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INTRODUCTION 

To date, numerous ab initio studies of first row atom containing 

molecules have been performedm One of the objectives of these calcul~ 

ations has been the determination of an optimum basis set for use in 

further studiesQ Since ab initio calculations invo1ve large numbers of 

complex integrals~ the use of gaussian expansions of Slater type orbitals 

has evo1ved 1- 5• The main advantage of gaussian functions is the rela= 

tive ease of integral evaluation in this basis as compared with Slater 

orbitals. The validity of such expansions has been judged on the basis 

of agreement between theoretically calculated molecular properties and 

experimental valueso 

Of the many ab initio calculations involving first row atoms, 

a fair proportion has involved the use of a minimal basis set. Such a 

basis set is defined6 to consist of only those atomic orbitals which 

are occupied in the ground state of each atom constituting the molecu1e0 

Pople and various co-workers 2 •7-9 have been responsible for a signifi~ 

cant portion of the exploratory work in this field0 Their investi~ 

gations have been focused on first row molecules in an attempt to 

extend ab initio calculations to relatively large organic systems. 

An immediate problem encountered in such an extension is the choice of 

a suitab1e gaussian expansion for the basis setw Some investigators 

have used fairly large gaussian representations and have consequently 

been 1imited to sma11 molecular systemsa Pople and co~workers h~ve 



opt~mi~ed the ~~~e of expansion appropriate for future work with large 

molecules and have found th~t th® monimum size required for ~n adequate 

represent~tfon 'In such c~1cu1ations consists of thr~® g~uss!an functions 

per Si~ter orbitalo Thes® f~ndings provid~d the basic ~ncent~ve for the 

calcui~tions to be report®d in th~s thesiso 

A natural ext~nsion of these minima] basis caic~iations as to 

se~ond row ~tom co~t~ining mo1~cy]eso ~n this work the use of a minimal 

basis for second row mo~ecu1® ca1cu1~tnons h~~ been nnvestigatedo 

Preliminary calcu~ations have be®n ~~mited to three su]phur contaijn~ng 

mo]~cu1e~ = c~rbo~ mono~~iph!de~ hydro~~n su1phude 9 ~nd $~]phur dioxide 

=with the ~s~umptto~ th~t the~e mo]~cule~ should be f~ur]y r~pr~sent

ativ~ of the b~havio~r of ~e~ond raw ~tom~ in gener~1~ 

Ther~ ~~lsts ~n ever=increa~f~g ne®d for th~ @~tension of 

theoret~~a] ~~~~u]atijons t© ~®~ond raw ~y~tem~ 9 since th~ m~jority of 

mo1e~u1es of bio1ogic~1 ~nd geo1~g~~~1 ~~gnifi~~n~e ~ontain ~~ements 

su~h as phosphor~~ 9 ~u]phur~ ~h1orW~~ 9 ~nd ~i1i~©no Ab i~itfio c~1cu~ 

Uation~ are nmpr~~tu~~1 wher~ ]~rge mo1ecul~r sy~tems ~re ~©n~ernedv 

s~nc® the si~® of syst®m which may be ~tudied as limited both by the 

n~ture of compwt6ng f~cl~ot!es requured and finan~n~~ co~§nderat~o~so 

ton§~qu~nt]y 9 ~b i~ntNo ~~1~~1~t!on§ ar~ oft~n not ~ppropro~t~ for 

th~ 1~rge blo~ogi~~l]y ~mp©rt~nt molecYi®§ or ]~rg~ §H~ije~te molec~~~§ 

wh~~h are of ~~t~r®~t to th® ~eo]ogo§to Howev~r 9 ~ potento~l]y r~ther 

attractive m®thod of mo1®eYi®r orbit~1 §t~d~~~ ~pp~i~@bi® to th~se 

el~ss®s of eompou~ds O§ ~v~~1~b1~ H~ th® form ©f th~ s®mi=emp!ric~] 

treatm®nt wh~eh h~s prov®n qYot® sY~ees~fu~ for large first r~w 
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10 molecules . Although an attempt has been made to extend methods such 

as CNDO and INDO to second row atoms, 11 initial results have been dis-

couraging. There exists an obvious need for improved parametrization 

in such calculations. This could be achieved if a variety of reference 

ab initio wave functions for second row molecules were available for 

comparison. One of the aims of the present series of calculations is 

to provide at least a fraction of such reference wave functions. Those 

wave functions obtained in the course of this work are for minimai basisp 

and minimal basis extended to include d, ab initio calculationso 

An additional factor of considerable interest in this type of 

computation Is the effect of extension of the minimal basis to include 

3d functions centred on the second row atom. Some preliminary calcu

lations have been attempted 12 in an effort to ascertain the suitability 

of the minimal basis set for second row molecules. These however, made 

no consideration of the effects of 3d functions. It is nevertheless 

widely believed that these orbitals are probably required~ even in the 

most naive treatments, for a satisfactory description of the electronic 

properties of second row molecules. 

In order to assess the importance of d orbitals in the molecular 

bonding of some sulphur compounds, it was decided to compare results of 

two series of calculations. One series involved only the minimal basis 

set,. the other an extended set in which the exponents of the included 

d orbitals had been optimisede The criterion chosen for assessing the 

involvement of d functions was the agreement between theoretically 

computed molecular properties = such as dipole momentp ionization 



potential, optimum bond lengths and bond stretching force constants= 

and the experimentally observed values. 

The results presented in this work should be of particular 

interest, as for some time there has existed a dispute pertaining to the 

exact nature of the contribution made by d orbitals to the molecular 

bonding. This problem has been studied theoretically by both electro~ 

static and molecular orbita1 approaches. Using a point charge model~ 

Craig 13 determined that d orbitals do contract in the presence of a 

potentia~ field due to ligand chargese The extent of contraction found 

is considered sufficient to make plausible the participation of these 

functions in the molecular bonding of second row molecules. More 

recently, there has been considerable effort made to determine whether 

4 

d functions are utilized an bonding and also to establish more definitely 

the nature of their rolea Several ab initio studies have indicated that 

d orbitals are indeed essential to bonding of second row atoms 14- 18 . 

The major source of dissension h~s been provided by results 

of various experimental investigations concerned with aromatic sulphides 

and heteroatomic compounds of divalent sulphur. For instance~ the 

interpretation of the hyperfine splitting constants obtained in electron 

spin resonance studies of the dibenzothiophene, dibenzoselenophene and 

dibenzofuran radica1 anions has been made using two mode1s 19 • It was 

found that the correct interpretation of the spectrum for both dibenzo~ 

furan and dibenzothiophene could be obtained without inclusion of d 

orbita1so In fact, the model in which d orbitals of~ symmetry were 

considered produced incorrect spin distributions. 



A more extensive spectroscopic study of this type of sulphur 

20 compound has indicated that 3d orbital participation, if it exists at 

5 

all~ does not modify the molecular properties significantly. One notable 

exception is thi9phene, nn which the sulphur 3d orbitals are thought to 

be involved in the ~ system. However, ab initio ca1cu1ations21 in which 

the effects of inclusion of d orbitals on sulphur in thiophene were 

studied, have indicated that the role of d orbitals is a minor one, which 

in fact is probably overestimated by the nature of the basis set. 

~t is hoped that the present series of calculations will provide 

further insight into the resolution of this dichotomy. 



CHAPTER ~ 

THEOREJ~CAL BACKGROUND 

Theoretic~) c~1cul~tlons presently In use for the invest~g~tion 

of molecular properties by the mo1ecu1ar orbit@) method f~]l into one of 

two c~t~gor8es = desi~n~ted ~s ~b initio and semi=empiric~lo ~n ~b initio 

calculations~ ~]1 electrons @fe considered simultaneously and the e~act 

non rel~tavistlc Hamoltoni~n is used to obtann a solution to the 

Schr~dinger equatao~o Those i~t~gr~ls ~nvo1ved in obt~sn~ng @ solution 

are ev~~u~t~d eith®r exp1Wcit1y or by numeroc~] ~thods~ but this ~pproach 

entai~s the ev~~u~toon of ~11 integra1s 9 both one= and two=el®ctrono ~n 

semt~~mpir~c~l c~1cYi~ti©fi§ 9 ©~~y th® e]e~tron~ consider~d to b~ th® most 

amport~nt to th~ m©]~~u1~r bo~da~g ~r® ~on~id®r~d ~~p~ic~t~yo ~ntegr~l 

evaluation i~ ~ump1ifi®d by Y~e of v~r~~~~ ~pproxim~t!on~o t~rtafn 

integr~1s m~y be fi®gU®ct~d ~1t©geth~r 9 whil® oth®rs ~re ~~~tg~®d v~1ues 

on the basis of exp~rum~nt~] d~t~o ThYs 9 although the fund~m®nt~i 

~deology fis the same an thes~ two ~ppro~ches 9 th~ m~them~t6c~1 tre©tm®nt 

diff~rs in both comp1®~8ty and ~~opea These differ~nces shou]d b®com® 

~pp~rent a~ the m®thods ~r® d®s~rib®d in th® fo11owong outl~neo 

~ o]o ROOfHAAN°S EQUAf~O~S AND SElF CONS~STEWT FIEl~ THEORY 

Th® pYrpos~ of ~~y m©l®~Y~~r orb~t~1 caicY]~t~on is to obt~ifi ~ 

so]ut~o~ of S~hr~d!~g®r 0 ~ @~~ati©fie which ij~ ~orm~1]y st~t®d fin fits tn~ 

n~dep@nd®~t f©rm ~~~ 
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( 1.1) 

In this equation,~ is the Hamiltonian operator, which consists 

of a sum of one and two electron contributions, W us the wave function, 

depending on the electronic co=ordinates and E is the energy& 

The method of solution in the case of a polyatomic, multi-electron 

molecular system is based on Fock 1s procedure for solving a multie1ectron 

closed shell atomic problem. An outline of the derivation of Fock's 

equations is given in Roothaan 1s classical paper22 which presents a 

mathematica] formulation of the linear combination of atomic orbitals 

approach with in the Hartree-fock method., 

In the derivation of the Hartree-Fock equations, the molecular 

wave function Is represented by an antisymmetri~ed product of one electron 

molecular spin orbitals .. The usual notation for the wave function is: 

where N = 2n is the total number ©f electrons and the ~c are molecular 
I 

orb i ta 1 s 8 w i th $a de not I ng a a s pi n • 
i 

it , the total Hamiltonian operator occurring in equation (IQ1) is 

given by the sum of one and two electron contributions,f!l andKz 

respectively; tn atomic units~ 

ZA 
[- E (~V~) = E E -== ] 

q A q rAq 
+ I: I: 

q>s 

oal 
r 
qs 
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The one electron contributions consist of kinetic energy and 

nuclear electronic attraction terms, and the two electron term represents 

electronic repulsionso v2 is the differential operator for kinetic 

energy, ZA refers to nuclear charge on centre A, rAq and rqs represent 

nucleus to electron and inter-electron distances. 

To calculate the total energy of the system it is necessary to 

evaluate the integral, over both space and spin coordinates of all the 

electrons: 

Considering first the one electron contributions: 

~1 (- w.v2 ZA 
H (q) (I ~ 5) ~ E ~--) = I: 

q 
2 q rAq q 

J Vf* H (q) Vf d; 
1 

E I: (=l)P (-l)pu P{cp1(1) <1>1(2).~ •• = (2n}1 p fH 
( 1.6) 

• G T (2n)} H (q) P 1 { $1 ( 1) 4)1 (2) •••• 1- (2n) }d-r 
n n 

where P~ Pg are operators which permute electrons among the molecular 

orb ita 1 s & 

Since it 8s simpler to work with ~n orthonormal set~ it may be 

assumed without loss of genera1ity that the MO satisfy the following 

condition: 

~ the Kronecker delta (I o 7) 
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Because of this condition, the only non zero contributions to the 

one electron terms are those for which P and P' are identical, and since 

the electrons are indistinguishable, the value of this integral is 

identical for all 2n electrons: 

~ '¥* H ( 1) '¥ dT = (~~)! ~ J P{cf>I (I) 4>1 (2) •••• 4>0 (2n)} 

(I . 8) 

x H(l) P{<f>l(l) (fi(2) •... ~(2n)} d-r 

j l itl '¥ dT 
n 

= 2 E H •• (I . 9) 
i=l II 

where Hi i = J 4>~(1) H cj>i (1) d-rl (1.10) 

Similarly for the two electron terms, because of indistinguish-

ability of electrons, each contribution is identical and the total number 

of these terms is ~(2n)(2n-1) 

(2n) (2n-1) 
(2n) I 2 

p P' J E E (-1) (-1) P {<f>l (1) 11(2) .. 
p P' (1.11) 

This integral evaluation is more complicated than that for the 

single electron terms since now the non zero terms include permutations 

which differ by the interchange of two electrons. 



For the case where the two electrons are assigned to the same 

orbitals in both permutations - that is where the permutations are 

identical, there are four contributions in total: 

and the corresponding a spin integral, and: 

J ~"(~(I) '; (2) 

j ~ '~ ( 1) ~ (2) 
~1 

1)"'12 

Integrals of this kind are coulomb integrals and generally 

denoted: 

J •• 
I J 

(I o 12) 

(1.13) 

( L 14) 

(I. 15) 

10 

!f the two electrons are assigned to the same molecular orbital, 

their spins must be different, and only two of the above contributions 

occur Q 

The other type of non zero two electron integral occurs when the 

spatial orbitals of e1ectrons i and j are interchanged in the two 

permutations& Here only two contributions arise: 

j j • ~ (I) '; (2) 

and H ~(I) ~(2) 

(I o 16) 

(I . 17) 



These are the exchange integrals, symbolized by K .. ; these 
I J 

always occur with a negative sign since the two permutations are of 

different parity. 

The complete expression for the electronic energy becomes: 

n 
E = 2 E H .• + E J i i + E (2J .. - K •• ) 

i= 1 
II • -:!-. I J I J 

I J 

(I. 18) 
n n n 

or E = 2 E H •• + E E (2J .. - K •• ) 
i =1 

I I j I J I J 

Now that the energy expression has been derived, the variational 

method is applied, and the energy is minimized with respect to the 

molecular orbitals~. by use of the method of undetermined multipliers. 
I 

This procedure results in a set of dffferential equations: 

where 

and 

[Hcore + E (2J.- K.)] ~. 
j J J I 

= Ee: •• q,. 
j I J J 

i=1,2 •••• n 

Hcore is the H(q) defined by equation (1.5), 

J -~. (\.1) 
J I 

= 

= 

(I • 19) 

11 

The quantity represented by the square brackets in equation (I .19) 

is the Fock operator F and the equations themselves are known as the 

Hartree-Fock equations. 
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Roothaan~ in order to simplify the solution of these 

equations proposed the use of the linear combination of atomic orbitals 

{x) to represent molecular orbitals (~.)o 
~ I 

(I o 20) 

The c 0 refer to the coefficients of the vth atomic orbital !n the ith 
lll 

molecular orbital" In this approach the energy is exp·ressed in terms of 

the set of coefficients. {c .} and the energy is minimized in accordance 
'Ill 

with the variational method, with respect to the coefficientso The 

energy expression in the LCAO-MO SCF procedure is: 

e = E P H - ~ I: P llV P A.o [ { lJV/ A.cr) - ~ ( llA/vcr) ] 
ll'IJ llV lJ\> vv:>t.a 

(llv/A.cr) 

Upon application of the variational method to the above energy expression, 

the set of resulting equations in the LCAO-MO SCF procedure is: 

where 

E (F = e. S ) c . = 0 
l.J'V I lJV VI v 

F » the Fock operator: 
~rv 



H. + 
lAV 

E PAa [(~v/Aa) - ~(pA/va)] 
ft. a 

I F = Se: I gl 0 

13 

( ~ • 23) 

as~umption of an initijaU ~~t of ~ 8 to b~ u~®d in ~v~~uation of th~ 

i~itiaU Fo~k matri~o Th8~ Fo~k m~tr~~ us th~n used to solv® the s~~u~ar 

formul~~ for th@ tra~~~t and sang]®t stat® en®rgieso 

Popi® ~nd N®sb®t23 hav® d®v®1op®d an open sh®]~ th®ory app1icab~e 
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sets of molecular orbitals~·{~~} and {$~}0 ForM alpha spin electrons 
I ! 

and N beta spin electrons the wave function is given as: 

~o = [(M+N)!]~~ E(-l)p P{$~(1) a(l) ~~(2) a(2) .... ~~(M) 
p 

a(M) ~~+l (M+l) 8(M+1) .... ~~+N(M+N) S(M+N)} 

(I • 25) 

By applying the standard procedure~ as outlined for closed she11 ground 

states, to this type of wave function, it may be shown that the energy 

for the open shell system of (M+N) electrons is given by: 

a a a+S a+S 
E = E H. + E Ho + ~( r E 

I i j 

a a 8 13 
Jij) ~~(I: E + E E) K •• 

j j IJ 
(I. 26) 

·Then, by use of the variation theorem, it is found that a so1ution for 

the open shell case is dependent on two sets of matrix equations: 

(1.27) 

where 
(I .28) 

The results reported in this thesis were for ab initio calculat

ions using the POLYATOM24 system of programmes; the open shell 

calculations were of the unrestricted type. 
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i .2 BASIS SETS:- GAUSSlAN VERSUS SLATER FUNCTIONS: 

Two types of function are most often used to comprise the basis 

set in the lCAO approach; one possible choice is the set consisting of 

nodeiess Slater type exponential functions, having the general form: 

n-1 ( ) -a. r Sj = r YJm 8, ~ e I (I .,29) 

where v1m(ell ~)are spherical harmonics, r the radial distance, 1, m, 

n the quantum numbers and a.. the exponential parameter v1hich may be 
I 

optimized within the molecular calculation or assigned an a priori value 

on the basis of Slater 1s rules25
o These functions have been widely used 

since their analytical form represents adequately the atomic orbital, the 

cusp condition being reproduced at the nucleus. Furthermore, calcu-

lations using a Slater basis converge fairly rapidly. The major 

disadvantage of these STO is the intractable nature of the complex multi-

electron, multi-centre integral evaluation. 

Boys, 26 in 1950 first suggested and formulated the use of gaussian 

type functions as an alternative basis set. In his work, he derived 

equations necessary for evaluation of integrals over gaussian functions. 

A gaussian type function, on a centre A is normally represented: 

(I. 30) 

where a. is the exponential parameter, either chosen on the basis of 
I 

previous atomic calculations or else optimized within the calculation. 
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= (x - A ) 2 + (y - A ) 2 + (z - A ) 2 
X Y Z 

(1.31) 

(x, y, z) representing co-ordinates of an arbitrary point in 

space, and (Ax, Ay. ~) the co-ordinates of centre A. 

1, m, n are parameters, the value of which is determined by the 

orb i ta 1 type: 

s type: = m = n = 0 

p type: = 1; m = n = 0 etc. 

d type: = 2; m = n = 0 etc. 

With recent advances in computing facilities, Boys' approach has 

since been extended and applied to various problems, including molecular 

calculations. In his review article, Shavitt27 discusses the methods 

used to implement this approach and presents the formulae required for 

integral evaluations in a more comprehensible form. The great advantage 

of these gaussian functions over Slater type functions is realized in the 

comparative ease with which multi-centre integrals may be evaluated. 

