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ABSTRACT , '

The method of Configuration Interaction (Cl) has been used in a

number of studies of small atomic and molecular systems.

In Part I, Cl wave functions for a series of pseudomolecular ions 

ZRZ^~‘  ̂ are reformulated in terms of natural orbitals. Changes in the 

electron density as a function of the nuclear charge Z and bond angle 

ZHZ are investigated by means of an electron population analysis based 

on the natural orbitals. . Contour diagrams of the electron density in 
the plane of the molecule are obtained. The total energy for each system 

is analysed in terms of the kinetic energy, nuclear attraction energy, and 

the electron and nuclear repulsion energies.
In Part II, the Cl method is examined in detail. Techniques for 

obtaining Cl wave functions of atoms and molecules are discussed in detail. 
Computer programs based on these techniques are described, and listed in 

the Appendices. The Valence Configuration Interaction (VCl) method is 
also examined as a means of reducing the size of the secular equation,

and results of VCI calculations are given for various states of atomic

and diatomic oxygen and sulphur. Spectroscopic constants for the
3 — 1 +X H  and b Z states of 0^ and for the
^  gJ A g i  and b"̂  Z g l  states of are given. The methods

by which these results can be obtained are also discussed. Finally the 

results of the VCI calculations are compared with some recent SCF 

calculations on 0^ and S^*
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CHAPTER 1
METHODS OF SOLVING THE STATIONARY STATE 

SCHRODINGER EQUATION

The mathematical basis of molecular quantum mecheinics is the 
stationary state SchrOdinger equation: in the Born-Oppenheimer^  ̂ ^
approximation the separation of the electronic and nuclear motions 
leads to two equations, one describing the electronic, and the other 
describing the nucleeu? behaviour* For a system of n-electrons moving 
in the potential field of a fixed framework of nuclei the stationary 
state Schrddinger equation may be written as

,3C2 , • • • , , X2 , • • • , #  (l*l)

In (1.1) {j is the Hamiltonian operator. Eg is an eigenvalue 
of J) , interpreted physically as the energy of the stationary state, 
and is an eigenfunction of corresponding to the eigenvalue

• The eigenfunction, or wave function, is a function of the space 
and spin co-ordinates of all of the electrons. The space-spin co
ordinates of electron jU are denoted by . The Hamiltonian
operator has the form

^ ’ ()'2)

Where is the one-electron Hamiltonian operator for electron M %

. - 1 / 2 7 2  + (1.3a)

This operator, consisting of a sum of the kinetic and potential energy 
operators for electron ^ , has dimensions and is written in %erms
of primary or atomic units described in Appendix I. The second summation
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in (1.2) is the electrostatic repulsion of all pedra of the electrons
Id , V f

- (1.3b)f̂xv !dv

and is the distance between electron /1 and electron v .
An operator representing the electrostatic repulsion between the nuclei 
is sometimes included in (1,2)# When this operator is omitted Eg 
is the electronic energy amd when it is present Eg represents the 
total energy for the state# Eg is given by

^ <YlblY>
" <Y|Y> ' (1-4)

The operators I) , and are Herrtltian.
Although it is not possible to obtain an exact solution of the 

stationary state SchrOdinger equation for systems of more than one- 
electron amd two nuclei, it is possible to obtain approximate solutions 
which yield good energies when compamed with experimental values, amd 
which may be used to calculate moleculam properties# This thesis deals 
with one of the methods of solving (l#l); the method of Configuration 
Interaction (Cl)# In the first pamt, the Cl wave functions for a series 
of three-centre two-electron pseudomoleculau? ions aure analysed in terms 
of natural spin orbitals# An electron population amalysis is developed 
in terms of the natural spin ojrbitals amd variations of the results of 
this amalysis are coupled with an analysis of the various components 
of the total energy, in am attempt to explain the unusual behaviour of 
these systems# In the second part the Cl method is discussed in detail 
and it is applied to homonuclear diatomic molecules# Computer programs, 
developed for the purpose of obtaining Cl wave functions, spectroscopic 
constants vaurious properties, ame described, amd results obtained
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for the molecules Og and Sg are presented# Wherever possible 
these results are given in the form of facsimiles of the conputer output 
in order to remove the possibility of errors arising during transcription, 

In this introductory chapter some of the current non-empirical 
methods for obtaining solutions of (l#l) are briefly reviewed# The most 
popular approach is that of molecular orbitals; the basis of which is 
the determination of approximate electronic wave functions for a molecule 
by assigning each electron to a one-electron wave function, which in 
general extends over the whole molecule amd has symmetry properties 
corresponding to the nuclear framework of the molecule# One-electron 
wave functions %Aiich do not depend on the spin co-ordinate 8^ of 
electron ^ will be denoted by , where represents
the spatial co-ordinates and 1 identifies the one-electron wave 
function or orbital# One-electron wave functions which are dependent 
on the spin co-ordinates are denoted by » these are
called spin-orbitals# The symbols and may also
be used for indicating orbitals amd spin-orbitals where there is no 
possibility of ambiguity# The spin-orbitals may be written as a product 
of an orbital and a spin function # There are only two
linearly independent spin functions which are designated t* and jÔ •
Each orbital can be used to construct two spin-orbitals

^21-1 “ '
(1.5)

^21 = •

Thus spin-orbitals with odd valued identifiers are associated with an 
(S spin, and those with even valued identifiers with a 0  spin# It 

is well known ( ^ ) that if the set of orbitals is subject to
a unitary transformation, then the resulting set IV represents
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the same physical situation# It is often convenient to chose the set 
[̂ ĵ l to be an orthonormal one,

, (1.6a)

hence
JVr>)l^.(M)dx = , (l#6b)

where dr^ is the one-electron volume element without spin, dx^ 
the one-electron volume element with spin, amd 6^^ is the KrOnecker 
delta# The n-electron wave function Y  is then written as a linear 
combination of amtisymmetrized products of spin-orbitals# The Pauli 
principle states that a spin-orbital may be occupied by only one electron, 
hence each orbital may be occupied by two electrons and the amti
symmetrized product, usually written in the form of a determinant D^, 
satisfies this principle# Thus

Dg = (n j)

and

Y (1.7)

The coefficients b^j in (1#7) are determined by a variation method 
which minimizes Eg # The subscript I is included in (l#7) because 
it is possible to construct more tham one solution to (l#l) from a given 
set of determinamts#

A reasonable approximation to a molecular orbital is a lineam 
combination of atomic orbitols (iCAO) which are associated with the atoms
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constituting the molecule:

' d'*)

where U. Is a normalized atomic orbital. Hall  ̂ ^ ' gives a list of 
the possible forms of . The coefficients are chosen so
that the are at least normalized# Further restrictions may demand
that (l#6a) is satisfied and that Eg is a minimum#

Before discussing methods of determining the coefficients 
in (1.7) and in (1#8), it is necessary to examine the roles of
electron spin amd moleculam symmetry# When spin-orbit effects are 
ignored the approximate or trial wave function must be am eigenfunction 
of the total spin operator , and the operator 0^ associated with
the z -component of the total electron spin# The eigenvalue of 5 
is S(S + 1) amd that of is (when both are in primary units):

S(S + 1)Y

A single determinant is am eigenfunction of ÿ  with am eigenvalue of

Sg « 2"^(n^ - iij)) ) where is the number of spin^-orbitals
of spin amd the number with jB spin#

= 2 ^(n^ - • (1*9)

A single determinamt is ramely am eigenfunction of , but this is
achieved when S = S^# However, it is possible to construct linear 
combinations of determinamts which are eigenfunctions of # Each 
determinant in such a lineaur combination corresponds to the same



— 6 —

eigenvalue of ÿ„ • Thus, if

1 ■ j V k I i  ' (1.10)

amd

= 8(8 + 1)Yj_

then it is possible to write the trial wave function as a linear 
combination of the functions Yĵ  :

It

In (1.11), as in (1*7), there are several sets of the coefficients 
which will give am acceptable Y  ,

If the nuclei of the molecule are assumed to be fixed, i.e. the 
molecule is rigid, it is possible to assign the molecule to a specific 
symmetry group, and the wave function must be a basis for an irreducible 
representation of the symmetry group to which the molecule belongs. This 
requirement is most easily satisfied if the moleculam orbitals (1*8) ame 
themselves bases for the irreducible representations of the moleculam 
symmetry group. Thus, the Y^ in (l.lO) are also required to be 
eigenfunctions of the operators of the molecular symmetry group.

The simplest non-empirical form of trial wave function is a single- - \
determinamt. This leads to the Hartree-Fock-Roothamn (HFR) self consistamt 
field method ( ) and the Unrestricted Hamtree-Fock (UHF) method. The
former assumes that the determinamt is constructed from a set of doubly 
occupied molecular orbitals^^  ̂and the energy is minimized with respect 
to the coefficients determining the molecular orbitals of (1.8). It is
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a condition of the method that the resulting orbitals are orthonormal#
The HFR method suffers from several disadvantages. Two importamt ones 
are that it is not always possible to represent a moleculau? spin state 
by a single determinant, and the method maüces no allowamce for correlation 
between electrons with different spins: the wave function does not
varnish as the amtisymmetry requirement implies when electrons of different 
spin have the same spatial co-ordinates^  ̂\  The UHF method is am
attempt to overccme the shortenings of the HFR method, whilst maintaining

( T \some of its simplicity ' ' . I n  the UHF theory the spatial orbitals
associated with the spins ame different from those associated with

P spins# A determinant of such orbitals is no longer am eigenfunction
of S? , amd it is necessary to operate on the determinamt with a
projection operator^  ̂  ̂to obtain the required spin eigenfunction.
The energy is then minimized with respect to the orbitals# The basis of
both methods amd their derivatives  ̂  ̂  ̂is an iterative or self consistamt
field (SCF) procedure  ̂ \  in which a trial set of orbitals is used
to obtain a better set; the process is terminated when the energies
obtained using two successive sets of orbitals differs by am acceptably
small amount. The problem with the SCF method is that the convergence
of the iterative process cannot be guatremteed. Occasionally the HFR

( 9)method predicts, as in the case of the fluorine molecule F^' that the 
molecule is unstable relative to dissociation, contrary to experiment.
Despite these drawbacks many of the most successful calculations of 
moleculair structure have been based on the single determinant approach^ 2

The logical progression from the single determinamt trial wave 
function is to use a lineam combination of determinamts grouped together 
as in (l.io). This is the basis of the Cl method. Unfortunately, there 
is a great deal of ambiguity attached to the word 'configuration'; its 
usage is reviewed by McWeeny amd Sutcliffe  ̂ If the wave function is
written as a sum of determinamts (l«7)t then each term is defined hy
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specifying a 'configuration of occupied spin-orbitals', which is then 
antisymmetrized to form a determinant. Alternatively if (I.II) is used, 
each term is defined by specifying a 'configuration of occupied (spatial) 
orbitals'; often referred to as a 'primative function'. This is then 
multiplied by a total spin eigenfunction (l^) and the whole may then be 
amtisymmetrized. The unknown coefficients in the expamsion of the trial 
wave function are determined by the requirement that the energy should 
be a minimum. The number of terms in the summation of (I.II) is much 
reduced by the fact that functions (I.IO), belonging to different 
irreducible representations, are orthogonal; as are those corresponding 
to different eigenfunctions of and 9^ . Thus, for a given 
symmetry it is only necessary to include terms in the expansion which 
belong to the same irreducible representation amd correspond to the same 
eigenvalues of and . It must be emphasized that in the Cl
method it is the expamsion coefficients of (l.7) or of
(1.11) and not the of (1.8) that are vamied to minimize the energy,
The Cl method is straightforward. Differentiation of the expression which 
results from substituting (I.II) in (1.4) with respect to the leads
to a set of simultameous lineam equations which ame equaü. to zero if JCi
is a minimum. These equations are conveniently written in matrix form as

(H - ES)A = 0 . (1.12)

The elements of the real symsetric matrices H amd 8 are

Hjj - , (1.13S)

amd
S j j - < Y j l Y j >  . (1.13b)
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A is a column vector with elements . The matrix equation,
called the seculair equation, represents a pseudo-eigenvalue problem, 
which may be solved by well known methods The solution of (1.12)
produces several values of E, each an eigenvalue, or characteristic root, 
of H and its associated eigenvector A. Each value of E, amd its 
corresponding eigenvector, represents a different energy level of a 
particular symmetry amd spin state. The actual number of levels is equal
to the number of eigenvalues of H, hence it is equal to the number of
terms in (1.11 ).

While the Cl method does attempt to include am allowamce for electron 
correlation it has disadvamtages concerning the size of the
expansion (1.11 ), amd the slow rate of convergence, since mamy terms ame 
required to produce a good energy. The matrix elements E^j and 
Sjj may be obtained by calculating <Dgl and

first, amd then transforming into Hjj amd Sjj by use of (l.lO). The
calculation of Hjj and Sjj is simplified if the determinamts are 
constructed from an orthonormal set of moleculam orbitals, when the matrix 

becomes the identity matrix:

In this case it is also possible to obtain the 's directly from
integrals over the bamis set of molecular orbitals using the formalism

of Kotani et alia \

The extension of the SCF and Cl methods leads to a combination called
the multi-configuration SCF (MC-SCF) method While this approach
has produced some Interesting results, the problem of
the non-convergence of the SCF process still lacks a satisfactory solution.
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CHAPTER 2
INTRODUCTION - A THREE-CENTRE TWO-ELECTRON PROBLEM

Mamy of the studies of electron bonds in molecules amd moleculam 
ions have concentrated on the "normal" two-electron bond, the prototype 
of which is the molecule. The very detailed computational, studies

(19)of Kolos' * are examples of the considerable attention that this 
molecule has received. The subsequent analysis of this type of 
caü.culation by Shull^'^^ has resulted in a considerable increase in 
our understamding of the nature of the two-electron bond.

It is significant that, until recently^^^ \  amother type of 
chemicaü. bond has received little or no attention from the theoreticiams# 
This is the electron-deficient bond, the prototype of which is the 
hydrogen molecular ion (Hg*), consisting of three protons which are
bound together by two electrons. A very detailed study of this system

(22)by Christoffersen' * provided information about its structure and about 
the electron distribution within the bonds. More complex examples of 
electron-deficient bonds are to be found in the boron hydrides, in 
certadn aduminium amd beryllium hydrides, and in the trihadogens BF^, 
BClj, and BBr^.

One of the smadler boron hydrides is diborane; For many
years the structure of diborame wats thought to be the same ais that of 
tthanw (CgHg) shown in Fig# 1 # The C-H bonds of this molecule have

H H

FIG. 1. ETHANE Cg Hg
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the normal two-electron character and there is a three-fold aucis of 
symmetry along a line joining the two carbon atoms* Careful analysis 
of the rotation-vibration spectrum of by Price^^^^ showed that it
has a two-fold axis of symmetry about a line joining the two boron atoms > 
(the structure is shown in Fig* 2)* The terminal groups are 
coplanar and the central hydrogen atoms lie symmetrically above and

H A0 \* \
\

/

n  'h'

FIG. 2.̂  DIBORANE BgHg

below this plane* These hydrogen atoms form "bridge structures" with 
the two BHg groupsf and the bridge structures are characterized by 
their electron deficiency, since in the case of diborane only four 
electrons constitute the four B-H bonds

Theoreticad calculations of the structure and properties of molecules 
are relatively complex and the difficulties involved increase rapidly as 
the number of electrons and nuclei increase* It seems reaisonable that a 
study of electron-deficient bonds should begin with a study of a 
relatively small molecular system* is the obvious molecular system
to begin with, but is not sufficiently typicad to provide much information 
about the electron-deficient bonds of diborane# However, its structure 
is am equilaterad triangle^^**^ of side 1*66 bohr^^^ ̂ ; a geometry very
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similar to that of one of the BHB bridge structures in diborane# This
appaurent similarity led to the proposal, by Barnyard and Shull^^^\ of 

2Z—1the ZHZ pseudomolecular ion as a model for the study of a bridge 
bond as found in B^H^# The model (shown in Fig# 3#) consisted of an 
isoceles triamgle BAG with a proton at A, and two nuclei B and C which

BCZB

FIG. 3. THE PSEUDO MOLECULAR ION ZHZ2Z-1

had equal but variable nuclear charges Z; two electrons were associated
with this nuclear framework# The bond length (■ was fixed at
the equilibrium bond length of so that when Z = 1#0 the ZHZ^^"^
system became and comparisons with other calculations on this
molecular ion were then possible# The variable nuclear charge provided
some allowance for the nuclear shielding caused by the presence of other
electrons which were otherwise unaccounted for in the calculation#

22—1The variation of the molecular energy of the ZHZ ions, as a
function of the variable nuclear charges and bond amgle ( 6 in Pig# 3#), 
was studied for Z in the ramge 0#8 < Z < 2# 2 and d in the range
30® < 0 ^ 180®; in addition, for Z = 1#8 the variation of energy,
as a function of bond angle and bond length (R^g in Fig# 3#), was computed# 
The angle BHB in the bridge structure of diborane is about 80® and it
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might reasonably be expected that as the nuclear charge Z is increased 
2Z“1in the ZHZ model, the optimum bond angle, that is the angle 

corresponding to the minimum molecular energy, would increase frc«n the 
60® of Hg*. However the computed results exhibit an initiaü. decrease 
in the optimum bond amgle# At Z = 1.8 a double minimum is observed and 
for Z > 1.8 the optimum bond angle is 180® and the system is linear* 
These results invited further investigation as it was felt that although

2Z—1the unusual behaviour of the ZHZ systems prevented them from being 
regarded as a representative fragment of B^H^, a study of the quantum 
mechanicaü. behaviour of such systems might nevertheless shed some light 
on the nature of electron-deficient bonds.

2Z—1In order to understand and interpret the results for ZHZ it is 
necessary to examine them in detail amd, where possible, to give a firm 
mathematical basis to tentative suggestions concerning the nature of the 
electron distribution in the ions. This is true for the suggested 
existence of two components of the electron density. The natural spin
orbital (NSO) amadysis of LOwdin^^  ̂provides an excellent means of

( 26 ̂examining these results, particularly as Shull' * has shown that the 
results of such an analysis are not greatly affected by the method of 
cadculation of the originad wave function nor by the size of the basis
set (this second point is illustrated in Chapter 4). By using an

( 27 ̂electron population anadysis similar to that of Mulliken' ' *, but based 
on the natural spin orbital analysis, it hais been possible to define the 
"shared** amd **locad** density components used in the tentative explamation 
of the behaviour of the ZHZ^^^ ions^^^^. A detadled anadysis of the 
various components of the molecular energy of the ions is also included 
in this thesis and possible relations between variations in these 
components and the results of the population anadysis are discussed.
Thus an attempt hats been made to examine nearly adl of the aispects of the
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22—1behaviour of the ZHZ pseudomolecular ions and to provide a detailed 
account of the electron distribution in these ions. Finally, comparisons 
between the results presented here are made with those of other authors.
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CHAPTER 3 
WAVE FUNCTIONS AND ENERGIES

22—1The wave functions and energies of the ZHZ pseudomolecular ions 
examined here were obtained by the configuration interaction (Cl) method. 
The object of the Cl method is to provide an approximation to the solution 
of the SchrOdinger equation for the three-centre two-electron system under 
consideration. Ignoring relativistic effects, and working within the 
Born-Oppenheimer approximation^ ̂   ̂yields the Hamiltonian (in atomic 
units)

The first term in (3.1 is the kinetic energy operator and the others 
represent the electron-nuclear attraction, the electron-electron and 
nuclear-nuclear repulsion terms respectively.

The approximate total wave function for the k-th energy state of 
the system is expressed as

Y(x^ ,Xg) = :o/.(x^,Xg) , (3.2)

Where the [ are coefficients to be determined and the [ Y. )
are linearly independent determinantal wave functions. The energy B,
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of this state, is defined by

E =< y i | ) i v >< YIY> (3.3)

Application of the variation method, which demands that

ac. = 0,

to (3.3) leads to a system of linear equations which may be written as

(H - ES)C = 0, (3.4)

Where H and S are matrices with elements:

and

H,, >

S. . =<c S'. I Y.:>

respectively, and C is a column vector with elements • Once
the forms of the two-electron configurations are specified,
the total electronic energy and corresponding wave function may be
obtained by the solution of the pseudo-eigenvalue problem of (3#4)#
(a detailed account of the Cl method is given in part 2.)

2Z“1With twO“electron systems, such as ZHZ , it is possible to
(Iffactorize the configuration  ̂ into a spatial part and a spin part# 

The spin factor, which is anti symmetric, because the ground state is a 
singlet, can be integrated out of the problem; thus:

= j^(cd(s.j )/5(s 2) - ei( Sg ))8( (r ̂ ),
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so that we may write

*(ÿl,rg) = E c > . ( r ^ , F 2 )  (3'5)

T  and <t> are both normalized to unity# The functions {4>.j 
are formed from linear combinations of products of symmetry-adapted 
moleculau? orbitals which are constructed from a basis set of Slater-type 
atomic orbitals. The normalized form of these orbitals is

,p/\2n+1i1/2 .
(2n) •

where / is a variationcü. parameter and S ( 0 , 0 ) is a 
normalized surface harmonic.

22—1In order to examine the ZHZ ions the basis set was limited to 
three Is functions, one on each nucleus with the designations 1s^, ISg, 
and ISg respectively. Inspection of the Hamiltonian shows it to be 
invariamt under the symmetry-operations of the point group Cgy, 
consequently it is possible to generate three symmetry-adapted molecular 
orbitals from the limited basis set:

= 1Sg(t) + 1Sç(t)

= 1s^(t) A.| (3.6)

where t * or f^. The irreducible representation to which each of the 
(t) belongs is shown to the right of (3.6)# From a similarity 

with Ĥ*** only those configurations which transform according to the
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irreducible representation of will contribute to the ground state
2Z—1wave function and energy of ZHZ • The fully symmetry-adapted space

configurations are:

2Z—1Thus each of the calculations on the ZHZ ions may be regarded as a 
complete Cl treatment within the limited basis set. The symmetry of 
the system requires that the orbital exponents and of the
atomic orbitals 1s^ and 1s^ are equal. The orbital exponents were 
optimized to give a minimum value to the electronic energy, E, for 
each of a pre-selected set of values of 6 , Z and the internuclear 
distance Z-H.

Energies and wave functions were obtained for Z « 0.8 (0.2) 2.2 
for various values of 6 in the range 30° ^ 0 ^ 180°. For most
values of Z the bond length R (■ R^g) was teücen as 1.66 bohr. This was

( 2 2)the optimum bond length obtained by Christoffersen' ' for the ground 
state of Hg*, consequently it was possible to compare the analysis of 
the results of the Hg*** calculation obtained when Z « 1.0, %rith his 
results and so some knowledge of the effect of increasing the size of 
the basis set was obtained. For the case of Z ■ 1.8 two additional 
vadues of R were used and, consequently an indication of the dependence 
on the bond length of the observed effects wais obtained.
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Preliminary results of the natural spin orbital analysis indicated 
that a large volume of results would be obtained, and that a corres
pondingly large amount of computing time would be required if each of 
the systems and geometries available were to be studied in detail. The 
natural spin orbital analysis, the concomitant electron population and 
energy analysis were restricted to the systems for which Z - 1*0 (0.4) 2.2 
for all bond angles. But the two additional, values of S for Z » 1.8 were 
included. Details of wave functions, orbitad exponents, and energies for 
all of the geometries of the systems examined are presented in Tables 
1.1-1.6*
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T/i3L': 1.1. ,'/A7 C FUIICTICN COCFFICIZITTS, GUDIT/iL IJXPCNiilfTS, A1ÎD 
AKJXGIJS FOR Z=1.00A.U., R=1 .GCDGIIR.

30.ÜÜ
40.00
50 ,00 
GO.GO 
70 .00
80.00 

ICO.GO
130.00
150.00
180.00

Cl
C.0803G 
0.07034 
C.07331 
0.03334 
0.0G417 
0.03334 
0.05181 
0.04433 
0.03057 
0.03371

C2
0.00119
0.00C51
0.01089
0.02553
0.03439
0.04472
Ü.OG40G
0.03595
0.11363
0.12658

C3
-0.04919 
■0.04413 
-0 .04280 
•0.04278 
-C .04317 
•Ü.0437G 
•0.04489 
■0.04557 
•0.04579 
•0.04555

C4
0.18247
0.19381
0.21172
0.22223
0,23095
0.23781
0.24GG5
0.24993
0.24774
0.24485

1 .'1190 
1.4130 
1.40J0 
1.4000 
1.3370 
1.3710 
1 .3370 
1.3000 
1.2560 
1.2370

IB
1.5760 
1.5070 
1.4470 
1.4000 
1.3670 
1 .3430 
1.3200 
1.3205 
1.3420 
1.3590

ONOilGY
-1.138G5 
-1.25386 
-1.23044 
-1.29786 
-1.29417 
-1.23670 
-1.27099 
-1.25927 
-1.24996 
-1.24746

T/J3LE 1.2. VrAVG ITJITCTION CÜ2FFICI4HT3, ORBITAL BXPCNOIfrS, /iND 
2N2RGI3S FCR Z=1.40A.U., R=1 .GGBCliR.

30.00 
40 .00 
52.15
60.00
70.00
30.00 

100.00 
120.00
150.00
180.00

Cl
0.12012 
C.12510 
G. 121GY 
0.11643 
0.11372 
0.10882 
0.09939 
0.09113 
0.03233 
0.07996

C2
-0 .00602 
•0 .00421 
0.00004 
0.0041G 
0.01063 
Û.C17GG 
0.03291 
0.04755 
0.06439 
0.07099

03
-0.04750 
-0.04339 
-0.05227 
■0.05509 
-0.05369 
-0.06213 
•C .06788 
-0.07165 
•0.07423 
■0.07481

C4
0.09145
0.11781
0.14604
0.16253
0.18079
0.19513
0.21525
0.22650
0.23357
0.23517

t LB
1.6650 
1.6370 
1.6040 
1.5300 
1.5500 
1.5220 
1.4730 
1.4300 
1.3560 
1.3700

1.9265 
1.3150 
1.7130 
1 .6710 
1.6360 
1.6120 
1.5970 
1.6030 
1.6230 
1.6340

LN2RGY
-1.53073
-1.67650
-1.70761
-1.70217
-1,63797
-1.67323
-1.65113
-1.63917
-1.63239
-1.63109

TADLIS 1.3. WAVE FUIICTION COEFFICIENTS, ORBIT/J. EXPQiENTS, AND 
ENERGIES FOR Z=1.30A.U., R=1.66BGHR.

0 Cl C2 C3 C4 1 g ENERGY
30.00 0.14907 -0.00329 -0.04412 C.04021 1.9380 2.2350 -1.97917
40.00 0.15437 -0.30370 -0.05123 0.05976 1.8720 2.1230 -2,16339
50.50 C.15775 -0.00316 -0.06102 0.03136 1.3080 2.0120 -2.19412
60.00 0.15791 -0.00154 -0.07070 0.1C155 1.7540 1.9530 -2.13557
70.00 G.15623 0.00119 -0.08101 0.11957 1.7030 1.9130 -2.17196
30.00 0.15333 0.00462 -0,09060 0.13403 1.6660 1.9020 -2.16270

100.00 0.14644 0.01174 -0.10553 0.15213 1.5930 1.8990 -2.15953
120.00 0.14015 0.01731 -0.11449 0.1G184 1.5530 1.9030 -2.166GS
150.00 0.13474 0.02311 -0.12052 0.16766 1.5250 1.9190 - 2.17318
150,00 0.13313 0.02463 -0.12205 0.16909 1.5160 1.9220 -2.18253
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1.4. T.ViVE I'UIICTICiN COEFFICIENTS, CUBITAL EXPCNiENTS, /4ID 
EN FIGIE3 FOR 2=2.20A .U., R=1 .GGBOilR.

10 .00 
4U.0Ü 
50 .00 
GO .00 
70 .00 
1C.00 

100.00 
120.00 
150.00 
1GÛ.00

Cl
0.1G201
0.17235
0.17541
0 .1 ' j /.lO ■ j
Ü .13205 
0.17053 
0.171GC 
C.16G57 
-0.10304 
-0 .10205

-0.00144 
-0.00201 
-0.00:17 
-0 .00163 
-0.00057 
0.00034 
0.00330 
0.00475 
-0.00572 
•0.00539

-0.04323 
-0.05450 
-0.57033 
-0.03352 
-0 .10666 
- 0.12211 
-0.14153 
-0.15032 
0.15515 
0.15624

C4
0.01769 
0.02964 
0.04441 
0.05356 
0.07100 
0.07901 
0.03630 
0.08373 
•0.09014 
-0 .09058

IB
2.2300 
2.1040 
1.9390 
1.3960 
1.3220 
1.7570 
1.7030 
1.6790 
1.6650 
1.6600

2.6360
2.4360
2.3350
2.2675
2.2430 
2.2410
2.2430 
2.2540 
2.2530 
2.2590

ENERGY
-2.33633
-2.66701
-2.73352
-2.76461
-2.73350
-2.81345
-2.83367
-2,93646
-2,93333
-2,99775

T/iBLE 1.5. '.7AVE I'UNCTICN COEFFICIENTS, ORBITilL EJIPGNENTS, AlW 
ENERGIES FGR Z=1.S0A.U., R=1.50BGHR.

60.00
40.00
50.00
60.00
70.00
30.00 
100.00 
120 .00
150.00
130.00

Cl
0.14344
0.14750
0.14596
0.14316
0.14530
0.14353
0.13487
0.12524
0.12203

-0.12012

C2
-C.00417 
-0.00463 
-0.00408 
-0 .00229 
0.00060 
0.00437 
0.01277 
0.02046 
0.02732 

-0.03019

C3
-0.04174 
-0.04694 
-0.05363 
-0.06112 
-0.06377 
-0.07616 
-0.03551 
-0 .09700 
-0.10351 
0.10529

C4
0.04641 
0.06499 
0.03602 
0.10660 
0.12532 
0.14073 
0.16246 
0.17467 
0.13242 
-0 .13437

IB
1.9575 2.3580
1.8970 2.1730
1.3410 2.0640
1 .7330 1.9890
1 .7420 1.5440
1 .7030 1.9160
1.6340 1.5950
1.5900 1.9000
1 .5550 1.9030
1.5440 1.9110

ENERGY
-1.75737
•2.03216
-2.10439
•2.11452
•2.10737
-2.09961
•2.05139
•2.09423
■2.10221
•2.10570

TABI^ 1.6. V/AVE FUNCTION COEFFICIENTS, ORBITvAB EXPONENTS, AND 
ENERGIES FOR Z=1.30A.U., R=1.80BONR.

e Cl C2 C3 C4 energy

30.00 0.15363 -0.00263 -0.04633 0.03572 1.9200 2.2340 -2.12196
40 .00 0.16039 -0.00303 -0.05570 0.05491 1.3495 2.0790 -2.24476
50.00 0.16490 -0.00256 -0.06746 0.07593 1.7340 1.9340 -2.24912
60.00 0.16532 -0.00099 -0.03039 0.09599 1.7270 1,9310 -2.23061
70.00 0.16456 0.00143 -0.09317 0.11270 1.6780 1.9050 -2.21513
80 .00 0.16161 0.00431 -0.10450 0.12546 1.6340 1.8975 -2.20783

100.00 0.15454 0.01046 -0.12051 0.14022 1.5700 1.9045 -2.21076
120.00 0.14903 0.01476 -0.12387 0.14674 1.5330 1,9150 -2,22194
150.00 0.14431 0.01354 -0.13335 0,15143 1.5040 1,9280 -2,23543
130.00 0.14249 0.01965 -0.13461 0.15237 1,4950 1,9030 -2.24018
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CHAPTER 4 
ANALYSIS OF SYSTEMS

One of the difficulties encountered in the interpretation of a 
Cl wave function arises fi*om the arbitrary nature of the basis set.
For the system under examination it was decided to construct the 
configurations fi'om a set of symmetry-adapted molecular orbitals.
Equally, it would have been feasible to orthonormalize this set, or 
merely to have used the atomic orbitads from which the molecular 
orbitals were constructed. In each caise the energies obtained would 
have been the same, since each basis set is related to the others by 
a unitary transformation, but the coefficients in the series of 
configurations would differ, maücing it difficult to interpret wave 
functions presented in this way. In order to try to obviate this

/ g \problem Lbwdin' * hais shown that it is possible to select a set of 
one-electron functions which have characteristic properties belonging 
to the system amd state under consideration. The components of this 
set are called naturad spin orbitads. The set of natural spin orbitads, 

IXjç} , are defined ais forming the set which diagonalizes the 
generalized first order density matrix. For a two-electron system it 
is possible to introduce many simplifications into the general theory 
of the natural spin orbital amadysis, even when the orbitals are not 
orthonormal. An important simplification is the removal of electron 
spin from the problem, this leads to the natural orbital analysis for 
two electron systems. Introduction of the natural spin or bi tads 
facilitates the interpretation of the wave functions, and adso assists 
in the understamding of the behaviour of the electron density distribution. 

Useful information about the behaviour of the electron density 
within a molecular system may often be gained examining the behaviour
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of the individual terms which contribute to the one particle density 
function. Such an examination of the systems discussed here has shown
that it is possible to divide the electron distribution into two
components which may be aissociated with Banyard and Shull's "local" and 
"shared" densities. Further insight into the behaviour of the systems 
under consideration may be gedned from electron density contours, and 
these adso provide a link between the natural spin orbitad analysis and
the analysis of the components of the to tad energy,

A. Naturad Spin Orbital Analysis
The orthonormal formulation of the natural spin orbital analysis (8,28)

of two-electron systems has been discussed extensively in the literature 
and is a speciad caise of the non-orthonormad formadism which will be 
developed in this section. In the two-electron case the wave function 
is equivalent to a read quaulratic form^^^^ and the spatiad part may be 
written aa

4(^1 , (4.1)

in matrix notation this is

È  F É  P*!",

where ^  is a raw vector with the basis orbitals as its
elements. The first order density matrix is defined by

y(r^;r:j) = (r^ ,rg)<|>(r^ .
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After substitution for cj> from (4.1) and integration over r^, this 
expression becomes

y(r^:rp = ' (^'Z)

Where » and is, in general, non-zero. Using
(4 .2) it is possible to define 7 ( 1 1i) , the elements of the 
first order density matrix, as

r(ili) . .

since ^ml" ^Im • ^  matrix notation this simply

y = F A  P'*’ , (4 .3)

A  being the overlap matrix between the basis (spatial) orbitals,
that is, its elements are s . , the first order density matrix isdm
now given as

The natural orbitals are defined as that set of orthonormad or bi tads 

which diagonalizes the (spinless) first order density matrix# Thus if 
X represents the natural orbitad bsisis, then since

X = t  A , (4.4)

y(T^ ;î' ) =. X A-1 V (A-1 )+ X+ ,
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and

A“  ̂ Z diag(n^,n2,...) * (4.5)

Since the (X^) must be orthonormal then

A"" A A = I (4.6)

(l is the identity matrix). Equations (4*5) and (4.6) are the 
standard natural orbital equations, which define the matrix A. (in 
the N- electron case these equations become the natural spin orbital 
equations, Eis both 7 and A  are formed from the basis spin or bi tads, 
This form of 7 is considerably more difficult to construct than in 
the two-electron caise.) However, in the two electron problem it is 
possible to obtadn the matrix A without constructing the first order 
density matrix; a tedious operation even for smadl baisis sets* The 
procedure is as follows; let

such that

È  = X dlag(g^,g2>...) X"̂  ,

and
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It is easily seen that the trauisfonnation matrix B is defined by 
the conditions

B'̂  A  B = I , (4.8)

and

P (B"̂ )"*" = diag(g^ ,gg, •.. ) . (4.9)

Equations (4*8) and (4*9) may be solved as follows: perform a unitary
transformation on A  so that

A  U = diag(d^,dg,...)

where the eigenvectors of A  are the columns of U. Now define a matrix 
W with elements

Hence

''id =

W+ A  W = I . (4.10)

A comparison of (4*8) and (4*10) leads to the erroneous conclusion that 
B and V are identical# That this is not so may be shown by writing ]B as 
the product of Y and another matrix X, i.e#

B = W X and B+ = X+ W+ . (4.11)
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Substitution for £ and B'*’ from (4»1l) into (4.8) and use of (4#10) yields 
the result

X = I

Thus B and V are related by the unitary matrix X. This matrix may be 
determined by substitution for B and ̂  £rom (4*11 ) into (4#9), this 
gives

X~' M (X"')+ = dlagCg^.gg,...) , (4.12)

Where

Equation (4*12) may be written in a more convenient form using the
-1knowledge that as X is a unitary matrix, X ■ X , thus

X"*" M X = diag(g ,g ,...)

Therefbre V, X, and hence the transformation matrix B may be determined# 
Now consider the transformation

- ) 1 ■

“1 V /-n—1 \4"B-' y (B-')

Using (4#3») and (4#11) this becomes
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This equation may be greatly simplified by using (4*8), (4*10), and 
the fact that X is unitary* The steps involved are not obvious f»nd 
are shown in full, thus (4.13) is firstly rewritten as

X " '  W""' I  A W) F+

= X"' M I X

X+ M M+ X (4.14)

X"̂ M X X'*’ X

2 2diag(g.^,^2 r • • • ) (4*15)

The conclusion is obvious; not only does the transformation matrix B 
give a diagonal form to the wave function (called the natural expansion 
wave function), but the first order density matrix corresponding to this 
form is also diagonal. The orbitals defined by (4*7) are the natural 
orbitals, B is the transformation matrix A of (4*4), the diagonal elements 
of diag (g.̂ , ĝ t #**) are the naturad expansion coefficients, and the
occupation numbers of the naturad or bi tads are the diagonal elements of

2 2 diag (g.̂ , Ug # •••)•
In summary, if

X = B
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and ^  satisfies (4.8) and (4*9) then

y(r^:rp = 2Z:n]^X^(r^)X^(r^) , (4.17)
k

and

. ° ®k

Equation (4*16) represents the natural expansion wave function for a 
two-electron system. Introduction of the singlet spin function produces 
the natural expansion of the complete wave function:

'♦'(x^.Xg) = 2“ ^^^ ^(s^)^(s2) - ^(s^)a(s2)]rgj|Xj^(r^)Xj^(r2) . (4.18)

It is possible to derive a form similar to (4.18) for the triplet state. 
Integration of (4.17) over r.̂ gives the expected result,

^  njj. = 1 . (4.19)

If the basis orbitals were orthonormal then

A = I

and from (4*3)

y = p p+
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( 28 ^and the treatment is then analogous to that of Ldvdin and Shull' %
It is known that the approximate wave function for a two-electron 

system is equivalent to a real finite quadratic form. A quadratic form 
is characterized by its rank (r) and its signature (s), two integers 
which are invariant under non-singular linear treuisformations^ 2S) ̂ 

The rank of the quadratic form is defined as the rank of the determinant 
of its c o e f f i c i e n t s i n  this caise the rank of the determinant with 
elements ( j) (see (4.1)), emd the quadratic form is reducible by a 
non-singular linear transformation to a sum of "squares" which contadns 
r terms. The number (p) of positive terms in this sum is the index of 
the quadratic form and if q is the number of negative terms, then

r = p + q

and

s = p - q

This implies that each approximate two-electron wave function of finite 
order hais a rank and signature and that it may be reduced to a sum of 
"squares"; this explains the simple form of (4.16) and (4.18).

An important theorem due to Lbwdin and Shull^ states that if 
Y  is am exact two-electron eigenfunction and Hp an arbitrary two- 

electron wave function of ramk r, then

- Yp(x,, .Xg) l^dx^dXg =

2(1 -jf*(x^,X2)Y^(x^,x2)dx^dxg)

has a minimum vadue if the function is obtadned by interrupting the
natural expamsion aifter the first r terms amd renormadizing the finite 
series to unity. It is important to note that in the natural expansion 
Iĝ l > Iĝ l > ... > Iĝ l . The theorem is also true if Y  is
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not an exact eigenfunction but an approximation of rank greater them r.
Application of the natural orbital analysis to the ZHZ^”  ̂ problem

is straight forward. The elements [ f . j of the coefficient matrix F1J —
are simply

^11 ° »

*

^12 ■ ^21 - *̂ 4 »

^13 “ ^31 ~ ^23 “ ^32 “ °

The qiantities ( C.) are the coefficients in (3.2) and are given in 
Tables 1.1 to 1.6. The elements of the overlap matrix A  , are easily 
seen to be

A.,.̂  = 2(1 + <1sg| 1Sq >) ,

^22 ~  ̂ *

A ^^ = 2(1 — <1 Sgl 1Sq >) ,

A^2 ~ ^21 ~ 8 I 1 S g ^  ,

A.|^ = A^.| = A2^ ** A^2 - 0 •

Equation (4.19) has been evaluated for each system examined. In some 
instances it was found that the sum of the occupation numbers differed 
ft*om unity by as much as —  10^; a significant difference. Examination 
of the original wave functions showed that if the normalization integral 
differed significantly from unity then a similar error appeared in (4*19)<
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T/iBLE 2 . 1 .  IIATUiLU. EXP/iNSICN COEFFICIENTS (F IR S T  ROW) AND
TilANSFOiWiATIGIT MATRICES FOR Z = 1 .0Q A .U . AND It=1 .66 B 0 IIR .

0.93490 -0.08870 -0.04613 0.99421 -0.03938 -0.05395
0.42233 -0.44059 0.00000
0.33163 1.09361 0.00000
0.00000 0.00000 1.46034

0,41813 -0.43728 0.00000
0,36076 1.11519 0.00000
0.00000 0.00000 1.22370

e = 30.00 e = 40.00

0.99347 -0.08331 -0.07220 0.99270 -0.03529 -0.08529
0.41335 -0.53323 0.00000
0.38540 1.13510 0.00000
0.00000 0.00000 1,08386

0.40793 -0,57826 0.00000
0.40793 1.15652 0.00000
0,00000 0.00000 1.00158

0 = 50 ,00 6 = 60.00

0,99137 -0.09773 -0.03151 0.99100 -0.10925 -0.07731
0.40154 0.00000 -0,62243
0.42975 0.00000 1.17851
0.00000 0.93991 0.00000

0.39435 0.00000 -0.66539
0.45033 0.00000 1.20144
0.00000 0,39509 0,00000

e = 70.00 6 = 80.00

0.93929 -0.12380 -0.06866 0.93707 -0.14300 -0,06051
0.37345 0.00000 -0,74456
0.43033 0.00000 1.24523
0.00000 0.33437 0,00000

0.36089 0.00000 -0.81242
0.52426 0.00000 1.28309
0.00000 0.79834 0.00000

6 =100.00 6 =120,00

0.98664 -0.15473 -0.05105 0.98633 -0.15759 -0,04719

0.33793 0,00000 -0.87994
0.56569 0.00000 1.31632
0.00000 0.76931 0,00000

0.32756 0.00000 -0.90220
0.58346 0.00000 1.32319
0.00000 0.76029 0.00000

e = 1 5 0 .0 0 0 = 1 8 0 .0 0
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TABLE 2.2. NATURAL EXPANSION COEFFICIENTS (FIRST ROW) AND
TRANSFGRUATION MATRICES FOR M.40A.U. AND R̂ 1.66BC2NR.

0.997G3 -O.0G043 -0.03230 0.99567 -0.08322 -0.04134
0.50584 0.00000 -0.30423
0.16004 0.00000 1.07071 
0.00000 1.25334 0.00000

0.50671 0.00000 -0.36269
0.20124 0.00000 1.03573
0.00000 1.07833 0.00000

0 m 30.00 e ■ 40.00

0.99236 -0.11324 -0.04339 0.93972 -0J.3317 -0.05219
0.50430 0.00000 -0.43002
0.24540 0.00000 1.10494
0.00000 0.96079 0.00000

0.50105 0.00000 -0.47170
0.27240 0.00000 1.11697
0.00000 0.90959 0.00000

e m 52.15 e m 60.00

0.93590 -0 A5821 -0.05457
0.49572 0.00000 -0.52147
0.30403 0.00000 1.13159 
0.00000 0.86135 0.00000

e ■ 70.00

0.93173 -0.13135 -0.05520
0.48963 0.00000 -0.56659 
0.33136 0.00000 1.14595
0.00000 0.82694 0.00000

6 « 80.00

0.97355 -0.22213 -0.05350 0.96685 -0.25036 -0.05026
0.47623 0.00000 -0.64156 
0.37773 0.00000 1.16839
0.00000 0.73176 0.00000

0.46242 0.00000 -0.69639
0.41387 0.00000 1.18447 
0.00000 0.75654 0.00000

0 «100.00 e «120.00

0.96112 -0.27227 -0.04600 0.95961 -0.27783 -0.04434
0.44597 0.00000 -0.74312
0.44970 0.00000 1.19401
0.00000 0.73367 0.00000

0.43948 0.00000 -0.75702
0.46254 0.00000 1A9503 
0.00000 0.73334 0.00000

0 "C50.00 0 «180.00
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TABLE 2.3. NATURAL EXPANSION CQEETICIENTS (FIRST ROW) AND
TRANSFORMATION MATRICES FOR 2M.80A.U. AND Rnl.66BQim.

0.99740 -0.07124 -0.01050 0.99417 -0.10067 -0.01549
0.54714 0.00000 -0.20615
0.06955 0.00000 1.04242
0.00000 1.11300 0.00000

0.55913 0.00000 -0.26161 
0.09981 0.00000 1.05735
0.00000 0.98057 0.00000

6 m 30.00 e " 40.00

0.93324 -0.15147 -0.02077 0.98005 -0.19719 -0.02439
0.56693 0.00000 -0.31976 
0.13340 0.00000 1.07236
0.00000 0.89762 0.00000

0.57073 0.00000 -0.37010
0.16363 0.00000 1.08571
0.00000 0.84631 0.00000

6 " 50.50 0 « 60.00

0.96347 -0.24753 -0.02733 0.95461 -0.29338 -0.02948
0.57249 0.00000 -0.41741 
0.19263 0.00000 1.09714
0.00000 0.80394 0.00000

0.57249 0.00000 -0.45377 
0.21795 0.00000 1.10631
0.00000 0.78191 0.00000

9 « 70.00 9 « 30.00

0.92605 -0.37625 -0.02950 0.90400 -0.42659 -0.02837
0.57001 0.00000 -0.52079
0.25568 O.OOGOO 1.12094 
0.00000 0.74393 0.00000

0.56556 0.00000 -0.55863 
0.23160 0.00000 1.12742
0.00000 0.73263 0.00000

9 «100.00 6 "120.00

0.88657 -0.46181 -0.02683 0.38181 -0.47087 -0.02635
0.56067 0.00000 «0.53623
0.30143 0.00000 1.13163
0.00000 0.72245 0.00000

0.55900 0,00000 -0.59373 
0.30709 0.00000 1.13264 
0.00000 0.72000 0.00000

0 «150.00 0 «180.00
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TABLE 2.4, NATURAL EXPANSION COEFFICIENTS (FIRST ROW) AND
TRANSFORMATION MATRICES FOR Za2.20A.U. AND Rel.GGBCRIR.

0.99665 -0.03166 -0.00362 0.99132 -0.13137 -0.00594
0.57025 0.00000 -0.14201
0.03020 0.00000 1.02302
0.00000 1.01697 0.00000

0.53936 0.00000 -0.19101
0.04863 0.00000 1.03536
0.00000 0.91087 0.00000

e « 30.00 40.00

0,98033 -0,19716 -0.00343
0.60542 0.00000 -0.24132
0.07120 0.00000 1.04313
0.00000 0.84463 0.00000

G m 50.00

0.96105 -0.27619 -0.01057
0.61715 0.00000 -0.28805
0.09397 0.00000 1.05970
0.00000 0.80064 0.00000

0 m 60.00

0,93317 -0.35925 -0.01171
0.62573 0.00000 -0.32805 
0.11457 0.00000 1.06904
0.00000 0.77057 0.00000

e ■ 70.00

0.90103 -0.43361 -0.01185
0.63173 0.00000 -0.35933 
0J.3076 0.00000 1.07607 
0.00000 0,75050 0.00000

e • 80.00

0.84570 -0.53355 -0.01083 0.81351 -0.58147 -0.00990
0.63373 0.00000 -0.39722 
0.15113 0.00000 1.03362
0.00000 0.72352 0.00000

6 «100.00

0.64153 0.00000 -0.41616
0.16143 0 .00000 1.08724
0.00000 0.71904 0.00000

G «120.00

-0.79299 0.60916 0.00929
0.64293 0.00000 -0.42746
0.16832 0,00000 1,03895
0.00000 0.71371 0.00000

-0.73306 0.61552 0.00916
0.64306 0.00000 -0.43061
0,17026 0,00000 1,03948 
0,00000 0.71250 0,00000

G «150.00 G «180.00



•  35 —

TABLE 2.5. NATURAL EXPANSION COEFFICIENTS (FIRST ROW) AND
TRANSFORMATION MATRICES FOR Z«L.80A.U. AÎID B=1.50DORR.

0.99803 -0.06130 -0.01320 0.99584 -0.08931 -0.01820
0,53634 0.00000 -G.23367
Û.03039 0.00000 1.05364
0.00000 1.16689 0.00000

0.54575 0.00000 -0.29605
0.10889 0.00000 1.07859 
0.00000 1.02526 0.00000

a « 30.00 e » 40.00

0.99225 -0.12209 -0.02314 0.93699 -0.15846 -0.02731
0.55059 0.00000 -0.35346
0.14101 0.00000 1.09781
0.00000 0.93729 0.00000

0.55214 0.00000 -0.40895 
0.17274 0.00000 1.11648
0.00000 0.87828 0.00000

0 « 50.00 e « 60.00

0.97999 -0.19675 -0.03028 0.97156 -0.23463 -0.03196
0.55146 0.00000 -0.46021
0.20266 0.00000 1.13334
0.00000 0.83607 0.00000

0.54933 0.00000 -0.50578
0.22887 0.00000 1.14854
0.00000 0.80571 0.00000

0 m 70.00 0 « 80.00

0.95309 -0.30094 -0.03243 0.93666 -0.34884 -0.03133
0.54264 0.00000 -0.58008
0.27143 0.00000 1.17366 
0.00000 0.76695 0.00000

0.53577 0.00000 -0.62848 
0.30147 0.00000 1.18781 
0.00000 0.74575 0.00000

e «100.00 e «120.00

0.92179 -0.38657 -0.02955 -0.91734 0.39705 0.02891

0.52831 0.00000 -0,66620
0.32616 0.00000 1.19811
0.00000 0.73181 0.00000

0,52567 0,00000 -0,67705 
0,33358 0.00000 1,20096 
0.00000 0.72827 0.00000

a «150.00 0 «C80.00
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TABLE 2.G. NATURAL EXPANSION COEFFICIENTS (FIRST ROW) AND
TRANSFORMATION MATRICES FOR ZmI.SOA.D. AND R-0..80BQHR.

0.90670 -0.03079 -0.00849 0.99221 -0.12335 -0.01316
0.55543 0.00000 -0.13145
0.06165 0.00000 1.03186
0.00000 1.07155 0.00000

0.57012 0.00000 -0*23472
0.09136 0.00000 1.04382
0.00000 0.94341 0.00000

e * 30.00 6 « 40.00

0.93409 -0.17673 -0.01305 0.97126 -0.23697 -0.02217
0.53022 0.00000 -0.28312
0.12337 0.00000 1.05524
0.00000 0.87360 0.00000

0.53674 0.00000 -0.33806 
0.15444 0.00000 1.06513 
0.00000 0.82370 0.00000

0 • 50.00 0 m 60,00

0.95391 -0.29907 -0.02485 0.93381 -0.35631 -0.02607
0.59062 0*00000 -0*33203
0.18195 0.00000 1.07327
0.00000 0.78935 0.00000

0.59249 0.00000 -0.41925 
0.20543 0.00000 1.07967 
0.00000 0.76535 0.00000

e • 70.00 6 « 80.00

0.89614 -0*44304 -0.02567 0.87100 -0.49068 -0.02437
0.59263 0.00000 -0.47143
0.23923 0.00000 1.08751 
0.00000 0.73756 0.00000

0.59095 0.00000 -0.50070
0.25922 0.00000 1.09105
0.00000 0.72477 0.00000

e "100.00 6 "Ü.20.00

0.85353 -0.52053 -0.02321 0.85076 -0.52507 -0.02258
0.58782 0.00000 -0.52141
0.27548 0.00000 1.09236
0.00000 0.71715 0.00000

0.58522 0.00000 -0.53216 
0.27955 0.00000 1.09742 
0.00000 0.71607 0.00000

e "150.00 e «180.00
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TABLE 3. OCCUPATION NUMBERS.

Ô
Zal.OO
RbCL.GG

Zb4.40
R*1.G0

Z=1.30
Rrd.GG

&=2.20
IW..GG

2WI.80
Xb>1.50

Zal.SO
IWL.80

30.00
0.90001
0.00787
0.00213

0.99527
0.00306
0.00103

0.99432
0.00507
0.00011

0.99332
0.00667
0.00001

0.99607
0.00376
0.00017

0.99340
0.00653
0.00007

40.00
0.98845
0.00803
0.00347

0.99137
0.00693
0.00171

0.93333
0,01133
0.00024

0.93271
0.01726
0.00004

0.93169
0.00793
0.00033

0.93449
0.01534
0.00017

50.00
0.93G99
0.00730
0.00521

0.93479*
0.01282
0.00239

0.97663*
0.02294
0.00043

0.96105
0.03837
0.00007

0.93456
0.01491
0.00054

0.96842
0.03125
0.00033

GO .00
0.93545
0.00727
0.00727

0.97954
0.01773
0.00272

0.96050
0.03333
0.00062

0.92301
0.07628
0.00011

0.97414
0.02511
0.00075

0.94335
0.05615
0.00049

70.00
0.93331
0.00955
0.006G4

0.97199
0.02503
0.00293

0.93793
0.06130
0.00073

0.87080
0.12906
0.00014

0.96037
0.03371
0.00092

0.90994
0.03944
0.00062

80.00
0.93209
0.01194
0.00593

0.96333
0.03307
0.00305

0.91129
0.03734
0.00037

0.81185
0.18801
0.00014

0.94393
0.05505
0.00102

0.87201
0.12731
0.00063

100.00
0.97370
0.01C59
0.00471

0.94730
0.04934
0.00236

0.85757
0.14156
0.00087

0.71520
0.28463
0.00012

0.90333
0.09057
0.00105

0.80306
0.19623
0.00066

120.00
0.97539 
0.02045 
0.00308

0.93479
0.06268
0.00253

0.31721
0.18193
0.00081

0.66180
0.33311
0.00010

0.37733
0.12169
0.00093

0.75864
0.24077
0.00059

150.00
0.97345
0.02394
0.00201

0.92375
0.07413
0.00212

0.78601
0.21327
0.00072

0.G2833
0.37103
0.00009

0.84969
0.14943
0.00037

0.72351
0.27095
0.00054

180.00
0.97294
0.02484
0.00223

0.92034
0.07719
0.00197

0.77759
0.22172
0.000G9

0.62105
0.37837
0.00003

0.84151
0JL5765
0.00034

0.72380
0.27569
0.00051

* Values for 0 "52.15 
+ Values for Q "50.50
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The explicit forms and symmetries of the natural orbitals obtained 
22—1in the ZHZ calculations are

X̂ (t) = [A^^dSg + 1Sq) + (t)] , Â

^2(^ ~  ”* ^ ( * ^ ) J  »

(^ ) — ^ ^ 2 3 ^ ^ A  (4*20)

where t is r̂  or r^. This order assumes that n̂  > n^ > n^, but in 
some cases ^ 2 must be reversed to preserve this order.
The results of the analysis for each of the systems examined are shown 
in Tables 2.1 to 2.6 and in Table 3.

B. Electron Population Anedysis
Several approaches to this problem are possible^^^'^^\ but adl 

depend on the expression for the one-particle density, and its division 
into component quantities. The expression for the one-particle density 
has the general form

y ( •  xjj ) — NY(xjj, Xg, • • • x̂ )̂ I dx2 x̂̂  « •. dXĵ ,

where the integration is over the space-spin co-ordinates of all the 
particles except those of the primed quantity. The spinless one-particle 
density y(r^ : r^) is obtained by integrating 7 (x̂  : x!j ) over the 
remaining spin co-ordinate. The result may then be rearranged so that, 
for example, adl of the terms containing the orbitad product )

are grouped together. V^iA^^I )  ̂ ***° the i-th orbitad
centred on nucleus A and the j-th orbital centred on nucleus B respectively.
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The expression for the one-particle density may thus be written as a sum 
of terms, each of the form  ̂  ̂ * where
tĵ j is a coefficient determined by the integrations indicated. The 
electron distribution may then be broken down into parts, which are 
associated with the various nuclei and overlap regions between each pair 
of nuclei, by defining the atomic population associated with nucleus A as:

N(A) =

and the overlap population of the region between nuclei A and B as:

S(AB) = (4.21)

Equation (4.21 ) refers to padrs of nuclei so that <^i -rI 
is included in the sun and the quantity S(BA) does not arise.

Obviously

fy(x. )dx. = ZN(A) + I S(AB)
 ̂  ̂  ̂  ̂ A (AB)

2However, the appropriate integration of IY I to obtadn the expression 
for the one-particle density often presents difficulties. In the case of 
a Cl wave function the off-diagonail elements of the first order density 
matrix aure not necessarily zero, so that a very unwieldly expression results.

The difficulties that arise in the approach described can be circum
vented by employing a method similar to the "Electronic Population Analysis" 
of Mulliken^ 27 Direct application of Mulliken's theory is not possible 
since it demands a knowledge of the number of electrons occupying each of 
the symmetry-adapted molecular or bi tads. Specif icadly, in the case of the 
ZHZ^*”̂  ions there are two electrons distributed between three molecular
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orbitals, and it is obvious from the results to be presented that the 
occupation of each of the molecular orbitals changes significantly as 
the nuclear charges and geometry vary. We are thus led to the choice 
of using the naturêü. orbitals since both their form and occupation 
numbers are clearly defined for each of the systems under consideration. 
As vas shown in the previous section, the expression for the one-particle 
density in terms of the natural orbitals is simply.

p(r) = y(r^;rp =

In general.

Where is the i-th orbital on centre A. The coefficients
may be obtained from the transformation matrix by inspection. The 
following breakdown of the electron distribution may be made:
(i) partial atomic population (A) of nucleus A;

(ii) atomic population N (a ) of nucleus A;

»

N(A) = UN, (A) 
k *

(iii) partial overlap population (AB) of the overlap region A-B;

Sjj(AB) =
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(iv) overlap population S (AB) of the overlap region A-B;

S(AB) = IS, (AB) 
k ^

(v) total atomic (or local) population N_;

N. =LN(A) 
^ A

(vi ) total overlap (or shared) population Ŝ ;

So = Z S(AB) , 
pairs(AB)

and obviously

the number of electrons.
The natural orbitals of the ZHZ^^  ̂ ions are few in number, and 

of a relatively simple form. Frcrni (4.20) we have,

^1 ~ 2*l8gl8g + ISq ISq ) + ^2^(18^18^)

+ 2A^^A2^(l8gl8^ + I8g,l8^) ,

%2 = AfgClSglSB - 2,l8g1SQ + 18q 1Sq ) ,

X ;  = * 1 3 ( 1 8 5 1 8 2  + 2 . I 8 2 I 8 Q  +  IS q I B q ) +  * 2 3 ( 1 8 ^ 1 8 6 )

+ 2A^^A2^(1s^1s^ + 1Sq 1s^) «
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The atomic populations are:

N^(A) = 2 n ^ k l ^  ; N^(B) = N^(C) = 2n^A^^ ;

N^CA) = 0 ; NgCB) = NgfC) = Zn^A^g ;

N^(A) — Zn^Ag^ i N^(B) — N^(C) = 2n^A^^ ;

N(A) = 2(n^Ag^ + zî Aĝ ) ,

and

N(B) = H(C) = 2(n^A^^ + ngA^g + n^A^j)

The overlap populations are:

(AB) — (AC) = *̂ 11 "̂ 21 ̂ AB * (BC) = 1 ̂ BO *

8g(AB) = SgCAC) = 0  ; SgCBO) = -AngA^gSgg ;

S^(AB) = S^(AC) = 4n^A^3*23^AB ' * *^5*15^BC *

S(AB) = 8(AO) = 4Sj^(n^A^ 1^21 ^3^13^2)^ *

and

S(BC) = 4SgQ(n.^A^^ — 2̂*̂ 32 **" ^3^13  ̂ *

S^g and Sg^ are the overlap integrals <  1Sĵ l 1 and <18^1 1Sq >  
respectively. are the elements of the transformation matrix.
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Variations of the atomic and overlap populations as functions of 
Z and 0 are shown in Figs* 4 to 7* Population analyses for optimized 
wave functions with R = 1.5 bohr, cOid 1.8. laohr. were performed for Z * 1.8 
and the results permitted the study of the variation of the electron 
populations as a function of the Z-H bond length.

