
I - INTRODUCTION

The purpose of this project was three-folds to understand

in detail the complete neirlect of differential overlap (CNDO)
1

approximate molecular orbital theory of Pople, Santry, and Segal

as well as the intermediate neH;lect of differential overlap

(INDO) theory of Pople, Eeveridge, and Dobosh; to adapt a com-

puter program of these theories to the computer facilities avail-

able to Sweet Briar and in so doing to gain an insight into

alo-orithmic solutions to quantum chemical problems; and to apply

the modified prof^ram to a simple problem, a comparison of the

effects of chlorine and fluorine on the »- and Tf electron densities

in a series of substituted acetylenes and ethylenes.
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II - THEORETICAL

Quanturp mechanical theory has been developed to the extent

that the Schroedinger equation for any hypothetical or real

two-tody system can be solved exactly. (An example of a two-

body system would be a system with one electron and one nucleus.)

A problem with more than one electron around one nucleus, and,

in the more complicated cases, more than one nucleus, presents

insurmountable difficulties in the exact solution of the Schroe-

dinger equation due to the increased complexity of the Hamilton-

ian and concurrently of the partial differential equation which

must be solved. The time-independent Schroedinger equation for

the hydrogen atom, for example, is

where fi is Planck's constant/2TT, m is the mass of the electron,

V = 3x.^ + -^-L +"5^!. . Ze is the charge of the nucleus (Z=l for

hydrogen), e is the unit of electronic charge and r the distance

between the electron and the nucleus. In this expression the first

term represents the quantum mechanical operator for the kinetic

energy of the system while the second is the potential energy

of the electron in the field of the nucleus. Though this equa-

tion is a partial differential equation of the second degree

with three variables it can be solved by separation of variables

as discussed in most quantum mechanics textbooks.

In contrast to the above soluble differential equation is

the Schroedinger equation for the many-electron, many center

problem which must include the interactions between all the elec-

trons and between the electrons and nuclei. The Hamiltonian for
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such a system is given by

(2)H'^"0.a....A;;i,2......o- -¥ £m. V.

In the above expression M^ = the mass of nucleus A, m and e are

electronic mass and charge, Z^ e is the charge of nucleus A, and

r^i is the distance between electron i and electron j. (Note that

capital subscripts refer to nuclei and subscripts in the lower

case to electrons.) Inspection of the Hamiltonian reveals that

kinetic energy terms for all the nuclei and electrons are in-

cluded as well as the potential energy due to the interaction

of each particle with all other particles of the system.

The Schroedinger equation for a system with n particles and

N nuclei thus becomes a partial differential equation of 3N + 3n

variables, each variable being described by three cartesian

coordinates.

This equation cannot be solved exactly.

Though solutions to the Schroedinger equation for the H atom

are of great theoretical interest, there has been a continuous

effort among chemists to extend the practical application of

the equation to more complicated systems through scientifically

sound and meaningful approximations. A recent approximation

developed by Pople, Santry and Segal is the complete neglect of

differential overlap (CNDO) theory; the intermediate neglect of

differential overlap (INDO) theory of Pople, Beveridge, and

Dobosh is derived from the CNDO framework.
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The CNDO method indirectly utilizes several general

approximations which are common to many approximate molecular

orbital theories as well as specific approximations which make

it unique. One such general approximation is the Eorn-Oppenheiraer

approximation which states that the nuclei of a system can be

considered stationary relative to the motion of the electrons

in their fields. In reality the nuclei of a system are in motion

as are the electrons. The mass of any nucleus is so much greater

than the mass of an electron that its velocity can be neglected

when compared with the much greater velocity of an electron. In

the case of the hydrogen nucleus, for example, where this approxi-

mation introduces the greatest amount of error, the mass of the

nucleus is over 1800 times that of the electron; thus even here

the error is small. This assumption reduces the complexity of the

problem considerably; one must calculate only n wavefunctions and

energies corresponding to the n electrons in motion around N

stationary nuclei. The Hamiltonian of equation (3) becomes

and the Schroedinger equation

(5) H""(/,Z n) H^^'^'- (.>..>... n-)= C^f (/..,. ..-n)

It is important to note here that due to the Born-Oppenheiraer

approximation only the electronic energy eigenvalues are cal-

culated. In order to include the internuclear repulsion one

must add

(6) Z e^ ^^ '^^ v-^V
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with Z^^e the charge on nucleus A, Z,e the charge on nucleus E

and r the internuclear distance. The expression for the total

energy of a system using the Born-Oppenheimer approximation is

therefore

C7; t = £ T 6 e" 2.,^ Cq v-^g

Molecular orbital theory is chiefly concerned with the wavefunctions

which describe the motion of electrons with respect to the nuclei,

as this motion results in the phenomenon of a covalent chemical

bond between two or more nuclei. The Born-Oppenheimer approxi-

mation's focus on electronic wavefunctions is viable if this is

kept in mind, and this approximation* thus can be considered

"scientifically sound."

A second fundamental approximation utilized in approximate

molecular orbital theories is the orbital approximation. The under-

lying assumption of this approximation is that a satisfactory many-

electron molecular orbital wavefunction S'"can be constructed from

a product of functions <Jk- , each of which depends on the coordinates

of one electron only.

(8) 4' (i.i,.... n) - c|> (,) 4(^^) ^v (i}-.. 4.^(f^)

(The parenthetical numbers in equation 8 refer to electronic coordi-

nates.) By definition each function <t»- is known as an orbital, in

the case of an atom, an atomic orbital and in the case of a mole-

cule, a molecular orbital. As Fople and Beveridge point out, if the

true Hamiltonian could be constructed as a sum of operators de-

pending only on the coordinates of one electron, then a separa-

tion of variables approach could yield exact solutions to the
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Schroedinger equation for the system. This, as has been shown,

however, is not the case (see equation (3))» and the assumption

that the molecular wavefunction is of the above form introduces

an approximation and some degree of error.

As well as these general approximations, a specific theore-

tical framework - the variational method - is used in the Ci\DO

and other approximate molecular orbital methods as a general

approach to the solution of the complex problem. This method

is based on the variational theorem which, according to Dewar,^

states that "the expectation value of H for an arbitrary well-

behaved function ^ is not less than the lowest eigenvalue 2^ of

H" where the expectation value E is given by

(9) £ -
i q>*4' c(T

For proof of this theorem the reader may refer to Iv^olecular

Quantum Mechanics by P. V/. Atkins as well as other quantum

chemistry texts. If one applied the variational method to a

completely flexible wavefunction with an infinite number of

variable parameters one could obtain all the correct wavefunc-

tions and eigenvalues for the Hamiltonian. Such an application

is not feasible for mathematical as well as practical reasons,

however, but the approach can be applied to incompletely flexible

functions which can be varied and minimized with respect to only

a given few parameters. The set of functions thus obtained are

approximations to the true wave functions, and the energies corres-

ponding to the S^o are functions of the variable parameters. The

variation theorem, then, provides a method for adjusting the

variable parameters of some arbitrary trial wavefunction to opti-
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mize the correspondence of that v/avefunction to the true wave-

function. (For example, if E(k) is found to "be an eigenvalue of

some arbitrary wavefunction S'(k), the variation method calls for

minimization of E(k) with respect to k ( ^/^.^ E(k) = 0) and a solution

for the minimum value of k. Substitution of the minimum value of

k into E(k) will yield S^.^ , and substitution of the minimum value

of k into M'(k) will, according to the variational theorem, give

the best approximate wavefunction using the given parameter.

)

A convenient choice of eigenfunctions in the variational method

is often a set of functions which are linear combinations of

atomic orbitals. (LCAO)

.

(10) ^L = ^ V: 4^

where <^„are atomic orbitals and c^; are weighting coefficients.

A further requirement imposed by the LCAO approximation is that

the molecular orbitals be orthonormal. That is,

(u) Z c*. c,^ s^, --
<i"c3

where J^j is the Kronecker delta and S^.^ is the overlap integral

(12) S^v - S d^^C.) <f, (>) dr.

The above brief discussion of some of the important general

approximations and the methods used in approximate molecular

orbital theories leads to a more rigorous analysis of the CNDO

and INDO methods. The following formulations of these theories

will deal with closed-shell systems only.

As well as being based on the above general approximations,

the CNDO method is a simplification of the LCAO approach to the
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Hartree-Fock, self-consistent field (SCF) method. The LCAO/SCF

approach leads to Roothaans algebraic equations.

The Hartree-Fock equations are

(13) py. -_ e- H>. U ;,n

where

and

ill,) f . [h""-, ^U J,-Kj)3

(16) K^ (0 ^- (0 -
£ y cy/(x) T;-, H^i (''^) ^rj] S-'j (0

In the above equations H refers to the Hamiltonian of an elec-

tron in the field of a bare nucleus and r,, to the interelec-

tronic distance. The eigenvalues of the above Hamiltonian F are

j

where rr » * i , x , .

(18) Jij -
J j S^.\.) y.*(z) -?; ^: C) % ^^) ^^' '^^^

(19) Ki.j -- // 9^' (0 4^j^2.} "^^ %• 0) ^'c (-) ^^ ^"^i

J;- and K^.are known as "coulomb" and "exchange" integrals respective-

ly. J- represents the repulsion between electron 1 in orbital H^^

and electron 2 in orbital S-'j when the electrons are moving inde-

pendently of each other. (Note that "i'* "^i and "P* ^j by definition

each represent a charge distribution, the probability of finding

an electron in a given position. ) Similarly the exchange integral

Kxj has the physical interpretation that it represents the reduc-

tion in electron repulsion between two electrons in different
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7
orbitals with parallel spins.

If the molecular orbitals S^; are approximated as linear

combinations of atomic orbitals, Roothaans equations are obtained.

Substitution of the LCAO expansion of equation (10) into the

Hartree-Fock equations yields

(20) 2 Cf^^- ti S^v) c^^ =

(23) p = 2 Z. c
. c .

where

and

The quantity (juViTvc) is known as an electron interaction integral;

electron (1) is assumed to be on the left-hand side of the operator

and electron (2) on the right-hand side.

The equations (20) may be written in matrix form and trans-

formed to the form of a standard eigenvalue problem. If this is

done the elements c^ will be roots of the secular determinant

and each element £;.will be an energy eigenvalue of the molecular

orbital H'^. In equation (21) H is the expectation value for the

core Hamiltonian interacting with electron (1) in atomic orbital

4^^ and electron (1) in atomic orbital 6^,. (Note that suffixes yU

and Y refer to molecular orbital M^- , and ?>. and g to molecular orbi-
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tal S^- . ) In equation (23) P^^ is summed over the occupied molecular

orbitals only, and the matrix composed of the elements P^» is

referred to as the density matrix.

The series of steps used in solving the secular determinant

in equation (25) is equivalent to that used in the more approxi-

mate CNDO approach. An initial set of linear expansion coeffi-

cients is assumed from which is determined an initial density

matrix (see equation (23). A first guess at the matrix elements

F^,v can then be made. After diagonalization a new set of coeffi-

cients is computed, and the process is repeated until a compari-

son of old and new values of the coefficients or some other chosen

parameter is within a specified tolerance limit.

The LCAO/SCF method can be applied without modification

to simple systems, but computational limitations have resulted in

the growth of more approximate self-consistent field methods which

seek to avoid the evaluation of many of the electron repulsion

integrals, most of which actually have values near zero when

calculated. Pople proposed the combinations of the zero dif-
Q

ferential overlap (ZDO.) approximation with a semiempirical deter-

mination of other parameters for the Tf electrons of aromatic

9
systems. The ZDO approach is based on systematic neglect of the

overlap of certain pairs of electrons in different orbitals.

According to this approximation

( 26 ) ( /^v i 7\C5> ) = ( M*^ J "^^1 «-^/w S.^^

where <^ci is the Kronecker delta. Further, the corresponding

overlap integrals

(2?) S^v - S ^}^Li)^A:^^Z

are neglected in the normalization of the molecular orbitals.
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lt is important to note, however, that the core integrals

involving an overlap distribution are not neglected by this

method; the terms have a possible effect on bonding.

Thus while not ignoring all such interactions as does the

Huckel method, the ZDO treatment is not as rigorous as the above

complete LCAO/SCF approach. Pople ," Santry, and Segal's formu-

lation of CNDO theory signifies a significant advance in approxi-

mate molecular orbital theory in that the ZDO approximation is

extended to a system involving all valence electrons rather than

,iust the TT electrons of the molecule, the inner electrons being

treated as part of a rigid, non-polarizable core.

Pople, Santry, and Segal as well as Pople and Eeveridge

discuss the importance of maintaining invariance with respect to

certain transformations of the set of basis functions v\u at all

levels of application of the ZDO approximation. These transforma-

tions are (1) transformations mixing orbitals of the same principle

and azimuthal quantum numbers n and 1 (a mixing of 2p_ and 2p,

orbitals, for example) and (2) transformations mixing any atomic

orbitals on the same atom (hybridization of orbitals, for example.)

The LCAO/SCF method will lead to the same wavefunctions and pro-

perties regardless of these transformations; any approximation

to the method, however, might remove this invariance.

Because the ZDO approximation is applied to atomic orbitals

only, the differential overlap ^^.i.,, i^-a-y be monotomic (atom.ic

orbitals centered on the same atom) or diatomic (atomic orbitals

centered on different atoms.) In the case of a monotomic overlap
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<fi^(}i,,. on the same atom, the simple rotation of axis transformation

such as transformation (1) may lead to variant results unless

this possibility is considered in the development of the theory.

In the CNDO method in particular the ZDO approximation is

used for all products of different atomic orbitals 'f^^^.. To

restore invariance under all transformations a further approxi-

mation is added to those of the ZDO approximation - that the

electron interaction integrals which remain depend only on the

atoms A and E to which the orbitals 4.^ and (f^- belong and not on

the type of orbital.

(29) (,^1- Vv) =
/fy. ] o (

y^- physically measures an average repulsion between an electron

in one of the valence orbitals of atom A and an electron in one

of the valence orbitals of atom E.

If the atomic orbitals of the basis set are transformed into

orbitals which themselves are linear combinations of the origi-

nal atomic orbitals,

(3°) K- 2'v^*,.

(31)
*; = |." K, %

(32) *;- !%,,«,r

(33) cj)! = I't^, d)

o

then it can be shown that equation (29) restores invariance.

The electron interaction interaction (/^uItvo) becomes

(3'*) (=<M«)= !C,, S,^S^^
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based on the orthonormality of the transformation matrices t. (In

equation (3^) cJ"^ is the Kronecker delta.) These transformations

thus do not cause equation (29) to vary.

Application of the ZDO approximation to the elements of the

Fock Hamiltonian matrix of equation (21) gives

(35) Ff,^'- H.^ i I P i{^t-\-Kh)-'h^ {^y^\h-^y\

For the case in which > ^ v

(36) F^,,^ /-iVuv
- /^ P^^ (/-/-Ivv)

Adding the further approximations of equation (29), the diagonal

Fock matrix elements become

(37) F^^ - Ht^f.- 7=. P^^^ r^, r I. Pg^ y^3 ( ^^ ^ «)

and the elements for which /^^v become

(38) F/.,, = /V^,- V:. P^. y^^

In equation (37) the population matrix Pg^ is the total electron

density on atom B,

(39) P,, =
l' P^^

The core Hamiltonian operator, which consists of the potential

due to the nucleus and the inner non-valence shells, is also

modified according to the approximations proposed. If

(^0) H - -V:^ ^"'-
"I

V,

I
where -V^ is the core potential of atom B, the diagonal elements
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elements H^^^ of the Hamiltonian may be thought of as a sum of

one-center and two-center terms. (A one-center term is a term

involving only one atom, while a two-center term involves

interatomic interaction between two atoms.) These diagonal ele-

ments represent the interaction of an electron in <b^ centered

atom A with the core of A as well as with the cores of other atoms

Separating into one and two-center contributions

on

where

and

According to equation (^4) U,,,^ is a one-center term, and since

<^f^
is on atom A, the integral represents the interaction of an

electron in orbital cji,^ with its own core potential. The second

term of equation (41) relates the potentials of all other atoms

B to the electron in orbital d;.^ on atom A; it is the two-center

contribution to the core Hamiltonian element Hj^^^.

The off-diaffonal terms deal with two different atomic orbi-

tals (p^or 'i which may both be on atom A or which may be on dif-

ferent atoms. When (t and d, are both on atom A

Because the choice of a hybrid basis set (not s, p, d functions)

leads to non-zero Uu.v elements in equation (45), the CNDO method

is restricted to the use of s, p, d functions. This choice for a
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basis set causes U^,.^. to be zero by syminetry. The second term

in equation (^5) represents the interactions of the charge

distribution !|-,^i?^ with the cores of other atoms E. These terms

lead to a further approximation which is consistent with the

ZDO approximation, that these interactions are set equal to zero

unless o^=Oy, in which case they are considered equal for all valence

orbitals on A. No differentiation is made between types of orbitals

based on quantum numbers. This approximation allows invariance

to be maintained. According to these added approximations

(46) </.-! V3
! V ^ = c

and

The • remaining matrix elements K^^ tO' be considered are the

elements dealing with atomic orbitals <^_^ and i., on different atoms

A and B. Neglecting three-center terms, the CNDO method assumes

that H^^ is dependent only on the potential of the two atoms in

question and not on the potentials of any other atoms. The term

i^^v thus deals with the effect of two electrostatic fields on the

energy levels of an electron and is referred to as the "reso-

nance integral" 6 . in this case

(50) 1-1^,= < ^ [
-'!^^\

\v^
- Vj, 1 V > =

^^^

The final approximation of the CNDO method deals with the
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estimation of a value for the resonance integralj

e

(51) H^v= ?ACV ^ Kr, -r

where S.^v' is the overlap integral. This approximation formulates

^u.^ in terms of a known integral S^^^ (one which has already been

calculated) and an empirical parameter ,o^., which is adjusted to

achieve the best energy valv^is for a given system. In order to

maintain invariance, however, the parameter p, must be the same for

all orbitals on the two atoms in question. It can be dependent on

interatomic distance, however.

The approximations thus employed by the CNDO method are

(a) the zero differential overlap approximation

(52) (^vlA^W (/^i^'^^) ^h^^i

which also calls for the neglect of the overlap integral S/^^y in
the normalization of the molecular orbitals and sets S^v = unless
M = V

(b) the averaging of the electron interaction integral be-
n A and <f)^ on B

(53) (^^i7..)-r,, {tZl\
tween ^^ on A and ^^ on B

(c) the approximation of the interaction of ^^c^^ with other
cores as zero if^^^^^and V^^^ if (*.=.• >^> y.

(5i^) <|ul1 Ve 1 v> = O

(55) </A / Vb 1 ^> = ^^s

and lastly

(d) the approximation of resonance integrals through use
of a proportionality factor

The final Fock matrix elements reduce to
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(57) P^*^^ " U^.^ r (l\,, - '12. ?^.^) r^^ ^ I-^ ( P./,- v^J

(58) F^v ""
^A<j ^l^^

" '*- *^/^v "^^3 C/A •/ V )

where d is on A and (^ on B . If (?. and 6 are both on the same atom A

<59) F^„ = -Vx V i^..

The diagonal elements F may be written

where Q3 is the net charge on atom E.

(61) Q^= 2^- P3,

The quantity ^^o'JC -V., is known as a penetration integral and is the

difference between the potentials due to the valence electrons

and the core of atom B.

After developing the GNDO theory, Pople and Segal follow

with a discussion of possible methods for calculation and choice

of parameters. The original formulation is known as the CNDO/1

parameterization. They since have proposed a second and more

3-2

successful method, the CNDO/2 parameterization. As well as

choosing a basis set, in the GNDO method one must empirically

determine or otherwise specify values for the overlap integral

Suv, the core Hamiltonian elements U,* ,. , V^^, , the electron-repul-

sion integrals y^ and the bonding parameters .S^^ .

A logical choice of basis functions would seem to' be the

hydrogenic wavefunctions. These wavefunctions, however, are ex-

pressed as products of an angular and a radial part, the latter
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of which is ma-thematically complex and necessitates the evalua-

tion of difficult integrals. For this reason the atomic orbitals

in the CNDO method are chosen to be combinations of the spherical

harmonics XJ^^\^)ithe angular hydrogenic solution) and Slater
13

functions radial-like functions which are less complex than the

true radial hydrogenic solutions. Slater functions are nodeless

with an orbital exponent J- which is determined by application of

an empirical set of rules, Slater's rules. (In the CNDO approxi-

mation the exponent for hydrogen, however, is given a value of

1.2 instead of 2.6, the value determined by Slater's rules; 1.2

is more in accord with the best value for the constant^the LCAO

calculation for the hydrogen molecule.) The CNDO/l parameterization

was originally formulated only for molecules composed of atoms

H through F.

The overlap integral S^^ is generally calculated in the

following way. the overlap integral may be written

where a.is aV;charge distribution function and is a product of

my two Slater-type-orbitals (STO) X^ and ^c^which are themselves

specified by principle, azimuthal and magnetic quantum numbers

[n, 1, m).

(63) n (.) = XA') r.{>) S '^'^ ^- ^w A •>

:f Y-^and x are on the same atom.
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The charge distribution H. d') is written as a product of the

analytical form of the STO's in spherical coordinates. If

n. (i } becomes

(66) aj.) - N^N, v;'-v^".-' «,p (./. v„ - r^Kj

(The functions ©^ „^(co«, 0'i§C'^)are the real normalized shperical har-

monics V, ^'(^j\>i; .) HO) is transformed to elliptical coordinates

and the integration is carried out over £^ . The result of this

integration is the reduced overlap integral, an expression involving

one or more basic two-center integrals which is subsequently inte-

grated over the tt and v coordinates to yield the value for the

overlap integral.

The elfi-ctron repulsion integral tf^^ is calculated as a two-

center integral involving valence s functions.

'''' '^.e= ^U: 0) -k. sl i^.) ^X ar.

Using Slater s functions

(68) ^(n,,r.,^^-f^i f,) -.

[J^^ (,) -^^ _Q_ (^) ^7- ar,^ !rtr

where R is the distance between atom A and atom E» and ii^^(j) and X^_ (^^^

are the products of Slater s functions and represent charge distri-

butions. The operator v-,',^ is developed according to a given expansion,

and the coulomb integral rearranged accordingly^

(69) :5'(»v,n,.:r^.:r^^B)= Jn. CO I0\.1,,i) dr,
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where I is the potential of electron 2 at the position of electron 1

In equation (70) ~y\_ is the final form of the operator "y^^ based

on the development according to the expansion, r^^ represents the

greater value between r. and r^ where r and r„ are the radii

arrived at in the expansion and transformation to spherical polar

coordinates.