The simplification ts due to the fundamental property of gaussian functions 

which permits reduction of a product of two gaussians gi (rA) and gj(r8) 

centred on atoms.A and B, respectively, to a single gaussian with centre 

Con the line segment between A and B. 
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Ol. 0 (l 0 

= ~v~{= i J AD2 ~ IN ~N ) r2} 
"? ......... I"" g '\ U!1 • ...... 0 ({" 

Ol.o+Ol.o ~ J ~ 
n J 

_ K exp(~akr~) = Kgk(rc) 

AS= [(B ... A )2 + (B. = A .. )2 + (B =A )2]~ 
X X Y '/ Z Z 

The us~fu1ness of this and other characteristic properties of 

Aithoughgaussf~h1S~re mathematically superior to Slater functiorDs 

26 for these computation~ ear1y calculations by Boys using a basis set 

inferior to the analogous ~later represent~tiono This deficiency 

functnon drops off too r~pid1ye To omprove the gaussij~n to Slater fit 9 

the use of linear combtn~tions of gaussnan type functions (lC GTF) has 

these optimtz~tions ~s th~ least squar~s f~tp which h~s been applied by 

sever~1 workers who have tabulated their resu1ts in the ]iterature3 94
p
5

0 
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By use of this LCGTF-AO approximation, it is possible to simulate 

the radial behaviour of Slater type functions and therefore approximate 

the exact orbitals to the same degree of accuracy. This procedure 

introduces a large number of additional integrals~ increasing both the 

length of time required for evaluation of molecular integrals and also 

the complexity of the programming. In addition it has been found that 

the wave function obtained with a gaussian basis set exhibits much 

poorer convergence properties than does a comparable Slater basis set 

wave function. However 9 these difficulties are more than compensated for 

by the facility of multi-centre integral evaluation. 

The computations to be reported in this work are results of ab 

initio molecular orbital calculations for gaussian expansions of Slater 

type orbitals. The programmes involved are versions of POLYATOM24 

modified for use at McMaster University. 

From the discussion presented above, it may be seen that such a 

calculation provides a potentially powerful technique for theoretical 

investigation of small polyatomic molecules. Whether these calculations 

may be successfully extended to larger systems and the changes required 

to make such studies possible are questions which remain to be settled. 

I .3 SEMI-EMPIRICAL METHODS 

Semi-empirical methods avoid the problem of evaluation of complex 

multi-centre integrals but at the same time provide a means of studying 

larger polyatomic systems. This approach usually involves a series of 

approximations made in the process of setting up the problem, coupled 

with the incorporation of experimentally obtained parameters. To date, 
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methods depemding on a wide ra.nge of approximations have been developed; 

their success has been determined by the relfability of the calculated 

molecular properties. The various semi-empirical methods available to 

the experimentalist and the nature of approximations encompassed by each 

of these have been described in a recent review article28 . 

One such semi-empirical method, perhaps the most widely applied, 

is the CNDO or complete neglect of differential overlap approximation 

developed by Pop le and co-workers 10 ' 11 ,Z9• A 1 tho_ugh this approach has 

been quite successful and therefore widely applied for first row molecules, 

extension to second row atoms has been neglected because of the Tack of 

experimental data required for parametrization. The calculations per-

formed in the course of this work were des.igned 1t1ith the objective of 

contributing towards the parametrization of CND0/2. for second row atoms. 

Consequently, it seems appropriate to present briefly the concepts 

involved in this approximation. Further details are available in a 

recently puhl i shed monograph by Pop le and Beveri~ge30. 

The fundamental approximation made in CNDO theory involves 

neglect of all integrals in which products xll(l) y~(f) occur, 11lv, for 

a basis set consisting of valence shell orbitals only. This approxim-

ation imposes the following constraint on single cel!lltre overlap integrals: 

s = Jx (1) x ( 1) d-r = o pv 11 v pv . 
(1.33) 

The constraint of neglect of differential overlap eliminates 

contribution from all two electron integrals (llV/Acr)j as defined by 

equation (I .21), except those in which 11 = v and A= a. 
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Furthermore, those two electron integrals which do make a 

contribution depend not on the type of atomic orbital, but rather on the 

atom on which the orbital is centred. These two electron integrals are 

evaluated explicitly for s type functions, on the two atomic centres: 

(~~/AA) = yAB' the coulomb integral 

(I . 34) 

In the case of one electron integrals, differential overlap is 

not neglected since it is essentially a measure of the extent of bonding 

due to overlap of electron distribution on adjacent atoms. The 

contributions to single electron energy are the following: 

H = U 
~~ lJ~ 

( I . 35) 
where 

U represents the energy of an electron in the orbital $ in 
lJlJ ~ 

the presence of its own core, the quantity (-~v2) being the kinetic 

energy and VA the potential due to the core of atom A. 

H is zero if lJ and v are on the same centre. Otherwise, the 
~v 

one electron contribution to the electronic energy is given by: 

(I . 36) 
a = !3° s = lJV AB lJV 

which is effectively the energy of an electron moving simultaneously in 
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the field of two nuc1eio This contribution is termed the resonance 

integral and given the symbol a • The contributing overlap integrals, 
lJV 

S are evaluated according to standard formulae3l. 
'J..!'V' 

Both a and U are assigned numerical values dependent on 
1JV lll.l 

experimental data and are not obtained directly through integral 

evaluation. These are the parameters in this semi-empirical method. in 

CND0/2, the U values are assigned as explained elsewhere30 on the basis 
l.lll 

of atomic spectroscopic data32 . The resonance integrals aAB are approx= 

imated by: 

(I . 37) 

where the BA are optimized by fitting CNDO wave functions to more accurate 

self consistent field calculations. In CND0/2, the final expression for 

the Fock operator is: 

and 
occ 

e 2 L 
i=l 

c . c . 
}.11 VI 

Q
8 

being the ~et charge on atom B 

z 8 ~ the core charge on B 

VAB = Z8 j XAf(l) r;~ dT 1 

Fuv = 2AB 5llv - ~puv YAB 

(I . 38) 
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m~jor probi@m a§ th@ Hack of more acc~rat~ w~ve f~nctnon$ whsch ~r® 
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CHAPTER li 

·coMPARISON'OF'MINlMAL AND'EXTENDED'BASIS'SET CALCULATIONS 

FOR THE SERIES OF COMPOUNDS:. HYDROGEN ·suLPHIDE, 

CARBON MONOSULPHIDE AND SULPHUR DIOXIDE 

The purpose of this work was to determine whether the minima] 

basis set is adequate for second row atoms or whether it requires 

extension to include d orbitalso This question was investigated by an 

ab initio study of the mo1ecu1ar properties of three sulphur containing 

compounds. The effects of inclusion of 3d orbitals on sulphur were 

determined by performing two paralle~ studies:- one without d functions~ 

that is the minima) basis set, and the other with d functions - here 

referred to as the extended basis set computation. The importance of d 

functions was evaluated by a comparison of the computed values of bond 

lengths, dipole moments and force constants for the two series. Agree= 

ment of calculated values with experimentally determined ones was also 

an important factor in deciding the extent of d orbital participationo 

The type of basis ~et used in these calculations was chosen so as 

to provide~ reasonably accurate description of the molecular situation 

and at the same time remain economically viableo This basis set 

consisted of 1inear combinations of gaussia~ type functions to effect a 

representation of Slater type orbitals~ The core orbitals 1s 9 in the 

case of first row atoms, and 1s, 2s and 2p for second row were represented 

23 
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by two gaussians each, and the valence orbitals - 2s and 2p for first row 

atoms and 3s and 3p for second row atoms, were each represented by four 

gaussians. Hydrogen 1s orbitals were represented by four gaussians, and 

the 3d orbitals by 2 gaussrans. This basis is similar in constitution to 

that used in other calculations for CS, H2S and S02 which consisted of 

three gaussian functions for the representation of each Slater type 

16 43 function ' . However, both the basis set used -in these calculations 

and the 3 gaussian set are inferior in magnitude to the set used in most 

ab initio calculations. For instance, results have been reported15 for 

S02 calculati~ns in which the sulphur atom is represented by 12s- type 

and 9p- type gaussians and the oxygen atom by 10s-type and Sp-type 

gaussians. 

An abbreviated notation is used throughout for the gaussian repre-

sentation; for example, for the sulphur dioxide molecule: (244/224242}. 

This notation specifies that the basis on the atom of lower atomic number 

consists of 2 gaussians for the 1s orbital, four gaussians for the 2s, 

and 4 gaussians for each of the three 2p orbitals. Similarly for the 

centre of higher atomic number- where the basis is comprised of ls, 2sJ 

3s, 2P~ 3p and 3d functions in that order. 

Use of the linear combination of gaussian type functions for 

representation of S1ater type orbitals (LCGTF-STO) approximation requires 

- the specification of gaussian orb-ital exponents and combination coefficients. 

From among the several possible sources of expansion data available3,5,33,34, 

the set of parameters selected for these calculations was taken from 

4 Stewart . This work reports expansions, consisting of one to six gaussian 

functions, for the Slater type orbitals ls through Sg. This expansion 



TABLE I 

ZETA VALUES(a) USED ~N DETERMINATION 

OF EXPONENTIAL PARAMETERS 

ATOM 1S 25 2p 35 3p 3d 

c 

0 

s 

H 

5.6727 1a6083 1. 5679 .. 

7~6579 2.2458 2.2266 

15e5409 5.3144 5.9885 2. 1223 1. 8273 1 • 78 {c) 

,1 .58 

t.z<b> I 

(a) All values except 3d taken from Reference 36. 

(b) This value was chosen on the basis of previous 
calculations. 

(c) Taken from Reference 37; ]o78 used in H2S and 
1 • 58 for SOz ~ 
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data was obtained by a 1east squares fit of gaussian functions to S1ater 

orbitals. Uslng Stewart•s notation 11 the mathematical representation of 

the Slater type function is: 

[ 
(2z;)2n 5 +1 

]~ 
--(~2~n-) ~~ = 

s 
r 
n =l s 

or in terms of a linear combination of gaussians~ 

where N refers to the number of gaussians in the expansion, and dk, ak 

are the sets of expansion coefficients and exponential parameters. The 

exponential zeta parameters appearing in Slater orbita1s may be assigned 

va1ues according to S1ater 8 s rules for atoms 35 ~ or alternativelys 

optimised within ~he calculationo Sets of ak appearing ~n the I iterature 

have been obtained for a gaussian fit to a Slater type function in which 

zeta is assumed to be Yfiity~ Prior to their use in calculations, these 

values are appropriately rescaled by a factor ~ 2 in the manner required 

by the scaling theorem as reported by O-Ohata34
0 

For the present series of computations the optimised atomic zeta 

values reported by Raimondi and C1ementi 36 have been used; these are 

listed in Table I. 



TABLE II 

OPTIMIZED VALUES OF SINGLE AND SPliT-d ZETA 

FOR ORBITAL EXPONENTS 

Split Zeta Value(a) 
Single 

Molecule Zeta Value 

H2 S 

cs 

S02 

(a) 

(b) 

l;;l l;;2 

] . 66 1~66 1 .65 

1 968 1 G63 1 • 75 

1 e58(b) 1. 40 1 .63 

In H2S and CS l;;1 value refers to d 2 2, d 2 
X -y Z and ~2 to dxy dxz dyze 

In SOz ~1 refers to ~the dxy exponentj 
remaining exponents being determined by value 
of r,; 2 • 

Not optimized in these calculations but taken 
from Reference 37. 
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Figure I 

Vari at ton of Molecular Energy as a function of 3d 

orbital exponent for Hydrogen Sulphide for a 

single exponent, for ~ 2 with constant z;l 

and for z; 1 with constant r.;2. 

I (b) is simply a repetition of I (a) on an expanded scale. 
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li.2 .d.ORBITAL EXPONENTS 

Prior to the investigation of molecular properties for the series 

of sulphur compounds in the extended basis set, the sulphur atom d 

orbital exponents were optimized for each molecular environmento This 

procedure involved a variation of the singled orbital exponent and also 

an energy minimization for the split zeta-d exponente In the latter 

case 9 the d orbitals were divided into two groups -one consisting of 

dxz=y2 and dz2' each with ~xponent ~1~ and the other of dxy, dxz and dyz 

for which the exponent was ~2o This division conforms with qualitative 

chemical ideas concerning involvement of d orbitals in bondingo The 

calculated sets of optimum zeta values are presented for HzS 9 CS and SOz 

in Table llo 

According to the results of these calculations, for the hydrogen 

sulphide molecule, the atomic d orbitals centred on the sulphur atom are 

not greatly perturbed by the bonded hydrogen atoms~ This is reflected 

by the resu1t that the single zeta value i~ equal to both components of 

the split zeta exponent. Furthermore, very little variation in energy 

occurs over a wide range of d orbital exponents '1 and ~2 =as is 

indicated by the plots in figure Ia. However~ when the energy sca1e is 

expanded, as In figure ~b» for the purpose of comparison of the variat!o~ 

in the two zeta components, ot 1s apparent that response of ' 2 is more 

pronounced than that of Cl· This may indicate that in hydrogen sulphideD 

the bonding is much more sensitive to expansion or contraction of the 

dxy, dxz 9 dyz set of orbitalso Since on this casev the dyz orbital has 

the correct spatial orientation to interact appreciably with the hydrogen 



Figure I I 

Variation of Molecular Energy as a function of 3d 

orbital exponent for Carbon Monosulphide 

for a sing1e exponent, for ~ 2 with consta~t ~ 1 

and for ~1 with constant ~2e 
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atoms, this result is not unexpectedG As the split zeta component values 

are identical, it may be presumed that in hydrogen sulphide interaction of 

one set of d functions is not predominant over that of the othero 

The situation for carbon monosulphide and sulphur dioxide differs 

from that for hydrogen sulphide in that the sulphur atom !s bonded to 

first row atoms in these molecules. This means that included un the 

basis set are functions with symmetry conducive to more extensive 

interaction with the sulphur atom d orbitals. It might be expected 

therefore, that the d orbital exponent values would be appreciably differ= 

ent for these molecules. 

For carbon monosulphidev as may be seen upon referring to figure 

II, the variation in energy with change in the d orbita1 exponent is again 

quite gradual~ However, the plots are more sharply inflected than those 

for hydrogen sulphidee The optimum split zeta values are no longer equa1; 

~1 ford 2 2 and d 2 has a value of 1G63 and ~2 for the remaining 
X -y Z 

participating d functions~ dyz and dxz, is 1~75o There is no contribution 

to molecular bonding from the dxy function because the symmetry of this 

orbital prohibits interaction with any of the carbon p functions. The 

optimum single zeta exponent was found to be 1 .68, a value which is equal 

to the weighted average of the split zeta components. 

The smaller magnitude of the dz2 » dx2 -y2 exponent Indicates that 

the radial maximum for these functions occurs at a 1arger distance from 

the sulphur atom than for the dxz 9 dyz orbitalso The contraction of the 

dxz and dyz is greater than that of the remaining d orbitals indicating 

a greater sensitivity of these orbitals to the electron density at the 



32 

bonded o~ygen atomse 

Interactions which might be operative between the p orbitals of 

any bonded first row atom and the sulphur atom d orbitals are usua11y 

referred to as the synergic effect390 The cr contribution to bonding 

consists of the normal s and p type combinations, but is enhanced by the 

pcr - dcr interactions which are possible. In addition to the donation 

of electronic charge from the carbon to the sulphur, a back donation may 

occur via the d orbitals, dxz and dyz~ on sulphur to vacant p orbitals 

of appropriate symmetry on carbon. This mechanism is analogous to the 

simultaneous a-acceptor,~ donor capabilities attributed to transition 

metals when bonded to ~-acid ligands. 

The greater degree of contraction found for the dxz and dyz 

orbitals might be an Indication of the removal of electron density from 

these orbitals compared to an increase in electron density localized in 

the dz2 orbital. 

For the third molecule studied, sulphur dioxide, the division of 

d orbitals did not conform to that used for the other two moleculeso 

The dxy component was optimised alone as ~1 and the other four d orbitals 

were treated as a single group with exponent ~2 ~ This choice was based 

on the unique role which the dxy orbital plays in sulphur dioxide ~ being 

the only atomic orbital with a2 symmetryo Such a symmetry orbital ~s 

capable of p~rticipation in ~ type bonding in the moleculeo Furthermore 9 

a grouping of this kind would provide ~more economica·1 route to d 

orbita] optimisation than o~e involving three categories of d functionso 



Figure Ill 

Variation of Molecular Energy as a function of 3d 

orbital exponent for Sulphur Dioxide for 

~ 1 with a constant ~ 2 and for 

~ 2 with a constant ~ 1 • 
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TABLE Ill 

COMPARISON OF MOLECULAR ENERGIES AND DIPOLE MOMENTS 
FOR CALCULATIONS USING OPTIMUM SPLIT ZETA 

AND SINGLE ZETA d ORBITAL EXPONENTS 

Energy (a. u) Dipole Moment (D) 
Molecule 

Single.Zeta Split Zeta Single Zeta Split Zeta 

H2S =384.7015 -384.7015 0.466 0.466 

cs -41908687 =419.8689 2.53 2o52 

502 -527~7653 0»527.7699 1 • 28 1. 26 
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The si~gle zeta exponent was not optimised in the case of sulphur 

dioxide, but was assumed to have tne value found37 using a much more 

extensive basis set. Once again~ the weighted average of the optimum 

split zeta. exponents was found to be equal to the single zeta value. 

However, for sulphur dioxide, the difference between the components of 

the split zeta exponent was greater than that found for carbon mono~ 

sulphide. Furthermore, the variation of energy with change in d orbital 

exponent is much greater than for carbon monosulphide, as indicated by 

the curves in figure II I. This increased sensitivity might be a 

reflection of increased participation in molecular bonding by the d 

orbitals. Another interesting feature which emerges upon examination of 

the results, is the decreased magnitude of the dxy orbital exponent. 

This could be interpreted as an indication that this particular d orbital 

is more involved in the molecular bonding than the remaining less diffuse 

d functions. An explanation of this kind would correlate with the unique 

quality possessed by the dxy orbita1 =namely its symmetry- which 

distinguishes it from the remaining d functions. This symmetry property 

allows a p~ ~ d~ interaction, so creating an additional contribution to 

the bonding through ~ type molecular orbitals in sulphur dioxideo 

The merits of the use of split zeta d exponents may be estab1ished 

by a comparison of molecular properties calcu1ated for the double 

exponent with those obtained for a sing1e exponent. Such a comparison 

is presented in Table Ill. Split zeta exponents are expected to lower 

the energy since additional freedom is introduced into the wave function 

by their usee However, upon examination of the computed dipole moments, 



TABLE IV 

EXPERIMENTAL GEOMETRIES FOR H2S~ S02, CS WITH MOLECULAR CO-ORDINATES IN ATOMIC UNITS 

Molecule Bond Length 
A 

H2S i. 328 

cs 1 . 5349 (b) 

502 1 • 4321 

Bond Angle Centre 

92.2(a) 
Hl 
H2 
s 

c 
s 

119. 5 (c) 
01 
02 
s 

(a) Reference 40 
(b) Reference 42 

(c) Reference 41 

I 

X y z 

o.o -1.808296 1.740163 
0.0 +1 .808296 1.740163 
0.0 0.0 o.o 

i 

I 

0.0 o.o 2.900596 . 
0.0 0.0 0.0 

I 

0.0 -2.337823 1. 363378 
0.0 +2.337823 1 • 363378 I 

0.0 0.0 0.0 

w 
0"> 
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it is seen that incorporation of split zeta d exponents does not produce 

significant improvements over the values obtained usi_ng single zeta d 

functions. 

11.3 .. GEOMETRY: 

The investigation of geometry for the three molecules included 

an optimisation of bond lengths in both of the basis sets considered, but 

not of bond angles. This neglect of bond angle optimisation was just= 

ifiable on the basts of previous investigation by other workers in the 

group~ Their results37 indicate that the inclusion of d orbitals does 

not greatly affect the bond angle. The pertinent experimental geometries, 

together with the cartesian coordinates calculated using these values are 

presented in Table IV. Results of bond length optimisation are included 

in Table V for H2 S» Tables VI, VII for CS and Tables VIII, IX for SOz. 

In each case the optimum bond length reported for the awith d 0 calculations 

have been obtained using the optimum theoretical d orbital exponents. 

For hydrogen sulphide, it was found that the computed optimum 

bond length was only slightly improved by the addition of d functions to 

the molecular basis. Without d orbitals, the theoretical H-S bond length 

i 0 40 was U.36A in fair agreement with the experimental value of 1.328A o 

When d functions were added, the computed bond length improved to a 

value of 1.33A. 