C. Electron Density Contours
The interpretation of the results of the natural orbital aind electron 

population analyses proved difficult because of the large volume of 
results. It was felt that a quantitative description of the behaviour 
of the systems would greatly assist in the interpretation of the numerical 
quantities. Such a description is provided by the electron density 
contours.

From (4.17), values of the electron density were obtained for each 
system in the plane of the nuclei, and contour maps were drawn for each 
system. A selection of these maps is shown in Fig. 8. Each map is 
symmetric about the line xx\ which bisects the bond angle 0 (see 
Fig. 3.)# Changes in the contours, as 0 and Z vary, are clearly 
illustrated. A generêü. feature of aü.1 the contour diagrams is shown by 
tracing the line of maucimum density, i.e. minimum slope, between centres 
B and C. This line is such that the density cdways decreases in magnitude, 
when evaluated at adjacent spatial co-ordinates along its normaü.. These 
curves, which are also symmetric about the line 3Qc\ are shown collectively 
in Fig. 9. They indicate specifically whether or not centre A is contained 
within the density contour of highest value which mutually embraces centres 
B and C. In some instances, the line of minimum slope is seen to divide, 
so that B is joined to A and C. The significance of this situation, 
indicated in Pig. 9 by the dotted lines, will be discussed in Chapter 5 .
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Z = l . O Z = 1 . 8 Z=2.2

!20

Fiso

O 04 O 04
O 04
O 06
O 08

0 0 3
O  06

0 0 4

O  04

O 06 0 0 4
0 06

FIG. 8. Contour diagrams of the electron density in the pleine of the 
molecule for selected values of Z and 0. The diagrams are 
symmetric about the line XX* which bisects the bond angle 0. 
In (a) the density at D is less them 0.1764*



- 50 -

U1
)<

lôo/

e:m

lOo,
%J

§

£ Q)
4-*
(d

U X
o; ■M

%
+j

rH
0)

(d
(U O

«H 8
+J O rH

ü II 01 W
•H :s •H

0)
03 rH

(d <
O. U >
O O OJ
rH «M
in ü •P

W) (d Ü
g 0) o;

1 O
•H u

u

ü

<T\

gfu

o
£

Ok

M
!
y

0)
g
o  (A

g £
t7> (dws

§
O CA

d "g •
<u k o

PQ
§ "d

/3 •
<n rH 0)<ü
£

O*
V

£
s: «M %01 p O

ü u p
ü (A id

0> •H 0) u
Æ d •H
p

'S
rH
id "g

ü p > •H
0) Id0> g (A (A
> rH d •H O
p id o

b k
«d

•iH

£
PQ
0)

(A
P
üü •H > k 0)

(A 0) •d P (A
P X (h d •H
Ü > o> O <u X

•H 01 «M ü
O 0> V) X
A u "d o

(d d •H
«H (H (M O (d
O

cd £ d
>

0) (A 'H
u (/) d> M

s
>> •H •H RP
•H
M s

ë
?

0) S 00 «d 4> o
fi 0) k X X
Eh •d T— p P (d



- 51 -

CO

OI

y>

m

COQ’>S Î CDVDS«CaV5S

COin COin

OI

in
OIin

0 ) N =  (8)N f (V)N

J.
Cm »h

o 'S
•H

%

S S
•§ (f 
o <
•M *d
§ ^ §rfl Û •H o) XJ
•d "d
nJ -d

II
<U rH 

0)
d 5

m

o>

P9 w) <Sh <u
(d CI4 (U
in k
" «  
00 d • d
" *d 

M  *H

& 1
-  s eo

•H
•M  •

rg Yd m
O kcu o Cm 
A  _

b>
m

•Htj
I'M

<dU f
•H

§
d

dg

i
•g,
•H

d5 kId•H
•d

63,
6 "i
2 < Â
4



- 52 -

5 0

4*0

w
LUÜJ
OC
h-
a:
<%
>o
ce
tuz
UJ

u
I-
Uiz

3 0

2-0

Z — 18

Z = 1*4

Z» l'O

3 0‘ 6 O' 9 O 120 ISO* J80'
e

FIGm 11* The kinetic energy as a fonction of the bond angle 0.
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PIG. 12. The electron repulsion energy as a function of the bond angle 0
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FIG. 13. The nuclear attraction energy as a function of the
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D. Energy Analysis

As stated in Chapter 2, the behaviour of the electron energy of 

the ZHẐ "" systems was unexpected, and it was thought that an 

investigation of the individual components of the total energy might 
provide an insight into this behaviour. The results of this 

investigation are displayed graphically in Figs. 11 to 14»
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CHAPTER 5 
DISCUSSION OF RESULTS

Certain general trends are immediately observable from the tables 
and diagrams presented. Inspection of the natural orbitals given in 
(4*20) indicates that X| and are bonding-type orbitads whereas

%2 is of an anti-bonding form. It is seen from the occupation 
numbers presented in Table 3 that for all values of ^ 
predominates in the natural expansion of the wave function for Z ^  1.4. 
Although a large occupation number for a bonding orbital does not 
necessarily guarantee the stability of the ZHZ^^  ̂ ion for any choice of 
Z and 6 , it is of interest to note, from the work of Banyard and
Shull^^^), that for Z <  1.3 the ions are stable with respect to
dissociation. Another obvious trend is the increase in electron density 
in the region of the nuclei B and C eis the effective nuclear charge is 
increased. The significance of the way in which this increase occurs 
will be discussed in the following paragraphs.

For Z ss 1.0, when ZHZ^^”  ̂ becomes n̂  emd n^ shown in Table 3
decrease and n^ becomes larger as the bond angle increases from 30° to
160°. The results for may be placed in perspective by referring to
the occupation numbers of the naturail orbiteds of a!|- and e*- type

( 31 ^syrunetry determined by Christoffersen and Shull ' for the united
atom Li'’* and the dissociation products H + H + H'*’. For Li'*’ they quote

1 »total occupation numbers of 0.998121 and 0.001223 for the a^- and e^-
ty>e natural orbitals respectively. For the dissociation products of
¥ 1 •, the total occupation numbers for the orbitals of a^- and e^- type

synmetry are 0.666667 and 0.333333 respectively. When Z is large, the
dissociation products of minimum energy will have corresponding natural
ox^itals with occupation numbers of 0.5. Thus, the united atom character
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is seen to feature strongly in the description of for all values of 

Q • Table 3 shows that this conclusion is valid as far as Z ^ - 1.4, 

When Z ^  1.8 it is seen that, as ^ increases, the occupation number 

associated with increases greatly at the expense of n^. This would

seem to indicate that, when Z and Q are large, the electron density 

begins to concentrate predominately around the nuclei B and C at the 

expense of the proton at A and the internuclear regions. This conclusion 

is supported by noting that, as Z and ^ increase, the occupation numbers 

for Xi and Xp are both approaching 0.5. Quantitative evidence

is also provided by both the electron population analysis (Figs. 4 to 7) 

and by the electron density contour maps (Fig. 8).

The results of the electron population analysis illustrated in 

Figs. 4 to 7 indicate that when the overlap population between centres
2Z—1B and C is greater than that of the region A-B, the ZHZ ions may be 

regarded as two-centre systems plus a strongly perturbing proton. However, 

when S(b c ) is less than S(AB) the ion may be thought of as forming a

three-centre system. Such an interpretation is strongly supported by

the evidence shown in the diagrams of Fig. 9. The "divided” trace, i.e. 

the dotted lines of Figs, 9a, 9b, and 9c, is particularly interesting 

since it only occurs when S(AB) —  S(bC). The depression in the 

electron density surface of H^^ at its equilibrium bond angle (see Fig. 8a),

centred at the centroid of the triangle ABC, was not observed by either
( 32 ) ( 32 )Christoffersen and Shull^ ' or by Schwartz and Schaad' ' this may

be a consequence of our minimal basis set.

For Z = 1.0, it is seen from Fig. 4 that, as 0 gets larger,

N(a ) increases fairly sharply, but N(b ) and N(c ) become smaller; 

correspondingly the overlap populations S(a b ) and S(AC) shown in Fig. 6 

increase but the value of S(BC) decreases considerably. This behaviour 

is partly illustrated by the contour maps a, d, and g of Fig. 8.
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A similêir situation occurs for Z =* 1.4. However, for Z = 1.8, Fig. 4 
shows that the atomic population for each nuclear centre increases as 
the bond angle is enlarged. The overlap population S(AB) also increases 
as 0 increases, but the magnitude of S(bc) is seen to decrease 
rapidly. Thus, as & varies from 30° to 180°, a value of Z ^  1.8
is capable of causing electron charge cloud to move from the internuclear 
region B-C towards the centres B and C, whereas when Z * 1.0 the charge 
cloud is moved from B and C towards centre A.

Fig. 7 reveals that, for any fixed bond angle, S(ab) decreases in 
value as Z is increased, this indicates the diminishing influence of the 
proton on the system. This conclusion is substantiated by the fact that 
N(a) tends to zero for all angles as Z becomes large. Fig. 7 also shows 
that when 0 <  100°, S(BC) increases initially and then decreases 
as Z continues to increase. This effect is greatest for small angles.
For 0 ^  100°, S(BC) shows no initial increase as a function of Z. 
Hence as Z is increased for a fixed bond angle, the charge cloud is 
drawn away from A into the regions associated with B,C, euid B-C. A 
further increase in Z removes the charge cloud from the internuclear 
region B-C and localizes it about the nuclei B and C.

For Z = 1.8, the electron population amalysis was performed for 
wave functions corresponding to R = 1.50 a.u., 1.66 a.u., and 1.80 a.u. 
The results are shown in Fig. 10. For constant B , as expected N(a) 
decreases in value and n(b) increases as R becomes larger, both S(AB) 

and s(bc) decrease.
Changes in the above results caused by extending the baisis set may 

be examined most readily by studying the molecular ion, this is made
(31 \possible by the analysis' * of the configuration interaction wave

function of Christoffersen^ which involved a basis set of twelve real
Slater-type orbitals. The occupation number of 0.98487 which
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Christoffersen and Shull obtained for the first natural orbital 

differs from the value obtained in this calculation by only 0,00059 

(see Table 3, Z = 1,00, 0 = 60°, R = 1.66)* The virtual independence

of the occupation numbers with respect to the size and nature of the 

basis set has been commented on by S h u l l \  Due to its large occupation 

number, the form of Xi for will govern the essential features of 

the electron population analysis. Thus the evaluation of N(a) and 

S(ab) derived from X 1 , taken in the first instance from the work

of Christoffersen and Shull, and secondly from Table 2.1 for 0 » 50°,
should indicate the general effect of an extended basis set. In both 

cases we have in fact considered the "best” wave functions of rank 1.

For the minimal basis set N(a ) and S(a b ) were found to be 0.33282 and 

0.33386 respectively, while the extended basis set gave values of 0.30113 

and 0.36554# Thus, an extension of the basis set causes a lowering of 

the atomic population of each nucleus with a corresponding increase in 

the overlap populations. Such changes in the electron population analysis 

are not too surprising since the Is minimal basis set could only be 

extended by the inclusion of higher orbitals which, by virtue of their 

more diffuse nature, provide a greater two-centre overlap. It is 

reasonable to expect that an extension of the basis set for the remaining 

ZHZ^^~^ ions will have a similar effect, although this should become 

less marked as Z is increased.
(00 \Hopton and Linnett' ' have discussed the structure of the linear 

molecular ion in terms of various approximations to a simple Cl wave 

function obtained by Hirschfelder, Eyring and Rosen^^^ )  ̂ As these latter 

authors did not allow the orbital exponents to vary, their wave functions

For with Q = 60°, N(a) = N(b) = N(C) and

s (a b ) =, S(AC) = s (b c )
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was not the best obtainable with their limited basis set (three Is
orbitals, one on each nucleus) and fixed geometry. The calculations
of Hopton and Linnett have been repeated using the wave function obtained
for Z m 1.0 at 0 3 180° as the "best" wave function.

The approximations to the wave function 4̂  (see(3.5)) are the
valence bond ( 4>yg ), the molecular orbital ( ), and
three non-pairing of electrons forms ( 4̂ . > 4^ » and <f>Q ).

2Z—1Using the notation of the ZHZ work, these functions may be defined thus:

+ (k.l8g(r^) + 1s^(r^))(1Sg(r2) + k.l8^(rg)) 

+ (l8g(r^) + k.l8j^(r^))(k.l8g(rg) +

+ ( k . l 8 g ( r ^ )  + ISj^^Cr^XlSgCrg) + k . l 8 ^ ( r g ) ) ]

= Nyg[0.5k<t>̂ (r̂  ,rg) + 2k<|32(r̂  .rg) + 0.5k<|>j(r̂  ,r2>

+(k^ + 1)<j)^(r^,r2)]

.(1 8 3 (^2 ) + k.l8^(r2 ) + ISgCrg))]

= N^Q[0.5<t>^(r^,r2) + 0.5k^4>2(r^ ,r2) + k<|:̂ (r̂  ,^2 )]

) + 1Sj^(r^ ))(1SQ(r2> + 1®a ’̂̂ 2̂ ^

+ (ISpCr^) + 1s^(r^))(l8g(r2) +
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= .rg) +<(^(r^ ,rg) - 0.254)^(r^ ,rg)

+ % ( ? i  ,?2)] ,

'^2 ) ° %  [('■SgCr^) + k.l8j^(r^))(l8g(r2) + k.l8^(rg)) 

+ (ISqC?^) + k.l8^(r^))(l8 3 (rg) + k.l8^(rg))]

= Ng [0.25(|)^(r^ ,rg) + k̂ <j>2(r̂  ,rg) - 0.25t;(r^ ,rg)

+ k(f^(r^,?2)]

4>c(r^,r2) = Nq [(isg(r^) + k.l8^(r^))(l8^(rg) + k.l8g(rg)) 

+ (l8^(r^) + k.l8g(r^))(l8g(r2) + k.ls^Cr^))

+ (k.l8g(r^) + I8j^(r^))(k.l8j^(r2) + I8g(r2))

+ (k.1sj^(3?^) + I8g(r^))(k.l8g(r2) + l8j^(r2))]

= Nq [o.5k<J>̂(r̂,r2) +. 2k4>2(r̂ ,12) " 0.5k4>j(r̂ ,̂ 2)

+ (k^ + 1)#^(r^,r2)]
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The parameter k was chosen so as to maximise the overlap between each 

approximation 4^APP 4̂  • The general form of each
approximation is the same as that of <|> , i.e.

(5.1)

with the coefficients suitably cêdculated. Each approximation was 
normalized to unity. Two further approximate wave functions were
introduced into the present work; these were the "best” rank 1 and 2
wave functions and » namely

4>l(r^,r2) = (rg)

<|>^j(r^,r2) = (n^ + n2)” ^'^^[g^X., (r^ )X., (^2 ) + g2%2(^1 )X2(r2)]

= (n^ + 1I2 ) ^ [0#5g^A^ (p^ *]̂ 2) **" ^^1 ■̂ 2i4̂ 2 *^2^

+ 0*5g2A^^4^(̂ 1 »̂ 2̂  ^1^11̂ 2l4̂ 4̂ 1̂ *̂ 2̂ ] •

These are the natural expansions truncated after 1 and 2 terms and 
renormalized to unity. Since 4> is of rank 3 it is the ”best” 
rank 3 wave function. Obwiously 4̂  ̂ and 4^^^ are expressible 
in the form of (5.1). The overlap between each approximation and ^  ,
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together with the overlap with the "best” wave function of the same 
réink are shown in Table 4.

Hopton and Linnett conclude that the non-pairing forms are the best
because they have higher overlaps with than either 4 > o rVi)

4̂  MO • this were so the occupation numbers of linear H^^ would 
be much closer to those of the dissociation products thaua to those of 
the united atom, since the non-pairing form implies a degree of spatial 
correlation. The atomic population N(a ) for nucleus A is almost three 
times that of centres B or C; this would seem unusual if there were a 
high degree of spatial correlation between the electrons.

The key to the misleading high overlaps of the non-pairing 
approximations with 4̂  (a result preserved in this Cêdculation) lies 
in the fact that the five approximate forms are of different rank. The 
theorem stated in Chapter 4 implies that there is an upper bound to the 

overlap integreü. j 4̂  4^APP^^1^^2 which is determined
by the rank of 4 â PP * A comparison of greater validity than the 
straight forward comparison of vêü.ues of this integral for different 
approximations is to determine the rank of 4̂ a PP then compare
the overlap integrals between 4 â PP the "best" function of
the same rcuik, since this then accounts for the mathematical limitation 
of the approximation as well as the chemical limitation. It is seen
from Table 4 that 4^j and 4̂  MO identicéOL; a result

( 35 ^suspected by Shull' '. This evidence confirms theconclusion that 

linear Ĥ"** may be regarded as a three centre system because 4̂ jyjO 
is the best approximation to 4̂  .

As 9 increases the kinetic energy undergoes an initial decrease 
for all values of Z (Fig. 11). The decrease becomes greater as Z is 
increased. When Z = 1.0, the kinetic energy becomes constant for 

d >  90°, however, the curve for Z * 2.2 shows a pronounced
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minimum when 6 —  60°, and a constant value is attained only when
d >  140°. Figs. 12, 13, and 14 show that, for Z » 1.0, the other 

energy contributions are virtually constant when Q >  90°. This lack 
of angular dependence indicates that, when d >  90°, the proton at 
centre A tends to dominate the system.

Ruedenberg^  ̂has shown that a lowering of the kinetic energy may 
be associated with an increased "smoothness" of the electron density 
surface throughout the molecule. It is related in character to the 
lowering of the kinetic energy of potential free electrons when the 
volume containing them is increased. Thus the kinetic energy curves 
shown in Fig. 11 may be interpreted as a measure of the relative freedom 
of the electrons within the ions as ^ is increased. For example, 
when Z s* 2.2 and d = 30°, the charge cloud is localized about the 
B-C region of the ion; hence the value of the kinetic energy is high.
As 0 is increased to a value of 60°, the kinetic energy suffers a 
decrease, suggesting that the larger value for the B-C separation 
adlows the charge cloud to become more diffuse. However, for a further 
increase in 0 , the kinetic energy is seen to increase; this is
consistant with the observation that, for Z » 2.2 the charge cloud will 
divide amd become localized about the separate centres B cind C, as 
approaches 180°. For Z = 1.0, a similar situation will occur, namely, 
as B and C separate, the charge cloud will become more diffuse, and 
the value of the kinetic energy will therefore decrease for an initial 
increase in ^ • However, a continued increase of Ô causes
the charge cloud to contract towards centre A instead of dividing and 
localizing it about each of the centres B and C, as was the case for 
Z » 2.2. Thus, for Ĥ"*" it is not surprising that the kinetic energy 
remadns virtually constant for 0 >  90°. The curves for Z « 1.4
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and 1.8 shown in Fig. 11 are clearly states of transition between the 
two cases already discussed. Additional support for the above inter
pretation is gained by noting that, for each value of Z, the 
dependence of the electron density evaluated at centre B (or C) has 
the same form as the corresponding curve for the kinetic energy shown 
in Fig. 11.

From Figs. 12, 13, and 14 we see that the electron repulsion energy, 
nuclear attraction, and nuclear repulsion energies become slightly more

0-dependent as Z becomes larger. This is quite reasonable since 
the foregoing anadysis has shown that, as Z increases, the tendency for 
the charge cloud to contract around the centres B and C will adso increase 
as Q approaches 180°. Hence when the division of the charge cloud 
becomes more effective, the drop in electron repulsion energy will become 
greater, as shown in Fig. 12. For a fixed value of Z, Fig. 13 shows that 
the nuclear attraction energy will increase for an increase in ,
presumably related to the fact that the charge cloud will be influenced 
less by the combined effect of the nuclei at B and C. The nuclear 
repulsion energy curves shown in Fig. 14 are simply dependent on Z and 
the geometry of the ZHZ^^  ̂ system.

2Z—1The comparison of the results of the analysis for the ZHZ ions
with the Ĥ'*’ calculation of Chris tof fers en is very valuable. However it
is rather limited because Ĥ"*" is a member of the ZHZ^^”  ̂ systems, and
the comparison does not indicate whether or not the unexpected behaviour

(the initial decrease in the optimum bond angle as Z increases Itom 0,8),
( 37 ̂is simply a feature of these systems. Recent work' ' on a four-centre 

four-electron system of the form ZHZH^^^"^^ shows that this behaviour is 
not confined to the ZHZ^^  ̂ pseudomolecular ions. In the ZHZH^^^  ̂̂
system four electrons are associated with a planar nuclear framework of

four nuclei, and as the nuclear charge Z is increased from 0.8 to 2.4
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the optimum ZHZ bond angle decreases. As Z becomes very large this 
angle goes through a minimum and approaches 180° asymptotically. This 
seems to imply that the electron density of the four-centre system will 
behave in a way similar to that of the three-centre system; for a given 
ZHZ bond angle in the four-centre system, the increasing nuclear charges 
will firstly draw the charge cloud away from the protons towards the 
geometric centre of the system, and then the charge cloud will divide 
into two parts, each localized about the variable nuclear charges Z.
The detailed analysis of the wave functions for the four-centre four- 
electron systems is awaited with interest.
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CHAPTER 6 
CONCLUSION

The wave functions of a series of pseudomolecular ions of the form 
ZHZ^^ \  where Z = 1.0 (0.4) 2.2 were reformulated in terms of their 
natural expansions. Consequently it was possible to investigate changes 
in the one-particle density due to variations of Z and the bond angle 
ZHZ (a 0 ), by means of an electron population analysis similar to
that of Mulliken. Contour diagrams were constructed for the one-particle 
density in the plane of the nuclei. In addition the behaviour of the 
kinetic energy, the nuclear attraction energy, the electron amd nuclear 
repulsion energies as functions of Z and 6 were also examined.

For Z ^  1.4, the first natural orbital in the natural expansion
of the wave function was found to have a large occupation number for all 
values of 0 . Such a feature is essential, although by itself no guaœantee,
for obtaining molecular stability with respect to dissociation; nevertheless

( 25)the results obtained here are in accord with the observation' ' that the 
ions are energetically stable for Z <  1.3.

The occupation numbers of the natural orbitals for H^^ were placed 
in perspective by making a comparison with similar quantities for the 
united atom Li^ and the dissociation products H + H + H^. Such a 
comparison clearly reveals that H^^ possesses a strong united atom 
Character. The contour diagrams also showed that, when 6 = 60°, the 
"bonds'* in Ĥ"*" were directed towards the centroid of the positive charges*

( pp̂The elaborate wave function of Christoff ersen' , analysed by Chris tof fers en
and Shull^ \  also revealed this "bonding" arrangement. For fixed bond
lengths BA and CA (Fig. 3), as 0 was increased, the charge moved from 
the centres B and C towards A, indicating that the proton dominates the 
linear Ĥ"*" system. These results do not support the conclusion that a
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non-pairing description is applicable to the linear ion; Shull^
has described it as "a relatively normal (albeit lengthened) single
bond in which is embedded an additional proton", a description supported
by the present analysis#

When Z is large, the dissociation products of minimum energy have
natural orbitals with occupation numbers of 0.5. This situation is
most closely represented when Z = 2.2 and ^ * 180°. The contour
diagrams and electron population analysis show that, at large values
of Z, the electron density in the region of centre A is small and, as

Q increases, the charge cloud flows from the internuclear region
B-C towards the "outer" nuclei. The diagrams and analysis also show
that, as Z increases cind Q decreases, the ZHZ^^"^ ions change
from a three-centre system to what is essentially a two-centre system
plus a strongly perturbing proton.

Of the various components of the energy of the ZHZ^^  ̂ions, the
9 dependence of the kinetic energy is most striking. As emphasised

by Ruedenberg, a decrease in magnitude of the kinetic energy may be
associated with an increase in the spatial freedom of the electrons.
This interpretation assisted not only with the understanding of the
kinetic energy curves but also permitted variations in the remaining
energy components to be understood.

The ZHZ^^”  ̂calculation was originally conceived as a model of
one of the bridge bonds of diborane. The unusucil behaviour of the system,
which precludes its use as such a model, is not, however, confined to
this system. The initial results of a calculation on ZHZH^^^  ̂̂ ^

2Z—1 'indicate that its behaviour is somewhat similar to that of ZHZ but 
further detailed analysis will be required to determine the extent of the 
similarity. The results discussed here cast some doubt on the validity 
of the molecular fragment model as an indicator of the nature of the bonds



- 71 -

in a complete molecule; nevertheless, the analysis has afforded
considerable insight into the energy changes and accompanying chsuiges

2Z—1in electron density as Z and 6 vary within the simply ZHZ 
pseudomolecular system.



PART II
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CHAPTER 7
INTRODUCTION - THE METHOD OF CONFIGURATION 

INTERACTION

The theoretical methods for constructing a Configuration Interaction 
(Cl) wave function are reviewed in this chapter and their application to 
homonuclear diatomic molecules is described. Because of the ambiguity 
of the description of Cl wave functions, the terminology used in Part II 
of this thesis is now defined;
(i) DETERMINANT: An antisymmetrized product of occupied spin-orbitals.
It is an eigenfunction of the operator.
(ii) DETOR: A determinant constructed from a set of orthonormal spin-
orbitals^^^).
(iii) CONFIGURATION: A linear combination of determinants which is an
eigenfunction of the total spin operator S ; it is also a basis for an 
irreducible representation of the molecular symmetry group.
(iv) CODETOR: A configuration in which the determinants are detors^^^^.
It must be emphasised that although these definitions are adhered to in 
both Parts I and Part II of this thesis there is no generally accepted 
usage of the name configuration and some authors use it synonymously 
with determinant.

The positions of the nuclei within a molecule are fixed with respect 
to some co-ordinate system, referred to as the global co-ordinate system. 
The origin of this set of co-ordinates is chosen to be at some convenient 
point; for a homonuclear diatomic molecule the origin is at the mid-point 
of a line joining the nuclei. The global co-ordinate system will be a 
right-handed set of co-ordinates.

The atomic orbitals are defined with respect to local co-ordinate 
systems which have their origins are the nuclei. The local co-ordinate
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systems are chosen to be parallel to the global co-ordinate system.
Both systems to be used for the homonuclear diatomic molecules are 
shown in Fig. 15; the internuclear axis OZ passes through the two nuclei 
A and B whose co-ordinates with respect to the global co-ordinate system 
are ( 0,0,—R/2 ) and (0,0,R/2 ) respectively.

7
X

)<A Xai /I
A _________o _____ ^ --- >

Y
7

FIG. 15# The co-ordinate systems for a homonuclear diatomic molecule, 
OX, GY and OZ define the global co-ordinate system.

The general form of the atomic orbitals will be a product of a 
radial factor R(r) and am angular factor , where the
co-ordinates (r,#, cf> ) refer to a local co-ordinate system:

(7.1)

It is usual to construct the molecular orbitals as lineair combinations 
of atomic orbitals which transform according to an irreducible 
representation of the molecular symmetry group. This is achieved by use 
of the projection operator (see, for example Hammersmesh^ In
general, the projection operator may be written as,

p(M) ,
g R R (7.2)
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In (7.2) the superscript jj. refers to a particular irreducible 

representation. (R) is the character of the element R in the

jj irreducible representation, and 0̂  ̂ is the operator corresponding 

to the element R. is the degree of the irreducible representation

and g the order of the group. The usual technique for obtaining the 

•symmetry adapted* molecular orbitals (SAMOs) is to apply the projection 

operator for each irreducible representation to each of the members of 

the chosen set of atomic orbitals. The result is a number of linear 

combinations of atomic orbitals each of which transforms according to 

one of the irreducible representations of the molecular symmetry group, 

these combinations are the SAMOs.

Homonuclear diatomic molecules have an axis of symmetry of infinite 

order (the axis of the molecule, OZ in Fig. 15) and a centre of symmetry. 

Their symmetry group is ^ , generated by the operations:

(i) the rotations 0^ about the axis of symmetry by an angle 1? ,

(ii) the inversion i in the centre of symmetry,

(iii) a reflection cr in the plane of symmetry containing the 

internuclear axis.

Because the cucis of symmetry is of infinite order it is necessary to replace

the summation in (7.2) by an integration with limits 0 cUid 2ir , the

integrand being # The projection operator for the group D , hasII
the form

2ir
- *  [ 0

f2ir

+ X^^
0

2ir
0
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TABIE 5. THE CHARACTER TABLE OP

E Cn i a o ,

E  +
g

1 1 1 1 1

E  + u 1 1 - 1 1 - 1

E -
g

1 1 1 - 1 - 1

1 1 - 1 -1 1

2 2C0S/J 2008% 0 0

2 2cos/} -2008% 0 0

\
2 20082% 20082% 0 0

2 2cos2 -20082 0 0

2 20084% 2oos4% 0 0
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The character table for ^ is given in Table y. and the specific

application of the operator to complex Slater-type orbitals is given 

in Appendix II.

The construction of the secular equation is greatly simplified if 

the basis set of molecular orbitals is orthonormal. This may be achieved 

in two basic ways. The first method is to compute the overlap matrix 

for the non-orthogonormal SAMOs. Let this matrix be Ŝ. The elements of 

S are

®iO = ' (7-4)

and j are members of the set of non-orthogonormal SAMOs.

2  has the property of being real symmetric positive definite matrix so

that it is possible to Choleski decompose it into the product of a lower
Ttriangular matrix L and its transpose L :

Ljy, (7.5)

and

where 2 is the identity matrix. The inverse of a lower triangular matrix 
is also lower triangular and will be upper triangular. Let
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(7«6a) may be written

= I (7.6b)

The set of orthonormal SAMOs is now defined by

' (7.7)

where is an element of U. It is immediately obvious from (7*7)

that the orbital has the form produced by the technique known as

the Schmidt orthogonalization p r o c e s s ^ I t  has been found that the 

approach described leads to more stable numerical results than the 

straightforward application of the Schmidt p r o c e d u r e ^ T h e  second 

method is that of simultaneous orthonormalization in which the eigenvectors 

of 2  are divided by the square root of the corresponding eigenvalue; the 

resulting matrix may then be used as in (7*7)» but the summation runs 

over all possible values of j • A set of orthonormal symmetry adapted 

molecular spin orbitals may then be constructed according to (1.5),

A detor is defined as an anti symmetrized product of occupied spin- 

orbitals. The antisymmetrizer 01 is a permutation operator which

commutes with the Hamiltonian Ï) , ÿ  , Sig » and the group 

theoretical operators. Consequently a detor may be specified by defining 

the appropriate product of occupied spin-orbitals. For this purpose cui 

•ordered product* of occupied spin orbitals is employed. If

^k1 »  ^ k 2 * .... * ^ k n  are members of the chosen set of

molecular spin-orbitals, then
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where the spin-orbital identifiers k1 , k2 kn satisfy the

condition

k1 < k2 < k5 < . •. < kn (7.8)

The corresponding detor is then given by

= (n:)
^ k l ( 1 ) V ' v o ( 1 )  ..■'f' v . d )k2 kn

(7.9)

Obviously represents the diagonal of D^, and the detor is an • ordered

detor*. The selection of the detors is equivalent to the choice of

the P^S. A basis set of N molecular spin-orbitals gives rise to

NX /( (N-n)XnX) different ordered products of molecular spin-orbitals

in an n -electron problem. For a sixteen electron system a minimal

basis set of twenty spin-orbitals produces 4845 ordered products of spin-

orbitals. This large number is drastically reduced by considerations of

electron spin eind molecular symmetry. A further reduction in the number

of detors contributing to the wave function for a given state may be

achieved by an artifact, employed Meckler^^^ \  Ko tan i and his colleagues

Harris and M i c h e l s c a l l  it the ‘Valence Configuration Interaction* (VCl)

method. In the VCI method detors are constructed from valence shell

orbitals; Meckler’s 01 on Oxygen uses the detors derived from the

assignment of eight electrons to twelve SAMOs constructed from six p -type
(43 )Gaussian-type orbitals, three on each nucleus. Kotani et alia' *

extended the approach to include the 2 S orbitals. Thus in the former
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calculation each detor had a closed shell or ’frozen core* of electrons 

occupying the Is and 2s orbitals, and in the latter only the Is shell 

was frozen. The drastic freezing of the core by Meckler reduced the total 

number of detors to 495, of which only 31 had the correct symmetry and 

electron spin properties. The results of the calculations of Kotani et alia 

are in good agreement with experimental results. It is concluded(44*45) 

that to cause the orbitals, with principle quantum numbers less than that 

of the valence shell, to be occupied in every detor is a restriction of 

almost negligible effect.

The selection of the P^s is a simple process. The frozen core is 

assumed to consist of the first m orbitals in each detor, and the process 

begins by selecting the first ( n -1) spin-orbitals with the lowest 

identifiers and allowing the n^^ spin-orbital to tcike the values of the 

remaining (N-n ) identifiers. The identifier of spin-orbital (n-l) is 

increased by one and the process is repeated, working along the ordered 

product until the m-th spin-orbital is reached. As an example consider 

the basis set of , i/r̂  , , i/r^, , and i/r̂  for a four

electron system with two frozen orbitals; six Py are generated.

^2
•“a

The ordered products P^, P^, P^, and P^ correspond to = 0, while

Pg has Sjr = 1 and P^ has ^  = -1. In the construction of codetors

with a total spin eigenvalue of 0, P^ and P^ would be omitted because
2

S "f ISyl . The construction of the eigenfunctions of is more



-  80 -

difficult and several approaches are p o s s i b l e ^ B e c a u s e  of its
computational simplicity, the method selected in the present work is

2
based on the diagonalization of the operator Si over the chosen set

2
of detors. The matrix involved has <Dĵ  1 2» I Dĵ > as its elements

-2cind as the antisymmetrizer commutes with S , these elements may be
2

The total spin operator may be written
calculated as <P \Si I

where 2»^ and are the ’step-up* and ’step-^own’ o perators^^The
effect of and hence 2( g on a product of spin-orbitals is given
by (1 .9 )• and must be expanded as

n
“ iïl (7.11a)

and
n

= iSl ̂ 1- (7.11b)

the operators  ̂ and  ̂ are one-electron operators which act on 
the spin orbitals, defined according to (l.5), as shown in (7.12)

^ 2 1 -1 “ °

®-^2i-1 =

® + ^ 2 1  ° ^2i-1

' - ^ 2 1  (7.12)



— 8 l  —

Applying to P^:

= £(+ ■" °-^3

= ((+( + (.^■i'p2%\))

+ . (7.13)

There are six terms in (7.13); the first is P^, the second-P^ since 
and Ŷ 2 have to be interchanged to produce an ordered product, 

the third and fourth terms are zero because of the double occupancy of 
a spin-orbital which causes the corresponding detor to vanish, the fifth 
term is P^ and the last P^. Thus,

= ^3 ^ ^4 • (7 .14)

It is seen from (7.12) and (7.13) that (7.14) can be obtained simply by
applying the Sî  operator to the unfrozen orbitals and .

*2This is because the frozen core is an eigenfunction of S with S = 0.
2The final step of evaluating < P« I fi! | P_ > is achieved using theJL li

knowledge that

= *EL'

where the integration is performed over the spin co-ordinates. Using the 
approach described in the next chapter it is possible to ensure that the 
resulting matrix is block diagonal, and it may be diagonalized by any 
suitable method^^^^. The foregoing remarks concerning the construction
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of spin eigenfunctions apply equally well to determinants.

The detors are constructed from an orthonormal set of symmetry 

adapted molecular spin-orbitals. The most suitable atomic orbitals for 

problems concerning diatomic molecules are complex Slater-type orbitals; 

the normalized form of these is

(7.15a)

where

Rjj(r) = M l 211+1-I
(2n)i

1 /2
r*^~^exp(-^r) (7.15b)

and

(-1 )
- 2^11

1+m (21+l)(l-lml)I 
4-̂ (1+ Iml ) i

1/2
sin '“‘e

Iml
dcos0J sin2̂ eexp(jm<#>) (7.15c)

The orbital is defined with respect to a local co-ordinate system, ( r ) 

is a normalized radial function, Y ( 0 , <̂  ) is a spherical harmonic^ ̂  ̂  

and j = J-1. The SAMOs for a diatomic molecule are characterized by 

the component of the orbital angular momentum in the z-direction (the axial 

angular momentum and equal to m in primary units) of their constituent 

orbitals (see Appendix II). The axial angular momentum A of an orbital 
product and its corresponding detor may be obtained simply by summing the 

values of the magnetic quantum number m (7*15) of the constituent moleculctr 
spin orbitals, i.e.

^ = i5i (7.16)
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The corresponding irreducible representation is partly determined by the 

value of A ; /\= 0, 1, 2, ... gives rise to the E > TT » A »
••• states of diatomic molecules. Under the operation of inversion the 

detor either remains unchanged (gerade or g) or changes sign (ungerade or 

u). The orbital product is gerade if it contains an even number of gerade 

spin orbitals, otherwise it is ungerade. Thus a detor may be characterized 

by the symbol Â ., where i is replaced by g for gerade detors and u 

for ungerade detors. The E detors eire also characterized by their 

behaviour under the reflection (T in the plane containing the inter

nuclear axis. The operation O' is most conveniently considered in one 

of the co-ordinate planes of the global co-ordinate system (i.e. the xz— 
or yz— planes The result of such a reflection on each

individual spin-orbital may be easily obtained. The reflection operator 
is applied simultaneously to each orbital in the ordered product; there 

cire four possible results, summarized in (7*17).

, (7.17a)

. (7.17b)

If the wave function changes sign the superscript - is added to E and 

if the sign is unchanged the superscript + is added. Thus, (7.17a) 

produces either a + or - state, while (7*17b) gives both.

When the total spin eigenfunotlons have been obtained it is a simple 

matter to combine them to form codetors. In matrix notation the codetors 

are defined as

= • (7.18)
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is a row vector with elements that are simultaneously eigen- 
2

functions of and a , D is a row vector of detors, each

corresponding to the same values of S ̂  and • The matrix

can be regairded as a projection matrix which projects Y g ^  from D. The 

elements of T g ^  are determined by the methods previously described#

Having obtained the codetors which transform according to the molecular 

state being investigated, it is possible to proceed with the evaluation of 

the matrix elements:

Hij =<4^ll|[)iyj> (1.13a)

and

Sjj • (l.13b)

From (7*18)

-  g • (7.19)

Substitution of (7.19) into (l.lS) gives

and

®IJ “ E  i  (7.20b)

The problem reduces to the evaluation of <Dg.l and

I , the elements of two matrices and In matrix

notation (7*20) becomes

S  = (7721a)
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and

s = ïLSjjîs, (7.21b)

T ( R )( — S (7 the transpose of T g ^  ). LOwdin' ' has given general

formulae for evaluating the elements of and ^  in terms of integrals

over basis orbitals when determinants are used. Evaluation of these

formulae requires a considerable computational effort, and a simpler form

produced for detors will be employed. Before evaluating the elements of

and ^  each pair of detors must be brought into maximum coincidence,

this meeins that those spin-orbitals common to both detors must occupy the

same columns in both. For each pair of detors

<H^\ Dj^> = 5 ^  . (7.22)

The evaluation of is split into two parts as shown in

(7.23)
n

= (Dgl IE^>

+ • (7.23)

There are four cases to be considered in the evaluation of the two terms 

in (7.23);

(i) and are identical,

(ii) and differ by one spin-orbital, entering where

enters Dĵ ;

(iii) and differ by two spin-orbitals, and entering

where and enter D^, and

(iv) and differ by more than two spin-orbitals
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The following notation will be used;

h ij (7.24)

[id I kl] = V'i(l)i/']j(2)(l/r^2)'^-i(‘')'^l(2)dx^dX2 , (7.25)

= [ill dj] , (7.26)

= [idijii (7.27)

Thus,

n

= E h^^for case (i)

h^p for case (ii)

= 0 for cases (iii) and (iv), (7.28)

cind

<Dĵ l E
H<V

= r E(J - K..) for case (i)i j ij

= E ( [iii mp] - [ipI mi] ) for case (ii) 
i/m

= [mplnq] - [mqinp] for case (iii)

= 0 for case (iv) (7.29)
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In (7.28) the summation is over all the occupied orbitals in for case 

(i) and in (7*29) the double summation (or case (i) is over all the 

occupied orbitals in D^; the single summation of case (ii) excludes the 

orbital in and in D^. The integrals of (7.24) to (7.27)
can be reduced to integrals over spatial orbitals using the relation of

(1.5) and the knowledge that the spin functions may be factored off and 

integrated separately. The integrals are normally computed over the 

basis atomic orbitals, and are then transformed directly into integrals 

over the orthonormal SAMOs. For the diatomic molecules this procedure 

is as follows:

^ j 1 * (7* 30a)

or in matrix form

=£oC* . (7.30b)

The are non-orthonormal SAMOs, which are then orthonormalized by one

of the methods described, so that

A  “ * (7.31a)

or in matrix form

(7.31b)

Combining (7.30) with (7.31) gives

f  = <0 C'U = w  0 (7.32)
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The integrals j are the elements of the one-electron Hamiltonian 

matrix h t hence the transformation to integrals over the set 
takes the form of a matrix product

h = » (7.33)

“i(1)lilWj(l)driwhere the elements of are the integrals

Because of the large number of two-electron integrals the transformation 

of these integrals requires special consideration. The total number of 

two-electron integrals is equal to the fourth power of the number of 

basis atomic orbitals. For integrals yielding real results the following 

relations hold

[ld|kl]= [kl|ij] = [ji|lk] = [lk|ji] (7.34a)

and

[di|kl] = [kl|di] = [idll'kj = [Ik I Id] , (7.34b)
In (7.34) the integrals are over spatial orbitals, but the electron 
ordering is as in (7.25);

For diatomic molecules integration over the azimuthal angle 

gives a non-zero result only if the magnetic quantum numbers of the 

orbitals involved satisfy the condition

“d “ “i ~ “k “ ‘ (7.35)

The transformation of the two-electron integrals for a diatomic molecule 

can be speeded up if the transformed orbitals have values of m in the same 

order as the original atomic basis set, because (7.35) can be applied at 

each stage of Jthe transformation. The inference of (7«35) is that in 

general either (7.34a) or (7.34b) is zero, or both are zero for one- and
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two-centre two-electron integrals.

It is possible to index the integrals according to the scheme

= l/2(max(i,j)(max(i,j) - 1)) + min(i,j)

= l/2(max(k,l)(max(k,l) - 1)) +i^miii(k,l) • (7.36)

The two electron integrals are generated (see Chapter 8) according to the 

rules that , k^l , and . The actual transformation

proceeds in two stages. The first stage is

1^] = , (7.37a)

where fl , v , k , and 1 take all possible values, whilst A and cr 

are subject to the condition . The second stage is

I [co  ̂ . (7 .37b)

Once the matrix elements between the detors have been computed, the

transformation of (7.21a) is performed to obtain the matrix elements H. . >J
( 1.13a). As a consequence of (7.22), the matrix of (7.21b) is the

identity matrix, since the columns of T g ^  are of necessity orthonormal.
( 1 âKotani et alia' ^ have proposed an alternative method for computing 

the matrix elements  ̂ . Their method, based on the idea of represent

ation matrices, appears to suffer from two disadvantages. Firstly it is 

desirable to know the wave function Y  (l.l) as a linear combination of 

detors since the first order density matrix, used to compute molecular 

properties, can most easily be computed from a wave function in the form 

of (1.7). Extracting this form from the method described is almost a trival
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exercise; to obtain it from the method of Kotani, although feasible, is 

far from easy, as the actual detors are never defined. Secondly, once 

the matrix elements between detors for a given and S ̂  have been

evaluated, it is possible to set up matrix elements between codetors 

belonging to several 'reflection* and total spin states merely by changing 

the projection matrix . This in itself represents a considerable

saving in computer time as Kotani's method demands searches of the integral 

files (see Chapter 8) for each molecular state.

The final step in the method of Configuration Interaction is the solution 

of the secular equation which may be written as

(H - EI)A = 0 . (7.38)

The energies Ej are the eigenvalues of H, A is a column vector, an 

eigenvector of H corresponding to a particular Ej . Two possible 

methods of solving (7.38) are the method of Jacobi and the QR-Algorithm, 

both described by Wilkinson^^^ >47 » 4^^ The latter method is preferred, 

since it is currently the fastest method available for finding the eigen

values and eigenvectors of a real symmetric matrix.

At this point it is convenient to discuss the construction of the 

first order density matrix, as all of the information required is available. 

For the I-th energy of a given molecular statè the wave function Y  is

 ̂ (1.11)ll

where the are the elements of the eigenvector corresponding to the

energy Ej of this level. The codetors may be replaced by a sum of

detors according to (l.lO), so
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The coefficient of may be simply written as ,

^KI ~ T "^KL^LI • (7.40)It

'' According to Ldwdin^ ^ ̂  the elements y(ljk) of the first order density 

for the I-th energy level are given by

y (Ilk) = E E  ' (7.41)
jx lu

where (k[ï) is the cofactor of the term due to '̂ ĵ ( 1 )V^^( 1 )dx.j 

in the integral ^  ̂ ^ . The summation over K is over those

determinants which contain spin-orbital and that over L is over
those determinants Dĵ  which contain • If the determinants are in

fact detors (7.41) is easily evaluated, because there are only two 

conditions under which (k|l) is non-zero. The first is when K = L in 

which case (k| l) = . The second is when and differ by

one spin-orbital, appears in the i-th column of and appears

in the j-th column of D^, in this case

and all other cofactors are zero. The first order density matrix so 

obtained is in terms of the orthonormal molecular spin-orbitals and may 

be used in the calculation of molecular properties (see Chapter 11). The 

first order density matrix may also be diagonalized to provide occupation 

numbers and the transformation matrix which carries the set (V̂ .i into
/ g \

the natural spin-orbitals •
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CHAPTER 8 
COMPUTATIONAL METHODS

The philosophy behind the programming of the methods described in 
the previous chapter has been to generalize wherever possible: a
program capable of computing one- and two-centre integrals is not used 
if only one-centre integrals are required because the more general 
program is extremely inefficient if used in this way. Only one integral 
transformation program is used because the process is the same for both 
types of integrals. With one exception all subprograms are written in 
the FORTRAN V language^ for the ICL Atlas Computer. The one exception 
is a function subprogram, the bo<dy of which is written in Atlas Basic 
Language (ABL)^ Several distinct programs were written because some
of the results produced at each stage may be used for other purposes; 
the integrals may be used in both Cl and SCF programs. A set of 
subprograms used by more than one of the programs is listed in Appendix 
III under the heading of 'Utility Routines'. Considerable use of facilities 
not provided in other implementations of FORTRAN is made and, as a result, 
easier checking and correction of programs and greater efficiency has been 
achieved. The Atlas AMPEX one inch tape system uses pre-addressed tapes

( 51)with numbered blocks, each of which store 512 words of Atlas information^
The Atlas disc store is used in exactly the same way. The programs to be 
described use these tapes and disc areas in the variable length mode and 
information from a particular run of a program constitutes a 'file' which 
may be placed anywhere on the tape or disc area merely by positioning the 
appropriate device at the block and word at which the file is to begin.
As a safeguard no two programs may write on the same tape or disc area.
The programming problem breaks down into four distinct parts:
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(a) Generation of the codetors,

(b) Evaluation of the integrals over the atomic orbital basis set,

(c) Transformation of the integrals to an orthonormal basis set, and

(d) Construction and solution of the secular equation#

A. Generation Codetors

The program which generates the detors is called GENDET and is listed 
in Appendix IV. This program generates the ordered spin orbital products 

of (7.9). These products are eigenfunctions of the operator 
corresponding to an eigenvalue , they possess a given axial angular
momentum A  , and are of either gerade or ungerade symmetry. The 
required values of and A  together with the inversion symmetry
are specified in the data. Facilities are provided for freezing the 
inner-shell electrons. The data also contains the total number of electrons, 
the number in the frozen shell, and the number of spin-orbitals. The 
magnetic quantum number, inversion symmetry and the identifier of the 
orbital resulting from a reflection in the XZ-plane must be provided for 
each spin-orbital. The spatial parts of the orbitals are identified by 
use of (l.5). The calculation begins with the generation of all possible 
ordered spin orbital products. This is essentially the selection of n 
spin-orbitals from a total of N spin-orbitals where n is the number of 
electrons outside the frozen shell, and N the number of unfrozen spin- 
orbitals. This is accomp^-ished by the subroutine CjZ&EBIN. The parameter 
list of this subroutine contains a logical variable which causes the first 
spin-orbital product P̂  to be generated when set equal to TRUE,

P̂  s»1, 2, 3, ... , n — 1, n
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and the logical variable is set equal to FALSE. The subprogram then 
uses to generate P^ to generate P^, and the process continues until 
the last one is reached, this has the form

^LAST “ N - n ,  N - n  + 1, ......   N - 1 ,  N

=  ̂ N - n % - n +1 .........

On encountering the final ordered product CjZfMBIN will regenerate P^, but 
the logical variable is reset to TRUE, and if this value is returned from 
the subprogram control passes to the next stage. As each P^ is generated 
it is tested in the subroutine SETUP to see if it has the correct values 
of , A  , and the required inversion symmetry. If it satisfies
these requirements it is stored as a row of the two-dimensional array ISjZf. 
The number of entries is IS^ and the total number of P^ generated is 
counted.

The next step in the program is a call of the subroutine SPINIR which 
checks the inversion symmetry of each P^ and evaluates the matrix elements 
<P^l I Pg.> . For A s  0, i.e. E products, SPINIR computes
the effect on P^ of a reflection in the XZ-plane. Any one of these 
operations must produce a linear combination of the entries in ISjZf. In 
general the process proceeds as follows: consider an operator 0 which
may be either , or 1 , then

In (8.1 ) P^ is a spin-orbital product which may not be ordered; therefore 
the elements of P^ are permuted by the subroutine PERMUT to produce axi 
ordered spin-orbital product P^, and the parity of the permutation is also 
obtained. P^ is then identified with an entry in ISjZf by the subroutine 
C^LATE. If P^ cannot be found in IS^ an error message is printed and
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execution ceases. The evaluation of <P, (P > begins withJj ix
the application of the £(_ operator to the singly occupied orbitals of

For the purpose of this operation the spins of the spin-orbitals in
P^ are identified as oc , if the entry in the row of ISjlf corresponding
to P^ is odd, and ^  if the entry is even (this is in accordance with
(l.5))« The result of this operation is similar to (8.1), and the products
P^ are entered in a two-dimensional array ISI^P. The operator is then
applied to the entries in ISMjZfP and the resulting spin-orbital products
are held as rows in the array ISiy(P. By use of the subroutines PERMUT and
CjẐ LATE the values of in (8.1 ) are determined. For each P^ the values
of L for which is non-zero after the operation (^^ — 2^ ) are stored
in the array IC^L, and the non-zero value of is stored in the array
CjZfe, since IP^> = |D.> = 0%%. As each
is processed the results are written onto a disc or tape file. The rows
of ISjZf are not processed sequentially. At the start of the process the
elements in a one-dimensional array INDEX are all zero, each element

2corresponding to a row of IS^. £» is applied to P̂  first, and the next 
product examined is the first one in (8.1 ), for which C£, is non-zero and 
has a non-zero entry in INDEX. If there are no zero entries in INDEX eind

A  =s 0, the next product processed is the one resulting from the application 
of the reflection operator to the P^ to which was applied, provided
that the entry in INDEX is zero. However if a non-zero entry is encountered 
or A  ^  0 the array INDEX is searched from the beginning for the next 
zero element, and the process is operated until all the P^ have been examined. 
This approach ensures that the matrix of the operator is block
diagonal, and makes interpretation of the results easier. The P^ are 
numbered according to the order in which 5 is applied. The output from 
GENDET comprises;

(i) P„ on cards.
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(ii) K, i CTF̂  (zero if A = O), L and if non-zero.
(iii) Eigenvalues and eigenvectors of the blocks on the diagonal of the

2
£• matrix. The card output is used as data for the program SECS^L 
(Appendix VII), which constructs and solves the secular equation.

B. Evaluation of Integrals over the atomic orbital basis set
This is one of the more difficult aspects of quantum molecular 

calculations. If the atomic orbitals are of the Slater-type, then the 
two-electron integrals may only be evaluated in 'closed form' when the 
constituent orbitals are on the same centre. These are the one-centre 
two-electron integrals. Although closed form expressions exist for two- 
centre two-electron integrals they are notoriously unstable and the 
integrals are usually evaluated by numerical integration. For integrals 
involving more than two centre various techniques are employed; the most 
favoured being some form of expansion in terms of Gaussian-type orbitals^^^^, 
An alternative is to use the Gaussian orbitals by themselves (see for 
example Clementi and Davis^^^^), the disadvantage being the vast number of 
integrals involved and the length of time required to transform to an 
orthonormal SAMO basis.

The choice of complex Slater-type orbitals vas made early in the project 
because of the availability of several diatomic integral programs based on 
these orbitals. As it is inefficient to use such programs for atomic 
calculations, a short program for evaluating all one-centre one- and two- 
electron integrals over complex Slater-type orbitals was written. This has 
been used both to check the transformation program and SECSj2fL. This 
program called )2(neCEN is listed in Appendix V, and the non-zero Clebsch-
Gordon coefficients^^^ ̂  CÎ?Î1Î2 used in the expansion of aLI-,12
product of spherical harmonics are also given. The method of indexing

is easily determined by examination of the sub-Ll^l2
program INDEX 1 and the coefficients are limited to the range 0 ^ ^
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with i = 1 or 2.

)2ËECEN uses the function subprogram IPAR listed in Appendix III. The 
parameter list of IPAR consists of a single integer variable name. On being 
called IPAR is set equal to zero if this integer is even, and equal to unity 
if it is odd. The current method of representing decimal integers as 
binary integers is such that, if the decimal integer is even, the contents 
of the least significant bit of the word containing its binary equivalent 
is zero, whereas if the decimal integer is odd this bit contains a one.
IPAR is set equal to the contents of the least significant bit of the word 
containing the variable in the parameter list. The subprogram is of 
necessity written in ABL. An alternative to IPAR is the use of the intrinsic 
function H0b^ A call of (N, 2) has the same effect as IPAR(n ),
but has been shown to take 50% longer, even when used as a statement function.

The overlap and one-electron Hamiltonian integrals are stored in the
two-dimensional arrays S and H in )ZfNECEN. These arrays are written onto a
magnetic tape (or disc area) referred to as the Master Integral Tape. The
file begins at word zero of a block specified in the data. The two-electron
integrals are generated in accordance with the rules given in Chapter 7*
The storage of these integrals is such that the integral [cô jCOylcoxCOa]

i fi ^ V and X ^ cr , ju ^ X and if ju = X , v ^ c ) vill be word
number of record number n^ v^ere n^ and n^ ( ^ n^) are given by (7.36).
The first record containing two-electron integrals follow immediately after
S and H. p^NECEN computes all the integrals arising from a basis set of Is,
2s, 2p , 2p , and 2p complex Slater-type orbitals in less than two seconds, o — +

The integrals required for the calculation of wave functions for diatomic 
molecules are computed using a modified version of a program written by 
Miller and Browne^ The modifications consist of the removal of the
facility by which the integrals over the complex Slater-type orbitals are 
transformed to integrals over real Slater-type orbitals. As this program
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generates the integrals in a form incompatible with the input requirements 

of the transformation program, an interface between the two programs was 

written which produces a master integral tape of the same form as is 

produced by jZfNECEN. The modifications to the Miller-Browne program and the 

interface were implemented by Dr M. Dixon and the author gratefully 

acknowledges his assistance in this respect.

C. Transformation of the integrals to an orthonormal basis set.

The transformation of the integrals over the atomic orbital basis 

into integrals over an orthonormal basis is a relatively simple process.

The integral transformation program is called INTRA and is listed in 

Appendix VI. There are three essential parts to INTRA;

(i) the extension of the two-electron integral records to cover 

all values of n^ (7*36),

(ii) the computation of the Schmidt orthonormalization coefficients 

(the elements of U in (?•?)) and transform the one-electron Hamiltonian 

integrals,

(iii) the transformation of the two-electron integrals. As a preliminary

to the transformation the integrals generated by either ffNECEN (for atomic

systems) or by the Miller-Browne program (for diatomic systems) are copied

from the Master Integral Tape onto a common disc area. This ensures that

the Master Integral Tape cannot be corrupted by the transformation, as

INTRA may only read this tape.

The two-electron integrals can be regarded as the elements of a real
symmetric matrix Î  with elements I^ ^ , where n^ and n^ are defined by (7 «36).

r e
Only the lower tricuagle of Î is computed by the integral generation programs 

and it is necessary to complete the upper triangle. This operation is the 

first stage of INTRA. It is complicated by the fact that 1 is generally 

too large for more than a few rows to be in the core store at any one time.
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This stage is contained within the subprogram called SETERI. The 
algorithm begins by reading each row of from the appropriate device 
(the number of elements in each row beginning equal to the number of the
record). As each row is read it is packed out with zeros and the whole
row written onto another device. The resulting matrix J[ has a lower 
triangle equal to that of ]C and am upper triangle of zeros. The matrix 
is then transposed by the subroutine BIGTRA. The lower triangle of is 
then merged with the transpose of 2  to give the complete matrix !•

The subprogram BIGTRA transposes a large matrix v^ich is written on 
a disc or tape, in this case, by rows. It makes optimal use of the 
available core store by reading as many complete records (rows) as possible 
into the available space. Let this number by NR0\f. The process in the Nth 
pass over the matrix to be transposed consists of the following sequence 
of operations; read first NROW records into a two-dimensional array A, 
transpose the NRj2)W * NRf̂ W square matrix beginning at column (NRfJW*(N-1 )+1 ) 
of A, and enter this into the first NR0W*NRj2JW block of the two-dimensional
array B. The next NR^ records are read into A, transposed as before and
entered into the second NR0V*NR0V block of B. This procedure is repeated 
until B is full and it is then written onto a tape or disc by rows 
representing columns (NRf)V*(N-1 )+1 ) to Ni^*N of the original matrix. The 
sequence is repeated until the whole of the original matrix has been 
transposed, taking into account the fact that the number of rows of the 
original matrix may not be an integral multiple of NRj2lW. At the end of each 
pass over the original matrix, the appropriate device is rewound and at the 
end of the routine the original matrix is overwritten by its transpose.

For small basis sets the whole of this part of INTRA is performed in
core.

