S3 values, and probably higher 

than sulphur-carbon it overlaps in other molecules, because 

of the 4-electron 2-centre system; (d) the n-overlap 

population between C4 and C5 in (6) should be high (tending 

to be more olefinic). 	That most of these criteria are met 

can be seen in Tables 12a-12c where the appropriate results 

are listed together. 

TABLE 12 

The DithioL'.um Cations and the Allyl Cation 

a) C-C Overlap and u--Populations 

S C 

 0.5305 1.6339 0.8537 1.0356 
Allyl 0.5037 - 0.4743 1.0513 

 0.6146 1.5743 1.0288 0.8063 

b) C-S u-Overlap Populations 

(s) 0.0970 
(6) 	C4-S3 0.0415 

C2-53 0.1030 

(2) 0.0873 

c) C-C li-Overlap Populations 

C4-C3 	0.1395 
C5-C4 	0.2136 

* Ca  is the symmetry-related pair of carbons, Cb  the unique 
- 	 atom. 

Since the carbon 2s/2p orbital energies are very similar 

to the sulphur 3s/3p values it is very likely that the 

orbital nature will be the same in both dithiolium species. 

.1. 
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That this is found to be true can be seen from Table 13, 

where (a) represents the 1,2-dithiolium ion and (b) the 

1,3-dithiolium ion. 	The lowest in energy are predominantly 

sulphur and carbon valence S in nature, as was found for 

thiopyrylium. In contrast however the C-H levels Are 

TABLE 13 
Nature of Dithiolium Orbitals 

Orbital Nature 

7a1  (a) and (b). Totally symmetric 2s level 	with 
sulphur slightly larger than carbon. 

8a1  and (b). Nodal plane perpendicular to C2 axis 
splitting into (a) Si + 32 - C3-C4-05 and 

Si ± C2 + C3 - C4-05 

9a1 . (a) and (b). Mixture of ring bonding and C-H 
bonding. -- 

10a1  (a) and (b). I? 	 TI 	 IT 

1a1  (a) and (b). Largely ring bonding through the 
p orbitals. 

12a1  and (b). Symmetric lone.-pair combination. 

6b2 	Valency shell S level for both (a) and (b). 

7b2 	(a) and (b). Antisymmetric C-H bonding with 
carbon p/sulphur S ring bonding fairly important. 

8b 	(a) Inter-carbon ring 2p-bonding with some C-H evident, (b) C-H level with some C5-Si/C4- S3 
2p-3p bonding. 

9b2 	Antisymmetric lone pair level in both molecules. 

2b1  - (a) Very much sulphur 3z orbital with carbon 
eigenvectors of same sign (b) Much more even 
distribution but sulphur still predominates. 

3b1 	Split of ir-orbitals into structures (5) and (6). 

2a2 	(a) Sulphur eigenvector slightly greater than 
carbon. 

Sulphur eigenvectcr 5 times greater than 
carbon. 



FjrS T CNT6UR LEVEL 	Q320 
r*.t-r.Lnr.TNrrvrP - 

1, 2-DIThIULIUM 952 	rNL ccour LEVEl - 0520 

H 

Figure 9  Lone pair anti—symmetric combipations 

FIRST CPflCUR LEC! 	0. :) 

1, 3-DTTHI0 1-IJM 9-B2 



/ 	 205 

often associated with ring bonding (all types), in l0a 1  

and 7b2  for example, although the former orbital could 

be regarded as a totally symmetric radial orbital with 

radial being C-H or sulphur lone pair orbital. The sulphur 

lone pair orbitals appear predominantly in the 12a 1/9b2  

orbitals, these being the symmetric and anti-symmetric 

combinations respectively. 	Since the sulphur atoms are 

further apart in the 1,3-isomer  it is somewhat surprising 

that the lone pair orbitals are split by a larger value 

than in the 1,2 case. 	Orbital 3b1  shows the tendency of the 

p1 system to split into representations (5) and (6), with 

the nodal plane splitting the 1,2-dithiolium cation into 

S-S and allylic parts and the 1,3-dithioliurn into olefinic 

and _e ..n.Q r'+n 

A common feature of cationic molecules is the presence 

of virtual orbitals of negative.energy. 	Table 14 represents 

this type of orbital for the molecules la, lb, 2-4. 

TABLE 14 

Lowest Unoccupied Molecular Orbitals of Hetero-aromatics 

la 	lb 

-6.45(B1) 	-5.07(B1 ) 

-4.62(A2 ) 	-2.88(A2 ) 

2 

-5. 35 (B1 ) 

-2,66(A2 ) 

3 
-3.87(B2 ) 

La. 99 (B1 ) 

-6-59(A 2 

4 

-1.47(A1 ) 

-6.33(B1) 

-1.89(A2 ) 

Polarographic reduction of 3 and 4 has recently been 

reported 26  with the *-wave potentials being -0.69v and -0.12v 

respectively. The orbital energies of Table 14 can be 

compared with this data. Using an aufbau principle with 
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the additional electron going into the lowest unoccupied 

orbital the agreement is not too good. 	However if one 

takes the highest negative energy orbital (i.e. those of 

-0.99 and -1.47ev energy) the agreement is much improved. 

It is possible then that the figures for (scaled) pyryliurn 

and thio-pyryliurit (-2.88 and -2.(.6ev) would be in equally 

good agreement. Calculations on "ne-electron added" species 

would of course be more exact. 

TABLE 15 

Population Analysis of the Dithiolium Cations 

(a), 1, 2-dithiolium 

S1,S2 C3, CS C4 

Core + Valence S 11.7886 3.1133 3.0114 

Valence p c7  2.2204 2.1872 2.0827 

Valence p 7T  1.6340 0.8537 1.0356 

Total 15.6430 6.1541 6.1296 

H - 0.7516 0.7728 

(b) 1, 3-dithiolium 

Sl,S3 C2 C3,C5 

Core + Valence S 11.7542 3.2158 3.0718 

Valence p 2.2421 2.1590 2.1001 

Valence p 1.5743 0.8063 1.0288 

Total 15.5706 6.1810 6.2007 

H - 0.7488 0.7638 

The population analysis in Table 15 shows that the 

sulphur atom is positively charged in each molecule, with 

the carbon atoms negatively charged. Again using the 

population of the carbon as a measure of reactivity towards 

nucleophiles, only the atoms C3/C5  in  (3)  and c4 in (4) are 

Ii 
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available for attack. 	The majority of experimental data 

has been gathered from reactions with substituted 1,2-

dithiolium species, and benzo derivatives of the 1,3-dithiolium 

cation. 	The reactions below 27,28 show that the predictions 

based on 2p,. population are correct. 

R0H -I('' LOH 

 

ft3 	- R 

S 	 S 	S 

At: 
R 

.YH•X 

R= NH 2, CN, 

H ,OEt 

AnkPh 

Some 1-electron properties are 'recorded in Table 16 

aromaticity term for the 1,3-isomer is considerably higher 

than for the 1,2-dithiolium cation. 

TABLE 16 

Second Moment and Diamagnetic Susceptibility Components 

The' 

xx 

2nd Moment of (3) 	-64.63 

(4) 	-86.31 

Dia.Sus. of 
	

(3) -308.22 
(4) -256.00 

yy 	zz 	zz-4(xx ± yy') 

	

-63.23 	-9.41 	- 

	

-50.95 	-9.40 	- 

	

-313.27 -541.62 	-230 .88  

	

-406.04 -582.31 	-251.29 

d-Orbitals and their Participation in Bonding 

The second row elements (Al-Ar) all have 3d orbitals 

which are unocci4ied but which lie only slightly above the 

ground state. 	The use Of these orbitals to explain the 
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ground state bonding was first suggested by Longuet-Higgins 

for thiophene 9  where the sulphur 3p z I 3d and 3dxz  are 

hybridised to form two occupied and one unoccupied n-orbital; 

this of course can be extended to the species being 

	

considered here. 	An alternative analysis 30  without 

involving d-orbitals is to form three sp 2  hybridised orbitals 

	

from the sulphur 3s, 3x' 	31  functions two of which contain 

1 electron (for a-bonds to the adjacent atoms) and one 

containing 2 electrons of lone pair nature. 	This would 

leave the 	of sulphur with 2 electrons, one of which is 

lost to form the 6,. system in the sulphur cations investi- 

gated here. 	Thus, since one of these theories of bonding 

requires the use of d-orbitals, calculations were carried 

out on the molecules 2-4 with d-orbitals included in order 

• 	to estimate to what extent the d-orbitals are involved. 

TABLE 17 

d-Orbitals in Gaussian Type Functions 

• 	 1 	m 	n 	 Type 

o 	0 	• 	0 	 s 

1 	0 	0 	 PX  
o 	1 	0 	 p y 
o 	0 	1 

2 	0 	0 	 dx2 	 - 

o 	2 	0 

o 	0 	2 	 d2 

1 	1 	0 	 'xy. 

1 	0 	1 xz  

0 	1 	1 • 	 yz 



209 

The general form of a Gaussian type function is 

lmn 
X y z exp (-a?) where 1, m, n are zero or positive 

integers. 	The nature of s, p  and d functions are shown 

above (Table 17). 	There are thus 6 d-type functions in 

Gaussiap basis sets, in contrast to the chemical five 

functions. 	Further, Gaussian type d's are not an ortho- 

normalset. 	The overlap integral between d2 and d2, 

and dz2  and dy2 and dz2  -is 0.3333 (from the 

calculation on thiopyryliuin). 	Since neither of these 

defects is particularly appealing, it is fortunate that 

suitable linear combinations, suggested by Rank &Csizmadia 3' 

enable one to circumvent both these problems. 	The d, dxz  

dyz offer no problems as they are ortho-normal and 

identical with the usual chemical functions; the d x . y2  

chemical function is formed by simply taking a linear 

combination of x2  and y2 ; chemical dz2  becomes 

(= 2dz2_x2 _y2 )• 	The remaining combination is 

x2+y2+z2(=r2) which thus has the same symmetry as another 

s function. 	It is-called the 3s'  function hereafter, and 

can best be regarded as one member of a double zeta 3s 

function. 	The Gaussian exponent used was that suggested by 

Csizmadia36 (0.541). 

Two calculations have been carried out on each molecule; 

the first of these was an spd set where the fiye "chemical" 

d-orbitals were included. 	In the second set the 3s' function 

was added, giving an spd + 3s'  set. The total energies of 

the molecules 2-4 are given in Table 18, where the AE term 

is 'the change in energy referred to the corresponding sp 



TABLE 18 

Total Energies of Sulphur Cationic Aromatics, with 
Additional d-Functions. 

2, 	spd 2, spd+3& 

T.E. -588.23031 - 588.27773 

1-El. -1320.2027 -1319.7654 

2-El. 466.52935 466.04462 

N.R. 265.44302 215.44302 

B.E.(au) -1.08137 -1.12879 

B.E. 	(kcal/mole) -678.6 	1 -708.3 

AE -53.6 -83.4 

3, 	spd spd+3s' 

-908.17655 -908.27342 

-1784.9200 -1784.0006 

601.47856 600.46228 

275.26486 275. 26486 

-0.80547 -0.90234 

--505.4 -566.2 

• -100.5 -161.3 

• spd 4, 	spd+3s' 
-908.16769 -908.26285 

-1767-9060 -1767.0120 

593.26178 592.27260 

266.47650 266.47650 

-0.79661 -0.89177 

-99.9 -559.6 

-91.8 -151.5 

210 



basis set calculation, with negative implying that there 

is an improvement in energy. 	Addition of the five d- 

functions l,eads to an improvement of approximately 

50 kcal/mole for each sulphur atom in the molecule. 	As 

this is a fairly large value it would seem likely that the 

d-orbitals do play a significant part in the bonding of 

these molecules. 	However, when the 3s' is added to the 

spd set there is a further improvement of some 30 kcal/mole 

(per sulphur atom), and this with only one new function, 

compared to the five d-•functions.It would seem therefore 

that the d-functions represent only a gain in variational 

flexibility and ncet a better representation of the ground 

state bonding. 	The d-orbitals are thus acting as 

polarisation functions since the energy improvement is 

similar to that obtained for furan (30 kcal/mole) and 1,2,5-

oxadiazole (46 kcai/mole), 18  where d-orbitals can only 

exist as polarisation functions. 

TABLE 19 

d-Orbital Populations and Eigenvectors 

2 3 4 
Largest eigenvector (spd) 0.069 -0.109 0.101 

'I 	
H 	(spd+3s') 0.120 -0.152 0.186 

Total d population (spd) 0.1757 0.1456 0.1441 

II 	IT 	H 	(spd+3s',) 0.5313 0.4951 0.4950 

Further evidence of the small amount of d-orbital 

participation comes from the eigenvectors and populations 

of these orbitals. 	This data is presented in Table .19, 

211 
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from which it can be seen that the additional 3t function 

has more effect on the population than the five d-orbitals 

together. 	Further, in all cases,where the s' function is 

added the largest eigenvector immediately switches to it 

from any other d-orbital. 	It must therefore be concluded 

that the d-orbitals participate in the ground state only to 

a trivial extent. 

TABLE 20 

2, 	spd 2, 	spdt3s' 3, 	spd 

8 15.7072 15.7174 51,82 15.7162 

C2,C6 6.0859 6.0778 C39C5 6.0604 

C3,C5 6.1074 6.1094 C4 6.1286 

C4 6.0577 6.0575 Hl, H5 0.7676 

H2,H6 0.7590 0.7598 H4 0.7830 

H3,H5 0.7785 0.7787 

H4 0.7733 0.7735 

3,spd+3s' 4, 	spd. 4,spd+3s T  

15,7211 51,53 15.6870 15.6939 

6.0528 C2 6.1310 6.1275 

6.1319 C4,C5 6.0430 6.0337 

0.7685 H2 0.7778 0.7787 

0.7832 H4,H5 07650 0.7662 

The effect of the addition of the 5 d-orbitals and the 

3s' orbital on the populations of the atoms is quite 

dramatic as Table 20 shows. '  There is a net flow of 

electrons towards the sulphur atom, at the expense of all the 

other atoms. 	This can be explained in two ways:- (a) the sp 
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basis set calculations was unbalanced with the sulphur being 

less well represented than carbon and hydrogen (b) the 

addition of polarisation functions to sulphur alone has 

unbalanced the basis set. 	It is somewhat difficult to 

decide which of these is the more likely since (1) the 

great effect of the 3s' function indicates that the sulphur 

basis set can be improved upon, (2) the p TT  populations 

with d-orbitals predict the reactions with nucleophiles 

less well (Table 21). 

TABLE 21 

Valence Shell 7-Populations 

2, 	spd 2,spd+3sT 3, 	spd 
S 1.5257 1.5262 51,82 1.6436 

02,06 0.8892 0.8872 03,05 0.8484 

03,05 0.9447 0.9468 04 1.0278 

04 0.8142 0.8135 

3,spd+3s.' 4, 	spd 4, 	spd+3s! 

1.6447 81,53 1.5938 1.5951 

0.8458 02 0.8020 0.7974 

1.0306 c4,c5 1.0116 1.0119 

The orbital energies are largely unaffected by the 

inclusion of d-orbitals (Table 22), with the major changes 

occurring in the sulphur is and 2s orbital energies when 

the 3s' function is included. 	There is a change of 3eV 

to higher binding energy, which, since this takes it 

further away from experimental values (by analogy carbon is, 

sulphur 2p values), is indicative that the d-orbitals and 3s' 



TABLE 22 

Orbital Energies (eV), with d-Orbitals 

2, 	spd 2, 	spd+3s' 
A1 

 • 
A A1  

-250:. .12 -2503.97 

-315.15 -315.17 

-314.9 -314.59 

-314.11 -314.09 

-245.63 -246.57 

-187.99 -189.14 

-38.63 -38.69 

• 	-35.27 -35.33 

-29.54 -29.59 

-26.12 -26.10 

-23.95 -23.96 

-22.09 -22.08 

-19.54 -19.53 
B2  

B2 
-315.15 

B2 
-315.18 

-314.11 -314.09 

-18805 -189.20 

-34.82 -34.81 

-29.61 -29.59 

-24.44 -24.42 

-23.29 -23.28  

-20.29 -20.28 

B1 -187.96 
B1 

-189.10 
B1 

-21.41 -21.38 

-17.49 -17.47 

A2 -16.86 
A2 -16.85 

• A2  

3, spd 

-2501.55 

-316.46 

-315.02 

-246.08 

-188.48!  

-188.46 

-40.06 

-35.00 

-29.11 

-27-30 

-23.16 

-20.57 

-2501.57 

-316.46 

-246.19 

-188.56 

-188.52 

-35.42 

-29.13 

-23.93 
-21.5.6 

-188.40 

-22.58 

-17.70 

-188.45 

-18.08 
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- Al  

3,spd+ 3s' 

-2504.50 
• -316.47 

-314.99 
-247.02 

1-189.68 
:189.65 

-40.12 

-35.09 
-29.08 
-27.28 

-23.13 
-20.52 

TABLE 22 (Contd.) 

4, spd 

Al 	-2501.24 
-317.24 

-315.30 

-245.80 
-188.19 

-188.16 

-39.25 

-35.17 
-29.68 

-26.44 

-24.17 

-21.67 

4, spd+3sT 

Al -2504.13 
• -317.27 

-315.30 
-246.74 
-189.36 

-189.32 
ff-39.32 

-35.17 
-29:72 
-26.43 

-24,13 

-21.66 

B2 -2501.24 

-315.28 

-245.81 
-188.20 

-188.17 

-34.36 

-28.41 

-22.59 

-19.92 

B2 -2504.15 

-315.29 
-246.79 

-189.36 
-189.34 

-34.53 
-28.41 

-22.56 

--19.88 

-2504.57 
-316.48 

-247.23 
-189.76 
-189.71 

-35.47 
-29.22 
-23.92 

• -21.56 

B1 	-189.60 

-22.52 
-17.67 

A2 	-189.64 

-18.04 

B1 	-188.12 

-22.03 
-17.46 

A2 	-188.12 

-17.86 

B1 	-189.28. 

-21.98 

-17.43 

A2 	-189.28. 

-17.82 



TABLE 23a 

1-Electron Properties, with Added d-Orbitals 

xx yy zz 	zz-(xx+yy) 
2nd Moment 

(2) spd -64.49 -83.89 -9.30 	- 

 spd+3s' -64.47 -83.86 -9.27 	- 

 spd -63.87 -62.67 -9.33 	- 

(3) spd+3s'  -63.82 -62.62 -9.28 	- 
(4) spd -85.19 -50.79 -9.33 	- 
(4)•spd4-3s' -85.14 -50.74 -9.29 	- 

Diamagnetic 
Suscept. 

(2) spd -395.32 -313.04 -629.49 -275.31 
 spd+3sT -395.12 -312.84 -629.28 -275.31 
 spd -305.46 -310.55 -536.87 -228.81 

(3) spd+3s' -305.04 -310.13 -536.43 -228.85 

(4) spd -255.06 -401.01 -576.88 -248.84 
(4) spd+3s' -254.64 -400.59 -576.44 -248.82 

TABLE 23b 
Diamagnetic Shielding (hr in ppm) in Scaled Pyrylium 

and Thiopyrylium 
(1) (2) 	(2) (2) 

sp 	spd spd+3s' 
H2 	187.21 211.48 	211.75 211.75 

H3 	183.98 202.78 	202.82 202.83 
F14 	182.85 200.51 	200.63 200.63 
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function are .unbalancing the basis set. 	Table 23a  shows 

the effect of the d-orbitals on the one-electron properties, 

second moment and diamagnetic susceptibility; comparison 

with previous Tables shows that the effect is very slight. 

In the case of the diamagnetic shielding this is of some 

importance; Lipscomb has shown that the J/r term of this 

operator is very useful in predicting NMR spectra. This 

operator also shows little effect of the addition of 

d-orbitals which is in contrast to the conclusions of 

Yoshida et al., who could only get reasonable agreement 

with the NI4R spectrum by involving d-orbita]z (These 

workers were usin' extended Huckel methods, hence they 

correlated N?IR chemical shifts with the population of the 

adjacent carbon atoms). 	It should be noted that 

Lipscomb only found correlations within a molecule, i.e. 

it is thus not possible to predict the relative NMR spectra 

of pyrylium and thicipyrylium. 
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Introduction. 

The second row analogues of pyridine and pyrrole, 

namely phosphorin (phospha-benzene) (1) and phosphole (2), 

have been the subject of much interest both from the 

synthetiJ 6  and theoretical711  points of view. 

Pt 	

P2 
H 

(1) 	 (2) 

Isolation of the parent heterocyclic system, phosphorin, 

has been accomplished11  and many benzo and heavily substituted 

derivatives are known; phosphole itself has not been 

isolated, the simplest compound to date beingl-methylphos-

phole, 12"3  although several heavily substituted derivatives 

are known. 	Semi-empirical calculations have been carried. 

out on phosphorin7  and several derivatives 14 with a view 

to estimating the- extent of d-orbital participation 
10  and 

predicting experimental ionisation potentials. 	Phosphole 

has also been under investigation to determine whether or 

net it is planar. ° 

The simplest known geometries of these two molecules 

are 2, 6_dimethyl_4_phenylphosphorin :I5  (microwave spectro-

scopy on phosphorin has been reported16  but is incomplete) 

and 1-benzylphosphole. 17  The phosphole derivative-does 

not have a planar ring, with the phosphorus group out of 

the plane of the four ring carbons. Accordingly calcu- 

lations have been carried out on both the planar and pyramidal 
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forms since the puckering of the ring away from planarity 

could be caused by crystal packing forces. 	This is 

especially worth considering as the analogous compound, 

pyrrole, is planar. 

Minimal basis sets were used for all atoms; carbon 

and hydrogen attached to carbon were represented by scaled 

ethylene sets (Appendix 2, Tables 8 and 9); phosphorus 

and the hydrogen attached to it in phosphole were obtained 

by scaling of the Roos and Seigbahn18  set in the model 

molecule H2C=P•-H. 	These basis sets are to be found in 

Tables 14 and 15 of Appendix 2. The minimal basis sets 

were augmented by 

H C=V-H; this re 

out in four basis 

Definition of the 

previous section. 

a single d-function, also obtained from 

ulted in the calculations being carried 

sets sp, sp+3s', sp+3d, sp+3d+3s'. 

3s' function may be obtained from the 

Phosphorin 

The total energy of phosphorin for each of the four 

basis sets are listed in Table 1. 	The binding energy is 

considerably higher than that found for the thiapyrylium 

ion; comparison with pyridine is somewhat more difficult 

since the calculations there used unscaled basis sets. 

However, if one assumes that the change for the pyrylium 

ion can be transferred to pyridine then the predicted binding 

energy for scaled pyridine would be in the region of 

-780 kcal/mole; phosphorin would then be somewhat less 

stable than pyridine. 
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TABLE 1 

Total Energies of Phosphorin 

sp spd sp + 3s' spd + 3s ' 
T.E. -531.79672 -531.86186 -531.84046 -531.90524 

1-El. -1232.7286 -1233.3179 -1232.0395 -1232.6434 

2-El. 447.46599 477.99009 446.73316 447.27227 

N.R. 253.46590 253.46590 253.46590 253.46590 

B.E. -1.19549 -1.26063 -1.23923 -1.30401 

" 	 (kcal/ 
mole) -750.2 -791.0 -777.6 -818.3 

AE - -40.8 -27.4 -68.1 

The addition of the 3s' function improves the energy 

by 27.4 kcal/mole; the one-electron and two electron 

energies both decrease in magnitude implying that the 

electrons are more delocalised. 	This is consistent with 

the slope of the 3$ ?  function, which would allow the in-

plane electrons to spread away from the carbons since one 

lobe points directly away from the ring and two lobes allow 

delocalisati6n above and be]1&w the ring. 	Further, the 3s 

is a very diffuse orbital, having a low exponent. When 

the 3s' function is replaced by the five standard d-functions 

there is once again an improvement in energy of 40.8 kcal/mole 

compared to the sp basis set. 	This is greater in magnitude 

than that observed for the additioh of the 3s' function, but 

is hardly surprising considering that there are five times 

s many variational parameters being added. However the 

improvement is not that much greater than the 3& improve--

ment; it must then be concluded that, as in the sulphur 
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cationic hetero-aromatics, the d-orbitals are very little 

involved in the bonding of ground state phosphorin, but 

rather that they introduce more variational flexibility. 

Further evidence of this comes from the population 

of the a-functions in each basis set:- sp(O.0), 5p+35t 

(0.255), spd (0.207), spd-i-3sT (0.473). 	These figures 	compare 

with the occupation of a single d functioii in 0, N, C inxIY 
1,2,5-oxadiazole, where the tiespective values are 0.017, 

0.024 and 0.033; the population in phosphorin of the dxy 

function is 0.111. 	The population of this orbital in 

phosphorin is considerably larger than the 1,2,5-oadiazole 

case; it could conceivably beheld that this showed there 

was some d-orbital participation in phosphorin. 	However, 

in 1,2,5-oxadiazole  all the atoms contain the polarisation 

functions, while in phosphorin the phosphorus is the only 

atom with a d-orbital included, i.e., the basis set is 

unbalanced with respect to phosphorus when the d-orbitals 

are added. 

The 5x 3d orbitals improve the energy of the molecule 

in the opposite way to the 3s' improvement, i.e., the 3d 

functions increase the magnitude of both the one-electron 

and two-electron energy terms. 	This implies that the 

electrons are more localised than in the sp basis set. 

The dxy and  dyz  functions occur in the same symmetry repre-

sentations as the phosphorous 3p and 3p functions; corn-

bihations of these would lead to p-d hybridisation (below). 



C) 
This combination of d and p orbitals has strongly directed 

lobes into the ring and will cause a localisation of the 

electrons within the ring. 	The p-d combination of 

orbitals would lead to a pd hybrid outside the ring. Such 

a combination could only occur if there was a nodal plane 

between the phosphorus and the adjacent atoms. Otherwise 

+lne + c nr1 oyrv,, +n I m-nrnr 	 nn ,*rniil rl hcs +nn cIl'n2+ pn?5 n+cl 
0' - 	r 

is the favoured combination for that to occur. Examination 

of the eigenvectors shows that there is no B 2  orbital 

with such a nodal plane. 	This is also true of p, 

hybridisation in the B1  representation with p+d hybrids 

being formed. 

The other it- symmetry type has no component atomic 

orbital from the phosphorus in the sp basis; the 

introduced with an spd set results in bonding to the 

phosphorus being possible. 	This symmetry representation 

will then cause a delocalisation of electrons. The two 

remaining d-functions dxay2  and  dzs  (to use the standard 

nomenclature) both occur in the same symmetry representation. 

The dx2 _y2 function has nodal planes at 450  to the principal 

C2  axis, and hence they point more or less directly to the 

C2_Ha  atoms. Thus introduction of the dx2_y2  function is 

likely to cause localisation of the electrons in the manner 

222 



223 

below (using orbital 83 :  as an example). 

d2 	2 .0 	0 
The remaining d2  function is likely to cause delocalisation 

of the electrons in a similar fashion to the 3s' function. 

It is likely to be less however due to the nodal plane 

passing through the phosphorus. 

Thus the localisation of the electrons observed upon 

the addition of Sxd-functions is caused by pd hybridisation 

and the nodal planes of the dx2  Y  function, partially offset 

2....4_ 4_ 	A 	.-,.A A 	- L'y ..zsc ca-ns Oa USUAL US CSCL. UI ULLb into -UIIC Llxz 

functions. 

When the full basis set is used (i.e. spd + 3s') the 

3s' delocalisation and d localisation effects occur 

independently, the binding energy improvements being additive. 

Thus the spd + 3s '  basis set has the best energy. 

TABLE 2- 

Population Analyses and Dipole Moments of Phosphorin 

sp sp + 3s' spd Spd + 3s' 
P 	14.6722 14.7115 14.8693 14.9131 

C6 	6.3278 6.3111 6.2193 6.2008 

C5 	6.1438 6.1441 6.1366 6.1369 

C4 	 6.1539 6.1513 6.1557 6.1536 

H2, H6 	0.8445 0.8487 0.8542 0.8525 

• 	H3, H5 	0.8477 0.8427 0.8521 0.8515 

H4 	 0.8463 0.8455 0.8504 • 0.8403 

1.87 2.01 0.99 1.11 
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Table 2 shows the population of each atom for all 

four basis sets. 	In the minimal basis set the phosphorous 

carries a fairly heavy positive charge and the carbon atoms/ 

a negative one. 	In contrast to the thia-pyrylium cation 

the C2/C6 atoms are most negative, followed by the C4 atom. 

The reason for the difference between phosphorus and pyridine/ 

pyrylium ion/thiapyrylium ion is that phosphorus is less 

electronegative than carbon (the other hetero-atoms are more 

electronegative). 	Thus 02/C6 have a larger share of the 

electrons, and as usual this alternates round the ring 

resulting in C4 being more negative than C3/C5. 	Similarly 

the PIT  populations alternate with C2/C6 (1.0012) greater 

than C4 (0.9998) and C3/C5  (0.9846). 	Thuâ carbon atoms 

adjacent to the hetero-atom should be reactive towards 

electrophilic attack, those beta towards nucleophilic attack 

and the gamma carbon as in benzene. The phosphorus atom has 

itself a high p  population (1.0267) and would appear to be
TT 

the predominant feature in controlling the reaction with 

benzyne. .......Benzyne giv.e.s_.the 1., 4 cycloaddition. product-  

and not the other possible one, that from 2,5(or  3,6) cyclo-r 

addition; 1,4-cyclo-addition involves one u-electron rich 

centre (p) and one neutral (CO while the other orientation 

involves one u-electron rich (C2) and one n-electron 

deficient centre (C5). 	This of course assumes that benzyne 

is electrophilic in nature, which would seem to be true 

since it reacts with such species as alcohols, amines and 

thiols. 20  

Addition of the 3s '  function increases the phosphorus 
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population somewhat, at the expense of the C2/C6 atoms; the 

C4-H4 system also shows a drop in populations, but the C3-I-13/ 

C5-H5 actually show an increase in population. 	There must 

then be a net flow of electrons from the C4-H4 system 

towards the hetero-atom, allowing the beta carbons to gain 

electrons. This movement of electrons towards the phosphorus 

causes an increase in the dipole moment since the hetero- 

atom is at the negative end of the dipole (shown figuratively 

below). 

OP 	i. 
ep 	sp+ 	spcl 	spd4 

	

38' 	 33' 

Replacement of the 3s' function by the 3d set again 

causes the population of the phosphorus atom to increase, 

but to a much greater extent than in the 3s' case. 	The 

pattern of flow is somewhat different, with both the C2/C6 

and C3/C5 decreasing in population; the C4-.H4 system is 

virtually unchanged as a whole but there is a reduction in 

the hydrogen population and an increase in the carbon 

population. 	Thus once again there is a net flow towards 

the phosphorus end of the molecule. 	As the d, function 

points most directly towards neighbouring atoms, it is not 

surprising to find that it is the predominantly filled d-

orbital, with a population of 0.111 electrons. 	Since the 
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total gain on P is 0.175e (in the sigma system), this 

accounts for 63% of the movement of electrons. 	In the ii- 

system there is a gain of 0.023e. 	The total d-orbital 

population is 0.207e while the gain in electrons is 0.199e; 

there must be some slight back-donation of electrons through 

s and P functions. 	In contrast the 3s' leads to a total 

population of 0.2556 for the d-orbitals; as the charge 

on P increases by only 0.049e there must be a considerable 

amount of back-donation. 

The addition of the 3d functions, despite a rise in 

the phosphorus population, leads to an unexpected and 

drastic reduction in the dipole moment. Examination of the 

orbital contributions shows that the great majority of 

orbitals undergo very little change in the dipole moment 

contribution (C  0.01 au.). 	In the A1  representation, 5 

orbitals are significantly changed. 	The dx2_yS  function is 

likely to push electrons away from the phosphorus (decreasing 

dipole moments) while the d 
z  2 is likely to increase the dipole 

moment (as the 3s' function did). 	Thus it is not surprising 

to find that three of the five significant orbitals increase 

the moment and two decrease it 
	

The magnitudes are such that 

the changes virtually canc2l. 

In the B 2  orbitals only three of the eight are 

significantly different. pd-Hybridisation already encountered 

above will lead to a hybrid orbital whose centre of charge 

(x) will lie away from the atom upon which the orbitals 

exist (below). 



-9 

227 

Thus the average position of electrons will be moved 

(a) away from the ring for a p-d hybridisation, (b) towards 

the centre of the ring for p+d hybrids. As already mentioned 

p+d is the only kind found and this will result in a 

decreased dipole moment contribution, which will partly be 

offset by increased atomic orbital populations. 	Two of 

the three orbitals show such a decrease, in sufficient 

magnitude to offset the only increase which was found to be 

caused by electron rearrangement within the carbon/hydrogen 

framework (C3, C4 and C5 with the associated hydrogens lost 

electrons relative to the C2/C6 area). In a similar fashion 

p-i-d.-hybridisation accounts for the decrease in dipole moment 

contributions from the two (out of three) numerically 

significant orbitals. 	Conversely the sole A2  orbital now 

has access to the phosphorus via the d orbital and itxz 

introduces an increased contribution. 	The calculated dipole 

moments with the varying basis sets straddle the experimental 16 

value of 1.540. 

When both 3s '  and d functions are included the effect 

on population and dipole moment is virtually additive. 



TABLE 3 

Total Energies of Planar Phosphole 

T. E. 

1-El. 

2-El. 

N. R. 

]3.E. 

B.E. (koal/mole) 

sp 

-493.95638 
-1081.0112 

384-39632 
202.65847 

-0.96564 

-605.9 

sp + 3s 

-493.99832 

-1080.4543 

383.79751 

202. 65847 

-1-00758 

-632.3 

-26.4  

sp d 

-494.00970 

-1081-3250 

384.6568 

202.65847 

-1.018 96 

-639.4 

-33.5  

spd+ 3s' 

-494.05158 

-1080.7873 

384.07724 

202.65847 

-1.06084 

-665.7 

-59.8 

TABLE 4 

Total Energies of Puckered Phosphole 

sp 

-493.98113 

-1082.3376 

384.93835 

203.41816 

-0.99039 

-6il.5  

sp + 35' 
-494. 02371 

-1081.7276 

384. ?8571 
203.41816 

-1.03297 

-648.2 

-26.7  

spd 

-494.05651 

-1082.9210 

385.44636 

203.41816 

-1.06577 

-668.8 

-47.3  

spd. + 3s' 

-494.09921 

-1082.3173 

384.79993 

203.41816 

-1.10847 

-695.6 

-74.1 

T. E. 

1-El. 

2-El. 

N. R. 

B. E. 

B.E. (kcal/inole) 

AE 
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Phospholes 

The total energies of planar and puckered phosphole 

are shown in Tables 3 and  respectively. Planar phosphole 

was generated from the puckered isomer by rotating the 

C2-P--05 plane about the C2-05 axis; this allows the C2.-P/ 

CS-P bonds to retain the same length as in the puckered 

configuration. 

The binding energies are quite high but not as high 

as was found for phosphorin. 	They are also somewhat less 

than the value obtained by a scaled basis set calculation 

on pyrrole (-665.4), when minimal basis sets are compared. 