The two-center coulomb integral is then solved in two steps,

the first being an evaluation of the potential I (n^/X
, j ) by inte-

eiration of equation (70) over spherical polar coordinates cen-

tered on b and the second a multiplication of the results of the

first step byJil^Ci) and integration over the coordinates of electron

2 in elliptical coordinates. The second integration is done through

use of the reduced overlap integral.

The third empirically determined value, V«e , representing

the interaction of a valence electron of atom A with the core

charge of atom B, is calculated through use of a valence s orbital

on A and through the assumption that the core charge of atom E

is centered at a point in the nucleus rather than dispersed through-

out the nucleus and inner shells (as likely is the case).

(71) V^e= ^6 Ul> (<) i-kr^ ^'^'

Zg is the core charge of atom E, and r, ^ is the distance between

electron 1 and nucleus E. This integral is handled in the same

sreneral way as the overlap integral with s being a Slater s type

orbital.

Calculation of the atomic matrix elements of the one-

electron core Hamiltonian U is based on observed atomic energy
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levels. Applying the CNDO approximations, atoms from Li through

F have energies

where X is the atom in question and y,^ is the CNDO approxima-

tion of the electron repulsion integrals. Equation (72) refers

to an electronic state, and since degeneracy occurs due to the

neslect of exchan,se integrals in the CNDO method, an average

of the enerscies of all the states having the given configura-

tion is used in calculating the U^.^^ elements. Further, the U^^.

integrals are related to ionization potentials or electron

affinities of given states, experimental values of either of the

two being used in the determination of U^,,, . The .y parameters

previously determined are also used in this calculation.

Having empirically calculated U^^ , the only remaining

parameter to be specified is ^^ . f^ is assumed to be a sum of

contributions from atom A and atom B.

(73) C - '/..((s;*- r,)

O

The values of p^ and p^ are chosen to give the best fit with

accurate LCAO/SCF calculations usine: the valence shell basis

set. These values, then, are based on the assumption that the

LCAO/SCF calculations are the best calculations obtainable.

With the determination of the parameters Suvi U^*. V-a . ^^ =

^^^ r'AQ » "^^^ solution of the problem calls for a cycle of steps

similar to that discussed for the LCAO/SCF method. The initial

guess of the molecular orbital coefficients is made by setting

^ equal to the appropriate ionization potentials for the state
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o

beine- considered and by setting: F/*^' = SlivP^^. • '^^^ latter is simi-

lar to the familiar Huckel approximation in that all off-diago-

nal elements are set equal to constants, 2^^,^^^ . Diagonalization

of this extended-Hiickel approximation to the Fock matrix yields

a set of eigenvectors (the coefficients) and eigenvalues (or-

bital energies). Electrons are then paired, and the pairs assigned

to the molecular orbitals with lowest energies. Using the values

of the coefficients, the density matrix is computed, which subse-

quently is used in the determination of new coefficients. The

cycle is thus

(a) an initial guess at the Fock matrix by a Huckel-
like approximation

(b) diagonalization of the matrix to yield a set of
energies and molecular orbital coefficients

(c) determination of the density matrix I^^ from the
coefficients computed in (b)

(d) formation of a new Fock matrix using the density
matrix of (c) (see equations (57) t (58), and (59))

Steps (b), (c), and (d) are repeated until a given parameter

remains within a specified limit, at which time the molecular

orbitals determined are declared "self-consistent."

/ 12
The CNDO/2 parameterization attempts to rectify some of

the discrepancies between calculated CNDO/l molecular properties

and corresponding experimentally determined values. When testing

the CNDO/1 parameterization Pople and Segal found that it was

unsatisfactory if used to estimate equilibrium internuclear

bondlengths. For example, the bond length computed for HF was

0.581 A, well below that experimentally determined, 0.92 A. As

a result, the dissociation energies calculated were also well
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off from the experimental data. It was found that the penetra-

tion integrals { 2 h" - V^r) were the source of the problem since

they gave rise to bonding energies when there should have been

none. The CNDO/2 method accordingly neglects altogether this

term by

Due to equation (7^) the penetration integral obviously becomes

zero.

The second difference between the CNDO/l and CNDO/2 theories

deals with the computation of U,uj,a. . In the CNDO/l theory ioni-

zation potentials were used or, alternatively, electron affini-

ties. The CNDO/2 procedure is to use an average of both ioniza-

tion potentials and electron affinities to account for the ten-

dency of the atomic orbital to lose and gain electrons. The CNDO/2

alterations of CNDO/l parameterizations cause equation (57) to

become

(75) F^^= -'/x (X^ . V) H. [{p^- ^J - •/,( P^^-

.

)-] V,, ^LJ P,cW y..

where I^ is the ionization potential of atomic orbital o^ and A^

is the electron affinity of the orbital.

Aside from modifications in the method for determination of

U^ and the neglect of the penetration integral, the features

of the CNDO/2 theory are the same as those of the CNDO/l theory.

In the CNDO/2 method other parameters are calculated as in the CNDO/l

method, and the same self-consistent —type cycle is used to obtain

a solution. These two changes, ho.vever, improve the success of

the calculations with respect to bond lengths and dissociation

energies.
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The CNDO/1 and CNDO/2 pararaeterizations were originally-

proposed for molecules composed of atoms through atomic number

9 (fluorine) with a maximum of ^ basis functions per atom (2s,

2P;<, 2p^ , and 2p3.). The difficulties of extending the theory

through the second row of elements (through chlorine) are prac-

tical ones. Few accurate LCAO/SCF calculations for heavier atoms

are available for comparison of results, and atomic energy levels

of the 3d atomic orbitals are also' difficult to obtain. Santry

and Segal attempt to extend the theory, however, considering

first a basis set of five 3d atomic orbitals with the same radial

part as the 3s and 3p functions (the spd set) and second, a basis

set with more accurate d functions (the spd' set). The latter

involves modifications in the CNDO/2 theory but will not be dis-

cussed because the former is the basis set for the heavier atoms

sodium to chlorine in the computer program to be discussed in the

next section.

Calculations using an spd basis set rely on the CNDO/2

parameterization as discussed above with a difference in the

method of estimating bonding parameters ^^^ .

(76) (J,; -. u K ({^;. ^;)

If A is a second-row element and C a first-row element, ^l is

approximated by the proportionality relation

(77) ^: - ^:
tX^^^^U)tCLp,3p (A)

^i*.i. CC)+- LUp,zi> CC)

where U refers to the core Hamiltonian elements. The proportionality

constant K is set equal to unity if only first row atoms are in-

volved but is given a value of 0.75 if either A or B is a second-
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row element. Such a proportionality constant was found to iiiprove

6

the overall estimation of (3 values. and thus of the theory itself.

Following the formulation of the CNDO/2 parameterization,

Pople , Eeveridge, and Dobosh proposed the intermediate neglect
2

of differential overlap (INDO) method to alleviate problems in

the CNDO calculation for open-shell systems. The CNDO method

frequently does not account for separation of states arising

from the same configuration, nor, in some cases, does it yield

2
spin densities in the ^ orbitals of open-shelL molecules . Each

of these problems is closely related to the neglect of the two-

electron exchange integral

(78) (JUV(MV)- /[*;.(.) 6 Wt<^v0)<t>v(^^'*'^'"'=- C*-*v-"i

For this reason the INDO method retains monotomic differential

overlap in one-center integrals. In this way the elements of the

Fock matrix are modified by

(80) Pu.^^ Uuv+ |^*LP. (fxv[?.6)- VxPj^^j it^x\^o) i'^^^X'^'^S>v ^/^^ " >:;
" >^<^

and

Fuv- Vz ( i?^°
f $1 ) S.v " '/^ ^V ^^^ Iv^-^ 3 J

(81) P,^v^ /2. ^ Pa ' ("& J
-^i^-

The above formulation of the INDO Fock matrix elements is based

on closed-shell theory since this is the main concern of the

entire paper. However, the basic application is to open-shell

molecules because in general the CNDO and INDO results are very

similar for closed-shell systems. -^ For a sample comparison
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of CNDO and INDO calculations on the same molecule, the reader

is referred to appendix A.

The INDO theory has not been implemented for molecules con-

taining atoms of the second row. Its use, therefore, is still

limited to atoms H throush F.

In spite of the -abov-e' limitations'-^the CNDO and INDO theories

have been applied to a wide variety of problems. One obvious area

of concentration has been the determination of the equilibrium

geometries of molecules through minimization of the total energy.

Calculations of this sort involve systematic variation of the

molecular coordinates. Through application of either of these

theories equilibrium bond angles as well--as bond lengths may be

determined.

CNDO/2 calculations of equilibrium geometries have been

12
reported for diatomic, AB2, and AE-^ molecules. Comparison of

theoretical results with experimental bond lengths and bond angles

is, on the whole, encouraging. Pople and Gordon have continued

such calculations and comparisons, using INDO theory and systemati-

callv studying molecules containing the atoms H, C, N, 0, and F

with one or two polyvalent atoms (C, N, or 0). If A and E re-

present polyvalent atoms and X and Y represent H and F, the cate-

gories of molecules they studied are AX21 AXY, AXn AX2Y, AX^^, AX-^Y,

AX2Y2, XAB, X2AB, XAAX, X2AEX, X2AAX2, X3ABX, X3ABX2, and X3AAA3.

Their results also indicate that the INDO theory produces calcu-

lations which are for the most part in keeping with experimental

1 6
values. A summary of their results with special emphasis on

quantitative variance from experimental values may be found in
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Pople and Eeveridge, Approximate Molecular Orbital Theory (see

footnote ^:, pp. 97-109).

A second application of the CNDO and INDO theories is in

the calculation of electronic charge distribution. The diagonal

element P.,. of the density matrix represents the electronic

population of atomic orbital q>^v . A summation of all the electronic

populations centered on one atom yields the electronic population

of that atom.

/»

(82) P,, = 1 P
Art t7 ' Mu

Dipole moment is a molecular property closely related to the

electronic charge distribution. In the CNDO and INDO approximations,

dipole moment is considered to be the sum of two contributions,

one from the net charges at the nuclear positions and one which is

a hybridization term involving the displacement of the charge

1 2
away from the center of the nucleus. *

(83) 1-1= ]U . ^ + p., .

(84) -|U= -i.S^K^ ^ ^PftA f^ft
dcbi^cs

(85) (ptK,0, = -/^-^V Z*" J^' P^^
?^^^^ cic'o^cs

In equation (84) i^F^^ is the net atomic charge (Z^-Pp,^)t and R^ is

the position vector of nucleus A. In equation (85) J^ is the Slater

orbital exponent of valence orbitals on atom A, and the asterisk

indicates that the summation is restricted to atoms other than H.

Pople and Segal as well as Pople and Eeveridge report GNDO/2

12*17
oipole moment calculations for AE2 and AB-^ type molecules which

correlate well with experimental values. They report also that

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



-28-

a comparison of CNDO and INDO calculations reveals that the

inclusion of the one-centered exchange integral has little

effect on dipole moment calculations. In all the above cases

dipole moments were calculated for molecules with an equili-

brium configuration as determined by CNDO or INDO theory.

Another completely different approach from the two discussed

above utilizes standard bond angles and bond lengths, assuming

that they closely approximate true' equilibrium geometries and

can therefore give meaningful results for other molecular pro-

perties. Pople and Gordon discuss this approach and propose a

set of standard bond lengths and bond angles to be used in such

calculations.

Molecular properties of larger molecules may be calculated

in this manner, and Pople and Gordon have computed LCAO molecu-

lar orbitals, charge distributions, and dipole moments from

1 R
standard geometries for many organic molecules. They have found

that the agreement between experimental and calculated' dipole

moments is good, with few exceptions. One problem in their

comparison, however, is that their assumed standard geometries

sometimes differ from those determined by spectral data in a

mi>crowave determination of dipole moment. Pople and Eeveridge

19
outline the findings of Pople and Gordon , summarizing their

significance with respect to theories of electron displacement.

Among the molecules discussed are simple nonpolar hydrocarbons,

fluorine compounds, oxygen compounds, nitrogen compounds, and

mixed compounds of nitrogen, oxygen and fluorine.

Further general applications involving INDO theory and
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open-shell ^molecules include calculations of electron spin-

20 2
nuclear spin interactions, spin densities, hyperfine coupling

constants,2^ and nuclear spin-nuclear spin interactions. These

applications specifically refer to free radicals, radical cations,

and radical ions - paramagnetic molecules - and only INDO theory

as discussed above will yield tenable results due to its inclu-

sion of the one-center exchange integral.

Other applications of the CNDO/2 theory include a wide range

of interesting problems. Several independent studies of substi-

tuent effects have been reported. Examples are a CNDO/2 calcu-

22
lation of substituent effects on localization, a CNDO/2 study

of the effect of the methyl eroup on the charge distribution and

23
relative stabilities of conjugated carbonium ions, and a calcu-

lation of the inductive effect of the methyl group. Recent struc-

tural calculations using CNDO theory include calculations for a

series of carbonium ions,^for intermediates and transition states

in electrophilic substitution, and calculations for p-benzoquinone'^

as well as for trare - anc cis-diimides. " Also, comparisons of spec-

tral analyses and CNDO calculations have been carried out by Sad-

29 30
li j and Kecki and by Brownie e and Taft. The latter study attempts

to correlate the effect of substituents on charge distribution in

fluorine molecular orbitals with fluorine proton shifts in NI-IR spectra.

The above are only selected references to interesting appli-

cations of CNDO and INDO theory. Since their development less

than ten years ae;o the two theories have been widely used. One

common feature of many of the applications to this point, however,

has been a prevalent inherent skepticism as to the quantitative
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accuracy of the calculated results. Thus, often an author uses

other experimental findings to corroborate CNDO or INDO calcu-

lations and to justify his choice of one of the two theories

for his structural framework. A great deal of experimental work

has therefore been involved with proving that structure, dipole

moments, and other calculated properties do correlate well with

experimental data. Such work first showed the inadequacies of the

CNDO theory in certain situations and led to the development

of INDO theory.

In my opinion, one cannot emphasize enough that these are

approximate molecular orbital theories and therefore cannot

be expected to be perfectly in keeping with experiment for

every calculation. The theories themselves have areas in which

improvement is possible. A study on the possibility of improving

the estimation of £> parameters has been reported?^Further, spe-

cific areas of the theory have been investigated resulting, for

example, in a proposal for substitution of semiempirical coulomb

integrals for those originally proposed.-^ In the same study the

authors also suggest the introductions of a new empirical para-

meter to differentiate resonance integrals between & orbitals and

those between 1T orbitals.

Eecause of the approximate nature of the theories, use of

data for qualitative rather than quantitative predictions seems

to be theoretically more meaningful. With further improvement

in the CNDO and INDO methods, quantitative use of calculations

is likely to become more feasible. In their present form, however,

both methods represent a significant advance over other less
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sophisticated theories, specifically those dealing only with "Ti'

electrons rather than with an entire valence set of basis func-

tions.
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III - IMPLEMENTATION OF THE CNDO AND INDO THEORIES

A computer pro-am designed for CNDO and INDO calculations

was obtained from Dr. Paul A. Dobosh although it is also avail-

able through the Quantum Chemistry Program Exchange, Department

of Chemistry, Indiana University, Eloomington, Indiana. In the

following pages the features of the original program will be

discussed, as well as the modifications necessary to adapt the

program to a National Cash Register Century 200 computer with a

memory size of 64K.

The program offers the user an option of selecting either

the CNDO or INDO general theory for computation and performs

calculations for open or closed-shell systems. The CNDO/2 para-

meterization is used in all CNDO calculations. The maximum size

molecule that the program can accommodate is one with 35 atoms

or 80 basis functions (or both). All elements through 01 may be

included in the molecule if the CNDO method is chosen. If the

INDO method is desired, only elements through F may be included

in the molecule. INDO theory is implemented in appropriate sec-

tions of the program by an optional -INDO set of calculations

which makes corrections to matrix elements calculated by the

CNDO method. In both the CNDO and INDO options, the basis functions

assigned to each atom correspond to the minimum basis set or

valence orbitals of the atom.

The program is structured into subroutines, each' of which

performs one of the calculations required by the CNDO or INDO

theory. The main program, which appears first, serves only to

input the data, convert the coordinates from angstroms to atomic
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un:its and call the subroutines necessary to complete the cal-

culation. The "COMMON" statement of the Fortran language is used

throughout the program to store information in a labeled section

of the computer's memory; through use of this feature the infor-

mation can be accessed by all subroutines, and the computations

performed by one subroutine can be passed on to other indepen-

dent parts of the program. For example, the statement "COiViivlON/

INFO/NATOMS, CHARGE, MULTIP, AN(35) , C(35,3)" stores the values

of the number of atoms, the charge of the molecule, the multi-

plicity, and the arrays of atomic numbers and coordinates. At

any point in the entire operation of the program this information

will be located in a particular block of memory known as "INFO"

and can be accessed by any subroutine. Data calculated in sub-

routines but not stored in such a common memory space is lost

when control is returned to the main program unless the subroutine

is parameterized in some way.

In the original program the subroutine COEfFT serves to

store the values of the coefficients needed in the calculations

of the coulomb and overlap integrals. The subroutine INTGRL

accomplishes these computations through application of the

methods described in the theoretical section. INTGRL calls sub-

routines RELVEC, SS, HARMTR, and M.-^TOUT while SS calls subroutines

AINTGS and BINTGS. From this it can be seen that a major portion

of the program is involved with the calculation of the overlap

and coulomb matrices. RELVEC serves to calculate the unit vector

distance along an interatomic axis between pairs of basis functions,

each pair of basis functions giving rise to an overlap matrix
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element PAIRS (I,J). Each basis function is paired with all

the other basis functions of the molecule; thus the overlap

matrix for HF, with 5 basis functions, is 5 ^ 5. The function

SS, called in the calculation of the non-zero matrix elements,

computes the reduced overlap integral discussed in the theore-

tical section. Followine; computation, a rotation matrix calculated

by HARMTR transforms the integrals to a molecular basis, and the

matrix S^v is stored in COMMON/ARRAYS/S.

One-center and two-center coulomb integrals are subsequently

computed in INTGRL, using, again, the reduced overlap integrals

calculated by SS. These integrals are calculated for pairs of

atoms , rather than pai-rs of basis functions, and the matrix

is therefore NATOMS X NATOMS in size, where NATOMS represents

the number of atoms.

Subroutine HUCKCL initiates an LCAO/SCF-type calculation.

The diagonal elements F^.^.-of a Huckel-like approximation to the

Fock matrix are initially replaced by the average of the ioni-

zation potential and electron affinity as described in section II.

The non-diagonal elements F^.j are estimated by %v(^J'-i-^g)i where

Swv is the overlap integral matrix calculated in INTGRL. The

Fock matrix is diagonalized through use of subroutine EIGN; the

eigenvectors thus calculated are used to compute the initial

density matrix. This matrix is stored in COMMON/ARRAYS/B. At

this poirxt appropriate CNDO or INDO corrections are made to the

core Hamiltonian matrix. (Note that the Fock matrix is originally

assumed in HUCKCL to be equal to the core Hamiltonian matrix;

because the density matrix is considered zero in this first
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approximation, F^. = H., and F, :
= H. , .)

Subroutine SCFCLO is called by the main program immediately

after subroutine HUCKCL and is the subroutine in which self-

consistency is established through comparison of computed values

of electronic energy. The initial density matrix as well as the

core Hamiltonian computed in HUCKCL are used to calculate the

Fock matrix (see equations (57) » (58) » and (59) in section II).

From this initial Fock matrix an initial electronic energy is

calculated (before diagonalization. ) Diagonalization of the Fock

matrix yields a new set of eigenvectors from which a new density

matrix and a new Fock matrix are calcula ted. A new electronic

energy value is computed after the formation of each new Fock

matrix, before diagonalization. This value is compared with the

old energy value, and the cycle continued if the new energy
-6

value is not within 10 Hartraes of the old energy value. The

maximum number of iterations allowed is 25; if this number of

cycles is completed the process will terminate regardless of

whether the energy values have converged or not. If the energy

values do converge the Fock matrix is diagonalized once more and

then printed under the label HARTREE-FOCK ENERGY MATRIX.

Subroutine CPRINT computes the binding energy, the dipole

moments, and the total energy of the molecule. Subroutines

SCFOUT and EIGOUT are printing routines, the first to print one

of the arrays in COMMON/ARRAYS/ as designated by a parameter and

the second to print eigenvalues of the array in SCFOUT.

The program in appendix 3 is a complete listing of the

modified version of the original program. The reader is referred
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to the comments (statements with a C in the far left-hand column

and underlined in red) which are descriptive of the organization

of each subroutine as described above. Further comments relating

the theory to particular portions of the program are included be-

side appropriate statements.

Modification of the program to adapt it to our computer

facilities seemed at first an easy task. Originally written for

an IBM 36O/65 digital computer, the program had to be adapted

to an NCR Century 200 digital computer. Both computers use very

similar versions of FULL FORTRAN IV, the differences being idio-

syncrasies of the respective compilers. The features of the

original program which required modification included the use

of an IMPLICIT REAL * 8 statement, the file numbers on both

WRITE and READ statements, and the use of the DFLOAT function.

The IMPLICIT REAL * 8 (A-H, 0-Z) extends the normal precision of

all real variables to 8 decimal places. It is not available in

NCR FULL FORTRAN IV but a DOUBLE PRECISION statement, which

extends the normal precision from 6 to 12 significant figures,

may be used instead. Each variable, however, must individually

be declared DOUBLE PRECISION because no statement exists in

NCR FULL FORTRAN IV which will automatically apply to every

real variable. Unless a real variable is expressly declared

DOUBLE PRECISION, it will be considered real and allotted one-

half as much memory as an equivalent double precision variable.

The WRITE file number was changed from 6 to 3 and the READ file

number from 5 "to 1

.

No DFLOAT function exists in NCR FULL FORTRAN IV. The pur-

pose of this function is to convert integer variables to float-
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ing point variables in the event that mixed-mode arithmetic is

required in a statement. The problem does not occur in NCR FULL

FORTRAN IV because mixed-mode arithmetic is automatically per-

formed; integer variables in mixed-mode expressions automatically-

become floating-point variables. In every use of the DFLOAT

function, simply removing "DFLOAT" results in the correct NCR

statement.

Adapting the program first for closed-shell molecules only,

we made the above changes and ran the computer program using

data for hydrogen fluoride. After correcting some minor syntax

errors, we obtained a successful compilation with the message

"PROGRAM EXCEEDS SIZE" as we had expected. The program in its

original form with the above modifications requires approximately

170,000 bytes of memory for the COMMON memory alone, while the

NCR Century 200 has only 64k (actually 65,456) bytes of memory

space available. The problem, then, was one of reducing the amount

of memory needed for COMMON by more than two-thirds.