Again, as for hydrogen sulphide» the agreement of calculated 

optimum geometry with experimental observation for carbon monosulphide 

is improved by the inclusion of d functions in the basis setg The 

decrease of the C-S bond length from 1~63A to 1.56A which was observed 



Gaussian 
Prim it 1 ve Set 

0 rb ita~ 
Energies 

Total Energy 
(a. u) 

-V/T 

Optimized Bond 
a 

Length A 

d 0 rb ita 1 
Exponents 

1st lonizat 1 n 
Potent 1 1 (a. u) 

Dipole 
Moment (D) 

TABLE V 

HYDROGEN SULPHIDE RESULTS OF CALCULATIONS COMPARED WITH PREVIOUS WORK 

This Work This Work Calculation II Calculation II Calculation ~I I 
Without d with d Without d (a) With d (a) With d (b) 

(4/22424) (4/224242) (3/33333) (3/333333) ( 41 '1/62 , 11 '11 ' 
61,11,1) 

-87.7324 -87.7250 -91.9744 
-8.4083 =8.3948 -8.9617 
-6 0 1377 -6.1283 -6.6520 
-6. 1363 -6.1263 -6.6510 
-6. 1324 -6.1206 -6.6487 
-0.9208 -0.9133 -0.9859 
-0.5396 -0.5529 -0.5940 
-0.4375 -0.4533 -0.5.008 
=0.3412 -0.3342 -Oe3834 

-384.6491 -384.7015 -394c463 -394.516 -398.68624 

2.022. 2.022 2.,00019 

1. 38 1 • 33 

L66 0.6 

0.3412 0.3342 0.356 0.343 0.3833 

] . 55 0.469 ] . 74 0.66 1 • 3345 
~ -----~~--

(a) Reference 43 (b) Reference 17 (c) Reference 38 

Experimental 
Values 

0.384(a) 

0.937(c} 

i 
I 

w 
00 
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upon addition of d orbitals is to be expected as a result of the sulphur 

atom•s capacity for participation in p~ - d~ bonding. Agreement of the 
0 

optimum theoretical bond le.ngth of 1.56A, with the experimental va1ue of 

1 5349A
o42 o • • d .. 

• os qutte goo • 

Optimisation of the sulphur-oxygen bond length was also influenced 

by the addition of d functions. For the minimal basis, an optimum bond 

length of 1.6oil was obtained and was improved to a value of 1a46A upon 

extension of the basis seta This latter result agrees fairly wel 1 with 

experiment at 1.4321A41 • Addition of d orbitals increases the bonding 

between sulphur and oxygen through a d~ - p~ mechanism and a consequent 

decrease in the sulphur-oxygen bond distance is observed. 

11.4 DIPOLE MOMENT 

The effects of d orbitals included in the basts set on the 

calculated dipole moment were also studied. A prerequisite for this 

study was the compilation of a new version of the dipole moment programme 

which ~ould be appended to the POLYATOM packageo Details of the required 

integral formulae are given in appendix I and a copy of the programme 

itself constitutes appendix II of this work. 

On the basis of the resu1ts obt~ined in this set of calculations~ 

it may be concluded that the dipole moment is a molecular property which 

is extremely sensitive both to molecular geometry and the nature of the 

basis set. To illustrate this sensitivity, it was found in the extended 

0 

basis hydrogen sulphide calculations that a bond length change of Oo 1A 

produced a difference of 0.120 !n the dipole moment. Dependence of 

dipole moment on bond length~ and also bond angle, is to be ~xpected since 
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TABLE VI 

CARBON MONOSULPHIDE~ RESULTS OF CALCULATIONS 

This Work This Work 
With d Without d 

Gaussian (244/224242) (244/22424) 
P r i m i t i ve Set 

=87.7982 ~87.7986 
=10.7413 =10.7659 
-8.4670 -8.4748 
-6.2033 -6.2053 

0 rb ita 1 -6.1932 -6 e 1990 
Energies =6. 1932 =6 01990 

=1 .0390 =1.0493 
=0.6339 -0.6290 
-0.4282 -0.4240 
=0 )+282 -0.4240 
-Oo4007 -0.4117 

Total -419.8689 -419.8099 Energy (a. u) 

Optimized Bond 
Length 0 (1\) 1. 56 1 .60 

-V/T 2.022 2.022 
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TABLE VI! 

COMPARISON OF PRESENT CARBON MONOSULPHiDE CALCULATIONS WITH PREVIOUS WORK 

! 
I This Work 
' Without d ! 

Gaussian (244/22424) 
P r i m i t i ve Set 

Total -419.8099 Energy (a$u) 

d Orb; ta 1 
Exponents 

1 s t ion i za t i on 
0.4117 Potential (a.u) 

Dipole 1 • OS 
Moment (D) 

! 
This Work Caiculation I j 1 Calculation II 
With d Without d (a) With d (a) 

(244/224242) (333/33333) (333/333333) 

-419.8689 -430~617 -430o679 

l; 1 ... 1 .63 ] 060 
l;2 = 1.75 

0.4007 0.425 Oe417 

2.52 0.97 2.23 

(a) Reference 43 

(b) Reference 38 

Expe r i menta 1 
Values 

0.393(a) 

1 .97 (b) 

I 
I 

J 
' 

I 

I 

..::--
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geometry determines the cha,rge distribution and hence the polarity in the 

molecule. However, the effect of incorporation of d functions into the 

minimal basis set was to produce a large change in the dipole momento 

For the experimental equilibrium geometry of hydrogen sulphide, the 

minimal basis dipole moment was 1.550 and the extended basis value Oo553D9 

The difference could be an indication of participation by d orbita1s in 

the molecular bonding. Thts participation is made possible by the ability 

of these orbitals to alter the charge distribution in the molecule by 

behaving as polarizing functions. 

On comparison of the calculated dipole moment (0.5530) of HzS 

with the experimental va1ue38 of 0.9370 it is evident that the addition 

of d functions produces an improvement, in the correct sense, from the 

value obtained without d functions (1.550)0 Despite the improvement on 

addition of d orbitals, a discrepancy in dipole moment of approximately 

forty per cent still remains to be accounted for. To obtain better 

agreement, further modifications to the basis set seem to be necessary. 

In order to explore in more detail the influence of basis set 

upon dipole moment, a series of calculations in which the primitive 

composition of the set was variedv was performede The results of this 

study for H2S are presented in Table X and seem on the whole to indicate 

that the molecular properties are intrinsically dependent on the size of 

the gaussian set chosen to represent the functions constituting the 

minimal basis set. According to these calculations~ although the 

molecular wave function and molecular energy both improve upon increased 

gaussian specification of the s type functions, the dipole moment computed 



deterloratese Furthermore 9 it ts evident that the most influential 

factor in the determination of dipole moment [s ~he nature of the 

gaussian representatfion of the p functions on the seto As the number of 

p type gaussfian primitives used for the expansion of S]ater p orbnta]s 

is augmented~ the dipo1e moment improves 9 especia11y if the s type 

functions remain unaltered. A1so 9 the dipole moment does not seem to be 

properties was perf~rmed exclusively for H2S and not repeated for the 

other two mo1ecu1ese However~ it is re~sonab]e that simn]ar results 

aiso nndicate that addition of d orbit~1s to the minimal basis set 

addition of d orblta1~ 9 where~s the experimental dipole moment ~s quoted 

as 1o97D38
0 Since the experimental value~~ almost the mean of the two 



TABLE VIII 

SULPHUR DIOXIDE: COMPARISON OF ENERGIES FOUND IN PRESENT CALCULATION WITH PREVIOUS RESULTS 

This Work 
Without d 

Gaussian (244/22424) P r i m i t i ve Set 

-87.9532 la1 
-19.4331 1b2 
-19.4327 2al 
~8.6094 3al 
-6.3417 2bz 
-6.3366 4al 
-6. 3363 1 b 1. 

Orb ita 1 -1.3003 Sa1 

Energies (a.u). -1.1999 3b2. 
=0.7850 6a1 
-0.5465 7al 
-0.5250 4b2. 
-0.5250 2bl 
-0.3948 5b2. 
~0.3481 8a1 
:Q!.~QQ~_l!2 
+0.2203 3bl 

Total 
Energy (a e u) 

:..527.4034 
_I 

' 
-V/T 2..019 

L ____ -

This Work Calculation II Calculation II 
With d Without d (a) With d (a) 

(z44tzz4242) (333/33333) (333/333333) 

-88.0647 -90&9994 =91 e 1 Q 17 
-19.6136 -20.2615 -20.5120 
-19.6118 -20.2614 -20.5116 
=8.6772 ~8.9846 -9.0565 
=6e4204 ~696609 -6.7371 
-6 )•095 =6~6538 -6.7287 
-6.4091 -6.6537 -6 0 7289 
-1.4447 -1.4533 -1.5329 
~1.3364 -1.3244 -1.4244 
""0.7838 -0.7910 -0.8541 
=Oo6513 -0.6046 -0.6878 
~0.6265 2bl -0.6019 -0.6628 
~0.6208 4b2 -0.5572 -0.6603 
-0.4786 Sbz -0.3963 -0.5016 
-0.4614 la2. -0.3319 Ba1 =0.4838 1a2 
:Q:.~~~~-~~1 =0.3184 la2. =Oo4437 8a1 
+0.310 3bl 

! 

-527.7699 ~S40o648 -541.008 
: 
I 

2.025 
- - ~----- -~---~--~-~---- ---------·-------- ----

(a) Reference 16, 43 

(b) Reference 15 

I 

Calculation Ill l 
With d (b) 1 

(34 '21 '41 '1/62' 
11,11,61,11,1) 

-92.1961 la1 
-20.6134 1b2 
-20.6134 2a1 
-9.1632 3al 
-6.8532 2b2 
-6.8519 lbl 
-6.8500 4al 
-1.5095 Sat 
-1 .4038 3b2 
=Oe8695 6a1 
-0.698.6 4b2 
-0.6959 7al 
-0.6665 2bl 
-0.5400 5b2 
-0.5161 laz 
:Q:.~~~Z--~!1 
+0.01 0 3bl 

-547.2089 

2.00026 
L_ ___ -

-I:'" 
~ 



TABLE IX 

MOLECULAR PROPERTiES OF SULPHUR DIOXIDE: COMPARISON OF PRESENT WORK WITH PREVIOUS CALCULATIONS 

'· 

Experimental I This Work· This Work Ca 1 c e II Calc. II Ca 1 c. Ill Ca 1 c. Ill 
Without d With d Without d With d Without d With d Values 

I 

(a) (a) (b) (b) I 
I 

Optimized Bond 
Length (A) ~.60 1o46 1 .4321 (d) 

d Orbital ~2 = 1 .63 i. 20 
s: 0.6 

J 
Exponents ~1 = 1. 40 0: 0. 8 

(a) 
I 

1st ~onization Oe4280 0.318 0.444 0~4928 0.4917 0.454 I 

Potential {a.u) 0.3002 I 

I 

I 
I 

I 

Dipole 
1 .26 1.24 0 0 81 2.83 2.28 1 • 61 

(c) I 

Moment (D) 1 • 12 
i 

(a) Reference 16, 43 
(b) Reference 15 

(c) Reference 38 
(d) Reference 41 

,J::
\n 



the addition of d orbitals produces an increase in value of dipole 

moment, in agreement with. required change, while in H2S this process 

results in a decrease, as desired, seems to indicate the necessity of 

inc1usion of d orbitals in these compounds. It appears that d orbitals 

are definitely required for an accurate description of bonding Jn 

sulphur compounds, and presumably also those involving other second row 

elements. 

An additiona1 calculation was performed for carbon monosulphide 

with the purpose of investigating the contribution made by the core 

orbitals to the dipole moment of this molecule~ It was found that the 

46 

sum of the electronic and balancing nuclear components of the dipole 

moment was only 6e56 x 10-30, approximately Oe3% of the total. Conse

quently, it would appear the dipole moment is determined almost completely 

by the effectiveness of the valence orbital representation. In these 

calculations however, the valence representation is affected by improve

ment to core atomic orbitalse This is a consequence·of the non ortho

gonality of the core and valence functions comprising the basis sets 

used in these calculations. The relatively small proportion of the 

dipole moment attributable to the core orbitals is not surprising since 

the dipole moment is a property dependent on the electron distribution 

within a mo1ecu1e., As the core orbitals are quite tightly associated 

with the nucleus, and not extensively delocalized, their contribution to 

the polarization within the molecu1e will be negligible., Therefore, in 

carbon monosulphide~ as most probably in all molecules, the dipole moment 

is largely determined by the valence electron distribution. 



TABLE X 

EFFECTS OF VARIATION OF CONTRACTION IN THE GAUSSIAN REPRESENTATION 
OF THE BASIS SET ON COMPUTED DIPOLE MOMENT FOR 

HYDROGEN SULPHIDE * 

Basis -V/T Energy (a~u) Dipo1e Moment (D) 

(4/224242) 2e02 -384.7015 Oe466 

(5/335242) 2.00 =392.3561 0.392 

(5/335352) 2.00 -394.5211 Ou627 

(5/335353) 2.00 =394G5229 0.603 

(5/225252) 2o02 =384.7022 0.466 

(4/224352) 2e02 -386.8755 Oo698 

(4/224452) 2.02 -387.3098 0.744 
i' 

*at the experimental equilibrium geometry 
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Contrary to the trend eme.rging for the other two mole~ule~ 

studied~ the dipole moment of sulphur dioxide deteriorated upon extension 

without d and 1.260 with d~ compared to ~n ®xperimental l!ter~ture valu~ 

38" of 1a61D • In this case then 9 the b~st compYted valu~ wa§ for the basis 



choice of experimental data for comparison. For example, two microwave 
8 . 

values for dipole moment quoted in the tab1es3 are 1.470 and 1o59D. 

This difference is fairly important in the comparison with calculated 

theoretical resultso To illustrate this point it only requires comparison 

of this work with a similar type of calculation recently reported 16 , in 

which three gaussian functions were used for each Slater orbital. In 

that work, an eva1uation of the use of minimal basis as opposed to 

extended basis (d orbital exponent 1.20) calculations was based on the 

theoretical values found for various molecular properties including 

dipole moment. The dipole moments reported are 1.2440 without d~ 0.8060 

with d and 1.470 experimental. Although the general trend obtained is 

analogous to that found un this series of computations, the quoted 

experimental value is quite difference from that used here (1.610) but 

was taken from the same reference38
0 So it would seem that part of the 

difficulty in evaluating theoretical results is the fairly wide variation 

of experimental values available for comparison~ If the present theoret

ical results were compared to an experimental value of 1.470, then the 

two basis sets would appear almost equally suited for the prediction of 

dipole moment~ Despite the conclusion of the authors in the above 

reference that the results obtained with the minimal basis calculations 

might be fortuitous, this pattern has been repeated in the present 

computation and cannot so readily be dismissed. ~t is believed that the 

most likely explanation is the inadequacy of the gaussian representation 

used in both of the calculations. As discussed in the case of hydrogen 

sulphide, the present basis set would require extensive modification in 
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order to produce the optimum gaussian representation of the minimal basis 

which would be appropriate for an evaluation of the participation made 

by d orbitals in bonding. 

1[.5· FORCE.CONSTANTS: 

Although this molecular property could be readily determined on 

the basis of the data already obtained in the course of these computations~ 

the significance of such a procedure is questionableQ There are at ieast 

two reasons for such a statement. The first is the aura of uncertainty 

connected with experimental data available for comparison with theoretical 

results in the case of a11 molecules, except diatomics. 

To obtain the appropriate experimenta11y determined values would 

require an investigation of the mathematical analysis used by the various 

experimentalists to calculate these constants from spectroscopic dataQ 

Once this had been established, then a transformation of the experimental 

force constants would most probably be necessary to ensure that both 

experimental and theoretical calculations were referred to the same 

coordinate system~ · The main problem for polyatomic molecules is obtain-

~ng the correct experimentally derived value of the force constant for 

comparison with the theoretically computed second derivative. 

The second reason for doubting the significance of a comparison 

between theory and experiment is the fact that there exists a marked 

dependence of theoretically computed values on the nature of the 

computational technique used. The mathematical concepts pertaining to 

three possible computational methods available for calculation of force 

constants within the ab initio approach are discussed in the 1iterature46
0 



The force meth~d 9 which involves intti~1 anaiytaca1 differentiation 

followed by numerical differ~~tt~tton~ ~~ conciuded to be superior to the 

a]ternative approach requirf.ng two succ~ssdve direct numeric~Bd differ= 

entiat[onso Economica11y 9 this latter procedure is less su~table since 

it requires comput~tion of mo1ecui~r wave functions for a sernes of 

. geometries" Another dis~dvantage ns that additional numerical inaccuracy 

is introduced by this techniqueo ~t is also pointed out that ab initio 

ca1cu1ations whrch do not predict accurate bond dissociation energies w~]1 

natura11y not yield accurate r~su1ts but are found to overestimat~ bond 

stretchi.ng force con$tantsa This probl~rn is often encounterred in ab h11B tRo 

C@]cu1~tions and will parti~11y @ccount for the poor theoretfical results 

obtained on force C©nst~nt eva1u~tiona 

In this work» the fore~ consta~ts of carbon monosulphid~ 9 hydrogen 

sulphide~ ~nd sulphur dioxid@ W®r~ computedo However§ the method used 

was compar~tive1y str~aghtforw~rd~ sn~ce force constant v~1ues were 

determined dir~ct1y by doub1® duffer~nto~tijon despute th® pr~vtously 

menti©ned dis~dvant~ges of such a procedur®o To ~valuate th~s secondary 

molecular property~ it w~s simply necess~ry to ftt the energy as a fu~ctio~ 

of bo~d length dat~ to® quadr~ti~ eq~ation repr~s®nt~ng a p~rabo]~c curv~~ 

If E(r) is the e~®rgy~ r the bond ie~gth ~~d ~g bg ~ ~re const~nts 9 

the~ the for~e co~st~nt is gnven by the se~ond derivatove of E(r) with 

respect to r ~nd in this not~tlon is equ~1 to 2a. 



TABLE Xl 

FORCE CONSTANTS CALCULATED USING BOTH A QUADRATIC 

AND CUBIC FIT OF BOND LENGTH DATA FOR 
H2S, CS AND S02 MOLECULES 

Force Constants (mdyn/A) 
Molecule 

Experimentalla) Quadratic Cubic 

H2S min tma 1 4.78 5.32 4 e 14 basis 

H2S with d 6.78 5.53 

CS minimal 12.8· lOeB 8.48(b) 
basis 

cs with d 15.6 11 • 8 

SOz minimal 8~61 I 37.5 9.97 basis 

so2 with d 13e9 I 15.4 

(a) Reference 44 

(b) Calculated according to formula and data given 
in Reference 47 
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As well as the quadratic fitv a cubic fit of the data was also 

attempted in order to determine whether any improvement in the force 

constants could be achieved by includi~g the third order term; in this 

case, the force constants were eva 1 uated for the computed opt i.mum bond 

le.ngth, in accordance wit~ the equation: 

f = = 6ar + 2b 
0 

However, as a comparison of the results presented in Table XI 

will indicate, no advantage is gained by use of the cubic fit for the 

available computational data. 

It will be observed that in the calculation of force constants~ 

contrary to the trend obtained for other molecular properties, the 

inclusion of d functions was found to cause an increase in the 
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discrepancy between experimental and theoretical values. The experimental 

force constants44 which are listed in Table XI are not strictly the 

correct values for comparison with calculationse The reasons for this 

have been discussed earlier in this section. An additional factor which 

should be taken into consideration in making such a comparison is the 

nature of the assumptions made regarding the molecular system in the 

process of computation of the force constants& In the present calculations, 

the force constants of the triatomic molecules have been computed for the 

symmetric stretch of two bond lengths simultaneously. Values tabulated 

in the literature refer to the stretch of one bond of the molecule oniy. 

