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V. INTRODUCTION 

The accurate description of molecular orbitals and molecular 

interactions has been a problem confronting chemists and physicists 

for many years. The problem would be straightforward if the elec-

troni.c Schroedinger equation could be solved exactly. However, an 

exact solution of this equation is possible only for the hydrogen 

atom. Consequently, various approximation methods have been invoked. 

One of the most widely used methods is the variational theorem. 

The variational theorem provides approximate solutions to 

the electronic Schroedinger equation, 

= (1) 

where ~ is the electronic Hamiltonian operator, I!' is an antisym-e e 

rnetrized product of molecular spin-orbitals, and E is the electronic e 
energy. The spatial part of the spin orbitals, or molecular 

orbitals, are constructed as normalized linear combinations of 

atomic orbitals, $ • µ 

g, • 
).Jl. 

(2) ' 

where the coefficients, c ., are allowed to vary in order to mini-µi 

mize the electronic energy of the molecule. However, because the 

variational theorem is an approximate technique, the expectation 

values of the energies derived from this method will always be 

1 
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higher than the true energies of the ground state molecules. 

A closed shell molecule is a system in which there is an 

equal number of spin up (a) and spin down (8) electrons and all 

orbitals are either empty or doubly occupied. The molecular orbitals 

for the a-electrons are the same as those for the 8-electrons. 

Since the a- and 8-wavefunctions are equal, the Hartree-Fock operator 

for the. a-electrons is equal to the Hartree-Fock operator for the 

$-electrons. This is called a restricted calculation; i.e., the 

a- and 8-wavefunctions are forced to be equal. This condition guar-

antees that the electronic wavefunction, ~, is an eigenfunction of 

the. total spin operator, s2 , 

s Cs + 1) ~ • (3) 

An open shell molecule is a system in which either there is 

an unequal number of a- and 8-electrons or there is an equal number 

of a- and 8-electrons but some occupied orbitals are not doubly 

occupied. The treatment of such a system by a restricted calcu-

lation does not result in good approximations to the molecular 

energies; much closer values to the true energy are obtained when 

the a- and 8-electrons are treated separately in an unrestricted 

calculation. In general, the orbitals for the a-electrons are not 

equal to the orbitals for the 8-electrons. Unrestricted Hartree-

Fock (UHF) theory or the method of different orbitals for different 

spins (DODS) provides much better approximations to the true ener~ 

gies than a restricte.d calculation. 

Because UHF theory produces two different sets of molecular 
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orbitals, one set for the a- and one set for the 8-electrons, the 

resultant single determinant wavefunction, 

I ~a ~6 ~a ~6 1 1 2 2 
~~ ~~ ... I 

i i 
(4) 

is not guaranteed to be a state of pure spin multiplicity; that is, 

s2 ~ ~ s(s + 1) ~ • (5) 

Since 1'(,s2J = O, the correct electronic states will also be eigen-

functions of s2• This requirement can be satisfied by projecting 

from the single determinant various pure spin eigenfunctions. 

One method of obtaining such wavefunctions is through the 

application of spin projection operators. Lowdin1 has shown that 

it is a relatively simple procedure to construct spin projection 

operators which will project pure spin wavefunctions from wave-

functions with mixed multiplicity. Two methods of applying the spin 

projection operators have been explored, the Harriman-type UHF and 

the spin-projected extended Hartree-Fock (EHF) methods. Since the 

following chapters deal exclusively with the former method, the 

latter method will be briefly outlined, and the results obtained 

using the two methods will be briefly compared. 
2 In the spin projected EHF method developed by Mayer, single 

determinant wavefunctions are constructed using the DODS formalism 

and spin projected. Such a wavefunction is used as a trial function 

in the variational procedure. The one-electron orbitals are then 

optimized to obtain a minimum energy for the resulting projected 

waveftmction. 

The spin projected UHF calculation differs from the EHF 
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method in that the energy minimization procedure is performed on 

the tmprojected DODS wavefunction. Spin projection of the unpro-

jected wavefunction follows the minimization procedure. 

First inspection of the spin-projected EHF and UHF plus spin 

projection methods leads one to assume that the EHF method is 

superior to the UHF method since the projected pure spin state is 

dealt with in the former method. However, Mayer and Kertesz3 have 

examined the results of both methods using the Pariser-Pople-Parr 

(PPP) 7T-electron approximations for polyenes with two to 38 carbon 

atoms with surprising results. The EHF method is superior to the 

UHF method for the smallest systems up to approximately 15 carbon 

atoms; however, as the number of atoms increases further, the energy 

differences between the two methods decrease rapidly. Mayer con-

eludes that, for larger systems, it is sufficient to perform UHF 

calculations with_ subsequent spin projection. ;From the standpoint 

of computational time involved, the UHF method is far superior. 

The work described below is concerned exclusively with the 

UHF plus spin projection method. The electronic spectra of naphtha-

lene, anthracene, naphthacene and pentacene were calculated using 

the PPP approximations and both UHF and configurational interaction 

(CI) techniques. The results of both techniques were compared to 

experimentally determined spectra when data were available. There 

was reasonable agreement between the CI and projected UHF results. 

While the CI calculations generally produced lower energies for the 

triplet states than the UHF calculations, the spectra from the UHF 
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calculations were in somewhat better agreement with experiment. 

Anomalies encountered with degeneracies and the presence of open 

shell ground states are also discussed. 

Monohomocyclooctatetraene anion radical (MRCOT) was studied 

using a DODS wavefunction with spin projection and the all-valence 

electron Ii~O approximations. The theoretical molecular geometry 

was varied until the experimental hyperfine coupling constants 

matched hyperfine constants obtained from using both projected and 

unprojected UHF wavefunctions. The two types of calculations resul-

ted in slightly different energies and geometries with the projected 

calculations giving a higher energy for the doublet state; essen-

tially no differences were noted in the bond orders obtained from 

the two types of calculations. The geometry from the projected 

calculations was a some.what more strained conformation than the 

geometry from t~e unprojected calculation. 

Ab initio UHF calculations with spin projection were performed 

on H2o(+) using the POLYATOM (Version 2) 4 system of programs. The 

purpose of the study was to compare the energies of pure spin states 

from ab initio multi-configurational self-consistent field wi.th 

CI (MCSCF/CI) 5 with those from spin projection. The MCSCF/CI 

calculations are superior to the UHF plus spin projection calcula-

tions. This result will always be observed when the UHF wavefunction 

is very close to a pure spin state before spin projection. 

The dissociation of CF2o was studied using ab initio wave-

fllll.ctions. The molecule is of possible importance in the atmos-
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pheric reaction scheme since it is a possible product from the 

dissociation of dichlorodifluoromethane, 

CF2c12 + hv 

·cF2c1 + hv 

·cF2c1 + ·c1 

:cF2 + ·c1 

(6) 

(7) 

(8) 

The energies of the llllprojected wavefllllctions of CF20 were examined 

along with those for the dissociated CF2 and 0 fragments. 



VI. HARTREE-FOCK THEORY 

Since the. work described below deals with spin projected 

Hartree-Fock wavefunctions and various approximations for terms in 

the Hartree-Fock equations, it is advantageous to review Hartree-

6 Fock theory at this point. 

The nonrelativistic Hamiltonian, in atomic units, is 

L: L: z 
'?{ 1 I/. 2 + 1 L:~ = -2 -- -l. r .. 

i i>j l.J . µi µ ,i 

I: z z 
+ ~ 

r 
µ>v µv 

I/ 2 
__ µ_ 

mJl 

(9) 

where i and j denote electrons and µ and v denote nuclei. When the 

Born-Oppenheimer approximation 7 is applied, the fourth term des-

cribing the translational motion of the nuclei is ignored, and the 

fifth term, the nuclear repulsion energy operator, V , becomes a n 

constant value. In other words, electronic states are examined in 

the "frozen-nuclei" approximation. The electronic Hamiltonian oper-

ator then reduces to 

= 

i 

I/ 2 
i + 1 

r .. 
i>j l.J 

z 
_µ_ + 
r . 

µ,i JJl. 
v n 

(10) 

The electronic energy for an unrestricted wavefunction can 

be expressed as 

7 



E e = 

B occ 

[ 
r=l 

+ (T + V ) r r 

r,s=l 

8 

J rs 
r,s=l 

(11) 

where B is the total number of occupied orbitals, Ba is the occ occ 
f3 number of occupied a-molecular orbitals and B is the number of occ 

occupied f3-molecular orbitals. Letting r and s denote molecular 

orbitals, the first sununation of one-electron terms is comprised of 

the kinetic and potential energy integrals, T and V , respectively, r r 

T = <r(i) I - l. 'iJ 2 r(i)> 2 • r 1. 
(12) 

[ z 
v = <r(i) I - _µ_ I r(i)> . r r . 

µ µi 
(13) 

The two-electron integrals are described in the second term by the 

coulomb, J , and the exchange integrals, K , rs rs 

K rs = 

<r(i) s(j) I 1 I r(i) s(j)> 
rij 

<rCi> s (j) I 1 
r .. 1J 

I s Ci> r(j » . 

The molecular orbitals are described in terms of linear 

(14) 

(15) 

combinations of atomic orbitals (LCAO) with subscripts m, n, p, and 

q, 

= I m(i)> (16) 

m 
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cB I m(i) > • mr (17) 

m 

The distribution of the a- and B-electrons in the molecule is 

described by the a- and B-charge density and bond order matrices, 

Pa and PB, with elements, 

Ba 
occ 

pa L: a a = c c mn mr nr 
(18) 

r 

BB 
ace 

pB L: B CB c mn mr nr 
(19) 

r 

The total density matrix, P, is the sum of the a- and B-density 

matrices, 

p 
mn 

(20) 

The net unpaired electron density in the molecule is described by 

the spin density matrix, Pz, 

= (21) 

The electronic energy can now be written in terms of the density 

matrices and integrals over atomic orbitals, 

E = L 
mn 

p (T + V ) + 21 \ mn mn mn L., 
mnpq 

pB pB ) <m(i) p(j) I 
mp nq 

(P p 
mn pq 

1 
r .. 
1J 

I nCi) q(j)> • 

(22) 
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The variational principle is applied by using Lagrange's 

method of undetermined multipliers to insure that the orbitals are 

orthonormal. An extrernum is sought in 

B 

o [E I: >. (S - S ) ] = 0 , rs rs sr 
r,s=l 

where S are the overlap integrals, rs 

S = <r(i) I s(i)> rs 

(23) 

(24) 

and A are the undetermined multipliers. Equation 23 contains rs 

N(N + 1)/2 constraints; introduction of variations in the orbitals 

I r(i)> leads directly to the set of Hartree-Fock equations, 

Ba 
occ 

Fa I r(i)> = I: " I s(i)> rs (25) 

s=l 

BB 
occ 

F(3 I r(i)> = I: " I rs s(i)> (26) 

s=l 

where Fa is the one-electron Fock operator for the a-electrons and 

F13 is the one-electron Fack operator for the B-electrons. The Fock 

operator may be expanded as 

Ba BB 
occ occ 

Fa = T + v + I: (J - Ka) + I: JS 
s s s (27) 

s=l s=l 
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BS Ba 
ace ace 

FS = T + v + L: (J - KS) + L: s s 
s=l s=l 

T I r(i)> = - ~ vi2 I r(i)> 

v I r(i)> = 

J I r(i)> s 

K8 I r(i)> 

z 
_\J_ I r(i) > 
r . µ1-

\J 

<S (j) I 1 I s(j) r(i)> r .. 
1J 

<s (j) I 1 I r(j) s(i)> • 
r .. 

1J 

Ja (28) 
s 

(29) 

(30) 

(31) 

(32) 

A 'lm.itary transformation of the Hartree-Fock equations can be car-

ried out to bring the matrix of Lagrangian multipliers into diagonal 

form without affecting the operators Fa or FS 

Fa r(i)> = Aa r(i)> (33) r 

FS I r(i)> = AS r(i)> • (34) r 

The molecular orbitals are eigenfunctions of the Fock operator, and 

the eigenvalues are 

Ba BB 
occ ace 

'Aa = Ta + Va + L: (J - Ka ) + l: JS 
(35) r r r rs rs rs 

s=l s=:l 

BS Ba 
ace ace 

'AS TB + vB + 2= (Jrs - KS ) + 2= Ja (36) 
r r r rs rs 

s.;:::l s=l 
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The electronic energy is then expressed as 

Ba BS Ba 
occ occ occ 

E = L: A a + L: I. S L: (J .... Ka ) 
rr rr · rs rs 

r=l r""l r,s=l 

BS Ba BS 
occ occ occ 

L (J - KS ) + L: Ja + L JS (37) rs rs s s 
r,s=l s=l s=l 

When the LCAO molecular orbitals are used, two sets of 

coupled linear equations result, 

Ba 
occ 

L O'~n A.a s ) a 0 - cnk = r mn (38) 

n=l 

BS 
occ 

I: (FS AS s ) s 0 • mn r mn cnk (39) 
n=l 

Equations 38 and 39 are solved iteratively to obtain the SCF molec-

ular orbital coefficients. The two Fock Hamiltonian matrices have 

elements given by 

= T mn + vmn + 
p,q 

[P <m(i) p(j) I pq 
1 

r .. 
1J 

I n(i) q(j)> 

- Pa <m(i) p(j) I 1 I q(i) n(j)>]. (40) 
pq rij 

= T mn + v mn + 
p,q 

IP <m(i) p(j) I pq 
1 

r ... 
1J 

I n(i) q(j)> 
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P{3 <m(i) p(j) I 1 I q(i) n(j)> ] • (41) 
pq rij 

The molecular orbital expansion coefficients are obtained 

by using a self-consistent field (SCF) procedure in the framework 

of the Hartree-Fock theory. An initial set of basis functions is 

assumed and the required integrals are calculated. The two Fock 

matrices are then constructed, one for a-electrons and one for 

{3-electrons, and diagonalized yielding a new set of expansion 

coefficients. The electronic energy is then calculated using a new 

set of coefficients; if it differs from the energy using the previous 

set of coefficients by an amount greater than an accuracy threshold, 

the new coefficients are used to form a new Fock matrix in an 

iterative process. The procedure is repeated until the accuracy 

threshold is satisfied; i.e., self-consistency has been achieved. 



VII. SPIN PROJECTION OPERATORS AND THE 
UNRESTRICTED liARTREE-FOCK 

WAVEFUNCTION 

8 Unrestricted Hartree-Fock (ill-IF) theory is the simplest avail-

able method that allows the orbital rearrangement that is necessary 

1 1 . . d . . . . 9 to ca cu ate excitation an ionization energies. However, the 

open-shell wavefunctions that result from application of the UHF 

theory are not pure spin states. It is therefore necessary to 

obtain pure spin states by using LHwdin's1 spin projection operators. 

Harriman and coworkers10 have provided the basic equations for 

calculating the reduced one- and two-particle density matrices. 

Corrections to those expressions were later noted by Phillips and 

11 Schug. The equations will be briefly reviewed, retaining the 

notation of the latter workers. 

The nonrelativistic spin-free Hamiltonian can always be 

separated into one- and two-electron terms, 

N 

IT. + v. J 
i. i + L 1 

r .. 
i.J 

(42) 

i i>j 

where N is the number of electrons in the molecule. The electronic 

energy can therefore be calculated from a knowledge of the first-

and second-order charge density matrices. If r. refers to spatial 
i 

coordinates of the ith electron, ~. the spin coordinates, and x. 
i i 

the combined space and spin coordinates, then the second-order 

charge density matrix can be expressed as 

14 
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~) x 

(43) 

where ~Cx1 , x2 ••• ~~) is any molecular wavefunction. If an addi-

tional integration is performed over the spatial coordinates of the 

second electron, the first-order charge density matrix results, 

(44) 

The. expressions for spin projection are simplified if the charge 

density matrices are expressed in terms of the natural orbitals, 

{<}>}, which result when the density matrices are diagonalized. Let-

ting B denote the number of basis functions, the first-order matrix 

is 

B 

y(rl;r1') = L yr <j>r(rl) <j>~(r1') 
r=l 

while the second-order matrix is 

B 

l: 
r,s,t,v=l 

(45) 

(46) 

The energy, in terms of the natural orbitals, is then expressed as 

B 

E = L Yr <~r I Ti + Vi I <j>r> + 
r=l 

B 

L 
r,s,t,v=l 

r <~ 4> I 1 I ~t <l>v> • rstv r s r .. 
1.J 

(47) 
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The coef ficie.nts that describe the charge density matrices in terms 

of the natural orbitals are yr and rrstv" More specificity of the 

coefficients is gained by using the superscripts u and p to de.note 

the unprojected and projected states, respectively. 

The energy expression is most conveniently written in terms 

of natural orbitals, because only the numerical values of tfle. 

coefficients multiplying the integrals, Yr and r t , change between rs v 

the projected and 1ID.projected states. The integrals over the natural 

orbitals remain constant. 

A set of orbitals that facilitates the calculation of the 

numerical values of the coefficients multiplying the one- and two-

electron natural orbitals is the set of corresponding orbitals, 
12 first introduced by Amos and Hall. The alpha corresponding 

orbitals,' {a}, are the eigenvectors of the product of the alpha and 

beta first-order charge density matrices, PaPf3Pa, while the beta 

corresponding orbitals, {b}, are the eigenvectors of PSP~S. The. 

nonzero eigenvalues of the product matrices are identical and equal 

to the squares of the overlap integrals of the corresponding orbi-
2 tals, dr. The overlap matrix, d, heave.en the alpha and beta corres-

ponding orbitals, is also in diagonal 

<a b > ;::: <a b > = r s s r 

<a a > :::; <b b > :::; 
r s r s 

where o is the Kronecker delta. rs 

d r 

a rs 

form, 

0 rs 

The coefficients describing the first- and second-order 

(48) 

(49) 

charge density matrices are defined based on the classification of 
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the natural orbitals of charge. · a S For a system wi.th N alpha and N 

beta electrons, where Na is greater than or equal to NS, and where 

ordering occurs such that y~ > y~1 , the.re are D doubly occupied 

orbitals. In this case, the unprojected and projected coefficients 

are equal, 

u 2 1 + d (p 1, 2, D) yp = = = ... p (50) 

yP = 2 = 1 + d (p = 1, 2, ... D) p p (51) 

This type of orbital always occurs when the number of basis functions, 

B, is less than the number of electrons, N, and may also occur other 

times. 

The second type of natural orbitals, the i and it set, has 

paired members, the sum of whose occupation numbers equals two 

in the unprojected space, 

u + u 2 y. Yi t = . 
. l.. 

The values of the y. and y., coefficients 
l.. l.. 

u l+ d. Yi = l.. 

y~ = 1 + d. w. 
l.. l.. l.. 

p y.' l... 

= 

= 

= 

= 

(i = D+l, 

1 - d. 
l.. 

1 - d. w. 
l.. l.. 

are. 

D+2, ... 

evaluation of thew. has be.en made by H.arriman. 10 
l... 

) 

(52) 

(53) 

(54) 

(55) 

(56) 

Another type of natural orbital occurring in the. space of 

singly occupied orbitals has no pairing properties. The. coeffi~ 
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cients in both the projected and lll1.projected states are equal, 

= = 1 (j = 1, 2, • • • 2rn) (57) 

where 2m is equal to the difference between the number of alpha 

and beta electrons, Na - NB. 

The. remaining orb.itals, also having pairing properti.es, are 

empty; their occupation numbers are zero, 

Y~+r = Y&+r = 0 (r=l,2, ••• B). (58) 

Relationships between the natural orbitals of charge and the 

corresponding orbitals are necessary in order to test the consis-

tency of the phases of both sets of orbitals and calculate the 

weighting factors for the projected spin states. The two sets of 

orbitals are related by 

= 

= 

= 

a p = b p (p = 1, 2, ••• D) 

I2 Cl+ d.)1-1/ 2 (a. + b.) 
. i L i 

a+· \) J 

(i = D+l, D+2, ••• NB) 

12 (1 - d.)]-l/2 (a. - b.) 
i i i 

(j = 1, 2 , • • • 2m) • 

(59) 

(60) 

(61) 

(62) 

The N+r orbitals (r = 1, 2, • • • B..-N) are undefined because no corres-

ponding orbitals are defined in the empty space. 

where 

The inversion of equations 60 and 61 produce 

u. ~.' i i 
(i = D+l, D+2, ••• NB) (63) 

(64) 



t. = 
l.. 

I Cl+ d.)/2J 112 
l.. 

I Cl - d.)/2J112 • 
l.. 

19 

(65) 

(66) 

The coefficients r t that multiply the two-electron inte-rs v 

grals occur in twenty distinct combinations of r, s, t, and v. 

Further combinations are obtained through the use of the permutation 

relationship 

rrstv = r ·tyrs = rsnrt = r vtsr (67} 

Since the expressions are quite complicated, the reader is. referred 

to the paper b¥ Phillips and Schug11 for a listing of the equations. 

It should be noted that two rrstv terms were in error, the rtutu and 

rtuut terms. The correct values for the coefficients are 

r tutu = 1/2 (68) 

rtuut = - 1/2 (69) 

It is important to note that the expressions were formulated by 

assuming that t. and u. are always greater than or equal to zero. 
1. 1. 

The spin density matrix, described by the difference between 

the a- and S-charge density matrices, 

= (70) 

can also be used to obtain relationships between the projected and 

unprojected spin states. The natural orbitals of spin,· {<j>z}, diagon-

alize this matri.x, 

N L Ar <1>~Cr1) <1>~*Cr1') • 
r;::;D+l 

(71) 

The eigenvalues of the natural orbitals of spin, t.k., are related 



20 

to the one-electron coefficients, yk, by 

Ai = (1 - di 2) 1/2 = (yi yi,) 1/2 

(i = Dtl, Di-2, ... NS) (72) 

- (1 d.2) 1/2 1/2 (73) Ai'· = = - (y. Y·1;) 
l.. l.. l.. 