Thus phosphole is a less stable molecule than either its 

six-membered or nitrogen analogues. 

Addition of the 3s '  function improves the energy in 

both isomers with the same change (reduction) in magnitude 

of both one-electron and two electron energies, as was 

found in phosphorin. 	In planar phosphole there is a 

hydrogen atom where there was none in phosphorin; thus the 

values of the changes in magnitude in either of these energy 

terms is smaller than those found in phosphorin as delocal- - 

isation cannot be so complete. 	On the other hand, in 

puckered phosphole the atoms bonded to the phosphorus atom 

lie between the lobes so that the delocalisation will be 

more complete than in the planar case, but not so complete 

as in phosphorin, where the bonded atoms are one fewer as 

well as being between lobes. 

Addition of the 3d functions shows the same effect 

onthe electron energy terms as it did inThosphorin -both 
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these terms increase in magnitude 	In puckered phosphole 

the change in each term is greater than in phosphorin; this 

can be attributed to 1) all five cl-functions have at least 

two of their lobes pointing more or less directly towards 

neighbouring atoms (this is not true of phosphorin), 2) d z  2 

is more remote from the C2/C5 carbon atoms and will be less 

efficient in delocalising, 3)  d, exerted its delocalising 

effect because it allowed electrons to spread to the 

phosphorus atom in planar phosphole by introducing a 

phosphorus function where previously there was none; by 

virtue of the lower symmetry this is not true of the 

puckered isomer. Planar phosphole belongs to the C 2 point 

group and hence the d, d and d functions would be
XZ 

expected to have similar effects to those in phosphorin, i.e. 

the one-electron and two-electron energy term changes will 

be smaller than in puckered phosphole. However examination 

of these terms in Tables 1 and 3 shows that the drop is to 

below the phosphorin values, thus the dx2 Y2 and d z  2 functions 

must be playing a vastly different role. 	The only difference 

between the phosphorus in phosphorin and planar phosphole 

is in the latter having a P-H bond. 	The dx2_y2  function has 

one lobe pointing directly towards the hydrogen atom and so 

opens up more regions of space for the electrons in this bond. 

This will also hold true for the d z  2 with a more efficient 

delocalisation being possible due to the out of plane lobes. 

Thus the delocalisation effects of da  are enhanced while the 

localisation effects of dx2_y2  are somewhat offset. (This 

does not contradict the discussion on the effect of the 3s' 

function; there delocalisation of the ring carbons was 



230 

reduced by the presence of the hydrogen, while here the 

hydrogen is responsible for some delocalisation which could 

not occur except in its presence). 

The dipole moments and population analysis of the 

various calculations on the phosphole isomers are shown 

in Tables 5 and 6. 	With phosphorin it was possible to 

rationalise the change in dipole moment and the changes 

in basis set; the same can b,e done for the phosphole 

molecule in both configurations. 	The dipole moment changes 

in planar phosphole are shown below in a diagramatic form. 

() 	

- 

H 	 sp 	sp4 	spd 	spd$ 
35L 	 3s' 

In phosphole the dipole moment is oriented in the 

Opposite direction to phosphorin, so the changes in dipole 

moment would also be reversed. 	Addition of the 3s' function 

increases the population on phosphorus (Table 5); this 

Movement of electrons will lead to a reduction in the dipole 

moment if it is primarily at the expense of carbon atoms 

(plus their associated hydrogens) and to an increase if at 

the expense of H(P). 	The population analysis shows that 

there is a loss of electrons at H(P) but not sufficient to 

Make this the dominant term; there will thus be a decrease 

in the dipole moment on addition of the 3s '  function. It is 

not surprising, however, to find that the magnitude of the 



TABLE 5 

Population Analysis and Dipole Moment of Planar 

Phosphole 

sp sp + 3s' spd spd + 3 s  

P 14.7980 14.8518 14.9591 15.0202 

CS 6.2856 6.2696 6.2223 62046 

C4 6.1702 6.1688 6.1694 6.1680 

H(P) 0.8913 0.8765 0.8451 0.8259 

H5 0.8491 0.8480 0.8539 0.8530 

H4 0.8505 0.8494 0.8522 0.8515 

1.39 1.32 1.58 1.53 

TABLE 6 

Population Analysis and Dipole Moment Components 

of Puckered Phosphole 

sp sp+3s' spd spd+35t 

P 14.7067 14.7598 14.9363 14.9896 

C2,C - 	 6.3195 6:3040 6;23026-.2143 -- 

C3, 	C4 6.1543 6.1529 6.1499 6.1485 

H(P) 0.9560 0.9410 0.8932 0.8780 

H5 0.8479 0.8467 0.8544 0.8534 

H4 0.8470 0.8460 0.8508 0.8500 

0.54 0.64 0.21 0.29 

Mb(D) 1.00 1.07 0.41 0.47 

1.14 1.25 0.46 0.55 

231 
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change is less than in phosphorin. 	The 3d functions which 

allow hybridisation will serve to increase the dipole 

moment since it is oriented in the opposite direction; the 

increase will be less in magnitude than the decrease in 

phosphorin because the d z2  dxz  dx2y2 allow some movement 

towards the phosphorus. This is found to be true. 	By 

analogy with phosphorin one would expect the d-orbitals to 

behave independently of the 3s'  function with the change on 

going to the full basis set being the sum of the 3s' and d 

changes; this again is found to be true. 

In puckered phosphole there are two dipole moment 

vectors to be con'idered (below). 

+ - 	+ - 	.fr- 

H 	sp 	sp4 	spd 	spd4 

2s 	 2s' 

• Here the dipole moment vectors are oriented with the negative 

ends towards the phosphorus atom; behaviour of the magnitudes 

of the components is expected to be the same as for phosphorin 

• rather than planar phosphole and this is shown to be the case. 

The addition of the 3s '  function improves the energy 

by approximately 26 kcal/mole in each configuration, showing 

that the 3s' is non-directional in nature, i.e. a true 

s-orbital. 	Replacing the 3s' function with the 3d function 

• 	again improves the energy over the sp set. 	The energy 

improvement is greater for the puckered isomer; since the 



TABLE 7 

Total Eiergies of Phosphine 

sp 

-341-77271 

-508.97731 

149.67981 

17.52478 

-0.21833 

-137.0 

-341.73082 

-509.10551 

149.9721 

17.40258 

-0.176441  

-110.7 

Pyramidal 

T. E. 

1-El. 

2-El. 

N. R. 

B. E. 

B.E. (kcal/mole) 

AE 

Planar 

T. E. 

1-El. 

2-El. 

N. R. 

B. E. 

B.E. (kcal/mole) 

AE 

sp + 3s' 

-341.81632 

-508.37400 

14-0 -03290 

17.52478 

-0.26194 

-164.4 

-27.4 

-341.77320 

-508.59047 

149.41470 

17.40258 

-0.21882 

-137.3 

-26.6  

spd 

-341.83356 

-509.!- 2604 

150.06770 

17.52478 

-0.27918 

-175.2 

-38.2 

'.341,76815 

-509.32701 

150-11 5628 

17.40258 

-0.21377 

-134.1 

-23.4  

spd + 3s' 

-3411 -87733 

-508.82387 

149.42175 

17.52478 

-0.32295 

-202.7 

-65.7 

-341.81059 

-508.82103 

149.60786 

17.40258 

-0.25621 

-160.8 

-50.1 

-'Si 
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d-functions are more directed than the 3s' function, one 

would expect different improvements for the different con-

figurations. 	The greater energy improvement for the 

puckered isomer is caused by the low symmetry of the 

molecule; this allows the d, dx2t d y2 functions to inter-

act with more s and p functions than in the planar isomer. 

Also the dx2_y2  and  da have atoms between more lobes and 

thus they can interact more than in the planar form. When 

the 3s' and d sets are both added then the effect is the 

usual additive one. 

Phosphole; Inversion Barrier and Diels-Alcei' Reactivi 

For all basis sets the puckered geometry of phosphole 

is preferred to the planar molecule; thus in contrast to 

pyrrole, the preferred configuration about the hetero-atom 

is pyramidal. 	l-Benzylphosphole is not then distorted 

from planarity.by  crystal packing forces alone. 

The energy difference between the puckered and planar 

forms is the barrier to inversion about the phosphorus atom; 

the values for this inversion barrier are (in order sp, 

sp + 3s', spd, spd + 3s') 15.6, 15.9, 29.4, 29.9 kcal/mole 

respectively. 	In order to estimate the accuracy of the 

basis set in predicting such quantities, calculationshave 

been carried out on the inversion barrier of phosphine for 

which a large basis set calculation is available. 	The 

results for the present basis set are to be found in Table 7, 

the inversion barriers being 26.3, 27.1, 41.0, 41.9 kcal/mole 

(for the same basis set order as above). 	The large 

calculation gave 30.9 and 37.2 kcal/mole for minimal and 
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spd sets. 	Thus the •sp basis set used here would appear 

to be somewhat inadequate, but that the addition of d-functions 

would appear to over-compensate for the inadequacy. 	The 

inversion barrier for phosphine has been estimated 21  to be 

either 27.4 or 31.8 kcal/mole from the vibrational frequencies 

of the pyramidal molecule, which is in good agreement with the 

calculated value. 	From this same method 21  the barrier for 

trimethylphosphine is 22.0 kcal/mole; since the valuefor 

1-i so-propyl-2-phenyl-5-.methylphosphole is found 22a to be 

-'-16 kcal/mole, the value for unsubstituted phosphole (2) is 

also likely to be in good agreement with the experimental 

value once this has been determined. 	Another estimate of 

the barrier to inversion at a phcsphole-type centre is 

23.7 kcal/mole for aheavily substituted benzo-phosphole 

derivative. 22b 

The inversion barrier calculated for phosphole.is 

lower than that predicted for phosphine. The angle through 

which the phosphorus atom is tilted may not correspond to 

the one for which a minimum could be found, i.e. the 

calculated value for phosphole represents only a lower limit 

to the experimental value. However the error introduced by 

this approximation is likely to be very small since an 

experimental geometry was used for phosphole. The other 

likely cause of a low inversion barrier is that the 

transition state in phosphole is more stable (i.e. more 

negative in energy) than that of phosphine. 	In phosphole 

the planar form is reminiscent of pyrrole, an aromatic 

molecule. It is conceivable then that phosphole could show 
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some aromatic character, which is of course impossible for 

phosphine. 	This would then serve to lower the inversion 

barrier by stabilisation of the transition state. 

The possibility of aromaticity brings up the question 

of the stability of phosphole. It is somewhat strange 

that the parent pliosphole species has not yet been isolated 

although phosphorin, only slightly more stable on binding 

energy grounds, is known. 	However decomposition to the 

atoms is not the reaction that is likely to inhibit the 

isolation of phosphole, with one very likely possibility 

being a Diels-.Alder addition or even a dirnerisation. 	To 

estimate the likel:hood of such a reaction it is necessary 

to know something about the diene character of the,  C5-C4 

(= 02-C3) and C3-C4  bonds, where aromatic species have even 

bond orders and overlap populations, and dienes alternating 

overlap populations. 	This information can be obtained 

from the overlap populations between the centres forming 

these bonds; the higher the population the more olefinic 

and the lower the population the more like a single bond. 

This information is presented in Table 8 where benzene is 

included as an aromatic standard with cyclopentadiene and 

cis-butadiene as olefinic standards; included also are 

some other 5-membered beterocyclic compounds. 

In benzene the populations are identical, as they 

must be on symmetry grounds, resulting in the Diels-Alder. 

reactivity index (R) being unity. Benzene does not under-

go Diels-Alder additions. 	In phosphorin the value does not 

differ markedly from unity. 	At the other end of the scale 
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TABLE 8 

Dials-Alder Reactivity Indices 

Molecule Overlap Populations R(= C2-C3 + 
C2-C3 C3-C4 C3-C4) 

Benzene 0.52055 0.52055 1.000 

Phosphorin, 0.51975 0.516441 1.006 

Pyrrole 0.57771 0.49169 1.175 

Thipphene 0.595037 0.477387 1.246 

Furan . 0.6837 0.5329 1.283 

Planar Phosphole 0.605796 0.468373 	. 1.293 

Thiophene-S-oxide 0.602121 0.461132 1.306 

Puckered Phospholc- 0.6124.39 0.445881 1.374 

Cyclo-pentadiene 0.621512 0.428813 1449 

cis-Butadiene 0.607642 0.403400 1.506 

are the two olefinic species cyclo-pentadiene and butadiene 

with R = 1.449 and 1.506 respectively; it is evident from 

Table 8 that the C2-C3 and C3-C4  are quite different from 

one another at high Rvalues. mattl4sRvalüe is  true 

index of Diels-Alder reactivity can be seen from cyclo-

pentadiene, which is commercially available as the Diels-

Alder dimeric adduct. 	Pyrrole does not react in a Diels- 

Alder fashion with maleic anhydride; 23  thiophene forms 

Diels-Alder adducts with acetylenes; 23  thiophene-S-oxide 

dimerises in the same way as cyclo-pentadiene. 23  

Thus for phosphole, the preferred configuration lies 

in the middle of the Diels-Alder reactive molecules. It is 

then extremely likely that it will first be isolated as a 



TABLE 9 

Orbital Energies of Phosphorin (eV) for all Basis Sets 

sp sp + 3s' spd spd. + 35' 
A1  B2  A1  B2  A1  B2  A1  B2  

-2163.87 -307.26 -2167.33 -307.31 -2163.50 -307.12 -2166.91 -307.15 

-307.26 -306.35 -307.30 -306.47 -307.11 -306.31 -307.15 -306.44 

-307.21 -143.37 -307.28 -144.91 -306.93 -142.84 -306.99 -144.35 

-306.35 -27.85 -306.47 -27.90 -306.31 -27.63 -306.44, -27.68 

-196.49 -22.34 -197.80 -22.38 -195.93 -22.20 -197.21 -22.23 

-143.30 -16.91 -144.84 -16.95 -142.8 -16.70 -144.30 -16.74 

-31.02 -16.52 -31.07 -16.57 -30.67 -16.32 -30.72 -16.36 

-26.56 -12.87 -26.63 -12.93 -26.15 -12.83 -26.22 -12.89 

-21.65 -21.72. -21.32 -21.40 

-19.44 B1 -19.47 
B1 -19.17 

B1 -19.21 B1 

-17.10 -143.32 -17.17 -144.85 -16.89 -142.80 -16.96 -144.31 

-15.08 -14.25 -15.13 -14.29 -14.85 -13.99 -14.89 -14.02 

-9.92 -9.23 -10.00 -9.29 -10.16 -8.99 -10.24 -9.04 

A2  A2  A2  A2  

-10.30 -10.34 -10.06 . -10.09 
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dimer. Planar phosphole comes considerably nearer the 

aromatic end of the series, thus supporting the reason 

(above) for the low inversion barrier compared to phosphine. 

Experimentally, the phosphole system shows both aromatic 

and diene character. 	The ultra-violet and N.M.R. spectra 

of the 1-methyl derivative, are very likely 1-methylpyrrolej 3  

while the 1,2,5-triphenyl 24  and pentaphenyl24  derivatives 

undergo reactions with maleic anhydride and methyl acetylene-

dicarboxylate to give either the Diels-Alder adduct 25  or 

species derived from this.24,25  It has also been suggested 

on photoelectron spectroscopy data 26  that phospholes (and 

arsoles) are diene-•like in nature. 

Orbitals and Orbital Energies 

The orbital of greatest ionisation potential (Tables 

9, 10 and 11) is localised on the phosphorusis orbital. 

The orbital energy is approximately 1.5eV  more negative 

in the phosphole isomers, parallelling the effects found 

in -the ezoles. - These effects also occur in the phosphorus 

2s and 2p levels but to a slightly lesser extent, the 

differences being 1.1 and 1.3 eV respectively. 	Addition of 

the d-functions has very little effect on the phosñiorus 

core levels, the largest change being for puckered phosphole 

is level whose orbital energy becomes 0.56ev less negative. 

In contrast to this the 33' function alters the core levels 

by w3eij in the is level and the 2s and 2p levels by -1.3eV, 

the change being towards higher ionisation potential in all 

cases. 	 - 

hi 



TABLE 10 

Orbital Energies of Planar Phosphole (eV) for all 
Basis Sets 

sp.  sp + 3s' spd spd + 3s' 

Al  -2165.37 -2168.45 -2165.20 -2168.23 

-306.15 -306.26 -306.18 -306.28 

-305.93 -305.98 -305.90 -305.93 

-197.58 -198.65 -197.20 -198.25 

-144.69 -145.97 -144.27 -145.53 

-30.71 -30.74 -30.54 -30.56 

-24.05 -24.12 -23.85 -23.92 

-20.14 -20.19 -20.11 -20.16 

-18.63 -18,66 -18,52 -18,54 

-15.46 -15.48 -15.51 -15.53 

-13.64 -13.67 -13.54 -13.57 

,B2  -306.15 -306.26 -306.18 -306.28 

-305.94 -305.98 -305.90 -305.94 

-144.62 -145.90 -144.24 -145.50 

-26.17 -26.20 -26.13 -26.15 

-18.84 -18.86 -18.79 -18.81 

-15.19 -15.23 -15.13 -15.15 

-12.81 -12.84. -12.86 -12.88 

B1  -144.55 -145.82 -144.22 -145.47 

-13.90 -13.92 -13.78 -13.80 

-8.22 -8.26 -7.93 -7.96 

A2  -9.10 -9.12 -9.02 -9.04 
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TABLE 11 

Orbital Energies of Puckered Phosphole (eV) for all 

Basis Sets. 

sp sp + 3s' spd spd + 3s' 

At 	-2165.16 -2168.40 -2164.60 -2167.83 

-306.58 -306.62 -306.49 -306.53 

-305.92 -306.02 -305.94 -306.04 

-197.49 -198.67 -196.71 -197.89 

-144.43 -145.85 -143.69 -145.09 

-144.35 -145.75 -143.64 -145.04 

-31.24 -31.73 -30.91 -30.94 

-24.51 -24.60 -24.04 -24.13 

-20.26 -20.32 -20.04 -20.10 

-18.72 -18.76 -18.51 -18.55 

-15.26 -15.28 -15.16 -15.19 

-14.33 -14.37 Jç 419 -14.22 

• -13.00 -13.03 -12.91 -12.94 

-9.43 -9 ! 48 -9.35 -9.40 

All 	-306.58 -306.63 -306.50 -306.54 

-305.92 -306.02 -305.94 -306.04 

-144.41 -145.81 -143.67 -145.07 

-26.49 -26.53 -26.37 -26.39 

-19.08 -19.11 -18.98 -19.01 

• 	-15.53 -15.57. -15.37 -15.40 

-13.05 -13.09 -13.05 -13.09 

-9.38 -9.41 -9.18 -9.21 
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The carbon is levels are virtually unaffected by 

the addition of either the 33 ?  or 3d functions, the maximum 

change.being 0.1ev. 	In phosphorin the order of (decreasing) 

ionisation potential is C3/C5,  C4, C2/C6, quite different 

from what is found in pyridine. 	This can be rationalized 

on the grounds of the differences in electronegativity of 

nitrogen and phosphorus (3.0 and 2.1 respectively, on the 

Pauling scale). This replacement of a C-H group of benzene 

by nitrogen will introduce a movement of electrons towards 

the hetero-atom (carbon has electronegativity of 2.5). The 

a'djacent carbons would become more positive resulting in a 

higher binding energy; by analogy with pyrylium and thia-

pyrylium ions the carbon of the 4-position will feel the 

hetero-atom effect next most strongly and carbons 3 and  5 

last. 	Introducing phosphorus, with a lower electronegativity 

than carbon, will produce the opposite effect; thus C2/C6 

will gain electrons at the expense of the hetero-atom aI?d 

will thus appear at low ionisation potential. 	Again the 

Cit carbon will be affected next and finally the C3/C5  pair, 

resulting in the observed ionisation potential order. 	The 

same effect would be expected to operate in the pyrrole/ 

phosphole pair with the carbons adjacent to the phosphorus 

expected to be at lower ionisation potential. This is, how-

ever, only found with puckered phosphole; the atoms occur 

at virtually the same ionisation potential (0.22ev different). 

The energy difference which had to be reversed in pyrrole 

(1.45ev) 27  is much larger than that for pyridine (0.71ev). 

The difference in binding energies of the carbon is level is 
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unlikely to be sufficiently large to be resolvable with 

ESCA techniques. 

Closely related to the electronegativities of the 

atoms are the valence orbital energies, shown in Table 12 

for the unscaled basis sets. 

TABLE 12 

Valency Shell Orbital Energies (eV) 

N 	 C 	 P 

Valency s 	 24.64 	18.42 	17.45 

Valency p 	 14.65 	11.24 	10.17 

The first valency shell orbital of planar phosphole has 

an ionisation potential of 30.7ev while that of pyrrole is 

some 4ev greater. 	This lowering of ionisation potential 

in the phosphorus heterocycle is to be expected in the 

valency shell s orbital energies of Table 12, i.e. the low 

atomic 3s energy leads to an orbital energy less negative 

than the highly localised nitrogen 2s orbital required. In 

-. 

 

support of this are the ..R-3s and N-2s populations in this 

orbital:- N, 1.01, 71.8% of total; P, 0.15, 11.55/o. 

Since both phosphorus and nitrogen are involved to 

some extent in the bonding in all the orbitals except those 

of A2  symmetry it would be expected that the orbital energies 

of planar phosphole should occur at lower ionisation potential 

than the corresponding orbital in pyrrole. Comparing the data 

of Table 10 with reference 27 this is found to be true for 

all orbitals except 4b 2  (3b 2  in pyrrole). This sole exception 

is nodal at the hetero.-atom and consists of carbon 2s levels 
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in both molecules. 	Further, since the difference of 

phosphorus and nitrogen p-orbital energies is less than the 

s-orbital difference, and the p functions predominate at 

lower ionisation potentials, then the difference in molecular 

orbital energies will be less at the low energy end of the 

spectrum. 	The simplest example of this is the 2b 1/1b1  

phosphole/pyrrole pair (p-orbitals only) whose energy 

difference is 1.97eV compared to the 6a 1/4a1  pair (mainly s 

functions) which has a 4.02ev change. 	The 3b1  orbital is 

affected in the same way and turns out to be at lower 

ionisation potential than the 1a2  orbital. 	This is also 

found in semi-empirical calculations. 10  

The only orbital which does not have any N/P 

character (on symmetry grounds) is the la 2  orbital in both 

molecules. 	This is the only one which has a significant 

increase in ionisation potential. This can be explained on 

the grounds that planar phosphole is bigger than pyrrole. 

Thus, as two independent olefinic bonds (at infinite separation) 

- are brought together, they will split into symmetric (S) 

and anti-symmetric (A) pairs, with the separation being 

greater as they move closer, giving the diagram below. 

fill 
- 

A 	C 	-- 
-- 

S 
-------- 

'Infinite' 	Pyrrole 	Phosphole 

Thus in the bigger .molecule the antisymmetric combination 

will be at more negative energy and the ioniation potential 
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will be greater. 

The orbital energies of puckered phosphole are very 

similar to the planar isomer as can be seen from Tables 10 

and 11. 	The two lowest ionisation potentials are almost 

identical in magnitude, and arise from an antisyrnsnetric 

olefinic u-combination (Ba") and a lone pair orbital on 

phosphorus (0.48 3s+ 0.66 3p). Photo-electron spectroscopy 26 

of 1-phenyl phosphole gives two bands at the low ionisation 

potential end of the spectrum; saturation of the cis-buta-

diene segment, giving l-phenylphospholane, left the first 

band virtually unchanged. 	From this it was deduced that 

the conformation consists of a butadiene systeth and a hetero-

atom with no conjugation of the hetero-atom into the ring 

system. 	The total energies, orbital energies and overlap 

populations of Tables 3, 4, 8, 10 support this view. 

Comparison of phosphorin and pyridine is hampered 

by the differing basis sets for these molecules - scaled for 

phosphorin and unscaled for pyridine. 	Ideally, the 

calculation--on- -pyrid-i-ne--shouldbe repeated using a scaled 

basis set; since the use of such a repetition would be 

confined to the present discussion, it would be a waste of 

computer resources. 	As the next best approximation the 

orbital energies of pyridine have been adjusted by the 

changes produced going from unscaled to scaled pyrylium. 

These have been recorded in Table 13. 
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TABLE 13 

"Amended" Pyridine Valency Shell Orbital 

Energies 

Difference New Value Difference New Value 

Al 	-0.99 -34.86 B2  -1.21 -28.97 

-2.30  -29.21 -1.02 -23.59 

-1.04 -23.91 . -0.97 -18.73 

-0.72 -20.32 -0.85 -17.39 

-0.79 -18.32 -0.99 . 	 -14.92 

-0.74 -16.47 B1  -0.69 -16.10 

-0.86 -11.60 -0.98 -11.44 

A2  -1.18 -10.94 

The "corrected" energies of pyridine are all greater 

in magnitude than phosphorin, as was to be expected by 

analogy with the .pyrrole/phosphole pair; the sole exception 

to this is the A2  representation which showed an increase in 

the case of phosphole. 	In other respects this a2  orbital 

behaves very much. like .phospholein that.i -Loccursat..liigh.er 

binding energy than tha 3b1  orbital. This phenomenon was 

first reported7  as a result of semi-empirical calculations 

where it was supposed to offer proof of d--orbital partici- 

pation. 	Since this arrangement occurs with the sp basis 

set it obviously cannot offer such proof; instead it is 

caused by substituting a low ionisation potential p-orbital 

of phosphorus) for a high ionisation potential p-orbital 

of nitrogen) thus allowing the molecular ionisation 

potential to decrease. 	That this decrease is sufficiently 

large to place 3b1  at lower ionisation potential than la  is 
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purely accidental. 	It has further been suggested that 

the highest B1  orbital (3b1)  will be raised in energy due 

to 3p-2p u conjugation being less efficient than 2p-2p; 

on the basis of the atomic orbital energies, interaction 

between carbon and phosphorus is likely to be better than 

nitrogen-carbon interaction. 

As was found for pyridine the orbital order of the 

first three orbitals is predicted differently by non- and semi-

empirical methods; LCGO predict 3b 1  C 13a1  C la while 

CNDO/2 predict 3b 1  C la  C 13a1. 	In both methods orbital 

13a1 is predominantly a phosphorus lone pair orbital (0.65 35 

+ 0.73 3p). 	Extrapolation of 2,4,6-tri-t-butylphosphorin to 

phosphoiin, 14  using the corresponding pyridine analogues 

predicts that the Tiexperimentalt? values for phosphorin 

should be 6.85, 7.45 and 8.85ev which are in reasonable 

agreement with those of Table 9. 
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VII. THIOPHENE and ITS S-OXIDES 
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Introduction 

Thiophene (i) has been the subject of many theoretical 

treatments;T 18  both empirical and semi-empirical calcu-

lations have been carried out on electronic spectra
3,4,6-11,  

13,15,16 	 24637 	 68 
dipole moment, ' ' ' 	ionisation potentials ,,, 

12,15, charge distributions 2712  on the parent and substituted 

compounds. 	The participation of 3d--orbitals in ground
1,5 
 

and excited state 5 prbperties, 1,5  as well as 4s and 4p-

orbitals5  has been studied. Non-empirical calculations 

have also investigated d-orbital participation'7 ' 18  and 

their effect on some molecular properties. 18 

'I  

C) 
(1) 

/I\\ 

0"  

(2) 

0 
5 

0 0 

(3) 

Oxidation of thiophene with per-acids leads to thiophene--S-

oxide (2) and thiophene-S--dioxide (3). 	Very- little is - 

known about the structure of these species since they very 

readily dimerise in a Diels-Alder fashion; this Diels-Alder 

activity has been investigated 19  as have polarographic 

reduction potentials. 20  Accordingly calculations have been 

carried out on thiophene and both its oxides with a view to 

determining geometries and the electronic structure of these 

molecules. 
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Thi ophene 

Calculations on thiophene were carried out at the 

experimental equilibrium geometry, 21  as determined by 

microwave spectroscopy, and using scaled basis sets. The 

carbon and hydrogen functions were those of scaled ethylene 

and those of sulphur were taken from scaled thioformaldehyde 

(i.e. the same basis sets as for the sulphur compounds of 

Section 5). 	Full details of geometry can be found in 

Appendix 3 and of basis sets in Appendix 2 (Tables 8, 9, 

and 13). 	This calculation was carried out in order to 

(a). compare the basis set with that of Clark and Armstrong 17 

(the calculation by Gelius et al. 18  was published after this 

calculation was completed) (b) to provide a starting point 

for the calculations on the mono- and di-oxides of thiophene. 

As was done for the other sulphur heterocycles (Section 

5) the minimal basis set was augmented by a single d-function 

for each of the Gaussian type d-orbitals; linear combinations 

of these were taken to generate the 5 chemical d-functions 

and an additional s-function (3s'). 	There are thus three 

calculations of sp, spd and spd + 3s' type, the results 

of which are shown in Table 1. 	The binding energy is some- 

what lower than that obtair1ed for the thiopyrylium ion but 

higher than the value for the dithiolium cations. Thiophene 

is predicted to be a less stable molecule than its first row 

analogue, furan (binding energy = -603.9) paralleling what 

was found for the Group 5 analogues, pyrrole and phosphole. 

The binding energy is approximately 649/6 of the experimental 

value 22  (-931.1 kcal/mole) for the minimal basis set, rising 

to 72% for the spd + 3s '  ( full) basis set; both these figures 



lie reasonably near the lines found for the azoles and 

azines. 

TABLE 1 

Total Energies of Thiophene in all Basis Sets 

250 

sp 

T.E. 	 -550.07505 

1-El. 	 -1157.6736 

2-El. 	 404.64287 

N. R., 	 202.95572 

B.E. 	 -0.94550 

B.E. (kcal/mole) -593.3 

AE 

spd 	spd + 3s' 

-550.14417 -550.19143 

-1158.2968 -1157.8512 

	

405.1969 
	

404.70405 

	

202.95572 
	

202.95572 

	

-1.01462 	-1.06188 

	

-636.7 
	-666.3 

-73.0 - 	-43.4 

For the same type of basis set (sp or full) the total 

energies are 0.34 au worse (less negative) than the larger 

basis set calculations of Clark and Armstrong (CA hereafter) 

and 0.85 au worse than the double-zeta basis set calculations 

of Gelius et al. (GRS). 	Thus in terms of total energy the 

Presehtbasis set is worse -than-either -theCA QX GftS 

calculations; the binding energy of these workers is not 

reported but is likely to be better than that obtained here. 

Addition of the d functions to the minimal basis set 

calculations increases the magnitude of both the 1-electron 

and 2-electron energy terms; as in the phosphorus hetero-

cycles this can be explained by delocalisation into the d2 

and dxz  functions partly compensating for the localisation 

caused by the remaining d-orbitals. Knowing the direction 

of the dipole moment in the sp set the' relative magnitude 

of the spd dipole moment can be predicted:- the negative 
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end is towards the sulphur atom so that p-d hybridisation 

will push the electrons away from the sulphur (but not in 

atomic population sense) and decrease the dipole moment. 

The dipole moment values of Table 2 show that this is correct. 

TABLE 2 

Population Analysis and Dipole Moment of Thiophene 

sp spd spd + 3& 
1.25 0.44 0.47 

S 15.8563 15.9626 15.9725 

C2,C5 6.2393 6.1722 6.1653 

03,C4 6.1654 6.1643 6.1657 

H2, H5 0.8266 0.8362 0.8368 

113,H4 	 0.8404 	0.8459 	0.8451 

Generation of the full basis set by addition of the 3s' 

function to the spd set brings about a reduction in the 

magnitudes of both 1-electron and 2-electron energy terms, 

i.e., the 3s '  is having its usual effect of delocalising 

the electrons of the sigma system. 	One would then 

expect the dipole moment to be increased slightly compared 

to the spd set and this is what is fotmd (Table 2). 	The 

value predicted by the full set is very much closer to the 

experimental value of 0.54D; 23  The GRS calculation is 

nearer still (0.61D) but on the opposite side of the 

experimental, while the CA calculation predicts a very small 

moment of 0.05D (in neither case is there any indication 

of direction). 
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Increasing the basis set by the 3d functions improves 

the energy by -43.4 kcal/mole with the further addition 

of the 35' generating a further improvement of -29.6 kcal/ 

mole; the 3s' function would then appear to be having a 

slightly less effect than all the 3d functions. 	It must 

then be concluded that the d-orbitals of sulphur are only 

used to a trivial extent in the ground state. In support 

of this the very much better GRS calculation (in terms of 

energy) shows that the full basis set improves the energy 

by only 18.5 kcal/mole, with the CA improvement being very 

similar to that found here. 	Further evidence comes from 

the d-orbital populations of Table 3. 

TABLE 3 

d-Orbital Populations 

Present GRS CA 

do  0.451 0.143 0.648 

dr  0.039 0.038 0.070 

Total 0.490 0.181 0.718 

Thus the nearer the Hartree-Fock limit, the less the d-

orbitals contribute to the ground state electronic 

structure (the population of the CA calculation is probably 

abnormal because that calculation was "double-zeta" in the 

d functions). 

The population analysis is recorded in Table 2, for all 

three of the present basis sets. 	The sulphur population 

increases as the basis set increases, mainly at the expense 

of the adjacent carbon atoms, with the remaining atoms being 
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virtually unchanged.' The charge on the sulphur is smaller 

than the values obtained for the CA and GRS sp basis 

calculations, but once the full set of d-orbitals is 

included, both the present and GRS calculations make the 

sulphur almost neutral. 	The CA calculation leaves the 

sulphur positively charged by 0.227 electrons. 	It would 

seem therefore that the present basis set is as good as the 

CA and GRS sets in estimating dipole moments and charge 

distributions. 

The core orbital energies have been studied in both 

solid 24 and gas 25 phases; the results of these are 

presented in Table Li-. 

TABLE 4 

Core Orbital Energies of Thiophene (eV) 

Carbon-ls 	Sulphur-2s 	Sulphur-2p 

Solid 	285.1 	 228.7 	 155.3, 164.5 

Gas 	290.2, 290.5 	- 	 171.2, 169.9 

In neither solid- nor gas-phase spectra were thecarboi:ls 

lines resolved although in both cases the peak width at 

half-height was 0.1ev broader than benzene under identical 

conditions. 	In the solid state this was assumed to mean 

that the carbon ls levels were experimentally split by 0.1eV, 

which was in agreement with the CA calculations published 

elsewhere. 	The gas phase spectrum was treated differently 

and a deconvolution technique produced a separation of 

0.34ev; further this same technique was found to give a 

separation of 0.3eV when applied to the solid phase spectrum. 