Consequently, on account of the existing arbitrariness, the .agreement of 



computed force constants with experamenta] observation ~annot be used 

as an effective criterion in deter~inl~g the ifuport~nce of d orbltalsa 
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To complete thi5 sectfon concerned with the effects of d orbita]s 

on the molecular properties of some suiphur compounds it remains to 

summarize the scope and significance of these ab initio c~Jculationso 

This is partially accomplished in an extensive presentation of results in 

Tables V through ~X 9 wher® the ca1cu1~tions are also compared with sjmilar 

work by other lnvestigatorso Sever~1 of the resu1ts quoted from other 

sources are for calculations an which the basis set was much more eiabor= 

ate than that u~ed in the pr~~ent worko f©r ~xample~ on~ ~eries of 

caicuUatlons involved a basis ~et whtch h~d been ®~tend~d to inciud~ p 

type function~ on hydroge~ ~nd d fynctions on oxygen atoms. A~though 

such differences in b~sis ~®t achieve significant improvement in the 

mo1~cu1ar energy~ it wi]i b~ not~d th~t mo~ecu]ar properties computed 

~~ing the present mintma1 ba~is set ~re comparab]e to those obtained 

by other worker~ u~ing thelr e]abor~te basis s~tso in this sen~~ theng 

the necessity of~ very 1arge b~sas ns dubious and ~t wou~d appear that 

minimal basts sets are re1ev~nt for calcu]~tions of second Fow mol~cu~eso 



CHAPTER lll 

. ·suLPHUR DIOXiDE: .. A.STUDY.Of.THE.MOLECULE
9 . . . .. . . . . .. ..... .. . . . 

. THE. RADICAL. AN I ON~ AND. SOME EXC I TEo;· STATES; 

.. A.COMPARISON.WITH OZONE. 

Since to date much interest has been expressed in the electronic 

spectrum of sulphur dioxide, it was decided to attempt an extended basis 

ab initio calculation for the purpose of investigating some of the 

excited states. It was hoped that such a study would provide a theoretical 

comparison for experimental results, and at the same time determine 

whether some of the spectral features could be interpreted. In this 

chapter are presented results of calculations for the ground state and 

lowest excited triplet states of sulphur dioxide.. Comparable calculations 

were run for ozone in order to obtain an estimate of the importance of d 

orbitals in sulphur compounds. The sulphur diox,ide radical anion was 

also considered since this ion might prove to be important in the study 

of atmospheric pollutants. 

lll.l ElECTRONIC SPECTRUM OF SULPHUR DIOXIDE 

In order to provide a frame of reference for theoretical results, 

a brief description of the electronic spectrum of sulphur dioxide wi11 

be presented here. The details have been taken from one of the several 

available sources48 which provide a fairly extensive description of the 

electronic spectrum together with numerous references to the original 

experimental datae 
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The sulphur dioxide spectrum consists of a series of discrete 

absorption bands, of which the lowest ene_rgy occurs at 3900A - 3400A and 

is also the weakest band. This band, and that immediately adjacent 

to it, (3400A - 26ooA) havebeen shown to correspond to separate trans-

itions. The extensive band structure associated with these absorptions 

is explained by the Franck-Condon princip1e49 to be a result of a change 

in both bond angle and bond length occurring during excitation. The 
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intensity of some of the bands is greater than that expected on the basis 

of the Franck-Condon principle. To account for ~his, Mu11iken50 has 

s u.gges ted that the geometry of the 1 a.-~es t energy exc i ted state i s 

asymmetric9 Furthermore it is thought, on the evidence of a strong Zeeman 

1 •• 
61 h h f h 1 b d h . 1 sp 1tt1ng , t at t e upper state or t e owest energy an as a tr1p et 

multiplicity and that the transition involved corresponds to 3B1- 1A1. 

Although such a transition is spin forbidden, it occurs as a result of 

spin orbit coupling, perhaps borrowing intensity from the neighboring 

1B1- 1A1 transition48 • 

IIIQ2 GROUND STATE ·cALCULATIONS FOR SULPHUR DIOXIDE 

In Chapter II, the results of an investigation using minimal and 

extended basis calculations, of several of the ground state properties of 

sulphur dioxide have been reported. During the minimal basis sulphur-

oxygen bond length optimisation procedure a discontinuity in behaviour was 

encountered~ It was found that for the •free• calculation - one in which 

the orbital occupancy is determined by the self consistent field procedure 

rather than being specified by input data - the orbital occupancy for S-O 



Figure IV 

Energy of the 8a1, 1a2 and 3bl symmetry orbitals 

as a function of S-O bond length in Sulphur Dioxide 

without d orbitals. The curves at ~hort s-o 
! 

distances are for free occupancy. 
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bond distances shorter than 1o52A differed from that for 1onger distancesQ 

The occupancy determined for the short bond l~ngth calculation was: 

compared to that for the longer S-O distances which was: 

For the short S-O bond lengths, the calculation without d functions 

appeared to converge naturally on an excited state of sulphur dioxide. 

The results obtained for the calculations without d f~nctions are 

summarized in figure IV where the variation of orbital energies is 

presented as a function of bond distance. It will be noted that the 

rearrangement of orbitals is drastic enough, for the free ca1c~1ation~ to 

result in the apparent discontinuity caused by the calculation being 

trapped in a local minimum~ Once the orbital occupancy had been specified 

in accordance with that found by other workers51 this .discontinuity In 

resu1ts was removed. 

No such complication occurred for calculations with the extended 

basis set~ The free calculation in this Instance yielded an orbital 

occupancy which agreed with other resu1ts 15,5l. However~ as seen in the 

comparison presented In figure V, the ordering of orbita1s obtained for 

the basis set used In this computation differs from that qualitatively 

suggested by Wa1sn 51 for non linear 18-e1ectron ABz systems. More 

important~ the present ordering Is also different from that found by 

Rothenberg and Schaefer15 in their fairly detail~d ~nd extensive ab initio 
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Figure V 

ORDERING OF MOLECULAR O~BITALS IN SULPHUR DIOXIDE 

WALSH: 51 

.... (al)2 (bl)2 (b2)2 (al)2 (G2) 2 (bz) 2 (al) 2/bl 

ROTHENBERG AND SCHAEFERl5 

(1al) 2 (1b2)2 (2al) 2 (3al) 2 (2b2)2 (1bl)2 (4al) 2 (5al) 2 (3b2) 2 

(6ad2 (4bz)2 (7al) 2 (2bl)2 (Sbz) 2 ( 1 az) 2 (8a1) 2 /Jb1 

HILLIER AND SAUNDERS: 16 

( 1 a2) 2 ( 1 b2) 2 (2al)2 (3a1) 2 (2b2) 2 (4a 1) 2 ( 1 b 1 ) 2 ( Sa 1 ) 2 ( 3b 2) 2 

(6al)2 (7al) 2 (2bl)2 (4bz)2 (5b2) 2 (1az)2 (8al) 2/3bl 

PRESENT EXTENDED BASIS CALCULATION: 

(1al)2 (1bz)2 (2al)2 (3al) 2 (2b2) 2 ( 4a l) 2 ( 1 b 1 ) 2 ( 5a 1 ) 2 (3b2) 2 

(6ad 2 (7al) 2 (2bl)2 (4b2)2 (5b2) 2 (1a2) 2 (8al) 2/3bl 



E~®r~y of ~©19 s~l ~nd ~®2 ~ymm®try ffl©~®eY~ar ©rbut~]s 

~s ~ f~~~ta©n of ~=0 b©~d ~®ngt~ for t~® 

gr©~nd ~t®t® ©f ~y]~hYr D~©~~d® w~t~ d orb~t~]so 
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calculations. The difference as on1y minor since the three molecular 

orbitals which are out of order have very similar energies, in this 

energy variation of the two highest occupied and of the lowest vacant 

mo1ecu1ar orbitals an sulphur dioxide as a function of bond iength is 

presented in figure VI. It is seen that for S-O bond distances greater 
0 

than 1.53A, the highest occupied molecular orbital is one of a2 symmetry, 

a result also obtained in the minimal basis calculations. However~ at 

both the theoretical ~nd experimental equilibrium s-o bond distances~ 
c 0 

1$46A and 1.4321A respectively, the orbital of a2 symmetry is stabilized 

relative to the a 1• This relative stabi11~atton is understandable if 

the composition of these symmetry orbitals is considered. The a1 

symmetry orbital consists mainly of p
2 

components on the three n~clei~ 

whereas the a 2 orbital Is eomposed of p functions on the oxygen atoms 
X 

and dxy function on the sulphur atom. At short internuclear distancess 

the d~-p~ interaction is much more extensive than the po contribution to 

bonding through the a 1 symmetry molecular orbital. This explanation also 

accounts for the more rapid destabill~ation of the a 2 symmetry orbitalo 

111.3 EXCITED TRIPLET STATES OF SULPHUR DIOXIDE 

Since_the results of the sulphur dioxide compYtation for the 

basis set which included d functions seemed reli~ble~ it was decided to 

use this basis for the study of the two lowest energy excited triplet 

states of sulphur dioxide$ The lowest ~nergy triplet studied was the 

3B1 state, corresponding to the exeitation of an electron from the 

highest occupied molecular ©rbita1 in the ground state ca1~u1ation ~ one 



~~er~y gf ~h® gr©~nd §~®t® ( 1Al) 9 ~nd ~~®two ]©w~~~ 

e~®rgy ®~~fi~®d ~rup~®t §t®t®~ ( 3~ 2 v 3 ~ 1 ) of 
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symmetry~ 

d1stanc~ 9 as presented In f~gure ~~~ 9 ~~ ~h®t ~t bond ]®ngth~ ~]o~~ to 

the theoreticai optimum groYnd ~tate v~]Y®~ th~ 38 1 ~nd 382 ®~~~t®d ~tgt®s 

@ 

wher®@S for bo~d ~®ngth~ gr®~t®r th~n ~o46A~ tho~ b®~©m®~ 1A19 
3~ 29 3810 

In ~ddition 9 the optimYm S=O b©nd dist~n~® e~l~~]at®d for th® 3s1 st~t® 
c 

(~o51A) is longer tha~ that obt~on®d forth~ groYnd st~t® but ~hort®r 
0 

than the 3 ~ 2 ~tate bond 1efigth (1$60A)Q These resY]ts ~r® summaro~ed ~n 



State 

lAl (C2v) 

3 81 (C2v) 

3s2 (c ) 
2V 

1A1(C ) 
5 

3sl(c ) 
5 

TABLE XII 

RESULTS OF CALCULATIONS FOR EXCITED STATES OF SULPHUR DIOXIDE 

Nature of Theoretical Minimum Excitation Wave Experimental 

Excitation Bond Energ) Energy Leggth Wave
0
Length 

Length (A) (a.u (e. v) (A) (A) (a) 

ground 1 .46 -527.7717 

bl ..__ al 1 . 51 -527.6940 2.30 5382 3800 

bl .....__ a2 1 .60 -527.7260 2.36 5243 2900 

ground 1 046/1.56 -527.7534 

bl .c.-- al 1 0 46/1 . 56 -527.714 1 0 57 7898 

I 

(a) Reference 46 

I 
I 
I 

"" ~ 



acc~rda~ce with the Franck Condo" ~ri~etp1®~ th~ ~xcit~tion energl~~ m~y 

0 
be ca]cu1at~do At the ~qutlib~ium i~t~rnu~1~ar dist~nc® of ~o4321A 9 th~se 

ar® 2a30 ev for the 3B1 ~t~t~ ~~d 2o34 ®V for th~ 3B2 st~t~o Thes~ 

excit~tio~ ~n~rgfes wou~d eorre~pond to ~P~~tr~1 bands at 5382A ~nd 5243A 

resp~ctov~lya ~oth thes® va1ues occur ~t i©W®r ®n~rgy than any of th~ 

43 
b~nds eomprlstng the su1phur dioxid® ~p®etrYm D 1h~ eorr®sponding 

experim~ntai resu~ts 50 ind~eat® that the two lowest en~rgy tr~nsitions 

in suiphur dioxide occur ~t 3e3 ®V ~nd ~"4 ev for th~ 81 ~nd ~ 2 st~tes 
0 0 

respectively, giving ris® t© sp®etr~1 b~nd$ ~t 3800A @nd 29~0Ao Furth®r= 

m©r~ 9 experfment~1i~ts hav~ ~on~]ud~d that ~n iner®@~® un the S=O bond 

dost~nc® of e1ose to Oo06A52 ~53 ©~~urs 6~ the excit~tl©n prodY~ung the 
§43 

~l ~tate a~d th~t th~~ V~iY® ~~Cf®~~~~ furth~r t© 1.5JA on th~ n®~t 
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a bond angle optimization would seem to be required. 

To complete the present study of the excited states of sulphur 

dioxide~ a few calculations were performed fn order to test Mu11iken•s 50 

suggestion that the lowest excited state of B1 symmetry is asymmetric" 

These calculations consisted of a computation for a typical asymmetric 

geometry- the ground state equilibrium bond angle of 119.5° and 
~ 0 

rSOl = 1.46A, ~SOz = 1.56A. This particular geometry was selected since 

it was thought to be typically representative of an asymmetric stretch 

from the optimum configuration calculated for the 3B1 state. The ground 

state for this configuration was less stable than the symmetric ground 
0 

state configuration at a bond length of 1.51A. However, the lowest 

energy triplet excited state produced by an electronic transition from 

the highest occupied molecu1ar orbital of a• symmetry to the lowest 

vacant molecular orbital of a11 symmetry, working in the appropriate C s 

symmetry group, has a total energy of -527.714 a.u. Comparing this 

value with the 3B1 (symmetric) energy of -527.684 a.u., it appears that 

the lowest energy 81 excited state of sulphur dioxide is Indeed asymmetrico 

Except for a comparison of these results with a series of 

analogous calculations for ozone, which remains to be discussed later In 

this chapter, this concludes the examination of the trip1et excited states 

of sulphur dioxide~ 



llle4 SULPHUR DIOXIDE RADICAL ANION- GROUND STATE AND LOWEST ENERGY 
EXCITED STATES 

Recently, electron spin resonance spectra54 •55 of the sulphur 

dioxide radical anion in both the solid and liquid state have been 

studied, in the hope of e1u~idating the electronic structure of this 

radical anion. A similar ·theoretical Investigation was undertaken in 

order to provide a comparison for experimental results and so perhaps 

to aid in the interpretation of future experimental observations. The 

comparison of ground and excited states for the radical involves two 

open shell calculations and therefore the theoretically computed 

excitation energies should correspond more closely to the experimental 

values than those found for sulphur dioxide. 

Since no expertmenta] data was availab1e~ the geometry assumed 

for the radical ion was the equilibrium geometry of sulphur dioxide~ 

OSO angle of 119Q5° and S-O bond length of 1.4321Ae The untegra1s 

required for this series of computations had previously been evaluated 

in the sulphur dioxide ca1cu1ationse Just a~ for the excited states of 

sulphur dioxide, the extended basts set, in which the split ~eta d 

exponents had been optimized was used in the sulphur dioxide radica1 

calculations. 

Three states of the sulphur dioxide radical anion were studied 

to determine the energy dependence on S-O bond length. The 2 B1 ground 

state electronic configuration was the following: 

a spin: 

a spin: 

(4b2) 1 (1a2) 1 (Sb2} 1 {8a1) 1 (3bl) 1 

{4b2) 1 (2bl) 1 (5b2 ) 1 (1a2} 1 (8al) 1 
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Figure VI II 

Energy of the ground state ·(28 1) and the two lowest 

energy excited states ( 282 , 2A1) of the Sulphur Dioxide 

Radical Anion as a function of S-0 bond length. 
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and the two excited states~ 

2Al (3bl +Sal) 

a spin: (7al) 1 (4bz)l ( 1 az) 1 (5b2) 1 (3bl) 1 

f3 spin: (2bl)l ( 1 az) 1 (Sb2)l (8al)l (3bt)l 

2Bz (3bl +Sbz) 

a spin: (1tb2)1 ( 1 az) 1 (7al) 1 (Sal) I (3bl)l 

s spin: (2b2)1 (Sbz)l ( 1 az) 1 (8al)l (3bl)l 

Not surprisingly, the ordering of the a1pha and beta spin 

molecular orbitals Is found to vary considerably depending on the occu-

pancy. The variation in energy as a function of change in S-O bond 

length is presented In figure VIII. For the radical ion, It was found 

that the ground state lies we11 below the lowest excited doublet state, 

and that the two lowest energy excited doublet states respond quite 

similarly to change in s-o bond length. An intersectionof the energy 
() 

curves for the 2B2 and 2A1 states occurs at an S-O distance of 1.53A~ 

the 2B2 state becoming the lower energy excited state of the two at 

internuclear distances larger than this. For the ground state of the 

sulphur dioxide radical anton, an optimum s-o distance of 1.50A was 
c 0 

found, with the excited state values being 1.59A for the 2A1 and 1o62A 

for the 282 states. These results, in addition to excitation energies 

and spectral band 1ocations are summarized tn Table Xllle 

The calculations performed in the course of the study of this 

radical species are capable of providing useful information for the 



TABLE XIII 

RESULTS OF CALCULATIONS FOR THE Za1 GROUND STATE AND 
2B21

2A1 EXCITED STATES OF THE SULPHUR DIOXIDE RADICAL ANION: 

l Minimum Excitation Band 
State Optimum Bond Energy Energy Locttion 

~ length ($_) (a.u) (e.v) (a} (A) 

2Bl 

l 
1.50 =527.698 

2Al 1 .59 =527w570 3.89 3186 

i 
2B2 

I 
1 .62 -527.581 4&08 3037 

~ 
~i 
): 

(a) Calculated for vertical excitation at the optimum ground state 
bond distance. 
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exper I menta 1 chemist. For instance Green56 has postulated that the 

dimerization process leading to the formation of dithionate ion = 5204 

in some way involves an excited state of the S02: specleso According to 

the present results 11 a minimum activation energy of 3.89 ev would be 

required for such a process, if the lowest energy excited state were 

invo1ved. Sfnce this excitation energy Is quite htgh 8 and the dimeriz~ 

ation is known to occur readily, it Is unlikely that either of the two 

doublet states studied here are Involved in this -process. 

IlleS OZONE- GROUND AND EXCITED STATES 

The final stage in these calculations consisted of an attempt 

to eva1uate the extent of participatlon by d orbitals in the bonding of 

second row atoms. From the experimental point of view, 3d orbitals are 

thought to p1ay a significant role In the bonding of second row atoms but 

this does ~ot extend to first row atoms. In theoretical treatments 

3d orbitals are fncluded in the basis set of both first and second row 

atoms for the purpose of expanding the basis set and so increasing 

the flexibility of the wave function. No specia1 Importance is assigned 

these functions as regards their contribution to bonding. 

In order to elucidate the role of 3d orbitals it was de~ided to 

perform a series of minimal and extended basis set calculations for ozone~ 

comparab1e to those previously reported for sulphur dloxlde. The extent 

of d orbltaJ fnvo1vement !n bonding of first and second row atoms was 

judged on the basis of three factors: the diffuseness of the 3d functions 

as determined by the optimum orbital exponent, the contrrbutlon made by 

the 3d orbitals to the bonding mo1ecu1ar orbitals, ·and the effect of the 



72 

3d orbitals on the molecular properties. 