. Aj+v = 1 (j = 1, 2, 2m) (74) 

and the eigenf\.lll.ctions are related to the natural orbitals of charge 

by 

<P~ = (<P. + <P. t) I 12 
l.. l.. l... 

(75) 

<P~ ~· = (<P. - <l>.,)/./2 
l... l... l.. 

(76) 

"'~+j = <l>v+j (j = 1, 2, ••• 2m) • (77) 

The UHF wavefunction is not an eigenfunction of pure spin 

multiplicity. However, with the use of the spin projection oper-

ators presented above, the single determinant wavefunction of mixed 

multiplicity can be separated into a linear combination of wave-

functions with pure spin multiplicity, 

(Na+Ns) /2 
'Pu = l: 

s= (Na-NS) /2 

w s (78) 

The work presented below is a series of applications of the 

spin projection techniques at various levels of approximate wave-

ftlllctions. 



VIII. EXCITED ELECTRONIC STATES OF ALTERNANT 
PI-ELECTRON SYSTEMS 

The Pariser-Pople-Parr (PPP) pi-electron approximations, 13 

applicable only to planar molecules, have been used previously with 

singly excited configurational interaction (CI) to calculate elec-

tronic spectra. The basic assumption in the PPP approximations is 

that the o, or those orbitals in the molecular plane, and n orbitals, 

those orbitals perpendicular to the molecular plane, have no 

Hamiltonian matrix elements in conunon. The validity of this assump-

tion is shown using group theory. The o orbitals are symmetric 

with respect to reflections in the molecular plane while the 1T orbi-

tals are antisynunetric. Since the Hamiltonian is a synunetric aper-

ator, no matrix elements (or combinations) between o and 1T orbitals 

exist. 

A CI calculation is quite different from a spin projection 

calculation. 14 The calculation begins with the determination of 

th.e ground state wavefunction, 

A I <f>1 (1H1(2) ••• <f>r(N) I . (79) 

A trial function for configuration interaction is then written as 

a linear combination of wavefunctions of the above for various 

configurations 

'¥ = (80) 

where m is the number of configurations. The coefficients of the 

21 
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atomic orbitals are held constant. The energy of '¥ i.s minimized 

with respect to all Ck by solving the secular equation 

c E I = 0 mn (81) 

"1'.he:re each ~:nm. is a Hamiltonian matrix element between configur-

ations. The resultant multi-determinant wavefunction has pure 

spin multiplicity and spatial symmetry; the eigenvalues of the wave-

function correspond to excitation energies from the ground to the 

excited state. 

Th CI h d d b P . 15 1 1 h 1 e met o was use y ariser to ca cu ate t e e ec-

tronic spectra of polyacenes and alternant hydrocarbons using the 

PPP pi-electron apµroximations. It was also desirable to apply 

spin projection techniques to pi-electron systems to compare the 

results from spin projection with both experimental and Cl data. 

The molecules chosen for study were naphthalene, anthracene, naphtha-

cene and pentacene since the synunetries of the transitions had been 

previously assigned to portions of the experimental spectra. 

The PPP approximations include several em~irical parameters 

that are used as substitutes for the rigorous expressions in the 

H t F k t . Th h f . h' . 14 ar ree- oc equa ions. ey are wort y o review at t is time. 

The greatest simplification of the Hartree-Fock equations 

occurs when the total zero differential overlap (TZDO) approxi-
16 mation, 

= (82) 

is employed. This approximation leads to 
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<r(i) s(j) I 1 I t(i) u(j)> 
rij 

A further simplification is obtained by setting 

<r(i) I T + V I s(i)> = 0 

(83) 

(84) 

if r and s are neither on the same atom nor near-neighbor atoms. 

Us·ing this approximation, t4e remaining core Hamiltonian matrix 

elements are 

+ L: <r(i) (T + V) = - z I + vz~ I rCi)> rr r r Sl. 
(85) 

s-f.r. 

(T + V)rs = ars (86) 

where the kinetic energy is approximated by a product of the core 

charge, Z, and the ionization potential, I. The potential energy 
+ 

is approximated as an integral whose operator is v;~ , the potential 

of an atom which has lost its pi-electrons. Using the approxi-

111ation of Goeppert-Mayer and Sklar, 17 the one-electron potential 

energy operator is 

= v . 
SJ 

z <s Ci> I 1 
r .. 

l.J 
I s<i» (87) 

where V . is the potential at atom j from a neutral atom s and is 
SJ 

neglected; the integral represents the Coulomb potential due to a 

pi-electron on the atoms. The off-diagonal core Hamiltonian matrix 

elements are set equal to an empirical parameter, ~rs 

elements further reduce to 

(T + V) rr = - Z I r r 

The diagonal 

(88) 
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Using the above approximations including TZDO, the H.artree-Fock 

matrix elements are 

s 
:Frr 

= 

= 

= 

- Z I r r 

s 

s 

pa 
rr Yrr 

+ L p~s Yrs 
s 

PS y 
rr rr 

s 

pa 
rs Yrs 

PS rs yrs • 

+ 

+ 

The pi-electronic energy then is 

E = 
7T 

+ 

r 

p 
rr 

(I + r l: + l:l: 
sf r r s"/-r 

\ pa p{3 + 1 \ (P p _ 
{_, rr rr Yrr 2 /_, rr ss 
r s#r 

- p{3 
rs 

PS ) ) rs yrs 

(89) 

(90) 

(91) 

(92) 

p 13 rs rs 

(93) 

where P is a charge density matrix element. The two-center two-rs 
electron repulsion integrals, y , can be calculated using a variety rs 

of approximations, the Mataga-Nishimoto, 18 , the Pariser-Parr, 19 
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the Nishimoto, 20 and the modified Matara21 approximations. All 

are dependent on the distances between atoms, r • rs 

A wavefunction of a specific spatial symmetry can be obtained 

through a nonaufbau excitation. That is, the molecular orbitals 

are occupied so that the ground state electronic energy is not 

obtained, and the symmetries of the occupied alpha molecular orbitals 

are not equal to the symmetries of the occupied beta molecular 

orbitals. The occupation is reflected in the formation of the alpha 

and beta density matrices, 

B 
pa L a a fa = erk csk rs k (94) 

k=l 

B 

PS L s cs fs 
rs erk sk k (95) 

k=l 

where the fk' s are arrays of occupation numbers for the orbitals. 

Using the equations of Brickstock and Pople, equations 89 through 

92, the molecular orbitals are iterated in an SCF procedure until 

the energy convergence criterion is attained. Spin projection is 

then performed on the illlF wavefunction using the equations outlined 

in the previous chapter. A computer program incorporating the 

semi-empirical PPP pi-electron approximations with spin projection 

was developed and submitted to the Quantum Chemistry Program 
22 Exchange. 

The calculation of the electronic spectra of naphthalene, 

anthracene, naphthacene and pentacene employed the theory outlined 
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above. All fused benzene rings were taken to be regular hexagons 

with sides of length 1.4 Angstroms. The off-diagonal core Hamil-

tonian matrix elements, B , were empirically set equal to -2.395 rs 
23 electron volts. The one-center electron repulsion integrals, y , rr 

we.re taken to be 11.13 electron volts and the two-center repulsion 

integrals were evaluated by the Mataga-Nishimoto approximation, 18 

14. 397 = 28~ 794 
Yrr + Yss 

+ r rs 

(96) 

The group theoretical notation is that suggested by IUPAc, 24 

so that the molecules lie in the yz plane, the short molecular axis 

being in the z direction and the long axis, y. Since all molecules 

studied were members of the n2h point group, no synrrnetry degenerate 

states existed. Both the spin projection and CI calculations 

employed the PPP approximations. The CI calculations that were 

done for comparison with the projected UHF calculations included 

all singly exci.ted configurations. 

The wavelengths for the ground to excited state transitions 

for naphthalene, anthracene, naphthacene and pentacene are listed 

in Tables I, II, III and IV, respectively. They are tabulated 

with the assumption that the ground state wavefunction is a closed 

shell. Both m=O and m=l calculations were performed for the pur-

poses of comparison of the internal consistency of the spin 

projection technique; the m=O state refers to an open shell system 

with an equal number of alpha and beta electrons while the m=l 

system has two more alpha than beta electrons. 
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TABLE I 

WAVELENGTHS(R) FOR THE GROUND TO EXCITED 
STATE TRAi.~SITIONS IN NAPHTHALENE 

Calculated 

Excited Projected 
· ·sistem State UHF CI E3:!£erimental 

m=O lB 
2u 3137 2991 3106a 

lB 
lu 2724 2765 2757b 

lB 
3g 2099 2115 

3B 
2u 3319 3604 3353b 

3B 
lu 5006 7264 4963b 

3B 
3g 2708 4264 

m=l 3B 
2u 3148 3353b 

3B 
lu 6720 4963b 

3B 
Jg 2924 

a J. R. Platt, J. Chem. Phys. 18, 1168 (1950). 

bR. G. Parr, "Quantum Theory of Molecular Electronic Struc-
W. A. Benjamin Book Co., New York, 1964. 
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TABLE II 

WAVELENGTHS(R) FOR THE GROUND TO EXCITED 
STATE TRANSITIONS IN ANTHRACENE 

Calculated 

Excited Projected 
System State UHF CI Experimental 

m=O lB 
2u 3713 3342 3745a 

lB 
· lu 3493 3568 3649b 

lB 
3g 2887 2630 

3B 
2u 3711 3876 

3B 
lu 7921 11488 7298b 

3B 
3g 3286 5468 

m=l 3B 
2u 3473 

3B 
lu 13393 7298b 

3B 
3g 3673 

a J. R. Platt, J. Chem. Phys. 18, 1168 (1950). 

bR. G. Parr, "Quantum Theory of Molecular Electronic Struc-
W. A. Benjamin Book Co., New York, 1964. 
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TABLE III 

WAVELENGTHS(~) FOR THE GROUND TO EXCITED 
STATE TRANSITIONS IN NAPHTHACENE 

Calculated 

Excited Projected 
·system State UHF CI Experimental 

m=O lB 
2u 4163 3568 3922a 

lB 
. lu 4239 4343 4278b 

lB 
3g 3402 3182 

3B 
2u 3969 3899 

3B 
lu 11802 18859 10340b 

3B 
3g 4121 7434 

m=l 3B 
2u 3582 

3B 
lu 28788 10340b 

3B 
3g 4901 

aJ • R. Platt, J. Chem. Phys. 18, 1168 (1950) • 

bR. G. Parr, "Quantum Theory of Molecular Electronic Struc-
W. A. Benjamin Book Co., New York, 1964. 
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TABLE IV 

WAVELENGTHS(~) FOR THE GROUND TO EXCITED 
STATE TRANSITIONS IN PENTACENE 

Calculated 

Excited Projected 
·sy:stem State UHF CI Experimental 

m=O lB 
2u 4471 3711 4167a 

lB 
. lu 4915 4969 5755b 

lB 
3g 4086 3696 

3B 
2u 4130 3899 

3B 
lu 16934 29078 

3B 
3g 5002 8622 

m=l 3B 
2u 5191 

3B 
lu c 

3B 
3g 6303 

aJ. R. Platt, J. Chern. Phys. 18, 1168 (1950). 

bE. Clar, "The Aromatic Sextet," Wiley Book Co. , London, 1972. 

~riplet energy was lower than ground state RHF energy. 
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In all cases, the unprojected states were composed of almost 

50 percent singlet and 50 percent triplet character. The weights 

of the states with multiplicity five were about 0.3 percent for 

Blu symmetry, about one percent for B38 symmetry and about five 

percent for B2u symmetry. Much smaller, though nonvanishing contri-

butions were also obtained for states of multiplicity seven for the 

larger molecules. 

In most cases, there was reasonable agreement between the 

CI. and the. projected UHF results. The CI calculation generally 

J?roduced appreciably lower energies for the triplet states than 

did the UHF treatment. However, for those cases where experimental 

data were available, the lfilF results were in somewhat better 

agreement than the CI results. 

A comparison of the wavelengths for the excitation from the 

ground states to the triplets between the m=O and m=l calculations 

is rather interesting. For the B2u triplets, the rn=O calculations 

provided lower energy states than the m=l calculations with the 

exception of pentacene, the largest molecule. For the B3g and Blu 

triplets, lower energies were obtained in all cases from the m=l 

calculations. The difference between the m=O and m=l energies 

increased with the size of the molecule and was much greater for 

Blu symmetry than for B3g. The result of this was that the exci~ 

tation energi~ for the ground state to the 3B1u states obtained 

from the m=l calculation were much too small in comparison with 

available experimental data. The case of pentacene is extreme in 
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that the 3B1u (m=l) state was lower in energy than the closed shell 

grolllld state. This result implies that the ground state wavefunction 

may be an open rather than a closed shell. 

Hartree-Fock instabilities are defined as cases where the 

grolllld state wavefunction determined using the UHF equations is an 

open shell that gLves a lower energy than the closed shell. 

Koutecky30 showed that Hartree-Fock instabilities occurred for 

molecules as small as benzene and were a consequence of the parame-

terization used in the PPP calculation. He cites examples of the 

occurrence of open shell ground states in naphthalene, anthracene. 

and pentacene when the Mataga parameterization is employed. 

Koutecky' s parameterization was slightly different from that 

employed in this work with S = -2.318 electron volts and y .• = 10.84 
l..l.. 

electron volts. 

In an attempt to generate open shell ground states for the 

molecules under study, the SCF portion of the molecular orbital 

calculation was rewritten so that the alpha and beta molecular orbi-

tals were calculated sequentially instead of concurrently. That 

is, in a usual SCF calculation, the alpha- and beta-electron Fock 

matrices are formed using the same set of starting orbitals and 

diagonalized to produce a new set of orbitals. Since the alpha-

and beta-electron Fock matrices remain the same, the alpha and 

beta molecular orbitals stay the same. In the modified SCF calcu-

lation, the starting orbitals were used to fonn the alpha-electron 

'.l?ock 111atri.X, and the matrix was diagonalized to produce. a new set 
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of alpha molecular orbitals; the new alpha orbitals were then used 

to form the beta-electron Fock matrix. By iterating back and forth 

to allow the alpha- and beta-electron Fack matrices to be different, 

it was hoped that sufficient differences would be introduced to pro-

duce open shell ground state molecular orbitals. 

This procedure led to an open shell ground state for penta-

cene but closed shell solutions for naphthalene, anthracene and 

naphthacene. The projected energies and weighting factors for the 

open shell ground state of pentacene are listed in Table V while 

the electronic spectrtnn recalculated using the open shell ground 

state is presented in Table VI. The contributions to the open 

shell unprojected ground state energy by multiplicities greater than 

one are quite appreciable; also, the projected ground state energy 

is below the troublesome triplet energy obtained from the m=l 

calculation. 

The lack of open shell ground states in naphthalene, 

anthracene and naphthacene does not imply that such a solution does 

not exist but rather that the initial perturbation was not suffi-

cient to produce an open shell solution. 

The disparities between the IIFO and m=l results can only be 

a consequence of the differences in the effective flexibility of 

h b . 25 t e as1s sets. Since the m=O results compared favorably with 

available experimental data on the whole, it must be concluded that 

the m=O UHF basis set contained flexibility comparable to that of 

the closed shell calculation. The effective flexibility of the 

basis for the m=l UHF calculations increased with molecular size 
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TABLE V 

PROJECTED ELECTRONIC ENERGIES AND WEIGHTING 
FACTORS FOR THE OPEN SHELL GROUND 

STATE IN PENTACENE 

MultiElicity Energy(eV) Weight 

1 -932.54926 2. 99489 x 10-1 

3 -931.48598 4.50627 x 10-1 

5 -929. 41985 2 .00174 x 10-1 

7 -926.66096 4.37340 x 10-2 

9 -923. 41642 5 .51858 x 10-3 

11 -919. 78281 4.34172 x 10-4 

13 -915. 79493 2.20764 x 10-5 

15 -911. 45288 7. 32055 x 10-7 

17 -906.73785 1. 55937 x 10-8 

19 -901.62669 2 .03853 x 10-10 

21 -896.11148 1.47624 x 10-12 
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TABLE VI 

WAVELENGTHS(R) FOR OPEN SHEU. GROUND TO EXCITED 
STATE TRANSITIONS IN PENTACENE 

Calculated 

Excited Projected 
System State IDIF CI Experimental 

m=O lB 
2u 2162 3711 4167a 

lB 
lu 2261 4969 5755b 

~3g 2068 3696 

3B 
2u 2079 3899 

3B 
lu 3356 29078 

3B 
3g 2279 8622 

m=l 3B 
2u 1963 

3B 
lu 5145 

3B 
3g 2515 

aJ. R. Platt, J. Chem. Phys. 18, 1168 (1950). 

bE. Clar, "The Aromatic Sextet", Wiley Book Co., London, 1972. 
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and was different for different spatial symmetries, increasing in 

the order B3g < B2u < Blu" This order can be rationalized by 

comparing the available virtual orbitals for naphthalene in the 

three calculations. However, all observed variations cannot be 

rationalized without a considerable amount of additional study. 

Several lm.expected problems arose in the spin projection 

calculations. Although the resolution of these difficulties was 

relatively easily accomplished, the sources of the problems are 

worthy of some explanation and elaboration. 

The first problem arose in trying to obtain wavefunctions 

In with symmetries other than the ground state symmetry, Ag. 

general, one nonaufbau excitation on the first SCF iteration is 

sufficient to retain the desired spatial symmetry of the wave-

flmction. However, since the orbital symmetries reordered and 

multiple. excitations in the density matrices were required to 

retain the desired syim11etry of the total wavefunction, an orbital 

symmetry search pattern was established for subsequent iterations. 

The search pattern determined the symmetries of every alpha and 

beta orbital. The orbitals were occupied based on a preselected 

list of the number of orbitals of each synnnetry type in the total 

wavefunction. The total density matrix was then calculated using 

equations 94 and 95. The search pattern was repeated until self-

consistency was achieved. 

Multiple. problems with degeneracies occurred during the. 

calculations and are described elsewhe.re. 26 

Based on the results presented above, the. projected UHF 
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method is a viable alternative to CI for the calculation of excited 

electronic states provided that the UHF and closed shell restricted 

Hartree-Fock (RIIF) treatments employ basis sets of comparable flexi-

bility. It is indicated that the m=O UHF calculation satisfies 

this requirement in most cases. 



IX. ALL-VALENCE ELECTRON CALCULATIONS 

The semi-empirical all-valence electron calculations as set 

torth by Pople and Beveridge6 employ either the complete neglect of 

differential overlap (CflDO) or the intermediate neglect of differ-

ential overlap (INDO) approximations. The difference between the 

CNDO and INDO methods lies in the manner in which the one-center 

two-electron repulsion integrals are treated. The C!~DO approximations 

were originally parameterized for the first, second and third row 

atoms on the periodic table, hydrogen through chlorine, while the 

INDO segment included hydrogen through fluorine. 

Both the INDO and CNDO parameterizations have been quite 

useful in the past6 in determining molecular structure, particu-

larly equilibrium geometries of organic molecules, and properties 

such as dipole moments. 

The work described below consists of three distinct segments: 

the application of the INDO approximations to determine the equili-

brium geometry of monohomocyclooctatetraene anion radical (MHCOT); 

the inclusion of the spin projection in the INDO computer program; 

and, the extension of the INDO parameterizations to include the 

third row atoms., sodium through chlorine. 

It is advantageous to review the INDO approximations at this 

time.. 

The. diagonal core Hamiltonian matru elements ' 

38 
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<r(i) I - i v~ v I r(i)> 
)J 

[ <r(i) I Vv I r(i) > , 
vfµ 

(9 7) 

are separated into contributions due to the interaction of the 

orbital <r(i)j with' the nucleusµ on which it resides and inter-

actions with the other nuclei, v, in the molecule. The first inte-

gral, which is essentially an atomic term, is approximated semi-

empirically by U , an average of the ionization potential, I , rr r 
and the electron affinity, Ar, and a term describing the number of 

valence electrons on the nucleus µ, 

u rr = 1 - 2 (Ir + 

vµ I r(i)> 

A ) r 
(Z µ 

= u rr (98) 

(99) 

where Yµµ is a one-center two-electron coulomb integral of the form 

<r(i) r(j) I - 1- I r(i) r(j)> • r .. 
l.J 

The second integral is approximated by 

v µv <r(i) I V I r(i)> v 

(100) 

(101) 

These integrals are assumed to be the same for all orbitals lr(i)> 

on the atom µ. 

The off-diagonal core Hamiltonian matrix elements are approxi-

mated by 

(T + V\s s0 s J.IV rs (102) 

0 where Srs is the overlap integral of equation 24 and S11v is composed 
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of empirical atomic bonding parameters of the form 

= l (130 + 
2 µ 

130) • 
v 

(103) 

Orbitals r and s are required to be on different atoms, ~ and v. 

The two-electron integrals are approximated using the zero 

differential overlap (ZDO) approximation, 

<r(i) s(j) Ir~. I t(i) v(j)> = yrs ort osv 
l..J 

(104) 

when r and s are on different atoms. When orbitals r and s are on 

the same atom, integrals of the form 

<r(i) r(j) I 1 
rij 

I r(i) r(j)> (105) 

<r(i) r(j) I 
1 

r .. I s(i) s(j)> (106) 
l..J 

<r(i) s(j) 1 I r(i) s(j)> r .. (107) 
l..J 

have nonvanishing values and are evaluated semi-empirically using 
31 Slater-Condon parameters. Other one-center two-electron integrals 

vanish by symmetry; one-center integrals involving more than two 

orbitals are neglected. 