• TABLE 5 

Orbital Energies of Thiophene 

sp spcl spd+3s' 

A1  -2492.31 -2491.92 -2494,81 

-307.30 -307.11 -307.14 

• -307.00 -306.73 -306.73 

• -237.45 -236. 89 -237.85 

-179.77 -179.26 -180.41 

-32.64 -32.04 -32.07 

-26.96 -26.51 -26.61 

-20.92 -20.71 -20.75 

-19.51 -19.26 -19.26 

-15.36 -15.12 -15.12 

-12.99 -13.19 -13.17 

B 2  -307.30 -307.12 -307.14 

-307.00 -306.74 -306.73 

-179.81 -179.28 -180.43 

-27.06 -26.81 -26.80 

-20.53 -20.39 -20.37 

-16.25 -15.96 -15.95 

-14.67 -14.64 -14.62 

B i  -179.69 -179.19 -180.35 

-15.30  -14.99 -14.96 

-10.25 -9.93 79.91 

A -9.82 -9.53 -9.51 



It would thus seem that the carbons are-separated by 

0.34-eV which is in good agreement with the values of 

Table 5 (0.30, 0.38 and 0.41ev for sp, spd and full basis 

sets respectively, with the C2/C5 carbons being at higher 

ionisation potential). 	This is in much better agreement 

than the 0.59eV  cf CRS and the 0.1eV of CA. 	The sulphur 

2s level is in reasonable agreement with the experimental 

value and in much better agreement than the GRS figure of 

244. 6ev. 

The sulphur 2p orbitals are split by spin-orbit 

coupling; the weighted average value for 164.5eV (solid 

phase) is conside'ably different from the calculated value 

of 179.76eV but the latter is much more in line with the 

gas phase value of 170.33ev. 	This is very pleasing since 

the calculations refer to an isolated molecule, i.e. in 

the gas phase. 	The 2p levels are some 0.5ev less than 

the values for some 1,2-dithiolium derivatives. 26 This 

is in agreement with the charges on the molecule (+1 for 

the 1,2-dithiolium cation, 0 for thiophene). 	The calcu- 

lated energy difference between the 2p levels is very, 

much larger ('-'10ev) but is in the correct order for charge 

differences. 	Since both these heteocycles are at 

experimental geometries and the same basis sets were used 

for each the reason for the discrepancy is likely to be the 

ignoring of the anion in evaluating the wave function for 

the 1,2-dithiolium cation. 	This would probably surrender 

some electrons and hence reduce the ionisation potential. 

The valence shell ionisation potentials have been 

254 
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studied by ESCA25  and He (11)27 photo-electron spectroscopy 

techniques. 	The ionisation potentials are virtually 

identical but, since the ESCA is able to probe further into 

the valency energies, these were used to generate a least 

squares relationship. 	This was IP(exp) = 0.751 IP(calo) + 

2.030eV, with the overall standard deviation, and standard 

deviations in slope and intercept being 0.444, 0.019 and 

0.378 respectively. 	When the gas phase core levels are 

included the equation is:- IP(exp) = 0.952 IP(calc) - 1.612 

(1.367, 0.003, 0.407). 	This is somewhat worse than the 

excellent valency shell only plot but is by no means bad 

when the range of energies is considered. 	The order of 

energies is identical to that obtained by the GRS calculation 

(ha1  C 7b2  C 2b C 10a1  C 6b2 ) but is somewhat different to 

that obtained by semi-empirical means (2b 1  C ha1  C 7b 2  C 

ba1  C 6b2 ). 	This is similar to what was found for 

pyridine and phosphorin (Sections iii and VI respectively). 

Using the eigenvectors of each of these wave functions, 

thereIstiveintensities of-the lines  were obtained;. it. 

was found that the non-empirical calculations gave a 

better fit to the observed spectrum.25  The non-empirical 

calculations would therefore appear to predict the correct 

order. 

The effect of the d functions on the orbital energies 

is much the same as that for the other sulphur and 

phosphorus heterocycles - a slight reduction in ionisation 

potential for most orbitals. 	The further addition of the 

3s' function affects only the sulphur core orbitals, there 
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being a movement to higher binding energy of 2.9, 0.96, 

and 1.15ev for the is, 2s and 2p levels respectively. 

Again this has been found before. 

As well as the dipole moment some other one-electron 

properties for thiophene have been calculated from the GRS 

basis set. 	Theso, together with such experimental values 28 

as are available are compared with those obtained using the 

present basis set in Table 6. 	The diamagnetic susceptibility 

and,second moment components are in reasonable agreement 

with the experimental values, although for both properties 

the GRS calculation is somewhat better. 	The values for 

the second moment are somewhat greater than furan, consistent 

with the greater size of the molecule and the more diffuse 

nature of the sulphur atomic orbitals. The potential 

operators (l/r)for each unique centre are virtually identical 

for both basis sets with the sulphur slightly more different 

from the GRS calculation than carbon or hydrogen. Indeed 

the only significant discrepancies between the two basis 

sets-are in the-closely related-properties, .quadrupole -

moment and electric field gradient. 	The present sp set 

gets the sign of one component of the quadrupole moment 

wrong and the relative magnitudes of the remaining two 

terms reversed. 	Addition of the d.-functions goes very far 

to improving these errors without rectifying them completely. 

(The d-functions had very little effect on the properties 

discussed above). 	 - 



Properties of Thiophene 
Property& sp sp, GRS spd ± 3s' spd, GRS Experimental 

Quadrupole Moment (10 26esu . cm2 ) 

xx 6.064 6.784 5.278 •6.536 6.6 + 1.5 
yy -1.738 :0.809 -0.046 1.303 1.7 T 1.6 
zz -4.320 -7.593 -5.23 -7.839 -8.3 ± 2.2 

Diamagnetic Susceptibility (10_ 6erg/G2 mol e ) 

xx -288.60 -286.64 -286.59 -285.78 -284.8 + 3.0 
yy -228.24 -226.90 -227.68 -226.38 -225.7 3.0 
zz -444.78 -440.64 -442.69 -439.70 -438.1 T 3.0 

zz-* (xx+yy) -186.36 -183.87 -185.56 -183.62 -183.05Th- 3.0 
2nd moment (au) 

xx 161.79 160.31 161.53 160.13 159 + 4.3 
yy 212.61 210.60 211.14 210.06 209.1 + 4.6 
zz 30.33 30.68 30.13 30.53 30.4 

hr Operators (au) 
S 67.09 66.11 66.91 66.12 

C2,C5 25.68 ?5.66 25.68 25.67 
C3,C4 25.09 25.04 25.10 25.05 
I-12,H5 11.14 11.19 11.15 11.19 
H3,H4 10.70 10.76 10.71 10.76 

Electric Field Gradient at Sulphur (au) - 

xx -2.773 -1.930 -1.929 
yy 0.169 0.324 0.410 
zz 2.612 1.606 +1.520 

Quadrupole Coupling Constant fr s33, assuming Q(S 33 ) -0.062 barns (MHz) 
xx 40.9 28.12 28.10 
yy -2.45 --4.72 -5.97 
zz -38.06 -23.40 -22.14. 

N 



TABLE 7 
Total Energies of Thiophene Sulphoxide at Varyinr Angles 

a) Angle = o.o° 

Angle = 40.00  

Angle = 60.0 0  

sp 
-624.46893 

-1417.4021 
510-38529 
282.54786 
-0-72814 

-456.7 

-624.47135 
-1418.3201 

510.86770 
282.89107 
-0.72966 

-457.9 

-624.47452 
-1421.1601 

512-35734 
284-32828 
-0-73283 

-459.9 

SP + 3 s ' 
-624-51956 

-1416.9428 
509.87534 
282.54786 
-0-77427 

-485.9 
-29.2 

-624.52193 
-1417.8591 

510-35605 
282.98107 
-0.78024 

-489.6 
-31.7 

-624.52519 
-1420.6945 

511.84100 
284.32828 
-0-78350 

-491.6 
-32.7  

sp d 
-624.64166 

-1417.7908 
510.60127 
282.54786 
-0-89997 

-564.7 
-108.0 

-624.64646 
-1418.7785 

511.15096 
282.98107 
-0-90477 

-567.7 
-109.8 

-624.65472 
-1421.7514 

512.76841 
284.32828 
-0 -91303 

-572.9 
-113.0  

spd + 

-624.69087 
-1417.3614 

510.12265 
282.54786 
-0.94918 

-595.6 
'-138.9. 

-624.69560 
-1418.3460 

510.66931 
282. 98107 
-0.95391 

-598.6 
-140.7 

-624.70381 
-1421-3119 

512.27983 
284-32828 
-0.96212 

-603.7 
-143.8 

T. E. 
1-El. 
2-El. 
N. R. 
B. E. 
B.E. (kcal/mole) 
AE 

Angie = 20.00  

-624.46898 
-1426.2227 

515-00942 
286. 74431 
-0-72729 

-456.4  

-624.51995 
-1425.7496 

514. 48532 
286-74431 
-0-77826 

-488.4 
-32.0  

-624.65246 
-1426.9080 

515.51121 
286-74431 
-0.91077 

-571.5 
-115.1  

-624.70172 
-1426.4599 

515.01391 
286-74431 
-0.96003 

-602.4 
-146.0 
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Thiophene-S--oxi de 

In order to generate this molecule use was made of an 

option whereby an atom can be added to a molecule whose 

integrals have already been evaluated. 	Thus the hetero- 

cyclic ring is identical to thiophene; the S-0 length 

of 1.49 1  was taken from dibenzo-thiophene-S-dioxide 29  and 

the basis set used for the oxygen atom was scaled vinyl 

alcohol (Appendix 2, Table 12) i.e. the same as for the 

pyryliurn ion. 	A partial geometry optimisation of the tilt 

angle (below) was carried out, with the angles chosen being 

0, 20, 40 and 600 ; this also enabled the estimation of the 

inversion barrier at the sulphur atom. 

- Tilt angle = a 

The total energies of the four molecules thus studied are 

presented in Table 7. Addition of an oxygen atom to the 

sulphur appears to destabilise théS-oxidè with respect -to 

the parent compound, since the binding energy (for like 

basis sets) is less than that for thiophene. 	This is caused 

by some loss of aromaticity as the overlap populations of 

the 02-C3/04-05 and C3-C4 bonds become more diene-like in 

nature (thiophene, 0.5950,  0.4774; thiophene-S-oxide, 

0.6021, 0.4611). 

Addition of the 3s'  function improves the energy by 

approximately the same amount for each angle and is of 

comparable magnitude to the improvement found in thiophene. 
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In contrast to this, it is found that the 3d-orbitals 

improve the energy by approximately 2* times the thiophene 

value. This would then appear to mean that the inclusion 

of d-orbitals gives a better representation of the ground 

state than when they are omitted. 	The largest eigenvectors 

for the d-orbitals in the spd calculation on thiophene and 

the dioxide are as follows:- thiophene, -0.085; thiophene-S-

oxide (in order 0, 20, 40, 60 degrees), -0.199 9  0.195, 0.177, 

-0.137. 	This then supports the contention that the d-orbitals 

are significant in the bonding of thiophene-S-oxide. Further 

support comes from the effect of the 3s' function on the spd 

calculation; in the S-oxides the largest vector changes 

very little (<o.00i) and is associated with the same d-

function. 	In thiophene the introduction of the 3s' function 

causes the largest eigenvector to become associated.with the 

3s' function. 	The total d-orbital populations in thiophene 

and its S-oxide are also in support of this, the values 

being 0.149 in the spd calculation on thiophene and 0.1+71 

in its S-oxide. 

From the data in Table 7 it is possible to estimate the 

barrier to inversion and the preferred tilt angle for 

thiophene-S-oxide. 	The transition state for inversion is 

immediately available, being the planar (tilt angle = 0) 

molecule; an optimal geometry has to be found for the ground 

state. Parabolic interpretation of the total energy 

against the tilt angle using the values for 20, 40 and 60 

degrees gave rise to the following optimal tilt angles:- 

sp, 37.28; sp + 3s', 37.67; spd, 45.70; spd ± 3s, 45.94. 
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Since the spd calculation is the better description of 

the molecule, the tilt angle in thiophene-S--oxide is 

45.70 degrees. 	To strictly evaluate the inversion barrier 

a calculation should be carried out at each of the optimal 

tilt angles; however all the angles are very close to the 

already calculated 40 degree tilt. 	This was then assumed 

to be sufficiently near the optimal value to be satisfactory. 

(As a check on this the optimal sp angle was run, this 

being the least expensive in computer time. 	The total 

energy obtained, -624.47436 au, is identical with the 

40 degree calculation to the 4th place of decimals). On 

this basis then, the inversion barrier is 3.4, 3.5, 5.0 

and 4.9 kcal/mole for sp, sp + 3s, spd, and spd ± 3s' 

basis sets respectively. 	The only experimental evidence 

is for the compound below where the barrier is found 

R = -CMe 2 .CH2 .But  

to be 14.8 kcal/mole by NNR studies. 30  The effect of the 

large groups in the 2 and 5 positions is somewhat difficult 

to estimate:- (a) hydrogen bonding of the -CH 2-  group can 

stabilise both ground and transition states (14 repulsion 

between the H of -CH 2-  and the oxygen atom could de-stabilise 

both ground and transition states. 	Since the non-empirical 

calculations on phosphole and phosphine gave reasonable 

agreement with experimental barriers, it is quite likely 



TABLE 8 

Orbital Energies of Thiophene Sulphoxide. (Planar) 

- 	 sp sp+3s' spd. spd+3s' 

At $ 	-2498.19 (A1 ) -2501.14 -2497.92 -2500.76 

• 	 -554.72 (A1 ) -554.79 -557.99 -558.04 

-308.09 (A1 ) -308.12 -307.95 -307.97 

• 	 -3O7.75(A1 ) -307.75 -307.40 -307.39 

-242.51 (A1 ) -243.48 -241.67. -242.59 

-185.10 (A1 ) -186.28 -184.24 -185.36 

-184.84 (B1 ) -186.02 -184.14 -185.26 

-36.36 (A1 ) -36.43 -37.18 -37.22 

-33.11 (A1 ) -33.09 -32.66 -32.65 

-27.40 (A1 ) -27.46 -26.87 -26.94 

-21.51 (A1 ) -21.54 -21.23 -21.26 

-19.94 (A1 ) -19.96 -19.65 -19.67 

-17.36 (B1 ) -17.32 -17.14 -17.10 

-16.03 (A1 ) -16.03 -15.95 -15.95 

r14.74 (A1 ) -14.75 15.53 15.52 

-13.82 ( B 1  ) 
-13.81 -14.25 -14.23 

-9.05  -9.04 -9.28 • 	 -9.26 

A" 	-308.10  -308.12 -307.96 -307.98 

-307.75 (B2 ) -307.75 -307.40 -307.39 

• 	 -184.96(B2 ) -186.14 -184.17 -185.29 

-27.90 (B2 ) -27.39 -27.61 -27.60 

-21.63 (B2 ) -21.61 -21.34 -21.32 

-17.10 (B2 ) -17.09 -16.82 -16.80 

-16.50 (B2 ) -16.49 -16.32 -16.30 

$ 	 -11.24 (B2 ) -11.22 -12.76 -12.73 

-10.61 (A2 ) -10.60 -10.32 -10.30 
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that the value for thiophene-S-oxide.is  correct. 	The 

addition-of an oxygen atom to .thiophene introduces .four 

more occupied orbitals. 	In planar thiophene-S-oxide one 

of these will appear as an oxygen .core level and the other 

three as one each in the Al,  B2  and B1  symmetry representations. 

In the non-planar configurations the Al  and B1  combine to 

give the A' representation. 	The orbital energies of the 

planar and non-planar (represented by the 40 degree configur-

ation) are shown in Tables 8 and 9. 

The sulphur core orbitals are shifted to higher binding 

energy compared to thiophene, with the is level increasing 

by 7eV and the 2s, 3p levels by '5eV. 	In addition there 

is a considerable amount of splitting of the three 2p levels, 

especially in the planar case; the three different cartesian 

directions are of course very different in their chemical 

environment. 	The-carbon is levels are only slightly 

affected by the addition of the oxygen atom, although there 

is a slight shift to higher binding energy. The oxygen 

atom is at very -much-lower binding--energy-than in--the case 

of the pyryliuni ion. 	This is to be expected on the grounds 

that the molecule is neutral rather than positively charged; 

however it also occurs at some 5ev lower binding energy than 

in the thiathiophthen iâostere. 	This is consistent with a 

very high negative charge on the oxygen atom, this being 

-0.67 in the 40 degree configuration. 

Of the four additional occupied orbitals, there is still 

one which can appear in the A1  representation of planar 

thiophene-S-oxide. 	This orbital appears as the highest 



TABLE 9 

Orbital Energies of Tinophene Sulphonde (40.00 ) 

sp sp+3s spd spd+3s' 

A' 	-2497.92 -2500.90 -2497.29 -2500.18 

-553.85 -553.93 -556.62 -556.67 
-308.06 -308.06 -307.92 -307.91 

-307.92 -307.94 -307.74 -307.77 
-242.30 -243.29 -241.13 -242.08 
-184.82 -186.02 -183.66 -184.80 
-184.61 -185.80 -183.54 -184.69 
-36.27 -36.35 -36.51 -36.50 
-32.98 -32.96 -32.70 -32.68 
-27.32 -27.38 -26.86 -26.92 
-21.56 -21.59 -21.32 -21.36 

• 	 -20.16 -20.17 -19.93 -19.94 

-17.07 -17.04 -16.79 -16.75 
-16.18 -16.18 -16.02 -16.02 

• 	 14.92 -14.93 J5.42 15.41H 
-13.15 -13.15 -13.55 -13.54 

-9.24 -9.24 -9.64 -9.62 

All 	-308.07 -308.06 -307.93 -307.91 

-307.92 -307.94 -307.75 -307.77 
-184.71 -185.91 -183.59 -184.74 
-27.96 -27.95 -27.73 -27.71 
-21.68 -21.66 -21.45 -21.43 

• -17.10 -17.09 -16.82 -16.81 
-16.55 -16.54 -16.38 -16.37 
-10.91 -10.90 -12.05 --12.03 
-10.51 -10.50 -10.29 -10.28 
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binding energy valency shell orbital, consisting pre-

dominantly of the oxygen 2s atomic orbital together with 

some sulphur 3$ contribution. 	It does not however 

correspond to an oxygen addition to the totally symmetric 

valency S orbital of thiophene i.e. it is a new orbital. 

The totally symmetric ring combination of thiophene occurs 

as the next orbital of the A1  representation and is nodal 

between sulphur and oxygen. This splitting of oxygen 

away from the ring is common in many of the molecular 

orbitals as far as the large eigenvectors are concerned 

although slight positive overlaps do occur in most orbitals. 

It would seem that in the sp calculation the structure of 

thiophene-S-oxide is best represented by thiophenc with a 

loosely attached oxygen atom. The only other orbital 

which has strong S-0bonding is the lowest ionisation 

potential of the A1  representation which in thiophene 

was a lone pair orbital pointing directly towards where the 

oxygen now lies. 	The correlation of thiophene and 

thiophene-S-oxide molecular orbitals is shown in Table 10. 

In the B2  representation there is a one-to-one 

correspondence between the molecular orbitals of thiophene 

and its S-ox.- de (Table 10); the additional orbital appears 

at the low ionisation potential end of the representation 

and consists of an oxygen transverse orbital. 	In the B1  

representation the new function appears in the middle. The 

2b1  is a positive combination of 
p 17 

orbitals in thiophene; 

in its S-oxide the oxygen is in symmetric combination with 

the ring. 	Orbital 4b1  is 3b1  of thiophene (node through the 
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C2/C5 atoms, with oxygen antisymmetrkc. This leaves the 

middle orbital, 3b1  which has a diene u-system in anti-

symmetric combination with the S-0 ii level. 

WTIONDEWS 

Correlation of the Molecular Orbitals Thiophene and its 

Oxide (0.0 and 40.0 Isomers) 

Thi ophene Thiophene-S-Oxide Thiopherie-S-Oxide 
(Planar) (40.0) 

6a1  8a1  9a' 

7a1  9a1  lOa' 

8a1  10a1  ha' 

9a1  11a1  12a' 

10a 1  12a1  14a' 

lla1  13a1  - 

4b2  4b2  4a" 

5b2  5b2  5a" 

6b2  6b2  6a" 

7b2  7b2  7all  

2b1  2b1  (13a') 

3b1  4b1  - 

In the non-planar molecules the same correlation 

with thiophene can be carried out (see Table 10) but to a 

somewhat lesser extent. The lessening in the correlation 

is caused by the lower symmetry of the molecule, which 

allows the e and ii systems to intermingle. 	This affects 

the former sulphur lone pair and the u-levels mainly, with 
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for example, 15a' being mixed 8-0 and u-orbitals. 

Addition of the 3s'  function causes a .shift to higher 

binding energy of the sulphur core levels of "-3eV  and -1.1eV 

for the is and 2s, 2p levels respectively, while leaving the 

carbon le levels and oxygen ls levels almost unchanged. The 

3d functions also cause their usual, very small, shift to 

lower binding energy for the carbon and sulphur core levels. 

The effect on the core level of oxygen is very different and 

quite dramatic, with the-energy being shifted  3.2eV in a 

higher binding energy direction. 	This is consistent with 

better bonding between the S and 0 atoms, resulting in a 

smaller oxygen population (Table ii). 	The oxygen electrons 

which were formerly non-bonding will move into the 5-0 region 

Table U 

Population Analyses for Thiophene Sulphoxide (60.0) 

sp 5p.t35t spd spd+3s' 

S 15.2576 15.2817 15.4886 15.5098 

0 8.7055 8.6919 8.5851 8.5724 

C2,C5 6.2382 6.2311 6.l726- 6.1661 

C3,C4 6.1421 6.1436 6.1379 6.1395 

112,H5 0.8129 0.8133 0.8227 0.8232 

H32H4 0.8252 0.8252 0.8299 0.8300 

My  3.92 3•93 3.44 3.43 

IA Z  
2.84 2.83 2.70 2.69 

4.84 4.84 4.37 4.36 
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(the S-0 total overlap population increases from 0.0689 

in the sp calculation to 0.3221 in the spd calculation). 

Further evidence comes from the only valency shell orbital 

(6a") to be affected by a significant amount (>0.2ev) which 

moves by 1.5ev to higher binding energy and which was the 

oxygen lone pair orbital. 

Thiophene-S-dioxide 

This molecule was generated using the "add" procedure 

on the mono-S-oxide; the S-0 bond length was maintained at 

1.491 with the new oxygen atom being placed so that C2v 

symmetry was obtained. Three 0-S-0 angles were used (40, 

80 and 120 degrees) in order to enable the determination 

of an optimal angle. 

The total energies for each of the three structures 

and for each of the four basis sets are shown in Table 12. 

The destabilisation found for the addition of an oxygen to 

thiophene is maintained here and is indeed emphasized. In 

the 40 degree case the molecule has a positive binding 

energy with the sp and sp+3s' basis sets. 	The nuclear 

repulsion, one-electron and two-electron energies are 13, 

21 and 8 au greater in magnitude than in the 80 and 120 

degree case. 	The electron rich oxygen atoms are very close 

together, and this closeness would appear to make the 

molecule unstable. 	The 3s' function improves the energy 

of each molecule by approximately 33 kcal/mole; this is 

similar to what is found for other compounds containing 

second row atoms. Replacement of the 3s' function by the 

3d functions leads to a very large improvement (>170 kcal/ 
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mole in each molecule) in energy; this is considerably 

larger than that found for the mono-S-oxide and is 

excellent evidence for the necessity of d-orbitals in 

ground state bonding in thiophene-S-dioxide. 

TABLE 13 

d-Orbital Populations in Thiopbene-S-dioxide (120 degrees) 

sp+3s' 	spd spd-i-3s' 

3s' 0.377 	- 0.349 

dx2_y2 - 	 0.037 0.036 

dz2 - 	 0.270 0.268 

d - 	 0.240 0.238 

- 	 0.162 0.160 xz  
dyz - 	0.193 0.191 

Total 0.377 	0.902 1.242 

Further corroboration comes from the d-orbital 

populations in Table 13 and the largest d-orbital eigen-

vectors in Table 14. 	The d-orbitals all have large 

populations -except- for the dx2y2 which does not-point-

directly towards any of the atoms bonded to sulphur. The 

total population in the spd case is approximately one 

electron, indicating that the d-orbitals are necessary. The 

largest d-orbital eigenvector is by no means insignificant 

and its nature does not change when the 3s' function is 

added. This is similar to what was found for the mono-S- 

oxide. 
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TABLE 14 

Largest d-Orbital Eigenvector in Thiophene-S-Dioxide 

40.0 	80.0 	120.0 

spd, Type 	0.228, dyz -0.224, d 	0 . 217,d 2  

spd+3s', Type 	0.228, dyz -0.223, dxy 	0.217, da 

The three 0-5-0 angles are sufficient to enable a 

parabolic interpolation of the energy to be carried out, 

giving a value for the predicted experimental angle. The 

values obtained for the sp, sp+3st,  spd and spd+3s' bases 

sets are 107.64, 107.65, 110.38 and 110.40 degrees. These 

values are similar to those found for dibenzo-thiophene-S-

dioxide (120)29  and a tetrahydro derivative of thiophene-S-

dioxide (117.8) 	It would thus seem likely that the 

experimental geometry will prove to have an 0-5-0 angle in 

the close proximity of 110° . 	This could be found soon 

as the iron tricarbonyl complex of thiophene-S-dioxide has 

recently been ob-tained. 32  The calculation nearest the 

optimal value is that with an 0-3-0 angle of 120 degrees; 	- 

this will be used as being the structure hereafter. 

The effect on the core energies (Table 15) of the 

addition of another oxygen atom to the S-oxide is much the 

same as adding one to thiophene, i'.e. the sulphur ls orbital 

increases in binding energy by 5.6eV going from thiophene 

to the mono-S-oxide and a further 5.5eV with the addition 

of the second oxygen atom. 	Indeed this places the ls orbital 

energy higher than in the cationic sulphur heterocycles. 

Consistent with this is the extremely low population of the 



TABLE 15 

Orbital Energies of Thiophene-S-dioxide (120 degrees) 

• 	sp sp+3sT spd spd+3s' 

A 1  -2503.47 -2506.57 -2502.52 -2505.42 

-554.37 -554.43 -557.52 -557.56 

-309.33 -309.32 -309.00 -308.98 

-308.36 -308.39 -30r-1 . 21 -308.22 

-247.10 -248.13 -245.11 -246.06 

-189.59 -J90,84 -187.70 -188.85 

-39.34 -39.46 -38.84 -38.94 

-33.76 -33.73 -33.31 -33.28 

-27.73 -27.76 -27.10 -27.13 

-22.23 -22.25 -21.87 -21.90 

-20.84 -20.87 -20.51 -20.54 

-17.40 -17.42 -17.70 -17.71 

-17.07 -17.07 -16.76 -16.75 

-11.33 -11.32 -13. 00  -12.97 

B2  -309.33 -309.32 -309.00 -308.98 

-308.36 -308.39 -308.21 -308.23 

-189.53 -190.78 -187.69 -188.84 

-28.94 -28.92 -28.52 -28.50 

-23. 08  23.03 22a55 -22.53 

-18.25 -18.24 -17.85 • 	 17.81+ 

-17.78 -17.77 -17.40 -17.40 

-11.18 -11.16 -12.33 -12.30 

B 1  -554.44 -554.50 -557.61 -557.65 

-189.62 -190.87 -187.72 -188.87 

-35.18 -35.14 -35.72 -35.67 

-17.04 -17.02 -17.13 -17.11 

-14.01 -14.01 -14.43 -14.41 

-11.20 -11.19 -12.10 -12.08 

A2  -12.51 -12.50 -13.62 -13.60 

-10.93 • 	 -10.92 -10.55 -10.54 
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sulphur atom (Table 16). 	The 2s and 2p sulphur core 

levels show the same trends as the ls in going from 

thiophene to its S-dioxide. 	The addition of the 35' function 

has its usual effect in a shift to higher binding energies 

by -3eV for the is level and -1.1eV for the 2s and 2p 

levels; the d-orbitals result in a small shift to lower 
-.1 

binding energies. 	The carbon is levels are also at higher 

binding energy than in the mono-S-oxide and, while they 

occur in the same order as in the mono-S-oxide (C3/C4  at 

higher binding energy) the energy separation is somewhat 

greater. These energies are virtually unaffected by the 

additional d-functions. The oxygen is orbitals are again 

at very low binding energy compared to the charged (pyryliuin) 

compound and the neutral thiathiophthen analogue; the 3s '  

function has no effect on the energy but the 3d functions, 

as in the mono-S-oxide, cause a shift of some 3ev to higher 

binding energy. This can again be explained by the 

essentially lone pair electrons on the oxygen being pulled 

into the 3-0 bonding region. Consistent with this are 

1) the decrease in oxygen population on the addition of the 

d-functions (Table 16) 2) the increase in the 3-0 overlap 

TABLE 16 

Population Analysis and Dipole Moment of Thiophene-S- 
dioxide (120) 

sP sp+3s' spd spd-i-3s' 
S 14.6534 14.6909 15.0801 15.1101 
0 8.6982 8.6850 8.5404 8.5288 
C2,C5 6.2448 6.2368 6.1694 6.1637 
C3,C4 6.1228 6.1244 6.1245 6.1261 
112,1-15 0.7983 0.781 0.8088 0.8093 
H3 1 H4 0.8102 0.8102 0.8169 0.8170 

6.40 6.39 5.53 5.53 
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populations (Table 17), 3) the change in order of the 

outer valency shell orbitals (sp, sp+3st:- 7b 2>13a1>4b1> 

5h1>laf14a1>6b1>8b2>2a2 ; spd, spd+3sT :- 12a 1>7bf4b1>13a1> 

5b1>la2>14a1>8b2>6bf2a2 ). These changes in order are 

TABLE 17 

Total Overlap Populations in Thiophene-S-Oxide (120 ° ) 

sp sp+3s' spd spd+3s' 
3-0 0.114 0.113 0.421 0.423 

s-c 0.257 0.256 0.359 0.359 
0.545 0.545 0.540 0.540 

C2-H2 0.411 0.410 0.409 0.409 

C3-H3 0.393 0.391 0.392 0.391 

caused by the 7b 9/12a1 , 13a,/4b1  and 6b1/8b 9  orbitals 

reversing in order of energy. 	In the sp calculation 

the lowest ionisation • potential member of these pairs had 

a considerable amount of oxygen lone pair character; the 

movement of such orbitals into the 3-0 bonding region meant 

that they were less localised and resulted in an increase 

in binding energy. 	The sp levels were so nearly (accident- 

ally) degenerate that this caused the observed reversals. 

(In agreement with this the 3-0 overlap populations for 

these orbitals became more bonding, as is shown in Table 18). 

TABLE 18 

Orbital Overlap Populatiofis between Sulphur and Oxygen 

l2a 	4b1  

sp 	-0.037 	-0.072 

spd 	+0.009 	-0.037 

8b2  la 	14a1  

-0.008 - 	 -0.017 

0.030 0.041 	0.041 
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Two other orbita1 (la 2P  14a1 ) are predominantly lone pair 

and show a considerable drop in energy on the introduction 

of d-orbitals. 	The energy difference between them and the 

next orbital to higher binding energy is sufficiently large 

to prevent any change in orbital order. 	The S-0 overlap 

population also hcccmes more binding. 

The change in the eigenvectors is small in most 

molecular orbitals so that the nature is largely unchanged 

upon the addition of d-orbitals; there are two exceptions 

to this pattern. 	One is orbital 2a 2 , where the dxy  function 

is new to the representation and makes it possible for 

sulphur to particpate in bonding to the oxygen and carbon 

atoms. 	There is thus generated a very small S-O overlap, 

it-type in nature. 	The other orbital, 5b1 , has quite large 

changes in eigenvectors, as is shown in Table 19. 

TABLE 19 

Eigenvectors of Orbital 5b1  

sp spd 

S 3z -0.41 -0.25 
C2,C5 2z 0.34 0.40 
C3,C4 2z 0.62 0.61 

01,02 2s 0.42 0.32 
01,02 2y 0.40 0.20 
01,02 2z 0.21 0.42 

The oxygen y and z orbitals reverse in relative 

magnitude and the S 3z decreases; the orientation of the 

molecules is such that this results in the 5-0 region going 

from anti-bonding to bonding (the 3-0 overlap increases from 
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-0.019 to 0.003). 	The very small variation in eigen- 

vectors in most orbitals is consistent with there being 

no one orbital responsible for the increase in S-0 

population which has been found. 

Unlike thiophene-S-oxide the C2-C3/C4-05 bond is 

less olefinic than in thiophene (Table 17). 	Thus the 

decrease in molecular stability cannot be associated with 

a reduced aromaticity. It is likely to be caused by the 

lower S-C overlap in thiophene-S-dioxide and the high 5-0 

overlap population; thus the molecule is potentially ready 

to lose SO 2' 	The mass spectrum of the iron-tri--carbonyl 

complex32  has loss of SO  as the first peak involving the 

heterocyclic ring. 

From the large positive charge on sulphur and large 

negative charge on oxygen it is not surprising to find the 

dipole moment orientation below. 

,0  

'0 

The addition of the 3s' function moves electrons 

towards sulphur mainly at the expense of the oxygen atoms; 

this produces a decrease in dipole moment. 	The 3d functions 

move electrons away from the non-bonding region to the 5-0 

region; this then gives the expected change (a reduction) 

in the dipole moment. 	At the same time it is consistent 

with the increase in magnitude of the one-electron and two-

electron energy terms 

.4 
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Summary 

Calculations have been carried out on thiophene and 

both its S-oxides in order to estimate the contributions 

made by d-orbitals in ground state bonding and to predict 

the geometry of these molecules. 	In thiophene the d-orbitals 

are involved to a trivial extent; in the S-oxides they are 

very necessary to the description since they introduce 

substantial bonding to the oxygen atoms. Without d-orbitals 

the oxygen atoms are loosely bonded; the d-orbitals cause 

localisation of the oxygen lone pair electrons as is shown 

by greatly increased 3-0 overlap populations (this is 

achieved without reduction of S-C overlap populations). 
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VIII. THIATHIOPHTHEN aid ITS ISOSTERES 
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Introduction 

The first compound synthesized having the thiathiophthen 

ring system (1) was the 2,5-dimethyl derivative prepared  by 

Arndt and his co-workers in 1925. 	The structure they 

proposed (2) was corrected to the ring system (i) by x-ray 

crystallography. 2  

• 	3 	4 

Ono - 
CM 

6a 	 6 

(1) t.2) 

CH 3 

The S-S bond lengths were found -to be equal, leading to the 

postulate of "single bond-no bond" resonance  (structures 3a 

4 
	 and 3b). 

rr <>nn 
(3a) 
	

(3b) 

Bsfore examining the bonding of the sulphur atoms, it is 

first necessary to deal with the possibility of a rapid 

equilibrium between structures 3a and 3b. If such an equili- 

brium did exist then it would be expected that an unsymmetrical 

substitution would lead to the existence of molecules with 

unsymmetrical S-S bond lengths; this has been found for 

several molecules (for example the 2-methyl-4-phenyl3  and 

2,4_diphenyl4  derivatives). 	Such a distortion could also be 
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explained by crystal packing forces acting on a symmetric 

structure. 	The symmetrically substituted 2,5- and 3,4- 

diphenyl derivatives also have unsymmetric S-S bond lengths 

which are also likely to be caused by crystal packing forces, 

with the 2,5-diphenyl compound having the two phenyl groups 

at different twist angles (3.5 and  45.1  degrees) with 

respect to the thiathiophthen ring system 	Inter-molecular 

forces could be the cause of this since the 2,5-diphenyl--

3,4-diazathiathiophthen has twist angles of 7.0 and 2.9 

degrees; 5b  semi-empirical calculations also indicate this 

possibility. 6  

In support of the rapid equilibrium concept are two 

experimental phenomena; 1) reports 7 ' 8  that x-ray diffraction 

studies for the 2,5-dimethyl  compound could be ambiguous 

(they could represent the average of.a two-fold disordered 

arrangement having one long and one short S-S bond) led to 

a re-examination and refinement9  of the x-ray analysis of 

this compound. 	The symmetric structure gave a slightly 

worse analysis than the unsymmetric one; however the 

asymmetry was excessive and regarded as unacceptable. 9  

2) Examination of this compound by the ESCA technique 10  

yielded a broad peak in the sulphur 2p region. Deconvolution 

of this peak was better when a 1:1:1 distribution was assumed, 

compared to a 2:1 distribution. 