In addition to these ground state calculations for o~one, the 

lowest energy excited triplet states were also studied0 it was thought 

that such a comparison might prove interesting since the electronic 

spectra of these two molecules are quite dissimilar despite the fact 

that their valence shells are tsoelectronlc. The spectrum of ozone is 

quite diffuse whereas that of sulphur dtoxide consists of sharp discrete 

bandso Furthermore, ozone shows absorption57 at very long wave lengths~ 
c @ 

the lowest energy of these occuring at 10000A compared with 3900A for 

sulphur dioxide~ Mu11tken50 assigns the band at wavelength 6000A to a 

B1 state (2b 1 + 4a 1), with an excitation energy of 2.1 ev. The next 

excited state is a B2 state (2b 1 + 1a2), (which Is assigned to a band 
D 

at wavelength 2550A) with an excitation energy of 4086,ev. On the whole 

the assignments of the ozone spectrum are tentative and thought to 

require further studyo 

In the course of investigation, the ground state equilibriYm 

geometry bond angle of 116a8° was assumed and the 0-0 bond length, for 
0 

which the experimental value is 1o278A, was optimized using the same 

minimal basis set as reported in Chapter II for the other molecules 

studied. initially, only the minimal bas~s calculations were performed 

for the study of th~ ground state and two ex~ited states of ozone 9 since 

the d orbitals, because of their high energy relative to the valence 

orbitals of oxygen are thought not t@ participate strongly 6n bonding. 

Then the one d orbita1 which was found to be most important in sulphur 

dioxide - the dxy orbital = was introduced Into the basis; the effect 



Figure IX 

Energy of the ground state ( 1A1 ) and the two lowest 

energy excited triplet states ( 381, 382) of Ozone 

as a function of 0-0 bond length. 
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of this functfon was determined by a comparison of the two sets of calcu= 

lations~ Also, the exponent of this single d function was optimized in 

order to establish and compare the orbital contraction with that found 

for sulphur dioxide. 

The electronic configuration found for the ground state minima1 

basis ozone calculation was~ 

This configuration has a different ordering from that suggested 

for the ground state by Her~berg57: 

However~ in either case, the two lowest energy.triplet excit~d 

for the sulphur dioxide minimal basis calculation. 

A graphic pres~ntation of the results for bond length optimisation 

in 1A1 , 3B1 and 3B2 states is given in flgur~ IX. Immediately obvious 

is the unexpected energy ordering of the states; both the 381 and 3B2 

states are found to be energetically more stable than the 1A1 ground state. 

This ordering is not so surprising If the electronic spectrum of ozone 

is considered. The transition producing the lowest en~rgy excited state 
0 

occurs at 10000A =an unusually long wave length"; The corresponding 

transition energy is 0.0455 a.uQ~ a value which easily lies within the 

range of un~ertalnty in this type of calculation 8nvo1ving a comparison 
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of closed and open shell Hartree~Fock resultso 

One important result of these excited state calculations, was the 

optimization of the 0-0 bond length in the triplet states studied. 

Although at the experimental internuGlear distance the 1A1 and 3B1 states 

have almost Identical energy, the 3B2 state ~s 0.12 a.u. lower in energy 
0 

than the 1A1 • The 0-0 bond ]ength increases in going from 1A1 (1~30A) to 
6 0 

3s 1 (1.32A) and 3B2 (1e36A). No excitation energies could be determined 

on the basis of these resultsa 

The theoretical behaviour of the ~xcited states of ozone could 

be improved by one, or a combination,of the following factors: a 

configuration interaction calculation, an ~mprovement in basis set,and 

a complete geometry opttmt~ation. As explained in the discussion of 

results for the sulphur dioxide calculations~ ~t is @~ inherent property 

of the unrestricted Hartree-Fock method used ln the excited state 

computations that the computed energies are too low relative to the 

corresponding closed she11 ground state calculation. The groYnd state 

en~rgy cou1d be improved by a configuration interaction calculation; this 

would also serve to improv~ the ordering of the excited states and their 

energies relative to the ground state since such~ calculation would take 

into account the interaction between low and higher ~nergy states of the 

same symmetrya However, a configuration interaction calculation alone 

would possibly not produce a difference in energies of 0.12 a.uo Further 

complications could be due to an incomplete geometry optimization. 

Although such a possibility was not extensively investigated, a brief 

bond angle optimization procedure Indicated that for the minimal basis 



TABLE XIV 

MINIMAL AND. EXTENDED BASIS ENERGIES FOR OZONE - COMPARISON WITH OTHER WORK 

Minimal Basis Extended Basis Calculation (a) talculation(b) 
Calculation Calculation 11 I II 

N t f Whitten's tcJ Slater 

Ba ~reSot (244) (244/244/2442) gaussian lobe orbital 
as 1 s e f Q b • uncttons as1s 

-19.8387 tal -19.8848 -20.8896 1al -20.9597 lb2 
-19.5410 2a1 -19.6344 -20.7255 lb2 -20.6773 la1 
-19.5410 1b2 =19.6348 -20.7255 2al =20Q6773 2al 
=le6214 3al -1.6546 -1.7233 3al -1.6677 3al 
~1.2893 2b2 -1.3297 -1.4263 2b2 -1.3361 2b2 

0 b" 1 -Oe9416 4al =0Q9758 -1.1108 4al -1.0063 4al 
Er It~ -0.7078 Sa1 =0~741~ =0.8168 Sa1 -0.7115 Sa1 

nergieS -0.6847 lb1 -0.7099 -0.7808 3b2 ~Oo6800 lb1 
~0@6603 3b2 -0.7002 -0.7602 lbl -0.6725 3b2 
-0.4404 4b2 -0.4872 -0.5807 4b2 -0.4410 4b2 
-0.4157 6a1 -0.4569 =0~5657 6a1 -0.4184 la2 
:Q~~~~~~-!!, _______ :Q~~Q~!-==-~--=Q~~~Q§~=l~2 -Oe3495 6a1 
+0.07o7 2bl +0.0573 -O.Oo39 2bl I 

I 

I i 

TEota 1 ( )! -216o016i -216.0834 -224.1618 -223.4790 1 

nergy a. u 1 

I 
-V/T i 2.019 2.023 2.005 I l 

(a) Reference 58 (b) Reference 59 (c) Reference 60 

"-...J 
~ 
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0 

set, and an 0-0 bond distance of 1e278A~ the minimum energy configuration 

is one in which the bond angle is 117° = a value close to the ~xperimenta1 

angle~ A final source of discrepancy could be the nature of the basis 

set~ the minimal basis set chosen being inadequate for an accurate molecular 

orbital description of ozone. This possibility becomes unlikely when the 

results of this calculation ~re compared in Tables XIV and XV with those 

of other workers. The molecular orbital energies and computed molecular 

properties are similar to those obtained for different types of basis 

set58 •59 . That the present molecular ~nergy is higher than that for 

other calculations is due to the comparatively poor ls representation. 

Although any one of these factors might not cause va~t improvement [n the 

ozone cal~u1ations~ lt seems ~lkely that a combin~tion of these and other 

less obvious modifications would yield theoretical result~ in better 

agreement with experiment. 

It was decided to expand these computations designed to assess 

the role of d functions in sulphur dioxide and ozone by including a third 

phase. Initially, minimal basis calculations were performed for the two 

molecules. Thfs was followed by an extended basis calculation in which 

a single d function had been Incorporated into the minimal basis set. 

Since the results of these two sets of ca1~u1ations were not ~onc1usive 9 

a third series of calculations involving a comparison of results for an 

ozone basis 6n~1uding the full set of d functions seemed appropriate. 

A comparison of the results obtained for the two types of basis set 

should provide a clear indication of the advantages associated with the 

use of an expanded basis ~et. 



TABLE XV 

COMPARISON OF MOLECULAR PROPERTIES COMPUTED FOR OZONE WITH OTHER RESULTS 

Minimal Basis Extended Basis Calculation Calculation Experimental 
Calculation Calculation II (a) Ill (b) Results 

1st Ionization 0.3458 0.4041 0.4906 0.3495 0.4704 Potential (a.u) 

d Orb ita 1 1 . 1 0 Exponent 

Dipole 0.516 0.044 0.53 (d) 
Moment (D) 

Optimum Bond 
Length (A) 1. 30 1.278 

Optimum Bond 117° I 116 e 8° Angle 
'---·-----~ - --- ---~-------~-- ~- i 

(a) Reference 58 

(b) Reference 59 
(c) Reference 60 

(d) Reference 38 

""-J 
00 



The next step in the sequence of investigations concerning the 

influence of basis set on results was to determine the effect of d 

orbitals on the results of molecu1ar calculations for ozoneo As 

explained previously, in sulphur dioxide the dxy orblta1 because of !ts 

symmetry makes ~ unique contribution, being the d orbital most Involved 

in the bonding. Therefore, to a good approximatton 9 the contribution 

of d functions could be represented by addition of only this basis 

function to the minimal basis set of ozone. The results of these 

ca1cu1attons for sulphur dioxide and ozone are presented in Table XVI, 

together with a comparison with full d set calculations~ 

79 

As part of this investigation, the exponent of the dxy orbital 

was optimized for both sulphur dioxide and ozoneo Optimum values found 

were 1.10 for 0 3 and 1.40 for S02 , indicating that the d orbital is more 

diffuse in ozone than an 5U1phur dioxide~ 

For the single d ea1cu1ations~ the ratio of 3dxy to 2px coef= 

ficients in the molecular orbital may be considered a measure of the 

contribution to bonding made by the d~y orbital. This ratio for the 

1owest a 2 symmetry molecular orbital was found to be 0.35 in ozone 9 

compared with 0.62 In sulphur dioxideo The dxy orbital charge density 

was in 50 2 0.2723 and ~n 0 3 0.18620 Although these calculations may 

prove that the d orbital is more involved, by almost 80%~ in the 

molecular bonding of sulphur dioxide than in ozonej at the same time they 

show that the participation of d orbitals in ozone is not negligJbleo 



TABLE XVl 

COMPARISON OF EXTENDED BASI.S CALCULATIONS FOR OZONE AND SULPHUR DIOXIDE 

Sulphur Dioxide Ozone 

I Single dxy Full d set Single dxy Full d set 

d 0 rb ita 1 1. 40 1 • 40 1 • 10 l • 10 
Exponent 1.63 1 .20 

0 rb ita 1 8a1 la2 2b 1 Sbz 6a1 1 a2 1 b1 4b2 Occupancy 

Ordering of (5bz) 2 (1a2) 2 (4bz) 2 (6a1) 2 

Molecular (8al) 2/3bl (laz) 2 /2bl 0 rb ita 1 s 

Total Molecular -527.5152 -527.7709 -216.0834 -216 .• 1431 Energy (a. u) 

Dipole Moment 0.76 1 • 26 0.06 0. 11 (debyes) 

1a2 M.O. 
Coefficients 

2px 0.5627 0.5832 0.6201 0.6280 
3dxy 0.3597 .0.3240 . 0.2293 0.2119 

Density in 0.2723 0.2436 0. 1862 0. 1742 
dxy Orbital ... 

r 

I 

CX> 
0 
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As indicated ln Table XVI» the expansion of basis from the single 

d set to the full d set did not greatly alter the results. In both ozone 

and sulphur dioxide, the best theoretical value of dipo1e moment was 

obtained for the minimal basis set. However, the fu11 d set substantially 

modified the energies of ground and excited states of ozone. At the 

experimental equilibrium geometry of ozone~ the various state energies 

computed for the full d set were: -216@1431 a:u. for 1A1 , =216.1998 a.uo 

for 3 8 2 ~ and -216.1301 a.u. for 3e 1 • Although the 382 excited state is 

still lower in energy than the. ground state, th~ discrepancy is now on1y 

0.05 aeU. as compared With a minima] basis set difference of 0.12 aoU. 

For~ difference of the magnitude of Om05 a~u., it is quite likely that 

the improvements suggested previously for these calculations would 

produce more reasonable resultso Thus. d functions in the case of ozone 

as well as sulphur dioxide seem to [mprove the the©retical results 

obtained for the excited state study considerably. 

These findings are another point of evidence concerning the 

validity of the use of a minima) basis set. The ordering of states for 

ozone seems to be much Improved by simple expansion of th~ basis set to 

included functions on the central oxygen atome It wou1d certainly be 

of interest to study the effects of other modifications made to the 

basis set, since it seems quite probable that expansion achieved by 

inclusion of extra functions other than d should have important conse= 

quen~es~ 

An additional problem which has to be reso1ved is whether the 

d functions are necessary in molecular orbital calcYlatlons of ozone 



since on a qualitative basis. 3d functions are thought to be of special 

importance only in the bonding of second row atoms. The difference 
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found between the optimum d orbita1 exponents in the present calculations 

for oxygen and sulphur was not as large as might be anticipatedo This 

result tends to Indicate a surprisingly large participation of d orbitals 

in bonding of ozone. In addition, a good theoretical bond length was 

calculated for ozone without the use of d functions, whereas for sulphur 

dioxide the bond length was considerably improved upon addition of d 

functionso Yet on the other hand, good theoretical values of dipole 

moment were calculated for the minimal basis set in both 03 and S02 • 

Since agreement between experimental and theoretical values of dipole 

moment for both CS and H2S is poor» the results found for minimal basis 

sulphur dioxide may be spurious9 

Given this variety of theoretical resu1ts 9 It is difficult to 

assess the involvement of d orbitals In bonding. Furthermore, it seems 

on the basis of these calculations that th~ d functions do not play a 

sp~cia1 role ~n the bonding of sulphur and other second row atoms" Had 

this comparative ozone-sulphur dioxide study revealed o~1y a minor 

contribution by the d orbitals In ozone~ then conclusions concerning the 

use of d orbitals would have been obvious" As they stand~ the results 

for the minimal basis calculations ~re unfortunate1y too nebulous to 

provide indisputable evidence that participation by d orbitals in bonding 

is a property exclusive to second row atoms. 

Th~ fact that the addition of d functions in ozone effects a 

considerable improvement probably is indicative of the poor quality of 
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basis set. Although these calculations for sulphur dioxide were greatly 

improved by addition of d functions to the basis set, the analogous 

calculations for ozone seem to establish the necessity for improved 

gaussian representation of the minimal basis and even perhaps a necessity 

for extension of basis set to 1nclude higher energy atomic orbitals prior 

to an investigation of the use of d functions in bonding of first and 

second row molecules. Thus an optimization of the basis set shou1d have 

been the first consideration in a study of this nature. Once this had 

been accomplished, the effects of addition of d orbitals could be 

established without the ambiguity which has arisen in the present 

computations. 



CHAPTER IV 

CONCLUDING SUMMARY 

The investigations performed in the course of this work have 

served to indicate the necessity for further study in this area, rather 

than establishing conclusively the role of d orbitals In bondingo 

Although the present calculations have produced numerous interesting 

results, they constitute merely the initial stage of a potentially illum

inatingp lengthy and ~omplex study. 

One purpose of the work described in this thesis was to ascertain 

the contribution made by d functions to the bonding in second row atomso 

The problem was investigated by observing the effect of addition of d 

functions to a minimal basis set on certain molecular properties = such 

as bond lengths, dipole moment and force constants. It was found that 

theoretical bond 1engths improve upon addition of d fun~tions. However~ 

the results of dipole moment and force constant cal~ulations are not so 

straightforwardo Although in the case of carbon monosulphide and hydrogen 

sulphide the calculated dipole moment values improved upon inclusion of 

d orbitals, no similar improvement was obtained for sulphur dioxide~ 

perhaps the most interesting molecule in the series studiedo It is 

believed that these results are unreliable since the gaussian expansions 

used in the calculations have been proven inadequate- especially for 

p~type functionso A major improvement, and indeed an essentia1 one 9 in 

this type of study is the optimisation of basis set prior to further 

84 
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calculation. The results of force constant calculations are not especially 

meaningful since this property is always difficult to calculate, as it 

depends on the second derivative of the energy" On the basis of these 

results alone, it is impossible to arrive at definite conclusions 

concerning involvement of d orbitals in bonding of second row atoms. 

A more interesting and meaningful aspect of this work was the 

study of the ground and excited states of sulphur dioxide, which ied to a 

theoretical description of the electronic spectrum of this molecule. !t 

was found that d orbitals were required in order to obtain reasonable 

results. However, once these functions were added, the spectra1 features 

observed experimentally were also predicted theoretically. The theoretical 

ordering of states as we11 as the variation in geometry among these states~ 

was found to agree well with experimental observation@ The low excitation 

energies calculated did not detract from the Importance of these results, 

as it was realized that such a discrepancy is inherent ;n a molecular 

orbita1 investigation based on the unrestricted Hartree=Fock method" 

Another interesting feature of this work~ perhaps the most rele~ 

vant to the study of the role of d functions in the bonding of second row 

atoms, is the comparative calculation performed for ozone. The results 

of these calculations seem to indicate that d functions are not especially 

significant In the bonding of second row molecules~ but may be Incorporated~ 

with almost equivalent repercussions,- in the basis of analogous first 

row mo1ecu1es. Indeed~ the extent of Involvement of d function~ in ozone 

relative to that in sulphur dioxide is surprisingly large. These 

ca1culations tend to cast some doubt on Crutckshank•s 62 recent cone1usio~s 
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th~t d orbitals are essentia] to a~ ~ccurate theoretical d~scription of 

bonding in fiuorosi1anes and fiuorog~rmanes. The fa11~cy in making such 

a general conclusion is caused by a ~ompl~te r~]iance on success of 

theoretical r~production of ~~perlmentai1y d®t~rmi~ed mo]ecu]~r prop~rt~e~o 

To obtain a comp1ete ass~~sm~nt of th® ~~t®nt of i~volvement of d 

orbitals~~ study of this n~tur® should include a parali®l @V~]uation for 

first row an~logues. 

Aithough such an ~~proac~ w~s ~dopted in this work 9 the scope 

of the project was much too narrow t© a]]ow f©rmY]~tion of g®nera]v a11= 

incluslv~ conc1usDon~o ~t would ~~~m~ on the ba~is of thi5 r~strtct®d 

study 9 that the d orbitals do not p1~y a unlqu~ role In bonding ·of second 

row atomsG However~ ~ueh a ~tat®m®nt rem~i~s to be confirm~d by mYch 

mor® extensiv® resear~h whu~h should on~lud~ ~ ~~rg® ra~g® of secon~ row 

mol~cules and th~ir first row ~na1ogu~so A1so 9 ~~ mentuonad e~r]ier 9 

such ~ study shou]d b® pr~~ed®d by ~n ©ptim1s~t~on of b~s~s set to be 

used in the course of the ~~~cul~t~onso 

Unfortunat~iy~ the~e f~ctors w~r® discov@red ]~te !n the course 

of the reported investig~tWons with the cons®quenc® th~t the study h~s 

disappointl~g1y been t~rmtnat~d wuth©Yt fyrther ~Xp~©r~~n©n nn th~ 

proposed dir~ctionse 



APPENDIX I 

FORMULATION OF THE EQUATIONS REQUIRED FOR THE DIPOLE MOMENT 

ROUTINE WHICH MAY BE iNCORPORATED INTO POLYATOM PACKAGE 

To obtain all the necessary integrals for evaluation of dipole 

moments 9 ~nly the fo 11owi ng integral need be evaluated~ 

00 

< x: I ~ 1 I x:) fH A 1'\ B 
- Xs r. Xs dxdydz 

! 

-00 

In this notation~ ~6 is the ith component of the dipole moment 

A B operator and x , x are s type functions on centres A and B respectively. s s 

All other integrals for higher order functions may be obtained 

by simple differentiation of this integrand with respect to the 

appropriate parameter. 