The basis set used for the INDO calculation contains pure s 

and p atomic orbitals (no hybrids). They are Slater type orbitals 

of the form 

Xi· = A exp ( - r; . r . ) Y 0 ( e , cf>) 
i. i. J<,m (108) 

where r;i is the orbital exponent, ri the distance from the nucleus 

on whi.ch the. orbital resides, and YR,m(e,cp) a spherical harmonic. 

Using the above approximations, the open shell Fock matrix 
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= u rr + [P <r(i) s(j) I 
SS 

1 
r .. 

I r(i) s(j)> 

= 

= 

s on ).J 

- Pa <r(i) r(j) 
SS 

1 
r .. 
1J 

1J 

I s(i) s(j)>] 

(109) 

[P <r(i) s(j) I 
SS 

1 
r .. I r(i) s(j)> 

s on ).J 
l.J 

P13 <r(i) r(j) 
SS 

1 I s Ci) s (j) > J 
rij 

+ I: (P vv - Z) y µv 
v=f.µ 

(2 p - pa ) <r(i) r(j) rs rs 

- Pa <r(i) s(j) rs 
1 

r .. 

(2 p rs 

1J 

- P13 ) <r(i) r(j) rs 

<r(i) s(j) I 1 
rij 

1 I s(i) s(j)> 
rij 

r(i) s(j)> 

1 
r .. I s(i) s(j)> 

l.J 

r(i) s(j)> 

(110) 

(111) 

(112) 

where the orbital jr(i)> is on atomµ. 

The molecular orbital calculation is performed in an SCF 

procedure similar to that described in the preceding chapter. 
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Homoconjugation in the Monohomocyclooctatetraene 
Anion Radical 

The concept of homoconjugation was introduced by Winstein32 

to describe the high stability of certain molecules and ions in 

which conjugation is interrupted in one or more places by aliphatic 

groups. W · · 1 3 3 · h · h d t de 1 c ins tein, et • 2-. view t is p enomenon as ue o o -

alization across the interruption through the carbon p-orbitals 

which are twisted relative to the ~-orbitals of the remaining 

system because of the inserted aliphatic group. For the specific 

case of methylene insertion, Hehre34 has described how this picture 

could be rationalized by using the known valence orbitals of the 

cyclopropane ring. 

Various homoaromatic compounds have. been studied theoreti-

cally using specially-parameterized HUckel and minimmn basis set 

ab initio calculations. The molecules studied were primarily 

compounds with an even number of pi-electrons including the unsub-

stitute.d and substituted cations and anions of bicyclof3.l.0]-
35 36 • 36 37 hexene ' and homotropylium. ' The compounds were studied 

both for their formation and rearrangement processes. The HUckel 

(4n + 2) rule for aromaticity can be applied to these compounds. 

The rule predicts aromaticity for those. compounds that have an even 

number of pi-electrons equal to (4n + 2) where n is an integer; 

those compounds that contain an even number of electrons not equal 

to (4n + 2) are predicted to be antiaromatic. No prediction is made 

for compounds containing an odd nmnher of pi-electrons; apparently 

homodeJ.ocalization through single bonds occurs in such cases. 
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Monohomocyclooctatetraene anion radical (MHCOT) is a system 

containing an odd number of pi-electrons and has not been examined 

theoretically by other workers. However, the formation reaction 

was studied and the electron spin resonance (ESR) hyperfine coupling 
38 39 constants for MHCOT were measured. ' No molecular geometry was 

available, a requirement for a bonding study. It was, therefore, 

necessary to determine the structure of MHCOT by systematically 

varying the geometry. The structure was determined by comparing 

the experimental hyperfine constants with those calculated by 

using a hypothetical geometry in an INDO calculation. 

MllCOT is an eight-membered ring wi.th a methylene group 

attached to two adjacent carbon atoms in the ring. Two hydrogen 

atoms, H1 and H8, are bonded to the carbon atoms that join the 

methylene group to the eight-membered ring (for example, see Figure 

1). The ESR data38, 39 indicate that the anion radical has only a 

single plane of synnnetry which contains the entire methylene group. 

A number of possible geometries for the eight-membered ring were 

investigated including a cis-fused chair, a cis-fused boat and a 

planar ring with the methylene group in the perpendicular plane 

of symmetry. The boat and chair conformations contained alternant 

single and double bonds of lengths 1.54 and 1.35 Angstroms CR}, 
respectively. In all possible geometries, the angles between the 

methylene group and the adjacent plane of the eight-membered ring, 

and between H1 and H8 and the adjacent plane of the ring were 

varied. Speci~ic details of the Ii'IDO calculations are presented 

elsewhere. 40 
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Figure 1. - Geometry of Monohomocyclooctatetraene Anion Radical 



45 

The exponents for the Slater orbitals used in both the INDO 
t 1 41 and spin projection calculations were derived form Burn s ru es. 

That is, the s-orbital exponent for hydrogen was 1.2, the s-orbital 

exponent for carbon was 1.55, and the p-orbital exponent for carbon 

was 1.325. 

The hyperfine coupling constants, aH., were obtained directly 

from the calculated hydrogen ls orbital spin densities, and did not 

involve the use of McCennell's relation43 or any variation thereof. 

The geome.try from the INDO calculations that provided the 

best comparison between the calculated and experimental coupling 

constants was a uniform octagonal ring illustrated in Figure 1. The 

in-plane carbon-carbon bonds had lengths of 1.40 R while the out-of-

plane c1-c9 and c8-c9 bonds were set at 1.54 R; all carbon-hydrogen 

bonds were assumed to be 1.084 R. The. carbon-hydrogen bonds at 

carbons two through seven were assumed to lie. in the plane of the 

eight-membered ring, bisecting the external carbon-carbon-carbon 

angles. The hydrogens at carbons one and eight were similarly 

located, but then the carbon-hydrogen bonds were allowed to tilt 

below the plane by an angle a. The best COlllJ?arison with experi-

11lE!.Iltal coupling constants was obtained when a was equal to o0 and 

e, the angle between the octagonal plane and the cyclopropyl ring, 

was 83.5°. This angle, a, is close. to those determined by Hehre34,35 

by ab irtitio calculations on the bicyclof3.l.OJ-hex-3-en-2-yl 

cation and the homotropylium cation. It should be noted that, in 

comparison to other possible geometries, this geometry did not 

produce the. lowest binding energy, EB, the difference be.tween the 
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energy of the molecule and the energies of the atoms separated at 

an infinite distance. 

In order to measure the amount of spin contamination in the 

calculated geometry of MHCOT, it was necessary to obtain a wave-

function of pure spin multiplicity. To this end, a computer program 

was developed to perform spin projection calculations on CNDO and 

L~DO wavefunctions. The program has been submitted to the Quantum 

Chemistry Program Exchange. 42 

Spin projection calculations were performed on the planar 

uniform octagonal structure of the eight-membered ring of MHCOT. 

Only the angle that the cyclopropyl group made with the plane of 

the ring, e, and the angle that Hl and H8 tilted below the plane of 

the ring, a, were varied. 

The best fit between the projected hyperfine coupling con-

stants and experiment occurred when e = 76.7° and a= 0°. This 

geometry, too, did not produce the lowest binding energy compared 

to other possible geometries that were tested. 

The comparisons between the unprojected hyperfine constants 

and experiment are presented in Table VII while the comparison 

between the projected hyperfine constants for the two geometries 

are shown in Table VIII. The unprojected hyperfine coupling 

constants showed better agreement with experiment than the projected 

hyperfine constants. In most geometries tested, the calculated 

hyperfine constants for Hl and H8 were greater than the hyperfine 

constant for H9. Since the experimental data showed the reverse 

situation to be true, a major requirement for the calculated 



Amer. 

47 

TABLE VII 

PROTON HYPERFINE COUPLING CONST.AJ.~TS, <iI' FOR THE 
MONOHOMOCYCLOOCTATETRAENE ANION RADICAL 
OBTAINED FROM UNPROJECTED WAVEFUNCTIONS 

Calculated ~(Gauss) 

e = 83.5° e = 76. 7° Experimental 
a = 0° 00 a Protons a = 8H_(Gauss) 

Hl, H8 4.21 1.92 ±5. 72 

H2, H7 -1.57 1.48 ±0.87 

H3, H6 2.62 2.37 ±5.12 

H4, HS -2.03 -1.86 ±1.99 

H9 -7.55 -9.17 ±12.18 

~' -3. 71 -3.86 ±4.54 

as W · • instein, G. Moshuk, R. Rieke and M. A. Ogliaruso, J. 
Chem. Soc. 95, 2624 (1973). 
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TABLE VIII 

PROTON HYPERFINE COUPLING CONSTANTS, aH' FOR THE 
MONOHOMOCYCLOOCTATETRAENE ANION RADICAL 

OBTAINED FROM SPIN PROJECTED 
WAVEFUNCTIONS 

Calculated aR(Gauss) 

e = 83.5° e = 76. 7° Experimental 
Protons 00 00 a a = a = aR(Gauss) 

Hl' HS 2. 72 1.15 ±5. 72 
H2, H7 0.78 2.84 ±0.87 

H3, H6 1.34 1.17 ±5.12 

H4, HS -0.59 -0.51 ±1.99 

~ -2.49 -3.02 ±12.18 

H9'· -1.21 -1.26 ±4.54 

as. Winstein, G. Moshuk, R. Rieke and M. A. Ogliaruso, J. 
Chem. Soc. 95, 2624 (1973). 
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hyperfine constants was that the magnitude of H9 be greater than Ill. 

This requi.rement was satisfied only within a relatively small range 

of change for the angle e. It is interesting to note that a 

further decrease in the angle e in the optimized projected geometry 
0 0 from 76.7 to 76.65 produced an increase in the hyperfine constants 

for H9, H9t and Hl to 184.51, 35.12 and 21.22. This sharp increase 

is apparently the result of H9 interfering with the conjugated 

pi-electron cloud of the eight-membered ring. 

The unprojected energi~s, projected energies and weighting 

factors for the geometries producing the best match with experiment 

are presented in Table IX. As is evident from Table IX, the unpro-

jected doublet ground state had about 1.5 percent spin contamin-

ation from the quartet and sextet states. With both geometries, an 

energy lowering for the doublet of 0.05 atomic units was obtained 

upon projection. 

The calculations were performed using the common convention 

of a uniform right-handed coordinate system. In the planar eight-

membered ring, there occurs one p-orbi ta! on each carbon atom which. 

is oriented perpendicular to the plane of the ring. In the absence 

of the methylene group, these orbitals would be designated as pi-

orbitals and the associated bond orders as P(nr,ns). 

In order to get a more complete picture of the overall 

bonding, it is necessary to obtain Mulliken bond orders for the 

in-plane components of the carbon-carbon bonds. This was done by 

44 transforming the orbitals for each carbon-carbon pair into a 

local coordinate system in which the p~-orbital of each. carbon 



Geometry 

0 e "" 83.5 , 
a = 0° 

0 e = 76. 7 , 
a = o0 

TABLE IX 

UNPROJECTED AND PROJECTED BINDING ENERGIES(A.U.) 
AND WEIGHTING FACTORS FOR THE MONOHOMOCYCLO-

OCTATETRAENE .Al.~ION RADICAL 

Unprojected 
Energy 

-9. 710 

-9. 707 

MultiElicity 

2 

4 

6 

2 

4 

6 

Weight 

9. 86 x 10 -1 

1. 35 x 10 -2 

4.27 x 10 -5 

9.85 x 10 -1 

1.44 x 10 -2 

4. 75 x 10 -5 

Binding 
E~e!'gy_ 

-9. 715 

-9. 346 

-8.036 V1 
0 

-9. 712 

-9. 353 

-9. 032 
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points toward the other carbon, the pTI-orbitals are perpendicular to 

the ring as described above, and the pTI,-orbitals are in the plane 

of the ring perpendicular to the bond. For each pair, CrCs' this 

produces a set of bond orders, P(Tii;Tij), P(si;sj), P(ai;aj) [P(ai;sj 

+ P(si;aj)], P(TI'i;TI'j), which are invariant to the coordinate 

system used in the calculation and hereafter referred to as invariant 

bond orders. The invariant bond orders for the best geometries of 

MH.COT are presented in Table X. It should be noted that the pro-

jected density matrices are very close to the unprojected density 

matrices within the accuracies of the calculations. 

As is evident from Table X, only a negligible difference in 

bond orders occurs between the two geometries and leads to the 

conclusion that the invariant bond orders are insensitive to rela-

tively small changes in geometry. 

An examination of the magnitude of the P(Tii;Tij) bond orders 

shows close to aromatic pi-bond orders around the entire ring 

between carbons two and seven. The 1,2 and 7,8 pi-bond orders are 

understandably reduced because of the attached methylene group. 

The values of 0.416 and 0.422 associated with the C -C bond are 
1 8 

surprisingly large and imply that homoconjugation as envisioned by 
32 33 Winstein ' does occur. 

The c1-c8 a-bond order is reduced by ten to twenty percent 

relative to the other a-bond orders in the ring; a similar reduction 

in strength occurs for the P(si;sj), P(cri;aj) and [P(cri;sj + P(si;aj)] 

bond orders. The conclusion that must be drawn from the reduction 

of about twenty percent in the total c1-c8 bond strength is that the 
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TABLE X 

INVARIANT BOND ORDERS FOR CALCULATED GEOMETRIES 
OF MONOHOMOCYCLOOCTATETRAENE ANION RADICAL 

Geometry 

a = 83.5° a = 76.7° 

··Bond Order 0 00 a = 0 a = 
P(7Tl;7T8) o. 416 0.422 
P(7rl;7T2) 0.384 0.388 
P(7T2;7T3) 0.669 0.661 
p ( 7T3; 7T4) 0.609 0.615 
P(7r4;7T5) 0.602 0.598 
P(sl;s8) 0.270 o. 270 
P (sl;s2) 0.318 0.313 
P(s2;s3) 0.340 0.340 
P(s3;s4) 0.344 0.344 
P (s4;s5) 0.344 0.344 
P(al;cr8) o. 477 0.477 
P(al;cr2) 0.511 0.104 
P(a2;a3) 0.511 0.511 
P (cr3;a4) 0.510 0.510 
P(cr4;a5) 0.510 0.509 

P(al;s8) + P(sl;a8) o. 896 o. 894 
P(al;s2) + P(sl;a2) 1.036 1.028 
P(a2;s3) + P(s2;a3) 1.068 1.067 
P(cr3;s4) + P(s3;a4) 1.070 1.070 
P(cr4;s5) + P(s4;cr5) 1.070 1.070 

P(7T'l;7T'8) 0.246 0.249 
P(7T'l;7T'2) 0.266 0.264 
P(7T'2;7r'3) 0.275 0.273 
P(7T' 3;7T' 4) 0.275 0.275 
P(7T'4;7T'5) 0.275 0.275 
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bond has not been opened upon formation of the anion radical from 

cis-bicyclof6.l.O]-nona-2,4,6-triene. 

The conclusion is in good agreement with the rationalization 

of the cyclopropyl ring-opening process on the basis of the Woodward-

Hoffman rules for the conservation of orbital synunetry. 45 When 

the reaction to form the nine pi-electron MHCOT is considered, 

both the disrotatory and conrotatory ring openings are disallowed 

processes since the synune.tries of the starting material and product 

are different. However, similar considerations lead to the conclu-

sion that the cis-bicyclof6.1.0]-nona-2,4,6-triene dianion may 

undergo a synunetry allowed disrotatory cyclopropyl ring-opening 

process. Once obtained, the ring-opened dianion is then capable of 

establishing an equilibriwn between the radical anion and the 

dianion. 

Extension of INDO Calculations to Include 
d-Orbitals 

The IllDO formalism was used previously to describe the 

bonding in molecules comprised of the atoms hydrogen through fluorine. 

46 Kaufman and Predney developed the equations necessary to extend 

the INDO calculations to include d-orbitals on the atoms sodiwn 

through chlorine, but a computer program to perform the INDO calcu-

lations with d-orbitals was not previously available. The program 

would be particularly useful in studying sulfur heterocycles and 

47 compounds containing the -N=SF6 group. For this reason, work 

was begun to extend the lNDO calculation to include d-orbitals. 

The. Fock matrix elements that included d-orbitals were 
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available from the work of Kaufman and Predney46 along with a 

complete. set of Slater-Condon parameters, F's and G's, that were 

calculated from Slater-type orbitals. However, two errors in the 

Fack matrix elements were noted. Abbreviating the d 2 d d z ' xz' yz' 
d 2 2 and d°'lru' orbitals by a, TI, TI', o and o', the correct expressions x -y -J 

are 

F~0 (INDO) F~0 (CNDO) 

(113) 

FxTit (INDO) = FxTI' (CNDO) + 4 p ~TI ' F2 (pd) I 35 

+ 3 (P 1 + 2 P 1 ) 3 G (pd)/49 • 
XTI XTI 

(114) 

It was also necessary to recognize the equivalence of several two-

electron integrals, 

TI TI 1 > 

<TI r 0 t 1 I rij 

<TI o' I 1 
rij 

= 

TI t 

<TI' o I 1 I TI' o > 
rij 

o'> <TI o 1 = 
rij 

TI 0 1 > 

= 

I TI o> = 

(115) 

The binding energy, EB, is the difference be.tween the. total 
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energy of a molecule and the energies of the atoms separated at an 

infinite distance. The ground state energies of third row atoms 

in the INDO approximation can be calculated using 

E(m,n) = - ~ (I + A) - ~(I + A)p + 2 S L 

0 1 1 (m + n)(m + n - 1) F - 6 m n G (sp) 

1 2 
25 n (n - 1) F (pp) (116) 

where m is the number of s-orbital electrons and n is the number 

of p-orbital electrons in the ground state configuration (3s)m(3p)n. 

The atomic energies are listed in Table XI. 

The computer program was transferred to Mr. John M. Fildes; 

results from the use of this program will be forthcoming. 
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TABLE XI 

ATOMIC ENERGIES (A.U.) FOR THIRD ROW ATOMS 
CALCULATED USING INDO APPROXIMATIONS 

Atom 

Na 
Mg 
Al 
Si 
p 
s 
Cl 

Total Energy(a.u.) 

-0.1461713 
-0.6501658 
-1. 5838907 
-3.1385524 
-5.5635470 
-9.0512034 

-13.501409 



X. AB INITIO UNRESTRICTED HARTREE-FOCK 
CALCULATIONS 

Ab initio molecular orbital calculations are based on first 

principles and, as such, contain no empirical parameters. All 

one- and two-electron integrals are calculated explicitly. However, 

the fact that the calculations can be done with the current high 

speed computers does not guarantee that the predicted molecular 

b bl . . . h • 49 properties will e relia e, i.e., in agreement wit experiment. 

The. primary consideration in the. reliability of the electronic 

structure calculation is the choice of a basis set. 

The. basis fllll.ctions used in molecular calculations are 

usually atom-centered and either exponential or Gaussian functions. 

Slater50 first suggested the use of exponential functions of the. 

type. 

n-1 ( A r exp -~. r.) Y0 (8,~) 
i i ivm 

(117) 

where. A is a normalization factor, n is the principle quantum num-

ber and ~i is the orbital exponent or screening factor. The. angular 

dependence of the orbital is introduced wi.th a spherical harmonic, 

Y£m(8,~), while r is the distance from the atom on which the. Slater 

function is centered. 
51 Boys first proposed the. use of Gaussian functions which, 

in comparison with. the Slater ftmctions, may be. written as 

(118) 

57 
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More frequently, however, the angular dependence of Gaussian func-

tions is introduced by 

= i m n ( 2) C x y z exp -a. r. 
l. . l. 

(119) 

where i, m and n are integers. Such functions are called cartesian 

Gaussians. A linear combination of Gaussian-type orbitals (GT0 1 s) 

can be found to match a Slater-type orbital (STO) with ~i = 1. 

Then a scale factor, K, can be introduced to relate the STO to the 

linear combination of GTO's. The scaled STO with~-' = K is repre-
1. 

sented by the same linear combination of GTOts with exponents equal 

2 to K ~i • 

The size of a basis set is an important factor in the relia-

bility of molecular calculations. The work described in the previous 

chapter dealt with a valence orbital minimum basis set. Ab initio 

calculations, by their very nature, deal with both core and valence 

electrons. SCF energies obtained using minimum basis sets are far 

above the Hartree-Fock energies; for this reason, larger basis sets 

are usually used. A Slater basis set that receives wide use is the. 

double zeta set, comprised of twice as many functions as the minimum 

basis set. For the carbon atom, the notation used to describe. such 

a basis set is (4s2p); that is, the atom is described by two ls and 

two 2s Slater functions, all with different orbital exponents. In 

addition, there are two sets (px' Py and pz) of 2p functions. 

Extended basis sets, those larger than double zeta, are used 

when it is necessary to obtain SCF energies very close. to ·the Hartree-

Fock limit. Further, when molecular dissociations and properties 
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are studied, it is frequently necessary to employ polarization 

functions, 53 functions which have angular quantum numbers, i, greater 

than the highest i value generally found occupied in the ground 

state wavefunction. For example, the polarization functions for 

the carbon atom would include 3d orbitals. 

As the size of the basis set increases, the amount of 

computational time increases accordingly. It is advantageous, then, 

to weigh the amount of increased accuracy obtained by increasing 

the size of the basis set against the increased time requirements 

to reach a balance between the two factors. Two portions of an 

ab initio molecular orbital calculation consume. great quantities of 

time, the multi-centered two-electron integral evaluation and the 

diagonalization of the Hartree-Fock matrices to give the. molecular 

orbitals. 