In NCR FULL FORTRAN IV each double precision variable requires

8 bytes of memory space. An obvious way of reducing the memory

size was to reduce the size and number of the double precision

arrays in COMMON. We therefore reduced the maximum number of atoms

from thirty-five to ten and the maximum number of basis functions

from eighty to twenty-five. This change reduced the size of COMMON/

ARRAYS/ from 19,200 to 1875, COMMON/lNFO/ from 144 to 44, COMMON/

GAB/ from 2000 to 875, and COMMON/ONFOl/ from 188 to 58. As each

of the variables reduced was a double precision array, a total

of 131,840 bytes of memory was released by these changes. Further,

the arrays Gl(18), F2(18), BETA0:(18), and ENEG(18,3) in subroutine
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HUCKCL were originally declared DOUBLE PRECISION. The values

assigned to elements of these arrays, however, never require

more than 6 decimal places of precision. Because of the NCR's

capacity to perform mixed-mode arithmetic, we were able to declare

all these arrays single precision and to save ^3^ "bytes of memory.

common/arrays/ serves in the orieinal program as a storage

place for the Z and Y coefficients used in calculation of the

reduced overlap integrals. In COEBFT a total of 765 Z values

were input, of which 678 were zero. 9135 ^ values were input,

of which 8811 were zero. All Y and Z values were declared double

precision. From this it seemed obvious that a majority of the

storage space required by COEFFT retained zero values. In order

to reduce further the memory required by the program, we therefore

removed the subroutine COEFFT entirely and devised a method of

reading in as data the non-zero Z and Y coefficients.

In this method two parallel arrays are constructed for both

Z and Y values. The first array consists of the array element

numbers of non-zero Z values (or of non-zero Y values.) This array

is called NZZ (or NZY), meaning non-zero Z (or non-zero Y). The

second parallel array NZZV (or NZYV) , non-zero Z value (or non-

zero Y value) is composed of the actual values corresponding to

the array element numbers in NZZ and NZY. For example, if Z(l)

was originally input in COEFFT as Z(l)=64, in the modified version

of the program NZZ(1)=1 and NZZV(1)=6^. Cards from the original

program are used for inputting the Z and Y values. The values

are read and stored in the r.lAIN segment of the program. NZZ, NZZY,

NZY, and NZYV are all allotted to COMMON/ARRAYS/ to be accessible

to other parts of the program.
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In function SS the value of Z or of Y to be used in compu-

tation was oriscinally determined by an array element number which

was a function of the variables of two "DO" loops. Thus, X = X +

Z(I+1,L) * A(I+1) * B(NNI1)/2.D0 or X = X + Y(I+1,J+1,L) ^ a(I+1)

*E(IIII). Using the rule for array element succession in FULL

FORTRAN IV, we converted these into linear array element numbers.

According to this rule, if Z is an array of size 1? X ^5, Z(I+1,L)

is equivalent to Z (1+1+17^-^(1-1 )). If Y is a 9 X 5 X 203 array,

Y(I+1,J+1,L) is equivqlent to Y(I+1+9'""J+5*(I'-1 ) ) • A systematic

comparison of the desired Z or Y array element numbers with those

stored in NZZ or NZY reveals whether the desired element is one of the

non-zero elements. If so, Z is assianed the value of the correspond-

ing: NZZV or NZZY element. If not, it remains zero.

This modification requ^es the addition of NZZ(87), NZZV(87), .

(NZY(224), and NZYV(22iJ-) to COMMON/ARRAYS/ but allows the reduc-

tion in the number of basis functions without loss of memory

space required for storage of Y or Z coefficients. The process

undoubtedly involves more computer time, but in our case free

memory space was the alternative to efficiency that we preferred.

In spite of the above modifications the program failed to

run properly. Memory was approximately at the 6^K limit and did

not seem to be the problem. For this reason we attempted to use

a trace statement to get a printout of all variable values through-

out the program but found that this feature of NCR FULL FORTRAN IV

had not been implemented in our compiler. Inserting write state-

ments in appropriate spots, we saw that the program was failing

somewhere in subroutine INTGRL due to what the computer termed
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an exponential overflow.

For several months we investis^ated this problem, approach-

ing it from as many different angles as possible. One such

approach revealed by accident an obvious error in the computer rather

than in our program. We had considered the possibility that the com-

plicated overlay of the program was causing the problem and de-

cided to structure the program into two independent but LINKed

programs (using the LINK feature of FORTRAN), the first contain-

ing subroutine INTGRL and the subroutines used in INTGRL and the

second containing the other subroutines. We found, using this

LINT< procedure, that the output of the linked and non-linked pro-

grams were not equivalent but that neither program worked! We con-

cluded that the memory overlay was not the problem but rather some

inherent computer ' error. V/e sent copies of both programs to

National Cash Register headquarters in Dayton, Ohio, and after

several weeks of testing they confirmed that an error in the

floating-point hardware of our computer was preventing the program

from running correctly.

After correction of the problem we input data for formalde-

hyde, CH2Q, and concentrated on the first part of the program

\^hich calculates coulomb and overlap integrals. The matrices were

calculated by the program but additional output from test write

statements revealed another computer error. The 1 quantum numbers

were appearing consistently as negative values. It was obvious

since these are all positive integers that at least one calcu-

lation was incorrect. We carried through computations by hand

and found no problem, concluding again that there was a software

or hardware error. Subsequent test runs in Dayton showed that the
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error was reproducible on other NCR Century 200 computers and

that it thus was not a localized problem of the computer available

to Sweet Eriar. In the process of investigating this error, pro-

blems in the exponentiation procedure and in the double preci-

sion hardware were found. These, however, were not the causes for

assignment of negative values to the 1 quantum number. This remains

unsolved, though accidentally we discovered a way to overcome it.

In the calculation of PAIRS(I-,J) the non-zero overlap matrix

elements computed in INTGRL, a rather complex mathematical state-

ment is employed.

( 1 ) PAIRS ( I , J ) =DSQRT ( (MU (ANK ) ^R ) -"^^-
( 2^-NC (ANK+ 1

) * (MU (ANL

)

*R) **(2*NC(ANL+1)/FACT(2^-NC(ANL) )))*(-!. DO)**LC(J)+MC(J))*SS(NC(ANX),

LC(I), MC(I), NC(ANL), LC(J), MU(ANK)*R, MU(ANL)-R)

Suspecting that the argument of the DSQRT function was becoming

negative we broke this statement down as follows:

(2)NEWV=((MU(ANK)*R)-*(2^NC(ANK)+1)*(MU(ANL)*R)*^(2(NC

(ANL+1 )/FACT(2*NC(ANL) ) )

)

(3) NEWS = SS(NG(ANK), LC(I), MC(I), NC(ANL) , LC(J),

MU(ANX)*R, MU(ANL*R))

(4) PAIRS(I,J) = DSQRT(NEWV)^'^(-1.D0)*^-(.(LC{J)+MC(J))*NEWS

In addition we added the following loop:

IF (NEWV .LE. 0) GO TO 135

135 DSQRT(NEWV) =

V/RITE (3, 1^5) NEWV

The above statements were placed before the final PAIRS (I, J) state-

ment so that the possibility of extracting the square root of

a negative number was eliminated. After the floating-point hardware
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was corrected, a printout for HF was obtained which did not

assign a negative value to 1. In a subsequent run on formalde-

hyde, the original PAIRS(I,J) statement was restored, resulting

in the original assignment or calculation error. Again breaking

up PAIRS(I,J) as described, we were able to obtain a successful

printout for the first part of the program - one which correlated

almost exactly with a good run on formaldehyde using the original

computer program adapted to a CDC 5^00 computer at the University

of Virginia.

The second half of the program was tested independently of

the first by inputting the correct overlap and coulomb matrices

and making other necessary modifications. Printout for this half

of the program using data for formaldehyde corresponded to the

correct printout on the CDC 6^00.

The two programs were then recompiled into one and run, using

double precision variables and inputting data for formaldehyde.

This trial run produced correct results.

Once the program was running properly a further modification

was made to increase the niimber of allowed basis functions from

25 to 31. COMI^ON/ARRAYS/ originally allotted enough memory space

for 3 arrays with dimensions equal to the number of basis functions

squared. Inspection revealed that the third of these arrays was

used only in calculations for open-shell molecules; since this

option is not a feature of the modified program this array was

eliminated, resulting in enough free memory space to increase

the maximum number of basis functions to 3^^

The modified program in its final form can perform CNDO and

INDO calculations on closed-shell molecules with a maximum size
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of 10 atoms and 3I basis functions. TheCNDO option may be chosen

for molecules containing atoms through CI and the INDO option

for molecules with atoms through F. The language in which the

program is written is NCR FULL FORTRAN IV, and the total memory

required is approximately 65,000 bytes. Output from the program

includes the overlap matrix, the coulomb matrix, the density

matrix, the Hartree-Fock energy matrix, the total, the electronic

and the bonding energies of the molecule as well as the total

dipole moment and contributions from components.

In conclusion, in the process of modifying the program my

own personal attitude about computer calculations v/as reversed -

from one of complete trust to one of innate skepticism; when

errors appeared in the program throughout the year they seemed

to be due chiefly to the inadequacies of the computer rather than

logical or syntax problems on my part. One definite finding

of the project is that the NCR CENTURY 200 computer with a FULL

FORTRAN IV compiler is not the best machine available to handle

programs of the size and complexity of the one with which we

were dealing.
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IV - EXPERIMENTAL

Erownlee and Taft have used the CNDO/2 method to study

substituted fluoroacteylenes and trans-substituted fluoroethy-

lenes. With the recent extension of CNDO/2 theory to include

atoms of the second row of the periodic table, ^^ it is possible

to compare results such as those obtained by Brownlee and Taft

to results usinsr substituted chloroacetylenes and substituted

chloroethylenes. Such a comparison can yield at least a qualita-

tive measure of the relative electronic effects of fluorine

and chlorine.

Though fluorine and chlorine are both in the halogen series,

the difference between the two is greater than between succeeding

heavier halogens. Fluorine is a smaller atom, having a covalent

radius of 0.72 A, while chlorine has a covalent radius of 1.00 A.

The valence shell configurations of the two are 2s^ 2p5 and 3s^

3p respectively. Fluorine is the most electronegative of all the

elements, having an electronegativity of 3-95 on the Pauling scale,

and chlorine's electronegativity is 3.03. Related to electronega-

tivity is the inductive effect parameter cr. 33 which is 0.52 for F

and 0.47 for CI. The resonance effect parameter cr^ ^^
, measuring

the tendency of a substituent to delocalize fr electrons, is -0.45

for F and -0.24 for CI.

The above characteristics of fluorine and chlorine lead to some

Interesting differences in the bonding properties of the two atoms.

Because of fluorine's smaller size, it has a higher charge density

:han does chlorine. Such a high charge density results in a large

ieasure of repulsion among the lone-pair electrons on the atom.
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ff bond formation reduces some of the charge density due to de-

localization, and thus fluorine has a tendency to contribute to

Ti bonds. Chlorine, on the other hand, has a much more dispersed

electron population than does fluorine. Its relative contribution

to T/" bonding is therefore less.

A last significant difference mentioned between the two atoms

is their electronic configuration. Though each has 2 electrons in

the valence s orbitals and 5 in the valence p orbitals, the CI

atom has 5 empty 3d orbitals which contribute in some way to co-

valent bonding.

From these general differences one may make specific

predictions about the relative effects of fluorine and chlorine

on electron distribution. Fluorine's greater electronegativity

should be evident in a comparison of the »- electron densities

at specified atoms in fluoro- and chloro- compounds.

Figure 1. - - „
F yli a. / >^ = CHO,CN, NO^

Referring to figure 1, the excess ^r electron density at

F in molecule A should be greater than that at CI in molecule B,

and the corresponding cr electron deficit at C2 in molecule A

should be greater than that at C2 in molecule B. The inductive

effects of the two atoms fluorine and chlorine are likely to be

observable at the carbon bonded to the substituent, X. Although

quantitatively the c electron density at the substituent carbon

Ci reflects to a large extent the inductive effect of the parti-

cular substituent, the greater electronegativity of fluorine
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should result in a smaller absolute electron density at C-^ in

molecule A than at C\ in molecule E.

With respect to '^^ electron distribution, one would expect

the total T;' density at the two ethylene carbons (hereafter re-

ferred to as S<?fi-) to be less in chloro- compounds than in cor-

responding fluoro- compounds. The concentration of 'iT electrons at

Cp in molecule A (the carbon bonded to fluorine) should be greater

than at Cp in molecule B (the carbon bonded to chlorine).

To test these predictions a CNDO/2 calculation was done

on 6 monosubstituted ethylenes and then subsequently on 4 of the

6 corresponding fluoro- and chloro- compounds. Standard geometries

35were assumed using the best values from the literature. ^ Though

not physically correct, the assumption was made that the substitution

of a fluorine or chlorine group does not change appreciably the

other bond lengths or bond angles of the molecule. Justification

for such an assumption lies in the comparative approach being used.

The same standard geometries were used for chloro- and fluoro-

compounds - which seems more consistent than varying bond lengths

or bond angles based on different experimental values. Also, experi-

mental values were not available for all of the molecules for

which calculations were made. The convention was used in which

the double or triple bond is along the x axis with the z axis

perpendicular to the molecular plane. In this wav iT electron den-

sity can be directly obtained from the charge density matrix,

the diag-onal p^p^elements representing IT contributions of atomic

basis functions to the atoms on which they are centered, cr elec-

tron density can be calculated and is the sum of the contributions

of the diagonal s, p^ and p elements. The calculated x, y, and z
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coordinates are given in appendix C.

The substituents we originally hoped to consider were F,

CI, CHO, CN, NOp, and CH . These represented a wide range within

the limitations of the modified CNDO progjram. We were unable to

complete calculations for all the molecules, however.

In the course of investigating this particular problem we

discovered another inadequacy of the NCR Century 200 computer.

k total of 44 molecules were input (NRUNS=44)j after \\ hours

the run was aborted because the operators thought the program was

in an infinite loop. In fact, it was in the process of executing

bomputation for one of the more complicated molecules. We there-

jfore broke the data down into two decks and hoped in this way
I

to reduce the length of each job. One of the data decks was run

[for 9 hours and 45 minutes, after which only 3/4 of the data had

been processed. Calculations were completed for only 12 molecules

during the two runsj subsequent runs gave results for 3 more mole-

cules. My conclusions, therefore, must be based on findings with

respect to this limited number of substituted ethylenes. Time

prevented acquisition of data for the remaindev* of the ethylenes

or the acetylenes,

]

Tables I, II, and III contain excess o- electron densities

at specified atoms in monosubstituted ethylenes, substituted

fluoroethylenes, and substituted chloroethylenes, respectively.

Excess electron density was computed by subtracting the electron

density of the appropriate undispersed orbitals from the calculated

electron density.
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Table I. o- Electron Densities of Monosubstituted Ethylenes

H CI CHO*

.0300 .0466 .0147 .0307

.0297^ -.1709 -.0502 .0357

CHO** NO' CN

.0274 -.0595 -.0124

.0510 .0421 .0304

a q - 3.000 where q is calculated electron density

Hereafter CHO* and CHO** refer to the following configurations!

CHO* CHO»*

y N
u c=

/

K
\

it 1

i-1

>r

c.,

c.

Tablell. o Electron Densities of Substituted Fluoroethvlenes

CHO» CHO^^^ NO^, CN

.0331

-.1606'

.2318

.0277

-.1652

.2330

-.0598

-.1804

.2369

-.0140

-.1846

.2321

a q - 3.000 b q - 5.000

a

Table III. o- E lectron Densities of Substituted Chloroethvlenes

CHO* CHO** NO. CN

.0132

-.0296'

.1270

.0057

-.0253

.1338

-.0772

-.0352

.O8I5

-.0318

-.0V5y

.1249

a q - 3.000 b q - 5.:a00
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Tables I - III are interesting not only for the information

they contain concerning the relative electronic effects of fluorine

and chlorine, but also concerning the effects of substituents on

the inductive abilities of the two atoms. It is useful to note,

for example, that in table II the cr electron density at F is

almost .02 smaller for a NO2 substituted fluoroethylene than for

any other substituent. This is an indication of the competition

between NOg and F for electrons, and it also points out'*N02 is

the most electronegative of any of the substituents. Similarly,

in table III, the electron density at CI in the nitro- substituted

imolecule is at least .04 smaller than for other substituents. The

fact that the difference is less in the case of the fluoro- com-

pounds than in the case of the chlorine compounds is indicative of

the fact that chlorine is less able to compete with NOp for o" elec-

trons; it is less electronegative.

Table IV was tabulated from tables I - III and represents a

comparison of the data of the three.

Table IV. A Comparison of <^ Electron Densities in Substituted
Fluoroethylenes and Chloroethylenes

^""^^-^-^^ AT
i^bs-hti^^tl -^^1 Csj^^__ _ C j..-^ Fjv- CI,

F, CHO*

31, CHO^

0331

0132

-.1606

-.0296

2330

1270

F, CHO**

:i . CHO»^

.0277

00'^7

-.1652

-.02'^'^

2369

.1 33 a

P. NO2

n. NOo

.0598

0772

', CN

n. CN

0140

.0318

-.1804

-.0252

T.1846

-.0424

2106

,2321

.081'^

.1249

DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



DR
.R

UP
NA

TH
JI(

 D
R.

RU
PA

K 
NA

TH
 )



-50-

Table IV is in keepinc with theoretical expectations. The

greater inductive effect of fluorine is evident in every case con-

sidered. For both of the e;eometrical configurations of CHO- sub-

stituted molecules, there is an excess of electron density at the

carbon bonded to the substituent; the excess is larger for F than

for CI. This excess represents a redistribution of o- electrons from

the substituent to C;^ and reflects the successful competition

of fluorine and chlorine for part of the (T electron density of

the substituent. This can be illustrated through the following

schematic diagram, using the CHO* configurationi

Figure 2 .

(Note that in figure 1 J" refers to charge rather than electron pop-

ulation. The difference lies only in the sign; an excess electron

density results in an excess negative charge. Also, \^i\ < 1^1.)

The substituents NOg and CN also illustrate the fact that

fluorine has a greater inductive effect than chlorine; the substituents

however, are both more electronegative than CHO as indicated in

figure 3 using the NO2 group as an example.

Zi^airs—l. /
/J-

The inductive effects as calculated by CNDO/2 theory are thus in

keeping with those predicted. Fluorine's greater electronegativity
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is evident in calculations for pairs of molecules with all 4

substituents, though it is interesting to note the variations in

charge distributions that occur because of the electronefi:ativity

of the substituent. The relative electronegativities of the sub-

stituents as calculated are COH^CN^NO^ which corresponds to the

inductive substituent constant order of O.Jl < 0. 56< 0.63 for these

substituents, resepctively.

Tables V, VI, and VII contain excess TT electron densities

for the series of molecules being studied.

C=rC.

^^.^3^/' "^ Electron Densities of Monosubstituted Ethylenes

-Jl F CI CKO^ CHO^-» NO^ CN

.0002* -.0090 -.0151 .0093

-.0002 .0370 .0^08 -.0^80

a q - 1.000

.0168 .0456 -.0143

-.0631 -.0324 .030^1

H

H X

Table VI. IT Electron Densities of Substituted Fluoroethvlenes

a q". - 1.000

CHO* smoi NO? CN

.0370'^ .0838

-.0090^ -.0735

-.0281^
,

-.062i;

"^5
q - 2.000

.0938

-.0891

-.0655

.1282

-.0595

-.0579

.0780

-.0440

-.0581
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c\

TaMe VII. IT Electron Densit ites of Substituted Hhl oroethylenes

CHO* CHO** NO-, CM

c.„ .0^08^ .0^88 .0596 .0916 .0420

c.„ -.0151^

b
-.0257

-.0617 -.0787 -.0500 -.0309

CI... -.0337 -.0367 -.0298 -.0305

a q - :L.OOO b q - 2.000

Table VIII Is a comparative representation of the total 7r den-

sities at the ethylene carbons of the molecules being studied as

well as the vr electron densities at individual atoms in the mole-

cule .

Table VIII. A Comparison of r/ Electron Densities in Substituted
?luoroethvlenes and Chloroethvlenes

Table VIII indicates that the T, electron distribution at

the ethylene carbons is consistently greater for fluoro- com-
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pounds than for chloro- compounds. For each pair of molecules

being compared, the deficit of 'Tf electrons at fluorine is

greater than the deficit at chlorine, indicating that fluorine

is making a larger contribution to fi" bonding than chlorine. The

total excess "0" electron density at the ethylene carbons is also

greater for fluoroethylenes than for chloroethylenes.

The actual distribution of the 'iT electrons is an interesting

problem. Although one would expect that the TT density at C2 (bonded

to fluorine or chlorine) would be greater than at Ci, the reverse

is consistently true. Apparently the 'H' electrons contributed by

both fluorine and chlorine in their respective systems appear

at C^. The explanation for this liJcely lies in the form of the mole-

cular orbitals, but a .detailed analysis is an area for further

investigation.

Thus, the calculated c- and ii' distributions of substituted

fluoro- and chloro- compounds reflect the greater inductive and

resonance effects of fluorine than chlorine, A definite problem

with the framework of this study, however, is the assumption of

fixed standard geometries regardless of substitution of the fluoro-

cr chloro- group. As mentioned previously, the data obtained should

be used only in a qualitative study rather than any sort of quanti-

tative assessment of the trends discovered. Whether these trends

would be enhanced or reduced by use of actual equilbrium geometries

for the given molecules is a problem for further study.

Likewise, the use of only four different sets of molecules

from which to draw general conclusions is undesirable. This factor,

however, was beyond our control; similar runs for other molecules

using the same computer program and the coordinates in appendix
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C may reveal other important results.

The computer program would probably yield more accurate

density values if it were modified to achieve self-consistency

using an electron density criterion rather than the electronic

energy convergence. In the case of larger molecules, in particular,

there was some difficulty in obtaining proper convergence using

electronic energy. By focusing on one of the elements of the den-

sity matrix or on a standard deviation of the diagonal elements,

for example, this change could be instituted.

In spite of these limitations, in the three substituted ethylenes

investigated the qualitative trends which the data revealed are

in keeping with predictions. Because of the assumptions of standard

geometries, the limited data available, and the use of electronic

energy as a measure of self-consistency rather than charge density,

these conclusions must remain, at best, qualitative. Nevertheless,

the trends discussed above appeared in each set of data, with no

exception.
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V - CONCLUSIONS

The CST:C -uvi lNi)0 methods successfully extend other more

•:. .-vro.\i?fi--ixe molecular orbital theories through the entire valence

! set of electrons. Based on the ZDO approximation, both methods

rely on a self-consistent field method using the LCAO approach.

The INDO theory, however, retains one-center monotomic differen-

tial overlap in order to improve correlation of theoretical and

experimental data for open-shell molecules.