On a theoretical level calculations by Gleiter and 

Hoffmann both with and without d-orbitals predict a 

symmetric structure with d's and an unsymnietric without (it 

is necessary to point out that the energy curves and text 

do not appear to agree in this paper). CNDO/2 calculations 
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by Clark and Kilcast12  predict that the symmetric structure 

is 5 kcal/mole more stable than the unsymmetric (this was 

a Kekul-typé structure, using the 3,  4-diphenyl derivative 

as a basis). 

One very significant point has not yet been considered. 

In the rapid equilibrium concept, the two valence isomers 

3a and 3b must have identical energies, and must therefore 

exist as a 50:50 mixture. Unsymmetric substitution would 

lead to two different isomeric compounds; x-ray crystal-

lography has revealed only one compound in all cases. This 

then leads one to one of two conclusions:- a) the thiathio-

phthens are essentially symmetrical with distortions caused 

by mainly crystal packing forces; or b) substitution leads 

in all cases to a new "mixture" consisting of 100% of one 

isomer only. 	The former conclusion is much more likely 

than the latter; accordingly investigation has been limited 

to the symmetric structure alone. 

The Kekul-like structures 3a and 3b satisfy both the 

octet rule and the normal valericies of the atoms in the 

molecule. 	The sulphoniumylid structureU  (4a) also conforms 

with these requirements. 

rn Cl: 
(4a) 	 (4b) 
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This structure gives a satisfactory lOu electron system 

(the terminal sulphur atoms contribute 2 electrons each; 

the 3a carbon atom also contributes two and the remaining 

carbon atoms are each), thus explaining the stability of 

the molecule. 	(The lOu electrons are of course based on 

the valency shell electrons only; with there being two 

core electrons of ri-symmetry, the total number of u-electrons 

is sixteen). 	However classical delocalisation of the 

charge (giving 4b) would lead to the 2 and 5 positions 

being negatively charged, thus contradicting the experimental 

evidence which shows these positions to be active towards 

nucleophiles but not electrophiles. 

In order to overcome this difficulty it is possible to 

postulate a double bond between the atoms 3a and 6a, giving 

a quadrivalent sulphur atom (5. 	In classical concepts 
.4 

flfl2 
	

tf )) 
(5a) 	 (5b) 

such a valency requires the use of d-orbitals. 	Besides the 

work of Gleiter and Hoffmann, and Clark and Kilcatj 2  all 

of whom predict the use of d-orbitals on the centre sulphur, 

the semi-empirical calculations of Maeda 14  show that a-bonding 

between the sulphur atoms could arise from pd hybridisation. 

Correlation of calculated and observed ultra-violet transitions 

by Johnstone and Ward 15  similarly predict that d-orbitals 

are necessary to explain the bonding of the centre sulphur 

atom. 



TABLE 1 

Total Energies ofThiathiophthen, in All Basis Sets. 

.4 

-1381.0944 

-3052.4907 

1094.6816 

576.7148 

-0.95678 

-600.4  

B 

-1381.1455 

-3051-5422 

1094.0819 

• 576.7148 

-1-00788 

-632.4 

-32.0  

C 

-1381.1892 

-3051.1514 

1093. 2474 

576.7148 

- -1.05161 

-659.9 1 

-59.5 

T. E. 

1-El. 

2-El. 

N. R. 

B. E. 

B.E. (kcal/mole) 

AE 

P 

-1381.1628 

-3052.8350 

1094.9574 

576.7148 

-1.02518 

-643.3 

-42.9  

E 

-1381.1883 

-3053.6948 

1095.7917 

576.7148 

-1-05068 

-659.3 

-58.9  

F 

-1381.2141 

-3052.3000 

1094-3711 

576.7148 

-.1-07648 

-675.5 

-75.1 

G 

-1381.2838 

-3052.728 

1094.7294 

576.7148 

-1.14618 

-719.2 

-118.8  

H 
-1381.4048 

-3052.5044 

1094.3848 

• 576.7148 

-1.26718 

-795.2 

-194.8 
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In this concept of the bonding all carbon atoms give 

one electron to the u-system with the terminal sulphur 

atoms contribute two each to the ii- and two each to the a-

systems; the centre sulphur atom contributes only one 

electron to the u-system S but three to the a-system. 	All 

thpee suihur atoms have two lone pair electrons. 

The Bonding in Thiathiophthen 

Calculations have been carried out on thiathiophthen 

at the experimental geometry, 16  as determined by x-ray 

crystallography, in order to investigate the bonding 

properties. 	The carbon and hydrogen exponents were those 

of scaled ethylene (Tables 8 and 9, Appendix 2) and the 

sulphur those of scaled thio-formaldehyde (Table 13, Appendix 

2). 	These were augmented by six d-functions on each 

sulphur, resulting in calculations being carried out using 

the basis sets below: 

A sp basis set on all atoms 

B sp + 3s' on centre sulphur atom (6a) 

C sp + 3s' on terminal sulphur atoms (1, 6) 

D spd on centre sulphur atom 

E spd on terminal sulphur atoms 

F spd + 3s' on centre sulphur atoms 

G spd + 3s' on terminal sulphur atoms 

H spd +.3s'  on all sulphur atoms. 

The total energies for these calculations are shown in 

Table 1. 	The improvement in energy for the sp + 3s' 

calculations is of the same apprbximate magnitude as has 

been found for other sulphur heterocycles, i.e. about  30 
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kcal/mole per sulphur atom. 	Replacement of the 3s' by the 

Sd functions leads to an energy improvement somewhat greater 

in magnitude than that of the 3s' functions. 	The 6a 

sulphur atom 3d functions improve the energy somewhat more 

than does the terminal sulphur pair. 	In neither case is 

the improvement anything resembling that found for the 

thiophene-S-oxides (Section VII) and it must therefore be 

concluded that the d-orbitals do not significantly partici-

pate in the ground state bonding of thiathiophthen. (This 

does not, however, invaliIate the work of Johnstone and 

Ward15  since it is quite feasible that the d-orbitals could 

play a lerge part in the excited state electronic structure, 

which i's of course necessary for ultra-violet spectroscopy). 

Further evidence of this comes from the total overlap 

populations of Table 2 and the U-orbital occupancies of 

Table 3. 	In the former table there are only small changes 

TABLE 2 

Overlap Populations in Thiathiophthen; Sulphur with Adjacent 
Atoms 

A D E H 
6a - 3a 	0.3855 0.4375 0.3882 0.4345 

Ga - 1 	0.0261 0.0691 0.0341 0.0920 

1 - 2 	0.3691 0.3655 0.4225 0.4345 

in overlap population on introduction of the d-orbitals; 

again this is markedly different from the situation in the 

thiophene-S-oxides. 	Similarly the U-orbital populations, 

both individually and in total, are much more reminiscent 
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of thiophene (and other heterocycles like the 1,2-dithioliurn 

ion) than its S-oxides. 

3s' 

dx2 _y2  

dw 

dxz 

dyz 

Total 

Table 3 

d-Orbital Occupations in Thiathiophthen 

B 	C 	D 	E 

0.350 	0.344 	- 	- 

0.350 0.344 

0.104 

0.025 

0.007 

0.009 

0.017 

0.162 

0.050 

0.014 

0.005 

0.003 

0.017 

0.089 

The lack of significant d-orbital participation would 

appear to eliminate (5a) as a possibility, since in classical 

usage this structure requires the involvement of d-orbitals. 

Supporting this elimination are two other factors:-(l) the 

overlap population between the atoms C2-C3 and C3-C3a  are 

almost identical (0.5436 and 0.4989  respectively). 	Indeed 

applying the Diels-Alder reactivity index method of section 

VI the value of 1.09 occurs more to the aromatic end of the 

system; structure 5a would be olefinic/saturated in nature 

and show a high index valtia; further these populations occur 

just on either side of the 1,2-dithiolium value of 0.5305 

(2) the overlap population (Table 2) between the C2-S1 atoms 

is very large, being reminiscent of the value obtained for 

thio-pyryliuth (0.3821) and 1,2-dithiolium (0.3989). However 

both these objections could be overcome by delocalisation of 

the it-electrons into structure 5b. 
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TABLE 4 

Population Analysis of Thiathiophthen (sp Basis Set) 

s 	x 	y 	z 	Total 	H 

S Ga 	1.8813 0.9773 1.1759 1.7450 15.7390 	- 

31, S6 1.8444 1.5348 1.0651 1.6333 16.0444 	- 

C 3a 	1.0963 1.1009 0.9630 0.8922 	6.0422 	- 

CS 	1.1104 1.1490 1.0671 0.8920 	6.2081 0.8216 

C4 1.0044 0.9431 1.1020 1.1563 	6.1946 0.8418 

Turning now to the sulphoniurnylid structure, there 

would also appear to be little evidence for the existence 

of this structure. 	The population analysis of Table 4 shows 

that the 3a carbon atom, far from having a complete negative 

charge is that with the lowest population. 	Further, since 

this charge would be expected to lie in the it-system, the 

3a carbon would have the highest z population; Table 4 shows 

that it is very low and essentially equal lowest of all the 

carbon atoms. 	The only factor supporting the sulphoniumylid 

structure is the net positive charge on the Ga sulphur atom; 

however this is caused by a very low population of an in- 

plane p component 	and not by the expected p. deficiency. 

Thus the bonding is not well described by a sulphoniumylid 

structure. 

This structure was rejected on chemical grounds since 

"classical delocalisation" would lead to the C2, CS atoms 

being negative and not positive as reactivity demands. Since 

• 	there is a positive sulphur atom in the classical structure 

with three very electron-rich centres around it, it would 

seem unlikely that electrons from one of these electron-rich 
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centres (C3a) would move away from the electron-deficient 

centre. Thus taking the sulphoniumylid structure as 

starting point, there would be back-donation of the two 

electrons of carbon 3a into the vacant p  orbital of sulphurTT  
Ga; this latter orbital will receive donations from the 

terminal sulphur atoms also. 	These in turn will receive 

electrons from the adjacent carbon atoms (02/05);  beyond 

this point it is difficult to predict what will be the 

ultimate outcome of the competing demands for electrons. 

The p populations of Table 4 show that the value for the 

sulphur atoms is characteristic of a 27-electron donor (cf. 

the value for thiophene); there must thus be considerable 

movement of electrons towards the Ga sulphur atom. 	It is 

also found that the 02/05 positions have the lowest population 

and would thus be most reactive towards nucleophiles; 

similarly the 03/04  atoms are predicted to be very reactive 

to electrophiles. 	Both these predictions are found to be 

1 true. 7-21  

Delocalisation of the r-electrons of the sulphoniumylid 

structure in the above fashion will generate a molecule 

identical to that of 5b. 	It would therefore seem that 

structure Sb is the best cverall representation of the bonding 

in thiathiophthen provided it is realised that there is no 

significant d-orbital participation in the representation. 

Similarly if one desires a classical structure, 5a is the 

nearest to the true structure, subject again to the lack cf 

d-orbital participation. 

The nature of the S-S bonds themselves are of interest. 

It has been suggested that they should consist of u-interaction 
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only; 22 this has been criticised13  on the grounds that the 

bond strength would be too small. 	The population 

analysis indicates that the S-S bond is made up of almost 

equal proportions of a and ii overlap populations (0.0136 

and 0.0125 respectively). 	The total is much less than is 

usually found for S-S overlaps (0Q1503 in H2S2  at the 

experimental geometry 23  and using the present basis set; 

0.2145 in the 1,2-dithiolium cation). 	Although the value 

for thiathiophthen is small it is quite definitely present 

and indicates that there is a bond between the sulphur atoms. 

Presumably the sulphur atoms would prefer to move closer 

together in order to form better and stronger bonds, but 

strain within the rings would act to prevent this. 	Some 

evidence that this is so comes from 2,5-diphenyl-3,4-dia.zathia--

thiophthen where the average S-S length is 2.321, slightly 

less than the 2.331 of 2,5-diphenylthiathiophthen.7 It 

should be noted that this is not merely a result of the 

differences of the sulphur atomic orbitals since the overlap 

population between the sulphur atoms in the 1,3-dithiolium 

cation is -0.073, at an S-S distance of 2.961. 

Ring strain can also be considered as having a large 

effect on the distortion from unequal S-S bond lengths in 

unsymmetrically substituted compounds. 	In the symmetrically 

substituted compounds the centre sulphur atom experiences the 

same "pull" from either side, and so has no tendency to 

distort. 	Unsymmetric substitution on the other hand will 

make the effect uneven, resulting in the centre sulphur 

moving towards one of the terminal sulphur atoms. This 
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TABLE 5 
Core Orbital Energies in Thiathiophthen 

A B C ID E H 

-2493.88 -2497.15 -2493.87 -2493.48 -2493.69 -2496.69 

-239.05 -240.20 -239.06 -236.48 -238.80  -239.40 

-181.31 -182.69 -181.32 -180.82 -181.07 7181.94 

-181.28 -182.66 -181.30 -180.76 -181.06 -181.89 

-181.20 -182.57 -181.21 -180.69 -180.97 -13183 

-2489.96 -2489.94 -2492.94 -~490.16 -2489.47 -2493.37 

-235.60  -235.61 -236.64 -235.76 -235.06 -236.29 

-177.85 -177.92 -179.15 -178.08 -177.40 -178.85 

-177.91 -177.91 -179.14 -178.08 -177.39 -178.85 

-177.81 -177.87 -179.09 -178.02 -177.35 -178.78 

-316.21 -310.23 -310.20 -310.19 -309.89 T30991 
-309.35 -309.34 -309.36 -309.26 -309.19 -309.13 

-308.04 -308.04 -308.04 -307.93 -307.64 -307.54 



movement will continue until the gain in overlap population 

due to closer proximity to one sulphur equals the loss from 

the other sulphur atom. 	Such a balancing effect also 

explains why movement does not continue to a substituted 

dithiolium structure. 

The core orbitdl energies are shown in Table 5 for 

several basis sets. 	All the 6a sulphur core levels occur 

at higher binding energy than the corresponding core orbitals 

of the terminal sulphur atoms.; 	This is what one would 

expect on the basis of the populations of the sulphur atoms. 

The 2s levels are approximately as far from the experimental 

values 24 (Table 6) as they were in thiophene (-11ev) and 

rn A flT T' C 
SflflLatj U 

Experimental Core Orbital Energies 

S 2s 	 228.5 	 227.0 

S 2p 	164.1, 165.1 	 162.6 1  163.6 

the sp levels show a similar departure from the experimental 

values. 	The additional 3s' functions have very little 

effect on the core levels of adjacent atoms, although there 

is the usual considerable shift to higher binding energy 

of the core levels of the atom to which the 3s'function is 

added. 	The d-orbitals have their usual effect on binding 

energies - a small movement to lower ionisation potential; 

the addition of d-orbitals to the centre sulphur atom has 

virtually no effect on the terminal atoms orbital energies. 

This is not at all like the effect found4p thiophene-S-

oxides and is additional evidence that the d-orbitals are 

285 
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not involved in ground state bonding of this molecule. The 

carbon core orbital energies have not been reported, but the 

3a is of highest binding energy as one would expect from the 

charge distribution (from Table 4). However the C3/C4  and 

C2/C5 are in the reverse order to the atomic populations. 

The valency shall region has been investigated by He(I) 

spectroscopy; 25  a least squares fit of the observed and 

calculated data yielded the equation IP(exp) = 0.546 IP(calc) 

+ .3-463 with the standard deviation in slope, intercept and 

the overall standard deviation being 0.009, 0.104 and 0.049 

respectively. 	While this line is somewhat different from 

that for thiophene, it represents an excellent correlation 

of the observed and calculated data. 

The dipole moment is also in reasonable agreement with 

the experimental value of 3-01D; 26 the value for each basis 

set is:- A, 3.87; B, 3.87; C, 3.85; D, 3.40; E, 2.57; 

F, .3.40; G, 2.56; H 9  2.17. 	With the negative end of the 

dipole towards the sulphur atoms, the 3s' functions would be 

expected to increase the dipole moment by analogy with 

phosphorin and thiophene. This is in fact what occurs for 

the addition of the 3s' to the 6a atom, although the change 

is very small (<0.001) and is not significant in the accuracy 

with which dipole moments are usually reported. However 

the centre of gravity of the electrons happens to occur 

between the sulphur atoms in the sp basis set; when the 

3s' function is added to the terminal sulphur atoms, the 

net result is a movement of electrons to the C-H end of the 

molecule and a reduction in dipole moment. 	The d-orbitals 

have the expected reduction effect on the dipole moment; 

I 
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this is larger for the terminal sulphur atoms than the centre 

one and can be attributed to the formation of pd hybrids. 

The population analyses of Table 7 show that the 

addition of the d-orbitals and/or the 3s'function causes 

an increase in population of the atom(s) to which they are 

added. 

TABLE 7 

Population Analysis of Thiathiophthen 

C P E H 

S1,S6 16.0431 16.0491 1$.0398 16.1336 16.1318 

S6a 15.7465 15.7408 15.8329 15.7260  15.8280 

C2,C5 6.2077 6.2004 6.2061 6.1114 6.1023 

C3,C4 6.1956 6.1961 6.1950 6.1998 6.2024 

C3a 6.0356 6.0419 5.9529 6.0322 5.9381 

H2,J-15 0.8217 0.8222 0.8233 0.8307 0.8330 

H3,H4 0.8408 0.8408 0.8428 0.8454 0.8474 

Isosteres of Thiathiophthen 

The atomic arrangement in thiathiophthen is not by any 

means unique; the terminal sulphur atoms have been replaced 

by oxygen, 27  nitrogen  28  and selenium 29  atoms, while the 

centre sulphur has only been replaced by selenium. 30 

Calculations have accordingly been carried out on the three 

isosteres shown below 

MOO MOO D D( o 
(.6) 
	

(7) 
	

(8) 

Mi 



MI 

TABLE 8 

Total Energies( au) of 6-Oxo-thiathiophthen 

A B. C 

T.E. -1059.0073 -1059.0554 -1059.0540 

1-El: -2433.6318 . -2433.1315 -2433.1594 

2-El. 883.4819 882.9336 	. 882.9,629 

N.R. 	- 491.1425 491.1425 491.1425 

B.E. 	- -0.9563 -1.0044 -1.0030 

B.E. 	(kcal/mole) -600.1 " 	 -630.3 -629.4 

AE 	. - -30:2 -29.3 

D E F 

-1059.0647 -1059.0579 -1059.1132 

-2434.0520 -2434.2166 -2433-5585 

883.8448 884.0162 ' 883.3028 

491.1425 491.1425 491.1425 

-1.0137 -1.0069 -1.0622 

-636.1 -631.8 -666.5 

-36.0 ' 	 -31.7 -66.4 

G 

-1059.1050 

-2433.7500 

883.5025 

491.1425 

-1-0540 

-661.4 

-61.3 

H 

-1059.2111 

-2433.6490 

883.2954 

491.1425 

-1.16013 

-728.0 

-127.9 



TABLE 9 

Total Energies (au) of 6-Aza-thiathiophthen 

A 

-1039.2279 

-2418.8132 

882.55467 

497.0305 

-1.0165 

-637.9  

B- 

-1039.2769 

-2418.2841 

881.9767 

497.0305 

-1.0655 

-668.6 

-30.7  

C 

-1039.2750  

-2418-3230 

.82.0175 

497.0305 

-1.0636 

-667.4 

-29.5 

T. E. 

1-El. 

2-El. 

N. R. - 

B. E. 

B.E. (kcal/mole) 

AE 

.4 

D 

-1039.2996 

-2419.1717 

882.8416 

497-030 15 

-1.0882 

-682.8 

-44.9  

• 	E 

-1039.2739 

-2419.3699 

883.0655 

497.0305 

-1.0625 

-666.7 

-28.8  

F 

-1039-3485 

-2418.6618 

882.2828 

497.0305 

-1-1371 

-713.5 

-75.6 

G 
-1039.3216 

-2418.8925 

882.5404 

497.0305 

-1.1102 

-696.6 

-58.7  

H 

-1039.4435 

-2418.7287 

882.2547 

• 497.2547 

1.2321 

-773.1 

-135.2 



In order to minimise computing expense the geometry of the 

carbon, hydrogen framework and of the central sulphur is 

the same as in thiathiophthen; for the same reason this 

was extended to the terminal sulphur atom in (5) and (6). 

The oxygen and N-H groups are placed so that the S-O and 

S-N distances are as nearly as possible those found in the 

crystal structures. 31 ' 29  The geometries of (6)-(8) are 

based on thiathiophthen although computation was actually 

carried out in the order (8), (6), (7), (1). 	Both the 

oxygen containing compounds have been isolated, 27,32 with 

the simplest aza derivative yet known in the N.-phenyl. 33 

The gaussian sets for oxygen were the same as for the 

pyrylium ion (scaled vinyl alcohol) while those for nitrogen 

were from scaled vinyl amine (as was the hydrogen attached 

to the nitrogen). 	These basis sets were augmented by a 

single d-function (of each d-type) on each of the sulphur 

atoms leading to calculations with sets of type A-H. 	In 

(7) there is only the central sulphur atom, with sets A, B, 

D & F the only ones valid. 

The total energies of the molecules are shown in 

Tables 8-10. 	Using binding energies as a criterion the 

molecules can be seen to be almost as stable as thiathiophthen; 

indeed the aa-derivative is somewhat more stable (by 37 

kcal/mole) thus inferring that this molecule should be 

capable of being isolated. 	These tables reveal once 

again that d-orbitals play virtually no significant part 

in the ground-state bonding, with the energy improvement 

ranging from 28.8 to 44.9 kcal/mole, compared to approximately 



TABLE 10 

Total Energies of 1,6-Dioxo-tkiiathiophthefl. 

I 

sp 

-736. 8472 

-1829.7488 

679.9638 

412.9378 

-0.88288 

-554.0  

sp + 3s' 

-736.8938 

-1829.2788 

679.4472 

412.9378 

-0.92948 

-583.2 

-29.2  

sp d 

-736.8984 

-1830.1633 

680-3271 

412.9378 

-0-93408 

-586.1 

-32.1  

spd + 3 s  

-736.9440 

-1829.6969 

679.8151 

412. 9378 

-0-97968 

-614.7 

-60.7 

T. E. 

1-El. 

2-El. 

N. R. 

B. E. 

B.E. (kcal/mole) 

D.E. 
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A 

B 

C 

D 

E 

F 

G 

H 

30 kcal/mole for the 3s' function. 	The d-orbital 

populations of Table 11 support this view. 

TABLE 11 

d-Orbital Populations -in Thiathiophthen Isosteres 

(spd Basis) 

(6),S6a (6), 	s6 (7) S6a (7), 	86 (8) 86a 
0.006 0.006 0.009 0.005 0.008 

dxz  0.005 0.004 	- 0.009 0.003 0.002 

dyz 0.013 0.016 0.015 0.016 0.012 

dx2y2 0.074 0.057 0.115 0.050 0.062 

d22  0.019 0.015 0.025 0.014 0.016 

The dipole moment (Table l) of 1,6-dioxothiathiophthen 

(7) has the negative end of the dipole moment towards the 

8/0 end of the molecule. 	Addition of the 3s' function 

increases the dipole moment by a small movement of electrons 

towards the sulphur atom (Table 12); as usual p+d hybridi- 

zation moves the average position of the electrons away from 

TABLE 12 

Dipole Moments of Thiathiophthen Isosteres 
0,S,0 8,8,0 S,S,NH 

Mx kly k 14 X My  
3.22 -2.09, 3.78, 4.32 3.92, 1.59, 4.23 

3.23 -2.10, 3.78, 4.32 3.81, 1.70, 4.12 
- -2.09, 3.77, 4.32 3.83, 1.69, 4.19 

2.75 -1.97, 3.22, 3.78 3.65, 1.31, 3.88 

- -2.78, 3.11, 4.18 3.07, 1-03, 3.24 

2.75 -1.98, 3.22, 3.78 3.65, 1.31, 3.88 

- -2.79, 3.11, 4.18 3.09, 1.02, 3.25 
- -2.65,2.58, 3.70 2.95, 0.68, 3.02 



• 	TABLE 13 

Atomic Populations in l-Azathiathiophthen 

A •. 	B C B E 

Si 16.1039 16.1095 16.0225 16.0907 16.1825 

S6a. 15.6786 15.6856 15.7722 15.7848 15.6747 

Ni 7.4502 7.4610 7.4630 7.4646 7.4665 

CS 6.2185 6.2169 • 	 6.2093 6.2156 6.1224 

C4 6.2028 6.2040 6.2045 6.2010 6.2054 

C3a 6.0428 6.0349 6.0409 5.9514 6.0366 

C3 6.2157 6.2160 6.2153 6.2190 6.2179 

C2 6.0005 5.9962 5.9960 5.9917 5.9995 

H5 0.8298 0.8301 0.8307 0.8312 - 	 0.8374 

H4 0.8481 0.8483 0.8484 0.8498 0.8514. 

H3 0.8564 0.8564 0.8564 0.8589 -0.8582 

1-12 	• • 	 0.8394 0.8394 0.8392 0.8395 0.8419 

11(N) 0.7034 0.7016 0.7015 0.7015 0.7052 
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sulphur (although the population increases) and brings 

about a reduction in dipole moment. 	These effects are 

consistent with the change in one- and two-electron 

energies found in Table 10. 	The dipole moment of the 

mono-oxygen and aza-isosteres is somewhat more complex with 

there being two non-zero components. 	The component parallel 

to the C3a-S6a. bond (M y  in Table 12) is in the same direction 

as in thiathiophthen although it is considerably smaller 

in the case of the aza-compound. 	Such a change is likely 

to be caused by the highly polar N-H bond (see atomic 

populations of Table 13); this bdnd is polarised in the 

opposite direction to the dipole moment of thiathiophthen. 

When the terminal S atom in thiathiophthen is replaced 

by 0 it would be expected to make the new non-zero component 

(Mx) have its negative end towards the oxygen atom since 

oxygen is more electronegative than sulphur. With the 

positive dipole moment being defined in direction as below 

I 	 XNHO XQ:qD  
the values in Table 12 show that this is indeed true. Re-

placement of S by N-Fl leads to the x-component of the dipole 

moment being of opposite sign compared to the oxygen 

derivative. 	The electronegativity of nitrogen is less than 

that of oxygen and this would be expected to lead to a 

smaller value of the x-component, but would be in the same 

direction. 	Of very great importance then must be the N-H 



TABLE 14 

- 	 Atomic Populations in l-Oxothiathiophthefl 

A B C fl E 

s6 15.9526 15.9524 15.9570 15.9412 16.0277 

SGa 15.7276 15.7315 15.7281 15.8049 15.7253 

01 8.4855 6.4853 8.4856 3.5018 8.4898 

CS 6.2236 6.2236 6.2159 6.2192 6.1278 

C4 6.1758 6.1767 6.1774 6.1765 6.1789 

C3a 6.041+8 6.0390 6.0447 5.9532 6.0389 

C3 6.2216 6.2267 6.2219 6.2322 6.2255 

C2 5.8299 5.8298 5.8298 5.8246 5.8320 

1-15 0.8141 0.8142 0.8148 0.8163 0.8219 

H4 0.8347 0.8347 0.8348 0.8371 0.8381 

1-13 0.8498 0.8499 0.8499 0.8524 0.8518 

H2 0.8400 0.8401 - 	 0.8400 0.8404 0.8422 



TABLE 15 

Atomic Populations in 1,6-Dioxothiathiophthen 

sp sp + 3 s ' spd spd .+ 3s' 
S6a 15.4983 15.5008 15.5764 15.5795 

01, 06 8.5123 8.4732 8.5147 8.5149 

C2 1  C5 .  5.8094 5.7513 5.8057 5.8056 

C3, C4 6.2447 6.2271 6.2475 6.2487 

C3a 6.0258 6.0180 5.9336 5.9277 

 H5 0.8252 0.8259 0.8269 0.8270 

 H4 0.8462 0.8480 0.8502 0.8502 



moment, which was found to have a considerable effect on the 

y-component. 	Since the N-H moment is in the same direction 

as the x-component it must be the controlling factor in 

determining the direction. (it has already been shown 
ri 

that pyrrole and the other azoles have dipole moments 
8-8+ 

largely controlled by an N-H moment). 	0t the three 

isosteres the only experimental dipole moment available is 

that of the oxygen isostere,26  the value being 3.78D. The 

minimal basis set figure is in reasonable agreement with 

this value, but it is obtained exactly when the d-functions 

are added to the centre (Ga) atom. Similarly the best value 

obtained for thiathiophthen was obtained w ..th the spd set on 

the centre sulphur. 	it is thus probable that experimental 

values for (6) and (7) will be best represented by the same 

basis set. 

TABLE 16 

Overlap Populations in Thiathiophthen Isosteres 

X=Y=O X=O, Y=S X=NH, '1=5 

Xl-C2 0.3747 0.3993 0.4655 

C2-C3 0.5078 0.4603 0.5036 

C3-C3a 0.5039 0.5436 0.5321 

C3a-C4 0.5039 0.4633 0.4837 

(J4-05 0.5078 0.5777 0.5674 

C5-Y6 0.3747 0.3384 0.3562 

Y6-56a 0.0752 0.1731 0.0522 

S6a-.Xl 0.0752 0.0077 0.0853 

S6a-C3a 0.3498 0.3580 0.3819 

Xl-Y6 3 x 10_ 0.0002 0.0018 
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The overlap populations for the minimal basis set 

calculations are shown in Table 16. 	Replacement of S in 

thiathiophthen by 0 has a marked effect on the populations 

with the S-S increasing by a factor of 3 for the same 

interatomic distance. 	On the other hand the 3-0 overlap 

is much smaller than that between the same atoms in 

thiathiophthen. 	This is consistent with the formation of 

a molebule of the following type (a). 

cr0 
(a) 

In support of this are the overlap populations between the 

carbon atoms, where the values indicate a greater tendency 

to single and double bonds than thiathiophthen did. The 

alternative zwitterion structure (above), since the C2-03 

overlap population is relatively small and is indeed the' smallest 

recorded in thiathiophthen and the isosteres, where a high 

population would be expected. 	IJelocalisation of the negative 

charge on the oxygen atom to the C3 atom would explain this 

low population, but in that case the total atomic population 

for the 0-CU-CE part should be verging on 23.0;  the value 

from Table 14 is only 22.23. 	However in support of the 

zwitterion structure the high C-S overlap populations, which 

are very similar to those of thiathiophthen. 	In that case 

there was no necessity to postulate a zwitterion structure; 

it is then unlikely that it would be required for the oxygen 

isostere. 	Indeed the bonding is very similar to thiathiophthen 
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as the overlap populations of Table 16 show; the overlap 

population between the terminal atoms of the X-S-Y system 

is still small but indicative of some direct bonding. 

In most aspects the bonding in the nitrogen isostere 

is very similar to that of thiathiophthen and the oxygen 

isostere; 	the single but very marked difference occurs 

in the S-N overlap population which is very much larger than 

that found in thiathiophthen. 	This would tend to make one 

think that the structure here would best be represented by 9a 

below; this would have to be amended to structure 9b to allow 

SSWH 	- 	 _NH 

(9a) 
	

(9b) 

an aromatic ti-system in the nitrogen-containing ring. 	The 

C-C overlap populations are however the opposite way round 

for either of structures 9a or 9b. 	This high S-N overlap 

is thus likely to be a function of the geometry around the 

nitrogen atom; the 3-0 bond is slightly longer than the S-N 

although in both cases the bond is actually somewhat longer 

than that found in crystal structures. 	(However the higher 

S-N populations, compared to S-0, is consistent with the. 

existence of S,N compounds which have no analogous 0,N 

compounds, e.g. tetraculphur tetranitride). . Ignoring this 

geometric effect ultra-violet irradiation of the nitrogen 



isostere would give the transoid compound 10 below (the 

oxygen isostere is known to give 11 under ultra-violet 

treatment, 34  and the lower population bond in the S-S--0 

system is the 8-0 one). 
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S 
[a: 

S 	S 	 & 	S 

(10) 	 (11) 

The 8-0 overlap populations in the di-oxygen isostere are 

also somewhat larger than the S-S were in thiathiophthen; 

thus assignment of the (almost) colinear structure to this 

compound rather than a transoid type, based on infra-red 

data, 32  is likely to be correct. 	The overlap population 

between the oxygen atoms is very small; replacement of the 

centre sulphur atom by an, oxygen atom could be done without 

affecting any bond lengths in the carbon skeleton. 	It is 

possible then that the 0-0-0 compound could be isolated. 

Replacement of the sulphur atom by an oxygen causes 

the population of the 02 carbon atom to be reduced by a 

considerable amount (-0.38e); the nitrogen atom makes for a 

decrease in the C2 population also but the effect is less 

than that of the oxygen atom. 	This is consistent with the 

different electronegativities of N, 0 and S atoms. 	In 

contrast the 6a sulphur atom is virtually unchanged in 

population on generating the oxygen isostere, with a lowering 



Isosteres (in eV) 	- 

(8) (6). (7) 

-2496.01 -2493.80 -2493.61 

-240.88 -238.91 -238.64 

-183.19 -181.21 -180.91 

-183.16 -181.17 -180.91 

-183.08 -181.10 -180.82 

-. -2491.98 . -2488.94 

- 	
. -237.39 -234.64 

- -179.71 -176.95 

- -179.66 -176.90 

- -179.59 -176.85 

-559.75 -559.04 -422.30 

-311.44 -310.72. -309.61 

-307.31 -307.37 -306.86 

-310.66 -310.05 -309.27 
• 	

-307.31 	• -308.48 -307.19 

-311.44 -309.64 -308.51 
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2s 

81 

ki 

02 

C 3a 

C4 

C5 

2px 

2p  
2p 

Is 

2s 

2p  

2P z 

Is 

Is 

Is 

Is 

Is 

Is 

of O.Ole being found; in the di-oxygen compound the effect 

is much more marked, there being a drop of 0.23e. 	The 

nitrogen isostere also lowers the 6a population to a 

considerably greater .extent than the eiectronegativity would 

predict; this is thus likely to be an effect of the close 

proximity of the nitrogen to the sulphur. The C3 atoms 

show the opposite trend to that of the C2 atoms with the 

magnitudes being considerably less; the remaining atoms 

are virtually unaffected in population. 