In figure X, a pictorial representation of the situation 

considered in a typical integration is presented. Referring to this 

dJagram for definition of the variables occurring in the process of 

integral evaluation, the procedure is as follows: 

A B Expanding the product (x
5 

x
5

) about the point C: 
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Figure X 

Illustration of reduction of a product of two gaussian 

functions, centres at A and B to a single 

gaussian function centred at C. 
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where RAB is the distance between points A and B, and 

r2 = (x - C ) 2 + (y - C ) 2 + (z - C ) 2 
C X y Z 

a.A Ax + a.B B 
c X etc. = 

X a.A + a.B 

a.AB = (aA + a.B) 

Taking the x component of the dipole moment as a specific 

example, the integral becomes: 

Q) 

= JH A B xs xs x dxdydz 

-00 

Transforming from the origin of the coordinate system, to a 

local origin at centre C: 

x = x 1 + c 
X 

y = y• + c 
y 

z = z 1 + c z 

(x~ I ~ I x~) 
00 

HJ exp[ -a (x•2 + y 1 2 + z•2)](C + x•) dx 1 dy'dz 1 

AB X 

-CD 



-m 

Cx ~p[-aAB (x' 2 + y 02 + z•2)] dx'dy'dz} 

that is: 

3/2 
1T =......,....-= 3/2 

a.AB 

A Now x may be written: 
s 

Differentiating with respect to Ax, one obtains the gaussian 

p function: 

a A) a [exp(-aA r~)] aA (xs - ap;-
X X 

= 2 nA(x - A ) exp(-a r2) 
X A A 

a! (x~) = 2 a.A XA exp (-a r 2 ) A A 
X 

or: 
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Thus a p function may be obtained from an s type function; 
X 

similarly for py and Pz• For the series of d functions, a double 

differentiation with respect to the appropriate variables is required. 

it is now obvious that the dipole moment integrals for p and d 

type functions may be obtained with relative ease from the s formula by 

differentiation .. 

For example, the formula for the x component due to the inter= 

action of an s orbital on centre A and a px orbital on centre B is 

obtained in the following manner: 

= 

= 

= 

2a.B 

1T' ~ 

<xAs I ~ I xPBx) = 1 a < A 2a8 aBx Xs 

(_!_)% aA aB R~B [ aB 
exp(= + ~ 

a.AB aA aB a.A+aB 
a.A aB 
aA+a.B 

[ 
a.B 

+ (2 
aA aB 

) ( B - A ) ] exp (-

* la.B.aAB a.A+a.B aA+aB X X 

[ -2 {B ~ A ) 1 X X 

a. ct. 
A B R2 ) 

a.A+a.B AB 

In the remaining formulae which are presented below, the same 
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procedure has been followed. The only difference is the introduction of 

a more efficient notation: 



c. = (aAAi + a.BBi) I 

s = ( ...!_.)% 0 ( ) 
aAB o.A+aB 

a.A o.B 
ac = 

aA+aB 

Subscripts (i, j, k, 1, q) are used to designate the various 

components (x, y, or z) and ~ .. is the Kronecker delta function& 
IJ 
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II ( p~ I ;, I p= /- ~s exp(-ac Ri8> { :~ (Bj - Aj) o1k 

ac ac 
- --- (Bk - Ak) o.. + C.

1 
oJ.k a8 IJ aA a8 

Ill <SA I Ar i I B ) ( 2 )(1 pj = s exp -ac RAB .~ oij C. (B. - A) 
a8 1 J J J 

ac 
c. - 2ac ( B • - A • ) a .. a.8 I J J 1 J 

+ 2...£. (B. - A.) 2 C. ] a2 ~ 
a.B J J I 

v <p~ I ~~ I d~k) 
= 

s exp(-ac Ri8> 

4a.A a.B 

a.A a.c 
[ a.A a .. - a .. + 2a.c a •. a.,k 

I J a.8 1 J I J 
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VI 

+ 2a.C C • ( B o - A . ) 
I J J 

S exp ( -ac R~8) 
2a8 

v I I < p ~ I -;: i I d~ I ) 

= 
s exp ( -a.c Ri8) 

4a.A aB 

;AlA I B> V I I I \ dkk r i d j j 

s exp ( -ac Ri8) = 

+ 2a~ Ci ojk = a~ c 1 + 2 a.A a 8 aC (Bk = Ak) oik 

= 2 a.A a8 ac (BJ - AJ) oij + 2 a 8 a.E (Bj = Aj) oij 
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- 2 aA_a.~ (Bk - Ak) 0
ik - 2 aA a~ (Bj - Aj) 0. k 0 .. 

I I J 

+ 2 a8 a~ (Bk - Ak} 0 "k 0 •. - 2 aA a~ (B. - A.) 0
ik 

0Jk J I J J J 

+ 2 as a.E (Bk - Ak) 0 "k 0 .. + 2 a8 a~ c. (B - A ) 2 
J I J I k k 

+ 2 aA a~ c. (B. - A.) 2 - 8 a3 c. (Bj - Aj) (Bk - Ak) oJk I J J c I 

- 2 a3 c. (B. - A.) 2 - 2 at ci (Bk - Ak)2 c I J J 

- 4 a3 aB (B - A )2 (B. - A.) 0 •• c k k J J I J 

+ 4 a3 a A (B. - A.) 2 (Bk - Ak) 0
ik c J J 

+ 4 a~ ci (B. - A.) 2 (B - A )2 ] 
J J k k 

IX <d~l I ~i I d~k> 
S exp(-ac R~8 ) 

= 

+ 2 aC a8 aA (Bj - Aj) 0 i 1 - 2 a~ aA (Bj - Aj) 0 i 1 

- 4 a~ aA (Bk - Ak) 0 .• 0
kl - 4 a~ aA (Bk- Ak) oil oJk I J 

+ 4 a~ as (Bl - A } 0 •• 0 ik + 2 aA a.B aC (B l - A
1
) o .. 

1 I J I J 

- 2 aA a~ (Bl - A ) 0 .• - 8 a3 (Bk - Ak) (Bl - A ) 1 IJ c 1 

- 4 aC3 ( B • - A • ) 
J J 

X(B 1 - A1) Ci - 8 a~ (Bk- Ak)(Bj- Aj) Ci elk 

+ 4 aE aA (Bk- Ak)2 (Bl - Al) oij 

- 8 a~ a8 (Bj - Aj)(B 1 - A1) (Bk- Ak) oik 

c. ojk I 
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<d~l 

+ 4 a~ a.A (Bk -. Ak) 2 (Bj - Aj) oil 

+ 8 a~ (Bj- Aj)(B1 - A1) (Bk = Ak) 2 c1 ] 

A I d~) I r. 
I JP 

s exp(-ac Ria> 
[ 2 a 2 c. opl ojk + 2 a 2 c. 01 . opk = 

8a2 a.2 c I c I J 
A B 

+ 2 a~ a 8 (Bk - Ak) olj 0. + 2 a~ a.8 (B1 ~ Al) o.k a. lp J i p 

+ 2 a~ a8 (B1- Al) 0. 0 okp + 2 a~ a8 (Bk = Ak) 0 •. 01 
I J IJ p 

- 2 a~ a.A {B. =A.) 0 
i 1 opk 

~ 2 a~ aA (B. - A.) 0
ik 

0
pl J J J J 

- 2 a~ a.A (B - A ) 0 i 1 ojk = 2 a~ aA (B - A ) 0
ik 

0
jl p p p p 

- 4 aE ci (Bj- Aj)(B
1 

~ A
1

) okp 
.. 4 a~ ci (B. = A.) 

J J 

X ( Bk = Ak) o p 1 ~ 4 a~ C i ( B p = Ap) ( B l = A l ) o j k 

~ 4 a~ Ci (Bk- Ak)(Bp- Ap) olj = 4 a~ a6 (Bj ~ Aj) 

X(Bk- Ak)(B 1 - A1) oip - 4 a~ a 8 (Bp =A~) (Bk = Ak) 

X(B 1 ~ A1) oij + 4 a~ aA (Bp = Ap) (Bj = Aj) (Bl - A1) oik 

+ 4 a~ aA (Bp ~ Ap)(Bj = Aj)(Bk- Ak) oil 

+ 8 ctt Ci (Bj = Aj) (Bk = Ak) (B 1 = A1) (Bp = Ap) 
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P R 0 G 1-< 1\ ;-: D I P ~;. L E ( I r·. P v T ' 0 0 r P v f , I td_) [ '-t } 
cr. ;.t. ·:.oN D ( z~- ~.,. , t~ u l , c: · ( "1 ) , ~~ c E r·: r r~ ' 1 7 'J l , Y ( 1+ ...._j , ~L : } , v L i :) r t 1 2 v ~ r; ; "'._: ..._ c ( ~~ ··.J ) 

co H r< o i'·: 1 u I r 1 / ~.; I , I v , E r r .. ( 1 ? .• , ~j 1 , ;'C 1 Y P E : 1 ? ~... 1 ' ~·: F I R :) i < l ? u l , ;· ... ;__ ·, .; • ( 1 2. ~' l i 

1 D f ( 3 ' ? ) ' X ( t~ .) ' 4 v ) ' i'·.! ;~~ 
c T H r s v E r.: :d ~ t< n F D r P () L E r: . c L ~-' :J ~~ :J F o 1,~ ~~ · _) L :\ L F c~ r-: r ~ . r ;~ 1...:1 :~ ;; L , 1 I r H . ~ 

C I N PUT ;_;A T ,\ C 0 N :; I .•; T ~' 0 F r._r,: ' r HE N U U F : ~ C •:.' _~-: 1 : l l I 1 L C .. ~;_ I ;· i C l ~: l T · 
C ,-,iATf~[X, ;~c: THf 1\;C OF COLU:·.·.'-~...J I~·-l :},\::r:_,s.,.f';r-·,-.1 I:_) li-H:. _.,_...:,•f 1 ,\ii'-·' 
C 0;.\T,'\ leu FOR UCUI)LY OC.CLPP~U u.u fC>" Vl\C:t~,.-:1-- ~-dl< ;,;_ 1_ ,:~ '- .... ~<» 1 > 

C F 0 R i', 1\ T ( 1 2 F 5 • .... ) • • • T H l:. N r : 1 t~ C G t·~ F i:: I ( J. L:. ,· ~ l ::. 1\ I F.: i ·' l_ t L >: ~- \ ; · '1· ( I ' J ) 
AS PUi'iCt!C:u IN PCLYf.\fO:V. • .,"THi:: (j;\I_;:_) . .:;I/,;.; F,_,f·lCI.l:_::;-.; . .J;)t:_(.[;·i( .. J-\fiG:· • ..: 
;-\ 1-\ E R L-: ,\ () r: R D .\i T H t::. P /\ 3 ._, '.-' I \ f L C 1\ ,:\ l 1/\ P L \ T ;\ P L L~ ) 

Cl'-'-LL St:CO,\D ( r l l 
P f~ I N T l 1 U ,J ., r 1 

PI = 1.141~026535~ 
f< E v-: IN 0 L~ 
I< c1\D ( 4 l 
H E f.. D ( !1- ) i\ h ~ t ( i·J F I I~~ T ( I l , i'l L ·\ .~ f l i l ~ ~'l C t~.l i I 1 ·! { I } ' ~~ T Y I 1 f._ ( 1 ) l ~ [ -:: l • . , :; l 
REt, D { 4 l f-.; Cj , { ( i~ fA ( I , . ..J ) , J = 1 ~ S l ' 1 = 1 , i'~ G l 
1'·1 E A!) ( 4 l : ·-1 0 C ' ( ( V L I :.:; -~ ( I ' .J ) , J = 1 ' t ~ ) ' [ = l ' tJ Q C ) 

:~f:=\:J I ~.\ill~ 
~ 0 1 0 l.i 5 I = J ' ~'.F~ 
DO 10v5 ~ ~ l,NU 
lltl...~l) -- lJ.\j 

iJ ( I , J l :::.. ·J • ...., 

1 ,) rj 5 Y ( [ ' ,) ) :::: u ., ... .~ 

::;z F i\ f) l u I_; 6 9 i'~ ~~ ',\~ c 
:~[fd) 1. ,;,_.. -,,, ( _;c .. c (·I l, I::.: 1 ','-H-< l 

Pi·~ I .\1 T 1 u '~ I ' { .:; ( C ( 1 ) ~ I = 1 ' i''l r:: ) 
u n 1 u u ~~ r :.: 1 , .... : :< 

l ~; ~: /~ i\ F= /\f) l ~-: I..J '·· ' ( ( ( l 9 J ) ~ ... r~ l ' i\l C ) 
(_ ~\ i_ L I; '\ i ( y , ',(: i ' t...;; ~ ~-- :< ) 
·) C· l'-J 1 ,j l : 1 ~ '· . i..: 
f) 0 1 1.) l u _) _-: l ~ :< d 
l; () 10 l ·j ~.:'. ~.:: 1 ' .... :3 

1 "' l u D ( I ' J J :-c 1:1 ( [ • J } 1- c<· C (:( l ·:- r ~ V, ~ I ) -::· Y ( ;.:: ' , ; ) 
f ) r< T ;\I T l '-~ .. : 

l .1: -_. ;~ t i·i T 
;...· :.: T i\l T 
;: ~-~ t :-; r 
Pe I i'! T 

t .-' . . , l ( ~ , i\i r-- [ :\ ~j T ( [ l , r· ~ !. • , ·, : J 1 ' r ) • r ~ ; Y 1 ~- , ( , ) ) ~ r . t ~ . · · : 1 

/ u ':· ~) f< I~< I ;..: l ., ' I ~ ( r r f, { I ~ ,J i 'J .: I " ~, l 
r: F I ~·~ r 
r1() '-)U 

._) i , ) 
1> I ( f , .. J l _) 8 \_. 
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lFCI.NE.J) GO TO 30 
DI(!,f)-== lr..O 

30 CONTINUE 
T H f D t P 0 L E ;, . 0 >1 f N T I ~~ T f G f<! 1\ L S ' Pi~ I 0 I{ T U "'LJ L T I P L I C A T I :~ i\ ~ Y u F:: ,\ ~· I T r 
~ATRIX ARE STORED IN ARRAY X 

DO 5lJ IV :::l,J 
C I\ L L D I ;\I T :?> 

P R I ,r-,i T 1 ;_, H 
P R I i~ T 1 J C; , I V 
CALL PRNTCX,NB,~B~X) 

D r--1 ( I V ) = U j;) 0 

D Cl 6 () I = l 'tHJ, 
D 0 6 u J = 1 , i'H3 

. 6 0 D p., ( r v l = o i·1 ( r v ' - 2 ,. v ~:- D < r , J ) ~- x c r , J > 

50 CONTINUE 
c THE NUCL!:Jl.i-\ COi\TRif3l.JfiG.'J0 ru fH[ DIPULL: I'IQ;v·r::.~T .~f~E :'lt.:.XT 

C CALCULATED 
r~Nl = o.o 
p,\J2 ::: u.o 
RN3 = J.U 
DO l6U I-::l,t\l()C 
R •\!l = R f'J 1 + V L I S T ( I ' 1 ) ·* V L I ~" T C I ' t~ ) 
RJ'.l2 = Rt\? + VLTSf([,2)-:n/LI.SrCJ,4) 

l 6 ~J f-< i'-! 3 - P. t ~ ::: + V L I S T < I ' 3 l ·* V L I S T ( I ~ ~~ ) 
!'"\"·I , 
1../l''.J. 

li) ": -~ 
,,•J.) 

f\ I'. I 1 \ 

+ (';~/, {?) 

+ [)t/ ( 3) 

n P \.1 -- S r; :~ T ( D '! 1 ~H:- 2 + [)r .. ~ 2 ~(. {~ 2 + Dr:~ 3 :t- * 2 ) ~:-? "' S ~~ l 5 
P R I ."-! T .'2 l.' L~ 
D R I ;-.._l T 2 ~-· 1 , D ~. ~ ( 1 ) ' [> >~ ( 2 ) ' f) .v ( 3 ) 

P f~ I j\! T 2 "' 2 ' f< N 1 ' ~< ~·l 2 ' ~~ N 3 
P f~ I N T ? t_. 7 , D > 1 1 ' D i>~ 2 9 D ;\1 3 
P r~ I ~~ T ? u 3 , D P iv~ 
C /1 L L ~ E C 0 :'-1 D C T 2 ) 
fJ ;:.: I i'-J T 1. 1 (' l , T 2 
TT .:: l? Tl 
i> f~ I i·JT 1 1 :.J?. , T T 

J '-'.I r~-c~r.:·-·1\ I { ! .,;{ '-:~[")()LY {\ Ttj 1 ·' DF!'·!S IT'{ ;\·)•\T ~<I x-:(- ~I I} 

.l 1 _, :3 ~" (i; .: .' ~ ;\ l ( / I l 
1.1 .) ,~~.:r-~ .·,-, i ( 1 _;;<' ;~ ~~; r P:--JL:- ,'.'.\), ·:~\ r ;·ii\ I:< I,.\ r=u:.; c l_'•r· l'' ~:·iF--~'< I :, : 1 °/!) 

I ) ·:) F.~;~~~: ; /, I ( J ··L< , [ ? ' C3 X , i. ) 9 I~< ~ f ? ., 6 l. ' I ? ) 
1 -:. ·.. F (·: <" 1 /1 f ( ! ,J ;< ' ;~ r::- J'.~ C 1 I C' ~,, ~:- , ·l X ~ ":: [',~ ~-- I r~· · · T ~· " ··1 ·"- ~ -: ,, I_. ''- , : I .'( ~ '). •'- & •·~ :' ~ i '·· ~ ... '- ·:- " I I ; 

/ u u F n f,· ~ • ,'\ I ( r ; , :< ~ ~:- (·, ;\ d :) ~-, ; \ .,,_:~ , ~1 / , ~: ~-" r ;\ ( : ) ':~ Q 71, , -~: r-· r ,\ \ .., l _:, , ., \ ~ -"- r 1 \ I ~ ) ·· ~ ., \ ~ 

~;-!:_X~~;',::'· :I l , ' :: ' -~X ' ;· .. :~, i. :- r- I ( I c \ r . / ~ / / ) 
? , _; J F CH ·! •. ·J. I ( c f. , < F-: I. r (~ i :' (~ ' : ! ~_: :: , ;>~ :- J f-' I u • () ' I ) 
? l.J ? F 0 f~. -1 \ f ( :~ ,<; , :: ; 1 _, ·:~ l_ r_- ,··. I, :: ' 5 ,\ , --~ f~ l v "' f) .. I ) 
?\.J 1. FOf,~:·.·;,r\r{r-·,:<,:·1 ~-f;'\L :··;uoLL \;~.~/L;\!J:~.,?_X. .. f-"1·· "'r)"'5l:.!'"- ~:::;Yf~-:< 1 

?.--·'t ro:~ ... ~;-\1 (-;, .<,-:.c>·:f)(:::'~f\Jr:-' :JF DrP•_;!..F ,·,,J ~-~ .r;:-..,/~?~~-\ .. :;.,.;..c, 1:.<~ 

:~ Y ;<- , r) X , :~- l :'- ~ / I J · 



c 
c 
c 

? u 7 F () R '·1 A I { R X '~{- ~~ f :') l.l l l A 01 f ·* ' 3 X' J r 1 .- • G ' I I l 
2 1 J F 0 R .\l A T ( 1 v X ' I ? ' 3 X ' ·~ { 1 X ' F 1 -.. • 6 ) ) 

lOCO FORMAT<4El5.H) 
ll) 0 6 F C R >~AT ( 3 I 5 l 
1007 FORMAT(l?F5eG) 

99 

1 1 0 0 F :: f:( ~ 1 1\ T ( I ~ 1 v X , * T I ; J1 F fl. T 5 T 1\ !< T 0 F ;) I P C' l E R u L, T I " [- -:~ ~ ; "' ·" ., F l \" .. -:. ~ ? \ " " ~) r C ~- ' 
l I I ) 

11Lll FDf~::.AT(I,luX,~-TI:·~F /\T EfJD \1F DIP()LF R('·t_,fy:.,~=:-':-,?;(,f·~v ... l~-.\9·>-::'-:::-q.f/) 
l 1 U 2 F 0 r ~ ;· 1 A f ( l ,j X ' ~:- r 0 T ,\ L T I v f: J ~ t D F 0 ~~ I) I P U L ~:: ! \ C u r T ~\I f.:: -:..~ ~ 2 X ' f. l v .. _1 ~ 2 \ " -l~- 0 : >- ~- l 

C/\LL EXIT 
Ef'ID 
S U FH< 0 u T I N E D I N T S 
C 0 r:, ~v·i 0 N I D t P 11 P I , I V , E T A ( 1 2 ,..~ ' ') l ' N T Y P t. ( l ? v l ' i'-! F I R S l ( 1 / J ~ " "ll '\ . ) I l l 2 u ) ' 

1 D ( 3 , l ) , X ( '~ ~_. ' 4 u ) ' ,r--l8 
THIS St~:r,f~OLiTI~JF or.:c,,\~·~Ilc~ f'H~: C/\LLlNC 1--';.;-::,·o.~~Ir_!\', ,'~r-; __ t <·'-..\Y 
THE rt-.lT~~GR/\L PACK/\(:f: ANI) PC~>I,··iuLTli_)Lit:~J lr~f OIP\·;LL ,··,(_.',:L·.,r 
tNTEGi~/\LS L~Y THE t,PPI~C·Pl~I;\T~.- .\l..Ji'-<~-'/\lllr.:::t> (:JFf:~lCIL,\JI_) 

[) 0 1 u u I = 1 ' t·d-> 
i"l T = i\ T Y P E ( I ) 
LL = 1'--lLAST([) -- 1'-lFII\:.f(Il + 1 
DO 1 U G J = I , t~ H 
,\1 L = \l F I R S T ( I l 
NT= ,"~TYPE(J) 

_ lli,T, ~ r T t r, 
- I" l- f"'\ -......J I \ .....) J 

X < I , .J ) = l, • v 

DO llv .-..~=l,LL 

f'i L = ~~ F I R S T ( J ) 
DO 111 N=l,~<r.; 

A'.-""'"T I'"' 
1-.:.1 I t'.,U' \ J I 

DI = DIPt (f'<L,~~L,f'lT,f'<-1) 
DD = ET~(~L,5l*FTA(NLtSl*Dt 
X ( I ' ~J -) = X ( [ , J ) + D D 

1 1 1 f,i L = N L + 1 
110 >'L == ,','L + 1 

X(J,l)::: >~(I,J) 

100 CONTI ;\UE 

., 

.1. 