The transformation of the one-electron integrals is performed by the 
subroutines and TRANSH. Firstly the matrix C» of (7 *30) is used to
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transform the overlap matrix of the atomic orbitals into integrals over a 
SAMO basis. If the calculation is on an atomic system is the identity 
matrix. The resulting overlap matrix ̂  overwrites the original one. The 
subroutine obtains the matrix U of (7«7) by Choleski decomposition
of The matrix L of (7.5) is held in the array QU, which is then 
inverted to give the matrix U which is stored in the array QC. The one- 
electron Hamiltonian matrix ho is transformed by the matrix product

h = c \  C (8.2)

Twhere C = C*U. The transformed overlap matrix (i.e. U ^ U) is printed 
as a check on the orthogonality of the final set of orbitals.

The approach just described for obtaining the Schmidt orthonormalization 
coefficients was shown to produce better results in single precision 
arithmetic than the recursive approach suggested by Todd^ and Harris^ 
does in double precision arithmetic. It is also a much faster method.

The transformation of the two-electron integrals is carried out by 
the subprogram TW^RA and its control routine C_̂ kTRA. If the i-th 
transformed orbital has the same axial angular momentum as the i-th atomic 
orbital, then the transformation of integrals not satisfying (7.35) is 
suppressed. Use of this feature is optional (see Appendix Vl), and it can 
reduce the transformation time for the two-electron integrals by almost 50%. 
This option will enable the program to be used for the transformation of 
multi-centre integrals. The transformation proceeds in two stages. The 
first stage sets up the partially transformed integrals
according to (7.37a) and it is seen from (7.36) that for a given set of /i 
and all the integrals over the atomic orbitals appear in the same record. 
The partially transformed integrals are obtained for all possible values of 
/i ,  ̂ , k F and 1 . Partially transformed integrals for which
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- mj, =, - m *
k - (8.3)

are actually computed, the remainder one set equal to zero and the 
transformation process suppressed. The partially transformed integrals 
form the elements of a two dimensional array, which is written onto a disc 
area, with each row corresponding to a record, the number of the row being 
given by

Pr = ^ ' (8-4a)

cind the position of the element in the record by

?e = ̂ max(^ - 1) + k . (8.4b)

(Obviously = k = number of basis orbitals). Inspection ofmax max
(7.37b) shows that the  ̂ appear as columns of
this matrix, which is not symmetric. To avoid unnecessary searching of 
the disc file this matrix is transposed either in core or if it is too 
large by the subprogram BIGTRA.

The second stage of the two-electron transformation proceeds with the 
evaluation of (7.37b) using the condition of (7*35) wherever possible to 
speed the process. The complete file of transformed integrals consists of 

^^i^j written in records with

“ ^max i (8.4c)

identifying the record, and p^ of (8.4b) identifying the element in the 
record. The transformed two-electron integrals are followed by a single 
record containing the transformed one-electron Hamiltonian integrals. The

* FOOTNOTE; setting m » 0 for all the orbitals is equivalent to 
suppressing this test (see Appendix v'%)
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complete file begins at word zero of a block on the Master Transformed

Integral Tape as specified in the data. Thus for a basis set of n orbitals

the output to this tape will consist of (n^ + l) records, each containing 
2n elements.

D. Construction and Solution of the Secular Equation

This is the final part of the Cl method. The program SECSj2̂ L listed 

in Appendix VII constructs and solves the secular equation for a Cl 

calculation on molecules of general geometry, the limit being twenty nuclei. 

An option is provided to enable the user to compute the first order density 

matrix, which is then diagonalized to give occupation numbers and natural 

spin-orbitals. It is convenient to discuss SECS^L in terms of the functions 

of the following three groups of subprograms,

(i) computation of the matrix elements 

between detors,

(ii) construction and solution of (H - EI^ A = 0, 

and (iii) the optional natural spin-orbital analysis in which the first 

order density matrix over the orthonormal SAl'lO is computed.

Computation of the requires the specification of

the ordered spin-orbital products, and for homonuclear diatomic molecules 

the cards output by GENDET provide this information. As the matrix with 

elements is symmetric only the lower triangle is

evaluated and stored in a one-dimensional array G, \diere

G(IOi) = , (K^L) (8.5)

and

KL = (L*(l - 1))/2 + K . (8.6)
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Before evaluating G(KL) it is necessary to bring Dĵ  and into the 

condition of maximum coincidence. The subroutine MAXCjZfN brings each pair 

of off-diagonal detors (i.e. K < L) into maximum coincidence, by 

permuting the elements of the ordered spin-orbital product defining one 

of them. The parity of the permutation is determined. Those pairs in 

which the detors differ by more than two spin-orbitals are ignored, because 

the corresponding matrix element is zero. For each of the remaining pairs 

the following information is entered as a row in the two-dimensional 

array IDIFF,

(i) the number of spin-orbitals by which the pair (K, L) differs,

(ii) the identifiers of the spin-orbitals not common to both,

(iii) the parity of the permutation required to satisfy the condition 

of maximum coincidence,

(iv) the value of IL given by (8.6).

The number of entries in IDIFF are counted, and the array may be dumped

on a disc file if it is too small for the current problem.

The actual evaluation of G(KL) is in two steps and the first involves 

the computation of the two-electron contribution. The contribution of a 

frozen shell of electrons represents a constant which may be computed 

separately, and then added to the frozen shell-valence and valence-valence 

electron interactions for the diagonal terms < D^ I }) I D^ > . This

constant is computed in the subprogram PAS^NE. The remaining interaction 

for the diagonal elements, and the values of the off-diagonal elements are 

computed in the subroutine PASTWjZT.

In PASTW^ the two electron integrals [if. </?. I <̂-,1 are1 3 K 1
read into core for all values of k and 1, for a given pair of values of i 

and j, according to (8.4b) and (8.4c). Each record is examined to determine 

whether or not it contains integrals that will contribute to the diagonal 

elements (see 7.29 ); integrals which make a contribution are added or
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subtracted, as appropriate, to the correct element of G. Next, by- 

searching the array IDIFF, those integrals which contribute to the off- 

diagonal elements are found. As the detors are in terms of spin-orbitals 

and the integrals over (spatial) orbitals, it is necessary to use (l*5) 

to identify the correct integrals and to determine whether or not the 

integration over the spin co-ordinates produces zero. PASTWO makes 

considerable use of the function subprogram IPAR.

The final step is evaluating the matrix elements between the detors 

is the evaluation of the one-electron contribution. The transformed one- 

electron Hamiltonian matrix is read into core by the subprogram HPASS.

The contribution from the frozen shell is evaluated once and added to 

the remaining contributions to the diagonal elements. For the off- 

diagonal elements there will only be one non-zero contribution which is 

added to G(KL); G(KL) is then multiplied by the appropriate parity 

factor (+ 1).

Once the matrix elements between the detors have been evaluated the 

program proceeds to compute the matrix elements of the secular equation 

as indicated in (7*2l). For homonuclear diatomic molecules the projection 

matrix T g ^  can be obtained by inspection of the output from GENDET.

The evaluation of (7*21 a) is the basis of the subroutine SECS^L (not to be 

confused with the program of the same name of which it is a part), its 

eigenvalues and corresponding eigenvectors are determined by the QR- 

Algorithm^T^). The eigenvalues are the energies of the state projected 

by T g ^  and each eigenvector defines a wave function for this state.

Finally the program SECS)2̂ L will perform a natural spin orbital 

analysis on the i-th level of the state given by T g ^  • The first order 

density matrix is computed from a wave function expanded as a sum of detors 

rather thaui as a sum of codetors. The coefficients b are obtained 

using (7.40). The first order density matrix is computed by the method
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indicated at the end of Chapter ?• It is diagonalized by the QR-Algorithm, 

and the subprograms NATjZfeB and PjZbMA4 constitute this section of SECS^L.

By use of the projection matrix it is possible to construct

the secular equation for several molecular and spin states from a given 

array G. This fact and the desire to preserve many of the results produced 

by the program SECSjZfL led to the writing of subroutine TDFILE. This 

subprogram hcindles all transfers of preserved information, whether the 

transfers be between peripheral devices or between a peripheral device 

and core store. All the results obtained for a particular molecule will 

be held in a file which will also contain all of the transformed integrals 

used in the calculations. This file is kept on a magnetic tape called the 

Master Results Tape. TDFILE sets up a table of contents for this file.

The entries in this table define the position of a particular set of results, 

the type of results, and the data required to enable information to be read

from the file. The user may identify each entry in the contents table by

providing a 32 character title in the data for SECSjZfL (see ^Appendix VII).

A similar table is also kept for a private disc area on which all results 

currently being used, or generated, by the program is held. The master

results tape is updated from this disc area; this has advantages in that

the current set of results cannot be lost through machine faults, unless, 

of course, the disc actually fails during a transfer. Both contents tables 

are written on a small private disc area. TDFILE is written in such a way 

that it ie virtually impossible for the user to aooidently corrupt or oyer^ 
write the master results tape or the master trauisformed integrals tape; 

the program SEGS^L can only assess these tapes by a call of TDFILE.

Each program described has a ’multiple run* facility, which permits the 

processing of several sets of data in any one run. In the case of SECS^L 

both the specification of the detors and T g ^  may be read in the first set 

of data and used in subsequent runs. This substantially reduces the number
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of data Ccirds required. SECŜ zfL may also be re-entered at the start of 

any section.

Once written each subprogram was thoroughly checked and rigourously 

tested (all test runs were in the FORTRAN V test mode^^ ̂ ). The final 

test of the programs was their ability to reproduce published results.

The calculation chosen for this test was based on the Cl calculations on 

the diatomic oxygen molecule of Meckler^ Ko tari et alia^^ \  auad

Schaefer and Harris^

Heckler's calculation is a 01 in which the SAMOs arising from the Is 

and 2s atomic orbitals are frozen; the codetors arise from the 2p atomic 

orbitals. There are 31 detors with A a 0 and = 0 which are tested

by Heckler. From these detors it is possible to project 9 codetors
1 + ^ and 12 codetors; the corresponding projection matrices T. and

&  — 1 —

are also given. The calculation of Kotani et alia is based on the 

codetors arising from the 2s and 2p atomic orbitals, the Is shell is 

frozen. It is possible to determine the specification of the detors and 

the projection matrix T. that they used for their wave function.
- 1 -  g

The detors have = 1. This particular paper also contains the elements

of the matrix U ((7*6) and (7*7)) which orthonormalizes the SAMOs. The

most stringent test of both the programs GENDET and INTRA is the successful

reproduction of the results published by Heckler and Kotani. Both programs

performed satisfactorily. The paper by Schaefer and Harris^ contains

the energies for 62 low-lying states of 0^ at nine inter nuclear distances,
3 1 1and also values for the P, D, and S states of the oxygen atom. Test

runs for the and ^E^ states of the molecule, at the same inter-
g  g

nuclear distances used by Schaefer and Harris, and for the three states of 

the atom, produced results which are in agreement with the published values 

to within machine accuracy. This final test also provided a check on the 

program )2fNECEN. This program also produced integrals which agree with
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those given in references ( 1 ̂  and (l-l ) • As a check on the accuracy of

the QR-Algorithm, the seculcir equation was also solved using a routine
M 3)based on the method of Jacobi'

The natural spin-orbital cinalysis was checked against the results 

obtained from a general progrêim, which will produce natural spin-orbitals 

from a wave function expressed as a sum of determinants. This program 

has reproduced various published r e s u l t s W h e r e v e r  possible test 

calculations were checked on a desk calculator.

The results of the test calculations on 0^ are given in Chapter 10, 

together with the spectroscopic constants and molecular properties computed 

using the methods described in Chapter 9.
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CHAPTER 9 

SPECTROSCOPIC CONSTANTS OF 

DIATOMIC MOLECULES

In the Born-Oppenheimer approximation the separation of the electronic 

and nuclear motions leads to two equations, one describing the electronic 

behaviour and the other the nuclear motion. The solution of the first 

of these equations has been the subject of the proceeding chapters amd 

the electronic energy E^ corresponding to this solution is a function of 

the nuclear co-ordinates. The electronic energy and the energy ,

due to the electrostatic repulsion of the nuclei, together form the 

potential function V used in the second equation. For a diatomic 

molecule this equation is similar to that of the rotating vibrator, and
('55 )it has been solved by Dunham' who expanded the potential function 

about the equilibrium nuclear s e p a r a t i o n a .  power series;

V(R) = V(Rg) + + ... ) (9.1)

where

f = (R - R^)/R,

a-o =

and

In (9.2) COQ is the classical frequency of small oscillations, assuming 

the system is a harmonic oscillator, and is the reduced mass of the
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diatomic molecule. Using the Ventzel-Kramers-Brillouin method Dunham 

obtained the equation

E^t = E E Y ,  . ( v  + 1 /2 ) ^ j 3(J + 1)3 (9.3)VO

for the energy level of a rotating vibrator associated with a rotational 

quantum number J and a vibrational quantum number v. The coefficients 

(9.3) may be expressed in terms of , B^ and the coefficients a^ 

of (9.1). The appropriate formulae are to be found in Dunham's paper# 

The connection between the Y^j of (9.3) and the observed spectroscopic 

constants is easily determined. From (9.3) the energy of a vibrational 

level is

®vO = ^00 + ^ 10^^ + 1/ 2) + Ï 2o(v + 1/ 2)2 (9.4)

Y j q (v  + 1/2)5 + + 1/2)"^ + ... .

This leads to the following expressions for the separations between the 

lowest vibrational levels,

^20 “ ^10 “ ^10 *" ^^20 ^^^40 ■*■••• • (9'5)

The energy levels of the anharmonic oscillator are given by the expression

E^O = % ( v  + 1/2) - WgXg(v + 1/2)2
(9.6)

+ WgYg(v + 1 /2 )5  + WgZg(v + 1 /2 ) ' ’’ + . . .
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(9.6) is obtained by solving the appropriate SchrtSdinger equation

using a potential function of the form

V(R) = V(R^) +

with g « f  which is a simplified form of (9.1 ). The separations 

between the lowest energy levels obtained from (9.6) are

®10 - ^00 = “ e - 2 + ^5 WgYg/4 + 5 + ... ,

E20 " ®10 = " e  - “ e^e + + 3 4  w ^ z ^  + ... . (9.7)

Comparison of (9.5) and (9.7) gives

^10 -  %

^20 “  - "e^e , '

5̂ 30 ~  “ e^e

^40 - • (9-8)

2 2is not exactly equal to co^ because it contains terms in B^/ 

which arise from the more general form of the potential function used 

by Dunham. Similar corrections appear in the other Y^Q .

For the rotational motion of the molecule the experimental expression 

for the difference in energy between rotational levels J and 0 in the same 

vibrational state is

®vJ - ®V0 = + 1) - + 1)^ + H^j 5(J + 1)5 + ... .
(9.9)
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The rotational constants B , D and H in the vibrational state consideredir V V
are expressed in terms of B^, and which aire the rotational constants 

at R^. The usual expressions are

= Bg - + 1/2) + y^(v + 1/2) + 0g(v + 1/2)^ + ... ,

+ 1/2) + ...

(9.10)

Expansion of (9.3) gives

®vJ - \ o

(Yq^ + Y^^(v + 1/2) + Yg^(v +1/2) “̂ + ..)J(J + 1)

+ (Yq2 + Y^2(-^ + 1/2) + Y22(v + 1/2)^ + ..)J^(j + 1)2

+ (Yq 5 + Y^j(v + 1/2) + ..)j5(j + 1)5

+ (Yq ^ + ..)J"^(J + 1)4 (9.11)

Comparison of (9.9), (9.10), and (9.11) yields the approximate relations

^01 =

^21 5'g

^31 "

^02 “

^03 ^ %e (9.12)
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Once again the {. differs from the "classical” values by terms

in ( B^/ 00^ ), which are usually less than 10 ^
The value of 60^ is in cm , and the reduced mass yU , used to

calculate B and hence co , is measured in atomic mass units on thee e
( 57)unified scale' The value of is in bohrs so that

Bg = 60.2014/(/zRg) . (9.13)

The probable radius of convergence of (9.1) is 0 ^ E $ 2E  (^8)

and because the series is truncated, the actual region where it may
( 59)reasonably be applied is close to R^'

The computation of the spectroscopic constants is achieved by

expressing the potential curve V (r) as a power series in R. This series
is then transformed into the form of (9.1) by using the method of synethic
division^ (Corner’s method) and the Y-. . are determined by using the

(55)appropriate formulae'

The coefficients of the power series in R are found by the method of 

least s q u a r e s ^ S u p p o s e

n+1 .
V(R. ) = E R^ p. , (9.14a)^ j = M  3

or in matrix notation

A £  = V . (9.14b)

In (9.14b) the elements of the matrix A are = Ê 3̂ ' ̂ ^  is a

column vector of the unknown coefficients, V a column vector of the energies, 

and R^ is the i-th value of the internuclear distance. A unique vector 

which minimizes the Euclidean (or L^) norm of V - A jq , only exists when 

the columns of A are linearly i n d e p e n d e n t ^ B y  taking powers of R^
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accuracy is reduced and the columns of ^  may be nearly linearly dependent^ 

These difficulties can be avoided if the independent variable, is 

transformed into the normalized independent variable where

X. = - (Rj + ^+l) , (9.15)
( 4  -

and

In (9.15) R.̂ is the minimum value of and R̂ .̂̂  the maximum value. A- 

is now X^^"^ and the solution of the least squares problem results in the 

coefficients q^ of the polynomial

n+1 . ..
V(X.) X l ~ \ .  . (9.16)

Use of an algorithm by Mackinney^ permits the direct transformation of
(9.16) into (9.1). This algorithm transforms a polynomial in X into one

in i where X = a f + b. In the present case a = X^ + (R.̂  + R̂ .̂̂  )/

(R., - R ) and b =» X_. The minimum of V(x) occurs at X = X ; it may be' 1 n+1 e ' ' e
found by using the Newton p r o c e d u r e ^ a n d  the fact that (dv/dR) = 0.

The Newton procedure is initiated with an approximation X^ to X^ where 
satisfies the condition v(X^) < V(Xj) for all i k, V(X^) is a data

point. The value of R^ is simply i(X^ (Ry - R̂ .̂̂  ) + (R.j + ^n+1^^’ The 

solution of the least squares problem is further assisted by initially 

subtracting the mean value of v (r^) from each value of v (R^).

The foregoing analysis forms the basis of the program SPECTRjZf which is 

listed in Appendix VIII* The program is completely self contained and the 

Dunham analysis is performed by the subroutine DUNHAM. The solution of the 

least squares problem is performed by subroutine ̂ RLIN2 which is a 

FORTRAN V translation of Bauer's algorithm^^^^. The program is so written
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TABLE 6 Theoretical and Experimental Spectroscopic 

constants for

McLean Spectro Experimental

CO

D

4 3 9 9 . 3 3

5 7 4 5 6 3 .

60.841
0.0465

4 3 9 9 . 4 5

5 7 4 6 1 3 .

60.843
0.0465

4395.2

60.800

Y

Y

00
"10
■20
'30
■40

'01

'11
21
r'31
r"02
r
'12

10.75
4 3 9 3 . 8

-104.34
-5.42 
0.056 

60.798 
-2.834 
-0.032 
-0.031 
—0.0466 
0.0022

7 . 9 5 2 8  X  10'  

-1 .365
1.900

-2.478
2 . 3 9 1

-0.959

10.75  

4394.0  

-104.34

-5.42 
0.056 '  

60.800 
-2.834 
-0.032 
-0.031 
- 0.0466 
0.0022

7.9529 X  10'

-1.565
1.900 

-2.478

2.391
-0.959

4400.39  

- 120.82 

-0.724

60.864
-3.076
0.0601

-0.0466
0.0016

7.9566 X  1 0 ^

-1.598 .
1.868

- 2.072
2.261

EI
R
min
min

'1.174442 a.u. 
1.401 27 a.u..

-1.174442
1.40127
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that several energy levels of the same symmetry, spin, and covering the

same range of R may be processed in each run.

The results of the Dunham analysis are invariably compared with

experimental values and it is for this reason that the values of V(R^)

are converted in the program from hartrees to cm  ̂ using the conversion

factor given in Appendix I. The value of V(R^) in both cm ** and har trees

is given in the program output.

McLean^ published a comprehensive set of results for the Dunham
Z 19)analysis of a wave function for obtained by Kolos and Roothaan' '. 

McLean's results, the experimental values^56,64) those obtained by 

SPECTRj f̂ are given in Table 6. As far as the a^ s of (9.1 ) are concerned 

the results given by SPECTR^ are in complete agreement with those of McLean. 

Some discrepancies arise both in the classical and corrected spectroscopic 

constants. This is due to the slight differences in the factors used to 

convert primary units to secondary units 'as McLean used an older set^
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c h a p t e r 10

RESULTS AND DISCUSSION

The diatomic oxygen molecule has been thoroughly studied by spectro- 

scopists^ and the extensive theoretical study of Schaefer and Harris^

is in excellent agreement with experimental results. The work of these 

authors provided a valuable means of checking the accuracy of the programs 

described in the previous chapters.

Schaefer and Harris examined 62 low-lying states of the oxygen molecule

at up to eight internuclear separations, and obtained values of the energies

at an infinite separation by the appropriate combinations of the energies 
3 1 1of the P, D and S states of the separated atoms. Their approach to the

programming problem is similar to the one used here^ although there are

important differences in technique. The most significant of these

differences is the evaluation of the one- and two-electron integrals which

employs a method evolved by Harris^ Two other differences worth noting

are the use of the recursive form of the Schmidt orthonormalization process

(40,41,60) the use of Givens* method for diagonalizing a real symmetric

matrix. Finally an important computer hardware aspect of the calculation

of Schaefer and Harris is the fact that the Univac 1108 computer, which

they used^^^), gives only 8 decimal digits accuracy for real arithmetic,

consequently their results are probably only accurate to 5 or 6 decimal
(49,50)digits although they quote ?• Atlas gives 11 decimal digits^ ' so that 

a 5 or 6 figure agreement between the present results and those given in 

reference 45 is acceptable. The details of their calculation differ slightly 

from that described here. The detors of Schaefer and Harris are chosen so 

that S^ = S and the configuration are classified according to the value of

A  and S. Thus, for example, the secular equation they solve contains

all variants of symmetry, and the g, u, +, or - subspecies is sorted

out by the diagonalization process. Naturally this leads to secular equations
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of large dimensions (l10 x 110 for the states). However, the present

programs are designed to avoid this situation (see chapters 7 and 8). The 

program GEHDET, apart from reproducing the results previously quoted^ 

also confirms the number of configurations given in Table I of Schaefer and 

Harris^

Unlike diatomic oxygen, diatomic sulphur has not received much attention 

from the spectroscopists. The lack of experimental data is due to the 

difficulty in setting up long-path absorption experiments in S^ vapour at 

temperatures around 650^0. This, combined with the large number (32) of 

electrons involved, and the fact that the ground state of the molecule is a 

triplet, probably accounts for the non-existence of theoretical work^^^^.

Oxygen and sulphur are both Group VI elements; oxygen being in the first 

row of the periodic table and sulphur in the second row. So far as is known 

the general pattern of the electronic states of S^ resembles that of 0^

The programs described in the preceding chapters have been used to obtain 

VCI wave functions for the following atomic and molecular systems;

(i) ^P, ^D, and ^S states of atomic oxygen and sulphur.

(ii) ^ ^  and  ̂ states of diatomic oxygen at fifteen internuclearO O
distances.

(iii)^  ̂A  ̂  , and  ̂^  ̂  states of diatomic sulphur at seventeen

internuclear distances. The orbital occupancy of the electrons in atomic 

oxygen is (ls)^(2s)^(2p)^ and in sulphur it is (ls)^(2s)^(2p)^(3s)^(3p)^.
2 A

The valence shell for both atoms is of the form (ns) (np) with n = 2 for 

oxygen and n = 3 for sulphur. By arranging the six valence shell electrons 

in the eight available spin-orbitals it is possible to obtain two P-type, one 

D-type, and four S-type detors, in which = 0 and = L, where is the

Z component of the total orbital angular momentum L. From these detors it is
3 1 1possible to obtain one P codetor, one D codetor, and two S codetors. The
3 1wave functions for the P and D states are not really VCI wave functions at 

all because they consist of a single term'and not a sum of terms. They are



-  118 -

TABLE 7 .  ATOMIC DETORS AND CODETORS

P-type detors
D.

D,
(i )(2)(3)(6)(7)(8)

(l)(2)(4)(5)(7)(8)

D-type detor

D, (i )(2)(3)(4)(7)(8)

S-type detors
D,
D,
D,

Dr

(1)(2)(3)(4)(5)(8)

(i )(2)(3)(4)(6)(7)
(i )(2)(5)(6)(7)(8)

(3')(4)(5)(6)(7)(8)

P codetor

D codetor

Y,

Y-

2 2 (D, + Dg)

D,

S codetors

Y:
Y.

3 2 (D  ̂ -  + Dg)

Dr
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TABLE 8. ORBITAL EXPONENTS

orbital oxygen sulphur

is 7.6568 15.5409

2s 2.2472 5.3144

2p 2.2262 5.9885

3s - 2.1223

3P — 1.8273

TABLE 9. ELECTRONIC ENERGIES OF

ATOMIC STATES (HARTREES)

State Oxygen

Present work Ref. 45

-74.5404 -74-5406

'D -74.4464 -74.4469

-74.3663 -74.3665

Sulphur 

Present work Ref. 7G'

-396.5936

-396.5341

-396.5287

-396.6276
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TABLE 10. DISSOCIATION ENERGIES CALCULATED FROM 

EILERGIES OF ATOMIC STATES (HARTREES )

Atomic States Oxygen Sulphur

+ ^P -149.0808 -793.1872

^P + ^D -148.9868 -793.1277

^P + ^S -148.9067 , -793.1223

'd + D -148.8928 -793.0682

^D + ^S -148.8127 -793.0628

"̂S + ^S -148.7326 -793.0574
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'‘r.injl.c configuration" wave functions and, as the orbitals from which they 

arc constructed are not optimized, the resulting energies will probably be 

poorer than the corresponding SC? energies. The detors are specified in 

Table 7 where only the identifiers of the valence shell spin-orbitals are 

given, these conform to the rule;

ns ti = 1 , ns 2 ,
= 5 , npQ 4 ,

np_ of. = 5 , np_ p = 6 ,
np_̂  o. = 7 , P = 8 •

The orbital exponents used in all the oxygen calculations were those of

Schaefer and Harris^ For sulphur the atomic SCF exponents obtained by
( 73)Clementi and Raimondi' ' were used. All exponents are given in Table 8. The 

electronic energies of the three states of each atom are given in Table 9. The

agreement between the present results for atomic oxygen and those of reference 45
3 ( 73)is excellent. The SCF energy for the P state^of sulphur' ' is much better than

that obtained by the VCI method. This result indicates a possible limitation

imposed on the wave function by the VCI treatment. It was felt that a complete

Cl within the minimal basis set employed would provide valuable results. The
3energy of the P atomic ground state of sulphur given by this Cl was found to be

-396.6277 hartrees' which is slightly better than SCF value. As the wave function

only consists of four codetors (including that given in Table 7) it is not very 

extensive. Each of the additional codetors is a result of an excitation of one 

or more electrons from the 2p shell into the 3p shell, the 3s shell always 

remaining doubly occupied. The value of the complete minimal basis set Cl is 

that it shows^that the interaction between the 2p and 3p shells cannot be

ignored in the sulphur atom.

The energies of the atomic states which represent the dissociation limits 

of the low-lying molecular states are given in Table 10.

The minimal basis set of orbitals used for the atoms are utilized in the 

construction of the molecular orbitals for the molecular studies. The 

rules for forming the molecular orbitals are given in Appendix II. For
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oxygen the molecular orbitals are

(1sag)(1sor^j)(2sag)(2scry)(2po-g)(2p<7y)(2pffg)(2pir^) .
The and orbitals may contain up to four electrons, and

each ^-orbital a maximum of two. The molecular orbitals for sulphur

include the orbitals

(3scTg) (3scr^) (3pOg) (3pa^) (3pfg) (3pir^)

in addition to those given for diatomic oxygen. In the studies of oxygen,

the (ls#g) and orbitals were assumed to be always occupied by

a total of four electrons, and the detors were obtained by arranging the

remaining twelve electrons in the sixteen available molecular spin-orbitals.

A set of 118 E  detors was obtained with S =» 0, 30 ^ E ”" codetors & 2 g
1 y +and 37 codetors were projected from'this set. The set of valence

shell molecular orbitals for sulphur differs from that of oxygen only by 

the value of the principle quantum number. In studies of the whole of 

the oxygen set of molecular orbitals was assumed to be occupied by 20 
electrons and the detors were obtained by arranging the twelve remaining 

electrons in the sixteen available molecular spin-orbitals. Obviously the

number of E ̂  detors is the same for oxygen and sulphur, the numbers of
3 y  — 1 y  4*codetors for the ^  and 4. states will also be the same. Inë o

addition a set of 44 detors was obtained with = 0, 22  ̂A ̂  codetors

were projected from this set. The detors and codetors are listed in 

Appendix IX, this appendix also contains a list of the "spatial orbital" 

configurations or "primative functions".

The energies of the five lowest levels of each state investigated are 

given in Tables 11 to 15 for each of the chosen internuclear separations.

The corresponding potential curves are shown in Figs. 16 to 20. The results
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TABLE 16 Spectroscopic Constants

(Units are cm  ̂ unless explicitly given, and to a^ 
are dimensionless)

0^x5 L-I Z p

calc Expr calc Expr

R bohrs e
V(R ) hartrees ' e'
V ( R ^ )

hartrees 
Dq hartrees 
G(o ) hartrees

Y,
V

Y,

00
■10
2̂0
30
'40
01
'l1
2̂1
3̂1
0̂2
'l2
2̂2
■03
■13
■04

2.4618 

-149.2156 
0.0
0.1348 
0.1312 
0.0036

-1.4979 
1607.56 
-19.1019 

0.1539 
0*0066 
1.2422 

-0.0129 
-7.9 X 10
9.3 X 10 

-3.0 X  10

2.2817

-5 
—6 
—6

-1.1 X  10~7 
—8 *<1 0

<10

<10

<10

-9
-8

5.2006 X 10"
-3.2487
2.9408

14.4668
-54.2388

68.5968

-29.7533

0.1867
0.0036 

1580.36

-12.0730
0.0546

1.4457
- 0.0158

2.5435
-149.1685

10-«

0.0877
0.0849
0.0028
1.6769

1251.04
-6.8935
-0.2558
-0.0031
1.1636

- 0 .0016

0.0003
-6.5 X  10*“̂  

—6-4.0 X  10
1.3 X lOT? 

-8
- 2 .3  X  10 

<10-^ " 
<10-8 * 
<10-8 *

3.3651 X  10' 
-3.4206 
10.6683 

-31.0388 
20.5180 
84.8957 

-113.0302

2.3183

0.1506

0.0033

1432,69 
-13.9500 
—0.0108

1.4004 
- 0.0182

* Absolute value + Reference 28
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TABLE 16 Spectroscopic Constants

(Units are cm

S^Y?Z

1 unless explicitly given, 
are dimensionless)

?

and to a^

calc Expr ̂  calc Expr ̂  calc Expr

î bohrs e 3.9761 3.5754 3.9962 3.5905 4.0243
V(R ) hartrees 
|r(Re)

-793.2757 
2 X 10"7

-793.2565
-73 X 10 '

-793.2472
-63.2 X 10

jOp hartrees 0.0885 0.0693 0.0600
|Dq hartrees 0.0869 0.1610 0.0147 0.0588
,G(0) hartrees 0.0016 0.0016 0.0546 0.0012
i
1 ^00 -10.0430 -44.5515 -36.3408

1 '10 703.4343 714.29 584.1429 689.87 591.0864 693 ?1
^20 -61.1350 2.844 3581.93 3.02 123.0598 3.4 ?

B o 117.2205 -387.0931 -164.2823

B o 110.0685 1667.08 1.5303
0.2371
0.0021

-0.0007

0.2945 0.2318 
0.0016 0.0452 

-0.0670

0.2922 0.2310 
-0.0094 
-0.0186

1 :=i
1 ‘02

::
'03

^04

-0.0155 
—6 . 9 x 1 0  
-2.2 X 10"^ 
2.7 X ICT?

<10"9 * 
<10-8 * 
<10-8 *

-0.0853
-7.7 X lOT?

-6-1.9 X 10 
-1.0 X 10“  ̂

< 1 0“8 * 
< 10“8 * 
< 1 0“8 *

-0.0231
-2.4 X lO"?
-4.4 X 10~7 

—6-1.3 X 10 
-8<10 * 

<10-8 * 
<10-8 *

4.0375x10^ 52.0498x10 3.7238x10^
1

B

B
B
B
B

18.1835 -34.6309 -22.2509
80.4469

-6369.01
5.2347x10^
3.9409x10^
5.5152x10^

195.7953
1.0117x10^
4.2089x10^
-8.1705x10^

6-7.4275x10

-127.9481 
6036.38 
8.2559x10^ 

-4.5959x19^ 
-6.6482x10^

* absolute value + Reference 68
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for oxygen are in good agreement with those of Schaefer and Harris

and those for sulphur give the correct ordering of the lowest states;

namely X^5I’“l < a ^ A  I < • The separation
^ ë ë

—1 —1of these states is 4500 cm and 6000 cm respectively, experimental
-1 -1separations are 4500 cm and 8000 cm • The prefix X, a, or b before

is the spectroscopic notation indicating the ground 

state, first excited state, and second excited state respectively. The 

suffix I, II, ... indicates the relative level of the symmetry species.

"IIFor example, ^ ^ ^ 1  is energetically lower than ^

Spectroscopic constants for the (i.e. ground state)
1 +and b E  ̂ I states of diatomic oxygen were calculated using the 

program listed in Appendix VIII* Similar calculations were performed for 

the ^  gl , a^ A g i  , and b^ ^  states of diatomic sulphur.

The results for both molecules are given in Table 16. The agreement between 

the calculated values and the experimental values of the spectroscopic 

constants is not too good for the two states of oxygen. Nor do these 

results agree with those of Schaefer and Hcirris^^ \  (The present results 

were obtained by fitting a polynomial through the V(R^) at the values of R^ 

used by Schaefer and Harris.) The exact reason for the latter discrepancy 

is difficult to determine with certainty but is probably an example of the 

phenomenon noted by Beckel and Battler^ They found that the values of

the spectroscopic constants, determined from a given set of values of the 

total electronic energy, were very susceptible to changes in the number of 

points to which the curve was fitted, to the degree of the polynomial 

employed and to the accuracy of the actual energy values. Their criterion 

for chosing the degree of the polynomial and radius of convergence was that

a -
l/n+1
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All values of must lie in the range prescribed, t is the estimated

machine error in each V(R^) and n is the degree of the fitted polynomial.

V(r ) is expressed as a power series in (r-R^) rather than  ̂ (see

Chapter 9) and A^  ̂ (the coefficient of (R-R^)^*^) is the last significant

term in the power series. The choice of this criterion seems rather

arbitrary; Beckel and Sattier only managed to obtain two or three decimal

digit consistancy in the coefficients of the Dunham expansion. In the

present calculations the value of t is extremely difficult to estimate as

it depends on so many parameters. As R^ for both of the oxygen states

considered here is about 2.5 bohr, it may well be argued that only energies

corresponding to values of R in the range 2.0 ^ R ^ 3.0 should be used.

In the case of Schaefer and Harris their published results only include

five energies which satisfy this condition. This means that if t is 10 ^
—7and as n is at most 4 then A^ =* 2.7 x 10 . Effectively this means that

the potential curve must be almost parabolic over a substantial part of its

range. It can be seen from Fig. 16 that the 7? H i  state is certainly

not parabolic over the range 2.0 ^ R ^ 3.0. Obviously it is important

when calculating spectroscopic constants to take great care over the

mathematical methods and numerical techniques involved.

In calculating the spectroscopic constants for diatomic sulphur

greater freedom was allowed in the choice of values of V(r ) to which the

curves were fitted. This process used was in two stages. Firstly a

polynomial was fitted to all of the available points for each state. The
-4norm of this solution for each problem was about 10 and was rather 

poor. The next step involved fitting a polynomial through those points which 

were most accurately represented in the first stage. The accuracy with 

which each point is represented may be obtained from SPECTI^ by setting the 

variable equal to 1 in the data (see Appendix Vlll). The results of 

this second stage are usually very good from the numerical analysis aspect,
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-11as the norm rarely exceeds 10 • The results obtained for sulphur

using this technique are quite good, although in every case the 

vibrational constants 00 X , CO y , and co z are rather 

large. This suggests that either the system may not be represented by a 

simple rotating vibrator or that the VCI method gives a poor description 

of the state. There are no experimental results with which these values 

may be compared.

The dissociation of diatomic o:Qrgen into atomic states is clearly

defined and is amply discussed in the l i t e r a t u r e T h e  H*”l
3 3ground state of 0^ dissociates into the P + P states of the atoms as does 

the H ^  state. The problem of the dissociation of has been

discussed by many authors^^^* ' 69)^ Agreement has only recently been 

reached on the value of the dissociation energy of the X^ H  gl state. 

The accepted value is 0.161 hartree^^^* and the dissociation products
3are atoms in the P state. The dissociation energy is measured from 

the lowest vibrational level and it is this value that is quoted 

experimentally. The dissociation energy D_ measured from the minimum of 

the potential curve differs from by the zero-point energy G(0).

Dg = V(R^) - V(oo)

= + G-(O) .
Dg and G(0) are given by the program SPECTRjZf (in the computer output the 

symbol ZO is used for G(0)). G(0) is calculated by putting V = 0 in (9.4), 

so that

G(0) = Yqq + Y^q/2 + Ygo/4 + Yj q/S + Y^q /16

The value of fbr the ground state of diatomic sulphur is 54% of the 

experimental value and that of the oxygen ground state 70% of the 

experimental value.
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TABLE 17. VCI, ^-ORBITAL VCI, AND SCF ENERGIES 

FOR THE LOWEST STATES OF 0^ (HARTREES)

R Bohrs

2.1

2.3

2.5 

2.7 

2.9 

3.1

3.3

3.5 

4.0

30 TERM 9 TERM SCF*

-149.1407 -149.0598 -149.0521

-149.2031 -149.1411 -149.0912

-149.2151 -149.1702 -149.0743

-149.1996 -149.1674 -149.0281

-149.1741 -149.1514 -149.9679

-149.1465 -149.1311 -149.9024

-149.1210 -149.1112 -148.8372

-149.1018 -149.0961 -148.7744

-149.0838 -149.0826 -148.6413

37 TERM 12 TERM

-149.0712 -148.9792

-149.1480 -149.0797

-149.1680 -149.1188

-149.1637 -149.1295

-149.1487 -149.1261

-149.1307 -149.1166

-149.1156 -149.1073

-149.1032 -149.0986

-149.0883 -149.0873

* Reference 71 . The author is grateful to Dr M. Dixon for permission

to include these results. I
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TABLE 18. VCI, # -ORBITAL VCI, AND SCF ENERGIES 

FOR LOW-LYING STATES OF S^ (HARTREES)

R Bohrs

3.0

3.2

3.4

3.6

3.8 

4.0

4.2

4.4

4.6

4.8

X

30 TERM 9 TERM SCF*

-793.0255 -792.9955 -793.0624

-793.1473 -793.1176 -793.1798

-793.2303 -793.2024 -793.2646

-793.2563 -793.2303 -793.2760

-793.2732 -793.2499 -793.2830

-793.2756 -793.2550 -793.2750

-793.2698 -793.2520 -793.2573

-793.2585 -793.2435 -793.2336

-793.2458 -793.2334 -793.2073

-793.2341 -793.2242 -793.1802

37 TERM 12 TERM

-792.9770 -792.9401

-793.1004 -793.0645

-793.1894 -793.1562

-793.2193 -793.1889

-793.2394 -793.2127

-793.2472 -793.2244

-793.2456 -793.2266

-793.2397 -793.2245

-793.2326 -793.2208

-793.2250 -793.2161

* See footnote to Table 17 •
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The greatest contributory factor to the discrepancy between theory

and experiment for lies in the use of the minimal basis set VCI method.

Since the complete minimal basis set Cl on the sulphur atom lowers the

energy by 0.034 hartrees, it is reasonable to assume that the use of a

more extensive Cl for will lower the energy by almost twice this amount.

A VCI calculation in which the n s a  and nscr valence shell molecularg U
orbitals are full is conveniently called a # -orbital VCI and in the

present work is easily obtained. In Appendix IX it is seen that the first

31 detors of T. ̂  symmetry have the valence shell 118(7̂  and

orbitals doubly occupied. The ^ Z  ̂  and  ̂Z  ̂  codetors arising from

these detors are components of the tt-orbital VCI wave functions (see 

Chapters 7 and 8, also Meckler^^^^) for these states. There are 9^ Z ” 

codetors and 12  ̂Z ^  codetors in the -orbital VCI. The results of

these investigations are summarized in Tables 17 and 18, where the 9-term 
VCI represents the ^-orbital VCI for tl\e ^ Z  state, the 30-term

VCI is the current Z  ̂  VCI result, the 12-term VCI is the f-orbital

VCI for the  ̂Z  ̂  state and the 37-term VCI the current VCI result for 

this state. The difference in energy between the -orbital VCI energy

and the complete VCI energy decreases as the internuclear separation
3increases. This result is expected as in the P ground state of the atoms 

only the p-type orbitals of the valence shell contribute to the wave function, 

and the s-type are always occupied. A similar effect should be seen in a 

more extensive Cl on S^, which includes detors corresponding to excitations

from the inner shell f -orbitals. The present result for R = 2.3 in the
(43 )ground state of 0^ is in good agreement with that of Kot^i et alia' ', 

who give the energy of the 8-term VCI as -149*1332 euid that of the complete 

VCI as -149*1911 hartree. They used different values for the orbital 

exponents to those used here*

An interesting feature of Figs. 16-20 is the existence of a number of
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avoided crossings of the potential curves. The wave functions of the two 

energy levels 2S+1 ̂  and 2S+1 ̂  may be written

“ i » (10.1a)

and

' (lO.ib)

respectively. In (10.l) and are codetors of 2S+1
symmetry. Let

is the total energy of the codetor and the off-diagonal

Y-TT are

V.
elements are very small. The energies corresponding to Y j  and

ii

and

®kl ^ik

The conventional notation implies that and as j

both and are dominated by the energy corresponding to the codetors 

with the absolutely largest coefficient in Y^ and j • As the inter- 

nuclear distance varies will also vary and its value relative to other

diagonal terms will change. The "non-crossing" rule^^*^^ may be interpreted 

as the statement that the potential energy curves of two electronic states 

of the same symmetry species cannot cross. If is to remain below ,
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the dominant codetor in must always be that with the lowest energy.

If some of these energies are degenerate the coefficients of the appropriate 

detors will be nearly equal. A rapid variation of the coefficients defining 

a wave function with respect to the codetors is a consequence of the non

crossing rule. In Table 19 the coefficients of the ^ Z  IV and

Z gV states are seen to vary rapidly as R varies. The distortion

of the potential curves (fig. 16) in the region of R = 2.6 bohr indicates 

an avoided crossing. The distortion of the upper curve at about 2.5 bohr 

indicates an avoided crossing with a higher level not shown in the diagram. 

Several other examples are evident in Figs. 17 to 20.

The initial results from the natural spin-orbital analysis option of 

SECSj2fL (Appendix VII) indicated that, for the atomic and molecular states 

examined, the VCI wave functions produced a set of natural spin-orbitals 

which was identical to the set of orthonormal symmetry adapted molecular 

spin-orbitals. The occupation numbers of^the natural spin-orbitals forming 

the frozen shell were unity, and the values for the remaining natural spin- 

orbitals could easily be estimated by inspection of the wave function. Only 

with the complete Cl atomic wave function was the natural spin-orbital 

basis different from the orthonormal spin-orbital basis. Little use was 

made of the natural spin-orbital analysis option because the time taken to 

construct and diagonalize the first order density matrix for a given energy 

level was almost as great as that taken to construct and solve the secular 

equation for which the energy level was a solution. It was felt that use of 

this option would add little to the present investigation of the VCI method.

A valuable indication of the merits of the VCI method can be made in
( 7l)view of some recent work by Dixon/ Using the integrals output by the

program INTRA (Appendix Vl) he calculated the open-shell SCF energies of
•2 _

the 0 and S molecules in their X Z ~I ground state at a number of inter- 2 ^ g
nuclear separations. The VCI method produces much better results than the
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SCF method for oxygen at'each bond length (see Table 17) and also predicts

the dissociation products correctly, whereas the SCF energies indicate

dissociation products of atoms in the ^S state. This is yet another

example of the failure of the SCF method to predict correct dissociation

products. The electron correlation introduced by even the iT -orbital

VCI is sufficient in the case of 0^ to cause a significant drop in the total

energy at each bond length compared with the SCF value. Examination of the

results for S^ given in Table 1$ show that the SCF gives better results than

the VCI for bond lengths less than 4.0 bohr. The potential curve for the

SCF results is a little deeper and rather more steep than the VCI curve but,

as in the 0^ calculation, the dissociation products are incorrect as, even

at R = 4.8 bohr, the energy of the X Z  ̂ I state is above that of the
3 3P + P energy of the separated atoms. A single configuration wave 

function lacks electron correlation and in general this deficiency can be 

partly remedied by using a Cl. The Cl will cause a lowering of the 

electronic energy with respect to the single configuration value. In the 

case of the VCI wave function the amount of electron correlation introduced 

is restricted by excluding codetors which represent excitations from the 

inner shell ir -orbitals. As was mentioned earlier the VCI for the sulphur 

atom produced an energy inferior to that of the SCF, but a complete minimal 

basis set Cl was slightly better. The improvement in the energy in the 

atomic case is due entirely to the inclusion of excitations from the inner 

shell p-orbitals in the wave function. It may be reasonably assumed that 

the inclusion of excitations from the inner shell ir -orbitals in will 

cause a substantial decrease in the total energy in the correct part of the 

potential curve, this may also improve the values of the spectroscopic 

constants. The inference is that whilst the VCI method is rather good at 

describing states of the first row molecules, it may not be quite so good 

for other diatomic molecules. An examination of the VCI method in greater



- 146 -

detail for must wait until SECSj^L has been modified to handle a far 

greater number of detors than the present limit of 120.
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CHAPTER 11 

CONCLUSION

In the preceding chapters of Part II, the method of configuration 

interaction has been examined in detail. Methods for calculating Cl 

wave functions and the less accurate valence configuration interaction 

wave functions of atomic and molecular systems have been described. It 

has been shown that the VCI method produces results which are in good 

agreement with experimental values when small atoms and molecules such 

as oxygen and 0^ are examined. Whilst the absolute values of the energies 

of the various states of calculated by means of the VCI method are not 

too good, the relative positions of the low-lying energy levels cire in 

good agreement with the experimental v a l u e s A  disappointing result 

of the work on both atomic and diatomic sulphur is that the SCF energies 

are slightly better than those for the VCI. The calculation of the VCI
3and complete minimal basis set Cl energies, for the P ground state of 

the sulphur atom clearly indicate that the contributions from detors

corresponding to excitations from inner shell 2p-orbitals cannot be neglected.
1 1This neglect may also explain why the D cuid 8 levels of the sulphur atom 

are close together in comparison with experimental v a l u e s ^ I f  the 

detors which correspond to excitations from the inner shell ^-orbitals 

were to be included in the Sg wave functions a lowering of the energy of 

at least twice the amount calculated in the atomic system could be expected. 

The poor agreement of the spectroscopic constants can be attributed to 

the VCI method, although difficulties can arise in the numerical analysis 

involved in the calculation of these quantities.

A very favourable aspect of the Cl method in general is the ease with 

which it may be implemented on a digital computer, and the flexibility of
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the method which, by its very nature, permits the examination of various 

low-lying excited states in addition to the ground state. The present 

implementation is designed to achieve flexibility with minimum effort. 

Consequently, it is possible to perform complete minimal basis set Cl 

calculations. Having calculated the matrix elements between the 

appropriate detors for the complete Cl, the energies corresponding to 

various groups of detors in the complete wave function can be obtained with 

ease. Similarly it is possible to perform an extensive VCI calculation 

and to then examine the effects of keeping certain of the valence shell 

molecular orbitals frozen. The nt -orbital VCI calculations discussed 

in Chapter 10 illustrate the use of this feature.

The SCF calculations of Dixon took slightly longer than the

VCIs for both oxygen and sulphur, so that the return in information from 

a VCI calculation is much greater. It is surprising that so few^^^) large 

VCI calculations have been attempted. Thçre are problems in performing 

any type of Cl calculation, but these problems are really no different from 

those encountered in SCF calculations which employ large bases of 

Gaussian-type orbitals.

The performance of the programs listed in the appendices is highly 

satisfactory. In the light of experience minor improvements were introduced 

into most of the programs during the production of the results quoted in 

Chapter 10. These made the programs easier to use and some resulted in a 

reduction of the amount of data supplied on punched Ccirds.

The calculations on S^ were almost at the limit of the range of 

SECSjZfL (Appendix VII) and certain major improvements, not apparent with 

the smaller 0^ molecule, have become obvious during the course of the S^ 

work. These improvements will necessitate some considerable rewritting of 

the program. Perhaps the most pressing requirement is to make more 

efficient use of the array IDIFF (see Chapter 8), which is used in the
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evaluation of the off-diagonal matrix elements between detors. In the 

present program this array has to be constructed each time the bond length 

of the molecule or the symmetry species of the detors is changed. This 

process can occupy more than 50% of the total CPU time for a given problem, 

which consists of the computation of the matrix elements between detors, 

construction of the secular equation and its solution. The array IDIFF 

does not depend on the bond length of a diatomic molecule. The present 

version of the program only dumps IDIFF on disc if it is too big for the 

available core store; it is overwritten later in the calculation. Without 

substantial rewriting and increasing the current storage requirements it 

is not possible to dump the array unconditionally and read it into core 

when required later. Naturally this improvement will speed the natural 

spin-orbital analysis since the array IDIFF, in a shortened form may be 

used there. This will then make the construction of the first order density 

matrix less expensive in terms of CPU time.*" A result of this improvement 

will be the relative ease of computation of molecular properties, such as 

dipole moments, since = T r ( 2  ?) , where 0 is a one-electron

operator, Y , the first order density matrix and P the matrix of integrals 

of the one-electron property over the saime orbital basis as %.

The ease with which the matrix elements between codetors of the same 

symmetry species may be projected from the matrix elements over the 

appropriate detors, compensates for the time required to evaluate the latter. 

Certainly in 0^ this feature reduced the CPU time by about J.

In order to increase the number of detors that can be included in a 

Cl wave function, a scheme in which only the non-zero matrix elements are 

stored is being investigated. At the same time, the possibility of only 

storing a list of non-redundant non-zero integrals over the orthonormal 

molecular orbitals is being considered. The integral generation programs 

produce non-redundant lists of integrals over the atomic orbitals, but the
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lists contain zeros. However, the very rapid access to all of the 

integrals required in the calculation, which is necessary in the SCF 

procedure, is not so important in the Cl process, since the list need 

only be scanned once or twice.

Even without the improvements mentioned in the preceding paragraphs, 

SECS0L may be used to provide many more useful results. In addition to the 

work reported here, calculations on other excited states of 8^ are in

progress. The triplet and singlet TT states are of particular
^ 3 3

interest, as the lowest levels of both states lie close to the P P

energies of the separated atoms. Since the relative positions of many of

the states of S^ are not known with any certainty this invites further

study. Calculations of the wave functions for the diatomic molecules F^

and 0^^ are in progress, and a calculation on CN is being considered.

The possible use of Gaussian type orbitals, rather then the Slater-type

so far used, is being investigated in connection with work on polyatomic

molecules. The general theme of the proposed research is to evaluate the

VCI method. The full potential of both the VCI and Cl methods remains .

to be examined and exploited.
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APPENDIX I

ATOMIC UNITS AND CONVERSION FACTORS

For atoms and molecules the Hamiltonian is made up from terms which 

represent the electrostatic interactions of the particles and the kinetic 

energy of the electrons. Since the nuclear motion may often be regarded
(72)as a quasi-static process as far as the electrons are concerned''' it

is justifiable to disregard the kinetic energy of the nuclei, and hence 

their Laplacian operators. The Schrbdinger equation for a system of N 

electrons moving in the potential field of a fixed framework of M nuclei 

may then be written

i-1 ° • (I'l)

In (1.1) Vg is the potential energy operator;

M N Z„e^ rr-1 N 2
Vj; = - I I + I E ^

K=1 i=1 ^ik i=1 j=i+1^ij

The first term in V represents the nuclear-electron attraction energy 

and the second the electron-electron repulsion energy. In (l.l) is

the electronic energy and the first term is the kinetic energy operator 

for all the electrons. Both the value of E„ and its units will depend on,bâ

(a) the units of &  , Planck's constant divided by 2ir , the

electron rest mass, and e the electron charge, and

(b) the currently accepted values of these quantities.

Shull and Hall^"^^^ proposed the system of primary units in which , 

e , and h have the value unity. In the system of primary units the 

unit of energy is the hartree:
A

1 heir tree =
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and the unit of length is the bohr;

1 bohr = - •2

Rewriting (l.l) in these units gives

N „ M U Z„ N-1 N .(i r vf + (E + E E ̂  - E E ^ ) ) Y  = 0
1=1 ^ K=1 i=1^lK 1=1 j=i+1^lj

This form of Schrbdinger's equation is used throughout this thesis, and 

is independent of the vagaries in measurement of , e , and ^  •

For purposes of comparison with experimental results it is necessary 

to convert from the system of primary units to some system of secondary 

units, such as SI units. The values of the fundamental physical constants 

used in the conversion factors are given in Table 1-1, and are taken from

a more complete table of fundamental constants compiled by Cohen and

give:
(57)

HuMoncT^ The conversion factors for various units of energy are given

in Table 1-2. All masses are measured on the unified nuclidic mass scale
12in which the mass of the G nucleus is taken to be 12 atomic mass units 

(sometimes abbreviated anil, but the symbol u is used to indicate values 

on the unified nuclidic mass scale).
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TABLE 1-1. FUNDAMENTAL PHYSICAL CONSTANTS

Constant Symbol Value SI unit

Speed of light in 
a vacuum

2.997925 X 10 ms -1

Elementary charge

Avagadro constant

Mass unit

Electron rest mass

Planck constant

h / 2 i r

Fine structure 
constant

NA

u

m

h

a

1 .60210 

6.02252 

1.66043 

9.10908 

6.62559 

1.054494 

7.29720

X 10^^ Kmole ^

X 10~27 kg

X 10"34 jg

-34 X 10 Js

X 10-3

Rydberg consteint 1.0973731 X 10^ m~1

Bohr radius 5.29167 -11 X 10 m
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APPENDIX II

MOLECULAR ORBITALS FOR THE GROUP D

The complex Slater-type orbitals defined in (7.16) are suitable 

basis atomic obritals for the group because the factor exp(jn^)

is an eigenfunction of the rotation operator of the g r o u p F o r  the 

purposes of this appendix the notation (n , 1, m ,Z ) will be

used to denote a complex Slater-type orbital defined with respect to a

nucleus C in the co-ordinate system of Fig. 15. By consideration of

the effect of each of the four basic operations of the group (see Table .5- )

on a point it is easily shown that

and

^ ;Ĉ  )

<̂70;, )

V^(n,l,m,^)exp(jmq) , 
(-1 )^/^(n,l,m,Oexp( jmT}) , 

^ ( n , l , m , ?  )exp(-jm7)) , 

(-1 )^'^(n,l,m,/ )exp(-jm7}) .

A similar set of results is obtained for y^^(n,l,m,^ )

Using these relations and the projection operator defined in (7.4) the 

following SAMOs are obtained:

+g

(T g *  ̂U  ) +

6 ̂  ) +

0/ ) 
0 , 0
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: A ( k ,1,+2,C) - (-l)^fl(n,l,+2,^) ,

yi : <4(n,l,+3,/) + (-1)ly^(n,l,+3,r) , 

7$ 5- ‘4(n,l,±3,n - (-1)^^(n,l,+3,/) .

The symbol to the left of each molecular orbital is the usual spectroscopic 

notation; if the modulus of the angular momentum m is 0, 1, 2, 3» ••• 

then the orbital is designated cr , ir , ^ , y , ••• and each orbital

transforms according to the Z Z"̂ TT TT ...g U g U
irreducible representation depending on the parity under the operation 

of inversion. The symmetry species of a molecular orbital is defined by 

m and the subspecies by the sign of m and the inversion parity. Within 

a given subspecies the molecular orbitals are not orthogonal, but orbitals 

belonging to different subspecies are orthogonal. To identify specific 

molecular orbitals an additional notation may be used and it is best 

illustrated by some examples:

= v^d.o, 0 , 0  + 9^(1,0, o,C) ,

=  “4 ( 1 , 0 ,  0 , n  -  ‘4 ( 1 , 0 ,  O.C) ,

ZPQfg = *4(2,1, 0,0 - 4(2,1, 0,0 ,

2p^f^g = ‘4 (2 ,1 , 1 ,/) — 4 (2 ,1 , 1 ,^) ,

2P_^u = *4(2,1,-1,r) + 4 (2 ,1 ,-1 ,/) .



- 158 -

In calculations on the electronic structure of homonuclear diatomic 

molecules it is assumed that the basis atomic orbitals defined for one 

nucleus have a one to one correspondence with those on the other.

To determine the linear combinations of detors which are eigenfunctions 

of the reflection operator ( » it is necessary to know the effect 

of this operator on the SAMOs. Since any plane of reflection containing 

the internuclear axis is equally possible, choice of a particular plane 

will not alter the final result; the xz-plane (Fig. 15) was chosen for 

the present calculations. The properties of the SAMOs under reflection in 

this plane are easily determined since this operation merely changes the 

sign of m, for example

-4-
X? g g~  = IT

and

The symmetry properties of the molecular orbitals are invariant 

under a unitary transformation so that the properties of an orthonormal 

set of SAMOs may be obtained by inspection of the non-orthonormal set. 