TABLE 17 

Core Orbital Energies of Thiathiophthen 
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The core orbital energies of the Ga sulphur atom 

(Table 17) do reflect the electronegativitie.s of the hetero-

atom, which the populations did not. 	Thus the nitrogen 

containing molecule has the Ga sulphur atom core orbitals 

at higher binding energy than thiathiophthen itself, but 

somewhat lower than the value for the oxygen-containing 

molecule. 	The effect of two oxygen atoms is more than twice 

that of one. 	The C2 carbon increases in binding energy 

slightly in ionisation potential upon the introduction of 

NH for 5; there is a very much greater shift when oxygen 

is introduced. 	Similar effects occur in the C3 binding 

energies but are reduced in magnitude'compared to the C2 

effects. 	The remaining carbon atoms are largely unaffected, 

showing that the effect of the hetero-atom diminishes with 

distance. 

Experimental data is available 10  only for heavily 

substituted derivatives of the mono-oxygen analogue. The 

average value obtained for these is 531.1eV for the solid 

state spectra. 	This is quite different from the value 

found for furan (535.1ev),35  also in the solid state. 	The 

calculated values for the molecules are 559.75eV and 561.55ev 

respectively; the error is some 30eV in evaluating the 

absolute values. 	The experimental differences are reasonably 

well reproduced. 	This is also true of the sulphur 2p 

levels where the average value for the Ga and 6 sulphur 

atoms is 163.7  and 164.5eV respectively. 	Again the absolute 

values are considerably in error but the experimental 

differences are fairly reasonably evaluated. 	No values 

for the carbon atoms are reported. 



Table 18 

Valenc Shell Orbital Energies (Minimal Basis Sets) 

0-S-0 S-S-0 S-S-NH 

-33.66 -38.14 -37.41 -33.56 

-28'.94 -32.32 -33.37 -31.80 

-28.16 -28.48 -30.48. -28.95 

-22.87 -24.84 -28.27 -27.98 
-21.15 -21.09 -27.68 -26.43 
-20.21 	- - 	 -20.80 -23.93 -23.48 

-15.59 -16.64 -23.42 -22.55 
-14.04 -15.78 -21.14 -20.98 
-8.49 -11.78 -20.54 -20.08 

- -20.08 -19.49 
12  -17.42 -16.98 

-31.67 -38.05 -16.51 -16.38 
-26.32 - 	 -29.24 -15.51 -15.42 
-23.40 -23.94 -15.02 -14.92 

-19.90 -20.94 -13.46 -13.01 
-17.23 -17.62 -11.08 -8.80 

-15.79 -17.04 

-12.97 -13.54 All 

-16.72 -16.07 

-15.01 -13.75 
-16.63 -17.23 -12.56 -11.45 

-12.05 -14.05 -11.80 -10.83 

-11.23 -12.05 -9.01 -8.02 

A 2  

	

-14.03 	-16.09 

	

-8.82 	-9.16 
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The nitrogen is value is predicted to be at higher 

binding energy than that for pyrrole. 35  This again is 

likely to be a geometrical effect, and is carried into the 

valency shell orbital energies (Table 18). 	The mono-oxygen 

analogue shows a lowering compared to thiathiophthen in 

the valepcy shell region; this is further emphasized. 

upon generating the di-oxygen analogue. Both the C 2v 

isosteres have virtual orbitals of negative energy 

(-0.05ev and -1.51ev in thiathiophthen and its al-oxygen 

analogue). 	They should thus be readily reduced as the 

sulphur cationic heterocycles were: 

U 



MN 
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General Considerations and Extensions 

The purpose of any theory is to make predictions. 

However before any validity can be attached to a theory it 

is necessary that it can predict, reasonably accurately, 

the data which is already known; for example, if the 

calculations predicted a value for the dipole moment of 

pyridine which was too large by a factor of 10, then 

considerable doubt would be cast on dipole moments obtained 

for pentazine. 

The first predicted value obtained from a calculation is 

the total/binding energy of the molecule. 	For the calculations 

considered above, experimental data is somewhat sparse, being 

confined mainly to the azines and azoles. 	In all molecules 

the experimentally obtained value is considerably greater 

than that calculated; this is caused largely by the 

omission of correlation effects, with a minimal basis set 

adding to the discrepancy. 	However, linear relationships 

between calculated and experimental binding energies have 

been established (Sections II and III). 	One drawback of the 

lack of accuracy in predicting binding energies is to make 

it difficult to postulate the existence of molecules such as 

hexazine. 

As far as the azines are concerned there would appear to 

be some hope of a correlation between diamagnetic 

susceptibility anisotropy and the binding energy. -Plotting 

one against the other leads to a reasonable straight line; 

a line, almost parallel, exists for the azoles. Attempts 

have been made to relate the diamagnetic susceptibility 
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anisotropy to the aromaticity have been made; this appears 

to be reasonable within an iso-electronic series. 	It 

should be pointed out that the existence of such an aniso-

tropy does not necessarily infer aroinaticity, but merely 

states that there is a considerable difference between the 

out-of-plane and :n-plane components. 	In order to test 

this calculations could be carried out on Kekul structures. 

for the azines and benzene; it is possible that the anisotropy 

would not be very different from what is found for the 

experimental geometries 

Such calculations would also test the concept of using 

the overlap populaions as a guide tokinetic reactivity, 

as was done in .the Section on the azines. 	The overlap 

population have been used as a guide to the activation energy, 

AE1 , for the following decomposition scheme. 

(N rN)  
> 

Obviously calculations on the Kekul isomer would lead to 

a value for 6E1 , which ought to show the trends predicted 

by overlap populations. 

Turning now to eigenvalues, it has been shown that the 

experimental ionisation potentials are well predicted by 

using KooprnansT theorem, for all molecules for which 

experimental evidence is available. 	Scaled functions 
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predict the numerical values somewhat better than best-

atom functions although the improvement in least squares 

plotting is not very great. 	In the case of the azines 

there have been disagreement2' 2  in assignments of the 

peaks using semi-empirical. procedures; the LCGO calculations 

of Section III have favoured the assignments made by 

Lindholm. 

• The orbital energies of virtual orbitals have been used 

for comparison with the half-wave reduction potentials 

obtained experimentally3  for the dithiolium cations. The 

results were fair and could probably be improved upon by 

calculations on th t t. radical generated by the addition of an 

electron to the cations. Such extensions are attractive 

since they involve the use of pre-computed integrals, thus 

obtaining more efficient use of computer time. Electro-

chemical reduction has been carried out on the azines; 4  

calculations on the radical anion would be simple to perform. 

Thiathiophthen and its di-oxygen isostere were both pre-

dicted to have negative energy virtual orbitals and are 

thus likely to be electrochemically reduced. 	Indeed the 

61-anion of thiathiophthen would be worthy of investigation 

since it is one precursor of the thiathiophthen system. 5  It 

also should be noted that excited states are formed by 

addition of electron(s) to ground state molecules,; so that 

for the sulphur containing compounds the extent of d-orbital 

participation could be quite marked. 

Inversion barriers have been found, for phosphine and 

the 7-norbornadienyl cation, to be in reasonable agreement 
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with experimental values; it is likely then that those 

for phosphole and thiophene-S-oxide should also be fairly 

accurate. 	7-1-letero derivatives of the norbornadiene system 

are known, but which seem to be much less stable than 

norbornadiene itself. 	Decomposition to an acetylene + a 

five-membered heterocycle or to benzene + an atom both seem 

to occur. It is possible that the overlap populations of 

the relative bonds could be used to explain such decompo- 

sitions. 	In the case of the phosphorus heterocycles the 

addition of one or more oxygen atoms to the phosphorus would 

give indications of the stability of phosphorin and phosphole 

with respect to oyidation. 

Some generalisations'can be made about the one-electron 

properties which have been evaluated:- 1) dipole moments 

are in fair agreement with experiment; 2) the electronic 

part of the second moment and diamagnetic susceptibility 

tensors agree with Euch experimental evidence as is 

available; 3) potential at a nucleus agrees well with 

calculations using a double-zeta basis set; 4) quadrupole 

moments are disappointingly poor compared both to experimental 

and calculated (double-zeta) values; 5) electric field 

gradient of sulphur in thiophene is somewhat between the 

accuracy of dipole and quadrupole moments. 

d-Orbital participation has involved a considerable 

amount of this thesis. 	The results can be summarised as 

follows:- For molecules containing sulphur of valency 

3(thiophene and the cationic sulphur compounds) or 

4(thiathiophthen and itsisosteres) d-orbital participation 



is negligible, while it is very important for valencies 

higher than 4(the thiophene-S-oxides). 

Indications have already been given where future work, 

consisting mainly of adding atoms to or altering atoms in 

molecules already studied, could be profitable. Further 

work involving molecular systems with no exact structural 

precursor is possible. Thus there is the transoid structure 

for the thiathiophthen series of molecules (molecule 

of Section VIII) and loosely bonded intermediates in the 

ozonolysis study e.g. 
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CHAPTER THREE : Appendices 



Appendix 1. Gaussian Basis Sets 



E 

4 	 8 	JO 

Figure 1. Total Energy (E) in au as a function of the 
Number of Gaussians (NG), for the Hydrogen Atom. 

The Hartree-Fock limit is -0.500 au. 
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Length of Basis Set and its Effect on Energy 

The Gaussian basis sets used in calculations in molecules 

are obtained by optimising the exponents  using total energy 

of the particular atom as the criterion for optimal values. 

Many such sets have been reported in the literature (for 

example, references 2-5); the results of several sets for 

hydrogen and oxygen appear in Tables 1 and 2 respectively. 

TABLE 1 

Gaussian Sets for the Hydrogen Atom 

Exponents 	Total Energy 	Exponents 	Total Energy 

0.201558 -0.485812 0.089859 	-0.499946 

1.332795 . 0.258165 
0.798266 

0.151398 -0.496779 2.825682 
0.618444 12.418535 

4.50180 82.702833 

0.121964 -0.499278 0.080106 	-0.499982 

0.444647 	. . 0.212882 

1.962998 . 	 0.594110 

13.017085 . 	 1.824635 

6.444576 
0.103062 -0.499810 28.311350 
0.327109 188.750157 
1.164076 

5.121509 . 	 . 

34. 052079  

From these it can be seen the energy improves as the number 

of Gaussian functions increases. This is shown in diagrammatic 

form in Figure 1 for the hydrogen atom.. It is clear from 

this figure that there is a limiting' value of the energy, 



TABLE 2 

Gaussian Basis Sets for the Oxygen Atom 

• 	s-Exponents p-Exponents Total Energy 

0.579735 	• 0.547380 -73.975183 

9.286970 3.175230 

43-120125 - 

286.817626 

0.321531 0.374857 -74-701079 

1.070653 1.684713 

6.820784 8.142162 

22.124572 

79.622313 

350-751980 
2332. 28070 

0.194145 0.152579 -74.808962 

0-505047 0.429693 

1.285748 1.151066 
3.327341 3.045327 

7.624367 8.538137 

17.798687 27.578776 

43.743538 117.848357 
114.489178 

323.694699 
1011.142331 • 

3618.128040 

16238.09415 
109245.43772 
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where additional Gaussian functions do not 

improve the energy. This limiting value 

known as the Hartree-Fock limit and isthe 

with an infinite series of Gaussians; the 

limits, for hydrogen and oxygen are -0.5000 

respectively. 

significantly 

f the energy is 

value obtained 

Hartree-Fock 

au and -74.80939 au 

The basis sets of Tables 1 and 2 have been used in 

calculations on the water molecule. 6  The total energy 

obtained for several combinations of these hydrogen and 

oxygen sets is shown in Table 3 (where an as, bp set is 

defined as consisting of a s-type functions with b p-type 

functions in each of the three cartesian directions). 	The 

Hartree-Fock limit for water has been estimated  as being 

-76.026 au. 	Thus if an accuracy of 0.001 au is required 

then a 13s,7p/6s set (for 0/H) would be a good choice. If 

the accuracy required was 0.01 au then a 9s,5p/5s àet, 

giving a total energy of -76.01467 au would be adequate. Thus 

the accuracy obtainable for a molecular calculation is 

virtually the same as that for an atomic calculation. 

TABLE 3 

Calculations on the Water Molecule, with Various 
Basis Sets 

Oxygen Hydrogen Total No; No. of 
Functions . 	 Functions 'Total of Functions 	2-El 

Integrals 

4s,2p 2s -75.15053 14 5,565 
•1 3s -75.17413 16 9,316 

4s -75.17890 18 14,706 

7s,3p 2s -75.86667 • 0 22,155 
3s -75.88745 22 32,131 
45 -75.89138 24 45,150 

l3s,7p 5s -76.02418 44 490,545 
6s -76.02492 46 584,821 
7s -76.02573 48 .692,076 
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As well as giving a good total energy the basis sets 

chosen must be balanced, both physically and formally. 	A 

physically balanced (molecular) basis set gives reasonable 

estimates of molecular properties such as dipole moment. 

Formal balance is more difficult to achieve since the 

criterion., used to estimate this is that the charges on the 

atoms, should be reasonable. 	The difficulty arises in 

defining reasonable atomic charges; however both formal and 

physical balance can be achieved by using atomic basis sets 

of similar accuracy  i.e. a poor H with a poor 0 or a good H 

with a good 0 but never a poor H with a good 0. 

Reducing the Size of a Basis Set 

The accuracy in energy obtained in molecular calculations 

is only achieved at some expense. . Table 3 also shows the 

number of electron-repulsion integrals which have to be 

calculated and stored. 	Thus the 13s,  7p/7s set, yielding 

the best energy, requires 692,076 integral evaluations, and 

this for a molecule of no real chemical interest. 	Taking 

benzene as a typically-sized molecule, a 13s,7p/7s set (for 

C/H) calculation would consist of 266 functions and require 

the evaluation of 6.3 x 108  integrals. 	This would require 

the total storage capacity of some 150 magnetic tapes. The 

time to read a full magnetic tape is 1-2 minutes; 6  thus 

something between 212-5 hours would be spent taking the data 

into core without carrying out any processing. 	It is thus 

obvious that some form of compromise between accuracy and 

computer resources. 	This compromise is achieved by gathering 

the exponents into groups and is exemplified in Table 4 for a 



TABLE 4 

Carbon Basis Set 

Exponents  (cLi) 

 

$ 

1412.29 

206.885 

45.8498 

12-3887 

3.72337 

0.524194 

0.163484 

P 

4.18286 

0.851563 

0.199206 

 

Orbital Energies and Eigenvectors 

Is -11.3227 	2s -0.70230 	2p -0.42171 

0.004813 

0.037267 

0.172403 

0.459261 

: 0 . 456185 

0.034215 

-0.009977 

-0.001020 0.112194 

-0.008141 0.466227 

-0.038437 0.622569 

-0.126098 

-0.190474 

0.522342 

0.594186 

c). Total Energy = -37.656 au 

d) is = 0.004813 exp(-a.1r2 ) -1- 0.037267 exp(-a 2r2 ) + 0.172403 

exp(-a, 3r2 ) + 0.459261 exp(- 4r2 ) + 0.456185 exp(-cL 5r2 ) 

2s = 0.522342exp(-0'6r 2 ) + 0.594186 exp(-a 7
r2 ) 

= 0.112194 x exp(-a8r2 ) + 0.466227 x exp(- 9r2 ) 

+ 0.622569 x exp(-a10r2) 
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7s,3p carbon set. 	This grouping or contraction procedure 

is often carried out by examination of the eigenvectors for 

the ungrouped calculation (Table 4b). 	The eigenvectors 

usually show a significant drop in magnitude (and often a 

change in sign) such that the exponents are "naturally" 

grouped; these groupings are indicated in Table 4 by dashed 

lines. 	Thus the ls orbital of carbon is represented by the 

series of Gaussians in Table 4d; the 2s and 2p are similarly 

shown. 	This is then a minimal basis set, i.e. one 

contracted function for each atomic orbital; it is known as 

a "Best Atom" minimal basis set. 

For the carbon atom in Table 4 the original sixteen 

variational parameters have been reduced to five; there is 

thus a deterioration in energy of the contracted set compared 

to the uncontracted set. 	This deterioration gets worse as 

the number of electrons increases (Table 5) but can, to a 

TABLE 5 

Effect of Contraction on Total Energy (au) 

Atom Uncontracted T.E. T.E. 
Basis (uncont) (cont) AE 

B 7s, 	3p -24.514 -24.48317 0.03083 

C TI  -37.656 -37.61049 0.04551 
N it  -54.339 -54.27539 0.06361 

0 TI  -74.700 -74.61214 0.08786 

F " -99.234 -99.12376 0.11024 

Si 10s, 6p -288.773 -288.28413 0.48887 

P It  -340.630 -340.06278 0.56722 

5 II -397400 -396.69879 0.70121 
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certain extent, be offset by contracting to what is known 

as a "double-zeta" basis set, where each atomic orbital is 

represented by two contracted functions. 	Contraction of 

the carbon basis set of Table 4 to a double-zeta basis set 

has been reported7  and is given in Table 6. 	For the 

transition metals contraction to a minimal basis results in 

a loss of energy of some 3.3 au compared to the uncontracted. 

functions; 8  the double-zeta calculation is 3.1 au. better 

than the minimal basis set. It would therefore appear that 

double-zeta will be necessary for any calculations involving 

third-row atoms. 

TABLE 6 

Double-zeta Basis Set for Carbon 

ls(A) 	0.004813 exp(-alr2 ). + 0.037267 e(-a2r2 ) + 

0.172403 exp(-a 3r2 ) +0.459261 exp(-a4r2 ) 

	

ls(B) 	1.0 exp(-a5r2 ) 

	

2s(A) 	1.0 exp(-6r 2 ) 

	

2s(B) 	1.0 ecp(-a7r2 ) 

	

2p(A) 	0.112194 exp(- 8r2 ) + 0.466227 exp(-cL 9r2 ) 

	

(B) 	1.0 e(-a10r2 ) 
	

I 

The deterioration found for atoms upon making use of 

the contraction procedure is also evident in molecules. For 

example an uncontracted calculation on oxygen difluoride 

using a 7s, 3p set on all atoms yielded a total energy of 

-270.07863 au, with the minimal basis set (using the same 

contraction method as in Table 4) resulting in a value 

0.30639 au worse (i.e. -270.77224 au). 



The Gaussian exponents used for the calculations in 

this thesis were those of Roos and Siegbabn for non-hydrogen 3  

atoms; the hydrogen set was that of Huzinaga2a. 	These were 

chosen for several reasons:- 1) it is similar to those used 

in several reported calculations; 2) it was possible to 

compare with results obtained by other workors in this group; 

3) it gave a reasonable compromise between computational 

speed and accuracy. 	Contraction was to a minimal, basis set, 

the choice being forced since computing facilities were 

originally very restricted. 	This was mainly due to the 

program requiring such large core storage that on the 360/50 

it was necessary to run outwith HASP. Running could only 

take place under special arrangement at weekends. Further 

the program was not suitable for running remotely (on 

machines with large core storage) since it required direct 

intervention by the computer operators. 	This situation 

remained until the operator intervention routines were coded 

out (with, at the same time,, the introduction of some auto- 

matic safety measures). 	However the results would seem to 

indicate that basis set and contraction procedure were 

reasonably good. 

Improvement of Minimal Basis Set Calculations 

There are three main methods for improving the repre-

sentation of electronic structure as determined by minimal 

basis sets. 	These are:- 1) determine new contraction 

coefficients; 2) add polarisation functions; 3) use the 

concept of molecular scaling factors. 
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The first method does not appear to have been much 

used. 	Method 2) has a two-fold effect on.the electronic 

structure. 	The first of these is to increase the 

variational flexibility of the calculation by introducing 

additional parameters. 	The second is to concentrate the 

electrons in the bonding regions of the molecule. 	Such 

polarisation functions have been used by several groups of 

workers, some results of which are shown in Table 7. 

TABLE 7 

Effect of Polarisation Functions on Total Energy 

Molecule 	Polarisation Functions 	Improvement in 
Energy 

Thiophene 	Hydrogen 2p 	 -0.023(au) 

Pyrrole 	 it 	2p 	 -0.01470 

Furan 	 it 	2p 	 -0.09433 

1,2,5-Oxadizaole 	 2p 	 -0.05540 

It 	 it 	2p + 

	

C, N, 0 3d 	 -0.12864 

As can be seen the energy does improve quite considerably 

but there is one drawback to these calculations. Namely, 

the time takcn to evaluate integrals over p and d functions 

is greater than over s functions only. 	Further the number 

of integrals to be evaluated and stored is increasing, thus 

regenerating the problem which the introduction of 

contracted functions was designed to alleviate. 

Method 3) involves the (mental) decomposition of a 

chemically interesting molecule into a subset of small 

model molecules. 	The exponents of the atoms in the small 
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molecules are then optimised, against energy, to obtain 

new exponents. 

Scaling, and the Determination of Scale Factors 

It is inherent in the existence of molecules that they 

are different from atoms and there is no reason therefore 

why a "Best Atom" set should not be modified slightly to 

take more account of the chemical environment in which the 

atom exists. 	This procedure, known as scaling, has been 

suggested by several authors, 911  and involves replacing 

equation (1) by equation (2) 

= Cexp(_ctr2 ) 	
( 1) 

V = C1exP(_kr2 ) 	 ( 2) 

where k is known as the scale factor. It has been 

suggested 10  that the scale factor should be an average for 

each atom; this, however, would only be a molecular correction 

factor to the "Best Atom" set, and not an environmental 

correction. 

Taking the norbornadiene system as an example there 

are two environments for carbon and hydrogen. These are 

the saturated (Cl, CL  and C7) and the olefinic (C2, C3, C5, 

C6) regions, with a hydrogen atom being of the same environ-

ment as the carbon to which it is bonded. The ideal way to 

improve the energy by. scaling would be to optimise the k 

values in norbornadiene itself. Such an undertaking would 

be far too wasteful of computer time, so that model systems 

are optimised and thence transferred to the larger system (the 

assumption of transferability is likely to be largely valid 



314 

since the model systems are chosen from the larger system). 

For the saturated and olefinic regions the models ,chosen 

were methane and ethylene, these being the smallest molecules 

available of the correct type. 

In each of these model systems the Gaussian sets which 

were scaled were those representing carbon 2s, carbon 2p 

and hydrogen Is orbitals. 	Scaling of the carbon is functions 

was omitted on the grounds that it is unlikely to be very 

much affected by a change in environment since it is such a 

highly localised orbital. 

The scale factor k for any given orbital is obtained by 

carrying out three calculations with various k values and 

determining the K value which minimises E in E = ak 2  +kb+c, 

i.e., a parabolic minimisation procedure. 	If by chance the 

K values predicted the optimal value to be outside the K 

range used, further calculations were done until three k 

values were found which produce an interpolated optimal value, 

rather than an extrapolated one. The results for such a 

procedure for methane are presented in Tables 8 (K values and 

SCF energies) and 9 (parabolic interpolation of Table s). 

Scaling for methane was begun by assuming that K for 

the carbon 2s and 2p orbitals was the same as in ethylene. 

Runs 1, 2 and 3 provided the data for the parabolic 

minimisation of. E versus k(H) giving the optimal k(H) value. 

The values for k(2s) and k(2p) were obtained in a similar 

manner. The scale factor for hydrogen was then re-optimised 

and was found not to be substantially different from the first 

value found; thus scaling was found to be optimal at that 
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Scale Factors and SCF Energies for Methane 

Run 	k 	k25 	k2 	 E 

1 1.40 1.1088 1.1354 -40.093761 

2 1.60 11 -40.102461 

3 1.80 TI IT -40.098166 

4 1.6339 II -40.102539 

5 1.6339 1.00 -40.098810 

6 .1.6339 1.30 -40.089370 

7 1.6339 1.11959 -40.102786 

8 1.6339 1.00 1.11959 -40.102403 

9 1.6339 1.20 1.11959 -40.099914 

10 :1.6339 1.06445 1.11959 -40.103213 

11 1.40 1.06445 1.11959 -40.095035 

12 1.800 1.06445 1.11959 -40.099538 

13 1.63945 1.06445 1.11959 -40.103249 

Unscaled 1.0 1.0 1.0 -39.985839 

stage. 	In Table 9 where the equations of the various 

parabolas were shown. the coefficient of a is always positive. 

This indicates that the turning point obtained is a minimum 

(a positive second derivative at a turning point indicates 

a minimum; in the case of the parabola this second derivative 

= 2a, so that it is the sign of a which shows the nature of 

the turning point). 

TABLE 9 

Parabolic Interpolation of Methane Scaling Factors 

Runs used kmin Function a• b c 

1 1 2,3 1.6339 H is 0.16244 -0.53081 -39.66900 

4,5,6 1.11959 C 2p 0.40773 -0.91297 -39.59157 

7,8,9 1.06445 C 2s 0.17506 -0.37268 -39.90478 

10,11,12 1.63945 H is 0.14274 -0.46802 -39.71968 



Effect of Scaling on Methane Energies 

(if 2 	 2a1 	Ia1 	Total Energy 

Unscaled 	 -1633 	-27.00 	-309.60 	-39.98584 

Scaled 	 -14.85 	-25.33 	-305.09 	-40.10325 

Scaled uncontracted 	-14.52 	-25.59 	-305.02 	-40.14162 

Photo-electron 	13.5-14.5 	23.0 	275.7 	 - 

TABLE 11 
Effect of Scaling on Ethylene Energies 

lb lu 	
lb 1g 	ag 	lb 2u2b3 	

2ag 	lv3 	lag 	Total Energy 

Unscaled 	-12.66 -14.96 -17.50 -18.81 -22.58. -29.79 -310.58 -310.59 -77.6893 

Scaled 	-10.64 -13.57 -15.77 -17.49 -21.14 -27.84 -305.8 -305.82 -77.8314 

Photo-electron 10.51 +12.38 14.4 	15.6 -18.8 	- 	279. 6 	279.6 	- 
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Tables 10 and 11 show how scaling affects the orbital 

and total energies for methane and ethylene respectively. In 

both cases the total energy is more negative, the improvement 

in methane being 73.7 kcal/mole and in ethylene 89.2 kcal/mole. 

Since norbornadiene has two olefinic and three saturated 

regions we would expect an energy improvement of approximately 

400 kcal/mole on introduction of the scaled orbitals, although 

it will probably be somewhat less due to the lack of hydrogen 

atoms in norbornadiene. 

All the scale factors are greater than unity, i.e., 

the orbitals are more diffuse. 	Ionisation will thus be 

easier since the electron-nuclear attraction will be less; 

this in turn will lower the ionisation potentials of ethylene 

and methane bringing them into better agreement with the 

experimental values, 	15 KpopmanTs theorem being assumed. 

These more diffuse orbitals will mean that both the 

electron-electron repulsion energy and electron-nuclear 

attraction will increase in magnitude, since in the former 

case the electrons on different centres will approach one 

another more closely while in the latter the electrons will 

approach adjacent nuclei more. This has two important 

consequences:- a) the two factors which change oppose one 

another and will thus pass through a minimum b) scaling of 

this nature is a molecular property since it depends on,the 

existence of more than one atomic centre. 

Although, the carbon is orbitals were not scaled there is 

a significant change in the core ionisation potentials. These 

• move to lower ionisation potential and indicate how the valence 

shell electrons can effect the core orbitals. 
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The Gaussian basis sets used in the calculations 

discussed in Part Two are listed in this Appendix. They 

are arranged in two main groups; Tables 1-7 are the standard 

sets taken from Roos and Siegbahn's "best atom" calculations;' 

Tables 8-17 consist of scaled basis sets in the order in 

which they are presented in Part Two. Here only the 

valency shell exponents are listed since they are the only 

ones scaled. 	Atom Energies, and appropriate cationic 

energies are included in Tables 1-7. 

Reference 

1. B. Roos, P. Siegbahn., "Probeedings of the Seminar on 
Computational Problems in Quantum Chemistry", 
Strausburg, 1969. 

TABLE. 1 

Hydrogen Basis Set (Standard) 

Exponent 	Contraction Coefficient 

4.50037 	 0.07048 

0.681277 	 0.407890 

0.151374 	 0.647670 

Total Energy = -0.4972 au 

Type 

is 
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TABLE 2 

Carbon Basis Set (Standard) 

Exponent Contraction Coefficient 

1412.29 0.004869 

206.885 0.037702 

45.8498 . 	 0.17442 

12.3887 0.464630 

3.72337 0.461510 

	

0.524194 	 0.49450 

	

0.163484 	 0.56308 

4.18286 	. 0.112194 

0.851563 0.466227 

0.199206 0.622569 

state 	Total Energy = -37.61049 au 

Orbital. Energies = ls -11.25443 'au 

2s -0.67695 au 

2p -0.41311 au 

Total Energy of C = - 37.21385 

Type 

Is 

2s 



TABLE 3 

Nitrogen Basis Set (Standard) 

Exponent Contraction Coefficient  

2038.41 0.004479 

301.689 0.034581 

66.4630 0.164263 	 is 

17.8081 0.453898 

5.30452 0.468979 

	

0.764993 	 0.513598 
2s 

	

0.234424 	 0.605721 

5.95461 0.119664 

1.23293 0.474629 	 2p 

0.286752 0.611142 

45 state 	Total Energy 	-54.27539 au 

	

Orbital Energies 
	is _15.5 1489 au 

2s -0.90623 au 

2p -0.53851 au 

Total Energy of N = -53.73691 

320 



TABLE 4 

Oxygen Basis Set (Standard) 

Exponent 	Contraction Coefficient 

2714.89 0.004324 

415.725 0.032265 

91.9805 0.156410 

24.4515 0.447813 

7.22296 0.481602 
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Type 

is 

	

1.06314 	0.504708 

	

0.322679 	0.616743 

7.75579 0.129373 

1.62336 0.481269 

0.365030 0.604484 

2s 

2p 	-- 

state 	Total Energy 	-74.61214 

	

Orbital Energies 
	ls -20.56811 

2s 	-1.19083 

2p -0.58974 

Total Energy of 0 -74.12498. 



TABLE 5 

Silicon Standard Set 
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Exponent Contraction Coefficient 

19237.2 0.001570 

2885.41 0.012066 

655.111 0.059960 

184.413 0.210054 

59.2516 0.449954 

20.4626 0.387533 

Type 

1$ 

	

4.41116 	 0.450911 

- 61 17", 9 	 n CczIcCQ 
.J.'JflJJLJ 

	

0.29139 	 0.247058. 

	

0.140147 	 0.86997 

2s 

3s 

95.7865 

• 21.9200 

6.43988 

1.98998 

0.48293 

0.122840 

0.353329 

3P state 	Total  

0.027944 

0.168160 

0.458069 

0.499275 

0.289739 

0.823106 

1.0 

Energy = -288.28413 

2p 

91 

WeY 

Orbital Energies is -68.240'54 
2s -5.81689 
2p -4.03580 
3s -0.48903 
.3p -0.27463 



TABLE 6 

Phosphorus Basis Set (Standard) 

Exponent Contraction Coefficient 	Type 

22566.5 0.001531 

3380.80 0.011793 

766.417 0.058861 	 is 

214.964 0-.208183 

68.9703 0.447369 

23.9195 0.390968 

	

5.26929 	 0.441137 
2s 

	

1.96297 	 0.667165 

	

0.350435 	 0 .557322 
3s 

	

0.131021 	 0.609385 

109.959 0.028840 
2p 

25.1292 0.175866 

7.51127 0.461765 

2.39583 0.490526 
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0.531089 

0.150160 

0.370806 
45 state 	Total Energy 

Orbital Energies 

0.391025 	 3p 

0.729140 

•1.0 	 3d 

-340.06278 

is -79.42371 
2s -7.1634 
3s -0.6414 
2p 	-5.2017 
3p 	-0.3738 



TABLE 7 

Sulphur Basis Set (Standard) 

Exponent Contraction Coefficient Type 

25506.3 0.001546 

3812.82 0.011973 

860.556 0.059943 is 

242.940 0.207528 

79.0448 0.442977 

27.5705 0.392193 

6.49476 0.406937 2s 

?.41078 0.700363 

0.469815 0.524282 3s 

0.173396 0.655507 

129.088 0.028414 2p 

29.6305 0.175840 	- 

8.84715 0.467398 

2.85576 0.485545 

0.626108 0.450422 3p 

0.175233 0.678482 

0.541000 1.0 3d 

State 	Total Energy 	-396.69879 

Orbital Energies is 	-91.43454 
2s 	-8.61435 
2p 	-6.48566 
3s 	-0.81116 
3p 	-0.37654 

Total Energy at S 	-396,34922 
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Carbon, Scaled-Ethylene Basis Set 

Exponent Contraction Coefficient Type Scale Factor 

0.581226 0.522342 2s 1.1088 

0.181271 0.594186 

4.74919 0.112194 2p 1.1354 

0.966859 0.466227 

0.226177 0.62569 

TABLE 9 
Hydrogen, Scaled-Ethylene Basis Set 

Exponent Contraction Coefficient Type Scale Factor 

6.99357 0.07048 ls 1.5540 

1.05870 0.40789 

0.235235 0.64767 

• - 	 • 	 TABLE 10 

Hydrogen, Scaled-Methane Basis Set 

Exponent Contraction Coefficient Type Scale Factor 

7.37812 0.07048 ls 1.6395 

1.11692 0.40789 

0.24817 0.64767 

TABLE 11 

Carbon Scaled-Methane Set 

Exponent Contraction Coefficient Type Scale Factor 

0.557981 0.522342 2s 1.0645 

0.174021 0.594186 

4.68331 0.112194 2p 1.1914 
0.953399 0.466227. 
0 .223029 0.622569 
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TABLE 12 

Oxygen, Scaled-Vinyl-Alcohol Set 
Exponent Contraction Coefficient 	Type 	Scale Factor 
0.967457 	0.504708 	 2s 	0.9100 
0.293638 	0.616734 

7.57741 	 0.129373 	 2p 	0.9770 
1.58602 	 0.481269 
0.356634 	0.604484 

TABLE 13 
Sulphur, Scaled Thio-Formaldehyde Basis Set 

Exponent Contraction Coefficient Type 	Scale Factor 
0.412644 	0.463545 	 35 	0.8783 
0.152296 	0.579568 

0.650366 	0.441037 	 3p 	1.0387 
0.182022 	0.664344 

TABLE 14 
Phosphorus, Scaled H 2  C = 

Exponent Contraction Coefficient 

	

0.330206 	0.557322 

	

0.123458 	0.609385 

	

0.583141 	0.391025 

	

0.168477 	0.729140 

Basis Set 

Type 	Scale Factor 

3s 	0.9423 

3p 	1.0980 

TABLE 15 
Hydrogen, Scaled H 2  C = P ,  Basis Set (Hp) 

Exponent Contraction Coefficient Type 	Scale Factor 
6.63118 	 0.07048 	 is 	1.4735 
1.00384 	 0.40789 
0.223046 	0.64767 

TABLE 16 
Nitrogen, Scaled Vinyl Amine 

Exponent Contraction Coefficient Type 	Scale Factor 
0.719093 	0 .513598 	 2s 	0.9400 
0.220359 	0.605721 

6.25234 	 0.119664 	 2p 	1.0500 
1.29458 	 0.474629 
0.31009 	 0.611142 
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TABLE 17 
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Hydrogen, Scaled Vinyl Amine (HN) 

Exponent Contraction Coefficient Type 

	

8.38779 	 0.07048 	 is 

	

1.26976 	 0.40789 

	

0.282131 	 0.64767 

Scale Factor 

1.8638 

 

I 	 I 



Appendix 3. Geonetric Parameters and Symmetry Orbitals 



This Appendix contains the molecular geometries and 

symmetry orbitals of the molecules whose electronic structure 

has been investigated. 	As in the text standard chemical 

nomenclature is used with some additional conventions:- the 

hydrogen atoms attached to a particular centre take as their 

numerical subscript the chemical number of the atom to which 

they are bonded. 	Where this is not unique the additional 

superscripts prime and asterisk are used for distinction. 