The primary advantage of Gaussian over Slater orbitals is 

the speed wi.th which integral evaluation can be accomI?lished. Multi-

centered two-electron integrals over Gaussian functions can be eval-

uated in closed form while. those over Slater functions cannot; 
54 thus, it has been shown that integral evaluation can proceed at a 

rate of ten times more rapidly when Gaussian functions are used 

instead of Slater functions. One disadvantage of the use of Gaussian 

functions is that many more Gaussian than Slater functions are 

necessary to obtain comparable SCF energies. In a comparison of 

sizes of basis sets versus SCF energies obtained for oxygen and 

fluorine, Schaeter49 has shown that a (10s6p) Gaussian basis s.e.t is. 

necessary to match. double zeta Slater results. 
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The second time consuming portion of the molecular orbital 

calculation, the solution of the SCF equations, requires an amount 

of time proportional to the fourth power of the number of basis 

functions. Further, large basis sets may slow convergence necessi-

49 f h f . . t. G . tating more iterations. There ore, t e use o prinu. ive aussians 

(equation 119) is uneconomical because of the computational time 

requirements. 

The use of contracted Gaussian functions, linear combinations 

of Gaussians with fixed coefficients, 55 , 56 partially alleviates the 

problem of large basis sets. When contracted functions are used, 

only the coefficients of each contracted function in an SCF orbital 

are determined. Whitten56 first made effective use of contracted 

Gaussians by optimizing a (10s5p) basis set to a contracted l3slp] 

set, where brackets denote a contracted basis set. Dunning57 ,ss 
continued the work in contraction schemes by optimizing various 

atomic bas.is sets and polarization functions for hydrogen through 

krypton. Generally, when forming a contracted basis set, the 

greatest number of primitives per contracted function are found in 

orbitals used to describe the core region of the atom. Relatively 

few primitives per contracted function are located in the more 

diffuse region of the atom; this freeing of orbitals allows a better 

description of the bonding region when an atom is present in a 

molecule than when a large number of primitives comprise a contracted 

function in the bonding region. 

The. contraction scheme thus far described does. not allow: the 
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primitive functions to have nonzero contributions in more than one 

contracted orbital; this type of contraction is referred to as a 

segmented contraction scheme. The disadvantage of this scheme is 

that, since atomic schemes are used in molecular calculations, they 

fail to adequately describe the internuclear region. 

Raffenetti59 proposed the use of a general contraction scheme 

to remedy this failure. In his scheme, each contracted function can 

have nonzero contribution from each primitive Gaussian. In 

addition, the most diffuse primitive Gaussian is allowed to float 

as a separate contracted function. Calculations on H2o showed that 

96 to 98 percent of the available energy relative to the completely 

uncontracted basis set was obtained. 

The time. required for diagonalization of the SCF matrices is 

dependent on the method of matrix diagonalization and roughly 

proportional to the fourth power of the size of the matrix. A 

reduction in computational time requirements can be realized when 

the secular determinant is symmetry-restricted. Like orbitals in 

other SCF calculations, each orbital must transform according to 

one of the irreducible representations of the molecular point group. 60 

The molecular orbitals can then be grouped by synunetry; matrix 

elements between orbitals of different symmetry groups are zero. 

Using this information, the matrix diagonalizati_on problem reduces 

from the diagonalization of one matrix of size B by B to the diag-

onalization of several smaller matrices, realizing a considerable 

sayings in computational time. 

The SC:F procedure is performed using the. Hartree.-Fock. 
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equations outlined in Chapter VI. One complication that is usually 

ignored in semi-empirical calculations and is therefore unique to 

ab initio calculations is the nonorthogonality of the atomic basis 

set. 

The. direct consequence of the nonorthogonality of the atomic 

orbitals is that one- and two-electron integrals, equations 29 

through 32, are evaluated and the SCF matrices are formed in the 

nonorthogonal representation. The orthogonal molecular orbitals 

can be expressed in two forms, as a linear combination of nonortho-

gonal atomic functions, 

cf>r = (120) 

or as a set of orthogonal symmetry functions, 

(121) 

The former expression is preferable in relating bonding parameters 

to specific portions of a molecule but results in nonorthogonal 

density matrices. 

Matrices in a nonorthogonal representation can be put into 

an orthogonal basis through a transformation using the symmetry 

blocking transformation matrix. The transformation results from 

the fact that the overlap matrix, ~' is in diagonal form, 

<rJ> I ct> > :r s = a rs 
P ,-r 

(122) 
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or 

<~ I ~ > = \ Y s Y r s {_, rp PT TS 
(123) 

p,T 

leading directly to 

y s y = 1 (124) 
--1 Solving for Y leads to 

--1 y = s y (125) 

Equation 124 applies for any orthogonal basis, whether the basis is 

the. molecular orbitals from a previous iteration or other orbitals 

such as natural orbitals. 

The Hartree-Fock problem is solved using Roothaan's 

. 61 h. h . equation w 1c 1s 

F Y = S Y E (126) 

where the Fack matrix, F, the matrix of eigenvectors, _I, and the 

overlap matrix, ~' are in the nonorthogonal representation and! 

is a diagonal matrix of orbital eigenvalues. The Fack, overlap 

and eigenvector matrices are transformed into the orthogonal basis by 

F' = RF R (127) 

S' = R S R (128) 

(129) 

giving a Fack equation of 

= R s R R-l y E (130) 

which, when equation 124 is used, takes the appearance of a standard 

eigenvalue problem, 
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F' W = W E • (131) 

The solution of the standard Hartree-Fock equations yields molecular 

orbitals in the orthogonal basis; the transformation to the nonortho-

gonal basis is accomplished with 

Y = R W • (132) 

The POLYATOM (Version 2) 4 system of programs is a series of 

programs designed to calculate ab initio molecular orbital wave-

functions using Gaussian basis functions. In order to provide 

maximum flexibility, the system contains a number of independent 

main programs. Computer memory requirements are minimized by 

utilizing off-line tape storage to the fullest possible extent. 

The main programs include PA20A and PA20B which list one- and 

two-electron integrals respectively, and PA30A and PA30B wlli_ch 

evaluate those integrals. The open shell SCF calculation is per-

formed using PA43. Several supplemental programs which perform a 

variety of SCF calculations and compute molecular properties are 

also available. 

The initial set of molecular orbitals in POLYATOM can be 

obtained from two sources, from a set of molecular orbitals from 

a previous calculation or from the diagonalization of the core 

Hamiltonian. 

Spin projection of ab initio wavefunctions requi.res the 

formation of the corresponding orbitals and the natural orbitals of 

charge and spin. As was stated earlier, the density matrices are 

expressed in a nonorthogonal basis but may be transformed to the 

orthogonal representation using equation 125 by 
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E.' = y-1 p y-1 - -- . 
(133) 

The diagonalization of P' by 

P' c N C (134) 

gives the natural orbitals, {m } , r 

mr = L: n y c L: nP (Y C) p pr sr -- ps (135) 

s,p p 

The natural orbitals are expressed in the atomic orbital basis by 

the transformation 

x = y c . (136) 

The alpha corresponding orbitals are formed in a manner 

similar to that for the natural orbitals with one noteworthy 

exception. The product matrix J:afSfa cannot be transformed to the 

orthogonal representation as a single matrix, but rather Paand P6 

must be separately transformed before the product matrix is formed. 

The reason for the necessity of separate transformations lies in 

the lack of orthonormality of the orbitals. This can best be seen 

by examining the effect of Pa operating on an arbitrary vector, A. 

The alpha density matrix is 

= (137) 

where I r> is a molecular orbital. Each molecular orbital is a 

linear combination of atomic orbitals, Im>, 



I r> = 

m 

c rm 
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I m> • (138) 

The alpha density matrix, then, in terms of atomic orbitals, is 

= 

r m,n 

= 

m,n 

ca I m> <n I 
rm 

I m> <n I 

a* c nr 

(139) 

a where P.mn is a density matrix coefficient. When the density matrix 

is used as an operator operating on an arbitrary vector, A, 

A = I p> c p 

the resultant equation is 

pa I m> <n I p> c mn p 
m,n,p 

(140) 

(141) 

where <n I p> are overlap integrals. When orthonormal orbitals are 

used, the overlap matrix is diagonal with elements S = 1. How-nn 
ever, the overlap matrix in the nonorthogonal representation is not 

diagonal but can be used to bring nonorthogonal orbitals into the 

orthogonal representation, 

m,n,p 
I m> s c np p (142) 

The overlap matrix can also be expressed, using equation 124, as 
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s (143) 

Using these arguments, then, the matrix equation for the determina-

tion of the alpha corresponding orbitals becomes 

y-1 pa y-1 y-1 pS y-1 y-1 pa y-1 A = 1:1. A (144) - - - --
or 

= 1:1. A (145) 

where 1:1.i = di2 , an eigenvalue of the alpha corresponding orbital. 

The spin projection calculation for ab initio wavefunctions 

derived from the POLYATOM (Version 2) 4 system of programs was 

written to conform as closely as possible to the original system of 

programs and is listed in Appendix A. Documentation for the manner 

in which the data is input is provided in the program comments. 

The program utilizes an integral tape that was generated by the 

POLYATOM integral evaluation programs; in addition, an open shell 

molecular orbital wavefunction obtained from the POLYATOM UHF SCF 

package must be provided in either card or tape format. The desire 

to minimize the computer region requirements was accomplished by 

utilizing scratch disk to as great an extent as possible. 

The program calculates the alpha corresponding orbitals and 

natural orbitals of charge in the manner just described. Appro-

priate replacements of the singly-occupied natural orbitals of 

charge by natural orbitals of spin are made as was described in 

equations 75 and 76. All orbitals are then transformed to the 

nonorthogonal basis in order to conform to the integral tape which 

is in the nonorthogonal basis; further, the orbitals are completely 
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reordered, breaking the synunetry blocking, so that the lowest 

orbital has the highest occupation number. The purpose of the 

reordering is to properly classify the orbitals based on occupation 

numbers during the spin projection calculation. 

Comparison of Spin Projection and MCSCF/CI 
Calculations on H2o(+) 

The water cation was studied by several groups of workers 

using a variety of theoretical techniques. Dunning, Pitzer and 

Aung62 obtained near Hartree-Fock vertical ionization potentials of 
63 ground state ~O, and Meyer, using CI calculations, obtained 

vertical and adiabatic ionization potentials along with SCF equili-

brium geometries for selected ion states. LeClerc, Horsley and 

Lorquet64 studied the asymmetric dissociation and potential energy 

surfaces for the ground and excited states of H20(+) while Smith, 
" 65 5 

J~rgensen and Ohm and Fortune, Rosenberg and Wahl carried out a 

vibrational analysis of selected low-lying states. 

The purpose of the study described below was to compare the 

degree of energy lowering obtained with spin projection and MCSCF/CI 

calculations. SJ?in projection has been described as. a viable 

alternative to the time-consuming MCSCF/CI calculations. An adequate 

assessment of spin projection can be made only when as many para-

me.tera as possible, such as the basis set and geometry, are held 

constant. An evaluation of the spin projection technique was most 

easily made by comparing spin projection data wi.th MCSCF/CL calcu-
5 2 -2 . 

lations on the X ~and B B2 states of H2o(+). 
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The basis set chosen for study was one where the polari-

zation functions were specially optimized for H2o by Dunning. 57 It 

consisted of a set of (9s5p2d) orbitals contracted to I4s3pld] for 

oxygen and a (4slp) set contracted to [2slp] for hydrogen. It is 

listed in Table XII. 

The geometries chosen for study were equilibrium geometries 
5 obtained from the potential energy surface of Fortune, et. al. 

The HiO(+) molecule lies in the. xz plane with. o:xygen at the origin 
2 (O.O, 0.0, 0.0). The equilibrium geometry of the X B1 state located 

the hydrogens at (±1.54499, 0.0, 1.11224) bohrs giving an oxygen-
0 hydrogen bond length of 1.90 bohrs and an angle, <HOH, of 47.88 ; 

the hydrogens were located at (±0.99428, 0.0, 1.91128) bohrs (an 

oxygen-hydrogen length of 2 .• 15 bohrs and angle, <HOH, of 54.97°) 

for the equilibrium B2B2 state. The convergence criterion for the 
-6 total energy for both calculations was 1. 0 x 10 atomi~c units. 

2 The unprojected and projected energies for the X B1 and 

B2B2 states are presented in Tables XIII and XIV, respectively; a 

comparison of this work with MCSCF/CI and RHF calculations is 

available in Table XV. 

An energy lowering of 0.0046 and 0.0008 atomic units for the 
2 -2 

X B1 and n B2 states, respectively, is obtained when an UHF rather 

than a RHF wavefunction is used. Very little additional energy 

lowering was obtained upon spin projection of the. UHF wavefunction, 

0.002 atomic -i 
units for the B B2 and 0.003 atomic units for the.X2B1 

state. Thi.s lack of considerable energy lowering is attributed to 

the. fact that the. UHF wavefunction is so close to being a pure 
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TABLE XII 

CONTRACTED GAUSSIAN BASIS SET FOR A (9s5p2d/4slp) 
H2o PRIMITIVE BASIS SET a 

Orbital Contracted 
Atom Type Orbital No. Exponent Coefficient 

0 s 1 7816. 5400 0.002031 
0 s 1 1175.8200 0. 015436 
0 s 1 273.1880 0.073771 
0 s 1 81.1696 0.247606 
0 s 1 27.1836 0.611832 
0 s 1 3. 4136 0.241205 
0 s 2 9. 5322 1.000000 
0 s 3 o. 9398 1.000000 
0 s 4 0.2846 1.000000 
0 p 5 35.1832 0.040023 
0 p 5 7.9040 0.253849 
0 p 5 2.3051 0.806842 
0 p 6 0.7171 1.000000 
0 p 7 0.2137 1.000000 
0 d 8 1. 3220 0.357851 
0 d 8 0.3916 o. 759561 
R s 9 21. 7208 0.032828 
R s 9 3. 2 729 0.231208 
H s 9 o. 7377 o. 817238 
R s 10 0.2004 1.000000 
R p 11 1.1592 1.000000 

~. H. Dunning, J. Chem. Phys. 53, 2823 (1970); T. H. 
Dunning, J. Ch.em. Phys. 55, 3958 (1971). 
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TABLE XIII 

UNPROJECTED AND PROJECTED ENERGIES FOR 
THE x2B1 STATE OF H20(+) 

Unprojected Energies(a.u.) 

Kinetic Energy, T 
One-Electron Potential Energy, V(l) 
Two-Electron Potential Energy, V(l,2) 
Electronic Energy, E(E) 
Nuclear Repulsion Energy, V(N) 
Total Energy, E 

Projected Energies(a.u.) 

75. 749684 
-192. 949513 

33.021498 
-84. 378330 

8. 728339 
-75. 649992 

Multiplicity Weight, w. Total Energy, 
1 

2 9.9737 x 10-1 -75.65323 

4 2.6255 x 10-3 -74. 42535 

6 1.6888 x 10 -6 -73.49101 

8 2.882 x 10-10 -72.58397 

Ei 
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TABLE XIV 

UNPROJECTED AND PROJECTED ENERGIES FOR 
THE B2B2 STATE OF H20(+) 

Unprojected Energies(a.u.) 

Kinetic Energy, T 
One-Electron Potential Energy, V(l) 
Two-Electron Potential Energy, V(l,2) 
Electronic Energy, E(E) 
Nuclear Repulsion Energy, V(N) 
Total Energy, E 

75. 40146 
-191.25650 

32.44855 
-83.40648 

7. 92953 
-75.47695 

Projected Energies(a.u.) 

Multiplicity Weight, w. Total Energy, 
1 

2 9. 9868 x 10-1 -75. 47908 

4 1. 3204 x 10-3 -73.86906 

6 2.6566 x 10-7 -72. 84159 

8 1.3743 x 10-11 -71. 85666 

E. 
1. 
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TABLE XV 

COMPARISON OF MCSCF/Cia AND SPIN PROJECTION 
ENERGIES FOR THE EQUILIBRIUM GEOMETRIES 

OF THE x2Bl AND B2B2 STATES OF H20(+) 

Total Energies(a.u.) 

TyEe of Wavefunction X2B 1 
B2B 

2 

RHF SCF -75.64565a -75.47629b 

RHF Plus MCSCF/CI -75. 72328a -75.55451b 

UHF SCF -75.64999 -75.47695 

UHF Plus Spin Projection -75.65323 -75.47908 

~. J. Fortune, B. J. Rosenberg and A. C. Wahl, J. Chem. Phys. 
65, 2201 (1976). 

bData from cubic fit of Fortune, et. al. 
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doublet state. 

In contrast to the spin projection results, the MCSCF/CI 

calculations which used 20 configurations produced a much greater 

energy lowering of 0.078 atomic units relative to the RHF energy 
-2 2 for both the B B2 and X B1 states. The conclusion that must be 

reached from this study is that the MCSCF/CI calculation is superior 

to spin projection when the weighting factor for the spin projected 

state of lowest multiplicity is very close to unity. However, 
. 25 26 studies using semi-empirical techniques ' indicated that useful 

results from spin projection can be obtained when the weight for 

the state of lowest multiplicity is much different from one. 

Since spin projection calculations using small basis sets are more 

economical in terms of computational tilne. than MCSCF/CI calculations, 

further investigation into cases where weighting factors are differ-

ent from unity is certainly warranted. In any case, weighting 

factors obtained from spin projection calculations should be 

examined before the more costly MCSCF/CI calculation is attempted. 

The Dissociation of CF20 

The study of the dissociation of carbonyl fluoride, CF20, 

was initiated from the desire to better understand the possible 

reaction pathways that could occur in the stratosphere, particu-

larly the reactions involving chlorofluoromethanes. 

Any decrease in the amount of stratospheric ozone. is likely 

to have. extreme environmental consequences. 66 The 111ost important 

mode of ozone destruction at the. present tillle is tfie nitrogen oxide 
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catalyzed cycle, 67 

No 2 + hV ~ NO + 0 (146) 

N02 + 0 - NO + 02 (147) 

NO + 03 - N02 + 02 • (148) 

However, Rowland and Molina68 indicate that if the use of chloro-

fluoromethanes, CF2c12 and CFC13, continues at the present rate, the 

chlorine oxide catalyzed cycle will overtake the nitrogen oxide 

cycle in importance within several years. The chlorofluoromethanes 

are a starting point in the chlorine oxide cycle when they are 

photolytically dissociated by ultraviolet solar radiation, 

(149) 

CFCl3 + hv ----+ ·cFC12 + ·c1 • (150) 

The chlorine atoms then deplete the odd oxygen content by 

Cl + ----+ ClO + (151) 

ClO + 0 ----+ Cl + 02 , (152) 

giving the same net effect as reactions 147 and 148. 

R 1 d d M 1 . 68 . t th t" 1 t d ow an an o ina point ou many o er reac ions re a e 

to 151 and 152 that require study or are currently under study. 

R 1 d i d . h 1 . - 69 u t . . ow an s stu ying some p oto ytic reactions; wa son is inves.-

tigating the reactions of ClO with a range of atmospheric species/0 

Kaufmann 1 s research group is studying a variety of reactions 

involving Cl and Cl0; 71 and Heick.len72 is researching the photo-

dissoci.ati.on of the chlorofluoromethanes. 

The. reactions of the chlorofluoromethyl radicals produced 
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in reactions 149 and 150 have been largely ignored. Rowland and 
68 . 69 72 Molina indicate that, and some experl.lnental data ' supports, 

the. primary reaction of the chlorofluoromethyl radicals with oxygen 

is 

(153) 

CFClO + ClO • (154) 

The possibility also exists that substituted methyl radicals can 

absorb another photon and dissociate to produce carbenes, 

(155) 

°CFc12 + hv :CFCl + °Cl • (156) 

Either reaction 155 or 156 produces chlorine atoms which can initiate 

the chlorine oxide catalyzed destruction of ozone. 

The possibility of direct production of carbenes from the 

photolysis of chlorofluoromethanes was noted at the August 1975 
73 meeting of the American Chemical Society by Ausloos and Rebbert 

who found evidence to support the reactions 

CFC13 + hv :CFC! + 2c1· (157) 

(158) 

The focus of this work is on the reaction of difluorocarbene with 

oxygen to produce carbonyl fluoride, 

:CF2 + 0 ----+ CF20 • (159) 

Available thermochemical data74 show that CF20 is a fairly 

stable. molecule. with a standard heat of formation at 298 °K of 

-152.0 kcal/mole. Three possible. modes of dissociation for CF20 
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can be envisioned, 

CF20 - FCO + F (160) 

CF20 ~ CF2 + 0 (161) 

CF20 --+ F2 + co (162) 

0 with standard heats of reaction, ~H298 , of 130.6, 168.8 and 126.3 

kcal/mole, respectively. The dissociation of CF20 by reaction 161 

was chosen for study. 

The study of the dissociation of carbonyl fluoride was 

begun using two geometries, the equilibri.um geometry for CF2o 

determined by Laurie, Pence and Jackson 75 and illustrated in Figure 

2 and the equilibrium geometry for CF2 determined by Powell, Lide 
76 and Mathews. Both molecules are members of the c2v point group 

and we.re chosen to lie in the yz plane. The carbon atom was located 

at the origin (O.O, 0.0, 0.0) in both geometries. In the equili-

brium geometry for CF2o, the oxygen atom was located at (O.O, 0.0, 

-2.21858) bohrs and the fluorines at (O.O, ±1.92806, 1.40082) 

bohrs giving a carbon-fluorine bond distance of 2.38 bohrs and an 
0 angle, <FCF, of 108 • The carbon-oxygen bond length was varied in 

increments of 0.20000 bohrs in the z direction from 1.81858 to 

2.61858 bohrs in order to obtain data on the behavior of CF20 near 

the equilibrium geometry. The geometry for CF2 located the 

fluorines at (O.a, ±1.94876, 1.52802) bohrs giving a carbon-fluorine 

0 bond distance. of 2. 48 bohrs and an angle, <FCF, of 103. 8 ; an 

oxygen atom was placed at co.a, a.a, -18.90359) bohrs in order to 

approximate the dissociated CF20 molecule. 