As an example, consider the orbital

o^dscTg) + CgCSso-g) + Cj(2pad ,

reflection in the xz-plane leaves this orbital unchanged as each of the

O’-molecular orbitals is invariant under a however the orbital
X Z
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is carried into

V ’_ = c^(2p_ff ) + 02(3d_fl- )g ^ - g'

since the sign of m is changed by
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APPENDIX III

UTILITY ROUTINES

The subprograms listed in this appendix are used by several of the 

programs listed in Appendices IV-VIII* The subroutines TQL2 and IRED2 

constitute the QR-Algorithm^ and are FORTRAN V versions of routines

written, in F0RTRAN IV by the staff of the University of Leicester 

Computer Laboratory. The author expresses his thanks to the Director 

for permission to include these routines.
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LID
3ULDCU7INL DH7R (PRNAI.Lc:,NO)

1 \r« -« T r->y T OP # e # « # /•iAwJJL»pl4 v> *
TLXT PUM/uME 
DAT/i TP/0/
IF(rr') 1,3,1 

1 CAI.L CNTA(I)
TAT : ( UP, 2) rANAIvID, I 

IT PGPJ.:AT(̂  NUMBER OF INSTRUCTIONS USED ON ENTRY TO SUBPROGRAM ',AG, 
l' =',I5)

3 RETURN 
END

»FCRTR/uT LIB
SUBROUTINE ERROR(A) 
lAT/v LDN02/0/
TEAT A
V/RITE(.TXN02,1) A 

1 FORI.IAT (1110,13 A3 )
C/ELL EEAIT
RETURN
ENT)

:f=F0RTR3ET LIB
INTEGER FUNCTION IPi\R(N)

C.... IF N IS EVEN THEN I PAR = 0,
C.... IF N IS ODD THEN IPi\R = 1.
C.... *** ATLAS BASIC LANGUAGE ***

101.31, 1,-0.4
101.31.31.0.4
121.32.0.1
127.32.31, 0
113.82.0.1PARHO.4
121.32.0,*03000000
113.32.0.1PAR 
RETURN
END

*FORTRilN LIB
SUBROUTINE QUIT (PRITAME, NO)

C  VERSION 2.
TEXT PRNi\M£
DATA LP/0/
IF(KO) 1,3,1 ,

1 CALL CNTR(I)
WRITE(LP,2) PRNAME,!

2 FCRI.UT(^ NUIiIBER OF INSTRUCTIONS USED ON EXIT FROM SUBPROGRAM ',AG, 
l" =',I5)
3 RETURN 
END

*FORTRAN LIB
SUBROUTINE TQL2(N,EPS,NZ,Z,D ,E,NN)
DIITGNSION Z(NZ,NZ),D(NZ),E(NZ)

C THIS SUBROUTINE GIVES ALL THE EIGENVALUES AND EIGENVECTORS OF A
C TRIDIAGONAL MATRIX

CLS/iR NN
IF ( N ,LT. 2 ) GOTO 1 
DO 10 I = 2,N 

10 E(I-l) = 2(1)
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F,Ü,B(N)
].G LU L = 1,1'i
w.TjiiiiVlw J
i I=ErC * ( ;i3C ( D ( L) ) b\I3o (3(D))
IF ( B .G3. II ) GrJTO 2
ï:> = il

2 DG Su i'i = L,N
30 IF ( AB3(3(M)) .L3. B ) GOTO 3
3 IF ( I',I .üQ. L ) GOTO 4
0 IF ( J .FQ. 3Ü ) GOTO G

J = J:-l
F = (r(Li-l) - D(L))/2*a(L)
U = SQRT(P**2 1-1)
IF ( P .LT. 0 ) GOTO 7
H = D(D - 3(L)/(P+R)
GOTO 111

7 II = : (D - 3(L)/(P-R)
111 PO 40 I = L,N
40 1(1) = D(I) - H

F = F :4I
P = i'(M)
C = 1
CL3/iR 3
IF ( LI .3Q. L ) GOTO 3
XK = -(13-1)
ICICX = -L
DO 50 II = IK,IüaC
I = -II
G = C*3(I)
II = C*P
IF ( :\B3(P) .LT. ABS(S(I))) GOTO 9
C = 3(I)/P
R = oQRT(C**2+l)
3(1 Ll) = 5*P*R
S = C/R
C = 1/R
GOTO 11Ü

3 C = P/E(I)
R = SQRT(C**2+1)
3(1-1) = S*3(I)»R
S = 1/R
C = C/R

11) P = C*D(I) - S*G
D(I+1) = H-rG*(C’KG + S*D(I))
DO 50 K = 1,N
H = Z(K,I ;-l)
Z(K,I+1) = 3*Z(K,I) + C*H
Z(K,I) = C*Z(K,I) - S*H

5j COI TT 13113
; 3(L) = S*P
D(L) = C*P
IF ( AB3(3(L)) .GT. B ) GOTO 5

1 D(L) = D(L) -r F
2) CONTINUE

DO 70 I = 1,N
K = I
P = D(I)
IF ( I .3Q. N ) GOTO 11 .

II = Irl
DO 30 J = II,N
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IF ( J (J) .03. P ) GOTO 30 
K = J 
P = ]'(J)

30 CONTINUE
11 IF ( K .3<:j. I ) GOTO 13 

1(10 = D(I)
3 (1) = ?
DO 30 J = 1,N 
P = 6(J,I)
3(J,I) = 3(J,lO 

30 Z(J,K) = P 
13 CrNTIINJE 
70 ClNTINUO 

GOO R3TU1IN
1 T(1)=Z(1,1)

Z(l,l)=1.0 
GO TO GOO

6 NN=1 
RETURN 
3ND

*F0RTR.1N LI 3
SU3RCUTIN3 TROD2(N ,TQL,NA,A,Z,D,E)

C THIS SUBROUTINE TRIDIAGONALISES A SYMETRIC MATRIX
DII.3NSI0N A(NA,NA) ,2(NA,NA) ,D(NA),B(NA)
DO 10 I = 1,N 
DO 20 J = 1,1 
Z(I,J) = A(I,J)

20 CONTINUE 
10 CONTINUE

IF ( N .LT. 2 ) GOTO 1 
M = -N 
lai = -2
DO 30 II = 1,1 ,MM 
I = -II 

L = 1 - 2  
F = Z(I,I-1)
CLE/iR G
IF ( I .EQ. 2 ) GOTO 2 
DO 40 K = 1,L 

40 G = G + Z(I,K)*Z(I,K)
2 H = G r F*F

IF ( G .GT. TOL ) GOTO 3 
3(1) = F 
CLEAR H 
GOTO 111

3 L = L ;-l
IF ( F ,GE. 0 ) GOTO 4 
3(1) = SQRT(H)
G = 3(1)
GOTO 7

4 3(1) = -SQRT(H)
G = 3(1)

7 II = H-F*G 
Z(I,I-1) = F-G 
CLEAR F
DO 5U J = 1,L 
CLEAR G
Z(J,I) = Z(I,J)/H 
DO 60 K = 1,J
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GÜ G = G 1- Z(J,1{) * 2(1,K)
II'' ( J .2̂ 2. L") GOTO 5
JJ = J-[-l
TjC 7G I: = JJ,L

7u G = G -r Z(K,J) * 2(1,K)
5 2(J) = G/II

GÛ F = F f- G -'i' 2(J,I)
im = F/(II:-II)
FG SO J = 1,L
F = 2(1,J)
2(J) = 1(J) - ICI*?
G = 2(J)
FG 14J K = 1,J
2(J,K) = Z(J,K) - F*S(K)-G*Z(l,lO

140 CGNTIinjO
00 CGimiruo

111 F(I) = Il
30 CGirniTUO

CLJ.ill D(l),2(l)
10 100 I = 1,IÎ
L = I-l
I? ( D(I) .2Q. C ) GlZrO 6
I? ( I .20. 1 ) GOTO 6
FF 110 J = 1,L
CL2.\I1 G
DO 12C K = 1,L

120 G = G > Z(I,I0 * Z(K,J>
20 150 i: = 1,L
Z(i:,j) = Z(K,J> - G*Z(K,I)

150 CONTINU?
110 ccimiiu?

ô r.(i) = 2(1,1)
2(1,1) = 1
IF ( I .2Q. 1 ) GOTO 100
DO 130 J = 1,L
CIO/LI Z(J,I),Z(I,J>

130 CONTINU?
100 CONTINU?

1 R2TURN
2ND

*FuRTIUlN LIE
SU3RCUTI ir? VaiTIU{ (A, NRO’//, NCOL, mCI,'/,MCCL, LP)

C .... OUTPUT OF R2AL Î.IATRIX TO DEVICE NUMBER LP.
DIMENSION A(NR0r.7,NCOL)
DO 4 I=l,IvICuL,5
il —I r4
IF(J-MCCiL) 2,2,1

1 J=MCGL
2 V7RIT?(LP,3) I,J
3 FCRMAT('0',52X,'COLUMNS',13,' TO ',13/)
DO 4 K=l,MRu.7
V/RIT2(LP,5) (A(K,L),L=I,J)

4 CONTINUE
5 FGPJ,L\T(' ',1P5E24.10>

RETURN
END
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APPENDIX IV

GENDET. A PROGRAM FOR GENERATING DETORS

OF A GIVEN ANGULAR MOMENTUM AND ELECTRON

SPIN FOR THE SYMMETRY GROUP

GENDET is described in Chapters 7 and 8 and, although specifically 
designed for the symmetry group, can be easily adapted to work
for both amd . As stated in Chapter 7 each detor is
characterized by its axial angular mcmentum A and the value of the 
Z-component S^ of the electron spin. This program also computes the 
effect of an inversion on each detor and, for C  detors the effect 
of a reflection in the xz-plane. The matrix elements <D | (D .>

^ w
are computed (d̂  and Dj are detors) and the corresponding matrix is 
diagonalized to provide eigenfunctions of 0^ • The program outputs 
the detors on cards in the form of spin-orbital identifiers for each detor. 
The spin-orbitals are numbered from 1 to NKEEP, and am inversion or 
reflection on each spin-orbital produces another spin-orbital with axi 
identifier in this range.

This program uses two common disc areas, each of 200 blocks in length 
and these are devices 58 and 59. The line printer is stream 0 and the card 
punch stream 5# GENDET requires the subprograms IPAR» TQL2, TRED2 and 
WRITMX from Appendix III. The store requirements are standard.

Data Specification for GENDET
Card 1. NKEEP, NFULL, MKEEP, INVERS, MREQ, SREQ

FjZfeMAT (515, F10.5)
= 0 to stop execution,

NKEEP
number of spin-orbitals



NFULL

MKEEP

INVERS

MREQ

SREQ
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= number of spin orbitals frozen 
(1ST. NFULL orbitals in each detor 
will be the same).

= number of electrons 
a 0 if gerade detors are required 
a 1 if ungerade detors are required. 
= required value of axial angulaur 
momentum,A 

= required value of z-ccmiponent of
electron spin, S^.

Card 2 (l) IREF(i ), INVR(i ), #i(l) 
f/rmAT (315)
IREF(l)

invr(i )

= signed identifier of the spin-orbital 
resulting from the reflection of the 
I-th spin-orbital in the XZ-plane 

a signed identifier of the spin-orbital 
resulting from the inversion of the 
I-th spin orbital

NKEEP)

Card 3
FORMAT (9A8)
F is an array which defines the output format of the detors 
on the lineprinter; it has the form

(('b', 13, IX, mI3, nX, 14, 6X, 14)) 
or ((iHb, 13, IX, mI3, nX, 14, 6X, 14))
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b is a blank; 1, m and n have the following numerical 
values:

m = NKEEP 
n = 1 + 3 
21 a 3 (21 - m)

Variations are possible

Restrictions

NKEEP ^ 30
0 ^ NFULL ^ 8
The program will stop if the number of detors generated for a given

set of A  and S exceeds 200. At the end of a set of data the firstz

card of the next set is read,,execution ceases if NKEEP > 0.
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♦FORTRAN LIB 4,142,168
C .... DiSTERIÆINANT GENERATOR, THIS PROGRAM GENERATES ALL POSSIBLE
C .... M-ELECTRGN DETERMINANTS OBTAINABLE FROM N-SPIN ORBITALS.
C .... THE AXIAL ANGULAR tlQMENTUM AND Z-CCMPGI'ÏSNT OF ELECTRON SPIN ARE
C .... DETERMINED AND ONLY THOSE DETERMINANTS WITH REQUIRED VALUES ARE
C .... OUTPUT TOGETHER WITH INFORMATION ilBOUT THE BEH^WIOUR OF THE
C .... DETERMINANT UNDER THE OPERATIONS OF INVERSION,REFLECTION AND S**2

CŒ&10N IC, INVERS , LP, LI, LIIG2EP, MMl,MREQ, NO , ITFULL, NKEEP, NP, SREQ, 
1ISO(200,30) ,IFU(30),IGU<30),IREF(30),INVR(30),MGM(30) ,F(9),LI (30) 
TEXT F
DIMENSION I CLEAR (6171)
EQUIVALENCE (IC,ICLEAR)
TEXT TEMP,SPIN 
LOGICAL FIRST 
DATA ICR/0/

C .... READ DATA.
C .... NKEEP=NUMBER OF SPIN-ORBITALS.
C .... NFULL=NUMBER OF SPIN ORBITALS FROZEN.
C .... MKEEP=NUIvIBER OF ELECTRONS.
C .... LIREQaREQUIRED VALUE OF AXIAL ANGULAR MaiENTUM(MZ) .
C .... SREQ=REQUIRED VALUE OF Z-CQLIPONENT OF ELECTRON SPIN(SZ) .
C .... IGU(I)=0 IF ORBITAL I IS GERADE AND 1 IF ORBITAL I IS UNGERADE.
C .... IREF(I)=RC3ULT OF AXIAL REFLECTION ON ORBITiAL I.
C .... IN'/R(I)=RESULT OF INVERSION ON ORBITAL I.
C .... MOM(I)=AXIAL ANGULIR MOMENTUIÆ OF ORBITAL I.
C .... IIf/ERS=0 FOR GERADE DETERIHNANTS ,WD 1 FOR UNGERADE DETERMINANTS.
1000 CLEAR ICLEAR

READ(ICR,1) NKEEP,NFULL,MKEEP,INVERS,MREQ,SREQ
1 FORLIAT(5I5,F10.5)

IF(NICEEP.EQ.O) GO TO 109
READ (ICR, 2) (IREF(I),INVR(I),M0M(I),I=1,NKEEP)

2 FORI.li\T(3l5)
C  F IS A VARIABLE FORMAT STATEMENT - SEE SUBROUTINE SPINIR(OUTPUT OF
C.... RESULTS) .

READ (ICR,999) F 
999 FORMAT(9A8)

DO 997 I=1,LTKEEP 
IF(INVR(I)) 993,987,997 

998 IGU(I)=1 
997 CONTINUE

IF(INVERS) 3,4,3
3 t e m p ='u n g e r a d e '
GO TO 5

4 TEMP=' g e r a d e '
5 miTE(LP,G) MKEEP,NKEEP,NFULL,TEI,IP,LIREQ, SREQ
6 FORMAT('l '/' ',27X,12,'-ELECTRON DETERMIN.AITPS FROM',13,' SFTN-ORBI 
1TALG(FIRST',I3,' a r e f r o z e n )'/' ',10X,'DETERMINAFrr3 ARE ',A3,' WIT 
2H ',12,' UNITS OF AXI;iL ANGULAR MŒ/IEITTUM AIR» ',F4.1, ' UNITS OF 3PI 
3N IN Z-DIRECTIGK'/)
WRITE(LP,7)

7 FGRI.L\T('0',34X,'o r b i t a l s  HAVE FOLLOWING PROPERTIES'/' ' ,4X,'ORBITA 
1L',10X, 'iN'/ERSICN',10X, 'r e f l e c t i o n ', 1ÜX, 'INVERSION S'NvIîISTRY', 1ÜX,
2 ' CPI N ', lOX, ' AXI AL Ma.IENTUIvl' ) 
ro 15 1=1,NKEEP 
IF(IGUd)) 9,3,9

8 TEMP=' GERIDE'
GO TO 10

9 TEMP='UNGER,IDE'
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10 IF(M0D<I,2)> 12,11,12
11 SPIN=' b e t a '

GO TO 13
12 SPIN='ALPHA'
13 VmiTE(LP,14) I,INVR(I),IREF(l),TEMP,SPIN,MOM(l)
14 F0RT.IAT(' ',I8,13X,I5,14X,I5,20X,A3,14X,AG,7X,I‘7)
15 CONTINUE 

V7RITE(LP,16)
16 FORT.IAt C i '/' n o .',26X,'d e t e r m i n a n t ',26X,'r e f l e c t i o n  INVERSION', 14X 

1,'S**2'/)
N=mCEEP-NFULL
M=MKEEP-NFULL
mii=M-i
NP=NFULL+1
DI3PLAY(LP,13) /N,M,NP 
FIRST=,TRUE..
CLEAR IC

17 C,\LL CGMBIN(IFU,N,M,FIRST)
IF(FIRST) GO TO IS
CALL SETUP 
GO TO 17

18 CALL SPINIR
Y/RITE(LP,103) NC,MKEEP,NFULL,IC

108 FORIilATC'o', 4X,214,'-ELECTRON DETEPwMINANTS Y/ITH FIRST ',14,' SPIN 
1 ORBITALS FROZEN-',14,' ILIVE REQUIRED SYI&IETRY AND SPIN VALUES')
GO TO 1000

109 STOP 
END

♦FORTRAN LIB
SUBROUTI NE COLATE ( IMAST , IQ, M , MAXI, IÆAX2 ,1C , ID)

C  imS T  CONTAINS ORDERED SETS OF CONFIGURATIONS, IQ IS AN ORDERED
C, ... .CONFIGURATION TO BE IDENTIFIED WITH ONE OF THE i m S T .

CCIÆION KC,INVERS,LP
DIMENSION IMASTdiAXl,MAX2) , IQ(MAX2)
DO 4 11=1,IC 
14=0
DO 2 12=1,M
IF(IMAST(I1,I2)-IABS(IQ(I2))) 1,2,1

1 14=14+1
2 CONTINUE 

IF(I4) 4,3,4
3 ID=I1 
GO TO 7

4 CONTINUE 
IF(I4) 5,7,5

5 V7RITE<LP,6)
6 FaRMAT(lH0,9X,100H****COLLATION HAS NOT IDENTIFIED RESULT OF A REF 
ILECTION OR INVERSION AS AN ORDERED CONFIGURilTION****/)
STOP

7 RETURIf 
END

♦FORTRAFI LIB
SUBROUTINE CCMBIN(J,N,K,FIRST) 
DIMENSION J(30)
ITGICAL FIRST 
IF(FIRST) GO TO 5
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NMK=N-K 
I=K+1 

1 1= 1-1
IF(J(I)-NMK-I) 2,4,4

2 M=J(I)
DO 3 L=I,K
M=M+1
J(L)=M

3 CONTINUE 
GO TO 7

4 IF(I-l) 5,5,1
5 FIR3T=.NOT.FIRST 

DO 6 1=1,K 
J(I)=I

6 CONTINUE
7 RETURN 
. END

♦FORTRAN LIB
SUBROUTINE OUTDET(INDEX,COE,ICOL,ID,F ,IC,MKEEP)

C  OUTPUTS RESULTS.
CCTJMON KC,INVERS
DIMENS 101̂  INDSX(200),COE(252),ICOL(252),ID(30)
DIMENSION LIMSET(200,2) ,OP(20,20) ,EV(20) ,mc(20)
DATA ICP,IDISC,JDISC,LP/5,5S,59,0/
TEXT F (9)
TEXT TEMP/'SINGLET'/
V/RITE(ICP,14) IC 

14 FORMAT(' ,14)
CLEAR NBLOCK 
TOL=2**(-347)

X WRITE(LP,141) (I,INDEX(I),I=1,IC)
X 141 FORI/IAT((' ',215))

EPS=2.0**(-35)
DO 21 NIM=1,IC
READ(IDISC) I,(ID(J),J=1,MKEEP),IRS,IVR,K,IALPHA,(IC0L(J),C0E(J), 

U = 1 ,1/\LPILA)
IF(IRE) 12,13,12

12 IRE=ISIGN(INDEX(IABS(IRE)),IRS)
13 IVR=ISIGN(INDEX(IAB8(IVR)),IVR)*(-1)**INVERS 

X DISPLAY(L?,5) /I,INDEX(l),IALPHA,K,ICOL(l)
I=IND2X(I)
VmTE(L?,F) I, (ID(J),J=1,MKEEP),IRE,IVR 
IF(K) 3,1,3

1 V7RITE(LP,2) TEMP
2 FORMAT(' ',99X,AS>

GO TO 9
3 DO 4 J=1,1ALPHA

ICOL(J)=IND2X(ICOL(J))
4 CONTINUE

C .... RE-ORDER ICGL SO THAT CONTENTS ARE IN ASCENDING ORDER.
IRE=IALPIL\-1 
IF(IRE) 71,71,41 

41 DO 7 J=1,IRE 
JMIN=ICOL(J)
IVR=J+1
DO 6 JJ=IVTv,IALPHA 
IF(JMIN-ICOL(JJ)) 6,6,5

5 JMIN=ICOL(JJ)
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ICOL(JJ)=ICOL(J)
ICOL(J)=JMIN
CKIN=COE<JJ)
C0E(JJ)=C0ECJ)
COE(J)=aiIN

6 CONTINUE
7 CONTINUE

71 VmiTE(LP,S) (ICOL(J),COE(J),J=1,IALPHA)
8 FGRIvîAT((' ',90X,I10,4X,F7,3>)
9 WRITE(ICP,10) (ID(J) ,J=l,tnCEEP)

10 FGFILATC' ',3212)
TRACE MAX,HIN
WRITE(JDICC) K,IALPHA, (ICOL(J) ,CGE<J) ,J=&,IALPHA) 
mN=ICGL(l)
&IAX=MIN 
IF(K) 17,17,11

11 IF(IALPHA-l) 17,17,15
15 DO 16 J=2,IALPHA 

MIN=MINO(MIN,ICOL(J))
MAX=MAXO (MAX, I COL(J) )

16 CONTINUE
17 IF(NBLOCK) 19,18,19
18 NBLCCX=NBLCCK+1 

LIMSET(NBL0CK,1)=MIN 
LIMSET(NBLOCK,2)=MAX 
GO TO 21

19 IF(MIN-LIMSET(NBLGCK,2)) 20,20,18
20 LIMSET(NBLOCK, 1 ) =MINO (MIN,LIMSET(NBLOCK, 1 ) )

LIMSET (NBLOCK, 2)=MAX0 (LÎAX, LIMSET (NBLOCK, 2) )
21 CONTINUE 

REWIND IDISC 
REWIND JDISC

C .... DIAGONALIZATION OF SPIN OPERATOR MATRIX.
miTE(LP,22) NBLOCK

22 FORMAT('0',36X,'SPIN OPERATOR MATRIX HAS',14,' BLOCKS ON DIAGONAL' 
1)

X VmTE(U?,220)
X 220 FORlLVr('0',51X,'CONTENTS OF LIMSET'/' ')
X V/RITE(LP,221) ( (I ,J ,LIMSET(I ,J) ,J=1,2) , 1=1,NBLOCK)
X 221 FCRMAT((' ', 40X,2('l IMSET(', 13,',',11,')=', I4,4X)) )

DO 36 NLM=l,IfBLOCK 
MIN=LIM5ET(NLM,1)
MAX=LIMSET (NIAI, 2)
IVR=MIN-1 
IRE=MAX-IVR 
CLEAR JMIN 
CLEAR OP,EV,WK 
DO 23 IVAL=MIN,MAX
READ (JDISC) K, I ALPHA, (ICOL(J) , COE(J) ,J=1,1 ALPHA)
JMIN=JMIN+1 
DO 23 JV/vL=l, I ALPHA 
IO/AL= I COL ( JVAL)-IVR 
OP (JMIN, ICVAL) =COE (JVAL)

23 CONTINUE
X CALL WRITIvIX(OP, 20,20, IRE, IRE, LP)

CALL TRED2(IRE,TOL,20,OP,OP,EV,WK)
CALL TQL2(IRE,EPS,20,OP,EV,Y7K,NFAIL)

C .... OUTPUT RESULTS FOR CURRENT BLOCK,
VAIITE (LP, 24) MIN,MAX

24 FORIvIAT('l'/'0',27X,'DETERI.IINAIfrs',14,' TO ',14,' FORM TOTAL SPIN E
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IIGEIÎFÜNCTIONS AS F0LLCTr7S')
DO 25 IVAL=1,IRE 
EV(IVAL)=SQRT(1 .0+4.0*EV(IVAL))

25 CONTINUE
DO 29 IVAL=1,IRE,5 
JVAL=IVAL+4
IF(JVAL.GT.IRE) JVAL=IRE
V»KITE(LP, 26) IVAL,JVAL, (EV(KVAL) ,KVAL=IVAL,JVAL)

26 FOIIM\T('0',33X,'m u l t i p l i c i t i e s  (=2*8+1) FOR EIGENFUNCTIONS',14,' T 
10 ',l4/(' ',1P5E24.10))
Y/RITE (LP, 27) IVAL,JVilL

27 FQRIrIAT('0',43X,'e i g e n v e c t o r s ',14,' TO ',14/" ")
DO 29 KVAL=1,IRE
Y/RITE (LP, 23) (0P(KVAL,JMIN) ,JMIN=IVAL,JVAL)

23 FGRI.IAT(' ',1P5E24.10)
29 CGOTINUE 
36 CONTINUE

REV7IND IDISC 
REY/IND JDISC 
RETURN 
END

♦FORTRAN LIE
SUBROUTI NE PERI\ÎUT( IOTA, IE , M, MMl, MAX)

C ....PERIvîUTES ELEMEITTS (Kl) OF IOTA SO THAT RESULT IS AN ORDERED
C ....CONFIGURATION V7ITH Kl .LE .K2 .LE .K3. . .LE .KM,
C ....IE=PARITY OF PERT.IUTATION.

DIMENSION lOTA(MAX)
IE=0
DO 3 11=1, mu.
K1=I1+1 
DO 2 Jl=ia,M
IF(IABS(I0TA(J1))-IABS(I0TA(I1)>) 1,2,2

1 I2=IGTA(I1)
IGTA(I1)=IGTA(J1)
I0TA(J1)=I2
IE=IE:-1

2 CONTINUE
3 CCNTIÎÎUE 

IE=(-1)**IE 
RETURN
END

♦FORTRAN LIE
SUBROUTINE SETUP

C  COMPUTES MZ AND SZ FOR DETERMINANT NC+1 AID DETERMINES SYI&IETRY.
Ca&ICN IC, INVERS,LP,M ,I-HCEEP,mil ,MRSQ,NC,NFULL,NrC3EP,NP, SR3Q, 

lisa(200, 30) ,IFU(30) ,IGU(30) ,IREF(30) ,INVR(30) ,MOM(30),F(9)
TEXT F
NC=NC-!-1
IC=IC+1
CLE.\R ISZ,MZ, INVERT 
DO 4 1=1,M 
J=IFU(I)+NFULL 
IS0(IC,I)=J 
IF(MOD(J,2)) 1,2,1 

1 ISZ=I3Z+1 
GO Tü 3
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2 ISZ=ISZ-1
3 MZ=MZ+MGM(J)

INVERT=INVERT+IGU<J )
4 CONTINUE

X VmiTE(LP,100) (IFU(I),1=1,M),ISZ,MZ,INVERT
X 100 FORIMATC' ',20X,12I3,4X,'ISZ=',I2,' MZ=',I2,' INVERT=',I2) 

IFCMREQ-MZ) 7,5,7
5 IF (MOD(INVERT,2)-INVERS) 7,6,7
6 IF(SREQ-0.5*ISZ) 7,3,7
7 IC=IC-1 

RETURN
8 IF(IC-2G0) 11,11,9

C ....TOO MANY DETERMINANTS.
9 Y7RITE(LP,1G) (IFU(I) , I=1,M)

IG FCRI^IAT('o',37X,'t o o MANY DETERMINANTS - LAST ONE GENERATED WAS'// 
l' ',15X,3GI3)
CALL EEXIT 

11 RETURN 
END

♦ PORTRAIT LIB
SUBROUTINE SPINIR

C  DETERIÆINES RESULT OF INVERSION,REFLECTION AND TOTAL SPIN
C.....(S**2) OPERATIONS.

COraiCN IC,INVERS,LP,M,MICSEP,mu,MREQ,NC,ITFULL,NKEEP,in?,SREQ, 
1ISO(20G,30) ,IFU(30) ,IGU(30) ,IREF(30) ,INVR(30) ,MGM(3G) ,F(9)
TEXT F
TEXT TEMP/' s i n g l e t '/
DIMibNSIQN IUO(10,2),ISMOP(1G,1G),ISPOP(252,1G),ICOEF(252),ID(3G), 

1ICDL(252),ISOR(30),ISC3;(30),COE(252)
EQUIVALENCE (IFU,ID),(IC0SF,C0E)
DIMENSION INDEX(200)
DATA IDISC/58/
CLEAR INDEX,NCOUNT,IRE 
IF(IC) 39,39,990 

990 DO 33 NIAI=1,IC 
I=NLM

42 IF(INDEXd)) 33,43,33
43 NCGUNT=NC0UNT+1 

INDEX(I)=NC0UNT 
CLEAR ICOEF,CGE 
DO 1 J=1,M 
K=ISC(I,J)
ISOR(J)=IREF(K)
ISOI(J)=INVR(K)

1 CONTINUE
C .... PERMUTE ELEMENTS (KI) OF RESULTING DETERMINANTS SO TILIT THEY FORM
C .... ORDERED DETERMINANTS WITH IU.LT.K2.LT..... LT.mi. DETERMINE WHICH
C .... ORDERED DETERMIN;\NT3 THESE ARE.

IF(MREQ) 102,101,102
101 C A L L  PERIÆUT(ISCR,IR,M,mU,30)

C A L L  COLATE(ISO,ISCR,M ,200,30,IC,IRE)
IRE=ISIGN(IRE,IR)

102 CvlLL PERI\IUT ( I SCI, IV, M , MIU, 30 )
CALL CGLATE(ISG,I30I,M,200,30,IC,IVR) 
rVR=ISIGN(IVR,IV)
CLEAR ISMOP,ISPOP,IUO,K 

C .... START OF TCDTiYL SPIN OPER^ITOR SECTION.
C .... DETERMINE V7HICH SPATIAL CRBITILS ARE SINGLY OCCUPIED - ONLY
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c  THESE CONTRIBUTE TO 8**2.

IF((ISO(l,l)+l)/2-(lSO(I,2)+l)/2) 2,3,2
2 K=K+1 

IU0(K,1)=IS0(I,1)
IU0(K,2)=1

3 DO G J=2,mU 
JGRB=(IS0<I,J)+l>/2 
IF((ISC(I,J-l)+l)/2-J0RB) 4,6,4

4 IF((ISQ(I,J-i-l)+l)/2-JGRB) 5,6,5
5 K=K-i-l 

IU0(K,1)=ISG(I,J)
IUD(K,2)=J

6 CONTINUE 
IF(J0RB-(IS0(I,M)+l)/2) 7,8,7

7 K=K+1 
IU0(K,1)=ISG(I,M)
IU0(K,2)=M

C  IF K=0 THIS DETERMINANT CONSISTS OF DOUBLY OCCUPIED SPATIAL
C. ....ORBITALS AND 8**2 PRODUCES ZERO - THUS IT IS A SINGLET.

3 IF(K-l) 29,29,9
C  3**2 OPERATOR

9 CLEAR LSP,LSM 
DO 15 Ii\LPIL\=l,K 
IF(IPAR(IUO(lvlLPHA,l))) 10,15,10 

C .... CPERITS ON ALPHA SPIN WITH S-.
10 LSM=LSM+1 

DO 11 J=1,K
ISMOP(LSM,J)=lUO(J ,1)

11 CONTI IRJE
ISMOP(LSM,IALPHA)=IUG(IALPHA,1)+1 
DO 14 IBETA=1,K
IF(IPAR(I3M0P<L3M,IBETA))> 14,12,14 

C .... OPERATE ON BETA SPINS WITH S+.
12 LSP=LSP+1 

DO 13 J=1,K
I SPOP(LSP, J) =ISMOP(LSM, J)

13 CONTINUE
ISPOP(LS P ,IBETA)=ISMOP( LSM,IBETA)-1

14 COOTIIRJE
15 CGOTI]NUE

C .... CŒIPAIE DETERMINANTS RESULTING FROM APPLICATICIT S+S- WITH ORDERED
C .... DETERMIILANTS TO IDENTIFY THSTJ AND DETERMINE COEFFICIENTS.

DG 16 IALPHA=1,L3P 
IC0EF(IALPHA)=1

16 CONTI irUE 
LSM=LSP-1
IF(LSM) 211,211,161 

161 DO 21 I0UTER=1,LSM 
INLIM=I0UTER+1 
DO 20 INNER=INLIM,LSP 
CLEAR IBETA 
DO 13 J=1,K
IF(ISPOP(ICUTER,J)-ISPOP(INNER,J)) 17,13,17

17 IBETA=1 
13 CONTINUE

IF(IBETA) 20,19,20
19 ICOEF ( INl'ÎER) = ICOEF (INNER) +ICOEF ( I OUTER)

CLEAR ICGEF(IOUTER)
20 CONTINUE
21 CCNTIInTJE
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c  DETERMINE IDEOTIFERS OF DETERMINANTS THAT RESULT FROT.I S**2.
C.....REASSIGN OCCUPIED ORBITALS.

211 DO 23 IALPHA=1,LSP
IF(ICOEF(IALPHA)) 22,23,22

22 DO 23 J=1,M 
ID(J)=I50(I,J)

23 CONTINUE
DO 24 J=1,K 
INLIIvI=IU0(J,2)
ID(INIJM)=ISPOP(IALPHA,J)

24 CONTINUE
C .... RE-ORDER ID AND COLLATE Y7ITH ISO.

CATwL PERÎ.IUT(ID,IS,M,mU,30)
CALL C O M T E  ( I GO, ID, M , 200,30,1C, I CO)
ICCL<IALPH/1)=IC0
COE ( I ALPHA) = I COEF ( I ALPHA)

C .... GPER/ITE ON I-TH. DETERI4INANT WITH SZ*(SZ-l) .
IF(I-ICO) 26,25,26

25 COE(IjlLPHA)=FLOAT(ICOEF(IALPHA))+SREQ*(SREQ-1.0)
26 COE(IALPHA)=SIGN(COE(IALPHA),IE)
23 COIfTINUE

C .... OUTPUT RESULT.
C .... DETERMINANTS TO BE OUTPUT WITH FIRST NFULL ORBITALS.

29 DO 30 J=l,NFULL 
ID(J)=J

30 CONTINUE
DO 31 J=NP,MKEEP 
ID(J)=ISG(I,J-NFULL)

31 CONTINUE 
CLEAR I ALPHA 
IF(K-l) 32,311,33

311 C0E(1)=1.0+SREq*<SREQ-1.0)
ICQL(1)=I 
GO TO 36

32 CLEAR COE(l)
IALPIiA=l
IC0L(1)=INDEX(I)
GO TO 36

33 DO 35 J=1,LSP 
IF(COE(J)) 34,35,34

34 I;ILPHA=I/\LPI-Ll+1
I COL ( I.ALPI-LY)=I COL(J)
COE ( I .\LPHA) = COE ( J )

35 COIDTIIRJE
36 V/RITEC IDISC) I, (ID(J) , J=1 ,I\IICEEP) , IRE, IVR, K, I ALPHA, (ICOL(J) ,CCE(J) , 
1J=1,1 ALPHA)

X DISPLAY(LP,10) /K ,IALPHA
X ;aiTE(LP,95) (J, ICOL(J) , J , COE (J) , J=1, lALPHA)
X 95 FCR1.IAT((' ' , 4('lCGL(', 13,')=', 13, ' CGE(', 13,') = ', F7 .3) ) )

IF(K) 361,371,361
361 DO 37 J=1,lALPim 

IF(CGE(J)) 362,37,362
362 IF(INDEX(ICCL(J))) 37,363,37
363 I=ICGL(J)

GO TO 43
37 CONTIIRJE

371 IF(MREQ) 30,372,33
372 IF(INDEX(IABS(IRE))) 33,373,33
373 I=IAB3(IRE)

GO TO 43
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33 CONTINUE

ENDFILS IDISC 
REWIND IDISC 

42 FORMAT(' ',3212)
CALL OUTDET(INDEX,COE,ICOL,ID ,F,IC ,MKEEP) 

39 RETURN 
END 

*ENDLIB
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APPENDIX V

gfNECEN. A PROGRAM FOR COMPUTING ONE-CENTRE 

ONE- AND TV70-ELECTR0N INTEGRALS OVER COMPLEX 

SLATER-TYPE ORBITALS

Analytical expressions are used for the integrals. The indexing 

scheme for the two-electron integrals is described in Chapter 7* This 

program computes all the distinct one- and two-electron integrals which 

arise from a basis set consisting of any combination of s, p, d, or f 

orbitals on a single centre.

j^NECEN uses one magnetic tape on which the integrals will be written, 

This tape is device number 1 and the lineprinter is device number 0. The 

version of ^NECEN listed in this appendix reads the Clebach-Gordon 

coefficients from a private disc area which is device number 2. The non

zero values of these coefficients are listed after the data specification, 

In addition to the subprograms listed the subprogram IPAR (Appendix III) 

is also required. The storage requirements are stauidard.

Data Specification for gfNECEN

Card 1 I

FjZfRMAT (15)

a 0 to stop execution 

a 1 to continue execution

Card 2 NXBI^

PjZfRMAT (15)

NXBL^b a number of block at which the integral

file is to begin on device number 1.
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Card 3, 4. TITLE

FjẐ RMAT (9A8/6A8)

TITLE is an array of 15 elements (l20 characters) which 

is used to identify the run.

Card 5 NBASIS, CH

gzfRMAT (I5, F10.5)

NBASIS a number of basis orbitals

CH a nuclear charge (a.u.)

Card 6(1) _ N(l), L(l), M(i ), Z(i )

FjZfeMAT (315, FI0.5)

n (i ) a principle quantum number (q.n.)

of orbital I.

L(i ) a angular momentum q.n. of orbital I

m (i ) a magnetic q.n. of orbital I

Z(l) a exponent of orbital I

(1 < I < NBASIS)

Restrictions

1 ^ NBASIS ^ 30

1 ^ N(i ) ^ 12

0 ^ L(i ) ^ 3 and L(i ) < N(i )

lM(l)l ^ L(l)

At the end of a set of data the first card of the next set is always

read. The last card of the data check should have I a 0.
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NON-ZERO VALUES OF GLEBSCH-GORDON COEFFICIENTS CLI1I2-

NIMBRR OF NOn -Zé RÜ COEH-JCIEn TS r 152

en
enenenenenenenenenenenenenenen
enenenenenenenenenenenenenenen
enenen
enenenenenen
enenen
enenenen
enenenen

l)z 0.2ti209479l8 en 
18)= 0.2^2^182522 CG 
4?)= 0.309019.3616 CG 
50)= 0.2820947918 CG
65)=-ü.1261566261 CG
74)= 0.1802237516 CG
89)= 0.2185096861 CG

101)= n.2135096861 CG 
107)= 0.2207281154 CG
117)= 0.2820947918 CG 
122)= 0.2820947918 CG 
141)= 0.3090193616 CG 
M 7 ) r  0.1560783472 CG 
159)=.0.0901118758 CG
166)=.0.1802237516 CG
178)= 0.2477666951 CG 
187)= 0.1946639003 CG 
195)= 0.2396146972 CG 
203)= 0.2143179006 CG
217)= 0.2820947918 CG 
2 2 0 =  0.2370879339 CG 
235)= 0.2384136135 CG 
246)= 0.2023006594 CG
250)= 0.1261566261 CG 
259)= 0.2455320005 CG 
263)=.0.1694331773 CG
269)=.0.0825888984 CG
274)= 0.0294708039 CG
282)= 0.2060129077 CG
285)= 0.2820947915 CG 
288)=-0.1/78159504 CG 
299)= 0.2132436186 CG 
311)="0.1066218093 CG
322)= 0.2102610435 CG
326)= 0.16286/5040 CG
333)= 0.1846743909 CG
338)=.0.1880631945 CG
347)= 0.0959547329 CG
351)= 0.1450699201 CG
356)= 0.2661305457 CG 
359)=-0.1795148675 CG 
371)= 0.16286/5040 CG 
383)=-0.0615581303 CG 
395)= 0.2196104975 CG 
403)= 0.3472346852 CG 
407)= 0.0239614697 CG
419)=.0.1661984725 CG
423)= 0.1884513543 CG
430)= 0.2102610435 CG
436)= 0.3603424623 CG
439)= 0.0769349432 CG

9)= U.282ü 9479i 8 
25 )= 0 .282094791.8 
45)= Ü.2620947918 
5/)= 0.2523132522
66)= 0.2023006594
75)= 0.241/955358
90)= 0.2335966803

l02)=-0.1430481681 
114)= 0.220/281154
118)= 0.0901118758 
130)= 0.1846743909 
14 2)=- 0.0825888984 
155)= 0.2384136135 
163)= 0.3371677657
167)= 0.0402992560
179)= 0.2462325212 
193)= 0.247/666951 
201)=-0.1430481681 
210)=-0.1880631945
218)= 0.1682088348 
226)= 0.2820947918 
242)=-0.0826888984 
24/)=-0.150/860088
251)= 0.2273184612 
261)= 0.2335966803 
266)=-0.1329807601
270)= 0.2060129077
275)= 0.0993225846
283)= 0.1621931015
286)= 0.1261566261 
290)= 0.2820947918 
307)= 0.2820947918 
314)=-O.OOOOQOOOOO
323)= 0.2535843598
327)=-0.1173867486
334)=-0.1880631945
339)=-0.0444184102
348)= 0.2304758133
352)=-0.1214714193
357)= 0.2820947918 
360 )s ü.0711263802 
379)= 0.325/350079 
386)=-0.2102610435 
398)= 0.2102610435 
405)= 0.3198654279 
411)=-0.2035507269
420)= 0.171/865286
424)=-0.062/275712
431)=-0.1404633462
437)= 0.2820947918
440)=-0.0118543967

z 152

CG 17) = 0 . 2820947918
CG 34) = 0 . 2185096861
CG 4 6) =-0 .1261566261
CG 58) = 0.2477666951
CG 73) = 0 . 2820947918
CG 82) = 0.2820947918
CG 98) = 0 .2611690263
CG In 6 ) = 0 . 0901118758
CG 115 ) = 0 .2548748737
CG 119) =-0 ,1611970239
CG 1.38 ) = 0.3198654279
CG 146) =-0.1802237516
CG 158) = 0 .2207281154
CG 165) = 0 .2820947918
CG 170) = 0.2820947918
CG 186) =-0 .1430481681
CG 194) = 0 .1682088348
CG 202 ) = 0 . 0594706039
CG 211 ) = 0.1417579666
CG 21 9) = 0.1538698864
CG 234 ) = 0 .2335966803
CG 243) = 0 .2384136135
CG 249) = 0.2023006594
CG 258) = 0.1628675040
CG 262) = 0 . 0594708039
CG 267) = 0.2004760390
es 271) =-0 . 0928023732
CG 276 ) = 0 .2217754548
CG 284 ) = ü .2429428385
CG 287 ) = 0 .0256449811
CG 2Q8) = 0.1846743909
CG 3i 0 ) = 0.2611690283
CG 315) = 0.1901882698
CG 325) = 0.2611690283
CG 331) = 0 .2689668306
CG 335) = 0.0535794751
CG 340 ) = 0 .1774203638
CG 350 ) = 0.1628675040
CG 355) = 0.2145613054
CG 358) =-0.0000000000
C G 362)2 ü . 2 8 2 0 9 4 7 9 1 8
CG 382) = 0.3198654279
CG 387) = 0.1267921799
CG 399) =-0.0633960899
CG 4n6) =-0 . 1329807601
CG 412) = 0 .1086473403
CG 422) =-0.1329807601
CG 428) = 0 , 2548005987
CG 432) = 0 . 0313637856
C G 438) =-0 .2102610435C G 0 ) = O . O O O O O O Q O O O
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♦FCRTRAIT LIB 3,1,0
C....ILMN PRCGR/itî FOR SINGLE CENTRE INTEGRAL PROGRAM.
C.... VERSION 2. 12/05/71.

COrffllON / TOALV CH, DEV, DIV, I, IA, IB, IC, I CR, ID, J , IC, IK, L?, MTD2 5, NB, 
1NBASIS,NI,NP,N2,T1,T2,ZIC,ANORMC30),CG(440),ERI(465),FCTRL<25), 
211(30 , 30) ,IN(4S5,2) ,L(30) ,M(30) ,N(30) ,S(30,30) ,TITLE(15) ,Z(30)

C....DEFINE DEVICE NUÎ.IBER3,
C....ICR = CARD RE.ADER,
C....LP =LINE PRINTER,
C....NTD25= INTEGR.AL OUTPUT DEVICE NUMBER (TAPE OR DISC),
C....ID = DEVICE NUMBER FOR CŒsSTANTS TABLE.

CLEAR ICR,LP
MTD25=1
IB=2
RE/E) (ID) I,K
READ(ID) (CG(I),1=1,440)
UNLOAD ID 
FCTRL(1)=1.0
DO 1 1=2,25 
K=I-1
FCTRL ( I ) =IC*FCTRL (IC)

1 CONTINUE
2 REiID(ICR,3) I 

IF(I.E3.0) STOP
3 FORMAT(15)
C;VLL CUTBRIC(LP)
C/iLL /iLLCNE
GO TO 2 
END

*FORTR/E\T LIB
SUBROUTINE /iLLONE

C....ONE-CENTRE ONE- AND T.7C- ELECTRON INTEGRjlLS.
C3.2IÜN / TCAUV CM, DE V, DI V, I, IA, IB, IC, I CR, IÛ, J , IC, IK, LP, MTD25, NB, 

1NB.'V3IS,NI ,iNP,N2,Tl,T2,ZIC,AIOU:(30) ,CG(440) ,ERI(465) ,FCTRL(25) , 
211(30,30) ,IN(4G5,2) ,L(30),M(30) , N ( 30 ) , S ( 30 , 30 ) , TI TIuE ( 15 ) , Z ( 30 ) 
READ (ICR, 33) NDC3L0C 
C;1LL SEARCH(MTD25, NXBLOC, 0 )
READ(ICR,1) TITLE
RE AD (ICR, 2) NBASIS,CH, (N(l) ,L(l) ,1.1(1) , Z( I) , 1=1,NBASIS) 
NRITE(LP,3) TITLE 
v7RITE(LP,35) CH
V/RITE(LP,4) (N(I),L(I),M(I),Z(I),1=1,NBASIS)

1 FORI,L1T(OAE/GA3)
2 FCRIiIAT(15,n o . 5/(315,FIO.5))
3 FOiULVr(lHl/lH ,15A3)
4 FORILVTdll ,43:C,23HN L M EXPONENT/( (IH , 44X, 315, F12 .5) ) ) 
NB=(NBASIS* (NB.lSIS+l) )/2
NI = (NB*(NBf-l))/2 
WRITE(LP,33) NI 
V/RI TE ( LIL 37 ) NXBLOC 
DC IG 1=1,NBASIS 
NI=2*N(I);_1
/uNGRI,l( I ) =SQRT( (2.0*Z(I) )**NI/FCTRL(NI ) )
DG IS K=1,I
S(I,IC)=0.0
II(I,IC)=0.0
IF(L(I)-L(K)) 15,11,15

11 IF(M(I)-M(K)) 15,12,15
12 ZK=2.0*Z(IC)
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CLEAR T1
DIV=1.0/(Z(I)+Z(IO)
DZV=1.0/SQRT(2.0*N(K)*<2.0*N(IO -1.0))
IF(N(K)-L(K)-1) 14,14,13

13 N2=N(I)+N(I0-1 
NP=2*N(K)-3
T1=ANORM(I)*FCTRL(N2)*DIV**N2*SQRT(ZK**NP/FCTRL(NP))*4.0*(N(K)+
lL(K))*(NCK)-L(lO-l)*DEy/SQRT((2.0*N(K)-2.0)*(2.Ü*N(K)-3.0))

14 N2=N(I)+N(K)
NP=2*N(K)-1
T2=ANCRK(I)*FCTRL(N2)*BIV**N2*SQRT(ZK**NP/FCTRL(NP))
N2=N2+1
S (I,K) = ANGRÎ.I(I)*ANÜRJ1 (K) *DIV**N2*FCTRL(N2)
H(I,K)=Z(K)*(-0.5*Z(K)*(T1+S(I,K))+2.0*T2*DEV*(N(K)*Z(K)-CH))

15 S(K,I)=S(I,K)
II(K,I)=K(I,K)

16 CONTINUE 
URITE(LP,17)

17 FORIvL'\T(lHl/lH ,43X,34HOVERLAP MATRIX FOR ATGTÆIC ORBITALS/)
DO 21 I=1,NBASIS,5
K=I+4
IF(K-NBASIS) 19,19,18 

IS K=NBASIS
19 V/RITE(LP,32) I,K 

DO 21 J=1,N3ASIS
VmiTE(L?,20 ) (S(J,XX),XX=I,X)

20 FGRIvLlT((lH ,1P5E24.10))
21 CONTINUE 

V/RITE(LP,22)
22 FGRI.IAT(1HO,34X,51HGNE-ELECTRON HAMILTONIAN MATRIX FOR ATGÎ IIC ORBIT 

ials/)
DO 25 I=1,NBASIS,5 
X=I+4
IF(X-NBASIS) 24,24,23

23 X=NBASIS
24 VmiTE(L?,32) I,X 

DO 25 J=1,NBASIS
Y/RITE (LP, 20) (K(J, KX) , XX=I, X)

25 CONTINUE 
1=100000 
V/RITECMTD25) I
\nxi TE ( ivrrD25 ) ti tle ,j
DO 2C I=1,NBASIS
Y/RI TE (MTD25) ( S ( I, J ) , J=1, NBASI3) 
wBITE(MTD25) (H(I,J) ,J=1,NBASIS)

26 CONTINUE 
V.BITE(LP,34)
IF(NBASIS.GT.5) Y/RI TE (LP, 38)
DO 27 1=1,NBASIS
J=(I*(I-l))/2
DO 27 K=1,I
ICC=K-sJ
IN(XX,1)=I
IN(KX,2)=K

27 CONTINUE
DO 31 I=1,NB 
IC=IN(I,2)
IA=IN(I,1)
XX=IABS(M(IA)-M(IC))
DO 29 J=1,I



—  190 —'
IB=IN(J,1)
ID=IN(J,2) 

i CLEAR ERI(J)
IF(IŒ-IABS(M(IB)-M(ID))) 29,23,29

28 ERI(J)=SC<IA,IC,IB,ID)
29 CONTINUE

V/RITS(I/rrD25) (ERI(J),J=1,I)
IF(NB*ASIS.GT,5) GO TO 31 
V/RITE(LP,30) I

30 FORMAT(11-10,49X,19HCCNTENTS OF RECORD ,12/)
T/RITE(LP,20) (ERI(J),J=1,I)

31 CONTINUE
32 FORI.I/iT(lKO,52X,SHCOLUÎ INS ,I2,4H TO ,12/)
33 FORMAT(IHO, 32X,51HITUMB2R OF T\VO-ELSCTRON INTEGRALS TO BE CALCULATE 
ID =,I7/)

34 FORI,LAT(1KO,49X,22HTWO-ELECTRON INTEGRALS)
35 FOmiAT(IHO,45X,17HNUCLZAR CHARGE = ,F10,5/)

CALL V7IITPS
REV/I ND MTD25

36 F0RÎ IAT(I5)
37 FOmiAT("0",38X,^INTEGRALS BEGIN AT BLOCX',14,' OF MASTER FILE^)
33 FORI.LAT(̂ 0'',37X, ̂ PRINTING OF Tv70-ELECTR0N INTEGRALS SUPPRESSED")

RETURIT
END

*FORTRAN LIB
INTEGER FUNCTION INDEXl(MM,M1,M2,LL,LL,L2)

C EVALUATION OF CLEBSCH-GORDCN INDICES. VERSION 2. 09.04.69 ADT.
IMl=IABS(m)
IM2=IA3S(M2)
II = ( LI * ( LI+1 ) )/2+IMl-f-1 
I2=(L2*(L2+l))/2+IM2+l
IZ=4*MAX0(Il,I2)*(MAX0Cll,I2)-l)+S*MIN0(Il,I2)+LL/2 
IF(IA3S(MM)-IM1-IM2) 2,1,2

1 1=7
GO TO 3

2 1=3
3 INDEX1=IZ-I 
RETURI^
Eim

*FORTRAN LIB
FUi;CTION SC(IA,IC,I3,ID)
CaaiCN /TOvlLiy XEEP(22) ,A1TORM(30) ,CG(440) ,ERI (465) ,FCTRL(25) , 

111(30,30) ,IN(465,2),L(30),M(30) ,N(30),5(30,30) ,TITLE(15) , Z (30)
CLEAR SC
LGWAC=IABS (L(IA)-L(IC))
LGV/BD=IAB3 (L<IB)-L(ID) )
IF ( I PAR ( LGV/AC) -1 PAR ( LOV/BD) ) 4,1,4

1 FCURPI=1.2566370614E-K)1 
LOYM.LIXO ( LOr./AC, LŒ/BD) -f-1 
IGK=MIN0(L(IA) +L(IC),L(I3)-hL(ID))+l 
IF(IGH-LOW) 4,2,2

2 MM=M(IC)-M(IA)
Z1=Z(IA)+Z(IC)
Z2=Z(IB)+Z(ID)
Nl=N(IA)-i-H(IC)
IT2=N(IB) |.N(ID)
EO 3 IvIUP=LGV/,IGH,2 
IJU=MUP-1
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JA=IN i:,EX l ( I,ZI, - I :  ( I  A ) ,M U ,L ( IA ) ,L ( IC )  )
JE := IN D J .a  (-I.ÏÏ.Î, - M ( I3 )  ,MU,L(IB),L(ID) )
3C=3 C ;-FOUAP 1 /  FLOAT ( 2 *IvIU :-l ) *  CG ( J  A) *  CG ( JD ) *7/ (LIU ,N1,N2,Z1,Z2)

3 CONTINUE
8C=7AICAI.: ( 170 .U70ALI (IB)* AKUilLI ( I  C) *  MGRI.I ( I  D) * S C

4 IL.TUAN
AND

*F O A T a u I L ID
FULCTICN U(IMU, I I I , I ID ,Z1,Z2)
CAD.ICN /T O v lL V  K8D P(22) ,A N G R ll(30) ,C G (440 ) ,D R I(4 G 5 ) ,FCTRL(D5) , 

lH(:u,Uu),IN(4C3,2) ,L(30) ,K(30) ,N(30) , S (30 ,30) ,TITL2(15) ,Z(30)
D1=Z1
XD=ZD
NU=IID-II.IU-1 
I.IU=N1 :-ND 
IF = - i. iU - l  
CiAFiR JUMP

1 A = 1 .0 -A a /X 2  
MIN=LIU-NU
. a  =FC TR L(M IN)/ A * *M IN
I.IIN=M IN-a
CL3/Ù1 I.:
DO 2 I= IvIIN ,M U  
M=M-a
-■a = i.i* :a  ---f c t r l  ( i ) / A * * i

2 CCIETINUD 
IF (JU I^P ) 4 , 3 , 4

3 j u i ,:p = i  
w '= A D **IP *X l 
IUJ=N1-IM U-1
: a =22
X2=21 
GG TO 1

4 '.7=7/ r X 2 * * IP * ia  
RDTURI'I
DNB
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CVi^RLAP yiAT-^:X FOR ATOMIC jRBI  

CG.UXNS 1 TO 5
, 0 0 0 4 U 0 0 0 0 0 F + Ü 0 p , w09r:477653F'"01 G ,0003000000 E + 00
. ::n , 8 1 7 7 : , " 0 1 9 , 9 9 9 9 9 9 9 9 9 5 5 ..GI 0 ,0000000000 E +  0 0

0 ,, 1) 0 0 0 lit 0 0 0 0 (1 5 -00 0 ,00000000005+00 ,0000000000 E + 00
0 ,. 0 0 0 0 0 0 0 0 on  5 - U  0 0 ,00 0000 0 0 0 0 5 + 0 0 0 ,0000000000 E +  0 0

. 0 1 V V 00000 0 u U + 0 0 0 ,00 0000 0 0 0 0 5 + 0 0 0 ,0000000000 E + 00

ONE-ELECTRo N HAM][LTOXIA X MATRIX FC R A i 0

CO..UMNS 1 TO 5
~ i 411068 so 5+ 01 -7 . 03263427955-00 0 : 0 0 0 3 0 0 0 0 0 nE + 0 0
-7,,03263^27 O d u + 0 0 -  3 ,1^714869305-00 0 ,0000000000 E + 0 0

0 .. C 0 0 0 0 0 0 00 n 5 + 0 0 0 , 0 0 0 0 : G 0 0 0 0 5 " 0 0 = 6 ,4268167801 E-00
C ., 0 0 000000 005 + 00 0 ,0 0 0 0 0 0 0 0 0 0 5 + 0 0 r. ,0000000000 E-00
0 ,00000000005+00

4,7855000Ü02S+Ü0 

6,74254612705-01 

1,11601720665+00 

0 , 0 0 0 0 0 0 0 0 0 05 + 0 0 

0 , 0 0 0 0 0 0 0 0 0 05 + 0 0

1,10579364555+00
a,7134859337E"01

0,000000 00005+0 0 
0 , 0 0 0 0 0 0 0 0 0 0 5 + 0 0

0 c 0 0 0 0 0 0 0 0 0 05 + 0 0 
0,00000000005^00

0 ,00000000005+00 
0 ,0 0 0 0 0 0 0 0 0 0 5 + 0 0

1,10579384555+00
7,77430781565-01

0 ,0 0 0 0 0 0 0 0 0 0 5 + 0 0
0 , 0 0 0 0 0 0 0 0 0  0 5 + 0  0
2 ,4 8 7 5 8 5 4 6 6 5 5 - 0 2

0,000000 00005+00

,1,^1095720475-01

0,00000000005+00 

TX0-5_5::TR0N I.\T5uRALS 

CONTENTS OF RECORD 1:

CONTEXTS OF RECORD 2

CONTEXTS: OF RECORD 3 
2,48665141815=01 3,l6 365o25 0lE=01

c o n t e x t s  of RECORD 4 
0,00000000005+GO , 0,00000000005+00

CONTEXTS OF RECORD 5:
0,00000 0 00005+00 0,00000000005+00

CONTEXTS OF RECORD 6 
2,46581626615=01: 8,12524215 97 5=01

c o n t e x t s  of r e c o r d  7
0,00000000005+00 0,00000000002+00
2,487^8546655+02

CONTEXTS OF RECORD B 
0,00000000005+00 0,00000000002+00
3,6251260 8455=0 2 1,79576348745=01

CONTEXTS OF RECORD 9 
0,00000000005+00 0,0000000000 5+00
0,00000000005+00 0,0 0 00000000 5+00

CONTEXTS OF RECORD iQ 
2,465816 26615=01 8,125 2421597 2=01
0 ,0 0 0 0 0 0 0 0 0 0 5 + 0 0  0 ,0 0 0 0 0 0 0 0 0 0 5 + 0 0

contexts o f  record 11.
0,00000000005+00 0,00000000005+00
2,48758546655=02 3 , 6 2 5 1 2 6 0 3 4 5 0 2
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Ü T û:.'vOùOûùCE+no 0 . 0 0 0 0 0 0 C 0 3 5 + 0 0
Ü , Ù V, Û C 0 C 0 0 V E ̂ 0 0 0 . 0 0  0 0 0 0 0 0 0 0 5 + 0  0
0 . 0 0 0 0 0 0  0 0 n 0 E- 0 c 0 . Ô 0 d 0 0 G 0 0 ii i J F + 0 0
1 .0 0 0 0 0 0 0 0 0 0 E-ÜO 0 . OOOOOOOOOUE ' : ' 00
O.CCOuOCOO0 0 h- 0 0 1 , 0 0 0 0 0 0 0 00 35-00

lie 0 J  I ' A L ̂

Ù .GGOOuOOOOGE'GO o.'oocooocnoop+oo
C . 0 0  000000005+00 0 . '0 0 030 30 0 0 05 + 0 0
O.CCOOOOOGOOF+00 0;d00O300G'Ôü5 + ü3

:.3. 42681673015 + 00 0 , 0 0 0 C coo 0 0 0 5 +■ 0 0
0 , 0  0 0 0 0 0 0 0 0 0  5 + 0 0 -6.42661678015+00

2,48758546655-02

5.82512603455-02 1.79576348745:61

0 ;dOOOCCGCOw£ + CO

0,00000000005+00 o;cqoooccco'oe+6 o

G . 0 0 0 0 0 0 0 0 0 05-0 0 0,’0 0000000665+0 0

0,00000000005+00 0 .0 0 0 0 0 0 0 0 0 0 5 + 6 0
4,69589062552-^02 -

0,00000000 '0 05 + 00 0.0000 0000005+0 0
0.00000000005+00 8.‘243S96S76l5-6l

0 , 0 0 0 0 0 0 0 3 0 05 + 0 0 G. GOdOOOOO'd'dE + dO
0 ,0 0 0 0 0 0 0 0 0 0 5 + 0 0 0 .0 0 0 0 0 0 0 6 6 6 5 + 0  0
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O.OOOGQOOn 0 05 + 0 0
0 . 0 0 0 0 0 0 n 0 c 0 5 + 0 0
3,62512608455-02

0 . U 0 Q 0 0 n 0 0 0 0 E + 0 0 
3,82512608455=02 
1,79576348745=01

CONTEXTS OF RECORD 12
0,G3000000nOE+00
1,79576343745=01

0,000 0 00000 0E+00 
0,00000000005+00 
0,OOOOOOOOCOE+00

0,00000000005+00 
0.0 000000000E+00 
0,00000000005+00

C O N T E X T S  OF RECORD 13
O.OOOOOOOOOOE+OO 
0,000 0300000 2-00 
4,69589062552=02

0,00000000005+00 
0 , o o o o o o o n o o E + ü o
0,OOOOOCOOOOE+00

0,UOOOOOOCOOE+00 
0,UOOOOOOUOOE+00
0,Ü0000000U0E+00

CONTEXTS pr RECORD 14 
0,OOOOOOOOOOE+CO 
0 ,0 0 0 0 0 0 0 0 0 0 2 - 0 0  
0,00000000002+03

TAPE
NUMBER

1,10579384555+00
7,7743078136E"'01
0,0000000 0 002+0 0 

POSITIONED AT 
BLOCK WORD

50 214

2,46581626612=01:
0 , 0 0 0 0 0 0 0 0 0 05 +00
0 .00000000002+00

c o n t e x t s  of RECORD o
8,12524215972=01
0,00000000002+00 

' 0,00030000002+00

TAPE
NUMBER

POSITIONED AT
BLOCK

6
WORD

0
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c . O O O O O O O O d O E + O O  
0 . O O G O d û O O O O E + 0 0

0 . 0 0 0 0 0 0 0 0 0 u E + d 0 
0 ,0 0 0 0 0 0 0 0 0 0 5 + 0 0

0. o o o o d o o d d o E + 0 0
4 . 6 9 5 a 9 0 6 2 5 5 E - 0 2

O . O O O O O O O O O O E + d O
o;dodoooooüOE+do

ü . C O G û d O O O O O E + Û O  
0, 00 0  0 0 0 0 0  C D E  + 00 9 . 5 9 1 7 B 1 2 5 d 9 E - 0 2

0 , d O O O O O O O O O E + Ü O  
0 d 0 0 0 0 0 0 0 Û d E + d 0

O . O O O G O û O O d O E + O O  
0 . 0 0 0 0  0 0 o c d o E + 0  0 0 . O O G O O O O O d O E + 0 0

0 . d O O O O O O G O d E + C O  
8,‘2438968761E“01 
8.24389687615+01
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APPENDIX VI 

INTRA. A PROGRAM FOR TRANSFORMING ONE- AND 

TV/O-ELECTRON INTEGRALS OVER AN ATOMIC ORBITAL 

BASIS INTO INTEGRALS OVER AM ORTHONORMAL BASIS

The methods and indexing schemes employed by INTRA. are described in 

chapters 7 and 8. The program is written so that it will be possible to 

implement restart facilities should these prove necessary for large basis 

sets. The program occupies about 1500 FORTRAN V source cards and its 

storage requirements are standard. In addition to the subprograms listed 

here, INTRA requires the routines ENTR, ERI^, QUIT, and WRITMX from 

Appendix III.