The vast majority of the molecules are planar with the 

molecular plane being assumedto be the x-y plane; this 

results in those molecules which have the molecular plane as 

the only element of symmetry having 5 px I P  functions in 

the A' (or sigma) representation and p functions in the A ll  

(pi) representation. 	Symmetry orbitals for such molecules 

are not recorded but are indicated by "Molecular Plane Only." 

The planar C 2 molecules fall into two classes (a) the C 2  

axis passes through an atom (b) the C 2  axis passes through 

bonds only. 	These are indicated by "C 2 (Type A)" and 

11C 2v (Type B)" respectively and their symmetry orbitals 

will-be recorded once only. -Tables are arranged-in the - 

following manner:- 

Molecule name and point group 

Drawing of molecule and centre nomenclature; unique 
bond lengths and angles 

Symmetry Orbitals (detailed, or referenced to a 
standard set) 

Occupation number of each molecular representation. 

Finally, "X" implies "x"'  'fl:" implies "da" etc., and in 

C 2 planar molecules A1  and B2  are sigma in nature, leaving 

B1  and A2  as pi. 
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Ozone (c2) 

Bond Length 
	

Bond Angle 

01-02 1.2759 0102-03 116.75 

Symmetry Orbitals:- A1  ; is 01 + 03 

2s 01 + 03 

X 01-03 

B2  ; is 01 — 03 

2s 01 — 03 

B1  ; Z 01 +03 

A2  ; Z 01 — 03 

1s02 

2s 02 

Y 01 + 03 
Y 02 

X 01 + 03 
X 02 

Y 01 — 03 

ymme 	n1i+o1c of the type A, C 2. molecules £1SVC are the 0 	 IdA 

Occupation Numbers:- 6A1 , 4B2, 113i, 1A  

000 

Ethylene Oxide (C 2) 

Q 	 Bond Lengths Bond Angles 

/ \ 	 C-0 1.435 H-C-H 	116.3 

C-C 1.470 	......... i58.i 

C-H 1.083 

M is the angle between the HCH plane and the C-C bond, with 

the CCO plane assumed perpendicular to the HCH plane. 

Symmetry Orbitals: A 1  ; is 

B2 ; ls 

B1  ; is 

B2  ; is 

The carbon and oxygen belong 

Occupation Numbers: 	6A1 , 3 

Hi + H2 + H3 + H4 

Hl-H2+H3 - H4 
Hi +H2-H3-H4 

Hl-H2-H3 4 H4 

to the C2  (type A) set. 

2' 2B1 , 1À2  

000 



Formaldehyde (C 2) 

Bond Lengths 	Bond Angle 

	

H 	H 

	

\ / 	
C-H 1.102 	H-C-0 119.45 

¶ 	
1.210 

0 

Symmetry Orbitals:- C 2 (type A) 

Occupation Numbers:- 5A1 , 2B2 , 1A2  

000 

Criegee Zwitterion (C 3 ) 

-. Bond Lengths Bond Angles 
H  

C-H 1.102 	H-C-01 119.45 

	

H" 	I 	2 	 C-Q1 1.210 	C-01-02 103.0 

01-02 1.278 

The 02 atom is out of the plane of the remaining atoms. 

Occupation Numbers:- 9At, 3A" 

000 --- 
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Ethylene (D2h) 
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H 	H 
N /  
c=C 

H" NH 

Bond Lengths 

C-H 1.086 

c-c 1.339 

Bond Angles 

H-C-H 117.6 

C-C-H 121.2 

Symmetry Orbitals:- 	
A 
	; is Cl + C2 is Hi H2 + H3 + H4 

• 2sCi+C2 X Ci-C2 

B1g ;Y C1-C2 isHi-H2-H3+H4  

B2g ; 

B - 

	

.:X 

Z C1-C2 

Z Cl + C2 

Y Cl + C2 is Hi + H2 - H3 -  H4 

C1+C2 ls Hl - H2 + H3 - H4 
'U .  

1sC3-C2 2sCl-C2 

Occupation Numbers:- 3Ag  2B 3u1B2 iB1g  lBi 

-.iSi.-• 

I 	
3 

1,2, 3-Trioxolane (C2v ) 

Bond Lengths 

C-0 1.435 

0-0 1.278 

CC__1..470•. 

C-H 1.083 

• Bond Angles 

01-02-03 116.8 

02-03-02 107.3 

c3-c2-c1104-3

H-c-H 	116.3 

Symmetry Orbitals:- Carbon and oxygen belong to C2v (type A) 
while the hydrogens behave as those of 

ethylene oxide 

Occupation Numbers:- 9A1 , 6B2 , 3B1 , 2A2  

000 
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1.2 

Molozonide (C 5 ) 
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Bond 

Cl-01 

01-02 

02-03 

C2-02 

C1-C2 

C-H 

engths 

1.435 

1.278 
1.278 

1.435 
1.470 

1.083 

Bond Angles 

01-02-03 116.75 

01-02-C2 93.8 

02-C2-C1 86.2 

H-C-H 116.3 

Symmetry Orbitals:- A'(o); is, 2s, X, Y of C and 0 

isHl+H3, lsH2+H4 

2 of C and 0 

lsHi-H3, lsH2-H4 

Occupation Numbers:- 15A', 5AII  

000 

Peroxy-epoxide (c 5 ) 

30 

20 

1 . 0 

Bond Lengths Bond Angles 

Cl-01 1.435 01-02-03 116.8 

01-02 1.278 02-01-02 149.2 

02-03 1.278 01-C2-Ci 59.2 

Cl-C2 1.470 H-C-H 116.3 

C-H 1.083 

Symmetry Orbitals:- As for the molozonide structure.. 

Occupation Numbers:- 15A', 5A" 
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Ethylene Ozonide (C 5 ) 

I 	2 Bond Lengths Bond Angles 

•0-0 01-02 1.487 	01-02-C3 103.3 

02-C3 1.414 	02-C3-04, 104.1 

53 C3-04 1.414 	C3-04-05 98.1 

o C3-I-13 1.123 	H3-C3-I-13' 117.2 

4 

Symmetry Orbitals:- 	A'; is 01+02 is 	03+05 	is 04 

2s 01+02 2s 	03+05 	2s 04 

is Hi-!-H2 is 	H3+H4 	X 01-02 

X 03-05 Y 01+02 

Y 03+05 Y 	04 	Z 01+02 

Z 03+05 z 	04 

A"; is 01-02 is 	03-05 	is H1-112 

2s 01-02 2s 	03-05 	is 113-H4 

• X 01+02 X 	03+05 	X 04 

• Y 01-02 Y 	03-05 	Z 01-02 

Z 03-05 

Occupation Numbers:- 12A', 8A" 

000 

Ethylene Ozonide ( 02) 

Bond Lengths 	Bond Angles 

j 01-02 1.487 	01-02-03 	99.2 

5: 

& 	j 3 
02-03 1.414 	02-03-04 	105.3 

: 
It 03-04 1.414 	03-04-05 	105.9 

0 I  C3-H3 1.126 	H3-03-H3 	112.3 
4 

Symmetry Orbitals:- A ; 	is 01+02 is 	03+05 	is 	04 

2s 01+02 2s 	03+05 	2s 	04 

is Hi+H4 is 	H2+H3 	X 	01-02 

X 03-05 Y 	01+02 	Y 	03+05 

Y 04 Z 	01-02 	Z 	03-05 

(Contd.) 
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Symmetry Orbitals:- B; is 01-02 is C3-05 is Hl-H4 
(Contd.) 	

2s 01-02 2s C3-05  is H2-H3 
X 	01+02 	X C3-i-05 	x 04 
Y 01-02 Y C3-05 Z 01+02 

Z C3+C5 Z 04 

Ethylene Ozonide (02);  Microwave Geometry 

Bond Lengths 	Bond Angles 

01-02 1.470 01-02-03 99.2 

02-03 1.395 02-03-04 106.3 

03-04 1.436 03-04-05 102.8 

C-H 	1.094 H-C-H 	112.9 

Occupation Numbers:- hA, 9B 

000 

1,2-Dioxetane and Epoxide-0-oxide both have C 2v  structures 

with the same geometric parameters as the appropriate parts 

of the Staudinger molozonide and peroxyepoxide structures 

respectively. The symmetry orbitals of 1,2-dioxetane are 

of 02v  (type B) and are the same as the carbon atoms and 

hydrogen atoms of ethylene oxide. 	The epoxide-0-oxide has 

all symmetry orbitals comparable to ethylene oxide. 

Occupation Numbers (1,2-dioxetane):- 7A 1 , 5B2, 2B 2A2  

Occupation Numbers (epoxide-0-oxide):-8A1 , 4B2 , 3B1 , 1A2  

000 
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II 
 ( 

H 

yrro1e (c 2 ) 

Bond Lengths 

NI-C2 1.370 
C2-C3 1.382 

C3-C4 1.417 
2 	N-H 
	

0.99 
Cl-Hi 1.076 
C2-H2 1.077 

Symmetry Orbitals:- 02v (type A) 

Occupation:- 9A1 , 6B2 , 2Bj, 1A  
00° 

Pyrazole (c 5 ) 

Bond Lengths 

Ni--N2 	.1.36 
4 	3 	

. 	 N2-C3 1.34 

C3-C4 1.33 
C4-05 

C-\ 
1.41 

5 	 2 ,,,,N
Nl—Hl 1.10 

H 	 C3-H3 0.84 

C4-H4 0.98 

C5-H5 0.84 

Symmetry Orbitals:- Molecular Plane Only 

Ocbupation:- 15A',  3A" 

—.isI 
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Bond Angles 

C5-N1-C2 119.8 
Nl-C2--C3 102.7 
C2-C3-C4 107.4 

C2-C3-H3 125.5 

N1-C2-H2 121.5 

Bond Angles 

N1-N2-C3 107.6 
N2-C3-C4 110.8 
C3-C4-05 104.7 
c4-c5-N1 109.6 

C5-N1-N2 107.5 



336 

Imidazole (c 5 ) 

Bond Lengths Bond Angles 

Nl-C2 1.349 N1-C2-N3 111.3 

C2-N3 1.326 C2-N3--04 105.4 

• 	. 	\ 	 N3-C4 1.378  N3-C4-05 109.8 

C-N 
• 	

124-c5 1.358 C4-05--Nl 106.3 

125-Ni 1.369 C5-N1-02 107.2 

Ni-Hi 0.99 122-Ni-Hi 129.1 

H 	 C2-H2 1.082 N3-C2-H2 138.2 
• 	 C4-H4 0.958 N3-04-H4 115.8 

C5-H5 1.031 C4-05-H5 136.3 

Symmetry Orbitals and Occupation identical to Pyrazole. 

-si-sr.- 

1,2,3-Triazole (c,) 
Bond Lengths 	Bond Angles 

5\N2 

NZ 

N1-N2 
N2-N3 

N3- C4 
124-CS 
C5-N1 
Hi-Ni 
H4-C4 

H5-05 

1.354 
1.280 
1.320 
1.303 

1.327 
0.99 
1.08 

C5-N1--N2 110.2 

N1-N2-N3 106.0 
N2-N3-C4 108.5 

N3-C4-05 111.3 
C4-05-N1 104.0 
H1-N1-N2 124.9 
H4-C4-05 124.3 
H5005-N1 .128-.-0- -  

Symmetry Orbitals and Occupation as for Pyrazole. 

000 
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H 

1,2,4-Triazole (c e ) 

Bond Lengths 	Bond Angles 
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4 	3 
N 

Nl-N2 1.354 C5-N1-N2 110.2 

N2-C3 1.319 Nl-N2-C3 102.1 

C3-N4 1.323 N2-C3-N4 114.6 

N4-05 1.352 C3-N4--05 103.0 

C5-N1 1.320 N4-05-N1 110.1 

Ni-Hi 1.03 •I-I1-N1-N2 124.0 

C5-H5 0.93 145-05-N1 123.0 

C3-H3 0.93 H3-C3-N2 114.0 

Symmetry Orbitals and Occupation as for Pyrazole 

oOo 

1-H Tetrazole (C 5 ) 

Bond Lengths 
4 	3  
N 	N 

5 / 	N2 

NN'( 
H 

Bond Angles 

Nl-412 1.381 N1-N2--N3 107.6 

N2-N3 1.255 N2-N3-N4 111.1 

N3-N4 1.373 N3-N4-05 105.0 

N4-05 1.321 N4-05-N1 109.8 
Nl-H1 0.93 Hl-N1-N2 126.8. 

CS-US 1.03 H5-05-N4 125.1 

Symmetry Orbitals and Occupation as for Pyrazole 

oOo 

2H-1,2,3-Triazole (C 2) 

5 	4 	 Bond Lengths 	Bond Angles 

Nl-N2 1.380 C5-N1-N2 106.5 

N3-C4 1.320 N1-N2-N3 109.8 

3 	C4-05 1.416. C4-05-N1 108.6 

N2-H2 0.97 H2-N2-N3 125.1 

C4-H4 1.076 H4-C4-05 125.7 

Symmetry Orbitals:- c2  (type A) 

Occupation Numbers:- 9A1 , 6B2 , 2B1 , 1A2  

000 



5 

2H-Tetrazole (C S ) 

Bond: 

4 	3 	 N1-N2 
N 	-N N2-N3  

N3-N4  

5CNzNH2 
- 

N4-05 

C5-N1 
N2-H2 

I 	 C5-F15 
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4engLhs Bond Angles 

1.34 N1-N2-N3 114 
1.29 N2-N3-N4 107 
1.32 N3-N4-05 106 

1.35 N4-05-N1 112 
1.32 H2-N2-N3 124 
0.93 H2-N2-N1 122 

1.03 H5-05-N4 123 

H5-05-Ni 125 

Symmetry Orbitals and Occupation as for Pyrazole 

000 

ill, 2H-1, 2, 3-Triazole (C s ) 

Bond Lengths 

3 	 Ni-N2 1.354 

N2-N3 1.280 

\ 	 N3-C4 1.32 

.C4-05 1.303 
NH 	2 	

C5-11i 1.327 
Ni-Hi 1.01 

H I 	 N2-H2 1.01 

C4-H4 1.03 

C5-H5 1.03 

Bond Angles 

N1-N2-N3 106.0 
N2-N3-C4 108.5 
N3-04-05 111.3 
04-05-Ni 104.0 

C5-Nl-N2 110.2 
Hi-Ni-N2 124.9 
H2-N2-N3 127.0 

H4C4-05 124.4 
H5-05-Ni 128.0 

Symmetry Orbitals and Occupation as for Pyrazole 

oOo 

1H,3H-1,2,3-Triazole (C2) 

5 	4 	 Bond Lengths 

C4-05 1.303 

HN 	NH 3 	 CS-Ni 1.3235 
Ni-N2 1.300 

2 
	 Ni-Hi 1.01 

C5-H5 1.03 

Symmetry Orbitals: -  C 2v (type A) 

Occupation Numbers:-  9A1 ,. 6B 2 , 2B1 , 1A2  

Bond Angles 

04-05-Ni 107.65 

05-Ni-N2 109.35 

Ni-N2-N3 106.0 
Hi-Ni-N2 125.33 

H5-05-N1 126.18 
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1H,4H-1,2,4-Triazoie (C 5 ) 

Bond Lengths Bond.Angies 

4 	3 	 N1-N2 1.356 C5-N1-N2  110.2 
H 	 N2-C3 1.316  N1-N2-C3 102.2 

/ 	 C3-N4 1.354  N2-C3-N4  114.66 

/ 	 N4-05 1.320 C3-N4-05  102.89 
5 S 	N 2 	05-Ni 1.326 N4-05-N1 110.05 

"N 	
Ni-Hl 1.03 Hi-Ni-N2 124.9 

H 	 C3-H3 0.93 H3-C3-N4 122.67 
N4-H4 1.04 H4-N4-05 128.55 

C5-H5 0.93 H5-05-N1 124.96 

Symmetry Orbitals and Occupation as for Pyrazole 

cOo 

1H 2 2H-1, 2,4-Triazole (02) 

2 	1 Bond L .  
HN 	NH 	 N1-N2 

N2-C3 

C3-N4 

4 

engths Bond Ang 

1.324 C5-N1-N2 
1.327 N4-05-N1 
1.344 C3-N4-05 

H1-N1-N2 

H5-05-N1 

Les 

106.1 
112.3 
103 
126 

129.5 

Symmetry Orbitals:- C2(tvpe A) 

Occupation Numbers:'- 9A1 , 6B2 , 2B1, 1A  
000 

1H,2H-Tetrazole (C S ) 

Bond Lengths 

4 	3 N1-N2 1.29 
N 	N N2-N3 1.30 

N3-N4 1.374  
N4-05 1.36 

5 	 NH 2 

N7  
Ni-Hi 0.93 
N2-H2 0.93 

H I C5-H5 1.03 

Bond Angles 
N1-N2-N3 112 
N2-N3-N4 106.5 

N3-N4-05 107.5 
N4-05-N1. 106 
H1-N1-N2 126 
H2-N2-N3 124 

H5-05-N1 127 

Symmetry Orbitals and Occupation Numbers as for Pyrazole 

000 
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1H,3H-TetrazOle (C5) 

. Bond Lengths Bond Angles 
4 	3 

Nl-N2 1.35 N1-N2-N3 103 
N 	NH 	

$ 
j N2-N3 1.30 N2-N3-N4 117 

/ 	\ N3-N4 1.31 N3-N4-05 104. 

5 C 	N 2 N4--05 1.376 N4-05-N1 106 
•,/ 	. Nl-M1 0.93 Hl-Nl-N2 125 

I N3-H3 0.93. H3-N3-N4 121.5 

CS-MS 1.03 M5-05-Nl 127 

Symmetry Orbitals and Occupation Numbers as for Pyrazole 

000 

1H,4H-Tetrazole (c2) - 
Bond Lengths 

3 __ 2 
N 	N N1-N2 1.377 

/ 	. 	\ N2-N3 1.255 

4 HN 	NH I C5-N1 1.324 

N1-Hl 0.93 

5 C5-H5 1.03 

Symmetry Orbitals:- C2(type A) 

Occupation Numbers:- 9A 1 , 6B2 , 2B1 , 1A2  

opo 

211, 3H-Tetrazole (C2) 

Bond Angles 

C5-N1-N2 105.7 
N1-N2-N3 109.I 
N4-05-N1 110.9 

1-I1-N1-N2 127.2 

115-05-Ni 124.6 

.3 	. 	2 

4 N.N I 

Bond Lengths 

Ni-N2 1.33 
N2-N3 1.29 

CS-Ni 1.338 
N2-H2 0.93 

CS-MS 1.03 

- Bond Angles - 
C5-Nl--N2 103.5 

Ni-N2-N3 110.5 

N4-05-N1 112 

I-12-N2-N3 124.8 

• 115-05-N1 124 

Symmetry Orbitals:- C2(type A) 

Occupation Numbers:- 9A 1 , 6B2 , 2B; P 1A  
-.111.- 
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Pyridine (C2) 

Bond Lengths 

4 	 Nl-C2 1.340 

3 	 C2-C3 1.390 

I 	I 	C3-C4 1.400 

6L_ 	) 2 	C2-H2 1.080 

N 	 C3-H3 1.080 

I 	 C4-H4 1.080 

Symmetry Orbitals:- C 2 (type A) 

Occupation Numbers:- hA1 , 7B2 , 2B1 , 1A2  

000 

Bond Angles 

Nl-C2-C3 116.7 
C2-C3-C4 124.0 
C3-C4-c5 118.6 
C6-N1-C2 118.1 
N1-C2-H2 121.6 

C2-C3-H3 118.0 
C3-C4-H4 120.7 

4 
5(~j  3 

Pyrimidine (C 2v 

Bond  
N1-C2 

C4-05 
C2-H2 
C4-H4 

C5-H5 

engths 

1.315 

1.337 
1.372 
1.08 

1.08 
1.08  

Bond Angles 

N1-C2-N3 116.2 

C2-N3-C4 115.2 
N3-C4-05 122.6 

C4-05-C6. 128.2 

NI-C2-H2 115.9 

N3-C4-H4 118.7 

C4-05-H5 121.9 

Symmetry Orbitals:- C(type A) 

Occupation Numbers:- 1A1 , 7B2 , 2B1 , 1A2  

oOo 

Pyridazine (C 2v) 

5013 

. 

Bond 

Nl-N2 
N2-C3 

C3-C4   

C4-05 
03-113 
04-114 

.engths 
1.330 

1.353 

1.382 

1.375 
1.085 

1.080 

Bond Angles 

N1-N2-C3 119.02 

N2-C3-C4 117.29 
C3-C4-05 123.69 

N2-C3-H3 121.4 

C3-C4-H4 118.2 

Symmetry Orbitals:- C2  (type B) 

Occupation Numbers:- 1A 1 , 8B 2' 2BIY 1A2 
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1,2,3-Triazine (C2) 

Bond Lengths Bond Angles 

N1-N2 1.332 N1-N2-N3 123.0 

r 	N 	 N3-C4 1.350 N2-N3--04 119.0 

6 	N 2 	C4-05 1.365 N3-C4--05 119.5 
C4-H4 1.08 	C4-05-C6 120.0 

I .C5-H5 1.08 	C4-05-H5 120.0 
N3-C4-H4 120.3 

Symmetry Orbitals:- C 2  (type A) 

Occupation Numbers: 11A1 , 7B2 , 2B1 ., 1A2  

oOo 

1,2,4-Triazine (c 5 ) 

Bond Lengths 

	

4 	 N1-N2 1.335 
N2-C3 1.352 

	

C,N 	
. . 
	C3-N4 1.352 

6 	N2 	 N4-05 1.335 

• 	 •. C5-c6 1.360 

C6-N1 1.354 

Symmetry Orbitals:-. Molecular Plane Only 

oOo -- 

Bond Angles' 

Nl-N2-C3 119.0 
N2-C3-N4 123.0 
C3-N4-05 118.2 
N4-05--C6 122.1 
C5-C6-Nl 119.7 
C6-Nl-N2 118.0 

N2-C3-H3 118.5 
C4-.C5-H5 118.95 
Nl-C6-H6 120fl5 
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1,3,5-Triazine (D 3h) 

4 	 Bond Lengths Bond Angles 

NN 3 	
C-N 1.319 	N-C-N 126.8 

I 	C-H 1.00 	C-N-C 113.2 
6K 	

N-C-H 116.6 

Symmetry Orbitals:- A ; ls,2s N1+N3+N5, ls,2s C2+C4+C6 
is H2--H4+H6, R1+R3+R5, R2--R4+R6 

E' ; ls,2s 2N1-N3-N5, ls,2s 2C4-C2-C6 

is 2H4-H2-H6, 2R1-R3-R5, 2R4-R2-R6 

Ts-T5, T2TT6 

E' ; ls,2s N3-N5, ls,2s C2-C6, R3-R5 

is H2-H6 1  R2-R6, 2T1-T3-T5, 
2T4-T2-T6 

T1+T3+T5, T2+T4+T6 

N1+N3+N5, C2+C4+C6 

E" ; 2N1-N3-N5, 2C4-?2-C6 

E" ; N3-N5, C2-C6 

000 

1,2,3,4-Tetrazine (C 2) 

4 	
- 	 Bond Lengths 

N 3  C 
N. 	 N1-N2 1.335 

S 
N2-N3 1.331 

6 	N2 N4-05 1.345 

C-H 	1.08 

Symmetry Orbitals:- C2  (type A) 

Occupation Numbers: bA1 , 8B2 , 2B1, 1A  

Bond Angles.--

N1-N2-N3 122.0 

N3-N4-05 116.0 

N4-05-C6 122.0 

N4-05--H6 119.0 

000 



1,2,3,5-Tetrazine (C2) 

4 	
Bond Lengths 

5 
Nl-N2 1.338 Nl-N2-N3 123.0 
N3 C4 1.350 N2-N3-C4 120.5 
N4-05 1.354 N3-C4-N5. 119.7 
C-H 1.08 C4-N5-C6 116.6 

N3-C4-H4 120.1 

Symmetry Orbitals:- C2  (type A) 

Occupation Numbers:- hA1 , 7B2 , 2B1, 1A  

oOo 

1,2,4,5-Tetrazine (D2h) 

3 	 Bond Lengths 
4.--.2 

N 	N 
I 	I 

5 N,Ni 

6 

Symmetry Orbitals:- Ag  ls,2s N1+N2+N4+N5, ls,2s, C3-C6, 
Is H3+H6, XN1+N2-N4-N5, Y C3-C6 
Y N1-N2+N5-N4 

B1g ; is, 2s N1-N2+N4-N5, X N1-N2-N4+N5 
Y N1+N2-N4-N5, X C3-C6 

B2u; ls,2s N1-N2-M4+N5, ls,2s C3-C6, 
Y C3+C6 is H3-H6 

X N1-N2+N4-N5, Y N1+N2+N4+N5 

B3u ; ls,2s Nl+N2-N4-N5, X N1+N2+N4+N5 
Y N1-N2+N4--N5, X C3+C$ 

B2g ; Z N1+N2-N4-N5 

• 	 Au 	Z N1-N2-i-N4-N5 

Z N1+N2+N4+N5, Z C3+C6 

Z N1-N2--N4-N5, Z C3 -C6 

Occupation Numbers:- GAg  5B 2u'43u' 2Bjg iBiu  1B3gt 132g 
000 
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Bond Angles 

N1-N2 1.321 

N2-C3 1.334 

Bond Angles 

N2-C3-N4 127.35 

C3-N4-N5 115.95 

C-H 	1.08 	N2-C3-H3 116.32 



6 

I N 	N. 5 

2 	 4 

Pentazine (c 
2v 

Bond Lengths 

N1-N2 1.292 

N2-N3 1.292 

N1-C6 1.330 

C-H 1.08 
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Bond Angles 

N1-N2-N3 120.0 

N2-N3-N4 120.0 

N4-N5-C6 122.9 

Ni-C6--N5 114.2 

N5-C6-H6 122.9 

Symmetry Orbitals:- C 2.. (type A) 

Occupation Numbers:- hA1 , 7B2 , 2B1, 1A  
oOcY 

Hexazine (D6h) 

Bond Length Bond Angie 
N-N 1.292 	N-N-N 120 

Symmetry Orbitals:- Aig;  is & 2s Ni-i-N2+N3+N4-i-N5+N6 

Rh +R2+R3+R4+R5+R6 

Biu; is & 2s N1_N2+N3-N!;.i-N5_N6 
R1-R2-i-R3-R4-i-R5-R6 

B2u ; Th-T2-i-T3-T4+T5--T6 

Is & 2s 2N1--N2-N3-2N4-N5+N6 
2Ri±R2_R3Z2R4.R5+R6, T3_T5tT24T6 

Is & 2s N3-N5-N2+N6 
R3-R5-R2+R6, 
2T1+T2-T3--T5-2T4 

Is & 2s 2Ni-N2-N3 -t-2N4-N5-N6 

2Ri-R2-R3+2R4-R5-R6 

T3-T5+T2-T6 

E2g ; is & 2s N3-N5+N2-N6 
R3-R5+R2-R6, 

2fl-T2-T6-T3-T5+2T4 

(Contd.) 



Z1+Z2+Z3+Z4+Z5+Z5 

Eig 	2Z1+Z2-.Z3-2Z4--Z5-i-z6 

Eig  Z3-Z5-Z2+Z6 

Occupation Numbers:- 3A 1 g,3E2g  3Ej 2Biu  lB2u  

lA2u , lEjg  

oOo 

Pyrylium Ion (C 2v) 

Bond Lengths Bond Angles 

4 	 01-02 1.302 06-01-02 121.1 

5 	3 	 C2-03 1.401 01-02-03. 121.8 

C3-C4 1.396 02-03-04 118.5 
6 2 

0 03-04-05 118.3 

I 01-C2-H2 119.1 

C2-•C3-H3 120.8 

C3-C4-H4 120.9 

Symmetry Orbitals:- 02v (type A) 

Occupation hA1 , 7B2 , 2B1 , 1A2  

000 

Thiopyrylium Ion (C 2v) 

Bond Lengths Bond Angles 

• 31-02 1.673 31-02-03 .123.27 
5 .• 3 	02-03 1.403 02-03-04 126.13 

03-04 1.388 • 03-04-05 122.5 
6 2 	C2-H2 1.08 06-31-02 98.7 

	

C3-H3 1.08 	S1-C2-H2 118.37 

	

C4-H4 1.08 	C2-C3-F13 116.94 

C3-C4-H4 118.75 

(Contd.) 
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Symmetry Orbitals:- C 2  (type A) 

Symmetry Orbitals (d-Orbitals):- 

A1  ; 38 1 , XX-fl, 2'7Z-XX-YX 

• A2 ;XZ 

Occupation Numbers:- 13A1, 8B2 , 3B1, IA  

oOo 

1,2-Dithiolium Cation ( 02) 

Bond Lengths Bond Angles 

53 	
61-32 2.021 	S1-32--C3 95.1 

1 	31-05 1.673 	32-C3-C4 118.0 

C4-05 1.384 03-04-05 113.7 

I 	2 	
C3-H3 0.93 	S1-05-H5 121.0 

	

C4-H4 0.93 	C5-C4-H4 123.15 

Symmetry Orbitals:- C2 (te A) 

Symmetry Orbitals (d-Orbitals):-- 
A1  ; 3s + 3s, fl1-YY1+XX2-YY2  

2ZZ1-fl1-YY1+ 2ZZ2-fl2-fl2  

xY1-xy2  

B2 	12' 

2ZZ1-fl1-YY3.7 2ZZ24XX2+fl2  

xY1+xY2  

• 	 B1  ; XZ1-XZ2 , YZ1+YZ2  • 

A2  ; XZ1+XZ2,YZ1-YZ2 

Occupation Numbers:- 12A1 , 9B2 , 3B1 ,. 2A2  
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1,3-Dithiolium Ion (02V) 

• Bond Lengths Bond Angles 
2 

S1-C2 1.757 S1-C2--S3 114.5 

3 S S i 	 31-05 1.743 C2-S3-C4 94.75 
C4-05 1.317 S3-C4-05 118.0 

C2-H2 0.93 31-C2--H2 122.75 

4 	5 	 C4-H4 0.93 31-05-U5 121.0 

Symmetry Orbitals and Occupation Numbers as for 

1, 2-Dithioliurn Ion 

000 

Thiophene (c2) 

Bond Lengths Bond Angles 

S1-C2 1.714 •S1-C2-C3 111028 1  

1;-A70 C2-C3 

 

C2-C3-C4 112°27 
2 	 C3-C4 1.423 C2-S1-05 92010' 

I

s 	 C2-H2 1.078 S1-C2-H2 119°53 1  

C3-H3 1.081 C4-C3-I-13 1240161 

Symmetry Orbitals:- C 2 (type A), with the d-orbitals identical 

to thiopyrylium 

Occupation Number:- hA1 , 7B2 , 3B1, 1A  

000 

Thiophene-S-Oxides 

Lengths and Angles of Ring are Identical to those of 

Thiophene; the S-O Length is 1.49 1  in all cases 

oOo 

II 



Phosphorin (C2) 

Bond Lengths Bond Arg1es 

P1-02 1.740 C6-P1--C2 102.9 
5 	T 	3 	 C2-C3 1.403 P1-C2-C3 122.65 

03-04 1.388 C2-C3-C4 124.65 
2 	 C2-H2 1.08 C3-C4--05 122.5 

C3-H3 1.08 P1-C2-H2 118.7 

C4-H4 1.08 C2-C3-H3 117.7 

C3-C4-H4 118.75 

Symmetry Orbitals:- As for Thiopyryliuin Ion 

Occupation Numbers:- 13A1,  8B  2,  3B1 , 1A2  

-'it'-.. ,  

Planar Phosphole ( 02) 

Bond Lengths Bond Angles 
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5 

~ CE33. 2 
P1-02 1.783 H1-P1-C2 134.7 

02-03 1.343 Pl-C2-H2 124.7 

C3-C4 1.438 02-C3-H3 123.0 

P1-H1 1.381  02-Fl-05 90.6 

C2-H2 1.08 pi-cdflf076 

C3-H3 1.08 C2-C3-C4 114.1 

Symmetry Orbitals:- C 2 (type A), with d-Orbitals as for 

Thiopyrylium 

Occupation Numbers:- hA1 , 7B2, 3B1 , 1A2  

Puckered Phosphole (c e ) 

Bond Lengths Bond Angles 

4 	3 	 P1-02 1.783 P1-02-03 110.04 

02-03 1.343 C2-C3-C4 114.1 

5 	 2 	C3-C4 1.438 C5-P1-C2 90.6 

P1-H1 1.381 C3-C2-H2 124.7 
I 	 C2-H2 1.08 C2-03-H3 123. 0  

H 	 03-1-13 1.08 Hl-P1-C2 103.95 

(Contd.) 
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Symmetry" Orbitals:- A'; Symmetric S, Y and Z combinations 

Anti-symmetric X combinations 

3s', fl-fl, 2ZZ-XX-fl, YZ 

A"; Anti-symmetric 3, Y and Z combinations 

Symrneric X combinations 

KY, XZ 

Occupation Numbers:- 14A', BA" 

Mfflffelsye- 

 (c 2 ) 

Bond Lengths Bond Angles 

Sl-C2 1.667 

92-c3 1.368 
C3-C3a 1.418 

Sl-36a 2.351 

C3a-S6a 1.719 

S1-C2-C3 

C2-C3-C3a 
C2-S1-36a 

C3-C3a-S6,  

Sl-S6a-S6 

S1-C2-H2 

C2-03-H3 

120.4 

118.6 

92.1 

3. 119.7 

178.4 

119.8 
120.7 

Symmetry Orbitals:- C2 (type A) with d-Orbitals transforming 

as those of Thiopyrylium (S6a) and the 

Dithioliurn ions (s6 and si) 

Occupation Numbers:- 19A1 , 14B2 , 5B19  3A2  

cOo 

Thiathiophthen Isosteres 

New :Bond Lengths 	 New Bond Angles 

C2-01 1.276. 
Oi-56a 2.410 

C2-N1 1.399 
N1-S6a 2.085 

NI-H(N) 0.99 

C3-C2-01 111.25 

C2-0l--S6a 101.25 

C3-C2-N1 99.0 

C2-Nl-36a 113.5 

C2-N1-H(N) 123.2 

(Contd.) 