When applied to a series of simple molecules (AB, AB2, ABo,

for example), the CNDO/2 parameterization has been found to be

more successful than the CNDO/l parameterization in that calcu-

lated bond lengths and dissociation constants are more in keeping

with those experimentally determined. The main difference between

the latter and the former is the former's neglect of the penetra-

tion integral. This modification was found to improve results con-

siderably.

CNDO/2 theory has recently been modified to include atoms

through CI in the periodic table. This involves the estimation

of orbital forms for each of the 5 3d orbitals and the inclusion

of a specified empirical constant in the estimation of the reso-

nance integral ^^^ . An important area for investigation is the fur-

ther extension of this theory to the transition elements. Highly

symmetric transition metal crystals, could, through group theory,

be studied without requiring excessive numbers of basis functions.

Implementation of the CNDO and INDO theories was accomplished

through adaptation of a computer program to the NCR Century 200
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computer to which Sweet Briar has access. The problems involved

included reducing the large amount of memory space originally-

required and changing minor syntax idiosyncrasies in the original

version of the program. These changes did not result in success-

ful operation but rather led to the discovery of several malfunc-

tions of the computer. V/e were able to pinpoint and overcome these

errors and obtain printouts for CH2O which reproduced similar

runs on another machine.

Having adapted the program, we were able to apply it to a

simple problem, an investigation of the effects of F and Gl on

'>- and TT electron densities in substituted fluoro- and chloro-

ethylenes. Excessive computer time was required to perform calcu-

lations, nine molecules being executed in 9 hours and ^5 minutes.

For this reason the experiment had to be based on only a part of

the molecules we had hoped to. run.

I

Data from these calculations was in keeping with theoretical

predictions in every case studied. Fluorine has greater inductive

and resonance effects, and this was clearly demonstrated by the data.

An area for study, however, is the actual TT distribution at each carbon.

The problems encountered in structuring even a simple experi-

ment such as the one we initiated indicate that data should be

used to determine qualitative rather than quantitative trends.

The Crroo and INDO theories themselves are approximations of other

approximate molecular orbital theories, and one should proceed

with care when attempting to make quantitative evaluations based

on data obtained using these theories. They are, however, important

in the development of approximate molecular orbital theories.
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representing two of the most sophisticated and useful methods

recently devised. Though at this stage they are still being tested,

their application to specific problems is rapidly becoming more

widespread; the results of such studies seem very encouraging

and suge^est a variety of other possible uses of these theories

in the future.
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I APPENDIX A

I Appendix A contains a CNDO and an INDO calculation for

' formaldehyde, CK 0. The two indicate that the differences be-

tween the methods result in only small variations in the

core Hamiltonian, Hartree-Fock and density matrices. These

variations arise from the addition, at several points in the

program, of INDO corrections to CNDO matrices. Because the

INDO method includes the one-center monotomic differential over-

lap terras, the INDO calculations probably more closely approxi-

mate the true values than do the CNDO calculations.
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TRIAL f^UN Of^ h nR^iALDFHVDF:

CNDO CLSD

4 aTHMS CHARjE MULTIPLICITY

O.OCOOCOC

-0»54COOO0
'-0«54C0000

o.cccccoc
o.ooocooo
0.935C000

• 0.9350000

coooncoo
O'OOOOOOO
OOOOOOOO
0*0000000

u
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' INTEGRAL MATRIX C<pnt,'^uso o*j p-ottow/'/wo rA&e)

1 2 3 4 5 6 7 8
1.0000 • OOOO • OOOO .0000 0*3734 -0 .3070 0*0000 0.0000
O.CGCO 1 .0000 • oooo .0000 0*4580 -0 .3056 0*0000 0.0000
o.ocoo .0000 1 • oooo • oooo 0*0000 .0000 0*2146 0.0000
O.OOGO • oooo oooo 1 .0000 o*ooco .0000 0*0000 0.2146
0*3734 .4580 oooo .0000 1*0000 OOOO 0*0000 0.0000
0.3070 -0 "3056 oooo .0000 0*0000 1 OOOO 0*0000 0.0000
O.OCOO

c

OOOO
0300

2146
oooo

oooo
2146

0*0000
0*0000

OOOO
OOOO

1*0000 0.0000
COOCO O'OOOO 1.0000
0.5246 -0 2459 4257 oooo 0*0841 -0 0754 0*0401 0.0000
0*5246 -0 2459 -0 4257 oooo 0*0841 -0 0754 -0*0401 0.0000

INTEGRAL MATRIX

1

0.5903
0.41C1
0.4369
0.4369

2

0*4101
0*8265
0.2650
0*2650

3

0*4369
0*2650
0*7500
0*2810

4

0*4369
0*2650
0.2810
0.7500

MILTOMAN

C S -5
C PX
C PY
C PZ

0.97695
Cc»MTIiWU(».0

1

.9168

.0000 -5

•OOOO
.0030

3567 -0
2934
OCJO
oooo

2892

2892

2 3

.0000 0.0000

.6052 0.0000
-OOOO -5*6052
.0000 0*0000

.4377 0*0000
2920 0*0000
OOOO -0*2051
OOOO 0*0000

1355 -0*2347

1355 0*2347

-5

-0

4

.0000

.0000
oooo
6052

oooo
OOOO
oooo
2051

oooo

OOOO

5

-0*3567
-0.4377
0.0000
0*0000

-7*6489
0*0000
0*0000
0*0000

-0*0618

-0*0618

6

0*2934
0.2920
0.0000
0.0000

7

0*0000
0*0000

-0*2051
0*0000

PX
PY

-0

-0

-0

0.0000
-7.0506
0.0000
0.0000

0.0554

0*0000
0*0000

-7*0506

H

H

PZ

S

S

0*0000

-0*0294

0.0554 0*0294

ELECTRONIC ENERGY -44*6146910191 (ii^oo - ca/oo) n /.oSlilo

ELECTRONIC INERGY -44*6269983878

ELECTRONIC rNERC-Y -44.629982984 1
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9 10
0»5246 0.5246
0'2459 -0.2459
0»4257 -0.4257
0*0000 0.0000
0*0841 0.0341
;'i«0754 -0.0754
0*0401 •0.0401
0*0000 0.0300
1*0003 0.1613
0*1613 1*0000

ce»ttf

8 9
AA/

10

0000
0000
0000
2051

-0*2892
0*1355

-0*2347
0*0030

-0 2392
1355
2347
0000

0000
0000
0000

-0*0518
0*0554

-0*0294
0*0000

-0 0618
0554
029f

/ 0506 0000

0.0000 -4*2571 -0.0535

0*0000 -0*0535 -4.2571
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1 ? 3 4 5 6 7
0.57&9 0.0249 -0.0000 0.0000 -0.4138 3939 0.0000
0»02'f9 -0.3214 0.0000 -0.0000 -0.5335 4302 O'OOOO
O'OOOO 0.0000 -0.2243 -0.0000 -0.0000 0000 -0»?6l6
o« oo:c -o.ocoo -0.0000 - . 1 9 4 g o.cooo -0 0000 -0.0000

ELECTRONIC INE9GY -44.6307455574

ELECTRONIC ENERGY -44.6309385049

'"ELECTRONIC ENERGY -44.6309921081

ELECTRONIC ENERGY -44.6310123716

ELECTRONIC ENERGY -44.6310129367
ENERGY SATISFIED

REE-FOCK ENERGY MATRIX Com ,^^qo e^^ Ptuov.;^* P^-t

C S

C PX
C PY
C PZ

S -O.-^lja -0.5335 -0.0000 O.OtOO -1.1614 -3.1694 -O'OOOO
PX 0.3939 0.4302 0.0000 -0.0000 -0.1694 -0.4120 O'OOOO
PY 0.0000 0.0000 -0.2616 -0.0000 -O.OOUO 0.0000 -0.6442
PZ O.OOOO -0.0000 0.0000 -0.407n 0.0000 -0.0000 O'OOOO

H S -O.'+ISB 0.2223 -0.3829 -n.OOOC -0.0634 0.0530 -0.0061

H S -0.4155 0.2223 0.3829 0.0000 -0*0634 0.0500 0.0061

/ALUES AND EIGENn/ECTDRc coA/r/r-uco otJ Pou«w,w6. fAoP

/ALUES"-- -1.6123 -1.0683 -0.9243 -0.7^141 -0.6734 -0.5397 0.1521
1 ? 3 4 5 6 7

C S -0.4930 -0.5465 0.0000 0.0?50 -O'OOOO 0.0030 O'OOOO
C PX -0.2912 0.3616 -0.0000 0.4993 0.0000 -0.0030 -3.0000
C PY O'OOOO 'O'OOOO -0.6192 O'OOOO -0.0000 -0.2945 -O'OOOO
C PZ -O'OOjC C'OCOO -0.0000 -0.0000 -0.6483 0.0000 0.7614

5 -0.77tl 0.4261 -0.0000 -0.2921 0.0000 0.0000 O'OOOO
PX 0'1638 0.2619 -0.0000 -0.7660 0.0000 3.0000 -O'OOOO
PY C.0030 -0.0000 -0.5940 0.0000 0.3003 3.7820 -O'OOOO
PZ -O'OOOO 0.0000 0.0000 -Q.OOOO -0.7614 3.0000 -0.6483

S -0.1538 -0.4003 -0.3632 -0.1976 -0.0000 -0.3834 -0.0000

£ -0'153S -O.'^OOS 0.3632 -o.l976 0.0000 0.3834 0.0000
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HA»r0€e- FOCK £a/(S/C4V MAraiK

8

0.0000
0.0000
0.0000
0.4075

9

-0.4155
0.2223

-0.3829
-0.0000

10
-0.4155
0.2223
0.3829
0.0000

0.0000
OiOODO
0.0000
0.3265

-0.0634
0.0500

-0.0061
O'OOOO

-0. 0634
0.0500
0.0061

-0.0000

0-ooon -0.2933 -0.0367

0.0000 -0.0367 -0.2983

C(&ffw/^tu-C( /'VO e.i6£rJ\/6.cro£i

0.2454 0.3339 .4725
8 9 10

-0.6220 -0.0000 2715
0.2343 -0.0000 6931
0.0000 -0.7279 -0 0000
0.0000 0.0000 0000

0.0668 0.0000 -0 3597
-0.1584 -0.0000 5396
-0.0000 0.1889 0000
-0.0000 -O'OOOO -0 0000

0.5141 0.4661 0.1128

0.5141 -0.4661 0.1128
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ITY h^ATRIX CoNT,',^uKo ow c„.

1 ? 3 4 5 6 7

C S 10739 -0«0349 -OOOOO C«OOOC 0»278f -Ot^gOO -O'OOOO
C "X -0»08t9 0«9?96 0.0000 O-OOOO n.'f673 -0.6737 -O'OOOO
C PY -0.000 O'OOOO 0.9^03 0-0000 -0.0000 0.0000 0.?750
C PZ O.OGjO 0.0000 0.0000 0.8405 0.0000 -0.0000 O'OOOO

S 0.?7St 0.4673 -0.0000 O.OOCO 1.7323 0.4093 Q.QOOO
PX "0.4900 -C.6737 COOOO -0.0000 0.4093 1.3676 -O'OOOO
PY -O.OOOO -0.0000 O.Z'750 0.0000 0.0000 -0.0000 1.9286
PZ O'CCOO -O'OOOO -O'OOOO 0'9S72 -O'OOOO O'OOOO -O'OOOO

H & 0.573'+ «0'397? 0.67S5 Q.OOOO :.0124 0.0411 -0.1761

H S 0.5734 »0.3972 -0.6785 -O'OOOO 0.0124 0.0411 0.1761

TOTAL ENE^Gr = -26.8312278536

BIfiOlNiG ENER3Y= - 1 . 30bS07R700 A. J.

3.7892
6. 1680
1.0114
1.0114

OIPOLE MOMENTS

:omponents
densities -

.P

.D
TOTAL

SOLE MOMENTS

1

y

» 0'»B35
'9370'+

•00000
.97939

Y

-0.00000
C'OOOOO

.

-0.00000

DEBYES

z
o.oococ

-Q.OOOOO
0.00000

-O'OOOOO

1.97939
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OENiiry Mi^r^iK
8 9 in

0.0000 0.5784 5784
0.0030 -0.3972 -0 3972
0.0000 0.6735 -0 6785
0.9R72 3.0000 -0 0300

•0.0000 3.0124 0.0124
0.0000 3.3411 0.0411
•0.0000 -3.1761 0.1761
1.1595 -3. 0000 3.0300

iO.OOOO 1.3114 -0. 1197

0.0000 -0.1197 1.0114
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TRIAL PUN OF F Tifi'^ t^ld£HYDE
I\"0 CL5C

4 ATOMS CHAR3E

C . C C C D C C

1 .?2C00CC
-0.5400000
-0»5400000

O.OOCOOCO
o.ooooooc
0.9350000
'0.9350000

'ULTIPlICITy =

3.00GOC0O
O'OO 0000
0.0000000
O'OOOCOOO
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OVERLAP INTFGRAL MATRIX cc^'„ju.^o on Fowow.'wt fAt,s.

1 2 3 t 5 6 7
1 .ocoo • 0300 .0000 .0000 • 3734 -0 3070 0«0000

» uOGu 1 .0300 . COOO .0000 . 4 5 s -0 3056 O'OOOO
.ccco .0000 1 . 0000 .0000 fy .0000 0000 0«2146

G . C C C . JGO .0000 1 0000 .0000 0000 0»0000
.3734 'tDgO .0000 0000 1 "0000 .0000 0*0000

-0 .3070 -0 3056 c 0000 0000 0000 1 0000 0*0000
COOO
ZOC

0000
CDOO c

?l46
0000

0000
21 4f.

0000
0000

0000 1*0000
C/ 0000 0*0000

GE^'fa -c 2t59 't?57 0. 0000 0841 -0 0754 0*3401
52t6 -0 2f59 -0 4257 0. 0000 0R41 -0 0754 -0*0401

_1
2

3

4

5

6

7

S

9

10

COULOf^B INTEGRAL f'ATRIX

12 3 4

1 0*5SC3 0.4101 0.f369 Ct4369
2 0*4101 0.8565 0.2650 0.2650
3 0*4369 0.2b50 0.7500 0.2810
4 0.4365 0.2650 0.2810 0*7500

CMCQ I IJijO I O i 3T£jQG
CORE MAh'lLTOMAN c«wt\wu8.»j om P6uou»(*/& P<lfc6

12 3 4 5 6lie £ -3*8032 0*0000 0*0000 0*0000 -0.3567 0*2934
2 1 C PX • C 3 5*4951 0*0000 0*0000 -0*4377 0*2920
3 1 C Pv 0*0030 O.QOCC -5.4951 0.0000 0.0000 0*0000
"* 1 C P2 0*3030 0.C003 COOOO - 5.4951 0*0000 0*0000

^ ^ S -0*355,7 -0*4377 0.0000 0*0000 - 7.3232 0.0000
6 2 PX 0*2934 0*2920 0*0000 0*0000 0*0000 - 6.831 3

_7 2 PY 0*0030 0*0000 -0*2051 0*0000 0*0000 0*0000
8 2 PZ 0*0030 0*0000 0-0000 -0*2051 0*0000 0*0000

_9 3 H S -0*2852 0*1355 -0*2347 0*0000 -0*0618 0*0554

10 '^ H S -0*2852 0*1355 0*23**7 0*0000 -0*0618 0*0554

if/oo co«aecr/oA/s to rnc ct^oe €c6M6'A/n ^Avn. 6ce/^ maog ^oe this Un/eejt'

ELECTRONIC INERGY -43.5275700233 (^^Oo - cvao) =

t-091IZO

ELECTRONIC £nERGY -4 3.5348565925

ELECTRONIC EMERGY -43.5363804276
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dvefttA^ lursttttf^t. Avrtr«/x

8

0.0000
0.0000
0.0000
0.2146
0.0000
0.0000
0.0000
1.0000
0.0000
0.0000

9

0*5246
0»2459
0.4257
J. 0003
0*0841
0*0754
0*0401
0*0000
1*0000
0*1618

10
0.5246

-0.2459
-0.4257
0.3000
0.0341

-0.0754
-0.0401
0.0300
0.1618
1.0000

cone M^MiLrowiA/Nj

7 8

5.0000 0.0000
5*0000 0.0000
5*2051 0.0000
5*0000 -0.2051

-0

-0

9

2892
1355
2347
0000

10
0.2892
0.1355
0.2347
0.0000

5*0000
5*0000
i*83l3
3^0000

0*0000
0*0000
0.0000

-6.8313

-0

-0
3

0618
0554
0294
0000

-0.0618
0.0554
0.0294
0.0000

5*0294 0.0000 -4 2571 -0.0535

1.0294 0.0000 -0 0535 -4.2571
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ELECTRONIC INERGY -'+3.53674l?972

ELECTRONIC ENC:RnY -43.5368270584

ELECTRONIC INERGY

ELECTRONIC ENERGY

ELECTRONIC INERGY
ENERGY SATIsriED

FREE-FOCK ENERGY <1ATRIX

-43.5368475495

-43.5368541937

-43.5368536591

S

PX
PY
PZ

S

PX
PY
PZ

s

s

n

1

6019
.0137
oooo

-0
-0
-0

2

0137
1918
0000
0000

3

0.0000
-0.0000
-0.2001
0.0000

4

0.0000
-0.0000
0.0000

-0.1757

5

-0.4085
-0.5301
C.OOOO

0000 0.0000

4085
39f0
OODO
0020

-0 5301
4313
0000
0000

0.0000
-0.0000
-0.2688
-0.0000

0.0000
-0.0000
-0.0000
-0.4064

-1.1622

-0
-0

-0.0744
-C.OOOO
0.0000

4158 2218 -0.3808 o.cooo -0.0633

4158 2218 0.3808 -0.0000 -0.0633

6 7

0.3960
0.4313
0.0000
0.0000

0.0744

0.0000
-O'OOOO
-0'?688
-O'OOOO

-O'OOOO
0.3965
0.0000
0.0000

O'OOOO
-0'5891
O'OOOO

0.0471

0.0471

.0.0043

0.0043

NVALUES AND EIGENVECTORS

^JVALUES -1.6432 -1.0538 -0.9038 -0 6846 -0 6684 -0 .5069 0.1595
1 2 3 4 5 6 7

1 C s 0«5020 -0.5351 CCOOO 0606 0000 -0 .0000 O'OOOO
1 C PX 0.2890 0.4005 -0.0000 4383 0000 .0000 -O'OOOO
1 c PY O'OOOO COOOO 0.63C0 -0 0000 -0 0000 -0 2355 O'OOOO
1 c PZ

s

O'OOOO

0.7511

O'OOOO

0.4263

-0.0000

-0.0000 -0

0000

370ft

«0

-0

6364

0000

0000 0'7714

2
"

' 0000 O'OOOO
2 PX -0.22S4 0.1673 -O'OOOO -0 7781 -0 0000 -0 0000 -O'OOOO
2 PY O'OOOO O'OOOO 0'5487 -0 0000 0000 8093 -O'OOOO
2 PZ 0'Oc:o O'CCOO -O'OOOO 0000 -0 7714 -0 0000 -0.6364

3 H 5 0.1567 -0.4142

-0'4142

0.3886

-G.28S6

-0

-0

175 3

1753

-0 0000

0000

-0 3805 0.0000

4 H B 0.1567 3805 -0' 0000
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HA/lTACe FOCK eM£»t6V M^rrt.K

8

0.0000
0.0000
0.0000
O.^Ob'^

9

-0.4158
0-2218

-0»3808
ooooo

-0

-0

10
4158
2218
3S0S
0000

0.0000
0.0000
0.0000
0.3331

-0-0633
0-0471

-0-0043
-0. 0000

-0 0633
0471
0043
0000

0.0000 -0-3145 -0.0341

0.0000 -0-0341 -0.3145

0.2317 0-3411 0-4489
8 9 10

iO-6405 -0-0000 0.2185
0.1820 -0-0000 0-7286
lO-OOOO 0-7400 0-0000
0.0000 0-0000 0-0000

0.0843 0-0000 -0-3306
•0.2136 -0-0000 0-5193
0.0000 -0.2096 -0.0000
'0.0000 -0.0000 -0.0000

0.5019 -0-4519 0-l'*56

0.5019 0-4519 0.1456
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IE'-'SITY matrix coNTit^uttc o*/ PoLLot^n^/^ PA^S.

2

2

2

2

S

PX
PY
PZ

S

PX
PY
PZ

1 •08f
' C • S 5 3

0« 30D0
oog:o

'0»50D7
•0« 0030
Q • J C

0«5733

0»5793

-•0»CS53
0.8721

-0«00C0
-0.0000

0.4510
-0.6790
-0.0000
-3.0000

-0. 39^*9

-0.39^9

3

coooc
• coooo
C'^O'tS

. c

4

0.0000
"0. cooo
•0.0000
0.8099

0.0000 o.cooo
•0.0000 -0.0000
0.3102 0.0000
n.OOOO 0.9818

0.6688 -O.OOOC

-0.6688 0.0000

5

0«2524
0.4510
0.0000
0.0000

1.7672
0.3794
0.0000
0.0000

-0.5007
-0.6790
-0.0000
-0.0000

0.3794
1.3693

-0.0000
-3.0000

0.0117 0.0632 -3.189

0.0117 3.0632 0.1«9

TOTAL ENfRGY « -25.7370685760

BINDING ENtRjYi
C 3.67jR

" 6.2387
H 1 .0452
H li0452

-1.2325681925 A.iJ.

3IP0LE MOMENTS

COMPONENTS
DENSITIES
S»P
P.D
TOTAL

1.16417
-0.83345
0.003C0
2.00562

Y

0.00000
-CCOGOO
0.00000
0.00300

O'OOOOO
-o.oocoo
0.00000

-o.ococo

DIPOLE MOMENT' 2.00262 CEBVES
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bCMliTf MAr/?>K
8 9 10

0.0000 0.5793 0.5793
0.0000 -0. 39*^9 -0.:5949

0.0000 0.ft638 -0.6688
0.9818 -0.0000 0.0300

0.0000 0.0117 0.0117
0.0000 0.0632 0.0632
0.0000 0.1895 0.1395
1.1901 O'OOOO -O.ODOO

O.OCOO l»0f52 -0.1378

iO.OOOO -0»1378 1.0't52
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APPENDIX B

Appendix B contains the modified version of the CNDO-INDO

computer program discussed in Section III of this paper. The

data which must be input includes the Z and Y coefficients, the

number of molecules which are to be executed during each run,

the CNDO or INDO option desired, that the molecule has a closed-

shell (only closed-shell molecules can be accommodated by the

program), the number of atoms in the molecule, its charge, mul-

tiplicity, and X, Xf and Z coordinates with respect to the coor-

dinate system chosen for the molecule. The data is input in the

following way

I

CARDS 1-87 - NZZ and NZZV (Format (8X,I3,2X,l6)

)

CARDS 88-311 - NZY and NZYV (Format (8X,l4,2X,l6)

)

CARD '312 NRUNS (Format (12)

CARD 313 - An identification card with any format

CARD 31^ - OPTION (wavefunction option) and OPNCLO
(The key words are CNDO or INDO and CLSD.
The format is (A4,lX,Aij.)