INTRA uses five magnetic tapes or disc areas, the actual requirements 

being dictated by the size of the basis set; for less than 24 basis 

orbitals the following assignment is possible;

VARIABLE
NAME

VALUE = 
DEVICE No.

LDN03

LDN08

LDN09

LDN10

LDN11

3 A common disc area of 710 blocks.

4 A common disc area of 555 blocks.

5 A common disc area of 555 blocks

6 A private magnetic tape containing the file

of untransformed integrals, produced in the 

same order as those of )2ÔîECEN

Defined in Master transformed integral tape which will 

data contain the file of transformed integrals.
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This program will process several sets of integrals in each run.

As a precaution against corruption of the tape on device LDN10 each set 

of integrals should be transferred to the beginning of the common disc 

area LDN03 at the start of each run. The user must normally specify 

seven of the eight possible sections of data.

Data specification for INTRA

Section 1 : Transfer untransformed integrals from device LDNlO to

device LDN03 

Card 1 NBASIS

Fj^RMAT (15)

NBASIS = number of basis orbitals

Card 2 IWHERE, ISTART (l5)

FjZfRMAT (215)

IWHERE = 1

= 0 to suppress timing information 

= 1 to obtain timing information 

Card 3 NEXTBL

F)2fRMAT (15)

NEXTBL = number of block at which the un transformed

integral file begins on device LDNIO

ISTART(15) 1

Section 2 : Read data required to start transformation

Card 1 IWHERE, ISTART(l5)

FORMAT (215)

IWHERE = 2

ISTART(15) : see section 1 card 2

Card 2 JSER, ISTjZfP

F)2fRMAT (215)
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Card 3

Section 3

Card 1

Section 4

Card 1

JSER = serial number given to the untransformed

integral file by the integral generation 

program. If the program )2fNECEN was used 

then JSER = 100000 

ISTjZfP = 1

(m (i ), 1 = 1 ,  NBASIS)

P/RMAT (3012)
r
- 0 if the magnetic quantum number of the

I-th atomic orbital and the I-th transformed 

orbital are different.

M(i ) = magnetic quantum number of the I-th atomic

orbital if the magnetic quantum number of 

the I-th transformed orbital is the same.

Complete the upper triangle of the distinct two-electron 

integral matrix 

IWHERE, ISTART(i 5)

PjAMAT (215)

IWHERE = 3

= 0 to suppress timing information and printing

of one-electron integrals (untransformed ) 

ISTART(15)  ̂ = 1 to obtain timing information and printing

of untransformed one-electron integrals

Compute Schmidt orthonormalization coefficients and transform 

the one-electron integrals 

IWHERE, ISTART(15)

F)2fRMAT (215)

IWHERE = 4

ISTART(15) = see section 1 card 2
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Card 2 NjZfNO

FORMAT (15)
N^NO = number of non-zero elements in the

matrix which transforms the atomic 

orbitals into non-orthonormal symmetry 

adapted molecular orbitals (The 'Symmetry 

Transformation Matrix*)

Card 3 (k ) I, J, VSP2 (l, j)

FORMAT (213, F4.l)

WSP2(l, j) is the I, J-th element of the symmetry

transformation matrix and is written as 

an integer in real form; e.g. 1.0.

(l <  K <  N)2fN0)
Card 4 NIR

Fj2fRMAT (15)

NIR = number of different irreducible representations

to which the transformed orbitals belong; 

subspecies are counted as different.

Card 5 (iRl(l), 1 = 1 ,  NBASIS)
FORMAT (1615)

IRl(l) = a number which identifies the irreducible

representation to which the I-th orbital 

belongs. As long as these are different for 
different irreducible representations their 

value is only restricted to the range 

1 < IRl(l) < 10000

(continue onto successive cards if 

NBASIS >  16)
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Section 5 

Card 1

Card 2

Card 3

IWHERE

Transformation of two-electron integrals 

IV/HERE, ISTART(15)

F/RMAT (215)

= 5

: 0 to suppress timing information and

the printing of the transformed two- 

electron integrals 

: 1 to obtain timing information and the

printing of the transformed two-electron 

integrals 

ISER

FjZfRMAT (n o )

ISTART(15)

ISER

(ISTART(I), I

FjZfRMAT (815)

ISTART(5)

ISTART(6)

ISTART(7)

ISTART(8)

ISTART(9)

ISTART(lO)

ISTART(ll)

ISTART(12)

: any integer > 0, it is a restart

parameter which is not used by the current 

version of INTRA 

5, 12)

=  1
numerical value of NBASIS 

1

numerical value of NBASIS 

1

numerical value of NBASIS 

1

numerical value of NBASIS

Section 6 ; Transfer transformed integrals from device LDN03 to

device LDN11
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C.ard 1

Card 2, 3

Card 4

IWHERE, ISTART(15)

Fj^RMAT(2I5)

IWHERE = 6

ISTART(15) : see section 1 card 2

TITLE

FjZfRMAT (9A8/6A8)

TITLE is an air ray of 15 elements (l20 characters) 

used to identify the transformed integrals 

output from this run.

IX)N11 , NEXTBL 

FjZfRMAT (215) 

LDN11

NEXTBL

numerical value of the device number for 

the final output to the Master Transformed 

integral tape.

number of block at which the transformed 

integral file is to begin on device LDN11

Section 7 : End of program, this should not be used if section 8 is

required.

Card 1 IWHERE, ISTART (l5)

FjZfRMAT (215)

IWHERE = 1

ISTART(15) = 0

Section 8 : Re-entry of program clearing workspace in process. This

section should be used instead of section 7 if another set 

of data is to be processed
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Card 1 IWHERE, ISTART(15)

FjZfRMAT (215)
IWHERE = 8

ISTART(15) = 0

Restrictions

1 ^ NBASIS ^ 30
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*FORTRAN LIB 8,5,325
C....MAIN ROUTINE FOR INTEGRAL TRANSFCRI^IATION PRGGR/ïïvl.

CGlDvIQN /TO.\LV NBAS IS, NB, I STOP, IST/IRT ( 20 ) , M ( 30 ) , LDNO1, LDNO 2 , LDNO 3, 
ILDNOS,LDNO9,LDNIO,LDNll 
CaMON /TOSUIV .̂ wE7\1(34S9)
CavMON AREA2 (13530)

C....DEFINE DEVICE NUMBERS,
C.... LDN01=CARD RESIDER,
C.... LDNO 2=LI NE PRIITTER,
C.... LDNO3=INTEGRAL FILE,
C.,...LDN03=V/ORK FILE 1,
C.... LDN09=WORK FILE 2,
C.... LDN10=I\!ASTER INTEGRAL FILE.

CLEAR LDNO1,LDNO2 
LDNO3=3 
LDNO3=4 
LDNO9=5 
LDNIO=6

11 CLEAR ISTART,M,AREA1,AREA2 
CALL CUTBRK(LDN02)
REWIND LDNO3 
REWIND LDNO3 
REWIND LDNO9 
READ(LDN01,1) NBASIS 
NB=(NBASIS*(NBASIS+1))/2

1 FGRIvIAT(2I5)
2 READ(LDN01,1) IV/HERE, I START (15)
GO TO (3,4,5,6,7,8,9,11) ,m-IERE

C....TRANSFER INTEGRALS FROM LDNIO TO LDNO3 IF NECESSARY.
3 CALL MFILE2 
GO TO 2

C....READ DATA AND CHECK INTEGRAL FILE SERIAL NUIffiER.
4 C.ALL RES SET 
GO TO 2

C....SET UP COMPLETE MATRIX OF DISTINCT TWO-ELECTRON INTEGRALS.
5 Cy\LL SETERI 
GO TO 2

C....DIAGONiULIZE OVERLAP MATRIX AND TRi\ITSFCRI,I H-MATRIX.
6 CALL TRi\NSH 
GO TO 2

C....TRANSFORM TWO-ELECTRON INTEGRvUES.
7 CALL CCNTRil 
GO TO 2

C....TRAITSFER TRANSFORÎ 'IED INTEGRALS FRŒI LDNO3 TO LDNIO IF NECESSiARY.
S CALL MFILE3
GO TO 2 

C....JOB CŒIPLETE.
9 CALL CNTR(NB)
V m TE (LDNO2,10) NB 

10 FCRMAT('D',3GX,'**** JOB COIvlPLSTE -',15,' INSTRUCTIONS USED ****') 
STOP 
END

*FCRTRW LIB
SU3RQUTINE BIGTRA (A, B, MTDO1, MTDO 2, NCOL, NRO',7, NPAS 3 )

C....TRANSPOSE OF A IFiRGE MATRIX.
DIMENSION A(NRQW,NCOL),B(NROW,NCOL)
BEV/IND MTDCl 
REWIND MTDO2 
NCGN=NCGL-NR0.7
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DO 8 IPASS=1,NPASS 
READ (MTDOl) ISER 
JK=(IPAS S-1)*NRŒ7 
JR=NR0’v7
IF(JK-NCON) 2,2,1

1 JR=NCQL-JK
2 DO G IPART=1,NPASS 

IK=(IPART-1)*NROW 
IR=NRG'.7
IF(IK-NCON) 4,4,3

3 IR = N C C L -IK
4 DO 5 1 = 1 , IR
READ(MTDOl) (A(I,J),J=1,NCOL)

5 CONTUSE
EC G 1=1,JR 
JC=I-+JK 
DO 6 J=1,IR 
IC=J+IK
B(I,IC)=A(J,JC)

G CONTINUE 
DC 7 1=1 ,JR
V/RITE(MTD02) (B(I ,J) ,J=1,NC0L)

7 CONTINUE 
REWIND LITDOl

8 CGNTINJE  
E N D FILE  MTDO2 
REWIND MTDO2
Y/RI TE (MTDGl) ISER 
DO 9 1=1,NCOL
RE.\D (MTDO2) (A(l ,J) ,J=1,NC0L)
WRITE(MTDOl) (A(l,J),J=1,NCOL)

9 CONTINUE 
ENDFILE LrrDOl 
REWIND MTDÛ1 
REWIND MTDO 2 
RETURN
END

*FORTRAN LIB
SUBROUTINE CONPRA

C CONTROL ROUTINE FOR T.'/O-ELECTRON INTEGRAL TRYNSFORvLATIGN.
TEXT ruiai
CCrmCN /T O /A U V  N 3 A S IS ,N B ,IS T G P ,IS T ; \R T (2 0 )  ,LI(30) ,LDN01,LJJK02,LDK03, 

1 LDNO 8 , LDNO 9 , LD-Nl 0 , LDNl 1 
CGIÆ10N 3(30,30) , H ( 3 0 , 3 0 ) , C ( 2 0 , 3 0 ) , I D U M ( 4 0 0 0 )  ,DUIvIY(4000)
EQUIVALENCE (IDUM(23),ISER) , (IDUM(24) ,1) , (IDUM(25) , J )  , (IDUIvl(2G) ,IP 

1) , (IDUM(27) ,11), (IDUM(23) ,12)
EQUIVATilNCE (DUMY(3) ,DUI;IM) , (DUMY(4) , 3MAT) , (DUI.IY(5) ,inL\T) , (DmiY(G) , 

lERIMAT)
CALL E N T R (G H C 0 N T R A ,IS T A R T (1 5 ))

C....SKIP TITLE AND SERI.AL NUTvIBER OF TAPE GN UI/IT 03. SKIP UNTRYNS-
C....FORÎ.ÎED 3 Aim K MATRICES.

*R L iD (L D N 0 3 ) IS E R  
R E /m (L D N 0 3 ) EUIvïïvI 
DO 1 1 = 1 ,NBAS15 
READ (LDNO 3 )  S IL\T  
READ (LDNO 3 ) m U T  

1 CONTINUE
C....TAPE ON UNIT 03 CORRECTLY POSITIONED - SERIALIZE TAPE ON UNIT 04.

READ(LDK01,3) ISER
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J FZlLYTdlO)
301) i s  or

301 F C R I.L lT d llU , 37X, 00H5ERI,1L ITUMBER CP TAPE GN U N IT  04 IS  ,1 1 0 / )
RG.7IN0 D jKOO
WRITE(LUNC5) I.0 *-.R,

c . .
REA): \LDNO1,4) (IST.'EIT(I) ,1=3,12)

4 I'GRILYT(EI5)
c . ,____CNwCN : DATA. ISTG?=5G IF ISTART(L)

J=1
1.0 7 1 = 5 ,1 1 ,2
ir=I ;■1
IF(ISTART(I)-ISTUITCIP ) ) 7,7,5

5 WRITE (LDNO2 ,3 ) I,IP
G lzRI.L\T(GII ISTART(,I3,14H) .GT. I3T/ulT(, I3,1H) )
J = 0 

7 CGNTINUE 
IP(J) 0,3,0

r T Tw  i.Ulu ljIj A X  JL

0 J=1
EG 13 1=6,0,2
IP(IST/EIT(I) -NB/iSIS) 10,13,11

10 IoTGP=GO 
G: TO 13

11 WRITE(LDN02,12) I
12 FORIGVrCOK I3TART(,I3,13H) .GT. NBASIS)

J=C
13 CONTINUE 

IF(J) 15,3,15
15 J=1

EO 17 1=10,12,2 
IF(ISTABT(I)-NBASIS) 17,17,16 

1C V.TlTE(IDNu2,12) I 
J=G 

17 CONTINUE
IF(J) 13,3,13 

13 C/iLL TW'OTRY
C CHECK IF RE3T1RT NECESSARY.

11=5
12=7

13 IF(I3T7EIT(I2+1)-NBA3I3) 20,21,21
20 ISTART(I2)=ISTART(I2Kl)fl 

GO TO 27
21 IF (I ST YRT (II-:-l) -NBASIS) 22,23,23
22 IS TEIT ( 11 ) = I START ( 11 +1 ) +1 

ISTANT(I2)=1
GO TO 27

23 IF(Il-O) 24,29,24
24 11=0 

12=11
GO TO 15

27 V,RITE(,LDNO2, 23) (I,ISTulT(I) , 1=5,11,2)
23 FGRMAT(1HÜ,23X,74HA RESTART IS NECESSARY IN THE TWO-ELECTRON INTEG 
liViL TR.ANSFOIÜLATIÜN ROUTINE/IH ,22X,20HRE3TART VALUES .ARE -,4(3H IS 
2TART(,I2,2H)=,I2))
GO TO 33 

23 WRITE(LDN02,3G)
30 FORMAT(IHO,35X,43HTR/iNSFORMATION OF TWO-ELECTRON INTEGRALS COMPLET 
IE/)

C CHECK FOR HALT AT THIS POINT.
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IF(IST0P-5> 34,31,34
31 \miTE(LDN02,32)
32 FOmiATdHO, 21X, 77HU53R REQUEST - PROGRAM TO STOP AT 2ND OF TW0-2LE 
ICTRQN INTEGRAL TILYNSFCRIIATION/)

33 REWIND LDNO3 
REWirTD LDNO 3 
STOP

34 CALL QUIT(GHCONTRA,ISTART(15))
RETURN
END

*FORTRAN LIB
SUBROUTINE DUMPSH(S,H,NBASIS,NO)

C OPTIONAL OUTPUT OF OVERLAP AND ONE-ELECTRON HAMILTONIADT LIATRICES.
CŒÎMON /TGALL/ NBASES, NB, I STOP, I START (20 ) , M ( 30 ) , LDNOl, LDNO 2, LDNO 3, 

1LEN03,LDNO9,LDNIO,LDNll 
DIMEN3ION S(30,30),H(30,30)
IF(NO) 1,4,1

1 V/RITE(LDN02,2)
2 FOPLîAT('l'/^0',53X,'OVERLAP MATRIx')

C/iLL v.RI TIL{ ( S, 30, 30, NBAS IS, NBAS IS, LDNO 2 )
V/RITE(LDN02,3)

3 FORMJVT('o',44X,'CNE-ELECTROI<r HAMILTONIAN LÎATRIX')
CALL V/RITIvLX(H,30,30,NBASIS,NBASIS,LDN02)

4 RETURN 
END

♦FGRTRilN LIB
SUBROUTINE MFILE2

C....TRAimFERS INTEGRALS IN MASTER FILE TO DISC FILE FOR TRAITSFORILITION
CCI,MON / TOAL V  ITBAS13 ; NB, I STOP, I START (20),M(30), LDNO 1, LDNO 2, LDNO 3, 

ILDNOS,LDNO 9,LDNIO,LDNll 
CŒ31CN S ( 30, 30 ) , K ( 30 , 30 ) , ERI ( 900 )
TEXT TITLE(15)
EQUIVALENCE (LDN20,NE:TTBL) , (ERI, TITLE)
CALL ENTR('MFILE2',ISTART(15))
R2AD (LDNO1,1) NEXTBL

1 FCRIvL\T(l5)
C... POSITION MASTER INTEGRAL FILE AT NEXTBL.

MTDRE=LDN10
IvITDV'/R=LDN03
CylLL SEAlCH ( LDNl 0, NEXTBL, 0 )
WRITE (LDNO2,2) NE:{TBL

2 FûRILTr('l V "  ',21X,'integrals FOR THIS RUN ARE IN THE IvLlSTER INTEG 
IRAL FILE STYRTING AT BUDCK',15)
READ (I.ITDRE) ISER 
YAIITE(MTDWR) ISER 
READ (MTDRE) TITLE,IRUN 
Y'.TJ TE (IvlTDVm) TI TLE, I RUN 
DI5PLYY /TITLE 
DC 3 1=1,NBASIS
READ (MTDRE) (S(J,I),J=l,NBASIS) 
vmiTE(MTDWR) (3(J ,I),J =1,NBASIS)
READ (MTDRE) (H(J,I),J=l,NBASIS)
WRITE(MTDWR) (H(J,I),J=1,NBASIS)

3 CONTINUE
BO 4 1=1,NB
READ (MTDRE) (ERI(J),J=1,I)
WRITE(MTDV/R) (ERI (j) , J=1,1 )

4 CONriNUE
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c DETERMINE POSITIONS OP ALL MAGNETIC DEVICES.
'WRITE (LDNO 2,5)

5 FGRMAT('c ',20X,'positions OF MAGNETIC DEVICES'/)
C/iLL I'THTPS 
ENDFILE MTDY/R 
RE7/IND ivrrDvm.
CALL SE.'YRCIi ( LDNl0, NEXTBL, 0 )
CALL QUIT('MFILE2',IGT.'YRT(15))
RETURN
Eim

♦ FORTRAN LIB
SUBROUTINE MFILE3

C ....TRANSFERS TR.\NSFGRLÎED INTEGRALS FRCIÆ DISC (LDNO3) TO MASTER
C....(TRANSFCRIÆED) INTEGRAL FILS (LDNll).

CCÎÆ'IGN /TGiYLV imASIS,im, ISTGP, ISTART(20) ,M(30) ,LDNO 1,LDNO2,LDNO3, 
1 LDNO 3, LDNO 3, LDNl 0, LDNl 1 
CQMGN ERI ( 900 ) , H ( 30, 30 )
TE;rr title(15)
EQUIVy\LENCE (ERI,TITLE)

C....TITLE IS 120 CHARACTERS (15 ATLAS WORDS) USED TO IDENTIFY THE
C....INFORMATION IN EACH MASTER FILS.

READ (LDNO1,1) TITLE
1 FORLuYT(9A3/GA3)

READ(LDNO1,12) LDNl1,NEXTBL
12 FCRI',IAT(2I5)
13 WRITE(LDN02,2) TITLE,NEXTBL
2 FOrj,IAT('0',15A3/' ',21X,'v/ILL BE FOUND IN THE MASTER (TRAimFCPuMED) 
1 INTEGR/vL FILE SMARTING AT BLOCK',15)
CALL SEARCH(LDNll, NEXTBL,0)
I.îTDRE=LDNG3 
MTDV/R=LDN11 
CLE.AR ERI
NSQRD=NBASIS*N3ASIS 
DO 3 I=1,NSQRD
READ (MTDRE) (ERI(J),J=1,NSQRD)
WRITE (MTD'.'/R) (ERI (J) , J =1, NSQRD)

3 CONTINUE
READ (MTDRE) ((H(l,j),1=1,NBASIS),J=l,NBASIS)
WRITE (MTDV/R) ( ( II ( I, J ) , I =1, NBAS 13 ) , J =1, NBAS IS )
ENDFILE MTDWR

C ....DETERMINS POSITIONS OF ALL MAGNETIC DEVICES.
WRITE(LDN02,5)

5 FGRI,IAT('o',BOX,'positions OF MAGNETIC DEVICES')
CALL V/HTPS 
RiTWIND MTDV/R 
RNi’/INB MTDRE 
RETURN 
END

♦FGRTIL’N  LIB
SUBROUTINE MXPR0D(A,B,C,IA,IB)

C ....PRODUCT OF TWO REAL SQUARE MATRICES - C=A*B.
DIMENSION A(IA,IA),B(IA,IA),C(IA,IA)
DO 1 1=1,IB 
DO 1 J=1,IB 
C(I,J)=0.0 
DO 1 K=1,IB
C(I,J)=C(I,J)+A(I,K)*B(K,J)

1 CONTINUE
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R.JINRN

.... - 1 - T T T ■•'**•' r . -»*V 1 Ui IjX.J
SUBRCUTIN ] M XTIUÙ'T(A,B,IA, IE )

C TAWmP.-SJ OF REAL SQU/E;iS LLITRIX A STORED IN B.
DIM N E IO rl A ( I . ; , I A )  , B ( I A , I A )
DC 1 1 = 1 , IE  
r -  1 J = 1 , IE  
E ( J , I ) = A ( I , J )

1 c c i :n i:u E  
RITURN

^FORTRAN LIE
EUERCUTINE CRTIICIx

C.... C:RrZENDRIL'iLI3ATIÜN OF BASIS ORBITALS.
CDMION /TOALV H, N3,1 STOP, I START ( 20) ,M ( 30 ) , LDNOl, LDNO 2, LDNO 3, 
1LBN03,LDN0C,LBN10,LDNll 
C:LLEN 0(30,30),H(30,30),3(30,30)
DILENSIGN ;C(3ü,3ü),QS(3G,30),QU(3G,3û),QV(30,30),QW(30,30),qX(3G) 
CB-RT(-)=S:RT(Q)
CALL ENTR ( GIIGRTHBN, I START (15))

C....SET UP WERKSPACE.
DO :: 1=1, N 
rc 1 J=1,H
CLA'Ai DC (I ,J) ,QU(I,J) ,QV(I ,J) ,QW(I,J)
QO(I,J)=S(I,J)

1 CONTINUE
2 CENTIiRJE

C....CII3LE3KY DECCLiPCSITIGN OF QS .
DO 11 1=1,N 
QA=:;S(-,I)
INI=1-1 
IF (nil) 5,5,3

3 DO <1 J=1,II.U 
DA=QA-QV(I,J)*Q7(I,J)

4 CONTINUE
5 QV(I,I)=PSQRT(QA)
EU(I,I)=1V(I,I)
IF(N-I) 11,11,G

6 IPl=I-rl
DO 10 J=IP1,N 
QV(J,I)=jS(J,I)
IF(II,EL) 9,3,7

7 Du 3 K=l,nH 
PV(J,I)=qV(J,I)-QV(J,K)*QV(I,K)

3 CONTINUE
3 qV(J,I)=QV(J,l)/QV(I,I)
QU(I,J)=QV(J,I)

10 CONTINUE
11 CONTINUE

C QC = INVERSE GF QU.
LG 12 Iia=2,N
L=N-II,U-r2
qX(L)=1.0/QU(L,L)
QC(L,L)=QX(L)
n.H=L-l
DO 12 LL=l,UvIl 
I=LM1-LL:-1
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I P 1 = I 11
CLEAR QA
::o 111 J = iP i , E
C A = Q A -^ U ( I ,J ) * . jX ( J )

111 c : n e i i :ue

. X ( I ) = E 1 / 5 U ( I , I )
: C ( I , L ) =  : X ( I )

IE  DONT I  N il I
: c ( i , i ) = i . : / Q u ( i , i )

C  COI.IPUVJ TRGISFCIBLED OVERLliP LIATRIX.
CALL I : :T R /J \( : 'jC / jy ,3 0 ,N >
G IL L  MXPRuD(QV, Q 5, ryw, 30 , N)
CATJj lACPROL ( QW, QC /  jS , 3 0 , K )
W R IT .:(L ':N 0 2 ,2 0 )
C.1LL ia iT i.L C ( .3 ,3 0 ,  3 0 ,K ,N ,LD N 02)

14  1 = 1 ,N 
IA  14  J=1,1T 
C ( I , J ) = Q C ( I , J )

■ 14 CONTINUE 
20 I 'C lC l lT d l lO , 55:':, 10I-ICT*S*C = I / I H  )

C.ILL LUIT<GI-rC’RTKGI-:, 13TAR T(15) )
RETURN
END

♦ FORTILIN L ID
SUBROUTINE RES3ET

C  RESTART AT BEGINNING OF TÏLYNSFORMATIÜN SECTION.
CCIEXN /T O i lL V  N 3 .1 3 I3 ,N S ,I3 T G ? ,I3 T A R T (2 0 ) , LI( 3 0 ) , LDNOl,LDNO2 , LDNO3 , 

1 IDNu 3 , LDNO 9 , LDNl 0 ,  LDNl 1 
TEAT T IT L E (1 G)
CALL ENTR<3HRES3ET,ISTART(15)>
READ (LD N O l,1 )  JSER ,ISTO P 
READ(LDNO3) ISER

1 F C R I,IA T (I1 0 ,I5 )
IF (J S E R -IS E R ) 2 , 3 , 2

2 CALL IV RG NTP(J3ER ,I3ER ,3)
3 REIiD (LDNO 3) T IT L E , I  RUN 

W R IT E (U 'N 0 E ,4 ) T IT L E
4 F 'P R IH T ( IN l/ lH O , 33X , 42NDIATO.IIC CONFIGURATION INTERACTION PROGRAM/ 

llN C ,44A ,31IG ia .IO N U C L3AR  VERSION 1 .  1 /G 9 /G 9  , / lN O  ,5 G N ,S H A .D .T A IT /1 H 0 , 
244A , 32HQUAITTUI.I MOLECULAR PHYSICS GRGU?,/1H0,43X,22IIDEPARTIIENT OF P 
3 IIY E IC 3 ,/invJ ,4 3A ,2 4H U N IV E R S IT Y  GF LE IC E3TER ,/1K0,4G X,2SH LEIC ESTER , 
4ENGLYND. L E I 7 R H ,/ /1 H G ,1 5 A 3 /)

C ......... RE/E:. .YND CHECK DATA.
RCAT (LDNOl ,5 )  (1.1(1) , 1 = 1 ,NBASIS)

5 PLRIvLVr(3CI2)
C ......... CHECK M-VALUES .

V/RI TE ( IZ N 0 2 ,3 )  (  I , M ( I  ) , I  = 1 , NBAS IS )
G FORMAT( ' ü ' , 4 3 X , ' m a g n e t ic  QU.YNTUM NUMBERS' / / ( ^ ' , 5 6 X , 'm ( ' , 1 2 , ' ) = ' ,  

1 1 2 ) )
CLEAR J
DO 0 1 = 1 ,NBASIS 
I F ( I A B S ( M ( I ) ) - 3 )  2 , 3 , 7

7 LT IITE (LD K 02,.3 ) I
3 F O R IIY K ' ',4 5 X , 'u -V A L U E  TOO BIG IN  ORBITAL ' , 1 2 )

J=1  
9 CONTINUE

I F ( J )  1 0 ,1 1 ,1 0
10 C.'ILL F.EKIT
11 CALL Q U IT ( 'R E S S E T ',IS T A R T (1 5 ))
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R3TURNEND

♦FORTRAN LIB
SUBROUTINE SETERI

C .... SETS UP COMPLETE MATRIX OF DISTINCT Tm-ELECTRCN INTEGRALS FROI,I
C .... LCT.'/ER TRIANGLE. VERSION 3. 06/09/71.

COimON /TOALL/ N3A5IS,NB,ISTOP,ISTART(20) ,M(30) ,LDN01 ,LDN02,LDN03, 
1LDN08,LDNO 9,LDNIO,LDNll 
CGIvMON A< 5000 ), B ( 5000 )
DIMENS I ON C (66,66) , ERI ( 300 ) , H ( 30,30 ) , S (30,30 )
EQUIVALENCE (A,ERI), (A(901) ,H) , (A(lSOl) , S) , (B,C)
ON ERROR KB,xT,7,NB,I,J
C.ALL ENTR ( " SETERI ", I START (15))

C .... SKIP OVER SERIiLL NUI,BEE, TITLE, AND GNE-ELECTRCN IlfTEGRALS.
LONGS 

READ(LDNO3) I 
R1î:AD(LDN03) I 

X CxVLL TPPOSN(LDN03,KB,IG7)
X DI3PL\Y(LP,5) /IU3,IC7

DO 1 1=1, NBAS IS 
READ(LDNO3) J 
READ(LDNO3) J

1 CGNTIIRJE
CALL TPPOSN(LDNO3,KB,K.7)
IF(NBASIS-ll) 2,2,5

2 DO 3 1=1,NB
X CALL TPPOSN (LDNO 3, Iffi, K.7)
X DI SPLAY (LP, 5) / 1,103, K.7

READ(LDNO3) (C(I,J),J=1,I)
DO 3 J=1,I 
C(J,I)=C(I,J)

3 COITTINUE
CAJjL SEARCH(LDNO3,KB,K.7)
DO 4 1=1,NB
V/RITE(LDN03) (c (i , j ) ,J=1 ,n b )

4 CONTINUE 
GO TO 12

5 DO 6 1=1,NB 
CLEAR ERI(I)

6 CONTII'lUE
DC 7 1=1, NB
READ (TuDNOS) (SRI (J) , J=1,1 )
V.RITS(LDN09) (SRI (j) ,J=1 ,NB)

7 CONTINUE 
REUIND LDNO9 
KRG7/=5000/N3 
NPA3S=1
IF (MOD ( NB, NRŒ7) ) 9,3,9

8 CLEAR NPASS
9 NPASS=KPASS :-NB/NR0;7

C/U.L 31GTRA( A, 3, LDNO 9, LDNO3, NB, NRCT.7, NPASS )
CALL SEARCH(LDNO3,KB,K/)
LQ 10 I=1,ND
PuE/lD (LDNO9) (ERI(J) ,J=1,NB)
READ (LDNO3) (ERI(J),J=1,I)
V/RITS(LDN03) (ERI (J) ,J=1,IU3)

10 CCNTINUE
CALL SEARCH ( LDNO 3, ICB, K7)
REVrTND LDKÙ3
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DO 11 1=1,NB
READ (LDNOG) (3RI(J),J=1,NB)
V/RITE(IDN03) (ERI (J) ,J=1,NB)

11 CONTINUE
12 REWIND LDNO3 

RE\7IND LDN08 
REV/IITD LDNO 9

C  REjlD OVERLAP AND ONE-HAMILTCNIAN FiATRICES,
READ(LDNO3) I
READ(LDNO3) I
DO 13 I=l,ZmA5IS
RE/ID (LDNO 3) (S(J,l),J=l,NBASIS)
REA?:'(LDNO3) (II(J, I ) , J=1,NBASI3)

13 CCNTINUE
CAIL 3EAlien(LDNO3,KB,IC>7)

C .... PRINT S AND II IF REQUIRED.
C/kLL DUI7iPSH(3, H , NBASI 3,1 START (15) )
CALL QUIT ('SETERI",ISTART(15))
RETURN
END

♦FORTRAN LIB
SUBROUTINE TRANSH 

C .... VERS ION 5.26/03/71.
C .... TRANSFORIüS ONE-ELECTRON INTEGRALS OVER ATOMIC ORBITxlLS INTO
C.... INTEGRALS CT/ER A SET OF GRTIIONGRIvIAL ATŒ.IIÇ OR MOLECULAR ORBITALS
C .... AS REQUIRED. CONTROL 13 IN ISTART(19). TRANSFORI/iATICN MATRIX C IS
C .... OBTAINED BY TKE DIAGONALIZATICN OF THE OVERLAP MATRIX 3.

CaOION /TCxUYL/ NBAS13,NB,ISTOP,ISTART(20),M (30),LENOl,LDNO2,LDNO3, 
1 LDNO 3, LDNO 9, LDNl 0, LDNl 1 
CCXDION C(30, 30) ,I-I(30, 3Q) , S(30, 30) , IRI (30) , 173PI(30,30),V/3P2(30,30), 

1173P3(30,30)
CALL ENTR ( " TRANSH ", IST/IRT (15))
V.RITE(LDN02,1)

1 FORMAT(IHl/lHO, 40X,40HTRANSFOmiATION OF ONE-ELECTRON INrEGILlLS/)
C.... TIPE ON UNIT 03 IS POSITIONED AT END OF DISTINCT ERI RIATRIX.
C .... READ NON-ZERO ELÆIENTS OF SYÎ-ÏÏ.IETRY TlU\NSFOR!vIATIQN MATRIX. NONO =
C.... NTJI.IBER OF NON-ZERO ELEMENTS .

2 CLEÆ 17SP2
READ (LDNOl, 30 ) NONO

30 F0miAT(16I5)
DO 32 K=1,NONO
RE/iD(LDNO 1,31) I, J ,17SP2(l ,J)

31 FQRIvLAT(2I3,F4.1)
32 CONTINUE 

WRITE(LDNO2,40)
40 FGRIvLlT('0^,45X, "“SYIvMETRY TRWSFORI.IATION MATRIXV)

CALL Vmi TIAX (V/3P2, 30, 30, NBAS 18, NBAS IS, LDNO 2 )
C .... TRAITSFORM GVERÎ 'iP M/iTRIX,

33 CALL MXTR'\N(W3P2,17SP1, 30,NBA3IS)
CALL MIPROD (17SP1, S, C, 30, NBAS IS)
CALL MCPRGD ( C, ,73 P2, 3, 30, NBAS IS )

X V/RITE(LDN02,4G)
X aiLL I m  TWC (8,30,30, NBAS IS, I>IBA313, LDNO 2 )

43 FeRI,!AT(̂  ',1P5E24.10)
CALL ORTHÜN 

X V7RITE(LDN02,43)
X CALL V7RI TI'.K ( C, 30, 30, NBAS IS, NBAS IS, LDNO 2 )
X 46 FORMAT(  ̂0 %  40 X ,'OVERLAP ILITRIX FOR NGN-ORTHCGONAL M.O.s")
X 43 FGRî,îAT(^0',43X, "m a t r i x WHICH CRTHCGONiYLIZES M.C.s")
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49 FORI^Î/vT("0",40X, "t RAI'ISFCRIvIED ONE-ELECTRON INTEGRAL M/iTRIX")
READ (LDNOl, 30) NIR
READ ( LDNOl ,30) ( IRI ( I ) , I =1, NBAS IS )
WRITE(LDNO2,50) NIR,(I,IRI(I),1=1,NBASIS)

50 FGRIvIAT("0",24X, "TRANSFGRQLD ORBITALS BELONG T0",I3," DIFFERENT IRR 
lEDUCIBLE REFRESEITTATIGNS"/^ ",43X, " (SUBSPECIES CDIDITED A3 DIFFERER 
2T)"/" ",3SX,"t RAITSFGRI,IED OEBI'LILS ARE ASSIGNED AS FCLLGWS"/(" ", 
34GX,"ORBITAL",13," BELONGS TO IR",I3))

8 CALL MXPROB(WSP2,C,WSP1,30,NBA3IS)
DO 9 1=1,NBASIS
DO S J=l,NBASIS 
C(I,J)=V/S?1(I,J)

9 CCOTINUE
C .... OUTPUT TP>AN3FCRMATIDN MATRIX,

1VRTTE(LDN02,90)
90 füril\t ("o ",50x ,"transformatici  ̂m a t r i x "/)

CALL V/RI TT;K ( C, 30,30, NBAS IS, NBAS IS, LDNO 2 )
C .... 17RITE TRANSFORMATION MATRIX ONTO UNIT 03.

10 WRITE(LDNO3) ((C(I,J),I=1,NBASIS),J=1,NBASIS)
C .... TR\NSFCRM H-MATRIX.

CALL ICTRAN ( C, W8 PI,30, NBAS 18 )
CALL MXPRGD(V73P1,11, S, 30, NBAS IS)
CALL r,KPRQD( S,C,H, 30 ,N3ASIS)

C .... IF ORBITAL I AND ORBITAL J BELONG TO DIFFERENT IRREDUCIBLE
C .... REPRESENTATIONS THEN H(l ,J)=H(J, l)=0. IN GENEPJiL N(I,J) =II(J, I) .

NGN0=NBASIS-1 
DO 15 1=1,NONO 
K=I-rl
DO 14 J=K,NBASIS 
IF(IRI(I)-IRI(J)) 11,12,11

11 CLE/vR H(I,J),H(J,I) ,
GO TO 14

12 IF(1.0E-09-ABS(H(I,J)-H(J,l))) 13,14,14
13 17RITE(LDN02,1S) I,J,J,I
14 CONTINUE
15 C0Î7TINTJE
1G F vO RI.LAT ( " ", 5 0 X, " K ( ", 12, " , ", 12, " ) . IDE. H ( ", 12, ", ", 12, " ) " )

V7RITE(LEN02,49)
C/iLL 17RITI.LE(H,30, 30,NBASIS,IUA3IS,LDN02)
WRITE (LDNO 3) ( (11(1 ,J) , 1=1 ,N3ASIS) ,J=1 ,NBASIS)

C  TAPE ON UNIT 03 CONTAINS - UNTR/Ù'ÎSFGRI.ED 3 AND H MATRICES WRITTEN
C ....ALTERNATELY BY COLUIRfS, COMPLETE I.LITRIX OF DISTINCT ERI,
C ....TRAISFORLLVriCN AIU TRAN3F0RJ,ED E MATRICES BY CCLuIEU.

RE17IND. LDNO 3
C.ALL QUIT ( "TRANSH", I START (15) )
RETURI'T
END

♦FCRTUIN LIB
SUBROUTINE TYOTILi 

C ....TRA2T3FGRI,1S TWG-ELECTRON INTEGRALS (ERI),
C ....TAPE GN UNIT C3 PGSITIOIUD AT BEGINNING GF COMPLETE MATRIX
C ....DISTINCT ERI, UNLESS THIS IS A RSSTIRT ,H-i,ATRIX IS GVER,‘EUTTEN IN
C ....THIS SUBPRGGLAM.

TEXT ICD
CaaiGN /TG.ALV NBASIS,NB,ISTCP,IST(4),ISTAR5,ISTARG,ISTAR7,ISTARE, 

113TAR9,1STARO, 13 AiRl, I STARE ,15(5), IJUI.IP, IIS, 120 , M ( 35 ) , L  TIÜ1, LDNO 2, 
2LDNO3,LDNO3,LDNO 9,LDNIO,LDNll 
C'NE,M:N C(30,30) ,DUI.IA(50Ü0) ,::UI,D3(S0C0)
DIMENSION V/3P1(SOO) ,WSP2(9SG),H(30,3S),A(E4,G4)
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EQUIVALENCE (DUMA,A,WSP1) , <DUMB,WSP2) , <C,H)
X 103 FGRMAT<4H !C0=,I2,4H NU=,I2,6H NG0T=,I4,7H NWANT=»,I4)
X 104 FORMAT(‘'0INTSGRAL<",4I3/) IS CCMPOSED OF
X 105 FORMAT^' C(',2I3/)*INTEGRAL(‘',4I3/). INTEGRAL INDEX IS ',14)
X 106 FORMAT('OPARTIALLY TRANSFORMED INTEGRALS'/(' ',4(3X,'ERI(',I4,')=' 
X 1,1PE17.10)>)
X 107 FORMAT('0**** TRANSFORIÆED INTEGRALS ****'/(' ',4(3X,'ERI(',I4,')=' 
X 1,1PE17.10))>

ON ERRDIVNSQRD,IJUMP,ISTAGE,NGOT,iaANT,/MU,NU,MAX,MIN,NMOVE,/KIC,LL 
CALL ENTR(6HTWOTRA,I5(3)>
CALL ITHTPS 
NSQRD=NBASIS*NBASIS 

C,,,,.TEST FOR RESTART AT THE END OF THIS STAGE,
IP(IJUMP) 29,1,29

1 ISTAGE=1 
CLEAR NGOT

C ....COMMENCE TRANSFORMATION OF CHARGE DISTRIBUTION 2.
DO 22 MU=ISTAR5,ISTAR6 
DO 21 NU=ISTART,ISTARS

C ....PICK UP REQUIRED BLOCK OF DISTINCT ERI,
MAX=MAXO(MU,NU)
NWANT= (MAX* (MAX-1 ) )/2+MIN0 (MU, NU)

X ^miTE(LDN02,103> MU,NU,NGOT,NWANT
NM0VE=N17ANT-NG0T 
IF(NMOVE) 2,2,4

2 NM0VE=1-NMOVE 
DO 3 1=1,NMOVE 
BACKSPACE LDNO3

3 CONTINUE
READ(LDNO3) (WSP2(J),J=1,NB)
GO TO 6

4 DO 5 1=1,NMOVE 
READ(LDN03> (WSP2(J),J=1,NB>

5 CONTINUE
6 NGOT=NWANT 

IM=M(NU)-M(MU>
CLEAR WSPl
DO 13 LAMBDA=1, NBASI S 
K1=NBASIS* (LAMBDA-1)
DO 12 U^1,NBASIS

C  CHECK PHI INTEGRATION GIVES NON-2ŒRO RESULT, THIS IS CHECK 1,
IF(IM-M(LAMBDA)+M(LL>) 12,9,12 

9 K2=K1+LL 
X miTE(LDN02,104) MU,NU,LAMBDA,LL

DO 11 I3=X,NBASIS
C ....CHECK TRANSFORMATION COEFFICIENT IS NON-ZERO, THIS IS CHECK 2.

IF(C(IS,LL)) 10,11,10
10 MAX=MAXO (IS, LAMBDA)

J= (MAX* (Mi\X-l ) )/2+MINO (IS, LAMBDA)
X WRITS(LDN02,105) IS,LL,MU,NU,LAMBDA,IS,J

WSPl(K2)=WSP1(K2)+C(IS,LL)*WSP2(J)
11 CQNTIIRJE
12 CONTI lUE
13 CGNTIIRJE

C ....TRANSFORMATION OF 4TH. ORBITAL COMPLETE FOR THIS MU AND NU,
CLEAR WSP2
DO 19 KK=1,NBASIS
KL=NBASIS*(ICK-1)
DO 18 LL=1,NBASIS 

C ....CHECK 1.
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IF(IM-M(KK)+M(LL» 18,15,18

15 K2=K1+LL
X MfRITE(IDN02,104) MU,NU,KK,LL

DO 17 LAMBDA=1,NBASIS
C.... CHECK 2.

IF(C(LAMBDA,KK>) 16,17,16
16 J=NBASIS*(LAMBDA-1)+LL

X vmiTE(LDN02,105) LAMBDA,KK,MU,NU,LAMBDA,LL,J
WSP2(K2)=WSP2(K2)+C(LAMBDA,KK)*WSP1(J)

17 CONTINUE
18 CONTIIHJE
19 CONTINUE

C ....TRANSFORMATION OF 3RD. ORBITAL COMPLETE FOR THIS MU AND NU.
V/RITE (LDNO 9) (WSP2 (K), K=1, NSQRD)

X 1YRITE(LDN02,106) (K,WSP2(K),K=1,NSQRD)
21 CONTINUE
22 CONTINUE 

ENDFILE IDN09
C ....THIS STAGE IS COMPLETE IF ISTAR6=ISTAR8=NBASIS.

IF(ISTAR6+ISTAR8-NBASIS-NBASIS) 23,25,23
23 ICD=4H2ND.

V/RITE(LDN02,24) I CD
24 FORMAT(1HO,31X,18HTRANSFORMATION OF ,A4,35HCHARGE DISTRIBUTION IS 

INOT COMPLETE/)
REIVIND LDNO 3 
REWIND LDNO9 
GO TO 27

25 miTE(lZ>N02,2G)
26 FORMAT(IHO,34X,51HTRANSF0RMATI0N GF 2ND, CHARGE DISTRIBUTION CCMPL 

lETlV)
C ....CHECK FOR HALT AT THIS, POINT.

IF(ISTOP-50) 28,27,28
27 RETURN
28 REn/IND LDNO 9

C ....POSITION UNIT 03 AT END OF TRANSFORMED H-MATRIX, IF THIS IS NOT A
C... . .RESTART AT THIS POINT, C AND H MATRICES MUST BE SKIPPED, OTHERWISE 
C.....TAPE IS AT END OF PREVIOUSLY TRANSFORMED ERI. SKIP SERIAL NUMBER
C....ON UNIT 04.

READ (LDNO 3) CMAT 
READ (LDNO 3) HMAT

29 ISTAGS=2
C ....TRANSPOSE PARTI ALL TRANSFORMED TWO-ELECTRON INTEGRALS ON DEVICE
C ....LDNO9, DEVICE LDN08 IS USED AS TEMPORARY WORK SPACE.

IF(NBA3IS-8) 300,300,290
290 NROTiVsSOOO/NSQRD 

NPASS=1
IF(MOD(NSQRD,NRŒY)) 292,291,292

291 CLEAR NPASS
292 NPASS=NPASS +NSQRD/NROW

X WRITE(LDN02,293) NSQRD,NSQRD,LDNO9,LDN08,NRO\/,NPASS,LDNO9
X 293 FORMAT(' ',15X,14,'*',14,'-MATRIX ON DEVICE',13.' TO BE TRANSPOSED 
X 1, d e v i c e',13,' IS USED AS TEMPORARY STORAGE'/' ,23X,I5,' RECORDS
X 2RE READ EACH TIME AND',15,' PASSES ARE MADE OVER DEVI CE',15/)
X CALL CNTR(INSTR)

CALL BI GTRA (DUMA , DUMB, LDNO 9, LDNO 8 , NSQRD, m Œ  , NPAS S )
X CALL CNTR(JNSTR)
X SEC=(JNSTR-INSTR)/160.0
X m i  TE (LDNO 2,294) SEC
X 294 FORMAT(' ',43Ii,'TRANSPOSE TIME =',F10.2,' SECONDS'/)

GO TO 303
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ÜJÜ 11.::AD(TDKÜ3) IGEIl 
ro 3Jl I=1,NSQUD 
RXVDCTJDNCD) (A(I,J) ,J=1 ,NSQRD)

3Ü1 CONTINU3
REWIND LDNO9
miT3(LDN3D) ISNR /
1:0 303 1=1 ,N3QRD
WRITE(LDNO 0) (A(J,I) , J = 1 ,NSQRD)

3U2 CONTINUE
RSWIim LDNO9 

303 RFA) (LDNO9) ISER
C  COLn.IENCE TR^INGFGRILITION OF 1ST.CHARGE DISTRIBUTION,

DO 44 KK=IS1W\R9,ISTARO 
K1=NBAGIG*(KK-1)
CO 43 IJj=IGT/\Rl,I8TAR2 
NCOT^Kl i-LL 
IM=M(LL) -M(KK)
RFw\D ( LONG 9) (  V/SPl (NROW) , NRŒ7=1, NSQRD)
CL^AR V/SP2
DO 35 MU=1,NBASIS
K1=NBA8IG*(MU-1)
DO 34 J=1,NBAGIS

C....CHECK 1.
IF(IM-H(MU)+M(J)) 34,31,34 

31 K2=ia-hJ 
X V/RITE(I1)N02,104) MU,J,KK,LL 

DO 33 NU=1,NBA3IS
C ....CRj']CK 2.

IF(C(NU,J)) 32,33,32 
32 I=ia+NU 

A WRITE(LDN02,105) NU, J ,MU,ÎRJ,1CK,LL, I
V/SP2 (K2) =WSP2 (K2) +C(NU, J ) *W3P1 (I )

33 CCNTIÎRJE
34 CONTIinjE
35 CONTINUE

C .... TRANGF0RI4ATICN OF 2ND. ORBITAL COMPLETE FOR THIS MU AND NU.
CLEAR V/GPl
DG 41 I=1,NBASIS
K1=NBAGIS*(I-1)
DO 40 J=1,NBASIG

C .... CHECK 1.
IF(IM-M(I)+M(J)) 40,37,40

37 K2=Kl hJ
X Y/RITE(LDN02,104) I,J,KK,LL

ro 39 MU=1,NBASIS
C.... CHECK 2.

IF(C(MU,D) 33,39,33
38 II=NBASIS*(MU-1)+J

X miTE(JJDN02,105) MU,I,MU,J,KK,LL,II
W8P1 (K2)=WSP1 (K2) +C(MU, I )*WSP2(II)

39 COITTINUE
40 COInTTINUE
41 CONTINUE

C.... TiLlNSFORLlATION OF 1ST. ORBITAL COMPLETE FOR THIS KK AND LL,
V/RITE ( LDNO 3) (V/SPl (K), K=1, NSQRD)

X V/RITE (LDNG2,107) (K,V/SP1 (K) ,K=1, NSQRD)
43 COITTINUE
44 CONTINUE 

ENDFILE LDNO3
C.... T.\PE ON UNIT 03 CONTAINS UNTRANFORMED S AND H MATRICES, LOWER
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c ...........TU/Jî:3i-’Orj.IED II IvIi\TRICES AND A IJ . OR PART OF THE TRANSFORMED E R I,
C ...........T III5  STAGE 13 Crî.Il’ LETE IF  ISTAR0=ISTAR2=NBASIS,

I I ' ’ (ISTAiU ) rI3T A R 2-N B A S IS -N B A S IS ) 4 5 ,4 5 1 ,4 5
45 ICL = "1 3 t /

V/RITE ( LUM02,2 4 )  ICD 
REWIND LDNO3 
REWIND LDNO9 
GG TQ 4(3

C .......... rVER V/RITE INT/:GRALS GN DEVICE LDNO3 WITH TRANSFORMED ERI AND
C .......... TilANSFORMED H -IL IT R IX ,

451 REWIND LDNO3 
R L/IN D  LDNO 9 
READ(LDNO3 ) ISER 
READ(LDNO3) ICD 
DC 453 1 = 1 ,NBAS13 
READ(LDN*03) SI’,LIT 
RE/tD(LDM03) I3.L1T 

453 CONTIrlUE
]VO 453 1= 1 , NB 
RE.\D(LDN03) ERII.LAT

453  CONTINUE
READ(LTN03) ( ( C ( I , J ) ,1 = 1 ,N B A S IS ), J= 1 ,N B A S IS )
CL'EIR H
READ(LLNÛ3) ( ( H ( I , J ) ,1 = 1 ,N BA SIS ) ,J = 1 ,N B A S IS )
CLEAR NRCT./
MTDRE=LDN03
MTDV.R=LDN09

454  I/O 455 1=1 , NSQRD
READ (LTI^RE) (WSPl ( J  )  , J  = 1 , NSQRD)
VTRI TE (MTDV.H) (WSPl (  J  )  , J = 1 , NSQRD)

455 CGNTINUj3
IF(NRO,V) 4 5 7 ,4 5 6 ,4 5 7

456 NRCr./=l 
NPA33=r,ITDRE 
I.ÎTDRE=MT))VrR 
KTDV/R=NPAS3 
REWIND MTDRE 
REWIND I.ITDV/R 
GO TQ 454

457 WRITE (lûTD'nTv) ( (H (  I , J )  , 1 = 1 , NBASI S) ,J= 1 ,N B A S IS )
ENDFILE MTDWR
REWIND MTDV/R 
I F ( I 5 ( 3 ) )  4 5 0 ,4 5 3 5 ,4 5 8  

453 CALL CUTBRK(LDN02)
V/RITE (LDNO 2 ,4 5 3 6 )
DO 4501 1 = 1 ,NSQRD
V/RITE (LDNO 2 ,4 5 3 2 )  I
REAIV (MTDV/R) (V/3P1 ( J )  , J = 1 , NSQRD)
V/RITJJ(LDN02,4 5 3 3 ) (V /S P l(J ),J= 1 ,N S Q R D )

4531 CCNTIZIUE
4532 FQRRLAT("o",4 9X , ' c o n t e n t s  GF RECORD' , 1 4 / )
4503 FORMAT( ( '  ' , 1P 5E 24 .1 0 ) )

REAP(I.ÎTDWTI) ( ( H ( I  , J )  , 1=1 ,N BA SIS ) ,J= 1  ,N BASIS )
W R ITE (LC H 02,4 5 3 4 )

4534 F O R I.IA T ( 'o ',3 3 X ,'TRANSFORMED ONE-ELECTRON HAMILTONIAN M A T R Ix '/ )  
CALL V/RITtlX (  H, 3 0 ,3 0 ,  NBASIS  , NBASI S , LDNO2 )

4535 CALï^ V/HTPS 
REWIND MTDV/R

4586 F O R I , I A T ( ' l ' / '0 ' , 4 3 X , ' tr a n s fo r m e d  TWO-ELECTRON IN T E G R A LS '/)
46 CvlLT^ Q U IT ( 't W C T R A ',I5 (3 ))
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RETURN
END

♦FORTRAN LIB
SUBROUTINE WRONTP(IWANT,IGOT,IUNIT)

C  CALLED WHEN TEST OF MAGNETIC TAPE SERIAL NUMBER INDICATES THAT THE
C,.,,.WRONG TAPE HAS BEEN MOUNTED,

DATA LDNO2/0/
V/RITE(LDN02,1) XUNIT,IWANT,IGOT 

1 FORMAT(40H0THE Y/ROIfG TAPE HAS BEEN MOUNTED ON UNIT ,12/
12SH THE TAPE REQUIRED IS NUMBER, 110/28H THE TAPE MOUNTED IS NUIÆB3 
2R,I10/29H CONTINUATION IS NOT POSSIBLE/////)
CALL EEXIT
RETURN
END
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APPENDIX VII 

SEGSjZfL. A PROGRAM FOR THE CONSTRUCTION AND 

SOLUTION OF THE SECULAR EQUATION IN THE 

METHOD OF CONFIGURATION INTERACTION

This program computes the matrix elements of the secular equation 

using the methods described in chapters 7 and 8. The secular equation is 

solved using the QR-Algorithm and facilities are provided for computing 

cuid diagonalizing the first order density matrix if this is required. The 

program occupies about 1700 F)^RTRAN V source cards and its storage 

requirements are approximately 115 blocks of compilation store and 115 

blocks of execution store. In addition to the subprogreuns listed here 

SECS^L requires the routines ENTR, ERI^R, IPAR, QUIT, and WRITMX from 

Appendix III.

SECS^L uses two magnetic tapes and thz^ee disc areas which are 

assigned as follows:

VARIABLE
NAME

VALUE = 
DEVICE No.

MTD01

MTD02

MTD

IDISC

Defined in Private disc area of > 1 5 0  blocks.

data Contains results of current run. 

Defined in Master results tape.

data

3 Private disc area of 30 blocks. Contains 

specification of detors and projection matrix

-Scr
Private disc area of 3 blocks. Contains 

contents tables of MTD01, MTD02.
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INTRA Defined in Master transformed integral tape-produced

data by the program INTRA.

MTD 7 Common disc area of 100 blocks

The line printer is device 0.

The data provided by the user is divided into six sections. Once 

the detors have been specified this information is written onto MTD (=* 3) 

followed by the projection matrix, this data may be used in a later run 

but only the last specifications read are available.

Data specification for SECSgfL

Section 1 : Read data required to compute matrix elements between detors.

Card 1 IWHERE,

F)2feMAT (215)

IWHERE = 1

a 0 to suppress timing information

a 1 to obtain timing information

Card 2, 3 TITLE

F)2feMAT (9A8/6A8)

TITLE is an array of 15 elements (120 chciracters)

used to identify the run.