Cl-C2 14554 Cl-C2-C3 106.9 

C2-C3 1.366 C7-Cl-C2 99.5 

Cl-C7 1.547 CI-C7-C4 100.3 

Cl-Hi 0.94 C6-Cl-C2 100..3 

02-112 1.03 H7-C7-H7 109.5 

3 	07-417 1.03 	- Hi-Cl-C2 5 
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Symmetry Orbitals:- 1) 0-5-0 compound, C2 (type A) 

S-S-NH 	It 	, Molecular Plane Only 

5-5-0 	 IT 	 It 

Occupation Numbers:- 1) 0-5-0 compound, 16A 12 11B2, 01., 1À2  

2) 5-5-0 and S-S-NH cc.2paunds, 30A', 7A" 

oOo 

Norbornadiene (C2) 

7 	 Bond Lengths Bond Angles 

07, 2s 07, is Cl+C4 

01+04, is 06+02+05+03 

06+02+05+03, is H7+H7 1  
Hi+H4, is H6+H2+H5+H3 

06-02+05-03, Y ci-c4 

06+02-05-03, Z 07 

01+04, Z C6-i-C2 +C5+C3 

- 06-02+05-03, 2s 06-02+05-03 

is H7-H7' 
is H6-H2+H5-H3, X 07 

• X Ci+04, X 06+02+05+03 

• 	Y 06-02-05+03 

Z C6-C2+05-C3 

B1  ; is 01-04, 2s 01-04 

is 06+02-05-03 

2s 06+02-05-03 

is Hi-H4 
(Contd.) 

Symmetry Orbitals:- A1  ; is 

2s 

2s 

is 
x 
Y 

z 

B.. : is 



is 

x 
Y 
Y 
z 

A2  ; is 
2s 
is 
x 
x 
Y 

z 

H6+H3-H5-H2 
c6-C3-05+C2 
c6+C3+C5+C2 

C7, z ci-c4 
c6±C3-05-C2 

C6-C3-05+C2 

c6-c3-05+C2 
H6-H3-H5+H2 
C1-C4. 
c6+C3-05-C2 
C6-C3-i- 05-C2 

C6-C3--05+C2 
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Occupation Numbers:- 10A1 , 6B2 	6B1 , 3A2  
L 

a- and u- Orbitals in Norbornadiene 

a =Xsin - Zcos 
•T,• 	

yr 

Cay 

z: 
::::::: ::: 



Appendix 4. Integrals over Gaussian-Type Functions 
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In this Appendix are gathered the overlap, kinetic 

energy, potential energy and electron repulsion integrals 

over gaussian type functions. An example of the integration 

tecitiques is shown for.the kinetic energy integral; this is 

based on the work of Shavitt who demonstrates the method for 

an electron repulsion. 	The potential energy integral can be 

evaluated in a similar manner to the electron repulsion integral. 

Kinetic Energy Integrals, < aAjKJbB > 

This integral has the form 

exp(-ar 1 ) (-*v2) e(-br) dr1  

where v2 	+ = .bL 	-F — 

	

x2 	èy2 

and a, b are the exponents centred on nuclei A and B. 

As written, the --21LV 2  operator applies to the second exponential 

	

term. 	The operator has thus to be evaluated first; dropping 

subscripts temporarily one obtains:-. 

= 	exp (-.bx2 by bz2 ) 

= -2bx. exp(_b2_by2_2) 

	

èx 
	= .-2b. exp ('-bx2 -by2  -bz2  ) -2bx. (-2'bx) . exp (-bx2 -by2  -bz2 ) 

= -2b exp(-br2 ) + 4b2 x2 .exp(-.br2 ) 

..v 2 
	

= -6b exp(-br2 ) .+ 4b2exp(_br2).(x2+y2+z2) 

=  2  3b exp(-br)-_2b2 r2  exp(-br2) 4v2  
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:. 

 

<aAlKIbB> = b / 1A 	1B 	1B 1 

P 0 1 

- 	 3 

	

aA 	bB 

	

Define the point C using Cx= 
	+ b 

X where the subscript 

x denotes the x co-ordinate of the relevant centre; C and 

are similarly defined. 	Then 

	

1 	r 	 -' a 

	

- (A n2 \ 	un 	2 	' 	' 	 \2 I 2 ' 	
L'f x" 

t ¼ yJ•Ly) 
lILIz z" J 

r aA +bB 
- I ( 	- A. \2 + 	

J 
1 * 

a+b L' 	 .  

lb 2 
= 	(B*-A)2 + 

=rB - 	rAB = 

Applying the cosine to triangles ACP, BCP one obtains (see 

Chapter 1) 

<aAIKIbB> = exp(- 	rJ4]B )13b/ exp [_(a+b)rc]  dr1 

-2b2  f riB e [_(a+b)r 0 ] dr1  

= L[3b 'a -. 21? lb] 

St 
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'a = 

where 	= f e [_(a+b)4c] dx1 	2f e [-(a+b)4j &c 

This substitution and limits change is valid since the function 

is symmetrical about the origin and will be so valid for any 

even power of x. 

This is a special case of the general integral 

f x exp[(a+b)x2] .dx = 	-(x+l)/2 

0 
2- 

= (4( +bt 2  for X = 0 

(This is the integral representation of the Gamma Function.) 

• Tr
•. 	

= 2. i_ f  

• , - (1T\3/2 
a - 

To evaluate Ib
one has recourse to the cosine rule again:- 

2 	2 

	

rlB = nc + 
	

- 20nicCosG 

b =f r1C e 	[_(a+b)rc] dr1+B2 f 	1 e [_(a+b)c] dr1 

2ir 

-20 ff rlccos G d Q dr1  

= 	+ 2 - 1 3  

2u 

1 3  = 2f nc / 
cos 9 d 9 = 2frlcin e] 2  =.o 

0 	0 	 0 	0 

= 	3/2 = fa )2f 11)3/2 
' a+b) 	a 	'a+b 	

(i.e. A above) 
'2 7T-7b 
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I ffl(xc+yc+zc) exp  [_(a+b)(4c+yc+4c)] thc1dy1dz1 

= 24f Xlc e [_(a+b)4c] i Je [-(a+b)y]dy j  

Jexp [_(a+b)4c] dz1 

=•• 2(a+b) / exp [ - (a+b)4c] dxi.*(& 	
r 

0 

where integration by parts has been carried out on the first term. 

24.1 	i ir j'lT'*t(U\ - 	
2(a+b) 	 2(5) 

- 	3 	/ r 
- 	

b)312 
 

II 

r ______ 	a 2  
= a+b 	[2(a+b) + (a+b)4 r2] 

<aAIKIbB> 

= 13b -. 3b2 	2a2 b2 	2 1 (ab)3/2 	
I U 	2.1 

- (a-i-b)2 rABJ - 
	exp L- 	rABJ 

=  ¼ 3 - 2ab 2 	,ab) exp  [ ab 	1 	,it3/2
a+ba+b 'AB) ¼ 	 - a+b rj 	'a+b" 

This can be expressed in terms of the overlap integral betwenri 

two s-functions: - 

2ab 2 	ab 	00 
<aAIKIbB> = (3--sr) 

Higher Integrals 

The above integral has been evaluated for s-functions 

only. Extension to higher is made by Shavitt's differentiation 

technique:- 

N 
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exp (-ariA) = exp(_a4A-ayA) ç— exo (-a4A) 

= exp ( -aziA - aylA) 	4_ exp [-a(xi_A1 )] 

= exp (_a4A_ayA) (_2a).(Xi-A) (-1) exp [_a(Xl_Ax) 2] 

= exp(-ar).2a.X1  

	

. X 	exp (-ariA) = 	- exp(-ar fi )  TaT 

The extension to d functions by successive differentiation is 

obvious. 	 - 

Since the differentiation is carried out over a variable 

which is not integrated later, it is possible to differentiate 

the result of an a-orbital integration, i.e., all integrals 

I.,  ave tp be analytically evaluated for s-functions only The 

kinetic energy integral for a ps function would then be 

<PjKIS>= — <aAlKIbB> 

1 

 

<3 	ab 
(3- 	r )( 

2ab 2 	Tt ) 3/2[ ab 2 

=sç m 	 -grJ. 

= ()(Ax_Bx)( 
u 312 (_ b 	I ab 	2 

 ] a+b
exp  [- TE rAE 

- (2a2 b2 	2 	TT 3/2(-b) (AX_BX ) expr ab 	2 

	

• 	(a-i-b)2 	 • a±b 	 C a+b r1 

2ab2 	(Ax_Bx) 	IT -3/2 	r ab 2 
 ] - (a-i-b,)2 	 g) 	exp L a+b 

ab 	2 = 	- 	rj exp [ 
(A -B ) 	(.L.)3/2 r 5ab2  2a2  b3  1 

. 	 x 	x 	a-i-b [a~bY (a+b) 3 J 

Overlap Integrals 

The overlap integral between s-functions has implicitly 

been evaluated as it is identical in mathematical treatment to 

L 'a  in the kinetic energy integral above. Higher integrals 

are obtained in the same way, i.e., by the differentiation 

technique. 
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Potential Energy Integrals 

The potential energy integral is defined by 

C aAJPjbB > = / exp (_arIA) 	e(br 	lic 	1B 

As l/rc does not affect the second exponential term in the 

same way that a true operator like - 1_Zs7 2  does, the first stage 

in ev aluating this integral is to "collapse" the two gaussian 

terms into one, as done above, i.e. 	 - 

0 

<aAIPIb 	
1 	1 

= f exp 
r
- 
 ab 2 
 a+b rj . 

rIc exp [- (a+b) 4p] dr1  

0 

Shavitts substitution for l/rlc is used 

S 
rlc 	f s exp 	 dsic 

0 

The two exponential terms are again collapsed into one and 

integration is carried out over r1  and finally s giving 

1 

<aAIPJbE> = 
2u 	r ab 2 
a+b exp V 	r] / exp [-(a~b) rpt2]  dt 

0 

The integral over t is known as the Incomplete Gamma 

Function and has to be evaluated numerically. It is the m = 0 

integral of the general expression Fm(a)=/t2m  exp (-cct2 )dt. 

Electron Repulsion Integrals 

This integral is defined by 
to

exp 	 1-4<aA bB 	cC d])> 	I 	4A 	 j 	c)  
12 	 0 

exp (-d4) dr1dr2  

The terms dependent on electron 1 are collapsed as are those 

for electron 2; substitution for hr  12  is then made using 

the same expression as for the potential energy with r12  

replacing rlc. 	The evaluated integral has the form 
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2rr5'2 	i 	 ___ 	___ ab 2 	cd 2 

(a+b)(c+d) 	(a+b+c+d)t exp[- a+b 'AB 
	c+d rcn] F0() 

(a+b) (c+d) 
where = a+b+c+d r Q  with P, Q being the "collapsed" 

centres for functions based on A, B and C, D respectively. 

Special Formulae for s and p Integrals 

One can define the overlap integrals in the following 

manner 

S 00 = 	exp (-ar)exp(-br)dr1 = N1N2()3/2exp(_ 	
rAB 

S1=<P. 	b>_('') 
	S 00 

coi - < S 	p 	> - 	(...-B1 ) 	coo 
ab 	a lb 	a+b 	1 	- 	ab 

= 
< ia ib > = 2(a+b) 10 	(a+b)2 

where N1 , N2  are normalising constants, 8 is the Kronecherij  

delta and i, j are x, y or z. 	Thus it can be seen that all 

the overlap integrals involving p-orbitals are readily 

evaluated from s-only integrals. 

Let us now consider the kinetic energy integrals; these 

again can be expressed in terms of overlap integral by 

T 00 -. K0°  S0°  ab ab ab 

T10 ab 
- 

J(10 

ab 
300 	K°°  ab + 	ab s - ab 

Too  ab - K°3  ab Soo  +K°° 5°0  ab 	ab ab 

rp'O - ab K13  ab S°0 - 
	K1° ab 	ab 

s° 	+ K°0  S °  + K00- 
S ij 

ab 	ab 	ab 	ab 	ab 

where K 	= ab 
- 

rAB  



K 	= 
- (a+b)2 	

(A_B1) 

K°3 = ab 
2a2b 	(A.-B.) 

3 (a-ft)2 

ij ab 
2 	13 (a+b) 

Each term of these formulae contains either explicitly or 

implicitly the term 3, which is normalised. 	This also ab 

applies to the following potential energy and electron 

repulsion integrals. 

Define L°ab = F0 (t) where the argument is (a+b)r CP  

and L'° b = L°' b = ( c -P1)F1(t) 
F1 (t) 

L'3 b = (P±.-C)(P3-C)F2(t) - 2 (a+b) 8ij 

The nuclear attraction integrals may now be defined by 

V 00 
= 0 00 

L c,ab Oo 
'ab 

/ 	Co iO10 	00 
+ Lc,ab ab 	 ab 

V°' = ab 0 E (g03 L°° ab 
+ 300 L°3 	). c,ab ab 	c,ab c 

= 0 E ( 3i3 00 	0 oj 	Oj 	iC 	00 LiU) 
ab Lc,ab + 5ab Lab + 5a,b Lab + 3ah ab 

where 9 = 2 () 
17 

The electron repulsion integrals are simplified by 

first defining a set of intermediate functions (below). 

In these functions the argument of the Incomplete Gamma 

Function is given by 

l2 	2 r Q  where 

G°°°°  = F0  (t) 

= a+b, 3 = c+d and 54 = a+b+c+d. 
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= 	= Z (P_Q)F1(t).

Sl ooiO = a°°°' = 	(P1-o)F1(t) 

= 	

[ 	
(P1-Q)(P-Q) F2(t) -8  ij 2S1  

= 	[ 	
(P_Q1)(P_QF2t) - 	2 ij 2S 	1(t)] 

iojo = G°'30  =Go'Pj = 

[SlS2-1
(P-Q±)(P-Q)F2(t) - 	o 	F1 (t) 

Gk0  =. 1jk = 	[3132 	 F3(t) 

-*1 8  (Pk_ok)+ojk(Pj_Qj 	 JF(t)] 

= G1O = - ?
2 	 P-Q )(Pk k)F  3 

_*1 6jj(Pk_Qk)+ 6jk(Pj_oj)+ 8 jk(Pi_Qj)]F2(t)] 

ijkl 	1 	12 

= 34L 
342. 1°1f°k°kL°) F4(t) 

4 ii34  
12I 	(Pk_Qk)(PL_QL)+ojk(Pj_Qj) C°L 

kk 

+8jL(Pi_Qi)(Pk_Qk)+5kjPiQi)(PjQjfl F3(t) 

+11 8 . .5. 	 F2(t)] 
13 Jli 1 

The electron repulsion integrals can now be defined in terms 

of these G-functions and the overlap functions (below) where 
s]-  s2 1 

the multiplative constant M is given by 2( s U4 
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<abI SCSd> = M 

< ia5b I 5c3d> = M IS S G00°°  + Sab 
00 S Gb000] 

Sio 
00 G00k0 

<PiaSt PkoSf= M [s s G°°0°  + - at Sod 

00 1w 
+ 5ab 5cd G1000 + 5 

00  
ab S 

00  od Gi0k0] 

<P p 	3c5c? = M 
1S S G°°°0 + ab 00  G°300 	

tJ . + 5O OO  G 0°  
cd 	 ab od L ab 

+ 
OQs 

 00 G1300] 	- 

<ia'jtl PkoSd> = M 	
ij[Sko 
 G0000  + SOO  Gk]  cd 

+ 3io1 5k0 ojoo 	00 oikoj 
ab odG 	+ScdG 

+ sg[s G100°  .+ S 	Gi3]cd 

+ 5oo5ko G130°  + S G3'WJ I at cd 	 cd 

<P jP ip p > a b ke Ld = M IS rs G0000  + S GL+  S 
i 	

00 + S GookAcd  

	

io kA + s[SG0300 + S cd G 	+ 

+ 300 
 ed 

+G100° + 3 ko G100L + 5 QlOk() 

	

od 	 cd 

+ 00 

od 

+ s[s 	G13°°  .+ S 	GL + S 
ol  
od ab 

+ S G] ] cd 
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Since all integrals of all types use the overlap 

integrals, it is thus possible to save computer time by 

storing the overlap integrals. 	These are integrals over 

gaussian functions rather than over contracted functions. 

Contracted function integrals are obtained from appropriately 

weighted integrals over primitive gaussian functions. 
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Two LCGO minimal basis (7/3/3) calculations are reported using best atom and scaled gaussian functions. The 
electron spectrum (ESCA) of the core and valency shell orbitals is obtained, for the title compound norbornadiene. 

I. Introduction 

One of the most hotly debated subjects of experi-

mental and theoretical organic chemistry has been the 

existence or otherwise of non-classical carboniuni ions 

Ill. A key compound in these studies has been norbor-

nadiene (I) and cations derived from it. Our interest in 

this subject is in the application of linear combination 

4/ 

(I) 

of gaussian orbital calculations (LCGO) to the diene 

(I) and its ions, and the use of electron spectroscopy in 

the study of electronic structural details. A number of 

semi-empirical calculations on the diene 1 (2,3] and 

its ions [4] have been published, as has its Het photo-
electron spectrum [3, 51. 

2. The electron spectra 

2.1. X-ray stimulation 

The valency shell orbitals were investigated in the 

solid state with AEI ES100 and Hewlett-Packard 

5950A ESCA spectrometers and theCcore  levels with 

the former instrument. The latter incorporates an X-

ray monochromator thus increasing the resolving pow-

er. The Is electron binding energy (a broad singlet at 

285.3ev) was determined using chloroform (289.6 eV) 

and n-hexane (285.0 eV) as internal standards; this 

procedure involves only the measurement of well re-

solved doublets close together on the energy scale, thus 

overcoming any possible errors arising from charging 

or non-linearity of the energy scale. 

In the valency shell region using the ESlOO (with-

out a monochromator) only four broad bands are visi-

ble, centred on 8.0, 13.0, 17.2 and 26.6 eV (integrated 

areas 1: 5 9 3 respectively). With the 1-IP5950A 

(containing a monochromator) the main peaks and as-

sociated shoulders (sh) were at 9.8 and 11.2 (sh), 14.5 

(sh), and 16.8, 22.2 and 26.8 (sh), 28.5, and 33.4 eV. 

The approximate areas are in the ratios I I I 3 

2 2 3 2, with at least one further peak probable 

between those at 11.2 and 14.5 where the counts per 

second do not fall too near the base line. Owing to the 

differential cross sections of 2s and 2p electrons it is 

not possible to use these areas directly to determine 

the assignments of the eighteen molecular orbitals pre-

sent in this region. 	- 
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2.2. lIe' excitation 
We have also obtained the photoelectron spectrum 

of norbornadiene using a prototype version of the 
ES 100 having a He 1  light source. The spectrum is sim-
ilar in form to those reported elsewhere with peaks and 
shoulders (sh) at 8.6, 9.4, 11.1 (sh) and 12.17, 13.64, 
15.03 eV. Correlation of these bands with those of the 
X-ray spectra is fairly straightforward, see fig. 1. 

CV 

35 1. 
-- 

/ 
/ 

/ 
/ 

30 1" 

25  

3. The LCGO calculations 

Two basis sets were used. The "best atom" set, con-
sisted of seven s-type and three p-type (for each of x, 
Y, z) gaussian functions and three s-type for hydrogen. 
These were contracted to a minimum basis of 43 func-
tions, as described in Part 1 [6]. The free atom ener-
gies using these bases are carbon, —37.6104 and hy-
drogen, —0.4971 an to be compared with the Hartree-
Fock limit of —37.6886 and —0.5000 au respectively. 
The second set consisted of scaled best atom functions, 
where the scaling was performed on methane (for 
C— 1, C-4 and C-7) and ethylene (for C-2, C-3, 
C-5, C-6); the method is described in detail in Part 
Ill [7], but it will suffice to say that for fixed best 
atom contraction coefficientsA 1  the contracted func-
tions 

ØJ >A 1  exp(--ajjr2 ) 

were scaled as in 

Oj 	A ij  exp (—k 11 aj7 r2 ) 

20 -i 

/1 	- 	

---- 

5 	I 
I 	/ 

I 	 -Th  
_- 

Jo 	 I,- 

Fig. 1. Correlation diagram of ionisation potentials and orbital 
energies; A. He(1) on ES100; B. AIKa on ES100; C. l-1P5950A; 

D. Scaled gaussian set; E. Unsealed gaussian set. 

for the valency shell orbitals, the optimum molecular 
energy being sought as a function of the scaling fac-
tors k1 . The best energies obtained (for fixed k 1  for 
x, y and z orbitals of ethylene) are ethylene 
--77.83140 an and methane —40.10325 au ". As will 
be seen in Part 111 it was possible to improve upon the 
energy for ethylene by separate scaling of the a- and 
u-components; however, this was not used in the pre-
sent work where the separation of a- and ui-levels is 
less complete. The two sets of scaled gaussians were 
then used for the atoms indicated above. The calcula-
tions were performed using IBMQL-4 On an 1BM360/ 
50 for the preliminary work and an 1BM370/195 for 
the main calculations. For this program the ratio of 
machine speeds is 1 60 respectively and the calcula-
tion on the latter took approximately 1 hour to per-
form. The results are shown in table 1, with the valen- 

* The corresponding uncontracted total energies obtained were 
-77.93577 and -40.14162 au respectively. 
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Table 1 
Calculated energies for norbornadiene 	- 

Scaled gaussians Unsealed gaussians 

Total energy (au) -268.18036 -267.70658 
Electron-nucleus attraction (au) 	-947.24069 -941.59191 
Electron-electron repulsion (au) 	+381.67300 . +76.49740 
Nucleus-nucleus repulsion (au) 	 +297.38793 +297.38793 

Binding energy (au) - 	 0.93092 - 	 0.45714 

Orbital energies (eV) 	(a) Scaled gaussians 

• 	 Al B2 	 B! A2 

-308.00 -306.04 	 -308.01 -306.02 

-307.57 - 31.49 	 -306.02 - 20.69 

-306.03 - 20.67 	 - 27.31 - 	 14.81 

- 34.12 - 	 16.06 	 -- 	19.76 
- 29.36 - 	 13.27 ("n') 	 - 	 16.02 
- 24.41 - 	 9.62 ('n') 	 - 	 15.22 
- 	 21.17 
- 	 16.53 
- 	 12.78 
- 	 11.00 

Orbital energies (eV) 	(b) Unsealed gaussians 

Al 82 	 B! A2 

-311.96 -310.75 	 -311,96 -310.73 

-311.37 - 33.60 	 -310.73 - 22.35 

-310.74 - 22.33 	 - 29.20 - 	 16.91 

- 36.30 - 	 17.54 	 - 21.35 
- 31.28 - 	 15.26 (",r") 	 - 	 17.70 
- 25.99 - 	 11.94 ("n') 	 -. 	 17.15 
- 22.42 
- 	 18.23 
- 	 14.84 

13.2 

Table ,2 
Orbital energies (eV) for ethylene using the 7/3/3 basis set 

'81u 	lBig 3A9 	 . 	 lB2u 	2B31 	2A8 	18311 IA8 	Total energy 

Unsealed a) 	-12.66 -14.96 -17.50 -18.81 -22.58 -29.79 -310.58 	-310.59. 	-77.6893 

Scaled b) 	• -10.64 -13.57 -15.77 -17.49 -21.14 -27.84 -305.80 	-305.82 	-77.8314 

Photoelectron c) 	-10.51 -12.38 -14.4 	-15.6 	-18.8 	- 	-279.6 d) 	-279.6  d) 	- 

Using the gaussian set of ref. [1]. 
Using the optimised scaling factors k25C = 1.1088, k2pc = 1.1354, ku = 1.5540 

Ref. 1121. 
Soft X-ray emission spectrum (see text). 
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Table 3 
Orbital energies (eV) for methane using the 7/3/3 basis set 

(11-2) 3 	 2A 3 	IA 1 	Total energie (au) 

Unsealed a) -16.33 -27.00 -309.60 	-39.98584 
Scaled 1) -14.65 -25.33 -305.09 	-40.10325 
Scaled c) -14.52 -25.59 -305.02 	-40.14162 
Photoelectron 13.5- 14.5 d) 23.0 	e) 275.7 	0 	- 

Using gaussian set of ref. LII. 
Scale factors optimal k2c = 1.0645, k 2 2 = 1. 1196, kH = 1.6395. 
Uncontracted gaussian sets using scaling factors of footnote b. 
Very broad peak with double maximum showing Stalin-Teller effects. 
Ref. 1131. 

0 Soft X-ray emission spectrum, see text 191. 

cy shell orbital energies for methane and ethylene, 
scaled and unsealed for comparison in tables 2 and 3. 
It is immediately clear that the scalisig procedure leads 
to a marked increase in molecular energy and binding 
energy (here defined as the difference between the mo-
lecular and the best atom energy rather than the scaled 
atom energy). The unsealed result is probably about 
0.8 an from the Hartree-Fock limit while that of the 
scaled one is probably about 0.25 au from the limit. 
Almost all of the loss comes from the cintraction pro-
cedure since the difference between the total energies 
of the contracted and uncontracted runs for ethylene 
and methane using the best gaussian sets are 0.1044 
and 0.0384 au respectively. 

4. Discussion 

The carbon is broad singlet has a line width at half 
height of 1.9 eV, to be compared with the usual width 
for single peaks under these conditions of about 1.4 
eV. The peak, which should have a 4: 1: 2 weighting 
(olefin : bridge : ring junction), clearly has a rather 
smaller splitting than that calculated (about 0.6 eV); 
this is not unusual for LCGO calculations of this type. 
The peak maximum is about 2 V eV above that calcu-
lated from Koopmans' theorem (to be compared with 
the corresponding figures of 26 and 30 eV for ethylene 
and methane respectively). It is of interest to determine 
whether the experimental value gives any indication of 
strain in the norbornadiene system; the only figures 
available for comparison are the soft X-ray emission 
spectra of Mattsen and Ehlert [8] ; they obtain 276.5,  

279.6 and 277.7 eV for methane, ethylene and cyclo-
hexane respectively * After allowing 7.3 eV (based on 
cyclohexane) for the experimental differences, the 
solid state ESCA binding energy for C l ,is probably 
near 286.9 eV; the value for norbornadiene (285.3 eV) 
suggests that there may be up to about 1.6 eV of 
strain evident here; (thermochemical) estimates of 
1.07 [9] and 1.28 eV [JO] have been given. 

No clear separation of a- and 7T-orbitals occurs in 
three dimensional molecules such as norbornadiene. In 
the present work (both calculations) we used a set of 
symmetry orbitals consisting of the allowed combina-
tions of p ,  p and p2  without separation into thea-
and it-types with respect to the olefinic system. This 
decision was based upon the observation that the 
transformation section of IBMOL-4 becomes exceed-
ingly long when the symmetry orbitals are complicated 
linear combinations. None the less it is possible to see 
from the eigenvectors (available upon request) that the 
orbitals 10A 1 , 6B 1  and to a lesser extent SRi  (owing 
to the methylene bridge) are largely it orbitals. These 
have eigenvectors for C-ps  of approximately 0.75. The 
ordering of the orbital energies and states is effectively 
identical between the two calculations, with the scaled 
levels being about 2 eV higher (less negative) in most 
cases, and thus in better agreement with experiment 

* Multiple[ peaks are commonplace in these carbon spectra 
(see also references cited in ref. (SI). Many of these lines 
result from transitions from outer to inner shell vacancies as 
well as to excited fragments. We have assumed, as did the 
authors, that the most abundant ion is the ion of interest 
here. This is only ambiguous in the case of ethylene, so that 
the final assignment is made by analogy with acetylene (279.4 eV). 
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(Koopmans' Theorem). The first two ionisation poten-
tiàls are of 7T-type as is anticipated from the narrowness 
of the photoelectron lines. The calculated (scaled func-
tions) and experimental values are in reasonably good 
agreement, but the predicted splitting (1.38 eV) is rath-
er larger than experiment (0.85 eV). This in part could 
be due to the geometry of the palladium complex used 
[11] being distorted relative to the free molecule, the 
double bonds being forced together more in the com-
plex. Direct comparison of the higher ionisation po-
tentials either from the photo- or X-ray stimulated elec-
tron spectra is difficult since in neither case is there 
sufficient fine structure to assign the individual theo-
retical lines; none the less the theoretical lines can be 

grouped with centroids at 9.62, 11.00, 13.03, 15.8, 20.8, 
24.41, 28.33, 32.8 eV and these eight points (Y) lead 
to a linear correlation with the X-ray values (X) given 
by Y= l.O1OX-0.713 eV with standard errors in slope 
and intercept of 0.038 and 0.805 eV respectively. The 
calculations on ethylene and norbornadiene correctly 
predict the latter to have the lower first ionisation po-
tential, but because of the greater separation of the 
1A 1  and 613 levels in the latter, do not predict the 
second level also below that of ethylene (see above). 
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The question of whether d-orbitals play an important role in the ground state bonding 

of the compounds thiophene (1), 1, 3-dithiolium cation (2), 1, 2-dithiolium cation (3), thia-

pyrylium cation (4) and thiathiophthene (5) has aroused much controversy. 
1-4 

 We now 

report a series of non-empirical calculations for these molecules. 

(1) 	 (2) 	 () 	 () 

The procedure uses a linear combination of gaussian orbitals (LOGO) with lOs- and 6p-

type for sulphur, 7s- and 3p-type for carbon, and 3s-type for hydrogen, which were then 

contracted to the normal is, 2s, 3s, Zp, 3p orbitals. These were then augmented with a 

single gaussian for each of the five 3d-orbitals where appropriate. (For computational 

simplicity it is conventional to use six 3d functions (x 2, y2 , z 2 , xy, xz, yz) rather than 

the usual five. The former were then converted to the latter and an additional s-orbital 

(3s' orbital) by linear combinations 
5 
 ). Comparison with earlier work on furan, pyrrole 

and 1. 2, 5-oxadiazole 6  suggests that the results are likely to be less than 0.2% away from 

the Hartree-Fock limit, and that the conclusions are unlikely to be significantly changed 

by closer approaches. The final energies and atomic populations with and without added 

d-orbitals are given in Tables 1 and 2. 

TABLE 1 

Total En e rgy (a. u 

sp spd spd + 3s' 

-550. 0751 -550. 1442 -550. 1914 

2 	-908. 0214 -908. 1677 -908,2629 

3 	-908. 1639 -908. 1766 -908.Z734 

4 	-588. 1449 -588.Z303 -588.2773 

a Binding Energy = Total Energy of Molecule 

Binding Energya (kcal/mole) 

sp 	 spd 	 spd + 3s' 

593 	637 	 666 

438 	533 	 589 

434 	442 	 503 

821 	874 . 	 904 

I Total Energy of Atoms 
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sp spd 

(1) 

S 0. 1437 0.0374 

C 2,5 
-0. 2393 -0. 1722 

C 3,4  -0. 1654 -0. 1643 

H2, 5 0.1734 0. 1638 

H 34  0.2596 0.1541 

(3) 

0.3570 0. 2838 
'2 

C3 -0. 1541 -0. 0604 

' C 4  -0. 1296 -0. 1286 

H 3  0. 2484 0. 2324 

H4  0.2272 0. 2170 

TABLE 2 

Net charges on atoms 

spd + 35' 	 sp 

	

0.0275 
	

Si, 3 	0.4294 

	

-0. 1653 
	

C 2 	-0. 1810 

	

-0. 1657 
	

C4 	-0. 2007 

	

0. 1632 
	

H 2 	0. 2572 

	

0. 1541 
	

H4, 	0.2362 

0. 2789 

-0. 0528 

-0. 1319 

0. 7685 

0. 2168 

S 

C2, 6 

C 3  

C 4  

H 26  

H 3  

H4  

0.4234 

-0. 1652 

-0. 1143. 

-0.0528 

0. 2531 

0. 2258 

0.2311 

spd 

(2) 

0.3130 

-0. 1310 

-0. 0430 

0. 2222 

0.2350 

(4) 

0. 2928 

-0.0859 

-0. 1074 

-0.0577 

0.2410 

0.2215 

0. 2266  

spd + 3s' 

0. 3061 

-0. 1275 

-0. 0337 

0. 2213 

0. 2338 

0. 2826 

-0. 0778 

-0. 1094 

-0. 0575 

0. 2402 

0. 2213 

0. 2265 

T HIOPHENE. The total energy improvement when the five 3d-orbitals are included is 

44 kcal/mole, in agreement with a slightly larger calculation by Clark, 
2 
 who however used 

six 3d-functions and did not report the effect of the extra s-function implicit in his calculations. 

We observe that a single 3s'-function is almost as important as all five 3d-functions together. 

Thus inclusion of the d-orbitals represents merely a gain in variational flexibility rather 

than significant d-orbital participation. The d-orbitals do lead to some electron redistribi.tim 

and hence improve the agreement of calculated and experimental dipole moments, which are 

heavily dependent upon the atomic populations. The photo-electron ionisation potentials and 

the molecular orbital energies are in fair agreement for the first two ionisation potentials 

[Experimental:- 7  8.87 (Is 2 ), 9.52 (2b 1 ); Calculated:- 9.82 (1a 2), 10.25 (2b 1 )I. The 

calculation including d-orbitals leads to slight improvement in the agreement. 

1, 3-DITHIOLIUM, 1, 2-DITHIOLIUM and THIAPYRYLIUM CATIONS. For these molecules  

the total and orbital energies show similar trends to thiophene. We thus conclude, again, 

that the d-orbitals are used only to a trivial extent. Almost the whole of the positive charge 

on these rings is shared by the sulphur and hydrogen atoms. This appears to induce a 

negative charge on C-2 in the 1, 3-dithiolium cation. Although this cation undergoes 

nucleophilic substitution at C-2 these results are not incompatible since the presence of the 



No. 41 
	

4167 

reagent would be expected to induce an opposite polarisation. The polarographic half-

wave reduction potentials may be compared with the energy of the lowest unoccupied 

molecular orlital (LUMO). 	The LUMO energies (eV) for (2), (3), (4) are -1.47 (A 1 ), 

-0.99 (A), -2.66 (A 2 ). 	The experimental value5 8  are -0. 69V for (2) -0.12 for (3), 

with (4) not yet reported. 	Thus there is a correct prediction of sign, order and energy 

difference for (2) and (3). 	We are currently investigating the value for (4) and details 

will be reported later. 

THIATHIOPHTHEN. The results obtained for thiathioplithen are presented in Table 3. 

As can be seen the approach was different, with only one d , and one d a function being 

used. These were added to the centre sulphur atom. The effect of the d-orbitals appears 

to be additive and, even allowing for the different number of d-orbitals used, is much less 

than in the other molecules under consideration. 