78 

F 

Figure 2.- Geometry of CF20 molecule. 
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4 The POLYATOM (Version 2) system of programs discussed 

earlier in this chapter was used to obtain wavefunctions for all 

geometries of CF2o. All two-electron integrals whose values were 

less than 1.0 x 10-9 atomic units were taken to be exactly zero. 

-6 The criterion for energy convergence was 1.0 x 10 atomic units. 

The basis set used in all calculations was Dunning's (9s5p) 
58 set contracted to f 4s3p] for each atom in CF20 or a total of 52 

contracted orbitals. Symmetry orbitals were formed to the fullest 

possible extent, giving 502,627 two-electron integrals, 261,910 of 

which were unique. 

Synunetry factoring of the secular determinant in the SCF 

portion of the molecular orbital calculation was performed differ-

ently for the geometry where the carbon-oxygen bond distance was 

18.90359 bohrs than for the remainder of the geometries. The fac-

taring of the latter will be discussed first. 

The 52 atomic orbitals of CF20 near the equilibrium geometry 

can be combined into 52 symmetry orbitals, 24 a1 , 3 a2, 9 b1 and 

16 h2 which are presented in Table XVI. The atomic orbitals px, 

p and p are abbreviated x, y and z. Since all synunetry types in y z 

the point group contain orbitals, all molecular symmetry states, A1 , 

A2 , B1 and B2, in the point group are accessible. A preliminary 

examination of the symmetry orbitals showed the m=O ground state 

orbital occupation in the A1 molecular symmetry state was 8 a1 , 

1 a2 , 2 h1 and 5 h2 for both the alpha and beta orbitals. A RHF 

calculation was performed on the A1 state of the equilibrium 

geometry in order to determine the lowest energy excitations and 
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TABLE XVI 

SYMMETRY ORBITALS FOR [4s3p] BASIS SET OF CF20 
NEAR THE EQUILIBRIUM GEOMETRY 

Orbital Symmetry Number of 
Synmietrz Orbital Orbitals 

al so 4 

al SC 4 

al 8 Fl + 8 F2 4 

al y'Fl - Yp2 3 

al zo 3 

al zc 3 

al ZFl + ZF2 3 

a2 ~l - ~2 3 

bl XO 3 

bl XC 3 

bl ~l + ~2 3 

b2 8 Fl - SF2 4 

b2 Yo 3 

b2 Ye 3 

b2 YFl + YF2 3 

b2 ZFl - ZF2 3 
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thus the occupation of symmetry orbitals necessary to form the A2, 

B1 and B2 states. The lowest energy excitations were obtained when 
a. the following alpha-electron symmetry orbitals were occupied: 8 a1 , 

1 a~, 3 b~, and 4 b~ for the A2 state; 9 a~, 1 a~, 1 b~ and 5 b~ 

for the B1 state; and 9 a~, 1 a~, 2 b~ and 4 b~ for the B2 state. 

In all cases, the occupation of the beta symmetry orbitals was 

equal to that for the A1 state. 

An attempt was made to treat all geometries in the same 

manner with respect to symmetry factoring. However, the geometry 

where the carbon-oxygen distance equalled 18.90359 bohrs produced 

wide oscillations in the total energy when an SCF calculation was 

attempted. In addition, the orbitals attributed to the oxygen 

atom showed very little interaction with those orbitals associated 

with the CF2 fragment. In order to obtain SCF convergence, it was 

necessary to separate by symmetry factoring the oxygen orbitals 

from the difluorocarbene orbitals. The symmetry factoring for 

this geometry is shown in Table XVII. By using such symmetry 

factoring, this geometry approached CF20 dissociated into CF2 and 

0 at an infinite separation. 

Eight molecular symmetry states were considered for the 

dissociated CF2 + O, four symmetries in the c2v point group for 

3 Cl"2 , A1 , A2 , B1 and B2 and two atomi.c states for oxygen, P and 

1n. The occupation of synunetry orbitals for CF2 was determined 

using CF2 (A1) + 0(3P) in a manner similar to that described 

previously for the CF20 geometries near equilibrium. The occupation 

of the beta-electron symmetry orbitals for all states was set equal 
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TABLE XVII 

SYMMETRY ORBITALS FOR THE [ 4s3p] BASIS 
SET OF CF2 + 0 

Orbital Synnnetry Number of 
Symmetry Orbital Orbitals 

al SC 4 

al SFl + SF2 4 

al Yp1 - y'.F2 3 

al zc 3 

al z'.Fl + zF2 3 

a2 X;F1 - X;F2 3 

bl Xe 3 

bl ~l + XF2 3 

b2 Ye 3 

b2 Yp1 + Ypz 3 

b2 z:Fl - ZF2 3 

b2 sFl - sF2 4 

a ' 1 so 4 

a ' 1 zo 3 

b ' 1 XO 3 

b ,. 
2 Yo 3 
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to that for the A1 alpha-electron orbitals in all molecular symme-

trie.s considered; the alpha orbital occupations for CF2 were: 6 a. 
al, 

a. a. a. for the A1 state; 6 a. a. a. a. for 1 a2 , 1 b1 and 4 b2 al' 1 a2 , 2 b1 and 3 b2 
a. a. 2 ba. a. for the B1 state; and 5 a. the A2 state; 5 a 1 , 1 a2' 1 and 4 b2 al, 

a. a. a. 3 1 a2 , 1 b1 and 5 b2 for the Bz state. The P state of oxygen was 

generated by occupying 3 a~', 1 b~', and 1 b~' while the occupation 

for the o(1n) was 3 a1 ' and 1 b2 '. 

The existence of an open shell ground state in pentacene was 

discussed previously. In order to allow for the possibility of 

open shell ground states in CF20, the B1 states were obtained, and 

the open shell orbitals from the B1 state were used as starting 

orbitals for the generation of the A1 states; the A1 orbitals were 

used as starting points for the A2 states and orbitals from the A2 

state used as starting points for the B2 states. This procedure 

not only allowed for the possibility of open shell ground states 

but had the added advantage of saving the computational time that 

would have been required had the starting point for each state been 

the core Hamiltonian. 

The total energies with respect to carbon-oxygen bond 

distances for the A1 , A2 , B1 and B2 states are listed in Tables 

XVIII, XIX, XX and XXI, respectively, and presented graphically in 

Figure 3. First inspection leads to the conclusion that the A2 , 

B1 and B2 states are dissociative; that is, no possibility of 

bonding occurs in any of those s.tates. However, upon viewing these 

. data together with those for the dissociated CF2 + 0 presented in 

Table :XXII, only one state is truly dissociative, the B1 state. 
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TABLE XVIII 

TOTAL ENERGIES(A.U.) FOR THE A1 STATE OF CFzO 
AS A FUNCTION OF THE CARBON-OXYGEN 

Carbon-Oxygen 
Bond Distance 

(bohrs) 

1. 81858 
2.01858 
2. 21858 
2. 41858 
2.61858 

BOND DISTANCE 

Total Energy(a.u.) 

-311. 422091 
-311. 533835 
-311. 560185 
-311.543846 
-311. 508605 
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TABLE XIX 

TOTAL ENERGIES(A.U.) FOR THE A2 STATE OF CF20 
AS A FUNCTION OF THE CARBON-OXYGEN 

Carbon-Oxygen 
Bond Distance 

(bohrs) 

1.81858 
2 .01858 
2. 21858 
2.41858 
2.61858 

BOND DISTANCE 

Total Energy(a.u.) 

-311.076288 
-311. 270210 
-311. 366903 
-311. 409140 
-311.421066 
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TABLE XX 

TOTAL ENERGIES (A. U.) FOR THE Bl STATE OF CF20 

AS A FUNCTION OF THE CARBON-OXYGEN 

Carbon-Oxygen 
Bond Distance 

(bohrs) 

1. 81858 
2.01858 
2. 21858 
2.41858 
2.61858 

BOND DISTANCE 

Total Energy(a.u.) 

-310. 882854 
-311. 043688 
-311.123940 
-311.166386 
-311. 202223 
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TABLE XX! 

TOTAL ENERGIES(A.U.) FOR THE B2 STATE OF CF20 
AS A FUNCTION OF THE CARBON-OXYGEN 

Carbon-Oxygen 
Bond Distance 

(bohrs) 

1. 81858 
2.01858 
2. 21858 
2.41858 
2.61858 

BOND DISTANCE 

Total Energy(a.u.) 

-310. 941836 
-311. 091515 
-311.160894 
-311.195404 
-311. 226302 
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figure 3.- Total Energy(a.u.) as a Function of Carbon-Oxygen Dond Distance(bohrs) in CF20 
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TABLE XXII 

TOTAL ENERGIES(A.U.) AS FUNCTIONS OF MOLECULAR 
SYMMETRY FOR THE DISSOCIATED CF2 + 0 

Molecular Symmetry Atomic Symmetry Total Energy 
State of CF2 . Of 0 (a. u.) 

Al 3p -311. 443844 

Al 1n -311. 319693 

A2 3p -311.160 710 

A2 1n -311. 036568 

Bl 3p -311.332431 

Bl 1n -311. 208280 

B2 ~ -311. 039037 

B2 1n -310. 914880 
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The energy minima for the A2 and B2 states were not reached with 

the geometries considered; it is necessary to calculate wave.functions 

a·t additional carbon-oxygen bond distances, but the lack of computer 

time prevented these additional calculations. Also additional 

curves should be calculated to correspond to every state for the 

dissociated CF2 + 0 geometry. 

The attempts to generate the A1 open shell ground states for 

the near equilibrium geometries produced surprising results. Closed 

shell wavefunctions resulted for all geometries with the exception 

of the case where the carbon-oxygen bond distance equalled 2.21858 

bohrs, the equilibrium geometry. Exactly the reverse situation 

was anticipated since, as the carbon-oxygen bond was stretched or 

contracted from its equilibrium position, the electrons forming the 

bond should begin to take on some atomic nature, producing open 

shell wavefunctions. The. fact that an open shell wavefunction was 

produced at equilibrium leads to the conclusions that open shell 

ground states for the A1 symmetry should certainly exist and that 

an alternate procedure. must be used to produce such wavefunctions. 

Such a procedure might be to begin a calculation using the orbitals 

from CF2 + 0 as a starting point. 
78 Koopman's theorem can be used to compare the observed 

ionization potentials of Thomas and Thompson32 and those calculated 

for the close.d shell A1 state of the. equilibrium geometry. Koop-

man's theorem states that orbital energies or eigenvalues can be 

associated with. the vertical ionization potentials of a molecule 

for which the SCF wavefunction has been obtained. The association 
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is made by using the highest occupied eigenvalue of the positive 

ion, or, alternately, multiplying the highest doubly occupied orbital 

eigenvalue of a given synnnetry by 0.92 79 to account for the corre-

80 lation energy obtained on forming the positive ion. Correlation 

energy is the energy difference between the RHF energy and the 

exact nonrelativistic energy of a particular system. In the Hartree-

:Fack approximation scheme, the motion of each electron is solved in 

the presence of the average rather than the instantaneous motion 

of the remaining electrons. The factor of 0.92 is an attempt to 

empirically compensate for the lack of correlation energy in the 

Hartree-Fock orbitals. 

Table XXIII provides a comparison between the experimental 

and calculated vertical ionization potentials together with the 

symmetries of the orbitals used to approximate the positive ion; 

experimental and calculated data show good agreement both numeri-

cally and in the assignments of orbital symmetries to the ioniza-

tions. However, some disagreement exists in the assignments of 

specific orbitals to the ionizations. The discrepancies arise 

because molecular orbital calculations, by their very nature, pro-

duce eigenvectors that are linear combinations of several atomic 

orbitals; the calculations do not restrict an eigenvector to a 

specific atom. 

77 Thomas and Thompson assigned the lowest experimental 

ionization at 13.62 electron volts (eV) to an oxygen lone pair 

orbital; the calculations showe.d thi.s orbital was a combination of 

a Py orbi.tal on oxygen and Pz orbitals on the fluorines, z1 - z2 • 
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TABLE :XXIII 

COMPARISON OF EXPERIMENTAL AND CALCULATED 
VERTICAL IONIZATION POTENTIALS FOR CF20 

Experimental Orbital Calculated 
Ionization Eigenvalue Ionization 

Potentiala(eV) (eV) Potential (eV) 

13.62 -15.40 14.17 
14.62 -15 .6 7 14.42 
16.6 -19 .10 17 .57 
17.0 -20.21 18.59 

~. K. Thomas and H. Thompson, Proc. Royal Soc. 
A327, 13 (1972). 

Symmetry 
of 

Orbital 

b2 

bl 
al 
a2 

(London) 
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The ionization at 14.62 electron volts, attributed to a carbon-

oxygen ~ bonding orbital, was shown to be a combination of carbon 

and oxygen px orbitals, xc + x0 , and px orbitals on the fluorines, 

x1 + x2 • The assignment of an ionization from an a1 orbital to a 

nonbonding orbital on fluorine also disagreed; the calculations 

point to combinations of Pz orbitals on carbon and oxygen, zC - z0 , 

and Pz orbitals on fluorine, z1 + z2• The ionization at 17.0 elec-

tron volts and attributed to a b1 ~ orbital on fluorine agrees with 

the calculated combination of Px orbitals on fluorine, x1 - x2• 

Relatively few calculations have been carried out on 

difluorocarbene. The starting point for our calculations of the 

dissociated CF2o, CF2 + O, was the core Hamiltonian. The first 
3 state generated was CF2 (A1) + 0( P). Since all occupied orbitals 

comprising the A1 state of CF2 contained two electrons, no oppor-

tunity existed for the solution of an open shell ground state. An 

attempt was made to begin the CF2 (A1) calculation with the B1 

orbitals from the CF20 calculation at 2.21858 bohrs; however, this 

attempt failed for the lack of proper symmetry blocking of the 

dissociated CF2o molecule that was discussed earlier. 

The initial purpose of this work was to study the dissociation 

of CF20 using spin projection of the ab initio wavefunctions. When 

the use of the computer program for spin projection was attempted, 

however, it was estimated that the spin projection calculation 

would take. ten hours for each wavefunction on the IBM 370/158 

JES2/VM machine. In comparison, the spin projection calculations 

for the HiO(+) wavefunctions required 5.5 minutes. Clearly the 
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large time requirements were unacceptable. 

The computer program was then modified to provide more 

efficient calculation of the two-electron integrals over natural 

orbitals; those modifications are included in the computer program 

listed in Appendix A. Lack of sufficient computer time made it 

impossible to complete the examination of the dissociation of CF20 

at this time. 

The completed study of the dissociation of CF20 will provide 

electronic spectra for CF2 and CF20, the dissociation energy for 

carbonyl fluoride and, hopefully, a reasonable picture of the 

potential energy surface for CF2o. Additional curves corresponding 

to all states of CF2 + 0 are expected. The potential energy sur-

face will further provide a good test of the utility of the spin 

projection technique. 
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DANOOOlO 
PA90 - SPIN PROJECTION OF UNRESTRICTED AB INITIO WAVEFUNCTIONSDAN00020 
WRITTEN FOR AN IBM 370/158 JES2/VM (VIRTUAL MACHINE) DANOOQ30 
COMPUTER BY DANA A. bREWER, JOHN C. SCHUG ANO BYRON H. OAN00040 
LENGSFIELD AT VIRGINIA POLYTECHNIC INSTITUTE AND STATE DAN00050 
UNIVERSITY. DANOOOoO 

THIS PROGRAM CJNTAINS EFFICIENCY MODIFICATIONS THAT HAVE 
BEEN TESTED FOR A MOLECULE WITH C2V SYMMETRY. 

THIS SPIN PROJECTION PACKAGE IS DESIGNED TO BE COMPATIBLE 
WITH THE POLYATOM SYSTEM OF PROGRAMS. IT REQUIRES THAT AN 
INTEGRAL TAPE BE PROVIDED IN THE FORMAT GENERATED BY THE 
POLYATOM INTEGRAL EVALUATION PROGRAMS. 

DAN00070 
DANOJOSO 
0.4N00090 
DANOOlOO 
DANOOllO 
DAN00120 
D.~N00130 

OAN00140 
DAN00150 

THE OPEN SHELL MOLECULAR ORBITALS GENERATED FROM PA43 ARE ALSODANJJ160 
REQUIRED. THESE MUST BE AVAILABLE IN ONE OF THREE FORMS: OAN00170 
l) AS CARD INPUT; 2) ON FILE 5 OF THE INTEGRAL TAPE (THE DAN00190 
INTEGRAL TAPE IS NOT FILE PROTECTED IN PA43); 3) ON A SEPARATEOANJ0190 
FILE (THE INTEGRAL File WAS FILE PROTECTED IN PA43). OAN00200 

THE FINAL OUTPUT OF THE PROGRAM CONSISTS OF THE WEIGHTING 
FACTORS FOR THE PROJECTED STATES, THE ALPHA CORRESPONDING 
ORBITALS, THE NATURAL ORBITALS OF CHARGE AND SPIN, THE 
PROJECTED ATOMIC SPIN DENSITIES, THE DIAGONAL COMPONENTS OF 
THE SECOND ORDtR PROJECTED CHARGE DENSITY MATRIX, AND THE 
PROJECTED STATE ENERGIES. 

THE PROGRAM MAKES USE OF A MINIMUM OF TWO TAPES. IF THE 
INTEGRAL TAPE IS FILE PROTECTED, ONE ADDITIONAL FILE (TAPE OR 
DISK) IS NEEDED. 

DAN00210 
DAN00220 
DAN00230 
DANOu240 
OAN00250 
DAN00260 
DAN00270 
OANOOZ80 
OAN00290 
DAN00300 
DAN00310 
OAN:J0320 
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0 ...... 
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THE SUBROUTINES USED ARE -
PURELY FOR THE SPIN PROJECTION ••• 
PA90, WATE, F, CK, SWITCH, NOINTS 
MATRIX MANIPULATlON ••• 
~TBSYM, MBTSYM, MMBAT2, MULT2, MMOVE, MMATBl, MCLEAR, MCLRT, 
MAB AT 
MATRIX OUTPUT ••• 
MWR!TT, MWRITE, MWRITB, MPRYl, MPRY2 
FILE HANDLING ••• 
LAS, SEC, FILE, FOLLOW, EFSKIP, ABT, TEST2,'ADDT 
ADDITIONAL MATRIX MANIPULATION ••• 
HOIAG, FMFUHF, FMJUHF, FMEXTB, REORO, FMDMB, FMDTB, MOOBLK, 
ORDREI 

THE CARD INPUT IS AS FOLLOWS: 

(1) ONE CARO (12A6) WITH THE LABEL OF THE PROBLEM 

(2) ONE CARD (2413) WITH THE INPUT/OUTPUT OPTIONS, ICON(l-24). 
ICON(3) .LT. 0 READ MOLECULAR ORBITALS FROM CARDS 

.EQ. 0 READ MOLECULAR ORBITALS FROM INTEGRAL TAPE 

.GT. 0 READ MOLECULAR ORBITALS FROM FILE 12 (INTEGRAL 
TAPE IS FILE PROTECTED) 

ICON(4) .EQ. 0 CALCULATES A GROUND STATE WAVEFUNCTION 
ICON(9) .NE. 0 PRINT CHECKSUMS FROM READING TWO-ELF.CTP8N 

INTEGRALS 
ICON(lu) .NE. 0 PRINTS FILE HANDLING INFORMATION 

(3) ONE CARO (A6) WITH THE NAME OF THE INTEGRAL TAPE 

(4) ONE CARO (015.7) WITH CUT. TWO ELECTRON INTEGRALS WHOSE 

DAN00330 
DAN00340 
DANOJ350 
OAN00360 
DAN00370 
DAN00380 
DAN00390 
DAN00400 
OAN00410 
OAN00420 
OAN :J043J 
DAN00440 
OAN00450 
DAN00460 
OAN00470 
OANJ0480 
DAN00490 
DAN00500 
DAN00510 
OAN00520 
DANOOS30 
DAN00540 
DAN00550 
OAN00560 
DAN00570 
OAN00580 
OAN00590 
OAN00600 
OAN00610 
DAN0062J 
DAN00630 
DAN00640 
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ABSOLUTE VALUE IS LESS THAN CUT ARE IGNORED I~ FORMING THE 
FOCK AND NATURAL ORBITAL INTEGRAL MATRICES. 

IF ICOi\J(3) .LT. 0 GO TO 8 

OAN00650 
DAN 00660 
DAN00670 
OAN00680 
DAN00690 

(5) ONE OR MORE CARDS (26I3) WITH ISYM, (NS(I), I=lrlSYM). ISYM 
IS THE NUMBER OF SYMMETRY BLOCKS IN THE MOLECULAR ORBITAL 
MATRIX. NS IS THE NUMBER OF MOLECULAR ORBITALS IN EACH 
SYMMETRY BLOCK. 

o.~Noo100 
OAN00710 
DANOJ720 
DAN00730 
OAN00740 
DAN00750 (6) 

(7) 

AS MANY CARDS AS NEEDED (8Fl0.5) TO GIVE THE OCCUPATION 
NUMBERS OF THE ALPHA MOLECULAR ORBITALS. FULL OCCUPANCY 
ORdITAL IS 0.5. FRACTIONAL OCCUPANCY OTHER THAN 0.5 AND 
IS ALLOWED. 

AS MANY CARDS AS NEEDED (8FlJ.5) TO GIVE THE OCCUPATION 
NUMBERS OF THE B~TA MOLECULAR ORBITALS. FULL OCCUPANCY 

OF ANDAN00760 
O.O DAN00770 

DAN00780 
DAN00790 
DANG0800 
OANOOBlO 

OF AN ORBITAL IS 0.5. FRACTIONAL OCCUPANCY OTHER THAN 0.5 
O.O IS ALLOWED. 