Card 4 MTD01, MTD02, NBASIS, NDET, NELEC, NFULL

F̂ZfRMAT (615)
MTD01 a Device number of private disc area

MTD02 = Device number of master results tape

NBASIS = Number of basis orbitals

NDET = Number of detors

NELEC a Number of electrons

NFULL a Number of spin-orbitals frozen.
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Card 5

Card 6 

(omitted if 

N)2lN0 = 1)

Card 7(l) 

(Omitted if 

NjZfNO = l)

Section 2

NjZfNO

FORMAT (15) 

I^NO

0 If the detors have to be specified

1 If the detors were specified in the 

previous run

(9A8)

F is an array which defines the lineprinter

format for the printing of the detor 

specifications. It has the form:

(('b«, 18, mX, nI3)) 

or ((iHb, 18, mX, nI3)), 

where b is a blank, n = numerical value 

of NBASIS, and m = J (l12 - 3 n) 

Variations are possible 

(IDET(I, J,), J = 1, NELEC)

FORMAT (IX, 3212)

IDET(I, j) specifies the Jth spin-orbital of the Ith 

detor. These cards, of which there are NDET, 

will normally be these output by the progrcim 

GENDET.

(1 S I 3! NDET).

Computation of G(k) = <D^|

k = (p(^ - l))/2 + V and ^ v

, where 

• The

transformed integrals must be on MTD01 at word 0, block 1
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Card 1

Section 3 

Can'd 1

Card 2

Card 3

Card 4(k ) 

(Omitted if 

IFILE = 1 )

IWHERE, 

FjAMAT (215) 

IWHERE

see section 1 card 1

Compute H and solve (H-EX) 2 = 0  

IWHERE, NjZf

F/rMAT (215)

IWHERE

-

NCjZW, NjẐ NO 

FORMAT (215) 

NCJZfNF 

Nj N̂O

IFILE

F j A # T  (15) 

IFILE

= 3

see section 1 card 1

number of codetors

number of non-zero elements in the

projection matrix Xscr

0 If the projection matrix has to be defined

1 If the projection matrix was defined in .the 

previous run

I, J, T(I, J) 

F)îfeMAT (215, F10.2)

T(I, j) is the I, J-th element of the projection 
matrix Tgj- . It should be non-zero and 

written as an integer in real form, e.g. 

1.00( - ,. The program normalizes the columns

(i $  r < lÿfNO)
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Card 5

Card 6(l) 

(Omitted if 

NCEN = 1 )

Section 4 
Card 1

Card 2

Card 3

Card 4

NCEN

F/R}IAT (15)
NCEN = number of nuclei
CH(I), X(I), Y(I), Z(I)

(1P4E 20.10)

CH(I)

X(I)
Y(I)
2(1)

Charge on nucleus I (a.u.)

The cartesian co-ordinates (x,y,z) of the 
I-th nucleus.

(2 < I 3 NCEN)

Natural spin orbital analysis of a specified energy level. 
IWHERE,
FjZfRMAT (215)
IWHERE
NO : see section 1 card 1
IC/L

FjZfRMAT (15)
10jî L defines the energy level for which the

analysis is required
(1 < IC)ZfL < NC^NF)

IFILE, JFILE 
FORMAT (215)
IFILE = 3
JFILE = 4
(DN(NENTRY, j), J = 1, 4)
FjZfeMAT (4A8)

This card contains 32 characters used to 
identify thelG^ analysis ̂NENTRY is known 
to the program.
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Section 5

Card 1

Entries to the subprogram TDFILE: the data is divided into
five sections.
IWHERE, N0"
F)2fRMAT (215)
IWHERE = 5
NO ; see section 1 card 1

This card precedes the cards from one of the following subsections
A ; Copy transformed integrals onto MTD01 and MTD02 from INTRA
Card 2A

Cctrd 3A

Card 4A

IFILE, JFILE 
FjZfRMAT (215)
IFILE = 1,
JFILE = 1
lENTRY, NXBI^
FjZfeMAT (215) 
lENTRY = 2
NXBI^ = number of block at which transformed integral

file will begin on MTD02
INTRA, IG/, NBI^
F/RMAT (315)

St device number for Master transformed integral 
tape.

St 0 To initialize the contents tables of MTD01 
and MTD02

a 1 If the contents table of MTD02 contains 
entries
number of block at which transformed integral 
file begins on INTRA.

INTRA

IGjZf

NBI^
I
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Card 5A (DN(l , %), K = 1, 4)
FjZfRMAT (4A8)

This card contains 32 characters used to 
identify the integrals.

B : Copy selected entries from MTD02 onto MTD01
Card 2B IFILE, JFILE

FjZfeMAT (215)
IFILE = 1
JFILE = 0

Card 3B lENTRY, N5CBLfZfc
F)2fRMAT (215)
I ENTRY a number of entries to be copied from MTD02

onto MTD01 and must always include the 
last entry on MTD02.

NXBI^ a 0

Card 4B (LD(l), I = 1, IENTRY)
FjZfRMAT (1615)
ID(i ) is the subscript of am entry in the contents

table of MTD02. The records corresponding to 
this entry eire copied onto MTDOl.
Continue on successive cards if IENTRY > 16) 

C : Read data into core from MTDOl
Card 2C IFILE, JFILE

FjZfRMAT (215)
IFILE a 2
JFILE a 0

Card 3C IENTRY
P)2fRMAT (15)
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IENTRY is the subscript of an entry in the contents
table of MTDOl. The records corresponding 
to this entry will be read into the 
appropriate area of core.

D : Write results onto MTDOl
Card 2D IFILE, JFILE

FjZfRMAT (215)
IFILE = 3

= 2 If matrix elements between detors are to
be transferred 

= 3 If the solution of the seculau? equation
is to be transferred 

= 4 If the first order density matrix is to 
be transferred 

Card 3D (DN(NENTRY, J), J = 1, 4)
FjZfRMAT (4A8)

This card contains 32 chauracters used to 
identify the entry.

E ; Update MTD02 from MTDOl, entries on MTDOl,not already on MTD02 will be 
added to MTD02.

Card 2E IFILE, JFILE
f;zIrmat (215)
IFILE a 4
JFILE = 0

Section 6 ; End of job
Card 1 IWHERE, N)2f

FJZfRMAT (215)
1

IWHERE « 6
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NO : see section 1 card 1

Restrictions
1 NBASIS < 30
1 NDET 120
1 < NELEC 32
0 NFULL 8
1 NC^NF 78
1 3 NCEN 20

The number of entries in the contents table of MTD02 must not exceed 
158, and the number in that of MTDOl must not exceed 10.

Error Messages
Checks Eire made to see that the data does not violate the limits of 

the program. Certain violations give rise to the message ERE^R n, where 
n is a number in the list below:

ERI^R n CAUSE
1 NBASIS > 30
2 NELEC > 32
3 NDET >120
4 NPULL > 8
5 NCjZfNF > 78

Several other error conditions Ccin arise which will terminate 
execution. In these circumstances the error messages are self-explanatory.

The following actions may cause termination as the subroutine TDFILE 
vill interpret them as errors:

(i) attempting to read integrals into core,
(ii) attempting to read the first order density matrix into core,
(iii) attempting to read the 'next new record* into core
(iv) requesting more records from MTD02 than are actually present.
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♦FORTRAN LIB 6,19,302
C .... MAIN PROGRAM FOR SECSOL - CONSTRUCTION AND SOLUTIOIT OF THE SECULAR
C .... EQUATION Y/ITH AN OPTIONAL NATURAL SPIN-ORBITAL ANALYSIS,

CaiMON /SECEQN/ AA<33767),ICR,LP,MTD,NO,ANYO,ANY1,ANY2,ANY3,ANY4, 
IGF, I COL, IDI SC, IFIL2, JFILS, LI NIC, MTDO1, MTDO 2, NBASIS, NCONF, NDET, NELEC 
2,NF,NFULL,NSQRD,NXBLOC 
EQUIVALENCE (NXBLOC,IV/HERE)

C ....DEFINE DEVICE NUMBERS,
C.....LP = LINE PRINTER,
C.....ICR = CARD READER,
C ....MTD = vraRKFILE,
C .... IDISC=CONTENTS TABLES FILE.

CLEAR ICR,LP
MTD=3
IDISC=4

1 READ (ICR, 2) I1VHERE,N0
2 FORMAT (215)

GO TO (3,4,5,6,7,8),IWHERE 
C ....READ DATA FOR CaiPUTING MATRIX ELEMENTS BETIYEEN DETORS,

3 CALL SSCDAT(l)
GO TO 1

C .... COMPUTE MATRIX ELEMENTS BETWEEN DETORS,
4 MTD=7

CALL PASONE 
CALL MAXCCN 
CALL PAST.70 
CALL HPASS 
MTD=3 
GO TO 1

C .... CQÆPUTE H-MATRIX AND SOLVE (H-E^I)*C =0.
5 CALL SECSOL 
GO TO 1

C .... PERFORM NATURAL SPIN ORBITAL ANALYSIS,
6 CALL NATORB 

GO TO 1
C.... CORE/PERIPHERAL TRANSFER - MAKE SURE DATA IS CORRECT,

7 CALL TDFILE 
GO TO 1

C.... JOB Ca.IPLETE.
8 CALL TIME(ANYO)

'.7RITE(LP,9> i\NYO
9 FORIiTAT(^0^,33X,"^^^* JOB COMPLETE - TIME USED =',F10,5,' SECONDS * 

STOP
e n d

♦FORTRAN LIB
SUBROUTINE ADDNRE(H,N,M,ICR,LP)

C....ADDS NUCLEAR REPULSION ENERGY TO SOLUTION OF SECULAR EQUATION,
C....VERSION 2. MAXIMUM NUMBER OF NUCLEI IS TWENTY.

DIMENSION H(N,N),X(20) ,Y(20) ,Z(20) ,CII(20>
SQRD(X,I,J)=(X(I)-X(J))^^2
READ(ICR,1) NCEN

1 FGRA'IATdS)
IF(20-NCEN) 10,2,2

2 IF(NCEN-l) 9,9,3
3 READ(ICR,4) (CH(I),X(I),Y(I),Z(I),1=1,NCEN)
4 FCRILIT (1P4E20 .lU )
WRITE(LP,5) NCEN, (I ,CH(I) ,X(I) ,Y(I) ,Z(I) , 1=1 ,NCEN)

5 FORMAT (^0 , 39X, 'GECI.IETRY OF MOLECULE. ̂ , 13, ̂  NUCLEI AS FOLLOV/s"/^ "
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1,24X/n u c l e u s NUCLEAR CHARGE X CO-ORDINATE Y CO-ORDINATE Z 
2 CO-ORDINATE V C '  ^,27X,I2,1PE19.7,1P3E16.6))
CLEAR ERN 
MCEN=NCEN-1 
DO 6 I=1,MCEN 
K=I+1
DO 6 J=K,NCEN
ERN=ERN+CH(I)*CH(J)/SQRT(SQRD(X,I ,J)+SQRD(Y,I,J)+SQRD(Z,I,J))

6 CONTINUE 
VrRITE(LP,7) ERN

7 FORI,IAT/ 0 ^,38X, "NUCLEAR REPULSION ENERGY =',1PE17.10)
DO 8 I=1,M
H(I,I)=H(I,I)+ERN

8 CONTINUE
9 RETURN

10 \miTS(LP,ll) NCEN
11 FORMAT('0',42X,'NCEN=',15,'. NCEN MUST NOT EXCEED 20')

CALL EEXIT
STOP
END

♦FORTRAN LIB
SUBROUTINE EA03A<A,B,N,ND,EPS)

C  REPLACES HARWELL LIBRARY VERSION OF JACOBI's METHOD BY AN
C,..,.INTERFACE WITH THE QR-ALGORITHM.

DIMENSION A(ND,ND),B<ND,ND),D(78),E(78)
EPS=2.0**(-35)
TOL=2.0^^(-349)
CLEAR LP 

X DISPLAY(LP,20)/EPS,TOL
CALL TRED2(N,T0L,ND,A,B,D,E)
CilLL TQL2(N,EPS,ND,B,f),E,NN)

C ....IF NN,NE,0 TQL2 HAS FAILED TO CONVERGE,
IF(NN) 1,3,1

1 V7RITE(LP,2)
2 FCRIïîATC'o',120(''♦')/' ♦',118X,'^'/' ♦',47X,*TQL2 FAILED TO CONVERG
1e V 4 8 X , ^ + V  ♦ V l l 3 X , ^ * V  ',120('^'))

C ....ENTER EIGENVALUES IN DIAGONAL OF A.
3 DO 4 1=1,N 
A(I,I)=D(I)

4 CONTINUE 
RETURN 
END

♦FORTRAN LIB
SUBROUTINE F0DMA4

C.... COMPUTES FIRST ORDER DENSITY MATRIX. VERSION 4. 03/05/71,
C.... ASSmLES BASIS SPIN ORBITALS ARE ORTHONORMAL,

CCraiON/SECEQN/T(l20,73) ,AA(60,go) ,C(l20) ,JD(1182 ,2),C ,GAI^mU(GO,GO) 
1,IDET(120,32), ID(S43),KDET(32),EV(7S,7S),SP(3923),ICR,LF,LITD,NQ, 
2ANY0,ANYl,ANY2,ANY3,ANY4,GF ,ICGL,IDISC,IFILiZ,JFILE,LINK,MTDOl, 
3MTD0 2, NBAS IS, NCGNF, ITDET, NELEC, NF, NFULL, NSQRD, NXBLOC 
EQUIVALENCE (SP,FACTOR),(SP(2),I),(SP(3),ICRB),(3P(4),IR),(SP(5), 

IIS),(SP(G),11),(SP(7),12),(SP(3) ,J),(SP(C) ,JORB),(SP(IO),K), 
2(SP(11),L)
CALL ENTR( " FGDILY4 ", NO)

X WRITE(LP,28) ((IDET(I,J) ,J=1,NELEC),1=1,NDET)
X DISPLAY(LP,4) /NF,NFULL,NELEC,NDET

CLiAR LINK 
NB;YS 18=mAS IS -i-NBAS IS
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c ....IF DETORS K AND L DIFFER BY TWO OR MORE SPIN-CRBITALS THEN
C ....THE COFACTOR OF EVERY ELEIvIENT IN THE INTEGRAL OF THEIR PRODUCT IS
C ....ZERO, CONSTRUCT A TABLE CONTAINING THE INDEX (IS) OF PMRS THAT
C ....DIFFER BY ONLY 1 SPIN-ORBITAL,

DO 12 K=2,NDET 
IR=K-1 
Il=(K*IR)/2 
DO 11 L=1,IR 
CLEAR 12 
IS=I1+L
DO 1 I=NF,NELEC 
KDET(I)=IDET(L,I)

1 CONTINUE
DO 5 I=NF,NELEC 
IF(IDET(K,I)-KDET(I)> 2,5,2

2 DO 3 J=NF,NELEC 
IF(IDET(K,I)-KDET(J)) 3,4,3

3 CONTINUE 
GO TO 5

4 IGRB=ICDET(I)
KDET(I)=KDET(J)
I{DET(J)=IORB

5 CONTIIRJE
DO S I=NF,NELEC 
IF(IDET(K,I)-KDET(I)) 6,8,6

6 12=12>1 
IF(I2-1) 7,7,11

7 IGRB=I
JORB=imET(I)

3 CONTINUE
DO 9 I=NF,NELEC 
J=I
IF(IDET(L,I)-JCRB) 9,10,9 

9 CONTINUE
10 LINK=LINK+1 

ID(LINK)=IS 
JD(LINIC,1)=I0RB 
JD(LINK,2)=J

11 CONTI ITUE
12 CONTINUE

X TOITE(LP,13) (ID(I),1=1,LINK)
X 13 FCRIvL\T("o",51X, "di f f e r e n c e TABLES"/(" ",12110))
X V/RITE(LP,14) ((JD(I,J),J=1,2),I=1,LINK)
X 14 FORMAT(" "/(" ",12(" (",12,",",12,") ")))

CLEAR GAAÜ'IA
C Ca.'IPUTE FIRST ORDER DENSITY MATRIX,
X miTE(LP,28) ((IDET(I,J) ,J=1,NELEC), 1=1,NDET)

DO 23 K=1,NDET 
DISPL\Y(LP,5) K 
IF(C(K)) 141,23,141

141 DO 22 L=1,ÏJDET 
IF(C(L)) 142,22,142

142 I2=K-L
IF(I2) 17,15,17 

C  DETORS K AND L ARE IDENTICAL.
15 FACTCR=C(K)*C(K)

DO 16 1=1,NELEC 
I1=IDET(K,I)
GAMMA(II,11)=G.UÎMA(II,11)+FACTOR

16 CONTINUE
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GO TO 22

C .... DETORS K AND L ARE DIFFERENT - IF THEIR INDEX (IS) DOES NOT
C .... APPEAR IN ID THEY DIFFER BY 2 OR MORE SPIN-ORBITALS.

17 IF(LINIC.SQ.O) GO TO 22
I S= (MAXÛ (K, L) * (MAXO (K, L) -1) )/ 2+MINO (K,L)
DO IS 1=1,LINK 
J=I
IF(IS-IDd)) 18,19,18

18 CONTINUE 
GO TO 22

19 I0RB=JD(J,1)
JCRB=JD(J,2)
IF(I2) 20,21,21

20 I1=I0RB 
IORB=JORB 
J0RB=I1

21 I=IDET(K,IORB)
J=IDET(L,JORB)
GAiaîA(J, I ) =GAIJMA(J ,l)+C(K)*C(L)*(-1.0)**( lORB+JORB)

22 CONTINUE
23 CONTI IvIUE

C  CHECK SYMMETRY OF GAM1ÎA
DO 27 1=1, NBAS IS 
11=1+1
DO 26 J=II,NBASIS
FACTQR=ABS (GAMLÎA ( I, J ) -GAMIiîA ( J , I) )
IF(l.OE-10-FACTOR) 24,26,26

24 ’.YRITE(LP,25) I,J,J,I,FACTOR
25 FORMAT(" ", 35X, "gAI«3.1A(", 12, ", ",I2, ") ,NE,GAMMA(",12, " ,12, ") . DIFF

1ERENCE=",1PE9.2)
26 CONTINUE
27 CONTINUE

X 23 FORJkIAT((" ",12X,32I3)>
CALL QUI T ( " F0DMA4 ", NO)
RETURN
END

♦FORTRAN LIB
SUBROUTINE HPASS

C....COMPUTES ONE-ELECTRON CONTRIBUTION TO MATRIX ELEMENTS,
C....READ ONE-ELECTRON HAMILTONIAN MATRIX,

CGI/MON /SECEQN/ G(7260) ,ERI(900) ,IDET(120,32) ,IDIFF(3073,7) , 
1IDUM(261) ,ANYl,ANY2,ANY3,Aim,GF,ICGL,IDISC,IFILE,JFILE,Lime,MTDCl 
2,MTDO 2,NBASIS,NCONF,NDET,NELEC,NF,NFULL,NSQRD,NXBLOC 
EQUIVALENCE (IDUM(149) ,I),(IDUM(150) ,J) , (IDUM(151) ,FSUI\I) , 

1(IDUM(152),L),(IDUM(153),KL),(IDUM(154),L1),(IDUM(155),LLl), 
2(IDUM(156) ,LM) , (IDUM(157) ,KP) , (A'IY3,LN0) , (ANY4,LU) , (IDUI.Î(259) ,MTD) 
DIMENSION 11(30,30)
EQUIVALENCE (ERI,H)
CALL EITTR(" HPASS",IDUM(260))
READ(IATD01) ((II(I,J) ,J=1,NBASIS) ,1=1,NBASIS)
CLEEiR FSUM

C....CGT/iPUTE FROZEN CORE CONTRIBUTION TO DIAGGH^u ELEMENTS,
IF(NFUUJ 3,3,1

1 NF=NFULI/2
X V7RITE(IDUM(258),11)

DG 2 I=1,I'TF 
X WRITE(IDmi(258),l2) I,I,H(I,I)

FSmi=FSUM+H(I,I)
2 CONTINUE
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FSUM=2,0*FSUM

3 NF=NFULL+1
C.... CaiPUTE DIAGONAL ELEMENTS.

DO 5 L=a,NDET 
KL=(L*(L+l))/2 
DO 4 L1=NF,N10LSC 
LLl=(IDET(L,Ll)+l)/2 
G(ILL) =G(I(L) +H ( L U , L U  )

4 CONTINUE 
G(KL)=G(KL) +FSUM-hGF

5 CONTINUE
C.... CaiPUTE OFF-DIAGONAL ELEMENTS - IF DETORS L AND K DIFFER BY
C .... MORE THAN Œ E  SPIN ORBITAL THE ONE ELECTROIf CONTRIBUTION IS ZERO.

TuN0=3073
DO 13 LU=1,IC0L
IF(ICOL-l) 51,53,51

51 READ (MTD) IDIFF 
IF(LU-ICOL) 54,52,54

52 IF (LI me) 53,13,53
53 LeO=LINK
54 DO 9 L=1,LN0 

KL=IDIFF(L,7)
IF(IDIFF(L,1)-1) 6,G,8

C  DETORS L AND K DIFFER BY IM IN L AND KP IN K.
6 LM=IDIFF(L,3) 

ieP=IDIFF(L,4)
IF(IPAR(LM)-IPAR(KP)) 8,7,8

7 G(KL)=G(KL) +H((IM+l)/2, (ieP-rl)/2)
C  MULTIPLY BY APPROPRIATE P/YRITY FACTOR.

8 G(KL)=IDIFF(L,2)*G(KL)
9 CONTINUE

X DISPL1Y(IDUTA(25S),12)'/FSUM
X V/RITE( IDUIvI(258) , 10) (KL,G(KL) ,KL=1, (NDET*(NDET+l))/2)
X 10 FQRiriAT((" G(",I4,")=",1PE17.10))
X 11 FCRILIT("O", 50X, "CONTRIBUTIUTS TO FSUM"//)
X 12 FGPJ.IAT(" ",47:e,"H(",I2,",",I2,")=",lPE17.10)

13 CONTINUE 
REV/IND MTD
CALL QUIT(" HPAS3",IDUIvI(260))
RETURN
e n d

♦FORTRAie LIB
SUBROUTINE MAXCON

C BRINGS DETORS INTO MAeiMUM COINCIDENCE , DETERMINES AiD IDENTIFIES
C  THE SPIN-ORBITALS BY WHICH EACH PAIR OF DETORS DIFFER,
C ONLY OFF-DIAGONAL ELEMENTS ARE TREATED AfD RESULTS ARE STORED (SILLY
C  IF TWO DETORS DIFFER BY NOT MORE TILIN TWO SPIN-CRBITALS.

CCMr.:ON /SECEQN/ G(7260) ,ERI (900) , IDET(120, 32) , IDIFF(3073,7) ,
11 Dmi ( 2G1 ) , ANYl, M Y 2 , ANY3, ANY4, GF, I COL, I DI S C, I FI LE, J FI LE, LI ine, MTDO 1 
2,MTDO2,NBASIS,NCONF,NDET,NELEC,NF,NFULL,NSQRD, lUCBLCC 
DIMENSION KDET(32)
EQUIVALENCE (IDUIvI(lOS) ,KDET) , (IDUI,1(142),L) , (IDUM(143) ,LI,I1), 
1(IDUM(144),K) , (IDUM(145),IPERM) , (IDUM(14G) , I) , (IDUl»î(147) , ITEHP) , 
2(IDUM(148) ,IDC) , (IDUM(175) ,LIN) , (IDUM(170) ,J) , (IOUI.l(250) ,MTD)
IF ( ITOET. EQ. 1 ) RETURN"
CALL ENTl^("MA>eCQN", IDUM(260) )
CLE.AR IDIFF,LINK,LIN 
ICQL=1
DO 11 L=2,NDET
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UÆ1=I/-1 
DO 10 K=l,im 
CIjZAR IPERM,IDC 
LINK=(L*LMl)/2+K 
DO 1 1=1,NELEC 
KDET(I)=IDET(K,I)

1 C0OTINU2
DO 5 I=NF,NELEC 
IF(IDET(L,I)-KDET(I>) 2,5,2

2 DC 3 J=NF,NELEC 
IF(IDET(L,I)-ICDET<J)) 3,4,3

3 CONTINUE 
GO TO 3

4 ITmP=KDET(I)
KDCT(I)=KDET(J)
KDET(J)=ITEMP
IPERM=IPERM+1

5 CONTINUE 
J=2
LIN=LIN+1 
DO 3 I=NF,NELEC 
IF(IDETCL,I)-KDET(I)) 6,8,6 

G IDC=IDC+1
IF(2-IDC) 9,7,7

7 J=J+1 
IDIFF(LIN,J)=IDET(L,I)
J=J+1
IDIFF(LIN,J)=KDET(I)

8 CONTINUE  
IDIFF(LIN,2)=(-1)**IPERM 
IDIFF(LIN,1)=IDC 
IDIFF(LIN,7)=LINK 
IFCLIN-3073) 10,81,10

81 ICOL=ICOL+1
WRITE (lÆTD) IDIFF 
CLEAR LIN,IDIFF 
GO TO 10

9 LIN=LIN-1
10 CONTINUE
11 CGÎLTINUE 

IF(ICOL-I) 12,14,12
12 IF (LIN) 13,14,13
13 WRITE(MTD) IDIFF 

ICüL=ICOL+l
14 RU.7INE MTD 

LINK=LIN
X WRITE(IDUM(253),15) (I,(IDIFF(I,J),J=1,7),I=l,LINlO
X 15 FORr.IAT(" ", 51X, "CONTENTS QF IDIFF"/(" ",45X, "I=", 14, 3X,7I3) ) 

1=3073* (ICOL-D+LIN 
V/RITE(L?,1G) I

16 FCmUT(" ", 26X, "NUTU3ER QF NON-ZERO OFF-DIAGORIL MATRIX ELEMENTS B.: 
1T7EEN DETORS=", 15)
CALL QUIT("ivLUeCÜN",IDUM(260))
RETURN
END

*FORTRi\N  L IB
SUBROUTINE mîULT(A,B,C,IP,IQ,IR,IA,IB,IC)

C PRODUCT OF MiATRICES A /vND B STORED IN C.
DIMENSION A(IA,IQ),B(IB,IR),C(IC,IR)
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DO 1 1=1,IP 
DO 1 J=1,IR 
C(I,J)=C.U 
DO 1 K=1,IQ
C(I,J)=C(I,J)+A(I,K)*B(K,J)

1 CONTINUE 
RETURN 
END

♦FORTRvU; LIB
SUBROUTINE NATORB

C....CONTROL ROUTINE FOR NATURAL SPIN ORBITIL MALYSIS.
Ca3ACN/SECEQN/T(120,73) ,Ai\(GO,GO) ,C(120> ,JD(11C2,2) ,0,G;\IÆIA(GÜ,60) 

1,1DET (120,32) , 10(343), I{DET( 32 ) , EV ( 78,73 ) , SP (392 3) , I CR, LP, I.ITD, NO, 
2ANY0 , A i m , M]Y2, M Y 3 , ANY4, GF, I COL, I DI SC, IFI LE,JFILE, LINK, MTDOl, 
.3MTDÜ 2, NBAS 13, NCONF, NDET, NEL3C, NF, NFULL, NSQRD, NX3LCC 
EQUIVALENCE (SP(l),I),(SP(2),J),(SP(3),K),(SP(4),L)
CALL ENTR("NATORB",NO)

C ....READ DATA FRCI.i DEVICE MTD.
READ(MTD) ((IDET(I, J ),J =1,NEL3C),1=1,NDET)
RE.\D(MTD) ( (T( I, J ) , J =1,NCONF) ,1=1,NDET)
RSV/IND MTD

C ....COMPUrE COEFFICIENTS OF INDIVIDU.IL DETERMIN.YNTS FOR LEVEL ICGL OF
C ....THIS STATE.

CLE}\R C
READ(ICR,12) ICCL 
A7RITE(LP,13) ICCL 
DC 11 1=1,NDET 
DO 1 J=l,NCGNF 

X DI3PL/IY(LP,10) /I,J,T(I,J) ,ICCL,EV(J,ICOL)
C(I)=C(I)+T(I,J)*EV(J ̂ ICCL)

1 CONTINUE
X DI8PLAY(LP,10) /I,C(I)

11 CGNTIInTUE
C....CO.IPUTE FIRST ORDER DENSITY MATRIX - GAÎÆlA-Ivî/iTRIX .

WRITE(LP,14)
WRITE(LP,15) (I,C(I),1=1,NDET)
CLE/iR G.ULUi 
CALL FGDMA4

C....WRITE FIRST ORDER DENSITY MATRIX ONTO MTDOl.
CALL TDFILE

C ....BEGIN /EUiLYSIS. SINCE TEE BASIS ORBI'TALS ARE GRTHONGiULVL THE
C....SOLUTION TO THE NSO EQUATIONS IS THE UNITARY MATRIX WHICH
C....DIAGGILALIEES G/E.LÎA.

C/iLL E AO 3A ( G.AICLA, Ml, NBAS IS, GO, GF)
c....THE OCCUPATION NUMBERS ARE THE DIAGONAL ELEI.IEIOrS OF GM.lLl, A IS
C....THE TILANSFCRIwlTICN MATRIX.

WRITE(LP,2)
2 FCRIiIAT ( "G ", 40X, "RESU7.TS GF NATUR.AL SPIN CRB I TEEL ANALYSIS")

CLEAR GF
DO 5 1=1,NBASIS,5 
J=I;-4
IF(J-NBASIS) 4,4,3

3 J=NBASIS
4 WRITE(LP,6) I,J 
WRITE(LP,7) (G;miA(K,K),K=I,J)
WRITE (LP, 3) I,J
DO 5 K=l,NBASIS
WRITE(LP,7) (A1(K,L),L=I,J)

5 CONTINUE
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6 FORMAT("0",40X/o c c u p a t i o n NUIiBERS OF CRBITALS",I3/ TO ",I2/" ")
7 FORMAT<" ",1P5U24,10)
3 FOIU.IAT("o",41X,"TRANSFORMATION MATRIX COLUMNS",13," TO ",I2/" ")

DO 9 I=1,NB;V3IS 
GF=GF+GAiaLA(I,l)

9 CONTINUE
Y/RITE(LP,10) GF,NELEC 

10 FCRI/IAT("b ",33X,"suM OF OCCUPATION NUMBERS =",1PE17.10/" ",44X, "nUM 
IBER QF ELECTRONS =",I3)

12 F0RMAT(I5)
13 F01UÎAT("l"/"o",39X, "n a t u r a l SPIN ORBITAL ANALYSIS GF LEVEL", 13)
14 FCI^IATC" ",40X,"c o e f f i c i e n t s OF INDIVIDUAL DETERMINANTS"/" ")
15 FGRI,IAT((" ",4(6X,"c C",I3,")=",1PE17.10)))

CilLL QUI T( "NATORB ", NO)
RETURN
END

♦FORTRAN LIB
SUBROUTINE PASONE

C .... CCjTvIPUTES EL2CTRQN-EL3CTRCN INTERACTION BETWEEN FROZEN CORE
C.... ELECTRONS. THIS IS ZERO IF NFULL IS ZERO,

CaniGN /SECEQN/ G(7260),ERI(900),IDET(120,32),IDIFF(3073,7),
11 BUM ( 2G1 ) , ANYl, ANY2, ANY3, ANY4 , GF, I COL, I DI SC, I FI LE, JFI LE, LI NX, MTDOl 
2,MTDO 2,NBASIS,NCONF,NDET,NELEC,NF,NFULL,NSQRD,NXBLOC 
DIMENSION KEEP(40,3)
EQUIVALENCE (IDUM,ICEEP) , (IDUM(121) ,IC) , (IDUM(122) ,L) , (IDUM(123) ,K) 

1, (IDUM(124) ,LM1) , (IDUM(125) ,L2) , (IDUM(12G) ,K1) , (IDUM(127) ,K2) , 
2(IDUM(12S) ,IREC) , (IBUM(12D) ,J) , (IDUM(130) , ICGUlfr) , (IDUM(131),LL) , 
3(IDUM(132),ICC),(IDUM(259),MTD)
CALL EITTR ( "PASONE ", I DUI\I ( 2G0 ) )
CLEAR GF
IF(NFULL) 11,11,1

1 NSQRD=NBASIS*NBASIS 
CLE/Ul IC
DO 2 L=2,NFULL 
U,I1=L-1 
U  = (L+l)/2 
L2= ( LI-1) ♦NBASIS 
IC=IC+1 
KEEP(IC,1)=L 
KEEP(IC,2)=L 
KEEP(IC,3)=L1+L2 
DO 2 K=1,LM1 
Kl = (K-rl)/2 
IC=IC+1 
ICJEP(IC,1)=L 
I{EEP(IC,2)=K 
KEEP(IC,3)=L2+K1 

X imiTE(IDUM(25S),12) L,K
X V/RITE(IDUM(258),13) ( (KEEP( IREC, J) , J=1, 3) , IREC=1, IC)

2 CONTINUE 
K2=ICJEP (1,3)
DO 3 IREC=2,IC 
K2=MylX0 (K2, KEEP ( IRiCC , 3) )

3 CONTINUE
X DI 3PL1Y /K2

DO 10 IREC=1,K2
READ (MTDUl) (ERI(J),J=1,NSQRD)

X WRITE(IDUM(233),14) IREC
X \/RITE(IDUM(253) ,15) (ERI (J) ,J=1,NSQRD)
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DO 0 ICC=1,IC
IF(IREC-K3EP(ICC,3)) 9,4,3

4 IF(I:EEP(ICC,1)-ICEEP(ICC,2)) 7,5,7
5 IMl =IL5EP ( ICC, 1 ) -1

X WRITE(irUM(253),lG)
DC C I:=1,U.H 
Kl = (IChl)/2
GF=GF+ERI (ÎTBASI3* (la -1 ) +IGL )

X WRITE(irUI.I(253) ,17) NBASIS* (ICL-l) +K1,ERI (NBASIS*(K1-1)+X1)
6 COIETINUE 
GO TO 9

7 IF(IPAR(KEEP(ICC,1))-IPAR(K33P(ICC,2))) 9,8,9
G Ll = (KEEP(ICC,l)-hl)/2 

X \m TE ( I DUÎ.Î (250),IG)
Kl=(KEEP(ICC,2)+l)/2 
GF=GF-ERI(NBASIS *(K1-1)+L1 )

X V/RITE(IDUI.I(25G) ,17) NBAS 13* (K1 -1 ) +L1, ERI (NBASI S* (lOL -1 ) fLl )
9 CONTINUE

10 CCNTIInTJE 
REY/IND MTDOl

11 CALL QUIT ( "PASONE ", I DUIvI (2G0) )
X 12 FORMAT("0",44X,"CONTENTS OF KEEP FOR L =",I2,",K =",I2/)
X 13 FO?J.L\T((" ",45X,3I10))
X 14 FCRÎ.IAT("O",40X, "CONTENTS OF RECORD",14/)
X 15 FCPMAT((" ",1P5E24.10))
X IG FCRMAT("o",5LX,"CONTRIBUTIONS TO GF"/)
X 17 FORMAT(" ",47X,"e r i (",13,") = ",1PE17.10)

RETURN
END

♦FORTRAN LIB
SUBROUTINE PAST,70

C....CCMPUTES CDRl'l-VALENC]!: ATD VALENCE-VALENCE ELECTRON INTERDICTION
C....CONTRIBUTIONS TO MATRIX ELENEINTS .

COIMCN /SECEQN/ G(7260),ERI(900),IDET(120,32),IDIFF(3073,7),
11 DUN ( 2G1 ) , ilNYl, /ÙTY2, ;\NY3, AT/4, GF, I COL, I DI S C, I FI LE ,JFILE,LI NX, MTDO 1 
2, MTDO 2, NBASIS, NCGNF, NDET, NELEC, NF, NFULL, NSQRD, NLOBLOC 
EQUIVdILENCE (IDUI,1(1),I) , (IDmi(2) ,J) , (IDUI/(3) ,L) , (IDUM(4) ,XL) ,

1 (IDUM(5) ,L1) , (IDUI.IC5) ,L1M1) , (IDUI/(V) ,L2) ,(IDUM(0) ,LL2) ,
2(IDUI,:(9) ,LVAL) , (IDUI,1(10) ,UI) , (IDUI,1(11 ),KP) , (lEUM(lE) ,LlO , 
3(IDUM(13) ,KQ) , (II;UM(179),LI) , (ANY3,LN0) , (/im,LU) , (IDUI.I(259) ,I.ITD)

X EQUI V/ILDNCE ( IDUI,I (250) , LP)
CALL ENTR ( " PASTWO ", I DUM ( 2G0 ) )
IF(NELEC.EQ.NFULL) GO TO 331
CLE/IR G
NXBLCC=NF
IF(NF.EQ.l) ILC3LGC=2 
DG 37 1=1,NBASIG 
DO 37 J=l,NBASIS 

X Y7RITE(LP,39) I,J
RlAO(MTDul) (ERI(L),L=l,NSQRD)

X V7RI TE ( LP, 40 ) (ERI ( L) , L=1, NS(:RD)
C ....DIAGON/vL ELJMENTS .

IF(I-J) G,1,G
C.... (II/ ) TATE INTEGILUvS .

1 DO 5 L=1,NDET 
KL=(L*(L:-l))/2

C....SUM OVER V/iLENCE ELECTRONS.
I'G 4 LI =NXBLCC,NELEC 
IF(I-(lDET(L,Ll)+l)/2) 4,2,4
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2 L i m = u - i

c .... SUM OVER CORE AND VALENCE ELECTRONS,
DO 3 L2=1,L1M1
LL2= <IDET(L,L2> +1)/2
G(KL)=G(KL)+ERI(NBASI8*(LL2-1)+LL2)

X miTE(LP,42) NBASI8*(LL2-1 ) +LL2,ERI (NBASI8*(LL2-1) +LL2)
3 CONTINUE

X V/RITE(LP,43) KL,G(ICL)
4 CONTINUE
5 CONTINUE 
GO TO 13

C.... (I / I) TYPE INTEGRALS.
6 DD 12 L=1,NDET 

I{L=(L*(L:-l))/2
C .... SU!<I OVER VALENCE ELECTRONS.

DO 11 LL=NXBLOC,NELEC 
IF(I-(lDET(L,Ll)+l)/2) 11,7,11

7 L1M1=L1-1
C.... SUM OVER CORE AÎTD VALENCE ELECTRONS.

EG 10 L2=1,L1M1 
LL2=(IDET(L,L2)+l)/2 
IF(J-LL2) 10,8,10

8 IF(IPAR(IDET(L,L1))-IPAR(IDET(L,L2))) 10,9,10
C .... SPINS ARE THE S.U.IE FOR ORBITALS IDET(L,LI) AND IDET(L,L2).

9 G(KL)=G(ICL) -ERI (NBASI 8* (LL2-1 ) +I)
X WRITE (LP, 42) NBASI S* (LL2-1)+I ,-ERI (NBASI S*(LL2-1)+I )

10 CCNTIIRJE
X V/RITE ( L?, 43) KL, G (KL)

11 CGUriNUE
12 CONTINUE

C  CFF-DI AGONAL ELEMENTS '
13 IF(NDET.EQ.I) GO TO 331 

LV;1L=1
LNO=3073
]Xj 331 LU=1,IC0L 
IF(ICOL-l) 131,133,131

131 RiJAD(MTD) IDIFF 
IF(LU-ICOL) 134,132,134

132 IF(LINK) 133,331,133
133 LND=LimC
134 DC 36 L=1,LNO

C .....PICK UP INDEX OF NEXT PAIR OF DETORS THAT DIFFER BY NO MORE
C .....THAN TWO SPIN ORBITALS.

KL=IDIFF(L,7)
IF(2-IDIFF(L,1)) 27,27,14

C .....DETORS L A}TD K DIFFER BY ONE SPIN-ORBITIL - U1 IN L ÆU) KP
C .....IN K. KL=(L*(L-l))/2+K - THE VALUE OF L IS REQUIRJ/D.

14 LL = (LVAL*(LYAL+1))/2 
IF(LL-ICL) 15,15,16

15 LVAL=LVAL+1 
GO TO 14

16 IF(I-J) 21,17,21
C .....(II/HP) TYPE INTEGRALS.

17 LM=IDIFF(L,3)
K?=IDIFF(L,4)

C .....CHECK THIT SPINS DO NOT CAUSE THE INTEGRAL TC BE ZERO.
IF(IPHR(Ul)-IPi\R(K?) ) 35,13, 33 

IS DO 20 LL=1,NELEC
IF(I-(IDET(LVAL,LI)+1)/2) 20,10,20 

19 G(KL)=G(KL)+ERI(NBASI3*((UI+1)/2-1)+(KP+l)/2)
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X IWSP=NB*ASIS*((m+l)/2-l)+(KP+l)/2 
X Y/RITE(LP,42) IY7SP,ERI(IW3P)

20 coîrniroE
X 7/RITECLP,43) KL,G(KL)

GO TO 36 
C  (IP/MI) TYPE INTEGRALS.

21 IG?=IDIF?(L,4)
IF(J-(ieP+l)/2) 36,22,36

22 DO 23 LI=1,NELEC 
LI=IDET(LVAL,LI)
IF(I-(LI+l)/2) 26,23,26

23 IF(IPAR(KP)-IPAR(LI)) 26,24,26
C .... SPINS OF SPIN ORBITALS LI AIH) KP ARE THE SAIvE.

24 LM=IDIFF(L,3)
IF(IP.\R(LIvT) -IPAR(LI) ) 23,25,26 

C .... SPINS OF SPIN ORBITALS LI AND LM /iRE THE SAIvIE.
25 G(I[L)=G(KL)-ERI(NBASIS*((IMrl)/2-l)+(LI+l)/2)

X IY7SP=NBASIS*( (LVi+l)/2-l) +(LI+l)/2
X Y.RITE (L?, 42) IW3P, -ERI (IWSP)

23 CONTINUE 
X Y7RITE (LP, 43) KL,G(KL)

GO TO 36
C  DETORS L AlvTD K DIFFER BY TWO SPIN-CRBITALS - m , U T  IN L
C  KP,KQ IN K.

27 U.I= IDIFF(L, 3)
IF(I-(m-rl)/2) 36,23,36

28 KP=IDIFF(L,4)
IF(J-(KP+l)/2) 32,20,32

C  (I.IP/NQ) TYPE INTEGRALS.
23 IF(I?AR(DJ)-IPAR(KP)) 33,30,36 

C .... SPINS GF SPIN ORBITALS IM M D  KP ARE THE SAI\îE.
30 LN=IDIFF(L,5)

KQ=IDIFF(L,e)
IF C IP.\R(liT) -IFi\R(KQ) ) 36, 31,36 

C .... SPINS OF SPIN uRBITAI.3 LI: /iND KQ ARE THE SAIvIE.
31 G(KL)=G(KL) +ERI (}BASIS* ( (LN+D/2-1) +(KQ+l)/2)

X IY7SP=NBASI S* ( (LN+1 )/ 2-1 ) + (KQ+1 )/2
X Y/RITE ( LP, 42) IV/SP, ERI ( IV/SP)
X WRITE(U,43) KL,G(KL)

GO TC 36 
C .... (MQ/NP) TYPE INTEGILILS .

32 KQ=IDIFF(L,6)
IF(J-(KQ+l)/2) 36,33,36

33 IF(I?;iR(UJ)-IPfVR(KQ)) 33,34,36
C ....SPINS OF SPIN ORBITALS D.Î i\ND KQ ARE TIÜ S/JvU.

34 LN=IDIFF(L,5)
KP=IDIFF(L,4)
IF(IP;YR(IN)-IP.AR(KP) ) 36, 35, 36 

C .... SPINS OF SPIN CRBITiYLS LN /vND KP ARE THE S.UIE.
35 G(ICL)=G(KL)-ERI(NBA3IS*((LI\+l)/2-l)+(KP+l)/2)

X I W3P=I'BA3I S* ( (LN+D/2-1 ) -;-(IC?+l )/ 2
X Y/PJTE(LP,42) IV/SP,-ERI(I’JSP)
X Y/RITE(LP,43) KL,G(KL)

36 CCNrilRJE
361 CONTINUE

RE'./IIB MTD
37 CONTINUE

X WRITE(IDUM(253),36) (KL,G(KL),KL=1,(NDET*(NDET+1))/2)
X 38 FCmL\T((" G(",I4,")=",1PE17.1C))

381 CALL QUIT("PASTVrc", IDUI,'(260))
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X 39 FORMAT("
X 40 FQRI<!AT((
X 42 FORMAT("

43 FORTUIT ("
RETURN
EITO

,1P5E24.10>)
,47X,"ERI(",I3,")=",1PE17.10) 
,43X,"G(",I4,")=",1PE17.1C)

♦FORTRvîN LIB
SUBROUTINE SECDAT<JUIvîP)

C  REvlDS AND CHECKS DATA.
can,'ON / S E C E W  TTC73,120) ,1-1(120,120) ,T(120,7S) ,IDUI\I(G52) ,Mf71, 

lvUB2, ANY3, ANY4, GF, ICCL, IDI SC, IFILE, JFILE, LimC,MTIX)l ,IvITD02 ,NBA313, 
2NC0NF, NDET, NELEC, NF, NFULL, NSQRD, NI3LCC 
TEXT TITLE

1
2**

* f

^ t ̂
3*
4
5*
G
7 *

*****
* *

*
**** ***' 
** *

**
*****

*̂**.* ^** *  ̂ * ***^, ***** * ****
 ̂ ****  ̂ * * ' * * * * " *
"* * * * * * *^ * *
^* * * ' " * * ^* * * * * * " ****
 ̂**** **' * * * * " * ^, * * ^ *
^* * ' * * "* * * *^ * *
^**** *" **** * * * ***^ * * *
 ̂* * ^*** * ' * V

DILGNSIGN G(726G),ERI(90C),IDET(120,32) ,IDIFF(3000,7),TITLE(15), 
1F(9)
EQUIVAIGNCE (TT,G,TITLE),(TT(G,94),ERI,F),(TT(49,105),IDET), 

1(H(1,23),IDIFF)
EQUIV/HENCE (IDUIu(520) ,1) , (IDUII(521) ,J) , (IDUI,1(522) ,NGITO) ,

1 (IDUIK523) ,K) , (IDUI,1(524) ,L) , (IDUI.I(643) , ICR) , (IEUL!(G49) ,LP) , 
1(ICUM(C50),HTD)
C/iLL ENTR ( " SECDAT ", I DUÎ.I(G51 ) )
GO TO (1,12),JUI,2?

C....RE,ID DATA FOR ILITRIX ELEIGNPS BET,'TEEN DETGR,3 .
1 RCAD(ICR,2) TITLE,IuTr01,I.ITD02,NBASIS,NDET,NELEC,NFULL 

N3QRD=NBAGI5*NBASIS
NF=NFULL+1

2 FCRI,UT(2A3/GA3/GI5)
CALL CUTBRK(LP)
WRITE(LP,GG)
'TRITE(LP, 77) LINE 

GG FORTUIT ("F")
77 FnRJUIT((" ",27K,9AE,2i:0)

WRITE(LP, 3) TITL2, NDET, NELEC, NBAS 15, NFULL, MTDOl, MTDO 2
3 FORTUIT( " 1 "/ "O ", 39X, " GENERAL CCNFIGUPOlTION INTERACTION FROGR/iH"/
1 0 CONSTRUCTION AITD SOLUTION GF THE SECULAR Er'UATION / O'
5GX, "a .I' .TAIT"/ "o " , 44::, "QU-'INTUM I.IOLECULIR PHYSICS GROUP ,"/"s", 40::,

, "UNIVERSITY OF LEICESTER,"/"o".
 ̂ 1 f;,'.r> / "rV^

3"DEP/iRTT.IEirr OF PHYSIC / O ' ,  43;:,
44GX, "LEICESTER, ENGLAND. LEI 7RI-I."//"c",15A3/"c", 33::, "VTAVE lUNCTIG
5N CONSTRUCTED FROM ^,213,"-ELECTRON DETORS"/"0",EGA,"DETOR,: CDNSTR 
GUCT::D FRIR.I ",I3," SPATI/B CR3ITiU.S WITH FIRST ",I2," SITN-ORBITAL.S 
7 FROZEN"/ "O",40::, "PRIVATE TTCRKFIIA: IS DEVICE IRJIBER" , 17/"o" ,4üX, "l.I 
■EASTER RESULTS FILE 13 DEVICE NUI.:DER",I4)
IF(N3iISI3-3G) 4,4,21

4 IF( ITËLEC-32) 5,5,22
5 IF( NDET-120) G,G,23
6 IF( MFULL-3) 7,7,24
7 DO 71 1=1,NDET 

DC 71 J=l,NELEC 
CID/iR IDET(I,J)

71 CONTIITUE
READ(ICR,13) NCNO
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IF<NONO) 72,74,72

72 RffJIND MTD
READ(MTD) ((IDET(I,J),J=1,NELEC),1=1,NDET)
V/RITE(LP,73)

73 FORI'.1AT("0",39X, DETCRS SPECIFIED IN A PREVIOUS RUN ****'/'o") 
GO TO 201

74 imiTE(LP,S)
READ(ICR,11) F

3 FORIU\T("lV'0",48X, "s p e c i f i c a t i o n OF DETORS"/"o NUT<I3ER",55X, "dE
i t o r ")
DO 10 1=1,NDET
RE,ID(ICR,9) (IDET(I,J ),J=1, NELEC)
YYRITE(LP, F) I, (IDET( I, J ) , J =1,NELEC)

9 FCRIUIT(1X,32I2)
10 CONTINUE
11 FGRIU\T(9A3)

VTRITE(MTD) ((IDET(l ,J) ,J=1,NELEC) ,1=1,NDET)
GO TO 201

C  READ PROJECTION MATRIX FOR WAVE FUÎBTIGIT.
12 R}I:AD(ICR,13) NCOIB,NONO 

READdCR,13) IFILE 
IF(IFILE) 121,130,121

121 READ(MTD) ((T(I,J),J=1,NCONF),1=1,IBET)
V.TIITE(LP,122)

122 FORI.mT("o", 33X, "♦♦♦* PROJECTION MATRIX DEFINED IN A PREVIOUS RUN *
i ***"/"g ")
REV.TND MTD 
GO TO 201

13 FORI.LIT(2I5)
130 CLEAR T 

IF(NCGNF-73) 131,13b, 25
131 R;EAD(ICR,14) (I,J ,T(I ,J) ,K=1 ,NGNO)
14 FORIvIAT(2I5,F10.2)

DO 143 J=l,NCONF 
CJoE/iR ANY2
DO 141 1=1,NDET 
ANY2=/JB2+T (I,J)*T(I,J)

141 CONTINUE
AI:Y2=1 .0/ SQRT ( AI-TY2 )
DO 142 I=1,IBET 
T(I,J)=T(I,J)*ANY2

142 CONTINUE
143 CQIfTIIRJE

C CHECK ORTirONORIvIALITY OF C0-DET0R3.
CLEAR IFILE 
NC:NO=NCONF-1 
rC 143 1=1,NCNO 
J=I+1
DC 147 K=J,NCONF
CLE/kR /ETY2 
DO 144 L=l,m)ET 
ANY2=A:Y2 -f-T ( L, I ) *T (L, K)

144 CCNriNUE
IF(/BS(;\NY2)-1,0;>10) 147,147,145

145 WRITE(IU,145) I,K
146 F0RMAT(" ",40X,"cC-^'ETORS",I4," AND",14," ARE NOT lERTRCGONAL") 

IFITuE=l
147 CONTINUE 
143 CONTINUE

IFdFILE.EO.O) GO TO 149
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CALL EEXIT

149 WRITE (MTD) ((T(I,J> ,J*=1,NC0NP) ,1=1,NDET)
ENDFILB MTD 
REVaND MTD 
\miTE(LP,15) NCONF

15 FORMAT("l Vo',34X,I2,' CG-DETORS QF CORRECT SYMMETRY AND SPIN ARE 
1 f o r m e d")
DO 20 K=l,NCONF 
\miTE(LP,16) K

16 FORMAT("o ",45X,"CO-DETQR(',I4,") =")
DP 19 If=l,NDET
IF(T(L,I0) 17,19,17

17 WRITE(LP,18) T(L,K),L
18 FORIAAT(" ",45X,S+-, 1PE17.10,"*DETOR(',S -,I4,")")
19 CCHTPINUE
20 CONTINUE
201 CALL QUIT("SECDAT",IDUM(651))

RETURN
21 CALL ERROR("ERROR l")
22 CALL ERROR("ERROR 2 )
23 CALL ERROR/e r r o r S")
24 CALL ERROR("ERROR 4")
25 CALL ERROR("ERROR S")

STOP
END

♦FORTRAN LIB
SUBROUTINE SECSOL

C .... FORMS H-MATRIX AND SOLVES SECULAR EQUATION FOR THIS CASE.
COMMON /SECEQN/ TT(73,120),H(120,120),T(120,78),IDUM(652),ANY1, 

1ANY2, ANY3, ANY4, GF, ICOL, IDI SC, IFILE, JFILE, LINK,MTDOl ,MTD02, NBASIS , 
2NC0NF, NDET, NELEC, NF , NFULL, NSQRD, NXBLOC 
DIMENSION G(72G0),Vf(120,78),HM(78,78),EV(78,78)
EQUIVALENCE (TT,W,G),(H,HM),(T,EV)
EQUIVALENCE (IDUM(525),L),(IDUM(526),LK),(IDUM(527),K),(IDUM(528), 

IKL) , (IDUI.I(529) ,NM1) ,(IDUM(530) ,AMIN) , (IDUM(53l) ,MIN)
X 2,(IDUM(649),LP)

CALL ENTR("SECSOL",IDUM(651))
C .... SET UP H-MATRIX.

DO 1 L=1,NDET 
LK=(L+(L-l))/2 
DO 1 K=1,L 
KL=LK+K
H(L,K),H(K,L)=G(KL)

1 CONTINUE t
X WRITE(LP,11)
X CALL Y/RI TLIX ( H, 130 ,120, NDET , NDET, LP)

CALL SECDAT(2)
X Y7RITE(LP,12)
X CALL 1YRI'IMX(T,120,78,NDET,NCONF,LP)

CALL MXIOJLT(H,T,W,NDET,NDET,NCGNF,120,120,120)
DO 2 L=1,NDET
DO 2 K=l,NCGNF
II(L,K)=V/(L,K)

2 COOTINUE
X Y/RITE (LP, 13)
X CALL Y/RITMX(H,120,120,NDET,NCONF,LP)

CALL TRANS(T,TT,NDET,NCONF,120,73)
X miTE(LP,14)
X CALL V,rRITLIX(TT,78,120,NCONF,NDET,LP)
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DO 3 L=1,NDET 
DO 3 K=l,NCONF 
T<L,K)=H(L,K)

3 CONTINUE
CALL MXMULT(TT,T,HM,NCONF,NDET,NCONF,78,120,78)

X miTE(LP,10)
X CALL YmiTLIX(HM,78,78,NCONF,NCONF,LP)
C ....ENERGIES ARE THE EIGENVALUES OF HM,

. CALI. EA03A(HM,EV,NCONF,78,AMIN)
C ....ADD NUCLEAR REPULSION ENERGY TO EIGENVALUES IF SYSTEM IS NOT
C..,.,SINGLE CENTRE,

CALL ADDNRE(HM,78,NCONF,IDUM(648),LP)
C ....OUTPUT SOLUTION QF SECULAR EQUATION.

V/RIT3(LP,4)
4 FGRlUT('l V o " ,  4GX, "SOLUTION OF SECULAR EQUATION"/" ")

DO 9 1=1,NCONF,5
J=I+4
IF(J-NCGNF) 6,6,5

5 J=NCO}IF
6 WRITE(LP,7) I,J,(HM(K,K),K=I,J)
7 FORIvIAT("0",46X,"e n e r g i e s OF STATES",13," TO ",I3/"o",lP5E24.10) 

WRITE(LP,8) I,J
8 FOHMAT("0",43X,"EIGENVECTORS FOR STATES",13," TO ",I3/" ")

DO 9 K=l,NCONF
WRITE(LP,91) (EV(X,L),L=I,J)

9 CONTINUE
91 FORI.IAT(" ",1P5324.10)

X 10 FORMAT("0",3SX,"m a t r i x ELEMENTS OF SECULIR EQUATION H-MATRIX"/)
X 11 FORMAT("o ",42X,"M*ITRIX ELEMENTS BETWEEN DETERMINANTS"/)
X 12 FORMAT("0",44X,"SPACE-SPIN TRANSFORMATION MATRIX"/)
X 13 FORMAT( "0", 45X, "PARTIALLY TRANSFORMED H-l!ATRIX"/)
X 14 FORMAT("O", 37X, "TRANSPOSE OF SPAClî-SPIN TRANSFORMATION MATRIX"/)
X 15 FORMAT("0",51X, "e i g e n v a l u e s OF Utl"/)

CALL QUIT("sECSGL",IDUM(651))
RETURN
END

♦FORTRAN LIB
SUBROUTINE TDFILE

C  CONTROLS ALL TRANSFERS FROM CORE TO PERIPHERALS AND VICE VERSA.
CdvïïIGN /SECEQN/ AA(33767),ICR,LP,MTD,NO,Aim,ANYl,ANY2,/iNY3,ANY4, 

IGF, ICOL, IDISC, IFILE, JFILE,LINK,MTD01,MTD02,NBASIS,NCONF,NDET,NELEC 
2,NF,NFULL,NSQRD,NXBLOC 
DIMENSION HM(73,78),EV(73,78),GA(60,60),A(60,60),ERI(900) 

1KT(153,4),LT(153),KD(10,4),LD(10)
EQUIVALENCE (AA(7261),ERI),(AA(9361),HM,A),(AA(15446),GA),(AA(2376 

11),EV)
TEXT TN(153,4),DN(10,4)
TEXT W(4)/" ♦♦♦♦ ","NEXT NEW"," RECORD ","♦♦♦♦ "/
CALL ElTTR("TDFILE",Nn)
READ(ICR,2) IFILE,JFILE 
V/RITE(LP,44) IFILE,JFILE 
GO TO (1,13,25,32),IFILE 

C.... A DISC FILE 13 TO BE CREATED.
1 REzAD(ICR,2) IEITrRY,IPKBLOC
2 FORMAT(IGI5)

RE17IND MTDOl 
REWIND MTDO2
IF (NXBLOC) 2001,204,2001 

C ....COPY TRANSFORMED INTEGRALS INTO DISC AND MASTER RESULTS FIL23.
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2001 R3AD(ICR,2) INTRA,IGO,NBLDC 

CALL SEARCHCINTRA,NBLDC,0)
IX>(1) ,LT(1) ,I ,MENTRY=1 
LD<2) ,LT<2), J ,NENTRY=2 
IF(IGO) 2002,2004,2002

C  MASTER RESULTS FILE TABLE CONTAINS ENTRIES.
2002 READ(IDISC) MiL’OTRY,IENTRY, ((TN(K,L) ,L=1,4), (KT(K,L) ,L=1,4) ,LT<K), 

1K=1,MENTRY)
REWIND IDISC
I=4.'IENTRY
J=I+1
LD(1)=LT(I)
LD(2),LT(J)=LT(I)+1 
IF(NXBLGC-ICr(I,l)) 2003,2003,2004

2003 NX3LGC=ICT(I,1)+1
2004 CALL SEARCH(MTD02,NXBLOC,0)

KT(I,1)=NXBL0C
KD ( 1,1) , ICT ( 1,4 ) , leD (1, 4 ) =1 
KT ( 1,3), KD (1,3) =NSQRD 
KT(J,4),KD(2,4)=5
CLEAR ICD(l,2),ICr(I,2),ieD(2,3),KT(J,3)
READ(ICR,26) (DN(1,K) ,K=1,4) 
m  2005 K=l,4 
TN(I,I0=DN(1,K)
TN(J,K),DN(3,K)=V/(K)

2005 CONTINUE 
I=NSQRD+1
DO 200G j=a,i
READ(IOTRA) (ERI<K),K=1,NSQRD)
1VRI TE (MTDOl ) (ERI (K) , K=1, NSQRD)
Y/RIT3(MTD02) (ERI (K) ,K=1,NSQRD)

2006 CONTIIRJE 
1ÆENTRY=4ÎSNTRY+1
C.ALL TPPOSN(MTD01,KD(2,l),KD(2,2),MTD02,KT(M3NTRy,l),ICT(MENTRY,2)) 
GO TO 17

C....MASTER CONTENTS TABLE PRESENT.
204 READ (IDISC) MENTRY,IDSNTRY,((TN(I,J ) ,J=1,4),(KT(I,J ),J=1,4),LT(I), 

lI=a,MENTRY)
RE1YIND IDI SC 
IF(MENTRY-IENTRY) 3,5,5

3 Y/RITE (LP, 4) IENTRY,MENTRY
4 FOR&LAT("0",38X,"YYHY ASK FOR",14," ENTRIES Y/HEN YOU ONLY GOT",13) 

V/RITE(LP,47) ((TN(I,J),J=1,4),(KT(I,J),J=1,4),LT(I),I=1,MEOTRY) 
CALL EEXIT

5 READ(ICR,2) (LD(I),1=1,IENTRY)
C.... CHECK ENTRIES IN-ASCENDING ORDER.

EO 8 1=2,IENTRY 
IF(LD(I)-IJD(I-1)) 6,6,8

6 Y/RITE (LP, 7)
7 FORMAT("0",37X,"DISC TABLE ENTRIES MUST BE IN ASCENDING ORDER") 

CALL EEXIT
8 CONTIIRJE

DG 16 1=1,1 ENTRY 
IX) 9 J=l,4 
DN(I,J)=TN(LD(I),J)

9 CONTI ÎHJE 
KD(I,3)=KT(LD(I),3)
KD(I,4)=ICT(LD(I),4)
CALL Sil\RCH(MTD02,ieT(LD(I),l),KT(LD(I),2))
GO TO (10,12,13,14,15),ICD(I,4)
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C  INTEGRALS.
10 D=KD(I,3)+1 

DO 11 K=1,L
READ (MTD02) (ERI(U),U=1,KD(I,3))
YVRITE(MTDOl) (ERI(M),M=1,KD(I,3))

11 CONTIIRTE 
GD TO 15

C  G-V3CT0R (MATRIX ELEMENTS BETWEEN DETERMINANTS).
12 READ (MTD02) (AA(K) ,K=1,KD(I,3)>

Y/RITE (MTDOl) (AA(K) ,K=1,KD(I,3))
GO TO 15

C  ENERGIES AND EIGENY/ECTORS .
13 READ (MTD02) (HM(K,K), (EV(L,K) ,L=1,KD(I,3)) ,K=1,ICD(I,3))

Y7RITE(MTDOl) (HM(K,K) , (EV(L,K) ,L=1,KD(1,3) ) ,K=1,KD (1, 3) )
GO TO 15

C  FIRST ORDER DENSITY MATRIX.
14 READ (MTD02) ((GA(K,L),L=1,KD(I,3)),K=1,KD(I,3))

YYRITE(MTDOl) ((GA(K,L) ,L=1 ,KD(1,3)),K=1,KD(I, 3))
15 CALL TPP03N(MTD01,KD(I+1,1),KD(I+1,2))
16 CONTIimE 

KD(1,1)=1 
CLEAR KD(1,2)
NENTRY=IEIfTRY

17 YTRITE(IDISC) MENTRY,NENTRY, ((TN(I,J) ,J=1,4), (KT(I,J),J=1,4) ,LT(I) , 
lI=l,MENTRY),((DN(I,J),J=i,4),(KD(I,J),J=l,4),LD(I),I=l,NENTRY)
REY7IND IDISC 
REY7IND MTDOl 
REY7IND MTDO 2 
CLEAR JUMP 
GO TO 45

C DATA TO BE READ INTO'CORE FROM DISC,
18 READ (IDISC) MENTRY.NENTRY, ( (TN(I,J) ,J=1,4), (KT(I,J) ,J=i ,4),LT(I), 

11=1 ,M3NTRY) , ( (DN(I ,J) , J=1,4) , (KD(I ,J) ,J=1,4) ,LD(I) , 1=1 .NENTRY)
RE17IND IDISC 
JUMP=1 

. GO TO 45
C READ SUBSCRIPT VALUE FOR ENTRY TO DISC CONTENTS TABLE.