TABLE 	3 

sp sp+d s.p+d sp+dr  +d 0  

Total Energy -1381.0944 -1381.0974 -1381.0988 -1371. 1018 

Binding Energy 580 582 583 585 

1st I. P. 	(la 
1 ) 8.49 8.50 8.49 8.49 

Zed I. P. 	(1a 2 ) 8,82 8.85 8.82 8.85 

The first two ionisation potentials are also listed in Table 3. The first ionisation potential 

corresponds to an orbital which is predominantly the asymmetric combination of the terminal 

sulphur 3p atomic orbitals, ie it is the equivalent of a lone pair. Semi-empirical 

calculations 10 also lead to a similar prediction. The d-orbitals do not alter the order 

of the ionisation potentials and have very little effect on the magnitude. The values 

obtained are in reasonable agreement with the experimental 9  values of 8. 11 cv and 8. 27 eV. 

The existence of a 2-electron 3-centre ir -bond has been used to explain the bonding in 

thiathiophthen. However, examination of the atomic orbital co-efficients does not reveal 

any n -orbital with sufficiently large co-efficients to justify the existence of such a bond. 
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ORBITAL CALCULATIONS 

S. CRADOCK, R. H. FINDLAY and M. H. PALMER 

Chemistry Department, University of Edinburgh, West Mains Road, Edinburgh El-19 3JJ 

(Received in the UK 30 January 1973; Acceptedfor publication 9 March 1973) 

Abstract-Hel photoelectron spectroscopy and a!, initio calculations have been applied to the azoles, 
providing sets of energy levels that con -elate well with each other in the upper valence shell region. 
Observed IFs are assigned to the three is —  and to the five a-levels that involve (principally) valence 
shell p orbitals. The observed vibration structure is not particularly informative as an aid to assign-
ment since both is-- and cr-levels give some bands with vibration structure. The calculations provide in 
addition to eigenvalues (energy levels) a set of eigenvectors, permitting analysis of the bonding charac-
teristics of the levels, and trends apparent within the series- 

The photoelectron spectrum of pyrrole has been 
reported by several authors;- 3  while there is 

general agreement on the assignment of the two 
isolated bands at lowest ionisation potential (IP) to 
two of the n-levels, there has been no completely 
convincing assignment to either the third is-- or the 
a-levels. Lindholm 3  has arrived at a spectroscopi-
cally parameterized set of calculated energy levels 
for pyrrole (SPINDO) which fits the observed 
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*A best atom set is defined as that set of functions of 
chosen size which best optimises the atom energy. For the 
atoms in this set of molecules the total energies obtained 
are H('S)- 0-4970 au, C(P)- 37-6104 au, N( 4S)- 54-2754 
au, which may be compared with the Hartree-Fock 
limiting values of -0-5000, -37-6886, -544009 an 
respectively.  

spectra well; our non-empirical calculations (con-
taining no adjustable parameter beyond those 
necessary to specify the atom involved) suggest 
that this is fortuitous, since some band assignments 
are incorrect. One of us 2  has attempted to perform 
these assignments by comparison of pyrrole with 
furan and 1,2,5-oxadiazole, and with ab initio 

molecular orbital calculations, but the results were 
not entirely satisfactory. The present work attempts 
to extend and clarify knowledge of pyrrole (1) by 
similar calculations for the azoles (2-6) and by Hel 
photoelectron spectroscopy. Spectra for pyrrole 
and pyrazole (3) agree with those previously pub-
lished, but interpretations differ in several signifi-
cant points; no data on the remaining azoles have 
been published to date. 

INSTRUMENTAL PROCEDURES 

Photoelectron spectra of gas phase samples were 
recorded using a Perkin Elmer PSI6 spectrometer. The 
instrument resolution was approximately 30 meV for 
bands near 10 eV. Pyrrole was admitted through a volatile 
sample manifold, the pressure being controlled by a 
needlevalve; the samples 2-6 were introduced via -a direct 
insertion probe in the temperature range 25-75 °, the low-
est temperature to give a satisfactory spectrum being used. 
The energy scale was calibrated by means of the sharp 
peaks arising from water (12-62eV) and argon (15-75, 
15-93 eV). The samples were either commercial materials 
or prepared by standard procedures; for high resolution 
gas phase infra-red spectra (Perkin Elmer 225), pyrrole 
was purified by distillation and by low temperature 
fractional crystallisation. Raman spectra were recorded 
on a Cary 83 spectrometer with 4880 A (An excitation. 

CALCULATIONS 

In order to provide comparability with earlier work on 
heteroaromatic compounds, the ab initia calculations used 
a bes t atom * minimal basis set consisting of seven s-type 
and three p-type (for each p, p, p) gaussian functions 
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for carbon and nitrogen and three of s-type for hydrogen. 
The functions were contracted to Is (five functions) 2s 
(two functions) and 2p (three functions) for carbon and 
nitrogen and one for hydrogen. The calculations were 
performed using the programme IBMOL-4 on IBM360/ 
195, 360/50 and 370/155 computers; initially delocalised 
molecular orbitals were obtained, which show the degree 
of localisation of the 2s levels (see below). The basis 
integrals were then converted, by Coulsons method,' to 
hybrid orbitals about the ring atom centres, with orbitals 
pointing along each bond, or bisecting the exterior angle 
for lone pairs. Bond orbitals were obtained by taking 
linear combinations of the hybrid orbitals or hybrid and 
hydrogen Is orbitals as appropriate in the symmetry 
transformation part of the programme. This transforma-
tion has no effect upon the total energies, eigcnvalues or 
density matrix. The eigenvalues are shown in Table 3 and 
in graphical form in Fig. I. 

In these calculations the recent microwave structure 
for pyrrole was used, while imidazole (2).' pyrazole (3 
and 1.2.4-triazole (4) 9 and tetrazole(6)'°were represented 
by their crystal structures or the 5-amino derivative in the 
last case. The 1,2,3-triazole geometry was based upon 
general experience of lengths in heterocyclic molecules 
and is shown above (Sn). 

CORRELATION OF EXl'ERIMENTAI. WITH CALCULATED 
VALUES 

In all cases the inner valency shell orbitals up to 
9a' in 2 to 6 are predominantly 2s-type as can be 
seen from the eigenvector matrix in delocalised 
orbitals. The orbitals 9a' to I la are largely sp 2  
hybridised bonding orbitals from the ring atoms to 
each other or to the hydrogen atoms. The orbitals 
above I Ia' in 2 to 6 are dominated by two types of 
bonding: (a) solely p-orbital contributions to ring 

bonding and/or CH and NH bonding; (b) lone pair 
orbitals from ISa' downwards. The last type, effec-
tively sp 2  hybrid orbitals, occur in symmetric and 
antisymmetric combinations (14a' and iSa') for the 
triazoles. while 1,2.3,4-tetrazole shows three lone 
pair levels in the form of a pseudo C 3  rotation group 
with A 1  (13a') and E type orbitals (14a' and ISa'). 
These generalisations are amplified below but they 
enable us to correlate the experimental and theor-
etical data in two ways: (a) by direct use of Koop-
mans' theorem and the assumption of a linear 
correlation, but better by (b) using the calculated 
values to estimate the experimental band intensity. 
Thus the cross section for Hel. (584 A) stimulated 
emission of electrons in 2p levels is greater than 
that for 2s electrons; this means that the ,r- and 
other outer valency shell orbitals rich in p-orbital 
character (I In) etc. should be stronger than the 
"lone pair" and inner valency shell orbitals which 
have higher s-orbital character. 

The observed spectra up to about 20 eV may be 
separated into three distinct regions (A. B and Q. 

• Figs 3, 4 and Table 2. Region A, which extends 
from 8-10 eV in pyrrole, moves to higher binding 
energy as nitrogen atoms are substituted for Cl-I 
groups, and is at 10-14 eV in tetrazole. It contains 
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Fig I. Correlation diagram for theoretical energy levels 
in the azoles 1 to 6. 

two or three more or less separated bands, some or 
all of which show resolved vibrational structure. 
Region B begins some 2eV to higher binding 
energy than region A for each molecule, and con-
tains a set of strong overlapping bands with no 
resolvable fine structure. It extends over about 
3 e for pyrrole. reducing gradually to about I-S eV 
for tetrazole. Region C consists of a single band of 
moderate intensity and no vibrational structure, 
with vertical 1. P. 175-18 eV and with a downward 
trend from pyrrole to tetrazole. Lindholm--" has 
observed a group (Region (0)] of bands in the 
range 19-26 eV for Hell irradiated cyclopenta-
diene, pyrrole. furan and thiophene." Those of this 
group which are accessible to Hel are much weaker 
to Hel than to Hell excitation, and it is plausible 
on cross-section grounds. and indeed on the grounds 
of the calculations reported here, to assign five 
ff(a') levels to the 2s orbitals in this region D. For 
the molecules with one or two nitrogen atoms there 
is comparatively little delocalisation of 2s with 

2c. 2Pc or  2PN;  this can be understood in terms of 
the free atom orbital energies which in the Hartree 
Fock limit are 2s ( 4S) 25-72, 2s 0  (3P) 19-20, 2PN 
('5) 15-44. and 2Pc  ( 2P) 1179eV, respectively. 5  For 
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 of pyffole (1), imi- 	Li 
dazole (2) and pyrazole (3). 	 0 	 14 	 Is 

	

molecules with three nitrogen atoms, splitting of the 	
ev 

atomic 2SN  levels on molecule formation leads to Fig 4. He] photoelectron spectra of 1,2,4-triazole (4), 

	

the overlap of 25N  and 2c  levels and hence very 	I ,2,3-triazole (5) and 1,2,3,4-tetrazole (6). 
delocalised orbitals; this is clearly observed in the 
6a'-8a' levels of 1,2,3-triazole. We may thus con- so that some overlapping is occurring. Our calcul-
dude that eight valency shell orbitals, five o-(a') and ations confirm the anticipated effect of substitution 
three ,r(a"), remain to be assigned in the present of CH by N in the ring, transforming one or-level 
investigation. In practice we observe 5,6 or7 bands from largely C —H bonding to N: lone pair 
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character. The binding energy of the orbital in this 
substitution will thus be markedly decreased, while 
the reverse tendency should occur with the other 
orbitals owing to the general effect that an increase 
in nuclear attraction leads to a lowering of the 
eigenvalues. These effects are found to occur; while 
pyrrole has two clearly separated bands in Region 
A, pyrazole has three and I ,2.4-triazole has four 
(two of which overlap considerably). Region B 
correspondingly shrinks in width and overall 
intensity, while Region C is unaffected except for 
the expected shift to higher binding energy. 

The assignment of this single level in Region C to 
7a 1  in pyrrole and I Ia' in the azoles is a key step in 
the overall assignment. It is based upon the obser-
vation that it is well separated from the other 
bands, has moderately high intensity and hence 
largely p-orbital character; the calculations show 
that a band is expected to occur in this region which 
derives largely from p-orbital components from the 
ring atoms towards the hydrogens of the a-positions 
with respect to the NH group. The seven outstand-
ing bands in regions A and B combined can then 
be divided on experimental intensity and calculated 
groupings to be in the following ratios (A: B): 
pyrrole, 2:5; diazoles. 3:4; triazoles, 4:3; tetra-
zole, 5 :2. Region A contains 2v+ (n -  I )o' levels, 
where a is the number of ring nitrogen atoms. The 
calculations suggest that in all the compounds 
studied, the Ia 2(3a') it-level is the least strongly 
bound; assigning the first band in each spectrum to 
this level and the band near 18 eV to 7a, (I la') 
suggested that the ratio of observed I P to calculated 
eigenvalue was consistently about 081. The whole 
set of 48 points were then plotted as a graph of 
observed IP against calculated eigenvalue (Fig 2), 
using the intensity ratios of the regions A and B and 
assuming that the calculated orbital ordering was 
correct. The two sets of data correlate well, the 
best straight line having a slope of 0799±0023, 
while the maximum deviation from the line is 06 
eV and the standard deviation is 0-4 eV. Bearing in 
mind the uncertainties in the geometries used for 
some of the molecules and the limited size of basis 
set, this is an excellent correlation and justifies the 
assumption that the ordering of the energy levels is 
correctly calculated. The third it level (la"; lb 1  for 
pyrrole) may be assigned to the high IP end of 
region B, as suggested by the calculations, rather 
than to the low IP end, as assigned by Lindholm 
for pyrrole. No distinct band appears for this level 
in any of the compounds in the present study. 

Vibrational structure 
As mentioned earlier, only bands in region A 

(upper it and N lone pair levels) show vibrational 
structure. We find two modes excited in the first 
band of pyrrole, and these have frequencies of 
1020±40cm and 1370±40cm 1 ; we assign 
these two modes to the skeletal stretching fre- 

quencies of A, symmetry which are at 1148 cm' 
and 1472 cm' in the ground state molecule, thus 
suggesting a reduction of about 10% in the fre-
quencies for the ion. Lindholm, 12  using H Lyman a 
(1215 A) excitation and higher resolution, observed 
four vibrational modes for this band, two of which 
correspond with our modes. However, we do not 
agree with his assignments of these bands to those 
at 1017 cm- ' and 1387 cm' in the free molecule, 
since it seems unlikely that removal of a bonding 
electron would leave the molecular vibrational 
frequencies essentially unchanged. Furthermore it 
is clear that both the published assignment' 3  of the 
vibrational spectrum of pyrrole and Lindholm's 
reassignment are incorrect, since the line at 1387 
cm appears only in the spectrum of liquid pyr-
role and not in its gas phase spectrum. 

Imidazole. 1 ,2.4-triazole and I .2,3,4-tetrazole 
also give bands containing two vibrational modes, 
which again appear singly and in combination; in 
the last case all of the combinations up to 3a+2b 
(where a and b are the apparent fundamentals) 
occur. The magnitudes of the two fundamentals. 
which are given in Table 2 are similar to those 
found in pyrrole, and we feel it is likely that they 
may be assigned to the two most symmetric skeletal 
stretching modes in each case. 

In 1,2,3-triazole, as in the second band of pyr-
role, only one vibrational mode appears to be ex-
cited, though a short progression appears. In 
pyrazole a more complex pattern appears with 
three or possibly four modes excited. The lowest 
frequency, of 660 cm'. does not correlate well 
with the A, frequencies of pyrrole, the lowest of 
which is at 882 cm'. We propose that an in-plane 
deformation mode may be involved, but in the 
absence of a complete assignment of the vibrational 
spectrum of pyrazole, this remains to be confirmed. 
The third band of tetrazole shows two funda-
mentals, and is the only band in this set of mole-
cules to be assigned solely to a nitrogen lone pair 
in-plane level. The higher frequency mode has an 
energy (1470 cm -1) very close to that expected for 
an unaltered skeletal stretching vibration, found for 
instance at 1472 cm' in the pyrrole ground state 
molecule. 

Detailed description of tile molecular orbitals 
(i) Core levels. The orbitals la' to 5a' (2 to 6) 

and la, to 3a, with lb2  and 2b2 (pyrrole, 1) are high-
ly localised Is levels (eigenvectors about 098). The 
nitrogen atom attached to hydrogen (N, in all 
cases) has the highest binding energy while a nitro-
gen atom in the a-(2,5-) positions is more strongly 
bound than one in the f3-(3,4-) positions. The carbon 
Is levels move smoothly to higher binding energy 
as more nitrogen atoms are incorporated into the 
rings. The separation of the levels calculated here 
(Fable 3) is likely to be larger than experiment, and 
this can be largely explained by the limited size of 
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Table I. Vertical ionisation potentials (eV) and assigned energy levels 

.2 	 3 	 4 	 5 	 6 	Regions 

823 Ia 2  878 3a" 915 3a' 100 3a" 1006 J 	3a" A 
113 ISa' 

922 2b1 2a" 988 2a" 1056 ISa fiSa' 14a' 
103 )l5d 107 15a' 11-1 2,11 109 2a" 

1215 14a' 121 14a' 121 2,11 

1285 9a 5  1363 13a' 
1365 6b2  137 14a' 114a' 
143 51b 2  140 13a' 136 

113a' 146 l3a' 15-0 13a' 
J8a 5  14-7 la" 14-7 Ia" IS-I 12a' 12a' 16-1 [12W B 14-7 lb, 15-3 12W 15-1 12W 16-0 In' 15-6 la" L 	la' 

17-5 7a, 17-9 1 la' 17-5 1 In' 18-2 1 la' 17-6 Ha' 18-5 I la' C 

Table 2. Vibration frequencies excited in spectra of azoles 1-6 

Suggested 
Azole 	1 	 2 	3 	 4 	 5 	 6 	assignment 

Band 	i 	2 	1 	2 	I 	I 	2 	3 	1 	2 	I 	3 

82 	 In-plane 
(660) 	 deformation? 

126 	125 	120 	100 	112 	130 	130 	110 	131 	120 	100 	123 	"Breathing" 
(1020) (1010) (970) (810) (900) (1050) (1050) (900) (1060) (970) (810) (1000) vibration 

170 	163 	140 	130 	147 	 145 	182 	Symetric 

	

(1370) 	(1320) (1130) (1050) (1190) 	 (1170) (1470) skeletal 
stretch 

Note. These figures represent a plausible choice of fundamentals in each case sufficient to explain the observed 
patterns, which include up to 12 peaks. In each case all observed peaks can be explained as combinations of the 
fundamentals listed. The units are meV (values in cnr' in brackets). 

the basis set. Gas phase measurements would be 
necessary for comparison since the molecules form 
hydrogen bonded polymers in the solid state. 

The molecules 1-6 are aza-analogues of the cyclo-
pentadienyl anion (D Ib symmetry), but of lower 
symmetry (C 2, for 1, C, for the others 2-6). The 
splitting of the cyclopentadienyl anion e and e 
levels in the series 1-6 is comparatively small 
being typically 06 and 04 eV respectively in the 
orbitals 6a/4b 2  and 8a1/5b 2  for pyrrole, 9a'-12a' 
for 2-6. However, attempts to correlate the orbitals 
of the azoles 2-6 directly back to the cyclopenta-
dienyl anion by the use of radial and tangential 
orbitals in D5 are unsuccessful; an analysis based 
upon the C 2, system of pyrrole is much more suc-
cessful and is shown in Fig 1. Thus there is an 
apparent C 2  axis for each molecule and the linear 
combinations of bond orbitals are either symmetric 
or antisymmetric with respect to this axis; of course 
the correlation is only in sign of the wave function 
and not in the magnitudes of the eigenvectors. For 
example the "lone pair" orbitals in the triazoles 
14a' and ISa', are linear combinations of approxi-
mately sp 2  hybrid orbitals centred at the tertiary 
nitrogens (NA, N 8) and are of form NA±NB. The 
interaction energy in the 1,2,3-isomer is greater  

(23ev) than in the 1,2,4-isomer (16eV) owing to 
the closer proximity in the former case. Similarly 
for tetrazole (Table 4) there is a pseudo A 1  (NA + 
N0+N) type (13a') and E (2N A -N B -- NC, 
N 0  - Nc) types (14a', ISa'). This dominance of the 
outmost cr-orbitals of the azoles by the nitrogen 
atoms both in the eigenvectors and the siting of the 
"C2  axis" is apparent in the inner valency shell also. 
The NH a-bond is not evident among the largely 2s 
levels, thus the position of the C 2  axis is determined 
purely by the siting of the nitrogen atoms rather 
than whether they are formally N or >NH: as an 
example we cite (Table 5) the orbitals Ga' to 8a' 
for pyrazole which is largely 2N  + 2sc and conform 
to the A,+ E of the cyclopentadienyl anion, or 
4a 1  + 5a1  + 3b2  for pyrrole. The only example in 
this group Ga' to 8a' where the nodal position is not 
determined purely by symmetry with respect to the 
siting of the nitrogen atoms is in 1 ,2,3-triazole, 
where the division is into bonding regions CC + 
NN (8a) and CN +CN N (7a') rather than 2CN 
(8a') and CC +NNN (7a'). The two separately 
strongly NN bonding regions, obtained are evident-
ly more favourable than the NNN system. The 
large split in the pseudo degenerate pair is much 
larger for 1,2,3-triazole (2-71 eV) and imidazole 



"a 
-a 

Table 3.1. Pyrrole (1) Table 3.2. Imidazole (2) Table 3.3. Pyrazole (3) 

Eigenvalue 	Principal Centres/bond Eigenvalue 	Principal Centres/bond Eigenvaiue Principal Centres/bond 
(eV) 	character orbitals (eV) 	character orbitals (eV) character orbitals 

a 1  a' a' 
—4279 	is N —4283 	is N —4297 is N, 
—3110 	is C' —4255 	Is N, —426-9 is N, 
—3098 	is C —3121 	is C, — 312-2 Is C, 
—3695 2s N, (C+C,) —3115 	is C, —311-5 is C, 
—3001 2s C, 
 

— N —3109 	is C 4  —3106 is C 4  
—2293 2s C,N —3869 2 N,C ("A") N, C 2s ("A") N, C 
—2129 2pc,, is C0C, —3331 	2N.c  ("E") C,N,—C4N, — 3232 2s (E") N,C,—N,C, 
—1768 	2 PN, iSH NH, CRC; —2939 2N.1  ("B") C 4C 5 , NOCZNIH 3081 2s ("E") C3C4C,—N,N, 

1602 2Pcs, 'H C,Ht C8C, - 23-79 	2s,,.,, 2PNc, 'H NH, CN —2477 2P' 1 H NH +C,H -23-71 	2N,c, 2PNc, 1 5H 	4F1 	,H — 2407 2p, 1 H C 	+C,H — CJ-I 
—3110 	is C+ —2184 25N.c, 2P5.c' i5H C,H+C,H — 2279 2p, ls C,N,,C 4H+QJT 
—3098 	is C 

—18-59 2PN.C' 1u C,,, NH 
- 19-24 2, 15 H NH—CH 

—2827 	2PN CC+CN — 17-60 2P1' 15H C,N,C,,C,H—C,H 
— 18 -59 2p, 'H C4H—C,H 

22'23 2c,', 2PyCa' 2P LN C&CiCaN 
— 17-33 	sp', 1 SH 
- 12-83 sp' 

C,H — C 411 1  C,N,C4 
N, — i7-58 2p; 1511 C4C, — C,C 4  

-17-31 2Pxc, iSH CH a" 
- i3-84 sp' N, 

- 1637 2p,, 2p 5 , iSH C0H, C,,C 
— 1857 2p, ("A") N, C a 

— 12-71 2p1  ("F') CN - 19-15 2p, ("A") N,, C 
- 17-69 2PzcN  ("A") N +C0C — 11 - 17 2p, ("E") CC, NCN - 13-01 2p, ("E") N,C,C 4  —N 1C, 
- 1165 2p75('E") — N,C 5C - ii-32 2pj"E") N 1N,—C,C,  

a, 
— 1034 2P,c  ("E") CaC 



Table 3.4. 	I ,2,4-Triazole (4) Table 3.5. 	1 ,2,3-Triazole (5) Table 3.6. 	I ,2,3,4-IH-Tetrazole (6) 

Eigenva!ue Principal Centres/bond Eigenvalue Principal Centres/bond Eigenvalue Principal Centres/bond 
(eV) character orbitals (eV) character orbitals (eV) character orbitals 

a' a' a' - 

—4295 Is N, —429-4 Is N, —4297 Is N, 
—4275 Is N, —4282 Is N, —4290 Is N, 	 o 
—4262 Is N 4  —4270 Is N, —4280 Is N, 	 0 
—3131 Is C, —3125 Is C, —4270 Is N 	 t 

—3121 Is C, —3115 Is C 4  —3138 Is C, 
—4113 2s ("A") N,+N,+N,,C,+C, —42-03 2s ("A") N,+N,+N, —4309 2s ("A") N J +N,+N,+N 4,C, 
—3440 2s ("E") N,N 2 —C,N 4C, —3469 2s N, —N, —3580 2s (E") N 2 +N 3 -2N 4  
—3273 2s (t") C,N, —C,N, —31-98 2s N,—(C 4 +C al 3455 2s ("E") N,+N,—(N,+C,) 
—25-07 2s 2p 	Is,, C,H+N,N,+C,N 4  —25-I8 2s 2p 1H  NH,N 3C 41 C 4C, —26-08 2s 2p 	Is,, (5 NH 
—24-68 2s 2p 	Is,, Cl-I +NH —24-09 2s 2p  Is,, NN +CN,CH—C,H —25-35 2s 2p 'H N,N,+C,H 	 IL 

—22-90 2s 2p 	Is,, C,H±N,C,N, —22-85 2p is,, CN,Cj-I +C,H —2326 2s 2p Is,, C,H+CN 
- 1902 2p N,C,N 4  —18-85 2P 1H C 4C,, NH —C,H - 19-56 2p N,N 2N,N 4  
- 18-76 2p C 	+CN - 18-47 2p 	'H CM, CN - 16-70 sp'('A") (5 N 2 +N 3 -f-N 4  
- 14 92  sp' N 2 +.N 4  — 15-16 sp' N,+N, - 13-73 sp'("E") N N, — N4 	 o 
- 13-34 sp' N 2 —N 4  - 12-81 SP  N,—N, - 13-50 sp'(E") 2N,—N 2 —N 4  

a" a' a" 
—19-72 2p, ("A") N,+N 2 +N 4 ±C,±C, —19-90 2p, N,+N,+N,+C4 +C, 20 2p("A") N,+N 2 +N,+N 4 +C, 
- 13-42 2pj'E") N, —C,N, -13-71 2p, N,C4—N,C, - 14-47 2p, ("E") N,CcN,N,N4 
—12-50 2p, ("E") C,N 2 —N 4C, —12-35 2p, (N,+N 2 ±N,—C 4 ±C,) 2P. ("E") N,N 2 —C,N 4 	 - 

-a 
'0 
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ised and consist of NH with C 0H in 3 and 4 for 
example; similarly 8a 1  in pyrrole (CnCp+C aH 4) 

correlates with those 1 Ia' orbitals with largely 
transverse CH components-0 5H with less C 4H in 
3 and 5, C 2 H +C5H (2), C 5H in 4 and 6. Further 
considerations of this type lead to the complete 

Table 4. Tetrazole lone pair orbitals 

l5a'-0822N 3 +0444N4 +0424N 2  "F' 
14a' 	—0763 N 4 +0576N 2  "E" 
13a' —0455 N 3 -0382 N 4  —0629N 2  "A" 

Table 5. 2s Levels in pyrazole 

8a' 0213 N, +0331 N 2 O'165C2 O398C4  0'305C 5  "E" 
7a' 0424N, +0369N 2 -0353 C3 +0245C5  
6a 0500N, ±0358N 2 +0132C:,±0096C 4 +O168C, A 

(392eV) than for the other compounds (1'6eV). 
That in imidazole may also be a consequence of the 
absence of NN bonds. 

The centre group of valency shell o-orbitals 
contains the main XH bonding levels, together with 
CN and CC bonding. Again the pseudo "A,+ E" 
system occurs, but the separation of the pseudo 
"E" type orbitals is more variable. The orbitals 
9A' to 13A' (Ga, to 8a,, 4b 2  and 5b2  for pyrrole) are 
strongly influenced by the NH position and contain 
nodes through the NH (along the y-axis) or across 
the ring at right angles to it; the principal orbitals 
are correspondingly largely (2p, :t 2S)N.0 ± Isa and 
(2p ± 2s)NC ± I s,  and it is convenient to refer to 
this as longitudinal and transverse polarisation of 
the orbitals respectively. This does not infer polar-
isation in the sense of molecular charge separation 
as in a dipole moment, since as in pyrrole (Fig 5) 
transverse polarisation (for example 7a,) leads to a 
zero dipole moment vector component in the 
x-direction. There is some vestigial character of the 
radial and tangential character of the E orbitals of 
the cyclopentadienyl anion in 7a, and Sa, of 
pyrrole respectively, but this is still less evident in 
the other azoles, such that it is better to regard 
these as CC Ø ±CH and CaC+CvH bonding 
respectively where the superscript sign + indicates 
symmetric (a,) or - sign an antisymrnetric (b 2) 
combination (see Table 3.1). All of these orbitals 
contain I s o  together with sand p character from the 
ring atoms. The longitudinal or transverse polarisa-
tion allows a direct correlation with the orbitals of 
pyrrole. Thus 6a 1  in pyrrole (NH ±CH) corre-
lated with 9a' in all azoles (except I ,2,4-triazole 
where it is ba') which are all longitudinally polar- 

S® 
S® 

e 
7A,in1 	 8A,in1 

p x 

Fig 5. Transverse (7A,) and longitudinal (8A,) polarisa- 
tion of orbitals in pyrrole. 

correlation diagram shown in Fig 1. The compli-
cation is in the cases of accicental degeneracy 
where it is apparent that both orbitals have mixed 
character; this is the case with 9a' and lOa; and 
13a' and 14a' in imidazole and 12a' and 13a' in 
1,2,3-triazoles. Finally the orbitals 12a'-15a' in 
tetrazole cannot really be correlated directly with 
the same group of orbitals in the other molecules; 
this is especially true for the symmetric lone pair 
combination 13a' and the immediately lower orbital 
12a'. 

The ii-  orbitals similarly correlate well with the 
A, ± E ,r-levels of cyclopentadienyl (D Sh); the 
separation of the two levels at lower IP (lb, and Ia 2  
for pyrrole, 2a" and 3a" for the others) is almost 
invariant (15 ±03 eV) throughout the set. The 
most strongly bound ir-level is a totally symmetric 
combination of Pz  orbitals in each case, while the 
others have a single node each, passing through 
NH or perpendicular to it respectively. 

CONCLUSIONS 

Leaving aside the question of whether Koop-
mans' theorem has validity here or elsewhere, or 
what form of relationship should hold between 
eigenvalue and photoelectron energy levels, we 
observe that a linear relationship between these 
two variables holds over the first seven observed 
levels and has the form (IP)expt1 = 0799 (IP)caic. 

The lone pair levels are heavily localised on nitro-
gen, but occur as linear combinations where more 
than one lone pair exists. The other molecular or-
bitals of the valency shell are heavily delocalised 
but their principal components determined by the 
calculations assist in the correlation through the 
use of relative intensity, and the known different 
cross sections to 2s and 2p electrons. 
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Photoelectron spectroscopy has rapidly become the major method for investigation of 

molecular energy levels line assignments are generally made on the basis of chemical 

intuition or semiempirical molecular orbital calculations. Thus for the azines two groups 

of workers 2,3 have arrived at different conclusions. The present work used minimal basis 

set (cf. Reference 4) non-empirical calculations and leads to firm conclusions, both for the 

known and unknown azines. The total energies and binding energies (Table 1) show that the 

binding energy decreases as the value of n increases in C 6-n 6-n n 
H 	N , but that 1,2,3- 

triazine, and 1,2,3,4- and 1,2,3, 5-tetrazines should be stable in contrast to pentazine or 

hexazine. 	 - 

Table 	1 

Molecule Total Energy (a. u. ) 
Binding Energy 	(kcal/ mole) 

Pyridine -245.76489 -597.5 

pyrazineb -261.559 _4449 

Pyridazine -261.68003 -438.9 

Pyrimidine -261.67872 -438.0 

1,2,3- Triazine -277.59443 -279.8 

1, 2, 4- Triazine -277.61161 -290.6 

1, 3, 5- Triazine -277.54134 -246.5 

1, 2, 3,4- Tetrazine -293.51233 -122.6 

1,2,3,5-Tetrazine -293.54386 -142.4 

1, 2,4, 5- Tetrazine -293.47477 - 	 99.31 

Pentazine -309.39321 + 57.4 

Hexazine -325.28963 +227.6 

Binding Energy = Molecular Energy - EAtom Energies. 

Data from Reference Sb, which used a similar basis set, is included for 

completeness. 
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The corresponding molecular orbital energies, 

correlated with the known experimental ionisation 

potentials via Koopmans' Theorem, lead to the 

linear relationship IP 	= 0.785 	IP 	+ 0.33ev A lbs 	 calc 10 	 D 
shown graphically in Figure 1 ( the standard / - 'B 	C/ 
deviations in slope and intercept and the overall fl, 

-. 
standard deviation are 0. 01, 0.2 and 0.54 eV  - - 	- - -.----. 
respectively); the line is effectively identical to that 

- 
-. 	 -- 	 .- 	 - - ---------------------------------- ---

found for the azoles 
4  . 	The usual semiempirical 

-, - -- - 

methods lead to the following results (method, slope, 
20 

intercept, standard deviation in slope, standard 
eli 

deviation in intercept, overall standard deviation):- " 	
'- 

CNDO-2, 0.546, 3.71, 0.015, 0.34, 	1.03; 
------- 

INDO, 0.504, 4. 98, 0.022, 0. 52, 1.69; - 

Extended Huckel Method 2 	1.359, -7.49, 0.037, -: 

0.651, 	1.05. 	It is clear that the scatter is much 30 
worse in these methods than in the LCGO calculations. 

Furthermore graphical presentation of these results 

shows that the major groupings of the experimental -. 

spectra are only reproduced well by the non- " 
---------------- - --------

empirical calculations (Figure 2). 

For pyridine, the present work (as in previous 40 	 -. 
6 

calculations 5a, 
	

) gives the I.?. order Is 	2b 1  

1 Ia 	in contrast to the order from the earlier 
2,3 

assignments. 	r ordering agrees almost 

completely with Lindholm' s 2  Extended Huckel 

calculations for pyrimidine, pyridazine, 1,3,5- -- 
50 triazine and 1, 2,4, 5-tetrazine, and contrast with 

those of Heilbronner et al. 3  -. 

Although the symmetry of the molecules 

• 	H 	N 	n = 0-6 varies from D 
	

through 
6-n 	6-n 	n 	 6 

• 	to C , all of the molecules show pseudo D 
2v 	s 	 6 Fig. 2. 	Correlation of 

(e.g. C 6 H6) symmetry, in that the orbitals can be 
Experimental (A), LCGO (B), 

classified on the basis of their eigenvectors into 
CNDO2 (C), INDO (LI), EHM (E) 

the D 6 types. 	This leads to the correlation Orbital Energies for 1,2,4,5- 
diagram (Figure 3), and allows an explanation of 

Tetrazine, 
the apparently anomalous "lone pair" orbital 
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combinations which are calculated for some of the molecules. The filling of the o-orbitals 

from low to high binding energy is in the same order as benzene namely 3e 2g'3e1.2b10. 

Thus if the lone pair orbitals at centre i are given by N. l  with the corresponding D 6h orbital 

in brackets, then for 1,2,1-triazine the calculated combinations are ,18a' (N1 -N2+N) 

(e 2g ) ha'. (N 2  + w) (e 2g ). 16a' (N 1  - N) (e1 ); l,2,3, 14-tetrazine has 9a 1  and 10a  

(N2  + N) (e1  and e 2g  respectively), 8b  (N2  - N) (e 2 ), and 7b  (N1  - N) (e 1 ); 1,2,3,5-

tetrazine has lla' (N i  + N) 	(N2  + N) (N 2g) ba' (N2  - N 
5 
 ) (b1). 9a' (N i  + N2  +N - N) 

(eiu ). Th2  (N1  - N) (e 25 ). Combinations for the remaining azines can be interpreted in 

similar terms. 
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Fig. 3 Correlation of Theoretical (LOGO) Orbital Energies in the Azines. 
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Fig. 1 Least Squares plot of Orbital Energies as lonisation Potentials. 
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