CARD 315 - NATOMS, CHARGE, MULTIP (Format (31^)

CARDS 316 - Atomic number, X coordinate, Y coordinate,
and Z coordinate - 1 card/atom
The format is (I^,3(3X,F12. ?)

)
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PROGRAM CNINDO 00 SOURCE XXXX567890 QATE

. 1.... /•... 2.... /•••. 3.. •./... .4.. •./.... 5* •••/.. ..6. »../.. ..7... PA3LIM

PACK NO. 067766
<JlNDO FORT/FN CNl _N NN 2B1^J)54 S2UP_CHURCH ^:_HOO00O0

AUTHORK UPCHURCH ~ '" ' "
~"

'"OOOOlD
01001 P1108001 S 000023
03622 P01136 060 000030

5GRAM era NO
^

" ^000000 4

JBLF PRECISION A3Ci C^ XYZ^ Aj B 000050
1M0N/ARRAYS/ABC( 1922 )^NZ2(87)iNZZV( 87 )>NJZY( 224 )^NZYV( 224 1 00006 3

1M0N/PERT3L/EL( 18) ^ 000073
1MON/INrO/NAT0MS^CHARGE^MULTlPiAN(l0)/C(l0/3)iNJ 0000 8 3

1M0N/0RB/0R3(9) _ OOOOSO
1M0N/GAB/XYZ(630) " '"' ~

OOOlOO
1M0N/INF0l/CZ(10)iU(31)>ULlM(10)'^LtIM(10)iNEkECSi0CeA>0CCB OOOllO
IfiON/OPTlON/OPTIONiOPNCLOiHUCKELiCNDOilNDO/CLOSEO^OPEN OOOlpO
1M0N/AUXINT/A( 17)^B( 17) 000130
EGER OPTlONiOPNCLOi'^UCKELjCNDOj INDOiCLOSED^OPEN 000143
EGER ORB^EL^ AN^CHARGEjCZ^U^ULIMiOCCAiOCCB 000150
>UT IS READ IN THE FOLLOWING ORDER 000160'
IDENTIFICATION CARD WHICH IS PRINTED AT THE BEGINNING OF THE RU 000170
lONIWAVE FUNCTION OPTION) AND OPNCLO(0?EN OR CLOSED SHEUL) OOOlSO
THE FORMAT IS A4ilX/A4 AND THE KEY 'WORDS ARE- 0OO190'

FOR THE WAVEFUNCTIONI A4) CNDO INDO 000?00
FOR THE OPEN-CLOSED QPTI0N(A6) OPEN CL3D 000310

OMS^CHARGEiMULTIP F0RMAT(3I4) 000223'
IMIC NUMBERj X COORDINATE^ Y COORDINATE* Z COORDINATE - 1 CARD/A OOOP30
FORMAT! 14*3 (3Xi/ 12.

7J^) OOOpvO
7 1=1*87 ' " OOOPjO'
-

l-'/pp
NZZ(I)*NZZV(I)^

^ ^^^ ^ coH..;.;..r. ..-. ^.cu^rlo*/ OF ^EDucao DOOPbO
*224

J oyERLftP_i'NT£&fi.ftu5_ />.«& Jnput 000270
.D (1*85) NZY( I )*NZYVrr)J ^ 0002SO"
.D (1*12) NRUNS 1 t^^^^^i, pad. Aw-i M^rvAOfT^ LhiRuNil OP ucLis^uue^ 030293
11 K1 = 1*NRUNS J ro ae iJjput <sr <^<a^g 000303
D "^("1*20

) ( AN ( I ) * 1 = 1*10) ~~ '" 000313^
TE (3*30) ( AN( I )* 1 = 1* 10) 000320
.0(1*40) 0PTI0N*0PNCL0 000333
TE (3*45)OPTION*OPNCLO ^ '

'

000343"
,D(1*50) NATOMSi£HARGE*MULTlP 000350
TE(3*60) NATOMS*CHARG_Ej»_M_ULT_I_P ^ 000360
10 I = 1*NAT0MS

'^
" "~ ~

'""
^ 000370"

D(l*70) AN( I )*C( 1*1 )*C(I*2)*C{ 1*3) 000380
TE(3*70) AN( I )*C( 1*1 )*C( I*2)*C( 1*3) 000390
VERSION OF £00RDTNATg:g rpp^ ANr^STRQMS TO' ATOM I C UN T TS 000*03
9 J=l*3 000413
*U) = C( I*U)/.529167D0 000420
TINUE'" " ~ 000if33'
(OPTION. EQ. CNDO) GO TO 6 030*»43
5 I=1*NAT0MS^ ^ 000*53

"( AN( I ) .LE.9) GO TO 4 ^ 000*60'
TE(3*3) 000470
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PROGRAM CNINDO 00
..../... .2. .../... *3

SOURCE XXXX«^67S90
/. . ..6' •. '/

DRriAT(5X
51H MOL

TOP
DNTINUE
3SJTINUE
3NJTINUE
ALL INTO
ALL HUC<
ALL SCFC
ALL CPRI
DNTINUE
3 TO 100
3NTINUE
3RMAT (I

DRMAT (

1

JRMATI IH
JRflAK A^
DRMAT(5X
DRMAT(3I
]RMAT(/5
3RnAT( 14
DRMAT (8

DRMAT (8

Ml 'EXIT
irop

itSHTHlS PROGRAM DOES NOT DO I\DO CAlCJlATIOMS FORi
ECULES CONTAINING ELEMENTS HIGHER THAN rL'jORINE)

RL
CL
LO
NT

2)

A 4
)'

1^5X
J IX/

k)

y.* 14

^3(3
X-i 13
X>14

i20A4 )

A4)
lXjA4r

j18H ATOMS
X > F 1 2 . 7 )r~
j2Xj 16)
j2Xj 16)

CHARGE =iI4il8H MULTI aUieiTY =/I4/)

JC

!YV
03C10 NZZ 03D6C NZZV 03ECS NZY

oate
=A3LI^

0D04S3
0304^3
030=503
330=513
3 3 5 2 3

30053D
OnOo'^O
003550
030560
333570
000580
00 05 9

003600
003^10
000620
330633
000643
000653^
000660
000670
OOOftSO"
330690
000700
000710"
000720
000733

/ ALLOCATION

/ ALLOCATION

^ITOMS 00004 CHARGE
00124 N

C0008 MUkTl? OOOOC AN

/ ALLOCATION

ilB

/ ALLOCATION

>'2

I / ALLOCATION
\

" 00028 U

^LECS 000F8 OCCA
000A4 ULIM
OOOFC 0CC3^

OOOCC LLIM
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PROnRAM CNINDO 00
,1 ..../... .9. ..,/... .3

SOURCE
./. . . .5'

XXXX567850
/. . . .ft. . . ./

DATE
=>A3LIN

OCK D

M M N /

M.'^ON/

MMON/
TEGER
TEGER
TA CN
TA^IN
TA OP
TA CL
TA OR
TA OR
TA OR
TA OR
TA ORf
TA ORt

TA OR:
TA ORf

TA ORE
TA EL
TA" ELi

TA EL
TA EL
TA^" EL i

TA

RB/0Rn(9) ____
ERTBL/EL(18)
PTlON/OPTIONiOPMCLOiHUCKEL^CNlDO^lNOO/CL
P T 1 N i P N £^ q i_H U Cj<^L >_CJNID i I N D O^C t=0 3E D i^

ORB J EL
0/4-iCNDO/
O/^hInDO/
N /itHQPEN/"
3ED/4HCLSD/
(1)/4H_ S/
(2 )/4H 'PX/
(3)/4H PY/
(4)/4h PZ/

;

(5)/4H DZ2/
(6)/4h DXZ/
(7)/4H DYZ/
( 2 J/tHDX-Y/
(9)/4H DXY/

O3E0iO?EN
PES

TA EL(
TA_ EL(
TA EL(
TA EL(
TA EL(
TA~EL(

rl/

'HE/"

LI/
_BE/
~B/"
C/

_N/
0/"

F/

TA EL
TA EL
rA~EL(
TA ELI
TA EL(
TA" EL~f

TA ELI
D

I )/4h
2)/4H"
3 )/^H
'tJ/^H

5T/Vh
6)/4H
yi/'tH
8)/4H
9)/^H
10)/4H NE/
II )/AH NA/"
12)/4H M3/
13)/4H AL/
I'+l/'fH SI/~
15)/4H P/
i6)/4H xy
17)/4H CL=/~

1S)/^H AR/

0D0740
3D0750
330763
330773
030733
030790
000800
000810
000820'
030i?33

3f0
"000i?50

000363
000 8 7

000883
000590
000900
000910"
030920
000930
"030943'

300950
000960
000973'
030930
000990
'03130 0"

031313
001020
"001030"

031040
3 313 5 3

"001063"

001070
ooioso
"001090"
001100
OOlllO

/ ALLOCATION

/ ALLOCATION

/ ALLOCATION

TION 00004 OPNlCuO
00014 CLOSED

00008 HUC<EL
00018 OPEN

OOOOC CNDO

MLOCATIG.M
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PROGRAM CNIS'D3 00 SDJRCE XXXX567B90

J3R0UTINE INTGRL c.ALc-u.Lnri(sr^ aP ovnnLi^p Aa/d couLorine iMrebnALS 001 i^O
3U5LE PRECISION Si XX> Zt XXXi GAMrlA/ 9t 1, TE^3> Cli C2i YYY^ D01130
I B> MUi NUMj <li <ai NEWSi NE'aV>PAIRS# TERMliTER^2iNUMiDEN OOll-fO
rCMIC INTEGRALS "OR CNDO C ALCUL AT I CMS 001150
3M>10N/ARRAYS/3( 31^31 ) iXX(96l ) iDUMMY( 622) 001160
3>^,lONVINFO/N'ATOMSiCHARGEiMULTlPi AN( 10)iC:( 10>3)>NJ 001170
DMMON/'IN-01/CZ(10)jU(31)jULlM(10)iLLIM(10)iNE = EC3/OCrAiOCCB 001130
3MM0N/GAB/XXX(155)i3AMMA(10il0)iT(5>9)iPAlRS(9i9) * TEMP (9^ 9) 001190
iCl (3)iC2(3)i YYY( 126) ^ 001?00
3MM3N/AUXl\lT/A(17)iB(17) OOlPlO
3MM0N /OPTION /OPTIONiOPNCLOiHUCKELiCNDO> I N00> CLOSEDi OPEN 001P2
[PENSION MU( 18)iNC( 18)iLC<9l>MC(9)^E(3) 001P30
[MENSION P(31i31 ) 00l3<+0
3UIVALENCE lP(l)iXX(l)) 001250
^TEGER ANiULIMiUL<iULL>CZiUiCHARGEi ANLi ASKiOCCAiOOCB 00l?60
^TEGER OPTlONiOPNCLOiHUCKELiCNDOi INDOiC^OSEOiOPEM 001270
•iterminatiqn or ?:i7E or ao basts im and core charge cz 00128O
»0

~
001290

\ 60 I=liNATOMS 001300
,IM(I) =_l^+^ __ 001310
= 1

- - 00132 0"

(AN(I).LT.ll) GO TO 20 001330
= N + 9 '_^_ '_ 001 3^+0

!( I )=A|NJ{ I )-10 001350"
) TO 50 001360

( AN( I) »LT «3) GO TO 40 001370
>N + 4

'^

0013S0'
:( I ) = AN( I )-2 001390
J TO 50 001400
M+l"

.

001410^
( I )= ANJd ) 001420
l!^TINUE 00U30
I M (I )

»" N "
' —

^ 014 4 0"

INTINUE 001450
LL U APRAY-.«!J( J) IDENTIFTES THT ATOM TO WHIC^ ORRlTAL J IS 001460
'TaChED E«G» QRSITaL 32 ATTACHED TO ATOM 1* ETC» 001^7 0"

I 70 K=i^NATQMS 0014SO
,!<_ = _LLIM(<) 001490
< =" ULIMl <

)" 00150 0"

M = ULK+1-LLK 001510
' 70 I = 1>LIM 00152
V LLK + I-1

~~ ~~ 00153 0'

J) = < 0015^0
SIGnMEN'T of QPBITAL EXPONENTS TO ATOMS 3Y SLATERS RJLES 015 5

(2)=1.7D0 001560
(1)=1.2D0 001570
(_1)=1 0015SO
(2)=1 " 001590
80 l=3>10 001600

id) =2 001610^
ITl )a.325D0»{ I-l) 001620
90 I«lli 18 001630
(I)=3 01640
!rr)=( .65D0«( I )-4. 9500) /3« DO " 001650^
SIGNIMENT OF ANGULAR MOMENTUM QUANTUM NOS' TO ATOMIC 0R3ITALS 1 6 6
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PROGRA,'^ CNINDQ 00 SOJRCZ XXXX567890 DATE
. 1 ..../.... 2 . . . ./». « 3. .../... .i» ..../.*..5>>'</*<<>6«*«'/*>**7><* PAjl-IN

( 1 ) = 3 I 6 7

( S ) = 1 . 3 1 ft 8 _
(3)=1 001690
Cf ) = 1 001703
( 5 ) = 2 01710
(6 )=2

"

001720
(7)=2 031730
( 8 ) = 2 1 7 4 _

(9)=2 001750
(1)=0 001750
(2) = 1 001770 _
(3)=-l . " 001780
(4)=0

,
001790

(5)=0 001800
I 6 ) = 1 01810"
(7)=-l 001820
(8) =2 _. 001 830

_
(9) =-2 " "

00184 3""

•? THRU PATR^ Qc ATOMS 001853
320 < = 1;NAT0MS 00l860_
320 L = <i\IATOMS " 031870
100 I=li3 OOlSSO

II) = C(KiI)__ 00l393_
(I ) = C(L>I )"

"

001900
:-Culatf: unit veictor AinNin iv'Tppathm Ayie;j=- 00191O
-L R£:LVEC(R>E:iCl>C2) 1 9 2 0_
< = LLIM(<) 001930
. = LLIM(L) OOlgtO
( = ULIM(K) 001950
- = ULIM(L) ^ 001963""
?B<=UL<-LL<+1 001970
^3L = ULL-LLL + 1 001980
(=AN(K)

"

301990"
.=AK(L) 002000
DP THRU PAIRS OF BASIS FUNCTIONJSj ONE 3\ EACH ATOM 002010
~200 I = 1>N0RBK

" ~"
2 2 0"

200 J = l^iSlORBL 002033
IK-ECil.) GO TO 160 ^ 0020^*0
!MC(I ) .N'E.MCI J) ) GO TO' 150 se/=. sr«rmp^yT i^a 3 2053"
!MC(I).LT.O) GO TO 140 002360
VV= ( (MU( AN<)*R )**t2fNC( ANKl+l )*(MU( ASiL)*R)»*(2*NIC( ANL)+1 )/ -i* 002070
\CT(2*NC(ANK) )*PACT(2*NC(ANL) ) )"r 002030""

I^S = SS(NC( ANK)iL:( I )>MC( I )>NC( ANL )^L:( J)iMJ( AN<)*RiMU( ANL)*R) 002090
(NE'^V .LE. 0) GO TO 135

|
002100

|:RS ( I/J)»DSQRT""(NEWV )*T-Y«"D0 )»V(LC( J)+MC( J) ) >NE»^S 002110
I

TO 190 002120
_RS (I^JJaO.DO 0021 33_
"TO 190 ~'00?140"
;RS( I^ J)=PAIRS( I-l> J-1 ) 002150
TO 190

^ ^_ 002150__
LRS( IjJ)=0'OOQ te-AD a^'ppelienT,t\^. ove.c «.aP aP^ok/matiba/ 002170
TO 190 002180
.(LEO. J) GO T0_l_70 ___^ 0021 9 0_
:RS( l> J)=0.0D0' 002200
TO 190 002210

•»»v«+ /30. Pftilii (r.J^ drc Ht£ avx-flixp tnJcjfAl mctti^ eUtmtr\i^s..
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PfROGRAM CNINDD CO
1 ..../... .2. .../..

.

XXXX=567890
/. . . .6. . . ./

:)ate I

3A3LIN

[R3! I> J)=1.0D0
JTINUE
jtikue:

JL< = LC(N
JLL = LC(N
(L = r<AXO(

:r.gt«o.oooooido) go to 220
TO 250
PATF INT

iORBK )

jO^BL)
loul<>l:ull)

E:^PALS -ROM DIATOMIC RASIS TO '^nucCJLA^ ^ASTS
HA'R^'.TR ( Tj r,AXL^ Z )

230 1=1
230 J=l
1P( I>J)
230 KK=
1P( I> J)
JTINUE
2'tO 1 = 1

2^10 J = l

:p!S( i^ j)

240 KK«
:rs( ijJ)
JTINUE
= L S MAT
JTIKUE
260 1=1
:p=lli<+i
'260 J = l

,P = LLL + J

.LKPiLLL
IPUTATIO

J N0R3<
^NORBL
= 0.00
1>N0R9L _____ _ _
» TEMP( li J)+"T( j/Kt<UPAIRS( I/K<)

^norbk
^NORBL
= O.DO

l^NORBK
= PAIR S ("ITJT+ TTriK KT» T E M P ( KKjTjr

RIX

/NORSK
-1

iNORBL
-1

P)=PAIR3( 1/ J)
N or l-CENTER COULOMB'

I

NTE3R A -S 'OVER SLATER 5 FUNCTIONS'
NC

(

AN^ )

NC( .;nl)

MU( ANKT
'MU( AND
K»NE.L)
llMr = TA
I:M2 = 0.

II = 2'^Nl

1280 U = l'

ii =U*{2.
jl = FACT
:M2 = TE
ITINUE.

JTO 310
' P U T A T I

30 TO 290
CT ( 2*N1 -rr/(T2~.D0*K'2lT*T2*Nr)T
DO

/LIM
DOa^kI )**(2*N1-J)*FACT(4*N1-J-1 )

(2*Nl-U)*2O0»Nl»(2.D0»(Kl + i<2) )»*(4*Nl-J)
RM2 + NUM/DEN ~'~

ON or p-CENTER COULOMB INTEBRA.S OVER SKATER 3 FUNCTIONS
;Ml=(R/2
lM^2 = 0.

I =""2*N1
iaoo j = i

iM2 = TE
I FACT!

\ <2*R)
!MA(<iL)_

!TINUE
jMETRIZA

O0)**(2*N2)*3S(0i0>0i2*N2-li0>0.00/2«D0*<2*R)
DO

>LIM
RM2+(j*(2«D0»Kl)**(2*Nl-J)*(R/2O0)**(2»Nl"U + 2*N2) )/

2»Nl-U)*2iD0*N l") * S S ( 2 4 N 1 " J ^ > > 2 N 2 - 1 > > 2 . D * < 1 A^ R J 2 • D

_a ( 1 2 . D * K 2_UiJ

*

N_2j*l1 1/ FA C^T ( 2^* N 2 ) ) » ( TE ^M1-TERM2 )

TION OF OVERLAP AND COULOMB INTEGRAL MATRICES

032223
002230
002?t3
002253
002263
002P70
002233
002253
002303
002310
032:^23
00233'J
302343
032353
002363
002370
002383
002333
3 3 2 If 3

002413
002420^
002433
032440
032453^
002463
302473
032 48 3^

302493
002503
032513"
332523
002530
002^43"
032353
302563
302573"
002580
002593
^032^03^
032613
032623
002e,33"
3326t3
3 3 2 6 5 3

"332663
332673
002683
'3 32 6 9

3^

332703
032 710
"332723'

002733
2 7^3

'302753
002760
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PROGRAM CNINDO 00
•l*><*/**«*2****/****3

SOURCE
«*t</*<i<4t««i/***<5

XXXX5678S0 OATE c

• •• PAj'I"^

330 1=1j\
330 J=I^N

002770
0027S0

J>I ) = S( li J)

3^0 I=1^NAT0MS
340 J=IiNAT0M3

002790
002300

2 810
IMA (JjI) = GAMMA ( I> J

)

ITE(3/350)
RMAT( IHI^ 1X>23H0VERlAP INTEGRAL MATRIX)

002823
002830
002340

-L MATCUT(Niil)
4NSFER GAMMA TO 80X80
360 I=1^NAT0MS

MATRIX P FOR PRINTING
002853
002360
002870

360 J = 1>NjAT0KS
[^ J)=QAMMA( IjJ)
[TE(3.370)

002880
002390
002900

?MAT( 1X^23HC0UL0MB INTEGRAL MATRIX)
,L MAT0UT(NAT0MS*2)
rURN

002910
002920
002930

3 002943

/ ALLOCATION

C1E08 XX G3C10 DUMMY 01E03 p

/ ALLOCATION

'OMS 00004 CHARGE
00124 N

00008 MULTIP ooooc AN

• / ALLOCATION

00028 U
.ECS 000F8 OCCA

000A4 ULIM
OOOFC OCCB

ooocc LLIM

/ ALLOCATION

OClDS GAMMA 007F8 T A 8 PAIRS
IP 00F90 £1 00FA8 C2 OOFCO YYY

/ ALLOCATION

00088 3

/ ALLOCATION

ION 00004 opnclo •

OOOlf CbOSED
00008 HUC<EL
00018 OPEN

OOOOC CNOO

CE ALLOCATION

UBROUTINE
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PROGRAM CNINDO 00 SOJRCE XXXX567890 DATE
,1. .../... ,2. ,.,/... .3. .../... .4. .../... .5* •••/... .6.. ../... .7. .

.

3A3LIN

UBLF: precision function SS(NNljLLl^n,^/N,Nl2iLL2i A'.PHAiSETA) 002950
U3LE PRECISION 5* XX^ A^ Rj Pj PT> X* ?=>>!* P=>?P, PPP3j PPP 332960
OCEDURE FOR CALCULATING Rf^lDUCED OVERLA=' IS|TE3RAU3 002973
MMO rvl /ARRAYS /S( 31^31 )^XX( 96 1)>NZZ( 87 )^^^Z2V( 37) />JZY( 224 )^NZYV(22'f) 002^83
^M0N/AUXINT/A{ 17)>B( ITJ 002933
TEGER ULIM -

- - _.