19 READ(ICR,2) IENTRY 
YVRITE(LP,20)

20 FOR1L\T("o ",43X/THE FDLLOYVING IS REQUIRED IN CORE"/)
YVRITE(LP,47) (DN(IENTRY,J),J =1,4),(KD(IENTRY,J) , J =1,4),LD(IENTRY) 
CALL SSARCH(MTDOl,KD(IENTRY,1),KD(IENTRY,2))
GO TO (21,23,24,21,21),KD(IENTRY,4)

C ....IMPROPER REQUEST.
21 V/RITE(LP,22)
22 FG2LIAT("o ",33X, "i mp rope r REQUEST - CONTIIRJATIOIf NOT POSSIBLE")

CALL EEXIT
C....G-VECTGR.

23 READ(MTDOl) (AA(I),1=1,KD(IENTRY,3))
GG TO 49

C....ENERGIES AITD EIGENVECTORS.
24 READ(MTrOl) (I3.ï(K,K) , (EV(L,K) ,L=1,KD(IENTRY, 3) ) ,K=1,10? (lENTOY, 3) ) 

GO TO 49
C.... RESULTS TO BE ADDED TO DISC AND DISC CONTENTS TABLE UPDATED.

25 REiAD (IDISC) MENTRY,NENTRY,((TN(I,J),J=1,4),(KT(I,J),J=1,4),LT(I), 
11=1,MENTRY) , ( (DN(I, J ) , J=1,4) , (leo(I, J) , J=1, 4) , LD(I ) , 1=1, ITENZRY)
REY7IND IDISC
READ(ICR,26) (DM(NENTRY,J),J=1,4)

26 FÜRI.ÎAT(4A3)
IENTRY=NENTRY-1
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CALL SEARCH(MTD01,KD<IENTRY,1),KD(IENTRY,2))
IF(KD(IENTRY,4)-1) 263,261,263

261 DO 262 1=1,10)(IENTRY,3)
READ(MTDOl) ANY3

262 CONTIIRJE
263 READ(MTDOl) ANY3

CALL TPPOSN(MTDOl,KD(NENTRY,1),KD(NENTRY,2))
LD(NEITTRY) =MAXO(LD(NENTRY) ,LT(MENTRY))
IF(JFILE-3) 27,23,29 

C  G-VECTOR
27 KD(NENTRY,3)=(NDET*(NDET+1))/2 

KD0TEITTRY,4)=2
YTRITE(MTDOl) (AA(I),I=1,KD(NSNTRY,3))
GO TO 30 

C ENERGIES AND EIGENVECTORS.
28 (NENTRY, 3)=NC0NF 

KD(NENTRY,4)=3
Y/RI TE (MTDOl) (HM(K,K) , (EV(L,K) ,L=1,NCONF) ,K=1,NCONF)
GO TO 30

C  FIRST ORDER DENSITY MATRIX.
29 leD (NENTRY, 3) =NBASIS 

KD(NENTRY,4)=4
V/RITE(MTDOl) ((GA(K,L),L=1,NBASIS) ,K=1,NBASIS)

30 NENTRY=NENTRY+1
CALL TPPOSN(MTD01,KD(NENTRY,1),KD(NENTRY,2))
CLEAR KD(NENTRY,3)
KD(NENTRY,4)=5 
LD(NENTRY)=LD(NENTRY-1)+1 
DO 31 1=1,4 
DN(NENTRY,I)=V/(I)

31 CONTINUE
Y/RITE ( IDI SC) IÎENTRY, NENTRY, ( (TN( I, J) ,J=1,4), (KT(I, J ), J=1,4) , LT( I ), 

1I=1,MENTRY),((DN(I,J),J=1,4),(ICD(I,J),J=1,4),LD(I),I=1,NENTRY)
REY7IND IDISC 
CLEAR JUMP 
GO TO 451

C UPDATE MASTER FILS AND CONTENTS TABL3.
32 READ (IDISC) MENTRY,NENTRY, ((TN(I,J),J=1,4), (KT(I,J) ,J=1,4),LT(I) , 
11=1 ,LENrRY) , ((DN(I,J ) ,J=1,4), (KD(I,J) ,J=1,4) ,LD(I) ,I =1,NENTRY)
REY7IND IDISC
IENTRY=MENTRY
M=ME1JTRY-1
CALL SE.\RCH(MTD02,KT(M,l),Kr(M,2))
IF(KT(M,4)-1) 323,321,323

321 DO 322 I=1,KT(M,3)
READ(MTDG2) ANY3

322 CONTINUE
323 READ (MTDO 2) ANY3

CALL TPP03N(MTD02,KT(IENTRY,1),KT(IENTRY,2))
DO 42 I=l,NEirrRY 

X DI3PLAY(LP,5)/I/
DO 33 J=1,M
IF(LD(I)-LT(J)) 33,42,33

33 CONTINUE
X DI3PLVY(LP,5) I

DC 34 K=1,4 
TNdENPRY, K)=DN(I,K)

34 CGîrriNUE 
LT(IEOTRY)=LD(I)
KT(lEirrRY, 3) =KD(1, 3)
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KTdENTRY, 4)=KD(1, 4)
CAI*L SSARCH(OTD01,KD(I,1),KD(I,2))
G O T O  <35,37,33,39,43),KD<I,4)

C  TRANSFORMED INTEGILVLS
35 IGO=N3QRD+l 

DO 33 K=X,IGO
READ (MTDOl) (ERI (L) ,3>1 ,NSQRD)
Y/RITE CMTDO2) (ERI (L) , L=4. ,NSQRD)

36 CONTINUE 
GO TO 40

C ....G-VECTOR,
37 READ (MTDOl) (AA(K) ,K=1 ,KD(1,3) )

VmiTE (MTD02) (AA(K) ,K=1,KD(1,3) )
GO TO 40

C ....ENERGIES AND EIGENVECTORS.
38 READ (MrDOl) (HM(K,K) , <EV(L,K) ,I^=1,KD(1,3) ) ,K=1 ,KD(1, 3)) 

V/RITE(MTD02) (HM(K,K) , (EV(L,K) ,L=l,ia3(I,3>) ,K=1,KD(I,3)>
GO TO 40

C....FIRST ORDER DENSITY MATRIX.
39 RE,ID (MTDOl) ((GA(K,L) ,L=1 ,IO)(1,3) ) ,K=1,KD(1,3))

T/RITB (MTD02) ( (GA(K, L), 1^1, KD (1,3) ), K=1 ,KD(I,3))
40 lEITTRYsIENTRY+l

CALL TPPOSN(MTDO2, ICT( lENTRY, 1 ) , ICT ( lENTRY, 2) )
42 COIfTINUE
43 MEimiYsIEirrRY

\miTE(IDISC) M?î:NTRY,NENTRY, ( (T1T(I,J) ,J=1 ,4) , (KT(I,J) ,J=1,4) ,LT(I) , 
11=1,MEKTRY) , ((m(I,J) ,J=1,4) , (KD(I,J ) ,J=1,4) ,LD(I) , 1=1,NENTRY)
REV/IÎÎD IDISC 
CLEAR JUMP 

C....PRINT CONTENTS TABLES.
44 FGRÎL\T('i/,33X/TDFHÆ; p a r a m e t e r VALUES,IFILE =',I2,' JFILE =',I2)
45 VmiTE(LP,4G) KT(1,1)

VmiTE(LP, 47) ( (TN(I, J ) , J=1,4) , (KT(I, J ) , J=1,4) ,LT(I) , 1=1, tlENTRY)
451 V/RITE(LP,48) KD(1,1)

V/RITE (LP, 47) ( (DIT( I,J), J =1,4) , (KD(I,J) ,J=1,4) ,LD(I) , I =1, NENTRY)
46 FORI^LIT('s',40X, CGNTICNTS OF MASTER FILE FROM BLOCK", 15//)
47 FORMAT(" ",4A3," FROM BLOCK",15," VK3RD",I4,". LOOP PARAI.IETER =",I5 

1,". RECORD TYPE =",I2,". SEQUENCE NUMBER =",13)
43 FCRT.IAT("b ",40X, "c on tent s OF PRIVATE FI LIU FRŒI BLOCK", 15//)

IF(JUIvIP) 50,40,19
49 C;\LL QUIT("t oFILE",NO)

RETURN
50 STOP 

END

♦FORTRAN LIB
SUBRÜUTIN33 TRANS(A,AT,N1, N2,Ml,M2)

C TRANSPOSE OF MATRIX A STORED IN MATRIX AT.
DIMENSION A(Ml,Ml),AT(M2,m)
DO 1 1=1, N1 
DO 1 J=1,N2 
AT(J,I)=A(I,J)

1 CONTIIRJE 
RETURN 
END
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SPECIFICATIÛ

NUHRL-K'
1
2

NUMBER nr
NUMBER OF

INSTRUCTIONS USED ON EXIT FPOh 
i n s t r u c t i o n s  u s e d  o n  ENTRY TO

SUBPROGRAM
s u b p r o g r a m

I 2 
1 2 

s e :d a t  = 
TD-M l E =

TDFIEE p a r a m e t e r  VALUE

OXYGEN ATOM INTEGRALS.
n e x t  NEW RECORD

c o n t e n t s  o f m a s t e r  F

FROM
FROM

BLOCK
BLOCK

100
101

WORD C, 
WORD 164,

c o n t e n t s  o f p r i v a t e

OXYGEN ATOM INTEGRALS. FROM b l o c k  1 WORD C , L
**** NEXT NEW RECORD1 #"*** FROM BLOCK 2 WORD 164, L

n u m b e r OF i n s t r u c t i o n s USED ON EXIT f r o m s u b p r o g r a m TDFI.E z
NUMBER OF i n s t r u c t i o n s u s e d ON e n t r y  t o SUBPROGRAM PA SOME . -

n u m b e r OF i n s t r u c t i o n s USED ON EXIT f r o m SUBPROGRAM d a SON'E z
NUMBER OF i n s t r u c t i o n s USED ON ENTRY TO SUBPROGRAM m a x c o n z

n u m b e r  OF NO N ZERO OFF-DIA GOXAL 1MA
n u m b e r OF i n s t r u c t i o n s USED ON e x i t  f r o m s u b p r o g r a m MAXOON -

n u m b e r OF i n s t r u c t i o n s USED ON ENTRY TO SUBPROGRAM PA5TW0 z
n u m b e r OF i n s t r u c t i o n s USQiD ON EXIT FROM s u b p r o g r a m PA3TW0 z
NUMBER OF i n s t r u c t i o n s USED ON ENTRY TO SUBPROGRAM H^’ASS -

n u m b e r OF i n s t r u c t i o n s USED ON EXIT FROM SUBPROGRAM H^ASS
n u m b e r OF i n s t r u c t i o n s USED ON ENTRY TO SUBPROGRAM TD--ILE -

t d f i l e  p a r a m e t e r  v a l u e

CONTENTS OF PRIVATE

OXYGEN ATOM INTEGRALS. FROM BLOCK 1 WORD 0. L
OXYGEN ATOM Cl P DETOR MATRIX, FROM BLOCK 2 WORD 164. L

**** n e x t  n e w  RECORD **** FROM BLOCK 2 WORD 16B, L
NUMBER OF INSTRUCTIONS USED ON EXIT FpoM SUBPROGRAM t D'*'I..E =
n u m b e r  OF i n s t r u c t i o n s  u s e d  ON e n t r y  To SUBPROGRAM SECSOL =
NUMBER OF INSTRUCTIONS USED ON ENTRY TO SUBPROGRAM SRCDAT =
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J3 4 6
42(1/
42Ü9

nr:T3.̂
o ('/ LO 

(> 10

5 , IFILH = 1 JFILE = 1

ILE F R j M  B L O C K  10 0
OOP PAPAM5TER =
O O P  p a r a m e t e r  = 5. RECORD TYPE =

0. r e c o r d  TYPE =
1. SEQUENCE NUMBER = 1 
5. s e q u e n c e  NUMBER ; 2

FILE FROM BLOCK
A P A M E T E R  = 
A R A M E T E R  5

J J r- P
0 OF P 
4335 
:1340
4342
4343

T R i x  E l e m e n t s  b e t w e e n  d e t o r s =
4367 
4363 
44 0 0 
4401 
44 0 4 
440 6

25. RECORD TYPE = 1. SEQUENCE NUMBER =? 1 
0. r e c o r d  t y p e  = 5.‘ SEQUENCE NUMBER a 2

Si I F I l E = 3 J F I L E  = 2

f i l e  FROM BLOCK
O O P  P A R A M E T E R  = O O P  P a r a m e t e r  =
OOP PARAMETER = 
4425 
4425 
4429

25. r e c o r d  t y p e
3, RECORD TYPE
0. RECORD TYPE

1, SEQUENCE NUMBER a 1
2, SEQUENCE NUMBER ; 2
5, SEQUENCE NUMBER ; 3
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-7,45403619P2E*01

s o l u t i o n  or, s
E N E R G I E S  O F  S

e i g e n v e c t o r s  f O R
i . ü O o n o o o o o o E + ü o  

n u m b e r  o f  i n s t r u c t i o n s  U S E D  O N  E X I T  F R O M  S U B P R O G R A M  S E O S O L  
N U M B E R  OF I N S T R U C T I O N S  U S E D  O N  E N T R Y  T O  S U B P R O G R A M  T D ^ l L E

T D F I L E  P A R A M E T E R  V A L U

C O N T E N T S  O F  P R I V A T E
O X Y G E N  ATUM i n t e g r a l s , 
o x y g e n  A T O M  CI P D E T Q R  M A T R I X .  
O X Y G E N  A T O M  Cl 3 P S O L U T I C h N .  

•JUS-** N E ^ T  N E ̂  R z C 0 R D * *  * *
NUMBER
n u m b e r

OF
OF

I N S T R U C T I O N S  U S E D  I N S T R U C T I O N S  U S E D ON
ON

F R O M  
F R O M  
F R O M  
pROM 

E X I T  F r o m  E N T R Y  T O

B L O C K
B L O C K
B L O C K
B L O C K

s u b p r o g r a m
s u b p r o g r a m

W O R D
W O R D
W O R D
w o R d 

t D

C .16 4 « 
1 6 5 .  
1 7 1 .
i l e

N A T O R B
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ECJLAR e OJ a TION

TATES 1 TO

S T A T E S  1 TO

4 4 5 54 4 5 7

E S i I F I l E = 3 J F I L E  = 3

f i l e  f r o m  b l o c k

LOOP 
LOOP 
LOOP 
LOOP 
= 4473
= 4475

p a r a m e t e r
P a r a m e t e r
p a r a m e t e r
PARAMETER

25. r e c o r d  t y p e  s
3. R E C O R D  t y p e  =
1 . R E C O R D  t y p e  =
5. r e c o r d  TYpE =

1. s e q u e n c e  n u m b e r  a 1
2.' S E Q U E N C E  N U M B E R  a 23. s e q u e n c e  n u m b e r  = ' 3
5. S e q u e n c e  n U m b e r  a a
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r-AlURAL S 3 I N 0R5I 
CüEiriCÎENTS G'

c( 1)= 7.n/1067ail9C-01 C( 2)= 7.0710678119
NUrlG^R !'F I NSTicUC TI OMS USFD OM ENTRY TO SUBPROGRAM FO],M
MUhBLR 'IF I MS'^rUJCT lOMS USED OM EXIT FROM SUBPROGRAM ROOM
MUMBuR OF i n s t r u c t i o n s  USED ON ENTRY TO SUBPROGRAM TD'I

TDFILE p a r a m e t e r  V

FROM BLOCK 1 WORD
FRUM BLOCK 2 WORD 16
FROM BLOCK 2 WORD 16
FROM BLOCK 2 WORD 17
FROM BL OCK 2 WORD 27

CONTENTS OF P R I V
OXYGEN ATOM INTEGRALS.
OXYGurj ATUM Cl P DETQR MATRIX.
OXYGEN ATUM Cl 3 P Sül.UTION.O X Y G E N  A T O M  Cl 3P D E N S I T Y  M A T R I X  F R O M  B L O C K  

* -ij- u E X T N t; W R r C 0 R D 
n u m b e r  of  i n s t r u c t i o n s  u s e d  ON E X I T  F r O M  SUHPROGRAM TD-'I

RESULTS of NaTJR 

0CCUPATI3N NUM5E 
1,00000 0 0 II Û0F + 00

TRANSFORMATIO vJ

1 , 0 0 0 0 u o n o o o E + o o

1,0000 000000E + 00
O.OOOnuOOOOOb^OO 
0.0000 000000E+00 
0 . 0 0 0 0 0 0 0 0 0 0 E + 00 
0.0000000000E+00 
0.000000 0000E+00 
0 . O O O n O O U O O O E + 0 0  
0 , O O O O O O O O O O E + 0 0  
0.000000 0000E + 00 0 . O O O O O O Ü O O O E + 0 0

5 . 0 0 0 0 0 0 O O O O E - O l

O O O O O U O O O O E + 0 0
0 0 0 0 0 0  0 0 0 O E + U O
O O O O U O O O O O E + O GO O O O O O O O O O E + O O
o o o o o o o n o o E  + ociO O O O ü O ü O O O ë + 0 0
000000000 (1E + 0 0 
0000U00000E+00
O O O O Q O O O O O E + O OO O O O O O O O O O E + U O

0,UOaoCGOOOOF+OO
1,U0Ü0C0OOÜ0E+0O 
0 , 0 0 0 0 0 0 Û O 0 0 F + 0 0  
0 , 0 0 0 0 0 0 0 Ü D 0 P + Û 0  
0,000000OOOOp+00 
0,0000000000E+GO 
0,0000 0 DOOOOE + 00 
0 , OOOQOOOOOOpi + OO 
0 ,OOOOOCOOOOE + 00 
0 , 0 0 0 0 0 0 0 0 OOE + ÛO

o c c u p a t i o n  NUM3E
5,00 0 0000 0 00^-01

t r a n s f o r m a t i o v j

0 , 0 0 0 0 0 0 0 0 0 0 ^ + 0 0
0 , OOOOOGOOOOE + QO 
0,000000OOOCF+00
0 , 0 0 0 0 0 0 0 0 0 0 F + 0 0
0 , 0 0 0 0 00 0 0 0 0^4,00
0 , 0 0 0  0 0 0 0 0 0 0 2  + 0 0

1,OOOOOOOOOOE+üO 
0,000000OOOOE+00
0 , 0 0 0 0 0 0 OUOOE + 00 
O.OOOOOOOnOOE ’̂OO

SUM OP OCCUPATinvj
n u m b e r  o f , El

NUMBER OF INSTRUCTIONS USED ON EXIT Fr o M SUBPROGRAM n ATQ
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: - (IA c (
A 4 = 4 4 G 6
A4 = 4491 

= 4492
K = K =

ALU12 S, I F I L E  = 3 J F I L E = 4

ATE ^ l U E  B L O C K
C , L O O P  :)ARAMETER = ?5. R E C O R D T Y P E4 , L O O P  p a r a m e t e r  = 3 . R E C O R D t y p e
5 , L O O P  P A R A M E T E R  = 1. R E C O R D T Y P E1 . L O O P  P a r a m e t e r  = 10 . R E C O R D T Y P E
3, l O o ^ p a r a m e t e r  = 0 , r e c o r d T Y P E
_  £ = 4 5 1 1

= 1. S E Q U E N C E  N U M B E R  = 1
= ?.. S E Q U E N C E  N U M B E R  = 2
= 3, S E Q U E N C E  N U M B E R  a 3= 4. S E Q U E N C E  N U M B E R  = 4
= 5, S E Q U E N C E  N U M B E R  a 5

AL s = i'j o r b i t a l  a n a l y s i s
RS 0=’ 0R3ITA,S 1 TO 5

l . O O O O O O O O o n E  + O ü  I t O O C O O O O C ' Ô O E  + OO
N A T R I X  c o l u m n s  1 TO 5
C . Ü O O O O O O C O O E + C O  
0 . O O O O O O O ü O O E + O Ü  
1 . O O O O O O O O O O E + 0 0
D , n O O O O O O O O O E + 0 0  
0 , 0 0 0 0 0 0 0 ü 0 0 E + 0 0 
0 , O O O O Û O O O O O E + O 0  
J , 0 0 0 0 0 0 0 0 0 0 E + 0 0 
D , O O O û O O O O O O E + 0 0  
0 ,0 0 0 0 0 0 0 0 0 0 2 + 0 0  
0 , 0 0 0 0 0 0 0 0 0 0 2 + 0 0

RS OF  o r b i t a l s  6 TQ 10
5 . 0 0 0 0 0 0 0 0 0 0 E = 0 1
N A T R I X  c o l u m n s  6 TQ 1 0
0 ,0 0 0 0 0 0 0 0 0 0 5 + 0 0
3 . 0 0 0 0 0 0 0 0 0 0 2 + 0 0
0 , 0 0 0 0 0 0 0 0 0 0 2 + 0 03 . O O O O G O O O O G E + 0 0
0 ,00000000002+003 , 0 0 0 0 0 0 0 0 0 0 2 + 0 0
3 , 0 0 0 0 0 0 0 0 0 0 2 + 0 0
1 ,0 0 0 0 0 0 0 0 0 0 2 + 0 0
3 . 0 0 0 0 0 0 0 0 0 0 2 + 0 0
J , 0 0 0 0 0 0 0 0 0 0 2 + 0 0

0,00000000002+00
0 . 0 0 0 0 0 0 0  G 0 0 E + 00 
G . C O G O O O O O O O E + O O  
l,0000000C00E+00 
0,00000000 0 02+00 
G .00000000002+00 
O . C O O C O O O O û O E + 0 0  
0 . O O O û O O O O O O E + 0 0  
G . 0 0 0 0 0 0 0 0 0 0 2 + 0 0
0 . 0 0 0 0 0 0 0 0 0 0 E + 00

l . Û O C O O O O Ü O O E + O O

Û , O O Û O O Û O O O O E + O Û  
0 ,0 0 0 0 0 0 0 0 0 0 2 + 0 0  
C . 0 0 0 0 0 0 0 0 0 0 2 + 0 0  
0,0000000 000E+00 
0 . 0 0 0 0 0 0 0 0 0 0 2 + 0 0G . Ü O O Ü O O Û O O O E + Û O
C . O O G O O O O O O O E + O O
0,00000000002+00 
1,00000000002+00 Û . O O O O O O Û O d O E + O O

5 , ' O O Û ^ O O O O O O E " Û 1

0.'000^000000 2 +00
0 ,‘d n o  '0 0 0 4 0  02+0 0
0 c o 0 ' 0 0 0 0 0 û E + 0 0 
0 , 000''00 0000 2 +0 0
1,‘OOÜ - 000 0 00 2+00 
0 000 ' 00 00002 +00 
O . ' O O O A O Q O O O Ô E  + OO 0 00 0 '0 0 00 0 02 + 0 0 
0 0 0 040 0 0 0 0 0 2  + 0 0 O,‘O 0 0 n 0 0 O O 0 Û E * 0 O

1 d 0 0 A G 0 0 0 0 d E 0 0

û ,'d 0 0 4 0 0 0 0 0 0 2  + 0 0 
0 . 000 0 000'10 02*00 
o J o o o A o o û 4 ü d 2 + o o  
0 ,  0 0 0 ^ 0 0 0 ' ) 0 0 £  + 00
0 0 0 0 ' 0 0 ü n 0 d p + 0 0 0 , 0 0 0 ' ‘0 0 0 0 ü û £  + 0 0
0,’Q O O ' ' 0 0 0 1 0 0 2  + 0 00, O O O - ' O O O O Ü Û E  + O O
0,'000100000 02 +00
1 . Ô O Q i O O o O G d ' F  + G O

N U M B E R S  = 0 , 0 0 0 0 0 0 0 0 0 1 2 + 0 0  E C T R O N S  = 6
r B = 4 5 5 2
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NUrltU.K’ OF ÏNST.MJCÏIÜNS USED ON ENTRY To SUBPROGRAM TD'I

TDFILE p a r a m e t e r  V

OXYGuN
OXYGEN
OXYGEN
ÜXYGLU

■Tf

IN 'EGR'iLS.
CI P DETOR MATRIX. 
CI 3 P s o l u t i o n .

ATOM 
ATOM
a t o m
ATOM CI 3p De n s i t y  m a t r i x  
NEXT rj L Vl R = C OR Ü * -u- * *

C n M t e n t s OF MAST
FROM FLOCK ion WORD
f r o m BLOCK lui WORD 16
FROM RL.OCK 101 WORo 16
f r o m BLOCK 101 WORD 17
FROM BLOCK 101 WORD 27

CONTENTS OF PRiV

OXYGEN ATOM INTEGRALS. FROM BLOCK 1 WORD
OXYGEN ATOM CI F' DETOR MATRIX. f r o m BLOCK 2 WORD 16
0 X Y G E N A T 0 M CI 3 p S o l u t i o n . FROM BLOCK 2 W'ORo 16
OXYGEN ATOM CI 3p DENSITY MATRIX FROM BLOCK 2 WORD 17

if * * NEXT NEW RECORD «*** f r o m BLOCK 2 WORD 27
n u m b e r  of INSTRUCTIONS USED ON EXIT FROM SUBPROGRAM TOFl

JOB c o m p l e t e  - TIM
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- 5 6

A L U E S ,  I F I ^ E  = 4 J F I L E  = Û

FROM 3L0C:< 100

0, LOOP PARAMETER 25. RECORD TYPE z 1. SEQUENCE NUMBER z 1
4, LDDP PARAMETER 3 < RECORD TYPE z 2. s e q u e n c e NUMBER z 2
5. LDD^ PARAMETER 1. r e c o r d TYPE = 3 . s e q u e n c e n u m b e r = 3
1, LOOP PARAMETER 10 . r e c o r d TYPE z 4. SEQUENCE NUMBER 3 4
5, LOOP P a r a m e t e r = 0 . RECORD TYPE = 5. s e q u e n c e NUMBER 3 5

a T5 F I LiE FROM BLOCX

LOOP PARAMETER = 25 . RECORD TYPE 1 . SEQUENCE NUMBER 1
4. LOOP PARAMETER 3 • RECORD TYPE 2. s e q u e n c e NUMBER 5 2
3, LOOP P a PAME^EP = 1. RECORD t y p e = 5 . S e q u e n c e NUMBER a 3
1. LOOP PARAMETER z iQ . RECORD TYPE z 4. s e q u e n c e NUMBER 4
3, LOOP P a r a m e t e r = 0 . RECORD TYPE = 5. s e q u e n c e NUMBER s 5_£ = 4 5 9 2
E USED = 28,71875 SECONDS
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APPENDIX VIII

SPECTRgf. A PROGRAM FOR COMPUTING THE 

SPECTROSCOPIC CONSTANTS OF DIATOMIC MOLECULES

SPECTI^ is described in chapter 9 and requires only a card reader 

(stream o) for input of data and a lineprinter (also stream O) for 

output. The program is completely self contained. The storage requirements 

are standard.

Data specification for SPECTRgf ^

Card 1 NC/nF, NDEG, NR, n/

F)2fRMAT (415)

Card 2

Card 3

NC^NP

NDE6

NR

a number of energy levels of the molecule to 

be investigated for the symmetry and spin 

defined by Card 4. If NC^NP ■ 0 execution 

ceases.

a degree of fitted polynomial 

a number of values of the bond length to which 

polynomial is to be fitted, 

a 0 to suppress diagnostic output.

/  0 to obtain diagnostic output, including 

residuals

TITLE

F/2feMAT (9A8/6A8) 

TITLE

RMASS

F)2feMAT (1PE20.10)

is an array of 15 elements (120 characters) 

used to identify the run.
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Card 4

RMASS a reduced mass of the molecule on the unified
mass scale (see Appendix I and reference^ 

ISPIN, lAMBDA, INVERS, REFLEC 
FjZfeMAT (215, 2A4)
ISPIN a value of total spin eigenvalue for this state
LAMBDA = value of axial angular momentum for this state

Gbbb for gerade states 
INVERS < Ubbb for ungerade states

bbbb for heteronuclear diatcmiic molecules 
+bbb for E ’*’ states 

REFLEC  ̂ -bbb for E “ states
bbbb for all other states 
(Note : b a blank)

Card 6 (R(l), I a 1, NR)
FORMAT (1PE20.10)
r (i) is the value of the I-th bond length in

bohrs.
(l < I < nr) Repeat.as required.

Card 7 ((e(I,J), J = 1, NR), 1 = 1 ,  NC^NF)
FORMAT (1PE20.10)
E(l,j) is the energy at R(i ) of the J-th energy

level. Repeat as required.

As the  program is  re -e n te re d  a t  Card 1 a f t e r  each ru n , i t  i s  necessary to  

terminate execution by setting NCjlftlF a 0.

Restrictions
1 < NR ^ 20
1 ^ NDEG <  NR
1 ^ NCjto < 5
0 ^ LAMBDA ^ 4
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c ....MAIN ROUTINE FGR SPECTROSCOPIC C0N3Ti\NTS PROGPAJI.
C ....READS AJX DATA PGR EACH RUN.

TJEGICAL TOGIC
canaoN /spec/ i c r ,i n v e r s,i s p i n,lai.ibda,l o g i c ,l p ,ncoi>if,n d e g ,n r ,n o ,

1 REFLEC,RLIA33,TITLE(15) ,F(20> ,P(20) ,R(20) ,BE(5> ,DE(5) ,D0(5) ,FC(5) , 
2LIINR(5),PJnN(5),v/E(5),X(20),XX(20,20>,A(5,10),YLJ(5,15),E(5,20> 
DIMENSION ANGM0M(5)
DATA .WGMWSII SIGMA ,311 PI ,8H DELTA ,8H PHI ,8H GAMMA 

1/
CLEAR ICR,LP

12 r .:a d (i c r ,3) NC0NF,HDEG,NR,N0 
IF(HCONF.El.O) STOP 
RE;\D(ICR,1) TITL.1:
READ (ICR, 2) RI.IASS
READ(ICR,4) ISPIN,LAIilBDA,INVERS,REFLEC 
READ(ICR,2) (R(I),I=1,NR)
READ(ICR,2) ((E(I,J),J=1,NR),1=1,NCONF)

1 FGRi;iAT(9A3/CA3)
2 FORI11T(1PE20 .10)
3 FGRJL\T(1GI5)
4 FCRI;AT(2I5,2A4)

C  PRINT DATA
I=2*ISPIN+1 
L/J;IBDA=L\IiIBDA-i-1 
V/RITE(LP,5) TITLE 
V/RITE(LP,6) RMASS 
VmiTE(LP,7) NCQNF,NR 
V/RITE(LP,13) NDEG
miTE(LP,3) I, ANGMGM(LAMBD/0 ,INVERS,REFLEC, (1, 1=1,5)

5 FGRI,IAT(im/lIIO,44X,31HSPECTROSCOPIC CONSTANTS PROGRAIVIHO, 15A8)
6 FORALIT( 1 HO,35::, 14HREDUCED MASS =,1PE17.10,19HAI.IU (UNIFIED SCALE))
7 ■ ’LAT(1II0,32X,25HNUMBER OF ENERGY LEVELS =,I2,26H, NUMBER OF BOND 
1 LENGTHS =,I3)
8 FORMAT(1HO,41X,26HTHE SPECTROSCOPIC STATE IS,I2,A6,1X,2A1/1H0,47X, 
125HENERGIES AND BOND LENGTHS/1H0,5X,9HR (BOHRS),6X,5(9X,1HS,II,9X) 
2)
DO 10 1=1,NR
Y.TIITE (LP, 9) R( I ) , (E(J , I ) , J =1, NCOI^F)

9 FCRI,IAT(1II0,Fll .1, 9X, 1P5E2G .10)
10 CONTINUE
13 FORMAT(IHO,44X,29HDEGREE OF FITTED POLYNOMIAL =,I3)

CALL FINDRE
CALL DUNHAM 
CALL RFILE 
GO TO 12 
END

’•'FORTRAN
SUBROUTINE DUNHAIvl

C ....COMPUTES DIATOMIC SPECTROSCOPIC CONSTANTS USING DUNHAM^S ANALYSIS.
C.... VERSION 5.

LOGICAL LOGIC
Ca^ICN /SPEC/ ICR,INVERS,ISPIN,LAMBDA,LGGIC,LP,NCONF,NDEG,NR,NO,

1 REFLEC,RIvIASS,TITLE(15) ,F(20) ,P(20) ,R(20) ,BE(5) ,DE(5) ,D0(5) ,FC(5>., 
2MINR(5),RrJIN(5),Y/S(5),X(20),XX(2G,20),A(5,10>,YU(5,15),E(5,20) 
DIMENSION FL(20),FD(20)
EQUIVALENCE (P(3),AO),(P(4),A1),(P(5),A2),(P(6),A3),(P(7),A4),

1 (P(3),A5),(P(9),A6),(P(10),A7)
DATA EPS/1.OE-10/
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NTERM=NDEG+1 
NM1=NDEG-1 ,
NM2=NDEG-2
BPA=R(NR)+R(1)
BMA=1.0/ (R(NR) -R(l ) )

C ....CCMPUTE VALUES OF, NORMALIZED INDEPENDENT VARIABLE X AND SET UP XX.
ro 1 1=1,NR
X(I)=(2.0*R(I)-BPA)*BMA
XX(I,1)=1.0
DO 1 J=2,NTERM
:lx(i ,j )=x x (i ,j -i )*x (i)

1 CONTINUE
DO 18 ICQNF=1,NC0NF

C ....COMPUTE MEAN ENERGY FOR THIS LEVEL.
SUM=E(IC0OT,1)
DO 2 1=2,NR 
SUM=SUM+E(ICONF,I)

2 CONTINUE 
SUM=SUM/FLOAT(NR)
IF(NO.NE.O) Y/RITE (LP, 3) ICONF, SUM

3 FORiîAT(lH0,41X,5HLEVEL,I2,14H MEAN ENERGY =,1PE17.10)
C.... SUBTRACT MSAIT F R m  EACH ENERGY AND CONVERT TO CM**(-1).

DO 4 1=1,NR
F(I) = (E(ICÜNF,I)-SUM)*2.1947462E+0 5

4 CONTINUE
C.... FIT POLYNŒIIAL TO F(X) .

CALL DRLIN2(XX,F,P,NR,NTERM,20,20,EPS,LOGIC)
IF(LOGIC) Y/RITE (LP, 5)

5 FORMAT(lH0,40X,40HITERATIVE IMPROVEMENT OF SOLUTION FAILED)
C .... COMPUTE L2 NORM OF SOLUTION,

B=0.0
DO 6 1=1,rm 
D=POLYVA(X(I),P,NDEG)
V/=F(I)-D
B=B+V/*V/
IF(NO.NE.O) Y/RITE (LP, 7) X(I) ,F(I) ,D,Y/

6 CONTINUE
7 FCRMATdH ,13X,2HX=,1PE17.10,6H F(X)=,1PE17.10,6H D(X)=,1PE17.10, 
lllH F(X)-D(X)=,1PE17.10)
Y/RITE (LP, 8) B

8 F0R2.IAT(1 HO,45X,21HL2 NORM OF SOLUTION =,1PE9.2) _
C  FIND MINIMUM OF F(X) .

' DO 9 I=3,NTERIA 
IM1=I-1 
IM2=I-2
FL(IM1)=IM1*P(I)
FD(IM2)=IM2*FL(IM1)

9 CdTTINUE 
FL(1)=P(2)
I=MINR(ICONF)
RE=X(I)
ITER=G

10 ITER=ITER+1
D=POLT/A(RE,FL,NMl )/POLYVA(RE,FD, NM2)
IF(NO.NE.O) Y/RITE(LP,i9) ITER,RE,D 
IF(ABS(D)-EPS) 15,11,11

11 IF(ITER-IOO) 12,13,13
12 RS=RE-D 

GO TO 10
13 Y/RITE(LP,14) ICONF,D
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14 FÜRMAT(1H0,39X,5HLEVEL,I2,26H NEV/TCN-RAPHSQN FAILED, D=,1PE9,2)
15 D=POLYVA(RE,P,NDSG)

IF(NO.NE.O) V/RITE(LP,16) D,RE
16 FORMAT(1HO,25X,34HMINIMUM OF NORMALIZED POLYNOMIAL =,1PE17.10,711 A 
. IT X =,0PF13.10)

C ....TRANSFORM POLYNOMIAL TO DUNHAM FORM.
D=RE+BPA*BT.1A
CALL POLYX(D,RE,P,FL,NDEG)
B=1.0/FL<3)
DO 161 I=4,NTERM 
FL(I)=FL(I)*B 

161 CONTI IRJE
C ....FL CONTAINS DUNHAM EXPANSION COEFFICIENTS.

. FL(l)=FL(l)+SUM*2.1947462E+05 
' IMl =MINO (10, NTERM)
DO 17 1=1,IMl 
A(ICONF,I)=FL(I)
P(I)=FL(I)

17 CONTIITOE
RE=0.5*(RE/BMA+BPA)
RMIN(ICONF)=RE

C ....CCMPUTE SPECTROSCOPIC CONSTANTS AND Y U .
BE(ICONF)=60.2014/(RMASS*RE*RE)
IF(BE(ICONF).LE.O.O.OR.AO.LE.0.0) GO TO 18 
Y/E(IC0NF)=2.0*SQRT(A0*BE(ICONF) )
DE (IC0ITF)=4.0*(BE(ICONF)/1VE(ICQNF))**2*BE (ICONF)
FC( IC0NF)=5.891461E-02*RMASS*V/S (ICONF) **2

C .... DEFINE B,V/ AND BY/ FOR EASE OF Y/RITING FORMULAE.
B=BE(ICŒ/F)
W=l/E( ICONF)
B'.7=(B/W)**2
A1SQ=A1*A1
A2SQ=A2*A2
A3SQ=A3*A3
YU(ICONF, 1)=0.125*B*(3*A2-1.75*A1SQ)
Y U (ICONF, 2)=W*(1+0.25*BW*(25*A4-16.75*A2SQ-0.5*A1*(95*A3-0.25*A1 

1 *(459*A2-144.375*A1SQ))))
YU(ICONF, 3)=0.5*B*(3*(A2-1.25*A1GQ)+G.5*BW*(0.5*A1*(-1365*A5+

1 3667.5*A2*A3+0.25*Al*(8535*A4-15503.25*A2SQ+0.5*A1*
2 (-23865*A3+0.125*A1*(239985*A2-52263.75*A1SQ))))+
3 245*A6-0,5*A2*(3S5*A4-426.75*A2SQ)-271.25*A33Q))
Y U  (ICONF, 4)=0.5*Y/*BY/*(10*A4-8.5*A2SQ-A1*(35*A3-0.25*M*(225*A2-
1 SS.125*A1SQ)))
Y U  (ICONF, 5)=5*BY/*B*(0.25*Al*(-63*A5-!-241.5*A2*A3+0.25*Al*(543*A4-
1 1247.25*A2Sg+0.5*Al*(-1953*A3+0.125*Al*(23265*A2-
2 5737.75*AlSQ))))-0.25*A2*(33*A4-lS.75*A23g)-3.5*(
3 2.25*A3SQ-AS))
YU(ICQNF, 6)=B*(l+0.5*BW*(15*(l+A3)-9*A2+Al*(14-23*A2ilU.5*Al*(l +

1 Al))))
Y U  (ICONF, 7)=Y/*BV/* (6* (1+Al) +BV/* (Al* (235-459*/i2+356 .25*A3-397.5*A4

1 +534.G23*A2SQ+0.25*A1*(1147.5-2409.75*A2:2572.5*A3+
2 A1*(1155-35G4.75*A2+974.53125*A1*(1+A1))))-0.3*,12*
3 (335+715*A3-251.25*A2) +190*A3-112 .5*A4-;-175* (1+A5) ) ) 
Y U  (ICONF, 8)=G*B*BV/* (5* (1+A3) -3*A2+,U* (10-13*A2+7.5*/A* (1+Al) ))
Y U  dCONF, 9) =20 *BY/*BY/*Y/* ( Al * ( 21 -45 * A2 +26 .25* A3 - 25 .5* A4+31. 373*

1 A33Q!K}.25*A1* (112.5-236.25*A2i-217.5*A3i-Al* (141-
2 377.25*A2+113.96375*A1 *(1-i-Al))))-0 .5*A2*(17-1-45*A3-
3 12.75*A2) +14*A3-4. 5*A4-i-7* (1-1-A5) )
Y U  ( I CONF ,10) =-4*B*BV/* (1 . 3* BY/* (/a * (190-23 7* A3 ll 0 2 .5 * A3 i-Al * (-A2 *
1 16G.5+173.25+12G*Al*(l+0.5*Al)))-A2*(119-4G*A2)+90*
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2 A3-45*A4+163) )
Y U  (ICONF, 11 ) s-12*B\7*BYW7* (9.5 -4* A2+9* Al * (1 +0. 5* Al »
Y U  (ICONF, 12)=-24*BY7*BW*B*(Al* (125-117*A2+47 .5*A3+A1* (123.75-103.5 

1 *A2+90*Al*(l+0.5*Al)))-A2*(61-26*A2)+30*A3-15*A4+65)
. Y U  (ICONF, 13) =1 G*B?/*Bi7*B* (3+Al) 
YUdCONF,l4)=12*BY7**3*V/*(233+Al*(279-S8*A2+Al*(lG9+63*Al))-120*A2 

1 +80*A3/3)
Y U  (ICONF, 15) =-64*BY7**3*B* (13+9*Al* (1+0.25*Al)-A2)
DO (ICONF)=YU (ICCNF, 1 )-.'-0. 5* (YU (ICONF, 2)+0,5* ( Y U  (ICONF, 3)+0.5* 

1(YU (ICGNF,4)+0 ,5*YU (ICOITF, 5) ) ) )
13 CONTINUE
19 FORINT(in ,21X,9HITERATI0N,I4,19H CURRENT ESTIMATE =,1PE17.10,11HI 

INCREMENT =,1P217.10)
RETURN
END

*FORTRAN
SUBROUTIIfE FINDRE

C  DETERMINES Y/HICH LEVELS ARE BOUND.
CaaiQN /SPEC/ ICR,INVERS,ISPIN,LAMBDA,LOGIC,LP,NCONF,NDEG,NR,NO, 

IREFLEC,RMASS,TITLE (15),F(20),P(20),R(20),BE(5),DS(5) ,D0 (5) ,FC(5) , 
2MINR(5),RIÆIN(5),UE(5),X(20),}CX(20,26),A(5,10),YU(5,15),E(5,20) 
NRM1=NR-1 
DO 4 I=1,NC0NF 
MINR(I)=NR

1 EMIN=E(I,NR)
DO 3 J=1,NRM1 
IF(EIvIIN-E(I,j)) 3,3,2

2 EMIN=E(I,J)
MINR(I)=J
RE=R(J)

3 CONTINUE 
RMIN(I)=RE

4 COITTINUE
C  SET RESULTS VECTORS TO ZERO.

DO 6 1=1,5 
BE(I)=0.0 
DE(I)=0,0 
Y/E(I)=0 ,0 
FC(I)=0.0 
D0(l)=0.0 
DO 5 J=l,10 
A(I,J)=0.0

5 CONTINUE
DO 6 J=l,15 
YU(I,J)=0.0

6 COITINUE 
RETURN 
END

*FORTRAN
SUBROUTINE 0RLIN2(A,B,X,N,M,NR0i7,NC0L,EPS,ITFAIL)

C ....0RLIN2 GIVES THE LEAST SQUARES SOLUTION FOR A SYSTEM OF N LINE,\R
C ....EQUATIONS IN M UNXNO/mS. A IS THE N*M-MATRIX OF TII5 SYSTEM, B THE
C ....CONSTRUIT VECTOR DIT THE RIGH: SIDE, EPS THE M-YXIMIL RELATIVE
C..... ROUNDING ERROR AITD X THE SOLUTION VECTOR. ITFAIL IS SET EQUAL TO
C...... TRUE. IF THE ITERATIVE IMPROVEMENT IS INEFFECTIVE.
C.... THE METHOD IS DESCRIBED BY F.L.BAUER IN ITUM.MATH.7,333-352(1905).

DIMENSION A(NR0Y7,NCCL) ,B(mCT.7) ,X(NRC,7) ,U(20,20) ,P(20) ,Q(210) , 
1PP(20)
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LOGICAL ITFAIL 
ITFAIL=. FALSE,
DO 1 I=1,N 
DO 1 J=1,M 
U(I,J)=A(I,J>

1 CONTINUE 
L=0
DO 51 1=1 ,M 
8=0.0
DO 2 J=1,N 
T=U(J,I)
P(J)=T
S=S+T*T

2 CONTINUE 
IfzLkl 
Q(L)=S 
T=0.0

C  ELEI.ÎSNT OF V STORED IN X.
. DO 3 J=1,N 

T=T+P(J)*B(J>
3 CONTINUE 
X(I)=T
IF(I-M) 31,51,51 

31 IP=I+1
DO 5 IH=IP,M 
T=0.0
DO 4 J=1,N 
T=T+P(J)*U<J,IH)

4 CONTINUE
C.... ELEMENT OF THE I-TH. R017 OF R STORED IN Q.

L=L+1 '
QCL)=T
T=T/S

C.... FORMATION OF A COLUMN OF THE I-TH. REMAINING MATRIX.
DO 5 J=1,N
U(J,IH)=U(J,IH)-P(J)*T

5 CONTINUE
51 CONTINUE

C.... END OF FORMATION OF THE MATRICES R AND U AND THE VECTOR V,
C.... BACK SUBSTITUTION.

LL=L
MM=M+2
MP=M+1
DO 7 IS=1,M
I=MP-IS
IH=L-I
T=Q(L)
S=X(I)
IF(I-M) 52,61,61

52 IP=I+1
IX} G J=IP,M 
S=S-Q(J+IH)*X(J)

6 CCÎTTINUE 
61 X(I)=S/T

L=L-:-I-MM
7 CONTINUE

C  END OF BACK SUBSTITUTION.
C.....INTERATIVE IMPROVEMEITT OF TIDî) SOLUTION.

EPS2=EPS*EPS
S0=0.0
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8 L=LL 

81=0,0 
82=0.0

C RESIDUAL VECTOR STORED IN P
DO 9 J=1,N
P(J)=-SCPR0D(-B(J),A,J,X,M,NR0;7,NC0L)

9 CONTINUE
C ....VECTOR ON THE RIGHT SIDE STORED IN PP.

EG 11 J=1,M 
8=0.0
DO 10 1=1, N 
S=S+U(I,J)*P(I)

10 CONTINUE 
PP(J)=S

11 CONTINUE
C ....BACK SUBSTITUTION.

DO 13 IS =1,M 
J=MP-IS 
IH=L-J 
S=PP(J)
IF(J-M) 111,121,121 

111 IP=J+1
DO 12 I=IP,M 
S=S-Q(I+IH)*PP(I)

12 COIfTINUE 
121 S=S/Q(L)

PP(J)=S
S1=S1+S*S
T=X(J)
S2=S2+T*T 
X(J)=S+T 
L=LkJ -i m

13 CONTINUE
C END OF BACK SUBSTITUTION.

IF(Sl-0.25*82) 14,16,16
14 IF(.NOT.(81.GE.S2*EPS2.AND.(S0.EQ.0.OR.Sl.LE.(80*0.01))))Ga TO 15 

80=S1
GO TO 8

15  RETURN
16 ITFAIL=.TRUE.

GO TO 15
END

*FORTRAN
FUNCTION PQLYVA(X,P,K)

C....COMPUTES THE VALUE OF A P0LYI7ŒIAL OF DEGREE K. THE COEFFICIENTS
C ....ARE IN P V/ITH THE CONSTANT TERM IN P(l) . (K<20) .

DIMENSION P(20)
DOUBLE PRECISION FOFX 
KP=K+1
FGFX=DBLE(P(KP))
DO 1 1=1,K
FOFX=FOFX*DBLI](X) +DBLE(P(KP-I) )

1 CONTINUE 
POLYVA=FOFX 
RETURl'I 
Eim

* FORTRAN
SUBROUTINE POLYX(A,B,C,D,N)
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C ....FORTRAN V VERSION OF ACM ALGORITHM 29 POLYNOMIAL TRANSFORMER .
DIMENSION C(20),D(20),Z(20),W(20)

C.... .POLYX COMPUTES THE COEFFICIENTS .DO,Dl, .. .,DN OF THE TRAITSFORTffiD
C ....POLYNOMIAL P<T) GIVEN C0,C1,.,.,CN OF P(X) lYHERE X=A*T+B.

W(l)=l.0 ,
Z(1 )=;/(!)
D(1)=C(1)
NPl=N-hl 
DO 1 1=2,NPl 
W(I)=1 .0 
Z(I)=B*Z(I-1)
D(1)=D(1)+C(I)*Z(I)

1 CONTINUE
DO 2 J=2,NP1
W(1)=W(1)*A
D(J)=C(J)*\/(1)
IF(J,EQ.NPl) RETURN 
K=2
JP1=J+1
DO 2 I=JP1,NP1
W (K) =A*V/(K) +17 (K-1 )
D ( J ) =D ( J )+C ( I ) ♦17 (K) * Z (K)
K=K+1

2 CŒrriNUE 
RETURN 
END

♦FORTRAN
SUBROUTINE RFIL3

C  OUTPUT OF RESULTS.
LOGICAL LOGIC \
CaaiGN /SPEC/ ICR, INVER8,1SPIN, LA&BDA,LOGIC,LP,NCONF,IBEG,NR,NO, 

1RZFLEC,RMASS,TITLE(15) ,F(20) ,P(20) ,R(20) ,BE<5) ,DE(5) ,D0(5) ,FC(5) , 
2MINR(5) ,RMIN(5) ,17E(5) ,X(20) ,XX(20,20) ,A(5,10) , YLT (5,15) ,E(5,20) 
DIMENSION T(31,2)
DATA T /8H , R3,8HE(RE) (H,SH Y/E(ai,3H ICE(DY,SH BE(CM

1,81-1 DE (CM, 311 YOO,SII Y10,8H Y20,3H Y30,SH Y40
2,3H Y01,3H Y11,SH Y21,8H Y31,SH Y02,3H Y12
3,SH Y22,3H Y03,SH Y13,SH 704,311 E(R,3II LIN
4,3H AO ,811 A1 ,8H A2 ,311 A3 ,3H A4 ,3H A5
5,SH AG ,3H A7 ,SH (BOHRS) , 3IIARTRE2S) , 8H-1 ) ,3KNE .CM-1)
G,3H-1) ,sn-i) ,811 ,SH=:1YE ,8H=-V/EX , 811=17EY
7,3H=V7EZ ,8H=BE ,3H=-ALPHAE,3H=GAMMAS ,GII=DELTAE ,8II=-DE
3,3H=BETAE ,811 ,8H=FE ,8H ,SH=HS ,3IiE)(CM-l)
9, SHEAR T2RM,SII(CM-1) ,7*311 /
DATA T1,T2/8H Z0(CM,3H-l) /
CO 1 I=1,NCGNF
X(l)=A(I,l)*4.5563354SSSE-06 

. CONTINUE 
V/RITE(LP,2) TITLE 
V/RITE(LP,3) (I,I=1,NCQNF)
imiTE(LP,4) T(1,1) ,T(1,2), (RMIN(l) , I=1,NCGNF) 
V7RITE(LP,4) T(2,1),T(2,2),( X(I),I=1,NC0NF)
V/RITE(LP,5)
V/RITE(LP,4) T(3,1),T(3,2),( V7E(I) ,1=1 ,NCG1\T) 
miTE(LP,4) T(4,1),T(4,2),( FC(l),1=1,NCCNF) 
V/RITE(LP,4) T(5,1),T(5,2),( BE(I),I=1,NCCIE?) 
miTE(LP,4) T(6,1),T(6,2),( DE(I) , 1=1 ,NCONF) 
17RITE (LP, 4) T1,T2, (CÛ (I ) , I =1,NCONF) 
V7RITE(LP,6)
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2 FORMAT(1H1/1HO,15AS/1HO,4SX,23HSPECTIIOSCOPIC CONSTANTS)
3 PGRMATaH0,20X,5(6X,5HLEVEL,I3,6X))
4 FGRMATdH ,4X,2A8,1P5E20,10)
5 FORMAT(1HO,43X,33HCLASSICAL SPECTROSCOPIC CONSTANTS/IH )
6 FORMAT(1 HO,402,40RCORRECTED SPECTROSCOPIC CONSTANTS (0.1-1 )/lH ) 

DO 7 1=1,15 .
J=I +6
17RITE(L?,4) T(J,l),T(J,2),(yU(K,l),K=l,NC0NF)

7 CGITTINUE
■ Y/RITE(IP,8)
8 FORMAT(1H0,41X,33HDUNHAI.I ANALYSIS EXPANSION COEFFICISNTS/IH ) 

DO 9 1=1,10
J=I+21
vmiTE(LP,4) T(J,1) ,T(J,2) , (A(K,I) ,K=1 ,NCONF)

9 CONTINUE 
RETURN 
END

♦FORTR/YN
FUNCTION SCPROD(S,A,I,P,N,NRCnV,NCOL)
DIMENSION A(NROV;,NCOL>,F(imOY/)
ICUBLE PRECISION T 
T=S
DO 1 J=1,N
T=T+DBLE(A(I,J))*DBLE(P(J))

1 CONTINUE 
SCPROD=T 
RETURN 
END
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APPENDIX IX

SPECIFICATION OF DETORS AND CODBTORS FOR

THE 1   ̂r  t  . A N D ^ A  s t a t e s
-------------------------g — I -----------------g — :--------------------------- g -------------------------

The detors are specified by using the identifiers of the valence shell 
molecular apin-orbitals according to the rules

ns (Tgd: = 1 , ns = 2 ,

ns c-yCi. = 5 , ns = 4 ,

nPQOgoc = 5 , npgOTg^ = 6 ,

“ "F » = ® »

np_ffg» = 9 , np_iTĝ  =T0 ,
np_ir̂ <* =11 , np_ir̂ 0 =12,

“P+’fg®'=‘'5 , np̂ fl-gP ̂ 14 ,
np̂ -*-y<*=15 , np^ir^^=16 .