GO TO STEP 13. 

ANDOAN00820 
OAN00830 
OAN00840 
OANG0850 
O.!\N00860 

(8) ONE CARO (213) WITH THE TOTAL NUMBER OF SYMMETRY ORBITALS, NR,OAN00870 
AND THE NUMBER OF BASIS FUNCTIONS, NC. DANOJ880 

CARDS (9) ANO (10) ARE REPEATED FOR EACH ITH ALPHA MOLECULAR 
ORBITAL. 

OAN00890 
DAN00900 
OAN00910 

(9) ONE CARD (4X,I4,12X,Dl5.8,Fl5.8) WITH rs, EA, 
NUMBER OF THE ORBITAL IN THE SYMMETRY BLOCK. 
VALUE OF THE ORBITAL ANO FR IS THE OCCUPATION 
ORBITAL. FRACTIONAL OCCUPANCY OTHER THAN 0.5 

DAN00920 
FR. IS IS THE OAN00930 
EA IS THE EIGEN-DAN00940 
NUMBER OF THE DAN00950 
AND O.O IS OANOJ960 

...... 
0 w 



c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 

ALLOWED. 

(10) AS MANY ACRDS AS NEEDED (4015.8) TO SPECIFY THE COEFFICIENTS 
OF THE ITH MOLECULAR ORBITAL. (THESE ARE COEFFICIENTS OF A 
NORMALIZED BASIS FUNCTION). THE EIGE~VECTORS ARE READ IN AS 
ROWS. 

CARDS (lll AND (12J ARE REPEATED FOR EACH JTH BETA MOLECULAR 
ORBITAL. 

(11) ONE CARO (20X,Dl5.8,Fl5.8l WITH EB AND FR. ~B IS THE EIGEN-
VALUE OF THE JTH BETA ORBITAL. FR IS THE OCCUPANCY OF THAT 
ORBITAL. FULL OCCUPANCY IS 0.5. FRACTIONAL OCCUPANCY OTHER 
THAN J.5 AND O.O IS ALLOWED. 

(12) AS MANY CARDS 45 NEEDED (4015.8) TO SPECIFY THE COEFFICIENTS 
OF THE JTH BETA MOLECULAR ORBITAL. (THESE ARE COEFFICIENTS 
OF A NORMALIZED BASIS FUNCTION.) THE MOLECULAR ORBITAL 
COEFFICIENTS ARE READ IN AS ROWS. 

(13) ONE CARD (315) WITH KIKMAX, THE MAXIMUM NUMBER OF PROJECTED 
STATES THAT WILL BE CALCULATED. 

(14) ONE CARD (213) WITH THE ORBITAL NUMBERS FOR THE SINGLY 
OCCUPIED ORBITALS, ASSUMING THAT THE FIRST ORBITAL OCCUPIEO 
IS NUMBERED ONE. 

DIMENSION STATEMENTS 

IMPLICIT REAL*S(A-H,0-Z) 
REAL*8 ILBL,ILAB,INTNAM,INAME(6),ILABL(l2) 

OAN00970 
OAN00980 
DAN00990 
DANOlOOO 
DANOlOlO 
DAN01020 
OAN01030 
OAN01040 
DAN01050 
OAN01060 
DAN01070 
OAN01030 
OAN01090 
DANOllOO 
O.,NOl l l 0 
DAN01120 
Ot\N01130 
DAN01140 
OAN01150 
DAN01160 
DAN01170 
OAN01180 
DAN01190 
DAN01200 
DAN01210 
DAN01220 
DAN01230 
OAN01240 
DAN01250 
DAN01260 
DAN01270 
DAN0128J 

I-' 
0 
,i:.. 
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LABELLED COMMON 

COMMON/ZEIT/LAPSE,LAPST 
COMMON/LABELS/ILBlll2),ILABll2) 
COMMON/IOIND/ICON(24) 

DIMENSION STATEMENTS 

DIMENSION R(60,6Q),Sl60,60),T(60,60),TT(60,60) 
DIMENSION PKD(636),VAL(636) 
DIMENSION FR(6J) 
DIMENSION RR(60,60>,SS(60,60) 
DIMENSION TEN0(30JG) 
DIMENSION NS(60),IS(60) 
DIMENSION EA(60),EB(60) 
INTEGER D2TAPE 
DATA NTAPE, 02TAPE, ITAPE/10,11,12/ 
DATA INAME/6HETA+VL,6HG-INTS,6HT-INTS,6HV-INTS,6HVYMATX,6HM-INTS/ 

SET ~ISCELLANEOUS PARAMETERS 

CALL ERRSET(20S,500,-l,l) 
NRX=60 
NIN=636 
NTOP=3000 
AD=l.OO/DSQRT(2.D0) 
ITR=l 
XNA=0.00 
XN8=0.DO 

READ LABEL OF PROBLEM AND INPUT/OUTPUT OPTIONS 

OAN01290 
DAN013J::> 
DAN013l0 
DAN01320 
DANJ133J 
OAN0134-0 
OAN01350 
DAN01360 
DAN01370 
DAN01380 
DAN01390 
OANOL400 
OAN01410 
OAN01420 
DAN01430 
OAN01440 
DAN01450 
DAN0146G 
DAN01470 
OAN01480 
DANJ149J 
DAN01500 
DAN01510 
DAN01520 
DA.NO! 530 
DAN01540 
DANOl550 
DAN01560 
DAN01570 
DAN01580 
OAN01590 
DAN01600 

...... 
0 
VI 
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CALL LAB 
REA0(5,189)1NTNAM 
CALL TESTZ(NTAPE,INTNAMl 
IF(ICON(3).EQ.O)IT4PE=NTAPE 
REA0(5,49)CUT 
WRITE(6,59)CUT 
IPTI=ICON(9) 

DA=R DB=S DT=T 

REAO MJLECULAR ORBITALS 

lf(ICON(3))5,15,25 
25 REWIND !TAPE 

GO TO 35 

NC=NBFNS 

15 CALL FILE(INAME(5),NTAPE,ILABL) 
35 REAO(ITAPE) 

REAO(ITAPE) 
READ(ITAPE)NR,(EA(I),I=l,NR) 
READ(ITAPE)NRR,NC1(($(l,J),J=l,NC),I=l,NRR) 
READlITAPE)NRR,(EB(!),I=l,NRR) 
READ(ITAPE)NRR,NCC,((TT(!,J),J=l,NCC),I=l,NRR) 
READ(5,l99)1SYM,(NS(!),I=l,ISYM) 
REA0(5,179)(FR( Il,I=l,NR) 
DO 70 I=l,NR 

70 XNA=XNA+2.DO*FR(l) 
NA=XNA+0.01 
GO TO 45 

5 REA0(5,l99)NR,NC 
DO 10 1=2,NRX 

13 NS(l)=u 

OAN01610 
l)AN01620 
OAN01630 
DAl\101640 
DAN0165J 
DAN01660 
DAN01670 
D.AN01680 
DAN01690 
DAN01700 
DAN01710 
OAN01720 
DAN·Jl 730 
OAN01740 
DAN01750 
OAN0176J 
OAN01770 
DAN01780 
D.!\NOl 790 
OANOlSOO 
OAN01810 
OAN01820 
O;~N01830 

DAN01840 
DANC1850 
DAN0186J 
OAN01370 
OAi\101830 
DAN0189'.J 
OAN019UO 
DAN01910 
DAN :Jl 92 J 

t--' 
0 

°' 



c 
c 
c 

c 
c 
c 

c 
c 

DO 60 I=l, f\JP. 
READ(5,249)IS(l),EA(l),FR(lt 

60 REA0(5,219}($(1,J),J=l,NC} 
WRITE(D2TA?E)({S(!,J},J=l,NC),!=1,NRl 
ISYM=l 
NS ( 1> = l 
DO 40 I=l,NR 

40 XNA=XNA+Z.DO*FR(I) 
NA=Xf..JA+O. 01 
DO 50 1=2,NR 
IM= I-1 
IF(IS(I).LE.IS( IMllGO TO 55 
NS{ISYM)=NS(lSYM)+l 
GO TO 50 

55 ISYM=ISYM+l 
NS( ISYMl=NS( ISYM)+l 

50 CO!\ITil\IUE 
45 CALL MPRYl(S,EA,FR,6HALPHA ,6HORBITA,6HLS 

FORM ALPHA DENSITY MATRIX, DA 

CALL FHOMB(S,R,FR,l.O,NR,NC,NRX) 
CALL MCLEAR(T,NC,NC,N~X) 

,l,MC,NR,l\JRX) 

FORM SYMMETRY BLOCKING TRANSFORMATION ~ATRIX 

CALL AOOT{INAME(2),NTAPE,ILABL,T,NRX,PKO,VAL,NIN) 
CALL MTBSYM(T,NC,NRX) 
CALL MMBATZ{T,S,NC,NC,NR,EA,NRX) 
WRITE(02TAPE)NR,NC,((S(l,J),J=l,NC),I=l,NR) 

READ dETA MOLECULAR ORBITALS 

DAN01930 
OAN0194J 
OAN01950 
DAN01960 
D1\l\!Ol970 
DAN01930 
DAN0199J 
DAN02000 
D.liN02010 
DAN02020 
DAN02030 
DAN02040 
DAN02v50 
Oi\NrJ2060 
DA!\102J70 
DAN02080 
DAN02090 
DAN-J21JJ 
DAN02110 
DAN02120 
DAN02130 
DAN02140 
DAN0215J 
D1~N02160 

DAN02170 
DAN02180 
OAN02190 
DAN02200 
DAN02210 
OAN02220 
DANJ2230 
OAf\102240 

...... 
0 ...... 



c 

c 
c 
c 

85 

90 

95 

10() 

105 
75 

IFlICON(3)J85,95,95 
DO 90 l==l,NR 
READ(5,209JEA(I),FR(l) 
READ(5,219)(T(l,J),J:::l,NC) 
GO TO 105 
DO 100 I=l,NR 
EA( I )==EB( 1) 
DO 100 J==l,NC 
T(l,J)=TT<I,J) 
RE AD L> , l 7 9 ) ( FR ( I ) , I == l , NR ) 
DO 75 l==l,NR 
XNB==XNB+2.00*FR(I) 
NB=XNd+O.Ol 

FORM BETA DENSITY MATRIX, DB 

CALL MPRYl(T,EA,FR,6HBETA ,6HORBITA,6HLS 7 1,NC,NR,NRX) 
CALL FMOMB(T,S,FR,2.0,NR,NC,NRX) 
CALL FMDTB(R,s,r,1.0,NC,NRX) 
WRITElD2TAPE>NC,((R(l,J),J=l,I),I=l,NC) 
WRITE(02TAPE)NC,((S(I,J),J=l,I),!=l,NC) 
WRITE(D2TAPE)NC,((T(l,J),J=l,I),I==l,NC) 
DD 30 I=l,NRX 

30 FRCI)==l.00 
CALL M8TSYM( R,NC,NRX) 
CALL MBTSYM( S,NC,NRX) 
CALL MBTSYM( T,NC,NRX) 
CALL MWRITtl(R,6HALPHA ,6HOENSIT,6HY MATX,O,NC,NRX) 
CALL MWRITB(S,6HBETA 0,6HENSITY,6H MATRX,O,NC,NRX) 
CALL MWRITBCT,6HTOTAL ,6HOENSIT,6HY MATX,O,NC,NRX) 
CALL SEC(oH~EAD D,6HENSITY,6H MATRX) 

DAN02250 
OAN0226J 
OAN02270 
OAl\102280 
DAN J229;'.J 
OAN02300 
DAN023l0 
Dt\N0232 0 
OAN:J2330 
DAN02340 
DAJ\!02350 
DAN02360 
DAN02370 
DAN02380 
OAN02390 
DAN02400 
DAN02'i-l 0 
DANJ242J 
OAN024l0 
DAf\102440 
DAN02450 
DAN02460 
!11\N'.)~470 

DAN02L~80 

OAN02490 
D1'.l.N02500 
OAN02510 
DAN02520 
DAf\102530 
DAN02540 
DAN02550 
OAN02560 

f-' 
0 
00 



c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 

c 
c 

FORM KINETIC EN~RGY MAT~IX IN TT 

CALL MCLRT(fT,NC,NRX> 
CALL ADDT(INAME(3),NTAPE,ILABL,TT,NRX,PKO,VAL,NIN) 

CALCULATE EXPECTATION VALUE CF T WITH OT; 
EXPECTATION VALUE STORED IN XK 

CALL FMEXTti(TT,T,NC,NRX,l.J,XK) 

ADD POTENTIAL ENERGY TO KINETIC ENERGY 

CALL ADDT(INAME(4),NTAPE,ILABL,TT,NRX,PKO,VAL,NIN) 

CALCULATE EXPECTATION VALUE OF T+V WITH DT 
STORE THIS VALUE IN XH 

CALL F~EXT~(TT,T,NC,NRX,l.O,XH) 

CALL SEC(6HREAO l,6H-ELEC ,6HINTS ) 
XKE=XH-XK 

READ (FROM INTEGRAL TAPE) THE NUCLEAR REPULSION ENERGY 
STORED IN EN 

CALL FILE(INAME(l),NTAPE,ILABL) 
READ(NTAPE) 
READ(NTAPE) 
REAO(NTAPE) 
REAO(NTAPt::)EN 

DANJ2570 
DAN02580 
DAf\!02590 
DANJ26l)0 
OANOZ610 
DAN02620 
D.a.NJ263J 
DAN02640 
DAN02650 
DAN02660 
DAN02670 
DAN02680 
OAN02690 
DANIJ2700 
Ol\NJ2710 
o.a.N027 2'1 
DAN02730 
DAN02740 
DANOZ 750 
OANJ276J 
DAN02770 
DAi\102780 
O.~N 0279!) 
DAN02800 
DAN02810 
DANlJ2320 
DAN02330 
OAN02840 
9AN021350 
OAN02860 
DAN02370 

FORM MATRIX FT IN TT BY FORMING ANO ADDING JT TO H ALREADY IN OAN02880 

...... 
0 
l.O 



c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 

TT. ALSO FORM KA IN RR AND KB IN SS. 
FT=H+JT 
JT{l,J)=SUM(OVER K,L) OT(K,L) * (IJ,Kl) 
KA(I,J)=SUM (OVcK K,l) OA(K,l) * (IK,JL) 
KB(J,J)=SUM (OVER K,L) DB(K,L) * (IK,Jl) 

FIRST RETAIN THE CORE HAMILTONIAN 

DAN02890 
DJ\N J29JO 
DAN02910 
DAN02920 
OAN02930 
DAN02940 
DAN:)2950 

WRITE(D2TAPE)NC,((TT(l,JJ,I=l,J),J=l,NC) DAN02960 
CALL ~CLRT(RR,NC,NRX) DAN02970 
CALL MCLRT(SS,NC,NRX) OAN02980 
CALL FMJUHF(JT,RR,ss,r,R,S,NC,NRX,INAME(6),NTAPE,ILABL,PKO,VAlrNINOAN02990 

ldPTI,CUT,lX) DAN03000 
CALL SEC ( 6HREAD 2, 6H-ELEC ,6HI NTS ) DA.N03010 
CALL MWRITTCTT,6H JT+H,6H FT MA,6HTRIX ,ITR,NC,NRX) OAN03020 
CALL MWRITT(RR,6HKALPHA,6H KA MA,6HTRIX ,ITR,NC,NRX) DAN03030 
CALL MWRITT($$,6H KBETA,6H KB MA,6HTRIX ,ITR,NC,NRX) DAN03040 

FORM ALPHA AND tiETA UHF HAMILTONIAN 
IN RR AND SS RESPECTIVELY 

FA = FT - KA = H + JT - KA 
FB = FT - KB = H + JT - KB 

CALL FMFUHF{RR,SS,TT,NC,NRX) 

MATRICES, FA AND FB, 

COMPUTE EXPECTATION VALUES OF FA WITH DA AND FB WITH OB 

CALL FMEXTB(RR,R,NC,NRX,1.0,XFA) 
CALL FMEXTB(SS,S,NC,NRX,1.0,xFa) 
XF=XFA+XFB 
WRITE(6,9)XK 
WRITE(6,29)XKE 
WRITE(6,l9)XH 

DAN03050 
D.l\NJ3J60 
OAN•l3070 
DANOJ030 
D~N03090 

OAf\103100 
DAN03110 
DAN03120 
DAN03130 
DANJ3140 
OAN03150 
DAN03160 
DAN03170 
OAN03180 
OAN03193 
DANC3200 

I-' 
I-' 
0 



c 

EPI2=0.5DO*(XF-XH) 
WVE33=XKE+EPI2 
WE33=XH+EPI2 
WV33=XKE+EPI2+EN 
W33=WE33+EN 
wRITE(6,69)EPI2 
WRITE(6,79)WVE33 
WRITE(6,89)WE33 
WRITE(6,39)EN 
\fl R I T E ( 6 ,12 9 h1V 3 3 
WRITE ( 6, 14<J HJ33 

C OBTAIN SYMMETRY BLOCKING TRANSFORMATION MATRIX. 
C STORE IN RR 
c 

c 

REWIND D2TAPE 
IF(!CON(3))165,l75,175 

165 READ(02TAPE) 
175 REA0(02TAPE)NRR,NCC,((RR(l,J),J=lrNCC),I=l,NRR) 

READ(02TAPE>NCC,((R(J,I),J=l,IJ,I=l,NCC) 

C SYMMETRY BlCCK DA AND DB 
c 

c 

REA0(02TAPE)NCC,((S(J,J),J=lrl) rI=lrNCC) 
CALL MABAT(RR,R,NR,NC,TT,NRX) 
CALL MABAT(RR,S,NR,NC,TT,NRX) 
CALL MTBSYM(R,NR,NRX) 
CALL MTBSYM(S,NR,NRX) 

C FORM OA*OB*OA IN ORTHOGONAL BASIS REPRESENTATION. 
c 

CALL MULT2($,R,TT,NR,NRX) 

DAN03210 
JAN03220 
DAN03230 
DAN03240 
0Ai\J032 5 0 
DAN03260 
DAl\l:J3270 
OAN03280 
OAN0329() 
D.6.N03300 
OAN03310 
DAN ~3320 
OAN03330 
OAN03340 
DAf\103350 
DAN03360 
DAN03370 
D1\N03380 
DAN03390 
DAN03'1-00 
OAN03410 
DAN03420 
DANJ3430 
OAN03440 
OAl\103450 
DAN03460 
DAN03470 
DAN03480 
DAN03490 
DAN03500 
DAN0351J 
OAN03520 

...... ...... ...... 



CALL MULT2(R,TT,SS,NR,NRX) 
c 
C FORM SPIN DENSITY MATRIX IN ORTHOGONAL bASIS 
c 

c 

DO 80 I=l,NR 
DO 80 J=l ,NR 

80 T(l,J)=R(I,J)-S(l,J) 
IF(ICON(3))115,125,135 

135 REWIND !TAPE 
GO TO 145 

125 CALL FILE(INAME(5),NTAPE 7 ILtBl) 
145 READ( ITAPE) 

READ(ITAPE) 
REAO( !TAPE) 
READ(ITAPE>NRR,NCC,(($(1,J),J=l,NCC),I=l,NRR) 
GO TO 155 

115 REWIND D2TAPE 
REA0(02TAPE)((S(I,J),J=l,NC),!=l,NR) 
REA0(02TAPE) 
READ(D2TAPE) 
READCD2TAPE) 

155 CONTINUE 

C FORM ALPHA CORRESPONDING ORBITALS 
c 

c 

CALL MODBLK(RR,SS,TT,NS,EA,EB,S,NR,NC,NRX,6HA.C.O.,O,O) 
CALL REOROlSS,TT,EB,EA,NR,NC,NRX) 
CALL MMOVE(SS,TT,NR,NC 1 NRX) 
CALL MPRYl(TT,EB,FR,6HALPHA 7 6HCORR. ,6HORBS. ,Q,NC,NR,MRX) 
CALL SEC(6HCALC A,oHLFA C0,6HRR ORB) 

C FORM NATURAL ORBITALS OF SPIN ANO STORE IN TENO 

DAN03530 
DAN J354J 
tJAf\103550 
DAN03560 
DAN03570 
DAN03580 
OANJ359J 
Ol\N03600 
OAN03610 
OAN03620 
01\N03630 
OAf\103640 
OAN03650 
DAN03660 
D.ANJ3670 
OAN03680 
DAN03690 
OAN03700 
OAN03710 
DANO 372 J 
DAN03730 
DAN03740 
OANJ3 75 C> 
OAN03760 
DA.N03 770 
DANJ3780 
DAN03790 
DAN03800 
DMJ03810 
DAN03820 
DAN03830 
Ol\N03840 

I-' 
I-' 
N 



c 

c 
c 
c 

c 
c 
c 
c 
c 

CALL MOOBLK(RR,T,R,NS,FR,EA,S,NR,NC,NRX,6HN.O.S.,o,o> 
CALL REORD(T,R,EA,FR,NR,NC,NRX) 
CALL MPRYl(T,EA,FR,6HNATL C,6HRBS OF,6H SPIN ,O,NC,NR,NRX) 
CALL SEC(6HCALC N,6HATL OR,6HB SPIN) 
AO=l.OO/OSQRT(2.D0) 
DO 20 I=l,NC 
TENO(l)=AO*(T(NC,l)+T(l,IJ) 

20 TENO(NC+l)=~0*(T(NC,I)-T{l,I)) 

FORM NATURAL ORBITALS OF CHARGE 

REA0(02TAPE)NCC,((l(J,!),J=l,I>,I=l,NCC) 
CALL MABAT(RR,T,NR,Nc,ss,NRX) 
CALL MOOBLK{RR,T,R,NS,FR,EA,S,NR,NC,NRX,6HN.U.C.,O,O) 
CALL REORO(T,R,EA,FP.,NR,NC,NRX) 
CALL ~MOVE(T,R,NR,NC,NRX) 
CALL MPRYl(R,EA,FR,6HNATL 0,6HRBS OF,6H CHG ,O,NC,NR,NRX) 
CALL SECC6HCALC N,6HATL UR,6HBS CHG) 

SWITCH ROWS AND COLUMNS. 
THE SP1N PROJECTION IS PERFORMED WITH THE ORBITALS AS 
COLUMNS. 