? U lJ F c~ f..( i/1 /\ l ( 6 X ' r_, I r) ' 6 X ' F :1. 5 • 2 ' l 7 X ' ! 1 :::, • ~3 } 
? 1 i) r-: : ~ r~ · .. , ;\ r ( 1 ? x , -;:- r -~:- , rs x , '.: . J ::· , •. x , -::- 1.: :: , ~ .\ , ·:-:-· 1 ;: 'i) h .~~ .. ; , · ~ :: , ~~ . ~ • ·: 1 1 :: , 1 , < ~ : ! _. r ' , 1 r .. · :_ 9 ' • 

l L ) ~f , ? l; X ., ::- D D ::- ~ / / ) 
P ~-- T u r~ ~.J 
r-~ ~ .. io 



100 

FLir.!CT I C~l 0 I PI ( :"~L '~il ':·,i '~l l 
C C rv; "< 0 i· l I fJ I P 1 I r I ' I , f:: f /\ ( 1 2 . · ' 5 l ' ; ~ l Y P L_: ( 1. 7 ·~ l ' \ ~ I ~ __; r ( 1 ? ~ ) ~ .\ L .. '\ - r ( 1 2 .... ) ' 

l D ( 3 ' 3 ) , X ( t+ · .... , 4 u ) , 1\l G 

C T H I S F UN C T I 0 N E V /\ L U 1\ T F _:_:, r ~·~ F D I P n L C ~ ~ ;: l'·-' E r-.. T 1!\ I F G :\ 1\ L ~) 

Ii~TEGER P 
R A r? ::: ' E T /\ ( :/. L , 1 l - E r i~ { :.~ L 9 1 1 l ~- -* ? + < r=r ,.\ ( 1 'I L , ? l -· t-_ 1 .. t .. , L. , ) l 1 ,, .·:- ? + 

l ( E T A ( f···i L 9 3 l - E T f, ( ~'~ L ' 3 l ) ·* ~~~ 2 
~~ c = E T I~ l ;·/1 L ' L~ ) .:_} E T /\ { ~l L ' I~ ) I ( ~ T 1\ ( :.~ L ' ~~ ) + F I ,tl. ( ~1 L '1 /j. ) ) 

E R ::: < E x '-' < - :, c if- 1~ t\ e. ? 1 1 ~:- < ~ r * -:~ 1 qj s l 1 < [ r •\ < I. I L , '~ l -1- t_ 1 ,..\ { • \j L , r+ 1 ) , '" :: : I!> l' 

Go To (l,z,z,z,3,?'3'4'G'5J, ~ 

1 G 0 T 0 ( 1 l. ' 1 2 ' 1 2 ' 1 2 ' ~ ,~ ' 2 .3 ' ."-! ? ' 2 t. 1 ' 2 t• 1 ' ~~ :'~ ? ) ' !'I 
~GO TO (14,l5,15,1S,z5,2S'?~~2Al,26?,76~), N 
3 GO TO (J1,32~32,J2,351,3Sl'3~l,352,352,J~2)' ~ 

4 G 0 T 0 ( If 1 ' l'j. 2 9 4 2 ' t, ? ' 3 5 2 ' J ~-, 2 ' ?, :J 2 ' 3 6 ~~ ' J 6 ~· ' :. c -~ ) ' l\l 
5 G 0 T 0 { S l ' ~ 2 , 5 2 ' 5 2 ' 3 5 2 ' 3 S ;_ , '3 5 ,: , J 6 '1 ' j 6 j , ·.:; l-) 3 l , !'~ 
6 GO T 0 ( it 1 '6 2 '6 2 , 6 2 , 3? 2 , j ~) ;~ , '3 t:=• 2.. 'j 6 :-> ·, j 6 3 ' J 6 J ) , N 

C {PIRI~,) ••••• EC:U!-'-liOf·l 3 IN F:JF~flulJ\ LI~)I 

14 AA ::: ETA<NL,4) 
.A f:) = ETA ( ;.1 L ' 4 l 
j = f'l-1 
A,J = ~T/\(~··!L,J) 

n J = t:::: T ;'.. ( '. ·: L ' J l 
C I = /\A ~q. T ;\ ( ~< L ' I ) + .l\ 3 ~:- F:: T !\ ( 1.; L ') I ) 

I..JU IU l.O 

C ( 5 II~ I P l • • • • • f C u /\ l I 0 N ? I r·~ t= 0 R ;'/, L; L ,.\ I _ 1 ~ T 

c 

( 

l? AA = ETA(~L,4) 
I\ 8 = E T l\ ( ~,; L ., 4 ) 

J = N-1 
A J :::; E T f, ( 1'~ L ' J ) 
R J = E T A ( !'J L ' J ) 
C I :.:: /\;.'\.!~ FT ;\ ( ;V:L, I) l· J\:_)~!·f~ f ,\ ( t·!L' I) 

1 p, D I P I ::-: f: r~< -):- ( D ( I ' J l I ? ,. v - ·\C. ~ C I -::- ( ;~ J- ;\ J ) I •\ h ) 

r~cTur.:N 
( S I ~ I ~) l • • • ., • [ C 1....i !\ l I C .'.~ 

, 
1 r'\ /':.. = E T r-\ ( j/. L ' ~~ l 1 

i\ 13 := E T /\ ( ~,; L ' t~ ) 

I\ I -:: r: T /1. ( I . .' L ' I ) 

r) r ·- r: T t\ ( :'·i L ~ I l 
Dr PI - E' f < .;:- ( ;\ 1\ ;~· /\ I + 1'. ~ J. _, 1• ' • i ) ... \ ~ i '\ l. • !. 

,-~ r:.1 ur~ :·1 
( P / 1.: I ~) ) ~~~ * "' ® 01 I (.: · . .I '\ r 1 U i,l ,~ l ;\! f.: ' .. l \ ·:, ,_ .: l. ;'\ 

l'J A/\::: f~T/\(;.:L.~,',) 

1\1~ = t.T/'I.(":l.~!•) 

j :..' •\1-- l 

~~ :; N -- l 
/\ J ·- I. I i\ { ;·:, \ " .J ) 

i\ }( .: l r 1\ < G ~; L_ 9 ;.~ l 
;.\ I = t r f\ ( : · ; L 9 I ) 
t ·) J - 1-. r /\ ' N L ., J l 

I~ I 



R K -- E T t\ ( i·-~ L ' K ) 
BI- ETA<~~L,I> 
C I ::: ( .t\ /'d'.- /\ I t- /\. l·~ * Li I l 
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D I p I = v • C)* L 1\ 1( ( -A c -~:- ( t3 :<.-A K ) l'~ u ( I ' .J ) I .•\ :_, + ~~ c -;*' ( • J- ,\ .J l -!:- l-' ( [ ' .. ~ ) / "/\ + "·~ 

, 1!- c r -~ u < J , r:.:. > 1 ( At~.-* Au 1 ·- ? • i..J ~- ;, c ~{- *? ~:c c r ~: ( 1<J- ;--~, J l -r.- < t". ~~- 1\ ~: ) 1 ' 1\. I~:- /~ :_. ) ) 

I~ETURi'l 

C ( S I f~ I D J J l • e 0 e e F q lJ f\ T I 0 t') ~~ i N F Cl f.(.·· u LA. L I S f 
23 AA = ETA(ML,4) 

A 0 = [ T r~ ( N l ' 4 -) 
J = N - 4 

A J -- [ T f.._ < ~" L ' J ) 
t'3J = ETA(NL,J) 
CI = AA*[TA(~L,IJ + A8*ETA<~L,IJ 

h o D r P r = u • t) -)'(- c: R * < c I - c r ~u'. ( 1 /\ n - 2 • o ~f- J\ c ~- ( i :\ J - /\ J > -::- D ( r 9 .J J + ? ~ \_, o:.- (I ~-:. 

1 **?*(PJ-AJl**?*CIIAH)IAR 
RETUF~ 

C ( D J J I R I ~) ) o ,. • .. ., f ~ U f .. T I 0 N h I !\! F 0 f-V'! U L t\ !__ I S T 

c 

J l A A . == [ T /\ ( N L 11 '+ l 
A G = E T /', ( l"1 L , t, ) 

J = H - 4 
AJ -- ETt\P-JL,J) 
8 J = E T J\ ( f\·1 L ' J ) 
C I = ;\ !\ ~- F T A ( ~ : L ' I ) + .'\ i?. ~- E f J\ ( :"1 L ' ! } 
r..r1 rn t.r. 

\ 'J i i-< I U .J K. l 9 • • • • r () U !\ I 1 U i'! 6 l 1·: t- () 1.: :· ... U L /\ L [ :.:. I 

K = 
GO 

242 j = 
K = 

I'+ A./\ 
AR 
AJ 
8,) 

AK. 

13 :< 
C I 

N 
TO 

j\.1 

N 

= 
-

-
·-

= 

= 
-

- 6 
24 
+ 1 
- 7 

E T f, ( >~ L ' ~~ } 
E .T A ( N L , lt ) 

f T ~ ( :'ilL , J ) 
ET/-.(,\JL,Jl 
E T /\ ( i:l L , K ) 
ETf',(i\L,V,) 
A /\ -;: F_- T t, ( >1 L ' I ) + A F:~ :,!- ~ T :-.._ { N L ' I ) 

? u (_; D I ~-.: I ~--= LY ~:- { - !o C ~:- ( : ·. r _ --- r, < ) 'i- ~-~ ( I -. J l -
, -:~ c r :-~. ( n v - t\ r~- l ;~ t f ) J - l' . -' l ; :\ ' 2. ) I ' 1 t!l , . ·:i •' ~,_ ) 

f~E TlJiH·l 

/\ c •: ( : ! __ :' 1 ; ;: , ( I Q •• l ~ .· " ·~· - ~ 

( ! l _)f:, I r ~ I ') : ., • • • • ! : C ,.) 1\ r l C) .1' ; 6 l ~ 1 F U ! < :- .t.J L i\ L l ~> T 
/I I .J :: N 

K ~ 1·i - A 
GO TO t+·~u 

L') l J .::: f·.j + l 

~~ J \) 
K = ~} -· 7 
/\ .f\. 

1\n 
AJ 

-· 

-· 

t: r 1\ ( ~.~ L ~ 4 ) 
[ T .1\ ( >: L 'l t1_ ) 

F~- l /\ ( :'~ L ' J ) 



c 
25 

8J 
A'<. 
RK 
CI 
GO 

AA 
AB 

= E T A ( t'v~ L , J l 
= ET/U~ll•Kl 

= E T A ( f/ L ' f:: ) 
= AA*ETA(NL,I> + Ab*ETA(ML,I) 
TO 200 
(PJIRIO~KJ ••••• FQUATI0N 5 IN FOkNuLA LJST 

= E T A ( >~ L , 4 l 
= ET!\(NL,4) 

J = M - 1 
K = N - '+ 
AJ = ETA(ML,J) 
6J = ETA(NL,J) 
A K = E T .A. ( :"~ L ' K ) 
F~K = ETA<t~L,KJ 

CI = AA*ETA(~L,Il + AB*ETA(NL,l) 
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750 DIPI = Ue??~!..ER-!H/\A~-fl(f,Jl- !\.A* . .\C-~-D(f,J)It-\~ + ?.J~Ac-:~u<I,~n* 
1 D ( I , K ) - 4. ~; ¥-- /1 C * *? * ( n K- t\ K ) * C I ;'f- () ( J , '<. ) I/" ;-; + ~ • ~~ ~!.. .:'.< -:H:- 2 ';;- tt\ ~ ( 0 K. --,\ <. ) 
? ~- -~- 7 * D ( I ' J ) I f\ 1=3 + h. (H~ fl. C.-:!--* ~ .:;:- ( 8 K -/\ K ) * -:~ ? ~- ( P J- J\ J ) :: C I I/\~~ -- t1 ., ·-- * t\ C -~- ~-? 
'".!, ~- ( :? J -.A J ) ~- ( H K - A K l -* r; ( I ' K ) + / • v .;_<. t~ C * C I ~:- ( r~ ...J - A J ) - ? • v ;:- "~ C :~ -><- ) -:." C l -* 
1-+ ( R J-- A J } I .A B ) I ( ~ A* t\ h ) 

RETURN 
C ( P J I R I D K L l • •••• E Q u A T I 0 N 7 I N F 0 I~ I J; u L A L I ~ ·1 

261 K = N - 7 

Go ro 260 
262 K = N - 8 

L = N - 6 
GO TO 260 

263 K = N 8 
L = N - 7 

2 6 0 j = i\11' - -1 
A f\ - E T i\ < ~.:; L , 4 ) 
t-\ r") = E T /'.. ( ~"~ L ' I+ ) 

;\J ::::; E Tt\ ( \·1 L , J } 

.t..K = F T f, ( ~/ L ' K ) 
;\ L -- E T 1\ ( r·1 L ' L ) 
~~,_I --· [T/'1_(;--.:L,.J) 
I~ K -= E T t\ ( NL, K) 
HL - ET/\(;\)L,L) 
c r -- F T f\ ( \' L, I ) ~~A f\ -~ [ T f\ ( N L , f l ~- /i h 

r, o o r ~ T P I -== (.: • ;) r; ~~- f: r~, ~~- ( - 7 • u -·~- l\ c ~- * 2 ,·:- ( :) , 1- .t\ .J ) ·~- < f ~ ~~ -.:\ ~" , ::- .-, i r , '-- ; -- 7 • , ·: ,.__ ~ < .,_? :< 

1 ( I <J- A ..J ) ~:- ( : ~I_ - !\ L ) ~ [) ( T ' K } + tf • ··-' 'l- - i\ (-1:- ~- J ::- C I ;( ( q . J- -'}. __ ; l :, ( · .-"- :\ . _ I c.- \ : q -- .' I i / 

? ;\H + /'.(::!)(I,l_)~l-~)(_J,<) -1- ."·c·:t,(I"I<l *"l'.(_J~ll + ::;.L:;\(~.: ··.:._-:(-·r,--, .. -.,) 

1 ~- { i \ L- /\ L } ·:- i) ( r ' J l I/\ I) ·- ? • v::- .•\ 1- -:( -.:-? ~~- c I -~\- ( i i L -- ~\ [_ ) r- r { 'I ' :\. } / ,\ l' -- ~, • ; :;- ,\ c ·<- " 'l 

t. ~\~ C: I -:~ ( n, K -- ;\ ,( l ~:- ~-, ( .J ' L l I :-.. :3 l I ( .'\ .\ :: .\ t ; ) 

I~!:IUHN 
C ([)KK/f~/P..J) ••••• E·:~vAliL..N ~ [1\l F01<1'1 1--·! __ / 1 LI~_)I 

·3 2 J -- N 1 



c 
62 

42 

52 

500 

c 
3")1 

AA == ETtdNL•'-+l 
1\B = E T A ( ~1 L ' ~~ ) 
AJ = ET;\(NL,J) 
BJ = ETA(fv1L ,J) 
A'< = FT.f\CNL,Kl 
RK = f T A ( ~-~ L ' K l 
CI = E T 1\ ( I·~ L ' I ) ~- l\ ~3 + ET/\(NL' I )-*/\A 
G() TO 250 

<DKL/R/PJJ ••••• EOUATION 7 IN 
j = N 1 
K = i..-1 - 8 
L = M - 6 
GO TO 500 
j = N - l 
K = rv - 7 
L == 

··"' 
- 6 

GO TO 5u0 
J = N 1 
K - 1'"1 - 8 
L ::: ~ .. , - 7 
/'../\ - F T f\ < ~! L ' 4 l 
An ::: E T l\ ( :V1 L , 4 ) 
AJ - ETA(NL,J) 
Q ' - C: T II f •.!l . I' 

-- • l o 1J I l '-
1 

- I 

A.K - t~ I f', { N L ' :< } 
s;< = [ T 1\ ( r•: L ' K ) 
f\L - L T /\ ( f'.l L , L l 
P.L - E.TA(ML•L) 
CI = Efl\ (i"JL' I)*/\/\ + E r 1\ ( ~} L 9 I ) ~!. l\ P 

GO TO 6U0 
( D :< K I R I D J J l • ~~~ .. ~ ~» E 0 U ;\ T I 0 N 8 I l'l 

AA -·- ET 1\ (tv~L ~d+) 

An - E T 1\ < \; L , !t ) 

j =N-Lr 
K ::-: :v: - '-~ 

A.J = ETA( :',1L ,j ) 
f'lj - f-T I\ ( .~ll_ ' J ) 

f\K .. r~ r .·\ ( ~.)l_ '(< ) 

pI/ 
::' ..... -- rT 1\ ( ~l \_ ' 

'<.' ) 

c r ... f\ ;'\ -:( r: r ,·. 1\ ( . L. ' T ) + /':. .. ~ >( 1:: r /1 < ~~ L , r ) 
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FOf:.{,\1vLA LISl 

.. 