In the oxygen molecule calculations n = 2, and for the sulphur molecule
n a 3* To obtain the data required for SECS^L the frozen inner shell spin
orbitals must be specified in addition to those given in this appendix* Each
codetor is written in the form

'*̂ 1 “ j '

where tjj is a non-zero element of the projection matrix _T (chapters
7 cind 8), and H j is the normalization factor for * The value of
Hj is calculated in the routine SECDAT (see Appendix VIl), amd

«I = ( ^
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(in Tables IX.1 and IX.3» appears as D(l) because these tables aæe 
computer output and subscripting variables is not possible.) Finally 

the spatial orbital configurations are given in Table IX.5. A spatial 
orbital configuration merely gives the total number of electrons 

occupying each molecular orbital of a particular symmetry species.
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TABLE IX.1. E _  DETORS.------------- g--------

D !) = ( 1 ( 2) 3) 4) 5) ( G) ( 7 ( 8) 0) 10) 13) 14)
D 2)=< 1 ( 2) 3) 4) 5) ( 6) ( 7 ( 8) 2) 10) 15) IG)
D 3) = ( 1 ( 2) 3) 4) 5) ( G) ( 7 ( 8) 11) 12) 13) 14)
D 4) = ( 1 ( 2) 3) 4) 3) ( 6) ( 7 ( 8) 9) 11) 14) IG)
D 5) = ( 1 ( 2) 3) 4) 3) ( G) ( 7 ( 8) 10) 11) 13) IG)
D G)=( 1 ( 2) 3) 4) 5) ( G) ( 7 ( 8) 9) 12) 13) IG)
D 7) = ( 1 ( 2) 3) 4) 5) ( 6) ( 7 ( 8) 10) 12) 13) 15)
D 3) = ( 1 ( 2) 3) 4) 3) ( G) ( 7 ( 8) 9) 12) 14) 15)
D 9) = ( 1 ( 2) 3) 4) 5) ( G) ( 7 ( 8) 10) 11) 14) 15)
D 10)=( 1 ( 2) 3) 4) 3) ( C) ( 7 ( 8) 11) 12) 15) 16)
D 11)=( 1 ( 2) 3) 4) 5) ( C) ( 9 (10) 11) 13) 14) 16)
D 12)=( 1 ( 2) 3) 4) 5) ( G) ( 0 (10) 12) 13) 14) 15)
D 13)=( 1 ( 2) 3) 4) 3) ( G) ( 9 (11) 12) 14) 15) 1C)
D 14)=( 1 ( 2) 3) 4) 3) ( C) (10 (11) 12) 13) 15) IG)
B 10)=( 1 ( 2) 3) 4) 3) ( 7) ( 9 (10) 12) 14) 15) 1C)
D 1G)=( 1 ( 2) 3) 4) G) ( 7) ( D (10) 11) 14) 15) 16)
D 17)=( 1 ( 2) 3) 4) 5) ( 8) ( 9 (10) 11) 14) 15) 1C)
B 1S)=( 1 ( 2) 3) 4) G) ( 8) ( 9 (10) 11) 13) 15) IG)
D 19)=( 1 ( 2) 3) 4) 3) ( 8) ( 9 (10) 12) 13) 15) IG)
B 20) = ( 1 ( 2) 3) 4) 6) ( 7) ( 9 (10) 12) 13) 15) IG)
D 21)=( 1 ( 2) 3) 4) 6) ( 7) ( 9 (11) 12) 13) 14) 1C)
B 22)=( 1 ( 2) 3) 4) 5) ( 8) ( 9 (11) 12) 13) 14) IG)
D 23>=( 1 ( 2) 3) 4) G) ( 8) ( 9 (11) 12) 13) 14) 15)
B 24)=( 1 ( 2) 3) 4) 5) ( 8) (10 (11) 12) 13) 14) 15)
B 25)=( 1 ( 2) 3) 4) 6) ( 7) (10 (11) 12) 13) 14) 15)
B 2G)=( 1 ( 2) 3) 4) 3) ( 7) (10 (11) 12) 13) 14) IG)
D 27)=( 1 ( 2) 3) 4) 7) \ 8) ( 9 (10) 11) 13) 14) IG)
D 2S)=( 1 ( 2) 3) 4) 7) ( 8) ( 9 (10) 12) 13) 14) 15)
D 29)=( 1 ( 2) 3) 4) 7) ( 8) ( 9 (11) 12) 14) 15) IG)
D 30) = ( 1 ( 2) 3) 4) 7) ( 8) (10 (11) 12) 13) 15) IG)
D 3l) = ( 1 ( 2) 3) 4) 9) (10) (11 (12) 13) 14) 15) 16)
D 32) = ( 1 < 2) 3) 5) G) ( 7) ( Ô (10) 12) 13) 14) 16)
D 33)=( 1 ( 2) 4) 3) G) ( 7) ( 0 (10) 11) 13) 14) IG)
D 34)=( 1 ( 2) 3) 5) G) ( 8) ( 9 (10) 11) 13) 14) 16)
D 35) = ( 1 ( 2) 4) 5) 6) ( 8) ( 9 (10) 11) 13) 14) 15)
D 3C)=( 1 ( 2) 3) 5) c) C ( 9 (10) 12) 13) 14) 15)
D 37)=( 1 ( 2) 4) 5) G) ( 7) ( 9 (10) 12) 13) 14) 15)
D 3S)=( 1 ( 2) 3) 5) G) ( 7) (10 (11) 12) 14) 15) IG)
D 30)=( 1 ( 2) 4) 5) G) ( 7) ( 9 (11) 12) 14) 15) 10)
L 4U)=( 1 ( 2) 3) 5) G) ( 8) ( 9 (11) 12) 14) 15) 10)
D 41)=( 1 ( 2) 4) 3) G) ( 3) ( 9 (11) 12) 13) 15) IG)
D 42)=( 1 ( 2) 3) 5) G) ( 8) (10 (11) 12) 13) 15) 1C)
D 43)=( 1 ( 2) 4) 5) G) ( 7) (10 (11) 12) 13) 15) 10)
B 44)=( 1 ( 2) 3) 3) 7) C s) ( 2 (10) 12) 14) 15) 16)
D 45)=( 1 ( 2) 4) 3) 7) ( 8)( s (10) 11) 14) 15) 16)
D 4G)=( 1 ( 2) 3) G) 7) ( 8)( 0 (10) 11) 14) 15) 16)
D 47)=( 1 ( 2) 4) 6) 7) ( 8)( 0 (10) 11) 13) 15) IG)
B 43)=( 1 ( 2) 3) G) 7) ( 3) ( 9 (10) 12) 13) 15) 10)
D 49)=( 1 ( 2) 4) 5) 7) ( 3) ( 9 (10) 12) 13) 15) 16)
D 50)=( 1 ( 2) 4) 5) 7) ( 8) ( 9 (11) 12) 13) 14) 16)
D 51)=( 1 ( 2) 3) G) 7) ( 8) ( 9 (11) 12) 13) 14) 10)
B 52)=( 1 ( 2) 4) C) 7) ( 3) ( 9 (11) 12) 13) 14) 15)
D 53) = ( 1 ( 2) 3) c) 7) (10 (11) 12) 13) 14) 15)
D 54) = ( 1 ( 2) 4) 3) 7) ( 3) (10 (11) 12) 13) 14) 15)
B 55)=( 1 ( 2) 3) 3) 7) ( LU )(10 (11) 12) 13) 14) 13)
B 5G)=( 1 ( j) J) / (10) (11 (12) 13) 14) 15) 10)
D 37)=(1 ( 2) 4) T) c/ / (10) (11 (12) 13) 14) 15) 10)
L 5o) = ( 1 ( 2) 5) Ü) 7) ( 8) ( 9 (10) 11) 13) 14) 10)
B 5C)=(1 ( 2) 0) G) 7) ( 2) C (10) i:.) 13) 14) 15)
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TABLE IX. 1. DETORS (Continued).

D G0)=( 1)( 2)( 5)
ë
G) 7) ( 3) 9 (11) 12) 14) 15) IG)

D Gl)=( l)( 2)( 5) G) 7) ( S) 10 (11) 12) 13) 15) 16)
D 62)=( 1)( 2)( 3) G) 9) (10) 11 (12) 13) 14) 15) 16)
D G3)=( 1)( 2)( 7) 8) U) (10) 11 (12) 13) 14) 15) IG)
D C4) = < 1)( 3)( 4) 5) G) ( 7) 9 (10) 12) 14) 15) IG)
D G5) = ( 2)( 3)( 4) 5) G) ( 7) 9 (10) 11) 14) 15) 16)
D GG)=( 1)< 3) ( 4) 5) G) ( 8) 9 (10) 11) 14) 15) IG)
D 67)=( 2)( 3)( 4) 5) G) ( 3) 9 (10) 11) 13) 15) 16)
D 6S)=( 1)( 3)( 4) 5) G) ( G) 9 (10) 12) 13) 15) IG)
D G9)=( 2)< 3)( 4) 5) G) ( 7) 9 (10) 12) 13) 15) 10)
D 70) = ( 2)( 3) ( 4) 5) G) ( 7) 9 (11) 12) 13) 14) IG)
D 71)=( 1)( 3)( 4) 3) G) ( 8) 9 (11) 12) 13) 14) 16)
L 72)=( 2)( 3) ( 4) 5) C) ( 3) 9 (11) 12) 13) 14) 15)
D 73)=( 1)( 3)( 4) 5) G) ( 3) 10 (11) 12) 13) 14) 15)
t 74) = ( 2)( 3)( 4) 3) 6) ( 7) 10 (11) 12) 13) 14) 15)
D 75)=( 1)( 3) ( 4) 3) G) ( 7) 10 (11) 12) 13) 14) 16)
D 76)=( 1)( 3)( 4) 5) 7) ( 3) 9 (10) 12) 13) 14) IG)
D 77)=( 2)( 3)< 4) 5) 7)( 3) 9 (10) 11) 13) 14) 16)
D 73)=( 1)( 3)( 4) G) 7) ( 3) 9 (10) 11) 13) 14) 16)
D 79) = ( 2)( 3)( 4) G) 7) ( 3) 9 (10) 11) 13) 14) 15)
D 30)=( 1)( 3) ( 4) G) 7) ( 3) 9 (10) 12) 13) 14) 15)
D 81)=( 2)( 3) ( 4) 5) 7) ( S) 9 (10) 12) 13) 14) 15)
D S2)=( 1)( 3)( 4) 3) 7)( S) 10 (11) 12) 14) 15) IG)
D 83> = ( 2)( 3)( 4) 5) 7) ( S) 9 (11) 12) 14) 15) 16)
D 34)=< 1)( 3) ( 4) G) 7) ( S) 9 (11) 12) 14) 15) 16)
D 85)=( 2)( 3) ( 4) G) 7) ( 8) 9 (11) 12) 13) 15) 16)
D 86)=( 1)( 3)( 4) G) 7) ( 8) 10 (11) 12) 13) 15) 16)
D 87) = ( 2)( 3)( 4) 5) 7) ( 8) 10 (11) 12) 13) 15) 16)
D 8S)=( 1)< 3) ( 4) G) 9) (10) 11 (12) 13) 14) 15) 16)
D 89) = ( 2)( 3)( 4)' 5) 9) (10) 11 (12) 13) 14) 15) 16)
D 90) = ( 1)( 3) ( 5) G) 7) ( 3) 9 (10) 12) 14) 15) 16)
D 31) = < 2)( 3) ( 5) 6) 7) ( 8) 9 (10) 11) 14) 15) 16)
D 92)=( 1)( 4)( 5) G) 7) ( 8) 9 (10) 11) 14) 15) 16)
D 93) = ( 2)( 4) ( 5) G) 7) ( 8) 9 (10) 11) 13) 15) 1C)
D 94) = ( 1)( 4) ( 5) 6) 7)( 8) 9 (10) 12) 13) 15) 16)
D 93)=( 2)( 3) ( 5) G) 7) ( 8) 9 (10) 12) 13) 15) 16)
D 9G)=( 2)( 3)( 5) G) 7) ( 3) 9 (11) 12) 13) 14) lü)
D D7)=( 1)( 4)( 5) G) 7) ( 8) 9 (11) 12) 13) 14) 16)
D 93)=( 2>( 4) ( 5) G) 7) ( 8) 9 (11) 12) 13) 14) 15)
D 99)=( 1)( 4)( 3) G) 7) ( 8) 10 (11) 12) 13) 14) 15)
D 100)=( 2)< 3)< 5) G) 7) ( 8) 10 (11) 12) 13) 14) 15)
D 101)=( 1)( 3) ( 5) G) 7) ( G) 10 (11) 12) 13) 14) 16)
B 102)=( 1)( 3)( G) 3) 9) (10) 11 (12) 13) 14) 15) 10)
D 103) = ( 2)( 3) ( 5) 3) 9) (10) 11 (12) 13) 14) 15) 16)
D 104)=( 1)( 4)( 5) 8) 9) (10) 11 (12) 13) 14) 15) 16)
D 105)=( 2)( 4)( 5) 7) 9) (10) 11 (12) 13) 14) 15) 16)
D 10G)=( 1)( 4) ( G) 7) 9) (10) 11 (12) 13) 14) 15) IG)
D 107)=( 2)( 3)< G) 7) 9) (10) 11 (12) 13) 14) 15) 16)
D 1Ü3)=( 1)( C)< 7) 3) 9) (10) 11 (12) 13) 14) 15) 16)
D 109)=( 2)( 3) ( 7) 3) 9) (10) 11 (12) 13) 14) 15) 16)
D 110)=( 3)( 4) ( 5) G) 7) ( 8) 9 (10) 11) 13) 14) 16)
D 111)=( 3)( 4)( 5) G) 7) ( 3) 9 (10) 12) 13) 14) 15)
E' 112)=( 3)( 4) ( 5) G) 7) ( 8) 9 (11) 12) 14) 15) 16)
D 113)=( 3)( 4) ( 5) G) 7) ( 3) 10 (11) 12) 13) 15) 16)
r 114) = ( 3)( 4>( 5) G) 9) (10) 11 (12) 13) 14) 15) 16)
D 115)=( 3)( 4)( 7) 3) 9) (icx 11 (12) 13) 14) 15) 16)
D 11G)=( 3)( 5) ( G) 3) 9) (10) 11 (12) 13) 14) 15) 16)
D 117)=( 4)( 5) ( G) 7) 9) (10) 11 (12) 13) 14) 15) 16)
D 118) = ( 5)( 6) ( 7) 3) 9) (10) 11 (12) 13) 14) 15) 16)
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TABLE IX, 2

5 ll-g Codetors constructed from detors in Table IX.1.

= 2"''/2(i,̂ _ D^)

'̂ 2 = - Dg)

= 2--'/2(d ^̂  + D^g)

^ 4 = 2--'/2(Di  ̂+

'*'5
S"V2( _ - D.|Y + D19 + ®20

+ + Dgg - ^24 - D25)

‘*'6 24-"'/2 ( - 2D^5 - + D,,,y ■*■ 2D^g 4- D^g - DgQ

- ^21 + ®22 ■•■ 21^23 + Dg^ - Dgg - 2Dgg)

12-''/2( _ + D^g .■ ^17 * ^18 ~ ^19 ■•■ ®20

+ Dg^ - Dgg 4■ ^23 ■■ ®24 * ®25 “ ^25)

'<'8 s 2 ■*■ ^ 2 8)
2 ^ ^ ^ (^ 2 9 ■*■ ^ 3 0)

-^10 12-‘'/2( _ 2D^2 - D35 + 3)34 + 2D33 + D3g -

*̂ 11 - D^g + D55 - D34 + ^35 " ^36 ■*■ ^37)

'*'12 12 V2( _ 2D^q - Djg + ^40 + 2%1 + ®42 - ®4 3 ^

6-'’/2( - D38 + D39 - ®40 •*■ ®41 " ®42 ^43)

s 8-V2( - D45 - D46 + ®48 + D49

+ ®50 + ®51 " ^53 - D54)
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TABLE IX.2 (continued)

-  D 45 + D 46 +  2D 47 +  D 48 - ® 4 g

- ® 50 ®51 2 ^ 5 2  + ® 53 “ ^ 5 4  " 2 ^ 5 5 )

^̂ 16 = 1 2 -1 /2 (
-  “ 4 4  + ®45 " ^46 + ^47 -  ®48 +

+ “ 5 0  " “ 51 *  ^52 -  “ 5 3  + ^54 -

'*'17
2“ ''/2jfD

58 + % 9^

‘*'18
2 " V 2 ( d

60 + ^61)

8“ "'/2(
-  ®65 ^66 *  ®68 + ^69

+ D j q  + D,̂ ,, -  D,^3 -  D,^4)

*^20
2 4 - 1 / 2 ( -  2Dg4 -  Dgg + Dgg + 2Dg,  ̂ + Dgg

" ®70 ■*■ ^ 71  ■*■ ^ ^ 72  ■*■ ®73 “ ^74 '

'*'21
1 2 -1 /2 (

-  ®64 + ®65 “  ^66 + ®67 " ®68 +

+ ®70 " ^71 ■*■ ^ 7 2  “ ^73 ®74 ■

V2 2 1 2 - V 2 ( “ 2 D7 6  -  D7 7  + Dyg + 2Dyg + Dgg

^23 6"‘' / 2 (  .-  Dyg + D,^y -  D,^g + D,^g -  Dgg + .

'^24
1 2 ~ 1 /2 ( -  2Dgg -  Dgg + Dg4  + 2Dgg + Dgg

'*'25
6“ ''/2 ( -  Dgg + Dgg -  Dg4  + D g g , -  Dgg +

'^26
8" V 2 (  ,

-  ®91 “  ® 92  + ^94 ■*■ ^95

75

+ Dgg + DgY -  Dgg -  D,| QQ )
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TABLE IX.2 (continued)

'*27 °  -  2DgQ -  Dg,, + Dgg + 2Dgg + Dg4  -  Dgg

- ®9 6  + “ 97 2D g g  +  D g g  - D ^ q q  - 2D^q^)

Y28 12 ^ ( - Dgg + - ^92 + ^93 -
D94 + Dgg

+ ®96 - ®97 + Dgg - Dgg + ^100 “ ^101

'*'29 2 + D^^^)

'*'30 2 *^^(D^,|g + D^,|g)

r +g Codetors constructed from detors In Table IX.1.

'*'1 “1 -

'*'2 2-''/^(Dg + Dg)

'*'3 2“k  - Dg + Dg - Dg + Dg)

'*'4
1g-1/2( gjj _ D jj'g + 2D,y - Dg '- Dg)

'*'5 “10

2 - - ' / 2 ( D i i  _ D^g)

'*'7 = 2 - - ' / 2 ( d ^ ^  _

'*'8
8 “ ^ ^ 2 (  - D^g + D̂ ,̂  - ®19 ■*■ ^20

- ®21 + ^22 - ^24 ^25)

"*̂9 24-‘'/2( 2D^g - D^g - Di7 + 2D,,g - ®19 ” ®20

+ Dg^ + Dgg - 2^23 * ®24 ■*■ Dgg - 2Dgg)

'*'10 2 - ^28)
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TABLE IX.2 (continued)

'^ 11  = 2  * ^ ^ ( D g g  -  D j q )

^12 ^31

'*'13 2~\ - =33 + =34 - =36 =37)

'*'14 2-H - =39 + =40 - =42 =43)

'*'15
8"‘' / 2 ( -  D45 =46 -  =48 + =49

“ =50 + D51 -  Dgg + Dg4>

'*'16
2 4 -1 /2 ( 2D44 -  D45 -  D4g + 2^4,^ -  =48 -  =49

+ ®50 + Dg,, -  2D52 + D53 + Dg4 -  2Dgg)

'*'17
2 -1 /2 (

=56 - D57)

'*'18
2“ 1 /2 (

=5 8 - D59)

'*'19
= 2-1 /2 (

=60 - =61 )

'*'20 %2

'*'21 =63

'*'22
8 - V 2 (

-  =65 + =66 -  =68 + =69

-  =70 + D,̂ ,, -  =73 * =74)

'*'23
2 4 -1 /2 ( 2^64 -  =65 -  =66 2=67 -  =68 -  =69

+ D70 + -  2D,j,2 + D,yg + D74 -  2Dj^)

'*'24
S 2 ( - =77 =78 - =80 =81 )

'*'25 2-1 ( _ =83 =84 - =86 =87)
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TABLE IX.2 (continued)

'^26 ~ 2 =88 -  =89)

'*'27 -  ® ~ =91 ■*■ =92 " =94 ■*■ =95

-  =96 + =97 -  =99 + =100)

'*'28 - 24 2DgQ - Dg,, - Dgg + 2Dgg - Dg^ - Dgg

+ ^96 **■ ^ 9 7  ”  ^ ^ 9 8  ^ 9 9  ^ 1 0 0  "  ̂ ^ 1 0 1  ̂

'*'29 2-1 ( - =103 =104 - =106 * =107)

'*'30 = 12 -1 /2 ( 2DiQg -  =103 -  =104 + 2D,,Qg

'*'31 = 2"1/2( =108 - =109)

'*'32
2"1/2(

=110 - =111)

'*33 2"1/2( =112 - =113)

'*'34 =114

'*35 =115

^36
2-1 /2 (

=116 - =117)

'*'37 =118
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TABIiE IX.3. A DETORS.

D( 1)= 1) 2) 3) 4) 5) 6) 7) 8) 9) 14) (15) IG)
D( 2) = 1) 2) 3) 4) 5) G) 7) 8) 10) 13) (15) 16)
D( 3) = 1) 2) 3) 4) 5) 6) 7) 8) 11) 13) (14) IG)
D( 4) = 1) 2) 3) 4) 5) G) 7) 8) 12) 13) (14) 15)
D( 5) = 1) 2) 3) 4) 5) G) 9) 10) 13) 14) (15) 13)
D( G) = 1) 2) 3) 4) 5) G) 11) 12) 13) 14) (15) IG)
D( 7) = 1) 2) 3) 4) 5) 7) 10) 12) 13) 14) (15) 16)
D( S) = 1) 2) 3) 4) G) 7) 9) 12) 13) 14) (15) 16)
D( 9) = 1) 2) 3) 4) 5) 3) 9) 12) 13) 14) (15) 16)
B( 10) = 1) 2) 3) 4) 6) 3) 9) 11) 13) 14) (15) IG)
D( 11) = 1) 2) 3) 4) 5) S) 10) 11) 13) 14) (15) IG)
D( 12) = 1) 2) 3) 4) G) 7) 10) 11) 13) 14) (15) 16)
D( 13) = 1) 2) 3) 4) 7) 3) 9) 10) 13) 14) (15) 13)
D( 14) = 1) 2) 3) 4) 7) 8) 11) 12) 13) 14) (15) 13)
D( 15) = 1) 2) 3) 5) G) 3) 9) 10) 13) 14) (15) 13)
D( 1G) = 1) 2) 4) 5) G) 7) 9) 10) 13) 14) (15) IG)
D( 17) = 1) 2) 3) 5) G) 8) 11) 12) 13) 14) (15) 13)
D( 18) = 1) 2) 4) 5) G) 7) 11) 12) 13) 14) (15) IG)
D( 19) = 1) 2) 3) 5) 7) 3) 10) 12) 13) 14) (15) 13)
D( 20)= 1) 2) 4) 5) 7) 3) 9) 12) 13) 14) (15) IG)
D( 21)= 1) 2) 3) G) 7) 8) 9) 12) 13) 14) (15) 16)
D( 22) = 1) 2) 4) 6) 7) 8) 9) 11) 13) 14) (15) IG)
D( 23) = 1) 2) V 6) 7) 8) 10) 11) 13) 14) (15) 16)
B( 24) = 1) 2) 4) 5) 7) 3) 10) 11) 13) 14) (15) 16)
D( 25) = 1) 2) 5) G) 7) 8) 9) 10) 13) 14) (15) 16)
B( 2G) = 1) 2) 5) G) 7) 3) 11) 12) 13) 14) (15) 16)
D( 27) = 1) 3) 4) 5) 6) 7) 10) 12) 13) 14) (15) 16)
D( 23) = 2) 3) 4) 5) 6) 7) 9) 12) 13) 14) (15) 16)
D( 29) = 1) 3) 4) 5) G) 3) 9) 12) 13) 14) (15) 16)
D( 30) = 2) 3) 4) 5) G) 8) 9) 11) 13) 14) (15) IG)
D( 31)= 1) 3) 4) 5) G) 8) 10) 11) 13) 14) (15) 16)
E( 32) = 2) 3) 4) 5) 6) 7) 10) 11) 13) 14) (15) 16)
D( 33) = 1) 3) 4) G) 7) 8) 9) 10) 13) 14) (15) 16)
C( 34) = 2) 3) 4) 5) 7) 8) 9) 10) 13) 14) (15) 13)
D( 35) = 1) 3) 4) 6) 7) 3) 11) 12) 13) 14) (15) 13)
r( 3G) = 2) 3) 4) 5) 7) 3) 11) 12) 13) 14) (15) 16)
D( 37) = 1) 3) 5) 6) 7) 3) 10) 12) 13) 14) (15) 16)
D( 33) = 2) 3) 5) €) 7) 8) G) 12) 13) 14) (15) 16)
D( 39) = 1) 4) 5) G) 7) 3) 9) 12) 13) 14) (15) 16)
r( 40) = 2) 4) 5) G) 7) 3) 9) 11) 13) 14) (15) 16)
D( 41) = 1) 4) 5) G) 7) 3) 10) 11) 13) 14) (15) 13)
C( 42) = 2) 3) 5) G) 7) 3) 10) 11) 13) 14) (15) 16)
D( 43) = 3) 4) 5) G) 7) 8) 9) 10) 13) 14) (15) 13)
E( 44) = 3) 4) 5) G) 7) 3) 11) 12) 13) 14) (15) 16)
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TABLE IX.4

 ̂A  Codetors constructed from detors in Table IX.3.6
'*'1 = 2"1/2(Di - Dg)

'*'2 = 2-l/̂ (Dg - D̂ )

'*'3 = Dg

= ®6
= 21(-Dg + Dg-

'*'6 _ 12"l/̂ ( Z h r j - Dg

'*7 = Dig

‘*'8 = Di4

'*9 = 2-1/2(D̂ 5 2 D̂ g)

'*’10 = 2"l/̂ (Di,̂  - Dig)

'*'11 = 2"1 ( - D20 + D2-|

'*'12 = 12“1/2( 2Dig - D,

'*'13 = Dgg

'f'u = D26

'*̂15 = 2 1( — Dgg + Dgg

'*'16 = 12-1/2( 2Dg.y - D

'*'17 — 2 1̂ (̂Dgg — Dĝ )

Y18 = 2 *̂ (̂Dgg - Dgg)

'11 ■** ^ 1 2

28 -  ^ 2 9  +  2 ^ 3 0  -  ^31 - ^ 3 2
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TABLE IX.4 (continued)

= 2"'( - D 3 8  + D g g  -  D^,, +  D^g)

( 2Dg,̂  -  Dgg ~ Dgg + 2D^q -  D  ̂̂  -  D^g)

'<̂ 19 = 2-1 (

^20 = 12-1

'*'21 = D^g

'*'22 = d^4
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TABIE IX. 5. PART 1. I _  SPATIAL
-----------------------------------------------------------------------------------1— g ------------------------------------- ORBITAL CONFIGURATIONS.

Present Present Ref Ref
nsor nscr npc np7r„ nprr npo"

t :Codetors Codetors

a,b a,b

5,6,7 8,9

1 0 , 1 1

12,13
1 4,1 5 , 1 6 15,16

18

22,2319,20,21
22,23
24,25

20

26,27,28 27,28
29,30
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TABLE IX.5. PART 2. A.. SPATIAL ORBITAL CONPIGÜRATIONS.

nsoTg nsor^ npoTg nprg npa^
Present

Codetors
1 2 2 2 2 2 2 1
2 2 2 2 2 2 2 2
3 2 2 2 2 4 - 3
4 2 2 2 4 2 - 4
5 2 2 1 3 3 1 5,6
6 2 2 - 2 4 2 7
7 2 2 - 4 2 2 8
8 2 1 2 2 4 1 9
9 2 1 2 4 2 1 10
10 2 1 1 3 3 2 11,12
11 2 ' - 2 2 4 2 13
12 2 - 2 4 2 2 . 14
13 1 2 2 3 3 1 15,16
14 1 2 1 2 4 2 17
15 1 2 1 4 2 2 18
16 1 1 2 3 3 2 19,20
17 - 2 2 2 4 2 21
18 2 2 4 2 2 22
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II. A Natural-Orbital, Electron-Population, and Energy Analysis
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Configuration-interaction wavefunctions for a series of pscudomolecular ions of the form ZE Z^~^, 
where 2=1.0 (0.4) 2.2, were reformulated in terms of natural orbitals. Consequently, changes in the 
electron density could be investigated, as a function of 2  and the bond angle ZÈZ, by means of the popula
tion analysis of Muliiken. Contour diagrams were algo determined for the charge density evaluated in the 
plane of the molecule. The total energy for each system was analyzed in terms of the kinetic energy, nuclear 
attraction energy, and the electron and nuclear repulsion energies. The results are presented graphically 
as a function of the bond angle 9 for each value of 2. For 2=1.0, i.e., the occupation numbers for the 
natural orbitals revealed the united atom character of this system, and the contour diagrams indicated 
that, in the equilibrium configuration, the "bonds” were directed from each nucleus towards the centroid 
of the positive charges. As 9 was increased beyond 60®, it was found that the “central” proton within %+ 
began to dominate the system. For 2=2.2, the ions approach most closely to their separated systems of 
minimum energy as 9 tends to 180®. The contour diagrams and the electron-population analysis also show 
that the ZnZ^^~  ions change from a three-center to, basically, a two-center system and a strongly perturb
ing proton as the values for 2  and 6 increase and decrease, respectively. The 0 dependence of the kinetic 
energy is perhaps the most interesting of the energy curves. By associating a decrease in kinetic energy 
with an increase in spatial freedom for the electrons, it was possible to understand the 9 variations of all 
the energy components for each value of 2. The present examination has allowed us to observe, in detail, 
changes which occur in the electron density and energy components for a series of three-center two-electron • 
systems when 9 and 2  are allowed to vary.

I. INTRODUCTION
In recent years considerable effort has been devoted 

to the study of the ion.  ̂This two-electron system 
constitutes a simple molecule with electron-deficient 
bonds. A similar kind of bôïiding among three attracting 
centers of charge is thought to exist in diborane in the 
form of a “bridge” or “banana” bond.^ In an effort 
to obtain some understanding of such bonds, energy 
changes with respect to noninteger variations of the 
nuclear charge were studied by extending the calcula
tions for to a series of pscudomolecular ions of the 
form The results were reported in Part I
of the present series.® Several interesting features 
emerged from these calculations: first, we observed 
an initial decrease in the optimum value of the bond 
angle Z È Z  as the effective nuclear charge Z was in
creased and, second, it was found that a double minimum 
occurred in the angular dependence of the molecular 
energy when Further, when Z =0, the calcula
tion predicted a pleasing degree of energy stability for 
the hydride ion.'* " •

In Part I it was tentatively suggested that the be
havior of the energy of the ZHZ+^^~^ ions might be 
explained by the existence of two variable components

* R. E. Christoffersen, J. Chem. Phys. 41, 960 (1964); H. 
Conroy, ibid. 41, 603 (1964); 41, 1341 (1964); Ï. R. Hoyland, 
ibid. 41, 1370 (1964); W, A. Lester, Jr., and M. Krauss, ibid. 
44, 207 (1966) ; B. D. Joshi, ibid. 44, 3627 (1966).

* H. C. Longuet-Higgins, Quart. Rev. (London) 11, 121 (1957).
* K. E. Banyard and H. SHull, J. Chem. Phys. 44, 384 (1966).
* E. E. Banyard, J, Chem, Phys. 44, 4645 (1966); see also 

ibid. 48, 2121 (1968).

of the electron density. These components were referred 
to as the “shared” density and the “local” density: the 
former was associated with the internuclear regions 
and the latter was situated, primarily, about each of 
the Z nuclei. Clearly, such an interpretation called 
for a more detailed investigation,

In the present article the electron density and molecu
lar energy for the ZEZ+®^-* ions, when Z = 1.0 (0.4) 2.2, 
are, analyzed for various values of the bond angle ZÊ Z  
ranging from g=30°-180°. The wavefunction is re
formulated in terms of natural spin orbitals and the 
occupation numbers are examined as a function of Z 
and 6. The NSO representation also permits us to per
form an electron-population analysis in terms of defini
tions for “shared” and “local” densities. Contour maps 
of the total electron density for each Z E Z +^^ con
figuration were also obtained. For completeness, the 
molecular energy E is analyzed in terms of its com
ponents. Thus, the kinetic energy of the electrons, the 
electron-nuclear. attraction energy, the electron-elec- 
tron and nuclear-nuclear repulsion energies are pre
sented as a function of d for each value of Z. By means 
of the above techniques, it was hoped to obtain insight 
into the behavior of the charge density within a three- 
center electron-deficient system with respect to varia
tions of nuclear charge and bond angle.

JI. ANALYSIS OF CALCULATIONS
At this point, it is appropriate to present a brief 

description of the wavefunction used in Part I. The 
ground-state wavefunction $  for the ions,

3050
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T a b l e I Transformation matrices of the natural orbitals x* for selected Z:d values where XM-ZyjAjn.

z

9 1.0 1.8 2.2

60° 0.40793
0.40793
0.00000

0.00000
0.00000
1.00158

-0.57826
1.15652
0.00000

0.57073
0.16368
0.00000

0.00000
0.00000
0.84681

-0 .37010
1.08571
0.00000

0.61715
0.09.397
0.00000

0.00000
0.00000
0.80064

-0.28805
1.0.5970
0.00000

120° 0.36089
0.52425
0.00000

0.00000
0.00000
0.79834

-0.81247
1.28316
0.00000

0.56556
0.28160
0.00000

0.00000
0.00000
0.73263

-0.55863
1.12742
0.00000

0.64158
0.16143
0.00000

0.00000
0.00000
0.71904

-0.41616
1.08724
0.00000

180° 0.32756
0.58345
0.00000

0.00000
0.00000
0.76029

-0.90220
1.32320
0.00000

0.55900
0.30709
0.00000

0.00000
0.00000
0.72000

-0.59373
1.13264
0.00000

0.64306
0.17026
0.00000

0.00000
0.00000
0.71250

-0.43061
1.08948
0.00000

where the bond length Z - H  was denoted by i?,® con
tained a noimalized antisymmetric spin part which 
could be factorized out of the problem; therefore, the 
normalized symmetric space part of the wavefunction 
could be written as

(1)
where the coefficients a,- were obtained by solving the 
appropriate secular equations. Each space configuration 
0 , ( 1 , 2 ) was formed from a product of two one-electron 
symmetry-adapted molecular orbitals constructed from 
a minimal basis set of three If  Slater-type atomic 
orbitals, one centered on each nucleus.® Thus, we have

0 i ( l ,  2) = 271( 1) 71(2) ,

02(1, 2) = 272(1)72(2),
03(1, 2) = 273(1)73(2),

04(1,2) =[71(1)72(2)4-71(2)73(1)], (2)
where

7i(0 =[̂ (l5n)+95(l5c)](0>
72(0 =[v5(l-îA )](/).
7|(0=[iP(W)-y(W](0, (3)

and / =  1 or 2. The If  orbital exponents were optimized 
to give minimum energy E  for each set of preselected 
values of Z  and 6.

A. N a tu ra l S p in  O rb ita ls

N atural spin orbitals are defined’ as forming a basis 
set which diagonalizes the generalized first-order density 
matrix. Further, if a many-particle wavefunction 6 ,

® Unless stated otherwise, the bond length Z-H  was held fixed 
throughout this work at a value of 1.66 a.u. All units in the present 
article are Hartree atomic units, see H. Shull and G. 0 . Hall, 
Nature 184, 1559 (1959).

* The proton was located on center A and the nuclear charges 
Z  were located on centers B  and C. The bond angle J was defined 
as B ÂC = ZH Z.

’ P.-O, Lowdin ^ d  H. Shull, Phys. Rev. 101, 1730 (1956).

expressed as a superposition of configurations over some 
arbitrary basis set, is reformulated in terms of con
figurations built up from natural spin orbitals, then this 
natural expansion of #  is distinguished as the super
position of configurations of most rapid convergence.® 
For the special case of two-electron systems, Lowdin 
and ShulF showed th a t the natural expansion for the 
space part of the wavefunction could be expressed as

2) =2] C*Xifc(n)xfc(f'2), 
k

(4)
where the natural orbitals %t(f») are defined such that 
the spinless first-order electron density matrix can be 
written as

7 ( f /1  n )  =  2  «fcXfc* (nO Xit (n ) • (5)
k

The occupation number of the feth natural orbital is 
given by rik—ci? and satisfies the relation

2  «*=!• 
k

(6)
For the simple basis set® employed in P art I, we 

obtained natural orbitals of the following form and 
symmetry

X i(/) = [A ii(6 - l-c ) - f -A 2 ia ] (0 >  -4i,

X2(0=C^32(i-c)](/), Bi,
X s(0 = [-4 l3 (6 + ^^ )+ Z 2 3 ® ](0 »  -4l* (7)

The coefficients Ajk of the natural orbitals are given 
in Table I, however, for reasons of space, results are 
quoted only for selected values of Z and d. The occupa
tion numbers are given in Table I I  for all the Z:6 
values.

® P. O. Lowdin, Advan. Phys. 5, 1 (1956).
• The letters o, 6, and c represent the appropriate Slater-type 

orbital located on centers A , B, and C, respectively; thus, the 
symmetry-adapted molecular orbitals yj(t) of Eq. (3) may be 
expressed in the abbreviated form used in Eq. (7).
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Table IL Occupation numbers of the natural orbitals xi, 
and XI for various Z : 9 values.

Z

4 1.0 1.4 1.8 2,2

30° 0.99000
0.00213
0.00787

0.99527
0.00366
0.00107

0.99482
0.00507
0.00011

0.99332
0.00667
0.00001

40“ 0.98845
0.00347
0.00808

0.99137
0.00692
0.00171

0.98838
0.01138
0.00024

0.98271
0.01725
0.00004

50“ 0.98699
0.00521
0.00780

0.98479»
0.01282
0.00239

0.97663»
0.02294
0.00043

0.96106
0.03887
0.00007

60“ 0.98546
0.00727
0,00727

0.97954
0.01773
0.00273

0.96050
0.03888
0.00062

0.92361
0.07628
0.00011

70“ 0.98378
0.00956
0.00666

0.97199
0.02503
0.00298

0.93792
0.06130
0.00078

0.87080
0.12906
0.00014

80“ 0.98208
0.01194
0,00598

0.96388
0.03307
0.00305

0.91129
0.08784
0.00087

0.81185
0.18801
0.00014

100“ 0.97874
0.01657
0.00469

0.94780
0.04934
0.00286

0.85754
0.14158
0.00088

0.71520
0.28468
0.00012

120“ 0.97589
0.02045
0.00366

0.93479
0.06268
0.00253

0.81721
0.18198
0.00081

0.66180
0.33810
0.00010

150“ 0.97345
0.02394
0.00261

0.92375
0.07413
0.00212

0.78601
0.2132T
0.00072

0.62883
0.37108
0.00009

180“  ̂ 0.97294 
^0,02483 

0.00223

0.92084
0,07719
0.00197

0.77759
0.22172
0.00069

0.62105
0.37887
0.00008

•T h e  occupation numbers quoted here are for 4=52.15®, for Z = 1.4, 
and 4-50.5®, for 2  = 1.8.

B. Electron-Population Analysis

Electron-population analysis will be particularly 
useful in the present work since it will permit us to 
observe changes in the amount of charge associated with 
different regions of the molecule as Z and 6 are varied.

l OO-

o o o

2» 1-4

 _______' '  &21.
30® 60® 90® 120" 150"

©
ISO®

Fig. 1. The total net atomic population for the centers A, B, 
and C expressed as a function of the bond angle 4. The dotted 
lines are for center A and the solid lines for centers B or C.

The definitions for overlap and atomic populations 
have been taken from Muliiken.*® Clearly, the useful
ness of such quantities would be questionable unless 
they possessed the property of invariance with respect 
to any orthogonal transformation of the orbitals from 
which they arise.** The natural orbitals discussed above 
possess such a property. Hence, by writing the wave
function as a natural expansion, we can formulate a 
population analysis for the electron density.

Inspection of Mulliken’s work*® revealed that the 
“local” and “shared” densities suggested in Part I 
could be likened to the total net atomic population 
and the total overlap population, respectively. For 
electron-deficient systems, information concerning the 
overlap between any pair of centers is also of obvious 
interest; hence, an examination was made of the sub
total overlap population. These quantities may be 
formulated as follows: from Eq. (5) the electron density 
p ( f i )  can be written as

pin) = y ( h  1 n) = 2 2  »kXkHn), (8)
b=l

^ 0 5 0

N 180
t  0 2 5

000

F ig , 2. The total ne t 
atomic population for 
the centers A, B, and C 
expressed as a function 
of Z for 4=30°, 60°, and 
180°. The .dotted lines 
are for center A and 
the solid lines for centers 
B or C.

where

Xi®= ^ii*C&^+2ôc-ht:®]-h2Aiii42ïCo6-f-cc]-l-i42i®M, 

X2* = 2hc-\-â~\,
and

X̂ =Ax̂ [h‘̂-\-2hc-\-â~\A-2AizA7̂ahA-0'C\-\-Ai'̂a?'~\.
Following Muliiken, we integrate Eq, (8 ) over the 
appropriate space coordinates and define the total net 
atomic population N{A) ,  associated with center A,  to 
be

iV(A) =2[«iZ21*+»3Z23®];
similarly, we may write

N{B)  =2[niv4u*+W2-^32’-|-Wji4i3®].

From considerations of geometrical symmetry we have 
N{B) =N(C).  The sum of these three terms gives the 
total atomic population. The subtotal overlap popula-

II.

“ R. S. Muliiken, J. Chem. Phys. 23, 1833 (1955).
** C. W. Scherr, J. Chem. Phys. 23, 569 (1955), see Appendix
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tion S{B C)  between the centers B  and C is defined as

S{BC)  =45'be[«iylii* —»2̂ 32® +  «3^13*];
similarly, we obtain

S(A B ) = S (A C ) =4Sab[niAiiAa-i-naAi3A23j,

where Sab-Sae and are overlap integrals. The total 
overlap population is obtained by the addition of these 
three components.

Variations of the total net atomic populations as a 
function of 0  and Z are shown in Figs. 1 and 2, respec
tively; similar graphs for the subtotal overlap popular 
tions are shown in Figs. 3 and 4. For Z =  1.8, optimized 
wavefunctions were available^ which allowed us to study 
changes in the 0 dependence of # ( d ) ,  N { B ) ,  S { A B ) ,  
and S( B C ) ,  with respect to variations of the bond 
length R.  These results, although not illustrated graphi
cally, will be discussed below.

C. Charge-Density Contours

From Eq. (8 ) values of the density were obtained in 
the plane of the molecule for each set oi Z:0. Contours 
of constant charge density were then determined, see 
Fig. 5. Each diagram is symmetric with respect to the 
line X X '  which bisects the bond angle B Â C .  For rea
sons of space, the contour maps are shown for only 
three groups oi Zi0 values, namely 0=60®, 120®, and 
180° for Z = 1 .0 , 1.8, and 2.2. Changes in the contours 
as 0 or Z  vary are clearly illustrated. A general feature 
of all the contour diagrams is shown by tracing the 
density line of maximum charge, i.e., minimum slope, 
as we move between centers B  and C. This line is such 
th a t the density always decreases in magnitude when 
evaluated a t adjacent positional coordinates along, its 
normal. These curves, which are symmetric about 
X X ' ,  are shown collectively in Fig. 6 . They indicate, 
specifically, whether or not center A  is contained 
within the density contour of highest value which

0*75 -

Win
ima
<in

O 5 0  -

O 25 -

0-00 -

Z»l

O 75 -
3 0 '

0 5 0o'
160

in IOO»

s
6 0 '

> . 6 0 'O 25
in

IIm<
160'in

O O O

I O 14 2 218

180=30° 60° 9 0° 120° 150=
® .F ig. 3. The subtotal overlap population for A -B , A-C , and B~C 

caressed as a function of the bond angle 0 for various values of Z. 
The dotted lines are for B -C  and the solid lines for A -B  or A^C.

F i g . 4. The subtotal overlap population for A -B , A -C , and 
B -C  expressed as a function of Z for 0=30°, 60°, 100°, and 180°. 
The dotted lines are for A -B  or A -C  and the solid lines for B-C.

m utually embraces B  and C. In  some instances, the 
line of minimum slope, as we rtiove from B,  is seen to 
divide such th a t B  is joined directly to both A  and C. 
The significance of this situation, indicated in Fig. 6  

by dotted curves, will be discussed later.

D. Energy Analysis

In  P art I,® Fig. 8  showed the 0  dependence of the 
total molecular energy for Z = 0 .8  (0.2) 2.2. However, 
for convenience, otir results for the'.çiiergy analysis 
are presented only for Z.= i.O (0.4) 2.2; in  Fig. 7, the 
kinetic .energy as ̂ function of the bond angle 0  is shown 
for different Z 'values. Similarly, the 0 dependence of 
the electron repulsion energy, the nucléàr attraction, 
and nuclear repulsion energies for various Z is shown 
m Figs. 8-10, respectively.

in. DISCUSSION OF RESULTS
Inspection of the natural orbitals given in Eq. (7) 

indicates th a t xi and Xs are bonding-typé orbitals, 
whereas X2 possesses a form which i s 'àütfbonding. 
Reference to the pccüpàtion numbers given in T'âble I I  
reveals that, fof all values of 0 , xi predominates in the 
natural expansion of the wavefunction when Z <1.4 . 
Although a large occupation number for a bonding 
orbital does not necessarily guarantee the molecular 
stability of ZZ7Z+®^~  ̂for any choice of Z  and 0 , it is of 
interest to  note, from P art I, th a t for Z < 1 .3  the ions 
are stable with respect to dissociation.

For Z = 1 .0 , i.e., H 3+, we observe from Table I I  that 
« 1  and «3 decrease and fh becomes larger as the bond 
angle changes from 30°-180°. To place these results in 
perspective we refer to the occupation numbers of the 
natural orbitals of ai' and e' symmetry determined by 
Christoffersen and ShulF  for the united atom Li+

“ R. E. Christoffersen and H. Shull, J. Chem. Phys. 48, 1790 
(1968). We are very grateful to'these authors for the opportunity 
ôf reading a preprint of their work. • . .
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F ig . 6. The trace of points, between the centers B  and C, with minimum slope in the electron-density surface when evaluated in 

the plane of the ions for Z =1.0, 1.4, 1.8, and 2.2, see diagrams a, b, c, and d, respectively. For each value of Z, the trace
is shown for various values of the bond angle d. The center A is located a t the origin and center B  is indicated by # .  Each set of dia
grams is symmetric about X X ' which bisects 9.

and the dissociation products For Li+,
they quote total occupation numbers of 0.998121 and 
0.001223 for the o /-  and e'-type natural orbitals, 
respectively. For the dissociation products of H 3+, the 
total occupation numbers for orbitals of ai and e' 
symmetry are 0.666667 and 0.333333, respectively. 
When Z is large, the dissociation products of minimum 
energy will have corresponding natural orbitals with 
occupation numbers of 0.5. Thus, the united atom 
character is seen to feature strongly in the description 
of H 3+ for all values of B. Table I I  shows tha t such a 
conclusion is valid as far as Z ~ 1 .4 . When Z >  1.8 it is 
seen that, as B increases, the occupation number asso
ciated with X2 increases greatly a t the expense of «1. 
This would seem to indicate that, when Z and B are 
large, the charge density begins to concentrate pre
dominantly around the “outer” nuclei a t B  and C a t 
the expense of the proton and the internuclear regions. 
This conclusion is supported by noting that, as Z  and 
B increase, the occupation numbers for xi and X2 are 
each approaching 0.5. Further support is obtained by 
inspection of the electron-population analysis, see 
Figs. 1-4, and the contour diagrams shown in Fig. 5.

5-0
Z.2 2

Z 3-0

z  2-0

1-0

ISO'
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The results of the electron-population analysis illus
trated  in Figs. 1-4 indicate th a t when the subtotal 
overlap population between centers B  and C is greater 
than tha t for A - B ,  the ions may be regarded,
essentially, as a two-center system plus a strongly 
perturbing proton. However, when S( B C )  < S ( A B )  
the ion is more ideally regarded as forming a three- 
center system. Such an interpretation is strongly 
supported by the evidence shown in the diagrams of 
Fig. 6 . I t  is of interest to observe th a t a “divided” 
trace of points possessing minimum slope in the density 
surface as we pass from B  to C (see the dashed curves 
of Fig. 6 ) occurs only when the bond angle is such that 
S { A B ) c ^ S { B C ) .  Concomitant with this condition 
is a small depression in the electron-density surface 
located in the central region of the molecular plane: 
see, for example, diagram (a) of Fig. 5. The results 
of Christoffersen and ShulF  for H 3+ did not reveal a 
similar depression in the density surface^®; hence, the 
effect may be due to our minimal basis set.
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F ig . 7. The kinetic energy expressed as a function of the bond 
angle 9 for various values of Z.

Fig. 8. The electron repulsion energy expressed as a function of 
the bond angle 6 for various values of Z.

“  A private communication from R. E. Christoffersen for which 
we are grateful.
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30 60° 90' 120 150° 180'

1 -1 0

FiG. 9. The nuclear attraction en e r^  expressed as a function of 
the bond angle 6 for various values of Z.

For Z = 1 .0 , we see from Fig. 1 that, as Q becomes 
larger, N { A )  increases fairly sharply bu t N ( B }  = 
N{C)  becomes smaller; correspondingly, the overlap 
5(.4J5) =  5 (^ C )  shown in Fig. 3 increases bu t the 
value of S(BC)  falls considerably. This behavior is 
illustrated in part by the contour diagrams (a), (d ), 
and (g) of Fig. 5. Similar comments hold for Z = 1 .4 . 
However, for Z =  1.8, we see from Fig. 1 tha t the total 
net atomic population increases for each nuclear center 
as the bond angle is enlarged. The overlap also
increases with increasing 6, bu t the magnitude of 
S(BC)  is seen to fall off rapidly. Thus, as 8 varies from 
30®-180°, a value of Z >  1.8 is capable of causing charge 
to move from the internuclear region B - C  towards 
the centers B  and C, whereas when Z = 1 .0 , charge is 
moved from B  and C towards center A.

Figure 4 reveals that, for any fixed bond angle, 
5 ( ^ 5 )  decreases in value as Z is increased, this indi
cates the diminishing influence of the proton on the 
system. This conclusion is substantiated by the fact 
that Æ(.4) tends to zero for all angles as Z  becomes 
large. Figure 4 also shows th a t when 6  <100° then 
S{BC)  increases initially and then decreases as Z  
becomes larger. This effect is greatest for small angles. 
For 0 >  100°, S{BC)  shows no initial increase as a 
function of Z. Hence, as Z  is increased for a fixed bond 
angle, charge is initially drawn away from A  into the 
regions associated with B,  C, and B-C.  A further 
increase in Z  removes charge from the internuclear 
region B - C  and localizes it about B  and C as mentioned 
previously.

For Z =  1.8, the electron-population analysis was 
performed for wavefunctions corresponding to 22=1.5, 
1.66, and 1.8 a.u. For constant 6, as expected, A  (.4) 
decreases in value and N ( B )  increases as R  becomes 
larger, whereas S ( A B )  and S{BC)  each become 
smaller.

Changes in the above results caused by extending 
the basis set may be examined most readily by studying 
Hj+, this is made possible by the recent analysis^ of

the configuration-interaction wavefunction of Christof- 
fersen^ which involved a basis set of 12 STO’s. The 
occupation number of 0.98487 which Christoffersen 
and Shulh* obtained for the first natural orbital xi 
differs from our result, see Table I I  when Z =  1.0 and 
0 =  60°, by only 0.00059. The virtual independence 
of the occupation numbers in the natural expansion, 
with respect to the size and nature of the basis set, has 
been commented on by Shull.^^ Due to the large occupa
tion number, the form of xi for H 3+ will govern the 
essential features of the population analysis. Thus, 
the evaluation of N { A )  and S ( A B )  derived from xi 
taken, firstly, from the work of Christoffersen and 
Shull and, secondly, from Table I  for H 3+ (0 =  60°) 
should indicate the general effect of an extended basis 
set. In  both cases the occupation numbers for xi were 
renormalized to unity, i.e., each natural expansion was 
truncated after one term.^® For the minimal basis 
set, A(v4) and were found to be 0.33281
and 0.33386, respectively, while the extended basis 
set gave values of 0.30113 and 0.36554. Thus, extending 
the basis set causes a lowering of the total net atomic 
population on each center with a corresponding increase 
of the subtotal overlap populations. Such changes in 
the electron population analysis are not too surprising 
since the I5 minimal basis set could only be extended 
by the inclusion of higher orbitals which, by their more 
diffuse nature, provide greater overlap. I t  is anticipated 
th a t an extension of the basis set for the remaining 
ZHZ+^^“  ̂ ions will have a similar effect, although this 
should become less marked as Z is increased.

The kinetic energy undergoes an initial decrease for 
all values of Z, see Fig. 7. The decrease becomes greater 
as Z is increased. When Z = 1 .0 , the kinetic energy 
becomes constant for 0>9O°, however, the curve for

UJ 6

a 4
2= 1-8

u 2

e

F ig . 10. The nuclear repulsion energy expressed as a function of 
the bond angle 0 for various values of Z.

“  H. Shull, J. Chem. Phys. 30, 1405 (1959).
“  Throughout this work, this is the only instance when natural 

expansions have been truncated.
» For H,+, with 0 = 60°, we have N(A )  =N{B)  =N(C)  and 

S i A B ) = S i A C )  = S(BC).
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Z = 2.2  shows a pronounced minimum when 0~ 6 O° 
and a constant value is attained only when 0>14O°. 
Figures 8-10 show that, for Z = 1 ,0 , the other energy 
contributions are virtually constant when 0>9O°. This 
lack of angular dependence indicates that, when 0>9O°, 
the proton a t center A  tends to dominate the H 3+ 
system.

As pointed out by Ruedenberg,^^ a lowering of the 
kinetic energy may be associated with an increased 
“smoothness” of the electron-density surface through
out the molecule. I t  is related in character to the lower
ing of the kinetic energy of potential-free electrons 
when the volume containing them is increased. Thus, 
the kinetic-energy curves shown in Fig. 7 may be 
interpreted as a measure of the relative freedom of 
movement of electrons within the ions as 0 is increased. 
For example, when Z  = 2.2 and 0 =  30°, we have seen 
th a t the charge density is localized essentially about 
the B - C  region of the ion, hence, the value of the 
kinetic energy is high. As 0  is increased to a value of 
about 60°, the kinetic energy suffers a decrease, sug
gesting th a t the larger value for the B - C  separation 
allows the charge density to become more diffuse. 
However, for a further increase in 0, the kinetic energy 
is now seen to increase: this is in keeping with our 
observations that, for Z =  2.2, the charge cloud will 
divide and become more localized about the separate 
centers B  and C as 0 approaches 180°. For Z  =  1.0, a 
similar situation will occur, namely, as B  and C sepa
rate, the charge cloud will become more diffuse through
out space and the value of the kinetic energy will 
therefore decrease for an initial increase of 0. However, a 
continued increase of 0  causes the electronic charge to 
flow towards center A instead of dividing and localizing 
the charge about each center B  and C, as was the case 
for Z =  2.2. Thus, for H3+, it is not surprising th a t the 
kinetic energy remains virtually constant for 0>9O°. 
The curves for Z = 1 .4  and 1.8 shown in Fig. 7 are 
clearly states of transition between the two cases 
already discussed. Additional support for the above 
interpretation is gained by noting that, for each value 
of Z, the 0 dependence of the electron density evaluated 
a t center B  (or C) has the same form as the correspond
ing curve for the kinetic energy shown in Fig. 7.

From Figs. 8-10, we see th a t the electron repulsion 
energy, the nuclear attraction, and nuclear repulsion 
energies each become slightly more 0 dependent as Z 
becomes larger. This is quite reasonable since our 
previous analysis has shown that, as Z  increases, the 
tendency for the charge to cluster around centers B  
and C will also increase as 0  approaches 180°. Hence, 
when the division of the charge cloud becomes more 
effective, the drop in the electron repulsion energy will 
become greater: see the curves in Fig. 8 . For a fixed 
value of Z, Fig. 9 shows th a t the nuclear attraction

”  K. Ruedenberg, Rev. Mod. Phys. 34, 326 (1962).

energy will increase for an increase in 0 , presumably 
related to the fact th a t the charge cloud will be in
fluenced less by the combined effect of the nuclei at 
B  and C. The nuclear repulsion curves shown in Fig. 10 
are simply dependent on Z and the geometry of the 
ZHZ+2^ - ' system.

IV. CONCLUSION
The wavefunctions for a series of pseudomolecular 

ions of the form Z27Z+^^-\ where Z =  1.0 (0.4) 2.2, 
have been reformulated in terms of natural orbitals. 
Consequently, changes in the one-particle electron 
density, due to variations of Z and the bond angle 
ZHZ,  were able to be investigated by means of the 
population analysis suggested by Muliiken. Contour 
diagrams were constructed for the charge density when 
evaluated in the plane of the molecule. In  addition, the 
kinetic energy, the nuclear attraction energy, the 
electron and nuclear repulsion energies are presented 
graphically as a function of the bond angle 0  for each 
value of Z.

For Z < 1 .4 , the first natural orbital in the natural 
expansion of the wavefunction was found to have a 
large occupation number for all values of 0. Such a 
feature is essential, although no guarantee, for obtaining 
molecular stability with respect to dissociation; never
theless, the present results are in accord with the 
observation made in P art I  th a t the ions are energeti
cally stable for Z <  1.3.

The occupation numbers of the natural orbitals for 
H3+ were placed in perspective by making a comparison 
with similar quantities for the united atom Li+ and the 
dissociation products H 4-H-1-H+. Such a comparison 
clearly revealed the united atom  character of H3+. 
The contour diagrams also showed that, when 0  =  60°, 
the “bonds” in H3+ were directed from the nuclei 
towards the centroid of the positive charges. The 
elaborate wavefunction of Christoffersen, analyzed by 
Christoffersen and Shull, also revealed this “bonding” 
arrangement. For fixed bond lengths B A  and CA,  as 
0  was increased, we found th a t charge moved from the 
centers B  and C towards A,  indicating th a t the proton 
a t A  begins to dominate the H 3+ system.

When Z  is large, the dissociation products of mini
mum energy have natural orbitals with occupation 
numbers of 0.5. This situation is most closely repre
sented when Z  =  2.2 and 0 approaches 180°. The contour 
diagrams and the electron-population analysis show 
that, a t large values of Z, the electron density in the 
region of center A  is small and, as 0 increases, charge 
flows from the internuclear region B - C  towards the 
“outer” nuclei. The diagrams and analysis also show 
that, as Z increases and 0  decreases, the ZHZ^^^~^ 
ions change from a three-center system to what is 
essentially a two-center system plus a strongly perturb
ing proton.
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Of the various components of the energy of the 
ions, the 0 dependence of the kinetic energy 

is perhaps most striking. As emphasized by Rueden
berg, a decrease in magnitude of the kinetic energy 
may be associated with an increase in the spatial 
freedom of the electrons. Such an interpretation assisted 
not only with our understanding of the kinetic-energy 
curves but also perm itted variations in the remaining 
energy components to be understood.

The present examination has allowed us to observe, in 
detail, the changes which occur in the electron density 
throughout a series of three-center two-electron systems

as the bond angle Z È Z  and the nuclear 
charges Z  are allowed to vary.
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ABSTRACT . ‘

The method of Configuration Interaction (Cl) has been used in a

niunber of studies of small atomic and molecular systems.

In Part I, Cl v/ave functions for a series of pseudomolecular ions 

are reformulated in terms of natural orbitals. Changes in the 

electron density as a function of the nuclear charge Z and bond angle 

ZHZ are investigated by means of an electron population analysis based 

on the natural orbitals. . Contour diagrams of the electron density in 

the plane of the molecule are obtained. The total energy for each system 

is analysed in terms of the kinetic energy, nuclear attraction energy, and 

the electron and nuclear repulsion energies.

In Part II, the Cl method is examined in detail. Techniques for 

obtaining Cl wave functions of atoms and molecules are discussed in detail. 

Computer programs based on these techniques are described, and listed in 

the Appendices. The Valence Configuration Interaction (VCl) method is 

also exaJTiined as a means of reducing the size of the secular equation,

and results of VCI calculations are given for various states of atomic

and diatomic oxygen and sulphur. Spectroscopic constants for the 

Zgl and Egl states of 0^ and for the

X^ Zgl , Agi and Lgl states of are given. The methods

by which these results can be obtained are also discussed. Finally the 

results of the VCI calculations are compared with some recent SCP 

calculations on 0^ and Ŝ *