CALL SWITCH(TT,T,NR,NC,NRX) 
CALL SWITCH(~,T,NR,NC,NRX) 

CALL MCLEAR(S,NRX,NRX,NRX) 
C/~L l iv\Clt: AR (T, NRX, NRX, NRX) 
CALL ~CLEAR(SS,NRX,NRX,NRX) 
REA0(02TAP~)NCC,((R~(l,J),J=l,I),(=l,NCC) 

CALL MWRITB(RR,6HCDRE H1 6HAMILT0,6HNIAN ,l,NC,NRX) 
CALL MBTSYM(RR,NC,NRX' 

DAN03850 
DAN".>3860 
OAN03870 
DAN03880 
Oi\NJ3890 
DANJ3900 
DAN039lu 
DAN03920 
DAN0393 0 
DANOJ94:) 
DAN03950 
DAN03960 
OAN03970 
DANOJ<rno 
DAN03990 
OANO"+OOO 
DAN04010 ...... 
OANO·!t-0~0 ...... 

w 
OAN04030 
OAN040Lt0 
DAN04050 
OAN0 1t060 
OAN04070 
OAN04080 
OANOLt090 
DANO'tlOO 
DANJt-tllO 
DANOlt-120 
DAN0413'.) 
D:~N04140 
OANCJt.tl 50 
11AN0'+16Q 



c 
c 
c 
c 
c 
c 
c 
c 
c 
r v 

c 
c 
c 
c 

REWIND D2TAPE 

READY TO PERFORM SPIN PROJECTION 
MATRIX OCCUPATION (IN ATOMIC BASIS): 
TT = A.c.o. EIGENVECTORS 
EB = A.c.o. EIGENVALUES 
R = N.o.c. EIGENVECTORS 
EA = N.o.c. EIGENVALUES 
T = EMPTY 
X = EMPTY 
S = EMPTY 
RR = CORE HAMILTONIAN 
SS = EMPTY 
Xl = EMPTY 

OAN04170 
DANJ4180 
o,~N04190 

OAN04200 
DAN04210 
DAN04220 
DAN0423J 
OAN04240 
OAN04250 
DAN04260 
OAN04270 
Ol\N042 8J 
DAN04290 
DAN04300 
DANJ431J 

CALL WATE(S,ss,R,TT,RR,TENO,EB,T(l,l),T{l,2),T{l,3),T(l,4J,EA,T(l,DANa4320 
15),T(l,6),T(l,7),T(l,8),T(l,9),J(l,10),PKD,VAL,CUT,EN,INAME,NTAPE,OAN04330 
lNRX,NTOP,NIN,NC,NA,NB,NRJ DANJ43~0 

CALL FOLLOW DAN04350 
9 FORMAT(' •,• KINETIC ENERGY, T = 1 ,30X,1PD20.10) OAN0436) 

19 FORMAT(' •, ' ONE ELECTRON ENERGY, H = T+V(l) = 1 ,l6X,1P020.l0) DAN04370 
29 FORMAT(' •,•ONE ELECTRON POTENTIAL ENERGY, V(l) = •,12x,1ro20.1o)DAN04380 
39 FORMAT(' '•'NUCLEAR REPULSION ENERGY, V(N) = ',17X 1 1P020.10) DAN04390 
49 FORMATtD15.7) DAN04400 
59 FORMAT('O','THO-ELECTRON INTEGRAL CUTOFF= ',1P012.4) OAN04410 
69 FORMAT(' .,. TWO ELECTRON POTENTIAL ENERGY, V(l,2) = •,1ox, DAN04420 

11PD20.10) DAN04430 
79 FORMAT(' '•' ELECTRONIC PCTENTIAL ENERGY, V(E) = V(l)+V(l,2) = •, DANQ4440 

11PD20.l0) OAN044SO 
69 FORMAT(' '•' ELECTRONIC ENERGY, E(E) = H+V(l,2) = •,13X,1P020.10) DAN04460 

129 FORMAT(' •,• PUTENTIAL ENERGY, V = V(El+V{N) = •,16X,1PD20.10) DAN0447J 
149 FORMAT(' .,. TOTAL ENERGY, E = E(E)+V(N) = •,2ox,1Po20.10) OAN044dJ 

..... ..... 
~ 



169 FORMAT( 1 0 1 , 1 READ ERROR ON D2TAPE') DAN04490 
179 FORMAT(8Fl0.5) DAN04500 
189 FORMAT(A6) DAN04510 
199 FORMAT(2613) OAN04520 
209 FORMAT(20X 1 015.8,Fl5.8) DAN04530 
219 FORMAT(4015.8) DAN04540 
229 FORMAT('J','NUMBER OF ROWS IN BETA MOLECULAR ORBITALS .NE. NUMBER OAN04550 

lOF ROWS IN ALPHA MOLECULAR ORBITALS') DAN04560 
239 FORMAT( 1 0 1 1 1 NUMBER QF COLUMNS IN BETA MOLECULAR ORBITALS .NE. NO ODANJ4570 

lF COLUMNS IN ALPHA MOLECULAR ORBITALS') DAN04580 
249 FORMAT(4X, I4,12X,D15.8,Fl5.8) DAN04590 

STOP OAN04600 
END DAN046l0 
BLOCK DATA DANJ462u 
REAL*8 ILAB,ILBL DAN04630 
COMMON/LABELS/ILBL(l2J 1 ILAB(l2) OAN04640 
DATA ILAB/6H PA90 ,6H UNRE,6HSTRICT,6HEO HAR,6HTREE-F,6HOCK SP,6HDAN04650 

lIN PR0,6HJECTI0 1 6HN METH,6HOO L.C,6H.A.O. ,6HTEST I OAN04660 
END DAN0~670 

CNOINTS SUBROUTINE NOINTS DAN04680 
SUBROUTINE NOINTS(EA,PKLABL,VALUEM,c,r,cuTLO,INAME,NB,MNM,~O,M,NINDAN04690 

lTS,NINHAX,NRX,NTOP,NTAPE) DAN047Ja 
IMPLICIT REAL *8(A-H,O-Zl OAN04710 
OIMENSION PKLABL(NINMAX),VALUEM(NINMAX),C(NRX,NRX),T(NTOP) DAN04720 
DIMENSION EA(NRX) DAN04730 
DIMENSION IPRT(36) DAN04740 
REAL *8 INTNAM, INAME,ILAd,ILABL(l2) OAN04750 
COMMON/IOINO/ICON(24) DAN04760 
CCMMON/LABELS/IL8l(l2),ILAB(l2) DAN04770 
DIMENSION INAME(6) OAN3478J 
NRECNT=O OAN04790 
NMINNW=O OAN04800 

I-' 
I-' 
V1 



c 

IRC=l 
IFLAG:::O 
1PTI=ICON(9) 

C PRINT HEADER IF CHECK SUM FLAG IS ON 
c 

c 

IF(IPTI.EQ.J)Gu TO 70 
WRITE(6,l9) 

70 CONTINUE 
REA0(5,59)NSING1,NSING2 

59 FORMAT(213) 
DO 40 I=l,NTOP 

40 T( I J=O.DO 

C POSITION TAPE TO READ TWO-ELECTRON INTEGRALS 
c 

CALL FILElINAME(6),NTAPE,IlABL) 
20 If(IFLAG)2l,21,76 
21 READ(NTAPE>NINTS,LSTRCO,PKLABL,VALUEM 

IF(LSTRCO.NE.OllFLAG=l 
NR ECNT=NRECNT +l 
NMINNW=NMINNW+NINTS 
IFCIPTI.EQ.OJGO TO 75 
IF{ IRC.EQ.l) IPRT(l}=NRECNT 
CALL UNPACK(PKLABL(l),1A,JA,KA,LA,IZ,ITA) 
CALL UNPACK {PKLABL(NINTS),IB,JB,KB,LB,IZ,!T6) 
1PRT ( IRC+l )=JA 
IPRTCIRC+2)=LA 
IPRT(IRC+3)=NINTS 
IPRT ( IRC+4)=JB 
IPRT{IRC+5)=LB 
IR C::: I RC+ 5 

D~N04810 

OAN04820 
OAN04830 
DAN04840 
DAN04850 
D,~N0'•860 
OAN04870 
DAN04880 
'JAN,)4890 
OAN04900 
OAN049l0 
OAN04920 
DAN04930 
DAN0't940 
DAN04950 
DAN04960 
DAN0lt970 
OANO't980 
OAN04990 
DAN05000 
OAN05010 
OAN05020 
DAN05030 
DAN05040 
DAN ')5050 
OAN05060 
DAN05070 
DAN05080 
OAN05090 
DAN05100 
DAN05110 
DAN05120 

...... ...... 
(J'\ 



c 

IF(IRC.LT.36)GO TO 75 
WRITE(6,29)(1PRT(MN),MN=l,IRC) 
IRC=l 

75 lf(NINTS.GT.NINMAX.OR.NINTS.LE.O)GC TO 30 
MNl=l 

55 XI=VALUEM(MNl) 
JCTR-=l 
CALL UNPACKtPKLABL(MNl),Il,Jl,Kl,Ll,MU,IZ) 

52 IF(MNl.EQ.NINTS)GO TO 50 
53 IF(MNl.GE.NINTS)GO TO 50 

CALL UNPACK(PKLASL(MN1+1),J2,J2,K2,L2,MU2,IZ2) 
IFlIZ2)51,50,51 

51 JCTR=JCTR+l 
MNl=MNl+l 
GO TO 53 

50 If(DABSlXIl.LT.CUTLG>GO TO 10 
XI=XI*JCTR 

C SKIP THE INTEGRAL IF ITS VALUE IS SMALL 
c 

X2=2.DO*XI 
X4=4.DO*XI 
Xd= 8 .DO*X I 
GO TO (llOJ,200,300,400,500,700,600,600,lOO,lOO,lOO,lOO,l00,100), 

lMU 
100 J::::Q 

00 140 K=l,NB 
KP=M-K+l 
Al=C{ Il,K) 
A2=C{Jl,K) 
A 3=C (Kl, K) 
A4=C(Ll,K) 

DAN05130 
DAN05140 
DANJ5150 
OAN05160 
DAN0517'J 
DAN051130 
DAN05190 
DAN05200 
DAN05210 
DAN05220 
DAN0523J 
OAN05240 
DAN05250 
DANJ526() 
OAN05270 
DAN05280 
DAN05290 
DAN05300 
DAN0531.) 
OAN05320 
DAN05330 
D1\N0534J 
OAN05350 
DAN05360 
DAN05370 
DAN05330 
DAN0539J 
OAN05400 
DAN054-l 0 
DAN D542 J 
OAN05430 
DAN05t140 

t--' 
t--' 
-...J 



118 IFCDABS(Al).LE.1.o-oa.0R.DABS(A2).LE.l.0-03.AND.K.NE.NSINGl) 
lGO TO 116 

IF(DABS(Al).LE.1.o-oa.0R.OA8S(A2).LE.l.D-08.AND.K.NE.NSING2) 
lGO Tu 116 

IF(OABS(A3).LE.l.0-03.0R.OABS(A4).LE.l.0-08.AND.K.NE.NSING2) 
lGO TO 115 
IFCDABS(A3).LE.1.o-oa.0R.DABS{A4).LE.l.D-~8.ANO.K.NE.NSING1) 

lGO TO 115 
GO TO 117 

116 J=J+l 
Pl=O.DO 
P2=A3*A4 
IF(K.LT.MNM>GO TO 110 
IF(EA(K).GT.l.999999)GO TO 110 
J=J+3 
A5=C(!l,KPl 
A6=C(Jl,KP) 
A7=C(Kl,KP) 
A8=CCL1,KP) 
P3=0.DO 
P4=A7*A8 
P31=0.DO 
P32=0.DO 
P33=A3*A& 
P34=A4*A7 
GO TO 110 

115 J=J+l 
P.l::Al>!<A2 
P2=0.DO 
lf(K.LT.MN~)GO TO 110 
IF(EA(Kl.GT.l.999999)GO TO 110 
J=J+3 

DAN J5450 
OAN05460 
OAN05470 
DAN05480 
OAN05490 
DANO 550 0 
OAN05510 
DAN05520 
DAN05530 
DAN055tt0 
DAN0555J 
D1~N05560 

DAN05570 
OAN05580 
DAN05590 
DAN·)5600 
OAN05610 
OAN0562 0 
Ot\N05630 
DAN05640 
OANJ5650 
OAN05660 
DAN05670 
DAM056HO 
DAN05690 
OAN05700 
DAN05710 
DAN05720 
DANJ573J 
OAN05740 
DAN057?0 
DANJ576J 

I-' 
I-' 
00 



A5=C( Il,KP) 
,~6-=C(Jl,KP) 

AJ=C(Kl,KP) 
A8=CCL1,KP) 
P3=A5*A6 
?4=0.00 
P3l=Al*A6 
P32=A2*A5 
P33= 0.00 
P34=0.DO 
GO TO 110 

117 Pl=Al*A2 
P2=A3*A4 
J=J+l 
T(J)~T(J)+X8*Pl*P2 

If(K.LT.MNM)GO TO 110 
IFCEl\(K).GT.l.999999)GO TO 110 
J.\5=C( 11,KP) 
A6=C(Jl,KP) 
A7=C(Kl,KP) 
A8=C(Ll,KP) 
P3=A'.l*A6 
P4= A7*A8 
P31=4l*A6 
P32=A2*A5 
P33=A3*A8 
P34=.l\4*A7 
Q=(P3l+P32)*(P33+P34) 
J=J+l 
T(J)=X8*P3*P4+T(J) 
J=J+l 
TtJJ=T(J)+X4*Q 

D.l\N05770 
DAf\105780 
DAN05790 
DAN05800 
DAN05810 
D,.\N05820 
DAN05830 
DAN05840 
OAN05850 
OAN0586J 
OAN05870 
DAf\J05538C> 
D1~N J5890 
OAN05900 
DAf\105910 
DAM05920 
DAN05930 
DAN05Y4'J 
O.t\N05950 
DAN05960 
D.l\N 05970 
DAN05980 
DAN 05990 
DAN06000 
OAN06010 
OAN0602 J 
DAN06030 
DAN06040 
OANJ605iJ 
OAN06060 
DAN06070 
DA"JJ608oJ 

I-' 
I-' 
l.O 



J=J+l 
T(J)=T(J)+X8*(Pl*P4+P2*P3) 

llu KAND=K+l 
IF(K.EQ.N5)GO TO 130 
DO 120 LN=KAND,NB 
LP=M-LN+l 
A9=C( Il,LN) 
AlJ=C(Jl,LN) 
All=CCKl,LN) 
Al2=C(Ll,Ull> 
P7=All:>!'Al2 
P8=A9*Al0 
PlJ=Al*AlO 
P 1Lt=A2*A 9 
Pl5=All*A4 
Pl6=Al2*A3 
J=J+l 
T(J)=T(J)+X8*(Pl*P7+P2*P8) 
J=J+l 
T(J)=T{J)+X4*(Pl3+Pl4)*{Pl5+Pl6) 
!F(LN.LT.MNMlGO TO 120 
IF(EA(LN).GT.l.999999)GO TO 120 
Al3=C( It,LP) 
Al4=C(Jl,LP) 
Al 5=C ( K 1, LP) 
Al6=C(Ll,LP) 
P5=1US*Al6 
P6=Al3*Al4 
P9=Al*Al4 
PlO=Al3*A2 
Pll=Al5*A4 
Pl2=Al6*A3 

OAN06090 
DAN06100 
DA 1\1061l0 
OAM06120 
DAN06l 3 J 
O.l\N061'•0 
DAf\106150 
OANJ6160 
OAN06170 
OAi\106180 
D1\N 06190 
DAN1J6200 
DAN;J6210 
OANOb22 0 
OAl\!06230 
DAN.J6240 
OAN06250 
DAN06260 
DAN06270 
DAN06280 
DANC>6290 
DAN06300 
DAN06310 
DANJ6320 
DAN06330 
DAl\106340 
DAN06350 
OAN06360 
DAt\I 063 7) 
DAN06380 
DAf\J06390 
DANJ6400 

I-' 
N 
0 



Pl7=A7*Al6 
Pl8=A8*Al5 
Pl9=Al3*A6 
P20=A5*Al4 
J=J+l 
T(J)=T(J)+X8*(Pl*P5+P2¥P6) 
J=J+l 
T(J)=T(J)+X4*(P9+Pl0}*(Pll+Pl2) 
IFCK.LT.MNMJGO TO 120 
IF(EA(K).GT.l.999999)GO TO 120 
P35=A9*A6 
P36=A5*Al0 
P37=A7*Al2 
P38=t\ 8>~Al l 
J=J+l 
T(J)=T(J)+X8*(P3*P4+P7*P3) 
J=J+l 
T(J)=T(J)+X4*(P35+P36)*(P37+P38) 
J=J+l 
T(J)=T(J)+X8*(P3*P5+P4*P6} 
J=J+l 
T(J)=T(J)+X4*(Pl9+P20)*(Pl7+Pl8) 
J=J+l 
T(J)=T(J)+X4*((P9+P1Jl*(P37+P38)+(Pl2+Pll)*(P35+P36)) 
J=J+l 
T(J)=T(J)+X4*((Pl3+Pl4)*(Pl7+Pl8)+(Pl5+Pl6)*(P19+P20)) 

12J CONTINUE 
130 IF(MO.LE.O)GO TO 140 

DO 135 LQ=l,MO 
LN=L <J+NB 
A9=C( ll,LN) 
Al:J=C(Jl,LN) 

DAN06410 
OAN0642J 
OAN0b430 
OAN06440 
DAN J645 0 
OAN06460 
DAN06lt 70 
OAN06480 
DAN06490 
DANJ65JO 
OAN06510 
DAN06520 
DAN0653J 
OAN06540 
DAN06550 
DAf\1()6560 
OAN06570 I-' 
OAN0658J N 

I-' 
OAN06590 
DAN06600 
DAN06610 
OAN06620 
DAN06630 
OANJ6640 
DAN06650 
OAN06660 
O.O.N06670 
DAN06680 
DAN06690 
DAN06700 
DAN06710 
OANJ6720 



All=C(Kl,LNI 
A12=CCL1,LN) 
P2 l=Al l*Al2 
P22=A9*Al0 
P23=Al*Al0 
P24=A9*A2 
P2.7=All*A4 
P2B=Al2*A3 
J=J+l 
T(J)=T(Jl+X8*(Pl*P2l+P2*P22) 
J=J+l 
T(J)=T(J)+X4*(P23+P24)*(P27+P28) 
IF(K.LT.MNM)GO TO 135 
IFCEA(K).GT.1.99999~)G0 TO 135 
P25=All*A8 
P26=A7*Al2 
P29=.!\5*Al0 
P30=Ao~'A9 

J=J+l 
T { J) =T ( J) +X8,.'<( P 3*P2 l•P4*P22) 
J=J+l 
T(J)=T(J)+X4*CP29+P30)*(P25+P26) 
J=J+l 
T(J)=T(J)+X4*((P23+P24)*(P25+P26)+CP27+P28)*(P29+P30)) 

135 CONTINUE 
140 CONTINUE 

IF(MO.LE.l)GO TO 160 
DO 150 KQ=l,MO 
K=KQ+NB 
IF(KQ.EQ.MO>GO TO 150 
KQl=KQ+l 
DO llt5 LQ=KQl, MO 

DAN06730 
DAN06740 
OAN06750 
DAN06760 
OAN06770 
DAN06780 
DAN06790 
OAN06800 
OAN06810 
DAN06820 
DAN06830 
OAN06840 
OANJ6850 
DAN06860 
DAN06870 
DAN06880 
OAN06890 
DAN06900 
DAN069l0 
DAN06920 
DAN06930 
DAN06940 
DAN06950 
OAN06960 
DAN06970 
OAN0698\J 
DAN06990 
DAN07000 
OAN07010 
DAN07020 
DAN07030 
DAN07040 

...... 
N 
N 



LN=LQ+NB 
Al=Cf Il,K) 
A2=C(Jl,K) 
A3=C(Kl,K) 
A4=C(Ll,K) 
A9=C(ll 1 LN) 
AlO=C(Jl,Lt\I) 
All=CCKlrLN) 
Al2=C(Ll,LN) 
J=J+l 
TCJ)=T(J)+X8*(Al*A2*All*Al2+A3*A4*A9*Al0) 
J=J+l 

145 T{J)=T(J)+X4*(Al*AlO+A9*A2)*(All*A4+Al2*A3) 
150 CONTINUE 
160 GO TO 6000 
200 J=O 

00 240 K=l,NB 
KP=M-K+l 
A l=C ( Il, K) 
A2=C(Jl,K) 

218 IF(OABS(AlJ.LE.l.D-03.0R.DABS(A2).LE.l.D-J8.AND.K.NE.NSINGl) 
lGO TO 216 

IFCDABS(Al).LE.l.0-08.0R.DABS(A2l.LE.l.0-08.AND.K.NE.NSING2J 
lGO TO 216 

GO TU 217 
216 J=J+l 

Pl=0.00 
IF(K.LT.MN~lGO TO 210 
IF(EA(K).GT.l.999999)GO TO 210 
J=J+3 
AS=C(ll,KP) 
A6=C(Jl,KP) 