003000
=NN1 003010
l-Ll 00302 3

MM 003033
'

"M^JS 003043
»l-L2

'

003053
=(ALPHA + BETA)/2.D0 003063^
(ALPHA - BETA)/2.D0

, 003073
O'DO _ 0033S3

lABS(M) 003093
'

VERSE OUANlUf^ NUMBERS IF NECESSARY 003100
(

( L 2 . L T^Ll ) . 0^.J_( L2^E Q 'LUjJ^ N D . ( N 2ji_L T . N 1 ) ) ) Q 1 20 00 3110
"TO 30 '^

' "
' ~

'

003123
" ^1 003133
?L_^2 003143
• < 003150'
1-1 003163
»_> 2 -_ 317 3
' '^ 003183"
"P' - 003190
ITINUE "_ 00 3P0 3
!« MODI (N1+N2-L1'»L2)>2) 003213"
ND A AND S INTEGRALS 003223
i.L AlNTGS(PjNl+\2 ) 03 2 3 3'

.L BINTGS i PT.> \iT\"2 ) 00 3 P 4
0"

"l (LI .GT.O) .OR. (L2.GT.0) ) GO TO 60 333253
HN SECTION USED FOR OVERLAP INTEGRALS EVOLVING S JUNCTIONS 003263
10 2 TABLE NUM3ER L

— — 03 27 3"

« (90-17*Nl+Nl'^'n2-2*N2)/'2 003283
[H = N1+N2 003290
[ M'

"="
' 3 3 3

150 I=LLlMiULlM 003313
\) 3 3 3 2 3
ri = Nl+N2-I*"l ~~~

00333 3"

Us U = 1.87 303343
' (I^H-17»(L"1)-NZZ(U)) 48i42i48 ~> 003350
jZZV ( U )

yUssiCA/Me/JT- ap NOfJ' :2.Brt.D^s. VPiu^es, 003363'
jTO 49 003373
JJTINUE 033SO
:JTINUE 003390"
'; + Z*A(I + l )#BINNI1)/2.D0 003400
•' T I N U E 03410
'^ 003:*20'
TO 80 033i*33

SECTION USED FOR OVERLAPS InVOLVIvJG \0N-S FjvjCTJONS 003a4
ID Y TABLE NUMBER L 003450~
5-M)*(24..10*M + M**2)*(23-30*M + 3«M**2)/l20+ 003453
'_30-9*Ll + Ll«*2-2*Nl ) f- { 28"9»Ll-t-Ll»*2'' 2 »Nl)/8-i- 003473
!30-9*L2 + L2*»2-2^^2)/'2 "

'

"

003483"
h •" ° 303493

m
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PF?OGRAM CNINDO 00 SOURCE XXXX567890 :)ATE 2

. 1 ..../.... 2 ••••/«•• • 3j .^. / > . 4« « '/ ' « » 5j^^«^' / . • 'JAIA,* •/•.*..•• -^ • • • ^ A 2 'i- 1 "^

70 I=LLn>S 003500
IM = 4 - M0D(< + I>2) 003510
70 J = LLI1-»ULIM 003520

003530
II = 2*J + M0D(< + I>2^)+J 003540 __
68 11 = 1^224

"" " ' 003550
JJJ-H-f9»J-f9»5»(L-l ))"N7Y(I1)> 68i62^68 -7 as<. i6AJ~n=A/r ^p htaN-tGao ^ 0035f)0
NZVV( II ) S c^P-ppi'c^BrJn D 3 5 7

TO 69 '
'

003580
NTINUE 003590
MTINUE 003600
X + Y's^AI I + l )*B( IIII 1 003610
NTINUE . 003^20
P1 = (2*L1 + 1 I'i^FACTILl-M) 00Jb3 3

P2= ( 2*L2 + 1 )*F ACT d2-Mr 3640
?3=(4.D0*FACT(L1+M)*FACT(L2+M)) 033650
?=PPP1*PPP2/PPP3 003660
"(PPP .GT. 0) G0"T0'"72 003670
ITE (3^ 101) PPP 003680
P = 003690
= X^(FACT("^+i )/8VD0r*»2*DSQRr{ PPP) 003700
MTI.MUE ' 003710
Rf^ A T (l Xi4HPPP = i D15*6) _^ 3 72
TURN

~
'003730

D 003740

/ ALLOCATION

01E08~XX "03C10"NZZ 03D6C^1*JZ2Y'
f 04248 N2YV

/ ALLOCATION

00088 3

SUBROUTINE

DDBLE Tabs mod A'I^TSS 3'r^Tns~ :CHS~^
FACT QFWRIT QIOED QFINIO D3QRT QSTOP

ALLOCATION

00108 Nl OOIOC LI 00110 M

00118 L2 OOUC P 00124 PT
00134_< 00138 U OOISC^ULIM^

:M ~00144 I

"

0C148^'Z" 0014C SINII

00154 Y 00158 IIII 0015C II
^1 00168 PPP2 00170 PPP3 00178 PPP

.LOCATION
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PROGRAM CnI'NDQ 00 SOURCE! XXXX567890 DATE
. 1. .../.. ..3. .../.. ..3. •••/••. •4. .•/.••5«««»/...'6««.»/««.«7... 3A3uI^

aROoT lNE HAR.'ITR ( TiMAXLiE ) KoTrNre^ '.^racnA^i atl^^ o.r>ror^.c tv ^wo^<icu6,^r^, e«s/s 903753
j5irE"~PRECISIDN T/ Ei COST j S I NT> COSPi 3 I \P> C032T > 3 I NgT^ C032Pi S I SJ2 003760
S0RT3 003770
MENSION T(D>9)>E(3) 003780
ST = E(3) 003790
( ( 1 .D0-C0ST**2 ) .GT»0»0000000001 ) 00 TO 20 0035^00'"

NT = CDO 003810
TO 30 003820 _

NT = DSQRT( l.D0-C0ST**2') 003830"
NTINUE OOSS'tO
(SINT.GT.0»00G0 01D0) GO TO 5 00^8 50
SP = 1 .DO 003860

'

HP = O.DO . 003870
TO 70 003880

_
SP = E( 1 )/SINT 003890
NP = E(2)/SINT 003900
NTINUE 003910
'SO I=l>9 003920"
80 J=l>9 003930

I^J) = 0.00 0039^0
I'/l ) =1.D0 " 003g50
(MAXL.GT.n GO TO 100 003950
(MAXL.GT.O) GO _Tq_llJ5_ 003g70_

""TO" 120
""

003980
S2T = C0ST-'^^2-SlNT'^«2 OO3990
M2T = 2.D0*SINT*C0ST OOVOOO
S2P = C0SPA^*2~SINP**2 ' 004010^
N2P = 2.D0*3INP'^C0SP 00^020
ANSrORMATTON MATRIX ELFMEmTc mp D PUMCTIONS 00^030
RT3 = DSQRT(3.D0) ~ ' 00'^040~
5j5) = (3.D0»C0ST**2-1 .D0)/2.D0 004050
5^6) = -SQRT3 *SIN2T/2.D0 004060
5i8)~=~ SQRT3 ^* >S:NT**2/2.D0 004070""
i6*5) = S0RT3 f-3IN2T*C0SP/2»D0 0040SO
.6i6) = COSaT'^COSP 004090
6,»7)"=" -COST'^SIMP 00410 0"

&/8) =-Tl6i5)/S0RT3 004110
6/9) = SINT^SIM?

__ ;

004120
7 > 5 )~=~S Q R T 3

"
* S IN 2 TVsTN P

/

2Vd 4 1 3
0"

7>6) = C032TfSI\P 004140
7>7) = COST^COSP 004150_
7/8)"= -T(7>5)/S3RT3

'

004160
?jS) = -SINT*COSP 004170
?>5) = SGRT5 ^SINT**2»C0 S2P/2 .D0 004l80__
?i6)""= SIN2T*CDS2P/2.D0 '"

• 004190
Ji7) = -SINTmSI\2P 004POO
(8/8) = ( l.D0 + C0ST*'/'2)#C_0_S2P/2j_D0^ 0042lO_
i,3) = -C0ST*SI\2P

'
' ' 004220

}i5) = SQRT3 SINT*^2*SIN2P/2.D0 004230
,3j6)_= SIN2T^^SI\I2 P/2*D 004?'*0_
'3/7)="SlNT*C0S2P 004P50
3iS) = ( 1.D0+C0ST**2)*SIN2P/2.D0 004260
itS) = C0ST*C0S_2_P ^0O4 27 0_
'NTINUE •--'- --

0042SO "

^NSPO RrlATTOM MATRIX ELFi^ENTS FOR P "UMCTION'S 004290
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PROGRAM CMINDO
.1. .../... .2. . . ./

00 SOURCE XXXX567890

2>2) = C03T«C0SP
2>3) = -SINP
2^4 )

= sint*cosp
3^2) = COST^SINP
3>3) = COSP
3>4) = SINT*SIN?
fj2) = "SINT
4^ *+ )

= COST
NTINUE
TURN
D

SUBROJJTJJ^E

QDBLE DSORT QSTOP

ALLOCATION'

RMjrR_

HP
N2T

00084_^COST_
"000A4 I

0003C C0S2P

oooac SINT
'000A8 J'

0O0C4 SIN2P

00094 COSP
"OOOAC C0S2T'
OOOCC S3RT3

:)ate

PA3LIM

004300
004310
004320
004330
004340
004350
004360
04 37 __

004330
004390
004400

.^LOCATION
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PROGRAM
.1 ..../.. :

:nindo
2« . . •/

00 SOURCi
./. . .

XXXX567890
/. . . .ft. . . ./

S^OUT
JBL"E

B O.D
10 I

I )
=

X + E( I

^JTINU

DS3RT
40 I

_(R.G
"TO 4

I) =E
^JTINU

TURN
D

IN: REL VEC ( R^ E^ C 1 / C2 ) cal^ lai.at£S ui-^it s/Gcran rttar-jo iKiren fitnmic aic/s

PRECISION Ei Cit C2>X^R
ON E(3)>C1 (3)>C2(3)

«=li3 ^
C2( I )-Cl (I )

)*E(I)
E

( X )

^

= 1>3
T..0q0001D0) GO TO 30

~

(I)/R
E

PliSLIN

034410
004420
004430
004440
004450
004<+60

4 4 7

004430
004490
004500
004510
004520"
004530
00 4 5 4

"004550"

004560

SUBROUTINE

~~'DSGRT
'

ALLCCATION

.VEC

'Q'STOP"

0004C X 00054 I

-LOCATION
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PROGRAM CNINDO 00
,1 ..../... .2. ,../... ,3

s 'J R c

;

XXXX567890

i:L9_yL_Piif_C_LS I f>l FUNCTION FACT (N)
lUBLE PRECISION PROOT ^
ODT a 1 #00

I 30 I=liN
:DDT = PRODT*I
CT = PRODT

—

—

TURN

coivii»uTtrs N PfitcTofiini.

DATE
=A3LIN

004570
oo^ff^ao

004590
004S00
004610 ^
004620^
004&30
004640

_S U 3R OUT 1U£

:cNviR asTOP

aXL OCA T"l"0 N

CT 00038 PRODT 00030 I
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PROGRAM CMNDO
.1. .../... .2. .. ./

00 SOURCE
./...5

XXXX567890
v. .. .6..../.

TIN
A9R

ilNTG
DF 3

S ( X> K ) .C«r..(.C^ -/>/ Si .

"TSJTEGRAl q« NOT? THAT 3(1) IS 3(1-1) IN THE
NOT
GT.
LT.
LT.
LT.
LT.
• LT
• LT
LE.

PR
/AU
= 1j

.00
UE

ATI
3

X.L
X.L
X .

X.L
.X.
.X.
.5
t-fi-

EC!
XIN
17

ON

E.3
E.3
E.2
E.3
LE'l
LE.l

SION
T/A(

AND K.LF.IO
AND K.GT.IO'
AND .^.LE.?
AND K.QT.7
AND K.LF'S'
AND K.3T.5

EXPONENTIAL -ORMJLA IS JSED
EXPONEMTIAL FOR.'^iJLA 13 USED^
ie5 TERM SERIES IS USED
EXPONENTIAL "ORMJLA IS USED
12 TERM SERIES IS USED
EXPONENTIAL FORMULA IS USED"
7 TERM SERIES IS U3£D
6 TERM SERIES IS U3£D

>t.)f.i|.^^>f^J(.l|.^>f.iHlt.>l.^i.lt.i^^3^^>^'^'(^^^t|i|>>>i.>f.lt.^'^f'^>^>^.>t^^i^^^^'^>t'^>f^'^').'^'^'^•^'^>f^

Aj Bj ABSXj EXPXj EXPMXi Y

17)iB( 17)

Ei5(X)

•GT.O.DO)
.GT.2.D0)
• G T . 1 . D )

•GT. .5D0)

DA
BSX
3SX
BSX
BSX
BSX

1

= 6

1

LE
= 7

1^0
.LE.7) GO TO 120

GO TO 12_0_

GO TO 20
GO TO SO
GO To 80

•GT. .000001D0)"G0' TO ITO
70

40
•5) GO TO 120

140
•lE.IO) go to 120
= 15

140
=DEXP(X1
X=l .DO/EXPX
= ( EXPX-tXPMxT/X
30 I=1^K
1 ) = ( I *B ( I )

+

(-l .DO)»*I»EXPX-EXPMX )/X
190

60 I=I0iK
DO
50 M = I0iLAST'

"' "

(-X)**M»(1.D0»{-1.D0)*»(M + I + 1))/(FACT(,M)*(M + I + 1))
1)=Y

190
80 I'lOiK
1 ) = ( l.D0'>(-l.D0)^*(I-fl))/(Ifl)
INU£
RN

4 6 50
0046^0
004670

+ b 3

004690
"00^700
004710
004720
004730
O0'*-7t0

00t750
OO*t760
004770
004780
004790
004800
004810
004820
004830
004540
'004550"

00^860
004870
'0 04 8 3 0'

004390
004900
'OOh-910~

004920
004930
^004940"

004950
00^*960
^004970"

004980
004990

'0 05 0^

005010
005020
"005030'
005040
005050
'005060"

005070
005030
00:3090
005:00

5110
005120'
005130
^005140
005150
005160
005170
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PROGRAM Cr-JINDO 00 SOJRCE XXXX567S90 DATE l

. 1 ..../... .2. .../... .3. • •.•/••J^«4«j^« 'Z^* • • 'Oi^* •/...•6. .../... .7. . . ?43^IN

33^!JLlAEL_A_L!iLfISiJL4_*<l calliso ja/ ss. f*u5 f*iiKf,H op- a iNTBG/iPiti, . 0051SD
U3LE PRECISION Ai B ____ 00519D
MM0N/AUXINT/A{ 17)iB( 177 " ^

~~
005200

5 1=1^17 005?1
I'^O.DO

^? 005??0
SJTINUE

—
005330

I) =OEXP(-X)/X 0052f3
.10 I = l>< ^

^

005250
I+l) =(A(I)*I+DEXP(-X) )/X ~~ ~~0 05 26
TUR^J 00537D
^ 00528

__ / ALLOC A T_I Ojvj

00088 3

Subroutine

f^JEXP QD3LE :CNVIR 3ST0P

iLLOCATICN

4TGS 000>"C~r

-LOCATION
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PROGRAM
1. . . ./.

.

: N I N D G
2. .../.. . .3

SOURCE
./. . . .5

XXXX567890
/....ft. .../

BRD'JTINE -^ATOUK NjMATOP )

UBLE PRE
^IMON/ARR
8 M=l*

M+IC
(K.LE^N

N

NJTIN'UE

ITE(3>40
RMAT( //^
60 I=li
ITE(3^50
RMAT( 1X>
MTINUE
ITE(3>70
•?MAT( //)
MTINUE
TURN

CISION A

AYS/A(31i31i2)jDUMMY{622)
N> 11

mrtLcrLPiL. tn/^r/Zic'es

.

) GO TO 30

) (J>J=MjK)
7Xj11 (4X> I2>3X)>//)
N

) I i ( A ( 1 1 J i MA To P ) t J « M /k
j''

I2>4Xi50("9i4) )

-^\JZ
PAouIN

_

005530
005303
005313
005323
005333
OOSS'tO
005350
005353
005370
005380
005390
005^03

'

005410
005423
005430
005440
005450
005460
005470

/ ALLOCATION

03C10 DUMMY

UBROUnNt

3FWRIT QIOEI

MX'O CAT 1 N

TOUT 00040 M

QFINIO 3I0ED 33T0P

00044 K 00048 J

^LOCATION
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PROGRAM CMNDD OC S^JRCE XXXX567890 IDATE
• 1 ..../... .p. , > »/" * *3. . . ./.» . .^'j* ./.». .5* •••/... 'S* •••/. •• '7. • V ="^311^

8 ROUTINE HU CKCL, >«ftK./ri &.*:re.MOi-o- m^cKUL nt^pa.-xi/ykAnirj ct^ Pocu. /y-,nrs.i^ tti-i:/v^/surs . QQ5;^g3
UBLE PRECISION kt Bi C> XXXj Gj Q> YYY^ £NER3Yi XXYi RHOiTEMP 03549D
TENDED HUCKEL THEORY FDR CLOSED SHElLS ' "

005500
""

ERLaPS are in MATRIX A> COULOMB INTEORA^S (GAMMA) ArE IN MATRIX 005=^10
MM0,\VARRAYS/A(31i31 ) jB(31i31 )iDUMMY(622) _ 005520
MMCN/INF0/NAT0MSiCHARGE>MULTIPjAN(10)iCll0^3)iN| 0553

0^""

MM0\VlNFOl/CZ(10)iU(3l)iULlM(lO)>LUIM(10)^NE.EC3^0CeAj0CCB 005540
MM0N/GAB/XXX(155)iG(10jl0)iQ(31)>YYY(31)>ENERGY>XXY( 312) 00 55 5
MM0N/0PTI0N/0PTI0N/0PNCL0>HUCKEL>CN00i I NDO,; ClOSEO J OPEN 055&0~
MENsIOn EnEGI lSi3)>9ETA0( 18) 005570
MENSICN Gl

(

18)iF2( 18) __ _ 005580
TE3ER CHARGEiOCCAiOCCBVULVAN/CZjU^ ULIM/ ANI ~

005 5 9
0~

TEGER CPTICNjOPNCLO/HUCKELjCNDOjlNOOiCLOSED^OPEN 005^00
(3) = .09g,0j^ 00 5 610
('t) = .l407 _ 005620-
(5) = . 199265

GlCis"^, P2. Lis), e/v/e&C<8,3) /Va/o airAain) 005630

(71- T Anp«9
UifH^^oiiCt'ii^fkX'i 0<i<^6>.ir f^tciii\fj i^A/ij't^g^(s^, 00o640

(8)=.43t?3

G{ 8^ 2 ) =9. 11 1

003650"
005650

«51='532305 005670
(3) = .04^Si^ —

5 6 8 0^

(0 = . 089125 005690
'5' = '130M ^ _^^ -- 005700
16) = . 17372 005710-
(7)=. 219055 005720
(S)=. 266415 005730
(9) = . 31580 —

005740-
LQiJvl)=7.1761 003750
-G(3il)=3.1055 005760
G( 3^ 2) =1.258 005770"
G(4.1)=5. 94557 005730
Q(4>2)=2.563 005790
G(5il ) =9. 59407 ' —

005 BO 0^

G(5i2)=4.001 003810
G(6.1)=14.051 005820
G(6.2)=5.572 —

005830-
G(7i 1 )«19. 31637 005840
G(7.2)=7.275 005850
- 8.1)=25.-39017 —

005360-
005870

G(9.1)=32.2724 005880
3(9i2)=11.08 '

005890-
G(11.1)=2.S04 005900
G( 11>2) = 1 .302 005910
G ( 11> 3 ) =0. 150 ' ~~~~

005920'
G ( 12i 1 ) =5. 1254 005930
Q( 12^2)=?. 0316 005940
G( 12i3)=0. 16195

' ——
335950^

G(13,»l)=7.7706 005960
G(13.2)=2.9951 005970
G( 13> 3) =0.22425 ~ ~~ 005930'
G( 14> 1 )=10.0327 005990
G(14,2)=4.1325 006000
G( 14j3 )=0.337

"~ "-"
006010^

Q(15>1)»14.0327 006020
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PROGRAM CNINDD 00 SOUiRCE XXXX567890 DATE
, 1 ..../.... 2 .. . /...

3

. '«/. ».«4«»"/««««5''»»/...»6«»«'/.'>«7«.» 3 A 3L I

N

:G( 15/2 )=5.46."58 036033
:G( 15>3)=0.500

;
__006')'^0

;G( 16j 1 ) = l746't96 006050
:G( 16>2)=6.9S9 006060
•Q( 16^ 3) =0.7 132 5 00607
G(17i : )=21 .5906 ' 006080
:G( 17^2)=S.70B1 006090
;g( 17^ 3) =0.97695 006100 _
•A0( 1 )= -9. ' 006110
AO ( 3 ) = -9. 006123
•A0(4)a -13. ______^_ 006133
A0(5)="-17. 006143
A0( 6 )= -21.