FOI~I·,UL f• LI~I 

U { P { =· L. i < )i { i\ ', )< /\ f j ~:· ( T - f\ i ' ~i- :\ (_ .;~ (. [ ·- /\ ( >:- i\ /\ -;~. 1. .• I ~· ? • •) :: · \ (_ c';- "~ ) ~; ( I ;; Li ( J 9 ·'' ~ 

/\ c :~· -:1- .) .;} c I ... :) ,. 'J :: f. .:\ -):- ."; ; ~ l: ~, c ~: ( ; ~ ;:: -- r. ;., l ·~~ ! ; ( I ' r, } -· ? • u ~t . \ .... ; · .. l ' :~·. I ( : ~ ' ' ' I -- r' .J ; -:· 

') f) ( I, .J 1 t ;1 o ·~~ ,-..:, .; ,\( ::- ;: ./ ·~· ( i .J-;\,.1 l :: ,) ( i ~ .J) -- . .'.! •• ~ -:: .\., -~ .\ ~. ·:· ::; :~ ( · ·-. ·····\:,. l ,· 
?, D ( I ' f-:' ) -- ;, ~ ' < ''· i\ ::- f\ ( ;(· :,:. ? ->: ( : ~' J- ;\ .} ) :~ ) ( [ ' ,<.... ) ,; I') ( I ~ .) ) ~ ;. "' ~._: : .\;: ~:·. '. .. ;. ·~ ~ '.· ( ' ' -. \. ;-.., 
t~ } l.~ r) { J , i< ) o~ f) ( [ ~ J ) - n a ;,, l:· :\ ( ~: ::· ~ 1:- C I :1- ( d .J- /\...! ) -;f. ( · ·: < -- t, f..... ) " L· ( , I ~ .• .... l ... ? • \.) * ,\_ ~; '- ' ( 
ri .;:- f-- 7 ·::- C l -~~- ( f: < -- ,'. < ) ·)<- ::- ? + ? .. l) c:{- r\ .:\ 1:-/\. C ,:. :.- :' ::- C I ~!- { P., J- ... J ) ;~. ~l ? · - J e \..J \ t, C <· : -~ i'i (._ T ~" 
(, ( s J- A J ) l: ~:- ? - ? • .J -X- t\ ( -:H*' ~ >:- (_ I -;:- ( !-; "- ;\ :<., ) ;,;. :~- ? + /; <l i~ ·~ ;.\ .::, -.:· 1'\ (. •' :. ··~ .. I . ' ~l -. '. J ) .<- -~ '" .; 
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7 ( 6 K- A K ) *D ( I ' r~ ) - t1 • u *A. C y, -~ '3 * .t\t~ ~- ( 13 K -A K) ~~ * 2 * ( ~) .J- A J ) x- D { I 'J ) + t._ • ~ -x- :'., c_ 

A **4~CI*(8J-AJ)**Z*<BK-AK)**2)/(4.0*AA**2*An**2l 
RETURN 

C (DJL/R/DKKl ••••• EOU:\TION 9 In FORi<dLt~ LJST 
352 !F{~.LT.Bl GC TO 170 

K = N - 4 
IF(~ - 9) 371,372,373 

3 70 K = ~JI - 4 
IF<N - 9) 371,172,373 

371 j = 1 
L = .2 
GO TO 375 

?72 j = 1 
L = 3 
GO TO 375 

373 J = 2 
L = 3 

3 7 5 I F ( ~ ': • L T • 8 l G 0 T 0 3 7 6 

376 

A A = E T !\ ( ~-,1 L , l+ ) 

AB 
AJ 
BJ 
!\I( 
uv 

AL 
8L 
CI 
GO 
/"..A 

AR 
AJ 
BJ 
AK 
f~ :<. 
AL 
PL 
CI 

= E T A ( N L ' '~ } 
·-- F. T A < ~-" L ' J ) 
-- C T f\ ( N L ' J ) 
-- EfA(f.lL,K) 
- L:' T /1 I f\11 - '/ \ 

k- • ' • • I 'II- "' ' .. I 

= t I AU-~ L 'L) 
..: ETA{NL,L) 
= E T f\. ( ,\1 L , I ) *A A + E T A ( N L , I ) *I\ ~3 
TO 91 

FTA{NL,4) 
-- E T A ( i\1 L ' 4 ) 
= ETA<NL,J) 
= E T t .. ( i-.·; L , .J ) 
- LTf,(r-!L,K) 
= ET/\(;'11L,K.) 
- E T A ( ~,~ L ' L ) 
-= E T .1\ ( ~~: L ' L l 
-= F T f\ ( v L ' I ) * f\ R + E T 1\ ( ,1\! L , I ) -x- l'. /1. 

'1 1 C 0~-J T I r .. : U F 
f)[P! :~ E-[~:l-(/l•u~~f\(;:·;!-?*f\'~''1~( I ''f~)-::!)(r(,L )-::-([),J-·,:\J) + ?··-·:::<1(-~,\ ~<·\.L\-~-

( h .J -r, _) ) ~~) ( r ' l' ) - .? • v ~{- '"' c :~ ~:-? -~-/\ /\ ;(- ( --". J- .:\ .J ) '.:- u ( r ' I' ) -- I; • ·~' .f -'·l '.;· -~) : .\ ,-\ :- ( r< :--:. 

? - .·\ K ) -;: : ' ( [ ' J ) ;;. I) \ r-:. ' L ) - 1, .• ~" ~:- t-\ C -* .~ ) :1- .\ .1\ ~- < , ~ ~: - /., /'-.., J ·~ 1 } < I • i _ ) '-' ; · ( J ! _...., ) + ..-~ ., \ ; .,c 

'I, 1\ ( < ;(. 7 -:; I\ 1 1 -:-~ ( t -: L -· i\ L ) -l:- :1 ( I ' . _l ) ::, i; ( I ' r~ ) f- ? • J -'<- i\ :\ ··~ \ ~ ~ -:: •\ ( :~ ( ~ · L - ,:-. 1 . ) :\ :) ( I ' _) l ·-
·:, ~J e "''~·/\/\ :<-.'.(: ·: ~:? ... ( fl,l..--J\[_) '<·I·· ( [ '1.)) -

/I ;:~ • . ) ~;. : .. c '( ::- "} :: ( ! : < .. i\ i·', } -::- ( :3 L -· '\ l. ) :;(- c r ~~I) ( J ' K ) + l+ • ·_. -;,c ·" c -::- :, -~ ; i:: .: (- r \· { -'_j -- ,.\ . J ) ;~ 

c-. ( :_-d.-" /d_ ) ... It- • 'v :~- /\ (-it.~ '.l, -:~ ( f' .J - '\ J ) 1!- ( r: L -- .:i L l ->:· c I - _Q • ·~ i-- .'\ (,__ o;- ~ ')_ ;; { :: < - .\ ;·, ) c~ ( ~ •· _I--;\ _I 

r- ' x c I ;:- D ( L , f:'. J + 'f • (,~ ~:- /\ c ~} :<--, :: t\ /1. ;:- < i-) <- ,...., ~: > * -*? ;t < ~ L -- '\ 1 l * c_"~ l r , . J 1 -- q • ~_; :< '- c -': :: -~ 

'7*'\f~': {HJ--A.Jl :~-(fl:L-.t\L) ::-(!_)(-!\.<) ~:c:)( r ,<) + ~~.G-:< .• \C~--\;--~~: \.-\'· (;,-,--/\:,)<·;c)<·\ ·-,J 

P .1\ .J l -:1-- D ( I ' L } + r • L- ;-(- !\. C -:!-- ~~- '~ -~- ( d J - J\ ,) ) -~- { , ·" I.- /1 I. ) ;,. ( '- '-. -· .:\ :-..... ) ~~ *' ? :: ( l ) i ( '3 • u * ·\ !\ 
9 -K- ~- 2 l<- /1. :1 --;~ ~:- .;? ) 



( 
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RE"TIJR~J 
( D J K I R I D [_ p l • • • • • E ( ~ l.J ;.\ 1 I 0 ~~ ll... I N F c I< I'~ J L j\ L I ::J T 

3 6 3 I F < ~ .. , - 9 l '3 9 u , ~·. t; 1 , '3 CJ ~~ 

390 K = 1 
L = 2 
GO TO l..tC3 

301 K = 1 
L = 3 
GO TO 4v3 

:?; 9 2 K = 2 
L ::: 3 

403 IF(N-91 393,394,395 
)9'3 J = 1 

394 

395 

L1-0 l 

p = 2 
GO TO 
.J -- 1 
p = 3 
(~0 TO 
J = 2 
p - 3 
~~A --

1\ f~ --

CI --

" ' -

Pj -

I• K --
BK -
AL = 
Ill -= 
!\P --
~p --
DIPI 

L;.V 1 

E T J-\ { tv1 L , tj. ) 

[~ T :, ( N L ' Lt } 

AA*ET\(VL,I) + AH*ETACNL,J) 
rT 11 t · .,, • r' 
' • • \ \' ''-- 'V I 

E T /\ ( i'J L ' J ) 
f.: T p, ( rv' L ' ~~ ) 
ET/\(,\JL'~~) 

E T .t\ < :~~ L ' L. ) 
t~/\(Nl_,L) 

F T /\ { i. •l L ., P l 
[ T ;\ ( ,~~ L ' P l 
:::-: ~=- R ~!- ( ? • '-; _,_ /1. C ->~ "~- ? ~~ C I -'t n ( P , L ) -::- ~~) ( .J , f--. ) + ? • ~~ -~- 1\ C ;} -;:- ! ,·t C f -·~ i; ( L_ , .J l ~- t >; ( ? • ~--- ) 

+ ? • .._i ~;;- /\. c -x- -~~ / -l: i\ I?.~(- ( f-l !<_ - /\ :<. ) <- I~· ( L ' .J ) )f ! ) ( I ' p } + ? • :j ~*" j\ < -/- .;;- / ;, .: ... •;- ( ~-~ l_ -- k L. ) -~, :·_~ ( j ' ' 

? ) ~:-:-, ( I , u l -+- .' • · r~(- /J., C ~(- ~f- 2 l<- !\ :" -::- ( :?. L -/\ I_ l ~.;- D ( I , J ) -;:- D ( '<.. , P ) :") ~ . .J ~u. C '..:- :; 7 o"c r-d.) :~ 

'?, ( f~. ~:. ~ /\ }:_ ) ;-;- [) ( I ., J ) ~- D ( L ' p ) ·-· / • ,>x- !\ ( ~H!-? ,·~ ;-_ ,..\ ;~ ( ,) J- :. ') ) '•.~ J ( i ~ L_ ) ->I./ ~ p ' .;_ ) ·-? • - -::- r •• c: 
L, -i:- ~.:- ) ~;';- ·'\ i\ -:} ( G ~J.- :\ .l ) -n. I) ( I ' ~/--- ) -~:- D ( p ,. L ) - ::-- • ~- * t~ ( r.- *) ~~~- ,\ 11. :.; { c, f· -· ;\ i. ) ;~~ •. : ( [ ' i. ) :: ) ( .J 'I ~. } 

C) .:. ') • ,J, c''<-:.'\ ( ;(- -:} / :;. ;\ /\ -l:- ( :_-~ ~) -1\ ;) ) ·:(- i) ( T ' ~' ) .;(- i) ( . J ' l ) - If e J ~';-J\ (~ ;:- >•. J :- i __ I -:~ ( [·. J ·· {\ .) ) :0- ( ! J !__ .-. 

(, ·\L_}::-::;(<~f·} - ~~.u~i\C':--::--::-.c [;:(:~_,1--:\.Jl;~(~·•~-.-,\:·.}::-;~it·•' l -- 1.~0 .:.(_:: ·' \_l • 

7 ( : '· : ) -- .. \ I) ) :( { i -: L. ·' I ) .y,. f) ( J • < ) -- ,, • I } :; t. ( ~ c.< :~- '?. * ( f -:r ( ; ~ ~- - ' ~- ) :< ( ; ' ~ ' - .. '. •-' ) ·: '~. ( . ! ' ' - ) 

8 () )~-_'I c ~: -:: "1 ': !\I ;I;; ( ; : ) -- 1\ J ) :;. ( .-~. < - •\ f ~ ) )} ( I) I - !' !_ ) ->;- [' { I , ; ) ) - !I • u -:.- t, :_~ < .,_ l :;- .\ i J ~ ( ) I' - • .. :; } 

q '~- ( • :.-: --f.:/ ) ·~ ( . i, l . - .'\ l. ) .;·H'· ( I , 1 l + 'tl • ,_... ;: :·. c -~:- ;<- '1 :.- :. \ .;:- ( • - ~-· -'. ,-· ) ·:- ( . ·, ) -- ·'' ) ::- -: : :· ~- ': -

1·( i ,<) + /1 •. ~·:;-,(::.;:-·H:;\fl~l(P~'-/\IJ)-:(~~.J-.•\.J)'~(·~;.,-• ..... ) ;-'--..(; •i) t- .'~ .. '-~ 

'1 ;:-([::(:·.J--,\J)::-(!~(-l\/,)::(:.:..L_--t\L)~I-( :,p r\p) )/l;~ ... ::•'.;\·:::-).: \ J) 

~~ 1_- r t _; i\ : .. ~ 

[J'.\1"; 

: :) u ~ : .. ' n u T r t-l E f) '" ~ : T ( Y , ~~ ,·3 , r: r ) l 
D I ; 'r- 1\J :~ I C ~--~ Y ( .,: ': ' i·: [ ) 
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711 

5US 
710 
107 
l 0 {-3 

so 
60\Jc; 

DO 71 u 1-.13 ~ 1' 1 v 
IV: 1 =i··12 + 1 
M2 =i!:2 + 12 
I F ( M 2 -- r.j H ) 7 1 1 , 7 1 ? , 7 1 2 

~-13 = 10 
P R I n T 6 ·...; 0 5 ' ( J ' J = ~.q , ~'I 2 } 
P R I !''.! T l ·J 8 
DO 5U5 I=l,NIJ 
P R I f\l f 5 ,., ' I ' ( Y ( I ' J ) ' J = i''il ' f"l2 ) 
PRINT 1U7 
F () R r,i /\ T ( I I ) 
F G R ~~1 A T ( I ) 
FORMAT(lX,I2,lX,l?Fl0.6J 
FO~~Af(4X,I7,11Il0) 

RETUf~N 

END 

106 
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APPEND I X Ill 

TRANSFORMATION OF AB INITIO MOLECULAR 

ORBITALS TO CNDO FORMAT 

The self consistent field equations which are solved in ab 

initio molecular orbital studies are generally expressed in matrix 

notation as: 

FC = SCE ( I ) 

where F is the Fock matrix, S the overlap matrix, C the matrix of 

molecular orbital coefficients and E the eigenvalue matrix. The differ-

ence between these equations and the semi-empirical analogues is due to 

the inclusion of atomic overlap in the former case. 

In the CNDO approach, the Hartree-Fock equations reduce to: 

F•c• = c•E ( I I ) 

Prior to their use in the process of parametrization of CNDO, 

the ab initio wave functions must be transformed so that the coefficients 

correlate with those obtained in the semi-empirical method. This 

transformation is quite straightforward consisting of a single math-

-k 
ematical manoeuvre- namely left multiplication of equation (I) by S 2 

to give: 

(I II) 
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TABLE XV II 

ORBITAL CHARGE DENSITIES FOR CARBON MONOSULPHIDE 

I Charge Density 
Function 

Without d(a) With d(b} 

c lS 0.9983 0.9977 
2S 0.8554 0.7548 
2px 0.2899 0.2701 

y 0.2899 0.2701 
z 0.6688 0.6614 

s lS 0.9997 0.9992 
2S 0.9990 0.9930 
3S 0.8664 0.5006 
2px 0.9913 0.9912 
3px 0.7186 0.7141 
2py 0.9913 0.9912 
3py 0.]186 0.7141 
2pz 0.9884 0. 9880 
3pz 0.6236 0.6321 

3dxx 0.1337 
YY o. 1337 
zz 0.2052 
xy 0. 
xz 0.0244 
yz 0.0244 

0 

(a) res= 1.5349 A 
0 

(b) res= 1.5349 A; ~ 1 = 1.63, ~ 2 = 1.75 
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TABLE XV Ill 

ORBITAL CHARGE DENSITIES FOR HYDROGEN SULPHIDE 

Charge Densities 
Function 

No d {c) With d(a) With d(b) 

H lS 0.4934 0.4247 0.4110 
l 

s 1S 0.9995 0.9992 0.9992 
2S 0.9980 0.9925 0.9924 
3S 0.8460 0.4803 0.4754 
2px 1 . 0 0.9999 0.9999 
3 1 .0 0.9988 0.9986 
2py 0.9836 0.9829 0.9885 
3 0.5103 0.5125 0.5251 
2pz 0.9888 0.9886 0.9925 
3 0.6857 0.6745 0.6898 

3dxx 0. 1429 0. 1405 
yy 0. 1570 0. 1579 
zz 0.1514 0.1514 
xy 0. 0. 
xz 0.0011 0.0013 ! yz 

I 
0.0681 0.0646 

I 
i 

0 

(a) rSH = 1.328 A, <HSH = 92.2°; z; = 1 . 66; (4/224242) 
0 

(b) rS-H = 1 .328 A, <HSH = 92.2°; z; = 1 .66; (4/224562) 
0 

(c) rS-H = 1 .328 A, <HSH = 92.2°. 
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TABLE XIX 

ORBITAL CHARGE DENSITIES FOR SULPHUR DIOXIDE 

Charge Density ! 
Functions i 

No d{a) Single dxy(b) i Fa 11 d Set (c) ! 
~ j 

I 

0 1S 0.9986 Oa9985 0.9977 
2S Oo9121 0.9067 0.7987 
2px 0.6876 0.5645 0.6111 

y 0.7048 0.7326 0.7283 
z 0.9040 Oo9138 Oo8049 

s 1S 0.9995 0.9995 0.9991 
2S 0.9974 0.9972 0.9918 
3S 0.8176 0.8126 o·. 4722 
2px 0.9890 0.9883 0.9857 
3 X 0.6356 0.6100 0.5182 
2py 0.9842 0~9831 0.9816 
3 y 0.4487 0.4186 0 0 4181 
2pz 0.9921 0.9913 0.9896 
3 z 0.7208 0.6934 006365 

3dxx 0 0 1537 
yy 0.2716 
zz 0'. 2440 

I 
xy 0.2723 0.2436 
yz 0.0301 
xz 0.1816 

! 
; 

0 

(a) <OSO = 119.5°~ r SO = 1 • 4321 A. 
10 

(b) <OSO = 119.5°, r 
5 

_
0 

= 1 • 4 321 A; r;xy = 1 .40 
0 

(c) <OSO = 119.5°, r 50 = 1.4321 A ; r; 1 = 1Q4o~ l;;z ~ 1 .53 



111 

TABLE XX 

ORBITAL CHARGE DENSITIES FOR OZONE 

Charge Density 
Functions 

Single dxy(a) Fa 1 1 d Se t ( b ) Without d (c) 

0 15 0.9987 0.9984 0.9987 
25 0.9405 0.8174 0.9417 
2px 0.5801 0.5910 0.6708 

y 0.6031 0.5904 0.5925 
z 0.8547 0.7880 0.8516 

o• lS 0.9970 0.9954 0.9970 
2S 0.8470 0.7975 0.8480 
2px 0.6533 0.6263 0.6582 

y 0.5582 0.5544 0.5733 
z 0.8035 0.7957 0.8)22 

3dxx 0.0242 
yy 0. 1961 
zz 0. 1049 
xy 0. 1862 0. 1742 
xz 0.0171 
yz 0. 1425 

0 

(a) ro-o = 1 .278 A, <0 00 = 116 . 8 ° ; r;.xy = 1 . 10 
0 

(b) ro-o = 1. 278 A, <000 = 116.8°; l;:1=1.10, Z:2 = 1 .20 
0 

{c) ro-o = 1.278 A, <000 = 116.8° 
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On comparison of equations (II) and (Ill), it is seen that the 

following relationships hold: 

(IV) 

and 

so that the ab initio molecular orbital coefficient matrix need only be 

premultiplied by the square root of the overlap matrix to effect a 

transformation to molecular orbital coefficients of the CNDO type. 

Such a procedure was applied to the molecular wave functions 

obtained for the series of molecules studied in this work. The trans-

formed molecular orbitals were then used to calculate the CNDO bond 

order-charge density matrix. It is a property of these transformed 

molecular orbitals that the total charge density is equal to the total 

number of electrons in the system. 

The results of bond order calculations, and hence of the 

molecular orbital transformations, constitute the first stage in the 

CNDO parametrization. The transformed molecular-.orbitals are available 

for future reference if required. In this appendix, a brief summary 

of the calculations is presented in the form of a tabulation of charge 

densities for the various molecules studied. It would be one of the 

objectives of the procedure of parametrizing CNDO for second row to 

replicate these charge densities, and in fact the bond orders, as closely 

as possible. 
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