,
006150

A0(7)a-25. 036163^
•A0(8)>= -51." 006170
A0(9)= -39. 006183
•A0( 11 )=-7.7203 006193
"A0( 12)=-9.t47l' " 006;?03^
'A0( 13)=-11.301 006213
•A0( l'»)=-13.065 0622 3 _
A0( 15)=-15.070^ 00t)233
A0( 16)=-18.150 0062'+3
"A0( 17)=-22.330 ^ 006253
ID SEL-rS AND g-TLL H f nWb ( D T At-^HN a! ) >j T TM^^ t T -t-A'! 7 3 "^r«v/eA/»6c 'c,r7o^\ ,*«rV;,r 6 2 6 0"
,ECS = pore.tjrifM. uijo SLS-crOeu 006273
60 I = 1jNAT0'^S_ /i/^p/W/rv.; 006283
;ECS = MELECS + CZ(T) ~ """" ~ "^ ' 06290^
=LLIM(I) 006303
= ULIM( IJ ______^ 006310
>AN ( I ) 006323^
I 006330
50 J = LL.»UL 06 3 4

>1 ' " 006 3 5
0^

{L.EQ.D GO TO 10 006363
(_L.LT.5) GO TO 40 006370

n» J r=-E NEG( ANli3)/27.2lD0 06333"
TO 50 006390
\jj)= - E_NE G( AMI.>2)/2 7.21D 6 4

TO 50 " " 06410"
liJ) =-ENEG(ANIil)/27.2lD0 006420
iTiNUE 006'+30
JTI^iUE" ' ~ ~OQ6440~
.ECS=NELECS-CHARGE 006450
:a = nELEC3/2 _ _ _

006463
W HUC<EL NA'^ilLTONlAN IN A rQf=T D I AGONAL YWO'CENITER' TERMS ) 6 1 7

3^
SO I=2iN 306430

J( I ) 006490_
\UV<) 006500
»I-1 006S10
90 J=1>UL 006520_
•U(J) '006530
»AN(KK) 006540
i(L.GT.9) .OR. (L,U.GT.9) ) 30 TO 70 ^ 006550_
:*J)"A( Ij J)»(BETA0(L)i-BETa0(LL)T/54.42D0' 006560"
Ul)uk(l)J) 006370
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PROGRAM CNINDO 00
1. .../... ,2. .../. .. .3, /

SOURCE XXXX567890

p TO 90
|(IiJ)=O.7BDO*A(IiJ)*(3ETA0(L)+BETAO(LL))/54»42D0
< J > I ) =< A ( I ^ J )

5NTINUE
•D 100 I=>l;iN

H ) = A ( I i I )

'"
'

_—

—

HC = 1 .0-6

flL EIGNtNiRMO)
ISENVECTORS (IN 3) ARE"cONVERTED INTO DENSITY MATRIX I IN" 3J
) ItO 1=1^

N

3 120 J=I^N
|<X ( J)=O.ODO "

1 110 <=i^accA
,< X ( J ) = X X X ( J )-)-2.DQ*B( I >K)»S( JiO
i)STINUE

^ ' ~

|3 130 J = I>N
I> J)= XXX( J)
)NTINUE
150 I = l^Nj

150 J=I>N
J -» I ) =,3 (I > J )

ID V(A3) TO hCORE"-CNDO
170 1=1jH

^U ( I )

I)=Q(I) +0.5D0#3( J^ J)
160 K=1>N ATOMS

I ) =Q ( I ) - ( CZ ( K) ) S (J/Kl
I.VJTINUE

IT ?;EGi-1ENT _ IP- O NLY CNDO APPRQy I M AT I ONS ARJT Orsiprn
(

AN
LL
. (

~T
(

J)

TK
(<

MP
" T

MP
T

MP
NT
2

KK
<•<

MT
NT
3

3

J/
I'

OPTION- EQ«CNDO ) GO To 290
MQDirirATION (CORRErTInN TO U(I^Ii )

80 I=1>NAT0MS
(I)"

-- - _
IM( I )

( K.GT.l )..aND. ( <»LT.10) ) GO TO 190
280

K.LE.3) GO TO 210
= Q(J)_+(CZ(I)-1.5D0)*Q1(K)/6.D0

• EQ • 3 )"G0^ TQ^'220
~

• EQ.f) GO TO a'fO

= Gl(i<)/3.D0+(CZ(I )-2t5D0)*2.D0*Fa(<)/25tD0
2 6

= G 1 ( < ) / 4 .

260
=G1 (<)/l2.D0
INUE
70 L=_l_^3

= "J + L

<<)=21K<KK )+TEMP
iNUE
INUE

'

10 I=1^N
00 U»IiN
I )=Ai I/J)
I )=Q( I )

OaTE
_3A3LIM

006530
006590
006600

6 610
006620
006633
OO6640
006650
006660
006673
006683
006693
006700
006713 ^
006723
006730
006740

"^006750 ~

006763
306773_
"006783"
006793
006c?00
"006810"
006i?20

006S33
""006'? H-O"
006350
006360
"006370"
006880
006393
"006900"
006910
006920
"006930"
006943

6 9 5

"00696
006970
0069SO
"006993

"

OO7OO0
007013_
007020
007033

7 4 3

007050
007063
007073
007083
007090
0713 0__

"007110
007120
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PROGRAM CNJIND3 00
1. ..,/... .2. ,../... .3 /

source: XXXX567890

?ITE(3i320)
DRMATdX^lSH CORE HAMILTOMIAN /)

^UL SCFOUTiOil)
:turn
4D

DATE
=A3LIS

007130
007140
007150
007160
007170

/ ALLOCATION

03C10 Dd.^MY01E08 B

/ ALLOCATION
""' '

^TOMS OOOQ4 CHARGE 00008 MUUTIP _0000C_AJ1
00124 N

/ ALLOCATION

'. 00028 U

LECS 000F8 OCCA
OOOA-it ULIM
OOOFC OCCB

/ ALLOCATION

(X 004D3 G

iERGY 009F0 XXY
00 7ra Q

OOOCC LLIM

'OOSFO YYY

/'ALLOCATION

'TION OOOOt OPNCLO OOOOS HUC<EL OOOOC CNDO
IDO '

' 00014" CLOSED OOOI8 OPEN

SUBROUTINE

EIGN :CNVIR QFWRIT QFINIO SCFOUT QSTOP

ALLOCATION

t<CL
I

00138 i

001C8 L

001D8 RHO

OOIBC LL
OOICC J

OOIEO TEMP

OOICO UL
OOIDO K

001E8 K<<l<

ULOCaTION

iCG 002C4 BETAO 0030C Gl 00354 F2

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



PROGRAM CNINDO 00 sdjrce: XXXX367890

PAADU3LE PRECISION A> B^ XXX^ Gi Jj YYY^ ENERGY^ XXY> Ci RHO.
OLDFNG
NDO/INDO CLOSED SHELL SCF SEGMENT
AM^'A MATRIX CONTAINED IN G> CORE HAMlLTONlAN CONTAINED IN Q AND
OPER TRIANGLE OF A> AND INITIAL DENSITY MATRIX CONTAINED IN B
^TIONS CNDO OR INDO
DMM0N/ARRAYS/A(31>31)iB(31i31)^DUMMY(622)
DMM0N/GA3/XXX(15J)>Q(10i 10)^0(31 )^YYY(31)^ENERGYiXXY(312)
:MM0N/lNF0/NAT0MS^CHARGE^MULTIPiAN(10)>C(10>3)iN
D-^MON/INFOl/CZt 10)iU(31 )>ULIM( 101*LLIM( 10)>NELECS^0CCA>0CCB
DMMON/OPTION/OPTIONiOPNCLO^HUCKELiCNDO^ I NDO^ CLOSED J OPEN
nEGER OPTTGNjOPNCLO/HUCKEL^CNDO^ INDO/ CLOSED^ OPEN
UEGER CHARGE/OCCA/OC CBiULjULlM/UjANi CZ/Z
[MENSION Gl ( 18)iF2( 18)

~~
.092012
.1407
•199265'
.267708
.3-+6029
.^^3423

'

•532305
.049865
•089125'
. 13041
.17372
.219055'
.266415
•31580

3) =

>( 4) =

(5) =

(6) =

(7) =

(8 ) =

(9) =

(3) =

(4)=--

15) =

(6) =

(7) =

hs) =

(9) =

= 25
= 1 .D"6

"NTINUE
= Z + 1

FR"Y = O.-^O

AN3FER CORE
20 I=1>N

li I]_=Q( I )

2 0^J=I/N
J> I )=A( I> J )

30 I=l/N
hU( I )

I/I)=A(I>I)-B(IiI)*Q(II>II)jn0.5D0
3 _K=1j_N

= U ( < )

I> I )=A{ 1/

I

)+B(Ki<)*G( Hi JJ)
»N-1
4 i=i7nm

~

bU( I )

I + l _
40 J = LL/n

~

-U( J)
U/ I )=A( J/ I )-3( Jj_IJ_#G{ Hi JJ) #0.500
jDD voOTrrrATTriM "

"'

HAMILTONlANr'TQ'XOWER 'TRI ANQLE""OF^X

OPTION. EQ. CNDO) GO To 90

DATE
=A3LiN

007180
007193
007200
007210
007P20
007?30
007240
0D7250
007?60

"

007?70
007280
007390
007300
007310

_^

007320
007330
007340
"007350 ~

007360
007370

"^007380^"

7 3 9

007^00
007^10"^
007420

_ 7 4 3

"00744
007450
007460

"007470—
007480
007490

7 5

007510
007520

"007530

—

007540
007550
^007560"^
007570
007580 _
07 59

007600
7 6 1 __

007620
007630
007640
007650
007660
0767

0076 SO
0O7690
007700
00 771
007720

DR.R
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PROGRAM CNINDO 00 SOURCE XXXXB67a90 :5ATE
PA3LIN

80 II = 1^MAT0MS 007-'30
'^"^'^I'

^ 0077O
"ULIM(II) 007750
(K.EQ.i) GO TO 80 007760

.A=B(I>I)+B(I+l>I+l)+B(!+2jI+2)+B(I+3iI+3) 007770
1/ I )=A( lil )-(PAA-B( li I ) ) *G1(K)/6«D0 " 007780

^J
^=^'3 007790

'^ ^ * 'J
7 s?

LLL>LLL) = ^(LLLiLLL)-B(IjI)*Ql(K)/6«D0-(PAA-3(I>I))*7»D0» 00 7:? 10
<<)/50.D0 + B(LLL>LLL)*ll.D0'i'F2(K)/50.D0 007820
ULLi I )«A(LLLi I )+B( IjLLL)*G1 (K)/2.D0 007830

=J*1 007840
^;*^

. 007850
~

007 8 60
I2/I1)=A(I2>I1)+3(I2^I1)-^11.D0*F2(< )/50.D0 007370
I3^Il)=A(I3iIl)+B(l3iIl)*11.00'^"2(K)/50O0 0078S0
I3>I2)=»A(I3jI2)+3( 13^ I2)^'11.D0*F2( 0/50.00 007890

^I:^^^ 007900

' = ^'^ ______^____ 007920
ER3Y = F.\£R.'3YfO«5DO»3( Ij T )»( A( I> I )fQ( I ) ) 007933~
lOy 1=1. Nh

-

-
3073,3

_ 05 . = L... l^lll-
LRuY = cNc.RGY^3(I>J)»(A(IjJ)+A(JiI) ) 007970
IT£(3>110) ENERGY 007980
RMAT(//ilOXi22H ELECTRONIC ENERGY iFl6.10)

'

007990^
.(DABS(ENERGY-nLnENG).GF..OOOOnin O) GO TQ 150 c.^././e,..^ sr»r,^Bur 7t 00 3000

^ asr£/?/v»i'A/e u/i^cr^e/z on nar ssit: ~ OOSOlO

RMAT(oX>18H ENERGY SATISFIED /) 008030
OOSOifO"~" ~
08 50""

003060
S 7

MMETRIZE F FOR PRINTING (MATRIX A) 003090
190 I = 1 . \

TO 170
^JTIMUE
DENG=ENER3Y
NTIN'JE
(Z.LE.IT) QO^TO^ 210

190 J=I>N
'

I. J ) =A ( J. I )

ITE( 3i200 )

002100
003110'

S 1 2

813
^'^AT(1Xj27H HARTREE-FOcK ENER3Y~M ATR I Xl

"
OTi^O

^L SCF0UT(0>1) 33^,53
'JTINUE

l EIGN(N>RhO")
(Z.LE. IT) GO TO 240

ITE(3.230)

003160
003170"
OOS180
003190

RMAT( 1X.28HEIGENVALUES 'and ETgENVECTORST ^003200
^»L SCFOUT( ij2) n-.«3i T
^TINUE

00S21J
' '

^ ^'-'^
S 220

jENVECTORS (IN S) a"RE C0NVERTED~INT0~DEN3'ITY~^ATr"i"x"(TN~3') 003230'^
5 280 1 = 1,

N

33320
1.260 J=I>N 003P50
^<'^'=0'0D0 ~

oos^^y
250 K=1,0CCA 338273
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PROGRAM CNINDO 00

(X(J)= XXX(J)+B(I><)*B(Ji<)'^2.0D0
DnTINUE _
3 270 J = I>M

'^

I I> J )= XXX{ J)
JNTINUE
290 I=l^\

) 290 J=IiN
J^I)=3(I^J)
(Z.LE.IT) GO TO 10

"

INTINUE
:turn
JD

"""

/
SOURCE
./. . . .i

XXXX567S90
/.

/ ALLOCATION

OlEOS^B

/ ALLOCATION

X

ERGY
004D8 Q

009F0 XXY

A 'ALLOCATION"

TOMS 00004 CH ARGE
00124 N

_/_ a^llocation

LECS
00028 U

000F8 OCCA

/ ALLOCATION

TION""

DO
"00004 "OPNCLO~
00014 CLOSED

"SITBROUTINE

QFWRIT aiOEO

ALLOCATION

FCLO

,1=

iDENQ

ulqcaticn

OOCCC 2

OOOEO J

ooofo^'nm
00104 II

03C10 DUMMY

007FS^ Q~

00008 MUkTiP

000A4 ULIM
OOOFC OCCB

"00008 HUC<Eir
00018 OPEN

'008F0 YYY

OOOOC AN

oooce uuiM

"OOOOC'CNDO"

QFINIO DA3S SC?OUT

OOODO IT
000E4 II

"000F4" LL
00108 12

000D4 RHO
OOOES <

OOOFS PAA
OOIOC 13

:}ate
PAQLIS

3 2 8

OOS390
008300
003310
003320
008330
008340
008330
008350

'

008370
008380
008390

^

EI3N

00160 F2

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



PROGRAM CNINDO 00
1. .../.., .2. .../.. .3 /

SOJRC! XXXX567890

JBRQUTINf=: rPRINT
0LJ3LE PRECISION Aj B> XXX^ Gj Qj YYY/ ENEROY^ XXY« Cj DPMi DMi
ISPi DMPD^ ATENGi RAD> TCHG> SLTRl/ FACTOR/ DP
SIDC-INDO SCF CLOSED SHELL- PRINTOUT SEO^iENT
0MMON/ARRAYS/A(31j31)jB(31,31)jDUMMY(622)
DMM0N/GAR/XXX(155)y3(l0jl0)/Q(31)iYYY(31)>ENER3Y>XXY(312)
OMMON/I\FO/NATOMSyCHARGEiMULTI°iAN(10)>C(10/3)/N
0^iMON/INF01/C2(10)/U(31)>ULlK(10)iLLIMi 1 ) > NELECS^ OCC A J OCCB
DMM0N/PERTSL/EL( 18 )

0MMON/OPTION/OPTION-»OPNeLOjHUCKEL>CND0/ I ^JDO^ CLOSED J OPEN
MTEGER OPTlON>OPNCLO^HUC<EL/CNDOi I N DO/ CLOSE Di OPEN
^TEGER CHARGE/ AN. J/ULlMjELiOCCAiOCCB/UL/CZiANI
IMENSION DPM(3)iDM(3)/DMSP(3),»DMPD(3!
IMENSION ATENGIls?)

TO 20
DO
DO
DO
DO
DO
DO'

DO
DO

(OPTION. EQ.CNDO) GO
rENG( 1 )=-0.6387302'f62
rENG(3)=-.2321S72405
fENG ( <* ) =-1 . 1219620354
rENG{ 5 )=-2.S725750048
rEN3(6)=-5.93'*95't8261
rENG( 7)=-10. 6731741251
rENG(8)=-l 7. 2920830650
PENG! 9 )=-26. 2574377875

TO 50
3NJTINUE
FENG ( 1 ) =-0.6337302462
EN3(3) =-.2321972405
rE\G(4)=«l. 1454120355
rEN3( 5 )=-2. 9774239048
ENG( 6)=-6. 1649936261
•ENG( 7 )=-ll. 0768746252
"ENGI 8 )=-lS. 0819658651
ENG{9)=-27. 5491302880
EN3( 11 )«-. 1977009568
EN3( 12 )=-.8671913S33
'EN3( 13 ) =-2. 3645 57744
ENG( 14)=-3.S979034626
EN3( 15)=-6. 7966009163
'ENG( 16) =-10. 765 81 743 41 DO
rENG(17)o-16.04670l7940D0
INTINUE
>"N A T M S -

1

!ITE(3/40)
)RMAT(1X/15H D ENSITY MATRIX)

'

i«UL SCF0UT(0j2)
!) 50 I«WK
t>I + l

ll' 5 J = L/NAT0MS
'.D = DSGRT((C(I/l)-e(Jil))*'i'2+(C{Ii2)-C(J/2))**2

+ (C(I/3)»C(J/3) )**2)
iiERGY =ENERGY ^ ( CZ (I ) Vcz ( J ) )7r AD
iiiTE(3/60) Energy
(IRMAT(/// lOXj 16H TOTAL ENERGY a F16'
il 70 I = liNATOMS
ll=AN{ I )

DO
DO^
DO
DO
DO"

DO
DO
DO^
DO
D0_
DO
DO
DO

10)

DATE
PA3LIN

008400
008410
008420
OO843O
003440
3 34 50

008460
008f70 _
00S4S0
008493
OOS500
008513
008523
008533 ^
008543
008550
008560 ^
008570
008580
003593_
008600
008610
008620
'008630~
00S6f
008650

"0 086 6
0"'

008670
OOS680
"00S690~
003700
008710
~OOS720~
003733
008740
"OOS750~
008760
008770 _
0OS780
003790
_OOSS00__
008810
008820

_0 8S30_
008343
008830
003860_
008870
008880
_0 S g 9 3 _
008900'
008913
_00S920__
008933
008943
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PROGRAM CNINDD 00
1. .../....?..../... .3

SOURCE XXXX567890

ERG
ITE
RMA
11

HG
= LL
= UL
90

HG
I = A

ITE
RMA
X( I

MTI
12

( I )

SP(
PD (

20
(A

( A

TRl
:to
:ex
17

SP (

3D(
1-3 (

+ 3(

PD(
+ 2«

70
OEX
' 15
MM =

SP(
.32
19

(I )

NTI
21

M( I

ITE
^MA
ITE
RMA
ITE
RMA
ITE
RMA
ITE
RMA
ITE

= ENER
3^80)
(//il
I = l>

O.DO
M( I )

M( I )

J = l.L^

TCHG
( I )

3> 100
( I3i A

= TCHG
UE

I = l>

O.ODO
)=0.0
)=0.0
J = l>

( J) »L

{ J ) .L
( '650
= 2.54
LLIMI
K = lJ

NDEX +

) = D M S

)=DMP
NDEX +

) =DMP
NDEX +

)=Di-!P

0/DSQ
ISO

,

LLIMI
< = 1V

NDEX
)=DMS
DO-^IA

1 = 1/

DM( n
UE

I = l>
= DM( I

(3/22
(//>2
3/230
( 5X/ 1

3/240
(5X/ 1

3/250
(5X/4
3/260
(5X/4
3/270

3Y-ATENG( ANI )

ENERGY
0X/16HSlNiDING ENERGY= /F16.10/5H A.J.)
NATOMS

UL
+B( J/ J)

) I/EL( ANi )/TCHG
4/8X/F7.4)

DO
DO
f^ATOM
T.3)
T.ll )

* A N (

1 6 D *

J)

3

<

P( < )"

D(l )-

1/ IND
D(2)-
2/ IND
D(3)-
RT(3.

S

GO TO 180
GO TO 140"

J) -4»95D0 )/3.D0
7.D0/(DSQRT(5.D0)«SLTR1)

B( IMDEX/MMMM )*i0.27175D0/3UTR1
FaCT0R*(B(INDEX+2/INDEX+B)+3(I
EX + 7)"l.DO/DSQRT(3.D0)'i^3(I\DEX
FACTOR*(R( InDEX+1/ INDEX+B)+B(I
EX + Vl-l.DO/DSQRTO.DOl^BIIMDEX
-ACT0R*(B(InDEX-«-1/INDEX + 5)+3(I
D0)*3(INDEX•^3/ lMDEX + 4")

)

NDEX<-3/ INDEX + S)
+ 1/ IMDEx + ^) )

MDEX + 3/ INDEX + 6)'

+ 2j ISOEx + 4 ) )

:MDEX + 2/ iNDEX-)-6)

-B(I\DEX/MMMM)»7. 3369 700/
ITl —' —

+(CZ(J)-XXX(J) )*C(J/ I )¥2. 541600

3

)+DM
)

'

'

OX/ 1

)

IH C

)DM(
OH D

)DMS
H S.

) D M P

H p.

IDPM

SP( I )+DMPD( I )

6H DIPOLE MOMENTS//)

M ? N £ N T S , 3 X / 2 H "^x"/ 8 X /"2H"Yy8 X72

H

1 ) /DM(

2

)/DM(3)
ENSITIE3/3(1X/F9.5) )

P( 1 ) /DMSP( 2)/DMSP( 3')

P/6X/3( 1X^F9.5) )

D( 1 )/DMPD(2)/DmP0_(_3)
D/6X/3( 1X/F9.5)

)

( 1 )/DPM(2)/DPM(3)

Z)

DATE 2

> PAGLI^

S 9 5

008 960
008970
OOS980

__008990
009000'
009010

_009020
009030
009040

_009050
~00906
009070

_OQ90SO
9 9

009100
009110

"009120
009130
009140

"009150
009160
009170

~009lSO
009190
009200

~009210
.

009220
009230

~009240
009250
009P60

~~00D270
0092SO
009290

"009300
009310
009320

""00 933
009340

_0O9350
"~~009360~~

009370
_009380
009390
009400

_009410
009^20
0'J9430

__00944
09450

009460
009470
009t80
009490
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PROGRAM CNIND3 00
1. .../... .2. .../.. . .3 /.

SOURCE
./. . ..5

XXXX567890
/. . . .6. .. ./

MAT(5X^6H T0TAU>4Xj3(lXiF9«5)W)
DSQRT(DPM(1)**2 + DPM(2)»*2 + DP.'>^(3)**2)

TE(3^2S0) DP
^AT(3Xj15H DIPOLE M0MENT=^ F9 . 5^ 7H DEBYES^//)
JRN

iATE J

PA3LIN J

009500
^009510
009520
009530
009540 _
009550

/ ALLOCATION

01E08_3_

/ ALLOCATION

00^+08 S

^QY 009F0 XXY

/ ALLOCATION

3M S 4_ C HARGE
"00124 N

/ ALLOCATION

ECS
00028 U
000F8 OCCA

03010 DUMMY

007F8 Q 008F0 YYY

00008 MUUTI? OOOOC AN

0OOA4 ULIM
OOOFC OCCB

OOOCC LLIM

/ ALLOCATION

/ ALLOCATION

ION 00004 OPNCLO
00014 CLOSED

JBROUTINE

""QFINIO"""

00008 HUCKEl
00018 OPEN

OOOOC CNOO

"SCFOUT DSQRT ":CNVI"R 3I0E0 QIOE^I

.LOCATION

[NT 00168_<
00178 RAD"

00190 UL

0016C^I
'00180 AN I

00194 SLTRl

00170_L •

"00184 TCHG '

0019C FACTOR
iX 001A8 MMMM OOIAC DP

.OCATION

OOICC DM
JG

001E4 DMSP OOIFC dmpd
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PROGRAM CNINDQ 00 SOURCE >;XXXF;67890 OATE
..1.. ../.., ,2. ,../.. .,3..../....^. .../.*. .5. .../.. ..6. .../.. ..7... PA3UIN

J3??QUTINE ElG NINNJiRHO) D/AC-£>A,'Ai.j ^at/c^j fiaixr]r:B 00Sd£.3
OlIBLE precision RH0> A> VEC> GAMMAj BETAi BETASQi Elg^ Wi XYZi 00=5573

1 Qi RH033J Si BGM/SQRTSi D>' TEMPi WTAWj SUM> QJi Wj^ SHIFTi '009580"

OSAi Gy P?3Si PP3Ri COSaP> SINAi SlNAH> DIA/ Ji A2i R2i Rli R12> 009550
iFi PP 005600
H0= UPPER LIMIT FOR OFF-DIAGONAL ELEMENT

'

109^10
'Ni= SIZE OF MATRIX 009620
= F MATRIX (ONLY LOWER TRIANGLE IS USED + THIS 13 DESTROYED) 0O9630

13 = RETURNED EIGENVALUES IN ALGEBRAIC ASCENDING ORDER 0096'fO'

EC = RETURNED EIGENVECTORS IN COLUMNS 009650
,JMMON/ARRAYS/A ( 31i3l ) iVEC( 31^31 )jDUMMY( 622 ) _ 009660
0MMOlNi/GAB/GAMMA(31)^BETA(31)iBETASQ(31)iElG(31 ) /i^ ( 31 iVX Y2 ( 475 )" " 009 67
•<E FOLLOWING DIMENSIONED VARIABLES At^E EOJIVAlENCED 009680
IMENSION POD^OOl) ^ 009690
;3UI VALENCE (P( 1 )i3ETA( 1 ) r/(Q(Y)..BETA( 1 ) ) 009700
IIMENSION IP0SV(31 )> IVPOSOl ) J IORD( 31 ) 009710
|3UIVALENCE (IPOSV( l)iG AM MAil) ) i(IVP0S(l)^3ETA(l) )

t

009720
I0RD( 1 )iBETASQ( II) 009733'
H0SQ=RH0*RH0 009740
=NN 009750

( N . EQ • ^0 )^ GO^'T 0~6'40 '

~~
9 7 6

0^

1=N-1 009770
N-2 -' 009780

AMMA( 1 )=A( 1/1

)

009790
(N2) 200il90i40 009800
180 NR«1jN2 009810

«A(NR+1>nR )

'

' 09 823'

0»D0 009 8 30
50 I=NRiN2 009340

A ( I + 2 i N R ) * A ( r+ 2'i'N R )'"+ S ' '

~
09 8 5 0'

?EPARE FOR POSSIBLE BYPASS OF TRANSFORMATION 005=63
?RR = NR-fl 009870
(nRRRjNR )=0'.'D0 009880'

(S) 170>170j60 009890
S+B*B 00 9900

5n = + 1 .DO 0099 10~

15) 70i80i80 009920
3N=-1»D0 009933
3RTS = DSQRT{S") 009 9 4 0'

»SGN/(SQRTS+S0RT3) 009950
MP=DSQRT( .500+3*0) 009960
N R ) = T E ^1

P

9 9 7

lNRRP>NR)aTEMP 0099 8

"D/TFMP ^ 9990
- S G N * S R T S '

^
010

IS FACTOR OF PROPORTIONALITY. NOW COMPUTE AND SAVE W VECTOR. OlOOlO
<TRA SINGLY SUBSCRI PTED W V E CTOR USED FO R SPE ED. 010020
i 90 I=NR/N2 010030'
:mP=D*A( I+2iNR) 010043
tl = Ifl 010053
;iIl)=TEMP 010063"
:?=I+2 010070
II2iNR)=TEMP

_ _ 010080
JEMULTIPLY VECTOR W BY MaTrIx"X TO OBTAIN ? VECTOR. 010093"
:MULTANE0USLY accumulate DOT PRODUCT WPi I THE SCALAR <) OlOlOO
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PROGRAM CNJINDO
.1. ,../,. ..2..../,

00 source:
./. . . .;

XXXXo67890

r A W = • D
140 luNR^Nl

J M = . D
~

100 J=NR^I
J'1 = SUMfA(I + l>J+l) *W( J)
=1+1

" "

( N 1 - I 1 ) 13 0^110*110
120 J=IliNl

JM = SUM + A( J + li I + l ) -nWl J) ~~ ~~

1 )=SU'>i

AW=WTAW+SUM*W(I)
VECTOR AND SCALAR <" NOW^^STOREDV^^NExr^CO.^PUTZ 3 VECTOR^
150 I^NR^Nl

I )=P( I )-WTAW*W{ I

)

_

"

)W FORM PAP MATRIX/ REQUIRED PART"
160 J«NRiM

ll=J + l _

Q ( J )
"

^

l = W{J)
160 i=^L»jn

1=1+1

A(I+liJ+l)-2tD0*(W(I)*QJ+WJ*3(I))III* JJl )

TA(NR)=B
TASQ ( NR ) =3*B
MMA(NRRR>oA{NR + l*NR+l )

A (N>N-1 )

"1= H'l
TA(?viNl )=B
TaSOI NNl ) sBi^iB

M M A ( N ) = A ( N i N")

TA3Q(N)=0.D0
J^OIN AN ID ENTITY
220 'l = \t\
210 J = 1*NJ

C( I> J)=O.DO

MATRIX TO BE POSTMULTIPL lED BY ROTATIONSt

\t ( irn^rro o
;n

M=O.DO
AS = 1

TO 350
M=SUM+SHIrT
S A = 1 . D
GAMMA ( 1

)

-SHIFT
= 2

BS = PP^PPi-BETASQ"(TT
BR=DSQkT( PPBS)
320 J=1*M

SAP: CSA
I ( PP3S.GT.1.D-12)
!N A = . D
NA2 = O.D0^
.SA = 1.D0
;
TO 250

|NA = BETa1 J) /PP BR
iNA2 = BETASQ( J)/PP3S

GO TO 250

DATE
_PA3LI^ _

1 1 1 D

010120
1 1 :-j

OlOl'tO
010150
010160
0l0i70
OlOlSO _
010190
1 ?

OIOPIO _
"010220
010230
0102tO _
010P50
010263

_0 1027 _
010283
010290
_010303_
010313
010320
013333
010340"
010350
010363
010 3 7 3

010 3 8

310393
"013403~
010 413
013423
"013430
3l34t3
010450
^0104 63
013473
010 4 8 3

'0l0<t93
010500

1 5 1 __
"^01052 3

010533
0135t0
01355 3

010560
013 5 7 3
"3 I 05 S3
010 5 9 3

313603
"oiO&:o
010623
010630
010640
313650
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PROGRAM CNINDO
1. .../... .2. .. ./

00 SOURCE
./. . . .5

XXXX567890
/. . . .6' • • •/

:)ate
P 4 3 L I M

0SA=PP/PP5R
OSTMULTIPLY IDENTITY BY P-TRANSPOSE ."MATRIX
T=j+NPAS
F•(^JT .LT. N) GO TO 270
T = N _ _

280 I=.1^MT
' '

:MP = COSA'^VtC(IiJ)+SlNA»VEC{I>J + l)
iJ 1 = J + 1

ZCl I> JJl )=-SINJA»VEC( I/jr+COSA*VECl l*J*l)
:C( li J)=TEMP
IA = GAMMA ( J + 1 )"3HIPT
*SINa2'^ ( G + DI A )

~ ~'

^MhA(Jl=Gi-'J
OIA-U
'=DlA*C0SA-SIMA*C0SAP»8ETAlT)
f(J .NE. M) GO TO 310
I^TAI J )=SINA*PP
':TAS3( J)=SINA2*PP*PP
) TO 330
:'3S = PP^PP + 3ETASQ( J + 1 )

!»'3R = DSnRT(PP33)
~~~

CTA {J )=SINA*PPBR
:TASQ( J)=SINA2*?PBS
ii = M + i

''' '

.MMA ( f^Ml )=3
:ST FOR COMV ERGENCE OF LA ST DIAGONAL ELEMENT
•AS = \PAS + 1

"I3ETA5Q(M) .GT. RHOSQ) GO TO 370
Il = >1 + 1

G(MM1 ) =GA'«1MA(Mf 1 )+SUM '

;ta(k )=0.D0
TaSG(M)=0.D0
M-r "

—~

(M .EQ. O) GO TO ^00
(BETASn(M) .LE« RHOSQ) GO TO 340
KE ROOT OF CORNER" 2 BY' 2"" NEAREST" TO LOWER "D I A30N AL^^T N^V ALUE""
ESTIMATE OF EIGENVALUE TO USE FOR SHIFT

=3AMMA(M+1)
= 0»5D0*A2 — —
= 0»5D0»GAMMA (M )

2=Rl+R2
F=R1-R2
Mf= = CS3RT(DlF»DIF + BETASQ(M))
=R12+TEMP
=R12-TEMP"^

"

F=DA3S(A2-R1)-DA3S(A2-R2)
( D I F • L T_«_ O.DO) GO T O 390
IFT = R2^ -

- —
TO 220

|IFT = R1
TO 230" —— .

0(1) =GAMMa ( 1 ) +SUM
ITIALIZE AUXILIARY TABLES
4 10' J = 1>N

|OSV( J)=J

REQUIRED FOR REARRANSING THE VECTORS

010?>60
010&73
0106S3
010(^93
010703
010 713
010723
010733
310743
010753
010763
010773
010783

_0 1 7 9 3

010S03
010810
313323
010833"
010840
010850

"^3l0>i53'

313873
310883
"013893"
013903
010913
010920"
313933
313 9 4 3

"013933-
3 1 9 £. 3

310973
"313933-
010993
011000

"0 1 1 1

311020
011030
"311040-
011050
011063
'311073"
011080
_01109 3_
01113
011113
0lll23_
^011130

1 1 1 «+

1 11 5 3_
011160
011170
1 1 1 8 3_

011190
011?03
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PROGRAM CNINDO 00
1. .../... .2. .../•' . '3

S J R C i XXXX3&7890

POS
RD(
E A

N

TO
44
(E

MP =

G( J

1=J
G( J

EMP
RD(
RD(
NT I

M-1
(M

(Nl
50

' = 10
' = IP
•(NP
' = IV
'POS
'OSV
) 49
:mp =

!C( I

:c( I

INTI

INTI

.CK

r 57
Nil

h = o

54
M = S

'^ = S

55
1 = 1

C( I

TO
NTI
NJTI

TUR
D "

( J )=J
J ) = J

TRANSPOSITION SORT TO ORDER THE EIoEMVALJtS

450
j = i/m

IG( J) .LE. EI3( J + 1) ) GO TO 440
E I G ( J )

)=EIG( J+;
+ 1

Jl )=TEMP
= IORD( J)'

J)=IORD(
Jjn=ITE^
nue

1

)

J+1

)

if-lp

GO TO 420
iO^ TO" 5 10'

GO TO 500

.NEi
«Eg. 0)

L=1>N1
RD(L) __
05V(NV)
•EQ. L)

POS(L) __
(NP)'=LV
(LV)=NP

I = liN ^
VEC( IjL)
/L)=VEC{
i N P ) = T E M f

NUE
NUE
TRANSFORM TH E VECTORS OF THE TRIPLE DIAGONAL MATRIX
0' NRR = l/

IjNP)
IP

N

• LE. 0) G0"T0^5"6'"0~^~^
• DO

I=KiNl ^

U M + V EC ( iTl /N R R"r» A ( I + 1 / K )

UM+SUM
i=K.»N l

+ 1
"

I1^NRR1=VEC< I-t-liNRR)-SUM«A{ i + liO
5 20

NUE
NUE
N

DATE
= A3Ln _

D1151D
01l520_
11 P 3

01 1P4D
011:^50 _

D113£.0"
011270
011P30_
D 1 1 ? 9

011303
311310_
011320
011330
0113 4 _

011350
011360
011370^
011330
01139 3

1 1 4 0_
"OlltlO
01142
D 1 1 4 3 0__
0114 4 3

011450
011460

'0

3

11470^
114S0
11490
11 5 0'

11510
11520
11530'
11540
11550
11560^
11570
11583
11593"
11633
11613
11623'
11633
11643
11653'

11663
11673
116 8

3'

/ ALLOCATION

01E08 VEC 03C10 DUMMY

1 / ALLOCATION
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PROGRAM CNINDO 00
1 ..../... .2. ,,./.., .3 /

SOURCE XXXX567890
PA

:)AT

jjbroutine scrouT ( np>t^iOP

)

ddjblf: ppfcision aj xxxi c

FhIS routine points TmE ARRAY IN CO'^'^ON/ARRAYS/ which is DSSlGMATt
OP« IF OP = 1 THE EIGENVALUES CONTAINED IN CO^'I^ON/l/ ARE A LSO
'MINTED' IF 0P= THE EIGENVALUES ARE NOT PRINTTD
:D.^'«lON/ARRAYS/Al31*3li2)>DUM.1Y(fe22)

~~~

:0,^MON/GAB/XXX( 630)
0^h0iN/INFO/NATOMS>CHARGEjMULTiPiAN(10)>C(10>3)yN
:OMMON/INFOl/CZ(10)>U(31)jULlM{10)iLLIM(10)iNELECSiOCCA^QCCB
:0^M0N/ORB/ORB(9 )

:0^MON/PERTBL/EL( 18)
INTEGER OP-»AN> ANlI^C2jU>ORB/ULlM^EL.»CHAR3E>0CCAi0C"Sa
)0 120 M=1^Nj11

1I + IO _ _
(K.LE.N) GO" TO 30

|/ = N

ONTINUE
__

IRITE(3> 100)
"" --

( OP.EO. I ) GO TO 40
iO TO 50

^
:aul eigoutmjk')

~~
:ONTlNUE
RITE(3^60) (I^I=M>K)
ORIATi 13X^5019)

to 110 I = 1^N
I=U(I)
\II = AN(II)

~~

sI-LLIMI II )+l
RITE(3>80) I^II>Ek(ANlI)iORB(L)j(A(I>J>MO?)iJ=Mj<)
ORMATI iXi 12^ I3/A4i 1X/A4j50(F9.^)")

'

-
( I.EQ.ULIM( II) ) GO TO 90
TO 110

RITE (3/100)
~~~

ORMAT(IX)
ONTINUE
'ONTINUE

' '

RITE(3>100)
RITE(3^ 100)
tTURN

" ~~~ —
\0

/ ALLOCATION

3 C 1
0^ D u ri".^

y"

/ ALLOCATION

011690
011700
011710
011720
011730
01174
0117 5

011760
"011770
011780
011790
OllSOO
011810
011820
011830
0118^0
011830
011860
01U70
011830
'011830
0119
011910
0119 2

011930
0119^0
011950
011960
011970
'0119(3

OII99O
012000
012 010
012020
012030
'012040
012050
012060
'012070
012080

,xx

/ ALLOCATION

ATOi'lS 00004 CHARGE 00008 MULTI? OOOOC AN
00124 N
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PROGRAM CNJINDO 00
1. .../.., .2. .../.. .

SOURCE XXXX567890

J3R3UTINE Ein0UT(M>K)
)UBLF PRECISION XXX^ EPSILNj YYY
^IS PQUTIN- IS CAULE3 In STFOUT TO °RIvjT TmE -I^^'WAlUES M TO <
D.^MON/CAB/XXXOSlyEPSlLNOlljYYYISOS)
nTEO^lO) (EPSIUNI I )>I=MjK)
)Ry'AH//jl5H tIGENVALUES---iaO(F9.4 ) W/T
:turm
D

DATE
3A3LIN _

oiaogo
012100
012110
012120
012130
01214 0^
012150
012160

/ A L L C A T I ON
;

;x 002EE EPSILN 003E0 YYY

SUBROUTINE
~~~

Q F W R I T QIO ED QF INIQ Q STOP

ALLOCATION

GOUT 00028 I

LLOCATION
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FORTRAN IV RF03 PROGRAM CNlK'DO 00 .MEMORY MAP

DCaTIuN "
'

' START ADDR END aDDR DEC LENGTH START ADDR END ADDr" DE;

)BjECT PROGRAM ON =AC< 067766

iL MEMORY

00
00

65064
3584:dent exec

iRaM
>L COhirON
: OVERLAY AREA

00 OEOO
00 9AC8

gaFO
FSOO

35568
£3.8 6 4 R£OUCeo F(iOA\ ITO.OOU

512
:r exec

1 program (res) 00 OEOO 00 72ES

1536

25832
ERS
>5UFFER TABLES
;s 1 SUBRTnES
'LAY DIRECTORY
NG AND DATA
S 2 SUBRTnES

00 OEOO
00 OF30
00 1114

00
00
00

OFBO
1114
5A10

432
356

18684
00 5A10
00 5A1C
00 98F0

00
00
00

5A1C
72E8
98F0

12
6348

ON ALLOCATION
/ORB /

/

/

00 9AC8 00 9AEC 36
/PERTBL
/OPTION
/ARRAYS

00 9AEC
00 9B34
00 9B50

00
00
00

9B34
9350
EllS
"E240^
F5F0
F6F0
~FSOO~^
FSOO

72
28

17864
/Info
/GAB
/INFOI

/

/

/

00 EllS
00 E240
00 F5F0

00
00
00

296
5040
256

/AUXINT
/:COMMON

/

/

00 F6F0
00 FSOO

00
00

272

ui'JITARLA
CDDECTBHOO
MAXMIN 18

00 1114
00 11E4
00 13A0

:cHs 00
CDVFYl 16
0VLYCLLR27

00
00
00

UBC
i2Ee
1464

PRINTPUTl 1

QCNVRT 12
QIANDO 83

00 1718
00 13B0
00 19BC

PRVFYl 05
QFINIO 20
QINOUT 39

00
00
00

~C0^
00
00
0^

00

1S50
18C4
20E4

QSTP
TRUNK
ZC0NSER3

Id
14

05
19
14

IS

00 3974
00 3Ba4
00 3F4C

REMAIN 13
"

VEXPOD 11

ZC0NSERR36

3y-c
3C2S
4318

2FLARITH
ZFLDAT
ZIFIX

00 4764
00 5473
00 5720

ZFLASC3N22
ZFXASC3N18
ZZCL0SEF02

4CEC
5528
5SrO

INDO

XT'"

00 5A1C 00 6030 1556

TE )0 5A58

00 6030

00

00

6030

6AS8 2648

TEXT 00 61B0 00 6A8S

LvtC 00 6A88 00 6C58 464
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APPENDIX C

Eelow are the x, y, and z coordinates for a series of

monosubstituted acetylenes and ethylenes as well as substituted

fluoro- and chloro- acetylenes and ethylenes.

1. Monosubstituted Acetylenes

Assumptions! a) Ci=C bond length is fixed at 1.204 A
b) Substitution does not change the CeC length

^ y z

Ci 0.000 0.000 0.000
Cj, -1.204 0.000 0.000
H -2.26 0.000 0.000

X= H 1.06 0.000 0.000

X= F 1.29 0.000 0.000

X= CI 1.632 0.000 0.000

X= CHO
C 1.46 0.000 0.000

0.659 1.015 0.000
H .540 -0.935 0.000

X- CN
C 1.382 0.000 0.000
N 2.539 0.000 0.000

X= NO2
N 1.45 0.000 0.000

.605 1.048 0.000

.605 -1.048 0.000

2. Substituted Fluoro- Acetylenes

Assumptions: see(l)

c, 0.000
-1.204
-2.494

0.000
0.000
0.000

0.000
0.000
0.000

X= H 1.06 0.000 0.000

X= F 1.29 0.000 0.000
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X= Cl 1.632 0.000 0.000

X= CHO
C

H

1.46
0.659
0.540

0.000
1.015

-0.935

0.000
0.000
0.000

X= CN
C
N

1.38
2.539

0.000
0.000

0.000
0.000

X= NO,
^N 1.^5

0.605
0.605

0.000
1.048

-1.048

0.000
0.000
0.000

3. Substituted Chloro- Acetylenes Cl-C=C->C

C 0.000 0.000 0.000
C -1.204 0.000 0.000
Cl -2.836 0.000 0.000

X= H 1.06 0.000 0.000

X= F 1.29 0.000 0.000

X= Cl 1.632 0.000 0.000

X= CHO
C 1.46 0.000 0.000

0.659 1.015 0.000
H 0.540 -0.935 0.000

X= CN
C 1.38 0.000 0.000
N 2.539 0.000 0.000

X= NO2
N 1.45 0.000 0.000

0.605 1.048 0.000
0.605 -1.048 0.000

4. Monosubstituted Ethylenes

Assumptions t a) C=C bond length of 1.337 A
b) Substitution does not change molecular geometry

c 0.000 0.000 0.000
c -1.337 0.000 0.000
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H. 0.5^0 0.935 0.000
K -1.88 0.935 0.000.
H3 -1.88 -0.935 0.000

X=H 0.540 -0.935 0.000

X= F 0.674 -1.28 0.000

X= CI 0.865 -1.50 0.000

X= CHO (trans)*
C 0.779 -1.229 0.000 W^ /*

1.991 -1.229 0.000 .^=\
H 0.199 -2.140 0.000 « f"

X=CN.

/

H

C 0.730 -1.26 0.000
N 1.310 -2.27 0.000

X=N02 (planar)
N 0.735 -1.27 0.000

1.34 -2.32 0.000
1.945 -1.27 0.000

X=N02 (not planar) (This was the most stable configuration and was
used in the tables in Section IV)

N 0.735 -1.27 0.000
1.0375 -1.797 1.048
1.0375 -1.797 -1.048

X=CH^
C 0.745- -1.29 0.000
H 0.0302 -2.126 0.000
H 0.9566 -1.888 0.367

—— ••
H 0.9566 -1.888 -0.367

For X=CHO
u

(cis) the following geometry was assumed
7i

Hx

c, 0.000 0.000 0.000
c^ -1.16 0.669 0.000
H, -2.093 0.129 0.000
H. 0.000 -1.08 0.000
H. -1.16 ^.75 0.000
H, -2.16

"

0.239 0.000
C 1.223 0.779 0.000

1.223 1.991 0.000
H 2.164 0.239 0.000
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5, Substituted Fluoro- Ethylenes ^^°^n

Assumptionsi see (4)
(c) All substitutions are trans- unless otherwise

stated

To obtain these molecules the following is substituted for

H^ -1.88 0.935 0.000 I

F -1.992 1.135 0.000

For cis CHO H, o

H, -2.093 0.1285 0.000 f" '^'^r''^^ H^

was replaced by

F -2.28 0.135 0.000

6. Substituted Chloro- Ethylenes

Assumptionsj see (4) and (5)

To obtain these molecules the following is substituted for

H^ -1.88 0.935 0.000 I

CI -2.197 1.500 0.000

For cis- CHO

H, -2.093 0.1285 0.000

was replaced by

CI •^2.7^^7 0.215 0.000DR.R
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