OAN07050 
DAN07060 
OAN07070 
DAN07080 
DAN07090 
DAN07l00 
DAN07110 
DAN07120 
OAN07130 
DAN07140 
OAN0715') 
DAN07160 
DAN~Hl 70 
OAN07180 
DAN07190 
DAN07200 
DAf\107210 
01\N 0722 0 
OAN07230 
DAN07240 
DAN07250 
DAN0/260 
DAN07270 
DAN07230 
DAM07290 
DAN073-JO 
OAN07310 
DAN07320 
OANJ7330 
DAN07340 
DAN07350 
DAN•)7360 

...... 
N w 



P3=0.00 
P31=0.DO 
P32= O.DO 
GO TO 210 

217 Pl=Al*AZ 
J=J+l 
T(J)=T(J)+X4*Pl*Pl 
IF(K.LT.MNM)GO TO 210 
IF{EA(K).GT.l.999999)GO TO 210 
AS=C( Il,KP) 
A6=C(Jl,l<P) 
P3=A5*A6 
P3l=Al*A6 
P32=A2*A5 
Q=(?3l+P32)**2 
J=J+l 
T(J)=T(J)+X4*P3*P3 
J=J+l 
T(J)=T(J)+X2*Q 
J=J+l 
T(J)=T(J)+X8*Pl*P3 

210 KAND=K+l 
IF(K.EQ.NB)GO TO 230 
DO 220 LN=KAND,NB 
LP=M-LN+ l 
A9=C( Il,LN} 
AlO=C(Jl,Lj\j) 
P7=A9*Al0 
Pl3=Al*Al0 
Pl4=A2*A9 
J=J+l 
T(J)=T(J)+X8*Pl*P7 

DAN0-1370 
DAN07380 
OAN07390 
DAN0"/400 
OAN07'tl0 
DAN07420 
DAN07430 
DAN07440 
OAN07450 
DAN0746 0 
OAN07470 
DAN0-/4BO 
DAN07490 
OAN07500 
DAN07510 
DAN07520 
OAN07530 
OAN0754-0 
DAN07550 
DAN07560 
DAN07570 
DAN07580 
DAN07590 
DAN07600 
OAN07610 
DAN 0762 0 
DAN07630 
OAN07640 
DANO 7650 
OAN07660 
DAN'J7670 
DAN076S:) 

...... 
N 
~ 



J=J+l 
T(J)=T(J)+X2*(Pl3+Pl4)**2 
IF(LN.LT.MNM)GO TO 220 
IF(EA(LN).GT.1.999999)GO TO 220 
Al3=C( Il,LP) 
A14=C(Jl,LP) 
P5=Al3*Al4 
P9=Al*Al4 
PlO=Al3*A2 
Pl7=A5*Al4 
Pl8=A6*Al3 
J=J+l 
T(J)=T(J)+XB*Pl*P5 
J=J+l 
T(J)=T(J)+X2*(P9+Pl0)**2 
IF(K.LT.MNMJGO TO 220 
IF(EA(K).GT.l.999999)GO TO 220 
P35=A9*A6 
P36=A5*Al0 
J=J+l 
T(J)=T(J)+X8*P3*P7 
J=J+l 
T(J)=T(J)+X2*(P35+P36)**2 
J=J+l 
T{J)=T(J)+X8*P3*P5 
J=J+l 
T(JJ=T(J)+X2*(Pl7+Pl8>**2 
J=J+l 
T(J)=T(J)+X4*(P9+Pl0)*(P35+P36) 
J=J+l 
T(J)=T(J)+X4*(Pl3+Pl4)*(Pl7+Pl8) 

220 CONTINUE 

OAN07690 
DAN077t>J 
DAN07710 
DAN07720 
DAN 0773 J 
O.l\N07740 
DAN07750 
OAN07760 
DAN07770 
OAN07780 
DAN07790 
DAN07&00 
OAN0781J 
OAN07820 
DAN07830 
OAN07840 
OAN07850 
DAN0786J 
DAN07870 
DAN07880 
DAN07890 
DAN07900 
DAN07910 
DAN07920 
DAN07930 
DAN07940 
DAN07950 
DAN07960 
DAN07970 
DAf\!07980 
DAN 079qo 
DANOBOJO 

...... 
N 
\JI 



230 IF(MO.LE.OlGO TO 240 
DO 235 LQ=l,MO 
LN=LQ+NB 
A 9= C ( I l , L N ) 
AlO=C(Jl,LM) 
P2l=AlO*A9 
P23=Al*Al0 
PV+=A9*A2 
J=J+l 
T(J)=T(J)+X8*Pl*P21 
J=J+l 
T(J)=T(J)+X2*(P23+P24)**2 
!F(K.LT.MNM)GG TO 235 
IF(EA(K).GT.l.999999JGO TO 235 
P25=A9*A6 
P26=A5*Al0 
J=J+l 
T(J)=T(J)+X8*P3*P21 
J=J+l 
TlJ)=T(J)+X2*(P25+P26)**2 
J=J+l 
T(J)=T(J)+X4*(P23+P24)*(P25+P26) 

235 CONTINUE 
240 CONTINUE 

IF<MO.LE.l)GO TO 260 
DO 250 KQ=l r i-10 
K=KQ+NB 
If (KQ.EQ.MO)GO TO 250 
KQl=KQ+l 
00 245 LQ=KQl,MO 
LN=LQ+N8 
Al=C( Il,K) 

OAN08010 
DAN08020 
DAN 08i)3 0 
OAN08040 
DAN08050 
DAN08060 
OAN08070 
OAN08080 
DAN08090 
DAN08100 
OAN08110 
OAN08120 
DANOS130 
OAN08140 
DAN08150 
DAN08160 
OAN08170 
DAN08180 
OANOdl90 
OAN08200 
DAN08210 
OAN08220 
DAN08230 
OAN0824J 
OAN082.50 
DAN08260 
DANJ8270 
OAN08280 
DAf\!03290 
DAN08300 
DAN08310 
DAN0832 i) 

...... 
N 

°' 



A2=C(Jl,10 
A9=C(Il,LN) 
AlO=C(Jl,LN) 
J=J+l 
T(J)=T(JJ+X8*Al*A2*A9*Al0 
J=J+l 

245 T(J)=T(J)+X2*(Al*AlO+A2*A9)**2 
250 CONTINUE 
260 GO TO 6000 

1100 J=O 
DO 1140 K=l,NB 
KP=M-K+l 
Al=C(ll,K) 

1118 lf(DABS(Al).LE.l.D-QB.ANO.K.NE.NSINGl)GO TO 1116 
IFCOABS(Al).LE.l.0-08.AND.K.NE.NSING2)GO TO 1116 
GO TO 1117 

1116 J=J+l 
Pl=O.DO 
IFCK.LT.MNM)GO TO 1110 
IF<EA(K).GT.l.999999)GO TO 1110 
J=J+3 
A5=0.DO 
P3=0.DO 
P3l=O.DO 
GO TO 1110 

1117 Pl=Al*Al 
J=J+l 
T(J)=T(J)+XI*Pl*Pl 
IF(K.LT.MNM)GO TO 1110 
IFCEA(K).GT.l.999999JGO TO 1110 
A5=C(Il,KP) 
P3=A5*A5 

DAN08330 
DAN03340 
OAl\!08350 
DAN08360 
DAN0837t) 
OANOB380 
DAN08390 
DAN084\l0 
OANOSL;-10 
DAN08420 
DAN08430 
DAN08440 
DAN(}845 0 
DANU8460 
DAN08470 
OAN 08430 
OAN03490 
O.~N08500 

DAN08510 
DAN03520 
DAN085.30 
DAN08540 
OAN08550 
DAN08560 
OANOS570 
OAN08530 
DANJ859·) 
DAN08600 
DAN08610 
DAN08620 
DAN08630 
OAN08640 

..... 
N 
-...J 



P3l=Al*A5 
J=J+l 
T(J)=T(J)+XI*P3*P3 
J=J+l 
T(J)=T(J)+X2*P3l*P31 
J=J+l 
T(J)=T(J)+X2*Pl*P3 

1110 KAND=K+l 
IFCK.EQ.NB)GO TO 1130 
DO 1120 LN=KANO,NB 
LP=M-LN+l 
A9=C( IlrLN) 
P7= A9*A9 
Pl3=Al*A9 
J=J+l 
T(J)=T(J)+X2*Pl*P7 
J=J+l 
T(J)=T(J)+X2*Pl3**2 
IF(LN.LT.MNM)GO TO 1120 
IF(EACLN).GT.l.999999)60 TO 1120 
Al3=C( 11,LP) 
P5=Al3*Al3 
P9=Al*Al3 
Pl7=A5*Al3 
J=J+l 
TCJ)=T(J)+X2*Pl*P5 
J=J+l 
TfJ)=l(J)+X2*P9**2 
IF(K.LT.MNM)GO TO 1120 
IF(EA(K).GT.l.999999)GO TO 1120 
P35={j.9*A5 
J=J+l 

JAN 08650 
DAN08660 
DAN08670 
DAN08680 
DAN00690 
DAN08700 
OAN08710 
DAN08720 
DAN08730 
DAN08740 
DAN08750 
OAN08760 
DAN08770 
DAN08780 
OANOB790 
DAN08800 
DAN08810 
DAN08820 
DAN08830 
OAl\!08840 
OAN08850 
DAN0886v 
DAN08870 
OAN088ao 
DAN08890 
DAN08900 
DAN08910 
OAN08920 
DAN08930 
DAN03940 
DAN08950 
DAN08960 

I-' 
N 
00 



T(J)=T(J)+X2*P3*P7 
J=J+l 
T(J)=T(JJ+X2*P35**2 
J=J+l 
T(J)=T(J)+X2*P3*P5 
J=J+l 
T(J)=T(J)+X2*Pl7**2 
J=J+l 
T(J)=T(J)+X4*P9*P35 
J=J+l 
T(J)=T(J)+X4*Pl3*Pl7 

1120 CONTINUE 
1130 IF(MO.LE.O)GO TO 1140 

DO 1135 LQ=l,MO 
LN=LQ+NB 
.~ 9=C {I 1, LN) 
P2l=J\9*A9 
P.23=Al•~A9 

J=J+l 
T(J)=T(J)+X2*Pl*P21 
J=J+l 
T(J)=T(J)+X2*P23**2 
If(K.LT.MNM)GO TO 1135 
IF(EA(K).GT.l.999999)GO TO 1135 
P25=A9*A5 
J=J+l 
T(J)=T(J)+X2*P3*P21 
J=J+l 
T(J)=T(J)+X2*P25**2 
J=J+l 
T(J)=T(J)+X4*P23*P25 

1135 CQ;'HINUE 

DAN08970 
DAN08980 
DAN 08990 
OAN09000 
OAN09010 
OAN09020 
OAN09030 
DAN09040 
O.l\N09050 
OAf\109060 
OAN09070 
OAN09080 
OAN09090 
OAN09100 
DAN09110 
DAN09120 
OAN()9130 
OAN09140 
DAN·'.>9150 
DAN09160 
DAN09170 
OAN09180 
OANQ9l90 
OAN0920J 
OAN09210 
OAN09220 
DANJ9230 
DAN09240 
DAN09250 
DAN09260 
DAN09270 
DANJ928J 

...... 
N 
l.O 



1140 CONTINUE DAN09290 
IF(MO.LE.l)GO TO 1160 0Af'l09300 
DO ll5J KQ=l,MO DANC>9310 
K=KQ+NB DAN09320 
IF(KQ.EQ.MO)GO TO 1150 DAN09330 
KQl=KQ+l OAN09340 
DO 1145 LQ=KQl,MO OAN09350 
LN=LQ+NB DAN ,)<)36J 
A l=C ( Il ,K) O.AN09370 
A9=C( Il,LN) DAN09380 
J=J+l DANJ9390 
T(J)=T(J)+X2*(Al**2)*(A9**2) OANQ9400 
J=J+l DAN0941J 

1145 T(J)=T(J)+X2*(Al**2)*(A9**2) DAN09420 
1150 CONTINUE DAN0943ll 
1160 GO TO 600.J DAN .J94't') 

300 J=O DAN09450 
DO 340 K=l,NB DAN0946J 
KP=M-K+l DAN094 70 t-" 

Al=C( 11,K) DANOCJ480 ~ 
A3-=C(Kl,K) DAN0949J 

318 IFCDAHS(Al).LE.l.0-08.AND.K.NE.NSINGl)GO TO 316 DAN09500 
IF(DABS(Al).LE.l.D-Od.ANO.K.NE.NSING2lGO TO 316 DAN09510 
IFCDABS(A3).LE.l.0-08.ANO.K.NE.NSINGl)GO TO 315 DAN 09520 
IF(04BS(A3).LE.1.o-ua.ANO.K.NE.NSING2JGO TO 315 OAN09530 
GO TO 311 DAN09540 

316 J=J+l DAN09550 
Pl=0.00 OAN09560 
P2=A3*A3 DAN09570 
IFlK.LT.MNM)GO TO 310 OAN09580 
1F(EA(K).GT.l.~99999)GO TO 310 OA.N09590 
J=J+3 OANJ9600 



A5=0.DO 
A7=C(Kl,KP) 
P3=0.00 
P4=A7*A7 
P3l=J.DO 
P33=A3*A7 
GO TO 310 

315 J=J+l 
Pl=Al*Al 
P2=J.DO 
lf(K.LT.MNM)GO TO 310 
1F(EA(K).GT.l.999999)GO TO 310 
J=J+J 
A5=C( Il,KP) 
A7=0.DO 
P3=A5*A5 
P4=0. DO 
P3l=Al*A5 
P"33= O.DO 
GO TO 310 

317 Pl=Al*Al 
P2=A3*A3 
J=J+l 
T(J)=T(J)+X2*Pl*P2 
IF(K.LT.MNM)GO TO 310 
IF(EA(K).GT.l.9~9999)GO TO 310 
A 5=C ( Il, KP) 
A7=C(Kl,KP) 
P3=A 5*A5 
P4=A7*A7 
P3l=Al*A5 
P33=A3*A7 

OAN09610 
DAN0962 0 

·oAN09630 
OAN09640 
OAN0965i) 
DAN09660 
DAN09670 
OAN09680 
OAN09690 
OAN!J9700 
OAN09710 
DAN09720 
OAN09730 
OAN09740 
DAN0975.) 
OAN09760 
DAN09770 
DAN09780 
DAf\109790 
OAN09800 
DAN09810 
DAN09820 
DAN09830 
DAN09840 
OAN09850 
DAN09860 
OAN09870 
DAN09860 
DAN09890 
OAN09900 
DAN09910 
DAN09920 
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J=J+l 
T(J)=X2*P3*P4+T(J) 
J=J+l 
T(J)=T(J)+X4*P3l*P33 
J=J+l 
T(J)=T(J)+X2*{Pl*P4+P2*P3} 

310 KANO=K+l 
IFlK.EQ.NBIGO TO 330 
DO 320 LN=KAND,NB 
LP=M-LN+l 
A9=C(Il,LN> 
All=C(Kl,LN) 
P7=A ll*Al l 
P8=A9*A9 
Pl3=Al*A9 
P 15=All*A3 
J=J+l 
l(J)=T(J)+X2*{Pl*P7+P2*P8) 
J=J+l 
T{J)=T(J)+X4*Pl3*Pl5 
IFlLN.LT.MNMJGO TO 320 
IF(EA{LN).GT.l.999999)GO TO 320 
Al3=Ct Il, L!» 
t115=C(Kl,LP) 
P5=Al5*Al5 
P6=Al3*Al3 
P9=Al*Al3 
Pll=Al5*A3 
Pl7=A7*Al5 
Pl9=Al3*A5 
J=J·+l 
T(J)=T(J)+X2*f Pl*P5+?2*P6) 
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J=J+l 
T(J)=TIJ)+X4*P9*Pll 
IF(K.LT.MNM)GO TO 320 
IF(EACK).GT.l.999999)G0 TO 320 
P35=A9*A5 
P37=A7*All 
J=J+l 
T(J)=T(J)+X2*(P8*P4+P7*P3) 
J=J+l 
T(J)=TCJl+X4*P35*P37 
J=J+l 
T(J)=T(J)+X2*CP3*P5+P4*P6J 
J=J+l 
T(J)=T(J)+X4*Pl9*Pl7 
J=J+l 
l(J)=T(J)+X4*(P9•P37+Pll*P35) 
J=J+l 
T(J)=T(J)+X4*CP13*Pl7+Pl5*Pl9) 

320 CONTINUE 
330 lf(MO.LE.O)GO TO 340 

DO 335 LQ=l,MO 
LN=LQ+NB 
A9=C(11,LN) 
All=C(Kl,LNl 
P2l=All*All 
P22=A9*A9 
P23=Al*A9 
P27=All*A3 
J=J+l 
TCJ)=T(J)+X2*CPl*P2l+P2*P22J 
J=J+l 
T(J)=T(J)+X4*P23*P27 

DAl\1102 50 
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IF(K.LT.MNM)GO TO 335 
IF(EA(K).GT.1.999999)60 TO 335 
P25=Al l*A 1 
P29=A5*A9 
J=J+l 
TCJ)=T(J)+X2*(P3*P2l+P4*P22l 
J=J+l 
T(J)=TCJ)+X4*P25*P29 
J=J+l 
T(J)=T(J)+X4*(P23*P25+P27*P29) 

335 CONTINUE 
340 CONTINUE 

IFCMO.LE.l)GO TO 360 
DCl 350 KQ=l,MO 
K=KQ+NB 
IF(KQ.EQ.MO)GO TO 3~0 

KQl=KQ+l 
DO 3 1t5 LQ=KQl, MO 
LN=LQ+i\JB 
Al=C(li,K) 
.o\3=C(Kl,K) 
A9=C( Il,LN) 
All=C(Kl,LN) 
J=J+l . 
T(J}=T(J)+X2*(Al*4l*All*All+A3*A3*A9*A9) 
J=J+l 

345 T(J)=T(J}+X4*Al*A9*A3*All 
350 CONTINUE 
360 GO TO 60QO 
400 J=O 

DO 440 K=l,NB 
KP=M-K+l 
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DAN1076J 
DA!\110770 
DAN10780 
DAM10790 
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OAN10830 
DAN10840 
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Al=C(llrK) 
A4=C(Ll,K) 

418 IFlDABS(Al).LE.l.0-08.ANO.K.NE.NSINGl)GO 
IF(OAB$(Al).LE.1.o-os.AND.K.NE.NSING2)GO 
IFCOABS(A4).LE.l.D-08.ANO.K.NE.NSINGl)GO 
IF(DAdS(A4).LE.l.D-08.AND.K.NE.NSING2)GO 
GO TO 417 

416 J=J+l 
Pl=O.DO 
P2=0.DO 
IF(K.LT.MNM)GO TO 410 
IF{EA(K).GT.l.999999)GO TO 410 
J=J+3 
A.5=0.DO 
A3=C<Ll,KP) 
P3=0.00 
P4=0.DJ 
P31.=0.00 
P33=0.DO 
P34=0.00 
GO TO 410 

415 J=J+l 
Pl=Al*Al. 
P2=0.DO 
IF(K.LT.MNM)GO TO 410 
IFtEA(K).GT.I.99q999)GO TO 410 
J=J+.3 
.l\5=C(llrKP) 
AB=0.00 
P3=A5•:<A5 
P4=0.DO 
P3l=AI>:<A5 

DANlJ890 
OAN109GO 

TD 416 DANl0910 
TO 416 D.'-'N 10920 
TQ 415 DAN10930 
TO 415 DANlJ940 

OAN10950 
OAN10960 
OAN10970 
Ol\Nl0980 
OA~l099() 

DANll.000 
DANllOlO 
O.ANll020 
DANll030 
DAN11040 
DAN11'.J50 ...... 
OAN11060 w 

VI 
DAN11070 
OAN1103U 
DAN11090 
OAl\l 111v0 
OANllllO 
DAN11120 
DAN11130 
OAN11140 
OAN1115Q 
Dl\Nlll60 
DAN11170 
DAN1118J 
DAN.lllqo 
DAN112GO 



P33=0. DO 
P3't=·J.DO 
GO TO 410 

417 Pl=Al*Al 
P2=Al*A4 
J=J+l 
T(J)=T(Jl+X~*Pl*P2 
IFCK.LT.MNM)GO TO 410 
IFCEA(K).GT.l.999999)GO TO 410 
AS=Ctil,KP) 
AS=C(Ll,KPl 
P3=A5*A5 
P4=A5*A8 
P3l=Al*A5 
P33=Al*A8 
P34=A4*A5 
Q=2.DO*P3l*(P33+P34) 
J=J+l 
T(J)=X4*P3*P4+T{J) 
J=J+l 
TC J >=TC J )+X2*Q 
J=J+l 
T(J)=T(J)+X4*CPl*P4+P2*P3) 

410 KANO=K+l 
IFCK.EQ.NB)GC TO 430 
DO 420 LN=KAND,NB 
LP=M-LN+l 
A9=C(ll,LN) 
Al2=CCL1,LN) 
P7=A~*Al2 
PS=A9~A9 

Pl3=Al*.4.9 
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OAN11420 
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Pl 5=A9*A4 
Pl6"=Al2*Al 
J=J+l 
T(J)=T(J)+X4*(Pl*P7+P2*P8) 
J=J+l 
T(J)=T(J)+X4*Pl3*(Pl5+Pl6) 
IF(LN.LT.MNM)GO TO 420 
IF(EA(LN).GT.l.999999)GO TO 420 
Al3=C(Il,LP) 
Al6=C(ll,LP) 
P5=Al3*Al6 
P6=Al3*Al3 
P9=Al*Al3 
Pll=Al3*A4 
Pl2=A16*Al 
Pl7=A5*Al6 
Pl8=A8*Al3 
Pl9=Al3*A5 
J=J+l 
J(J}=T(J)+X4*(Pl*P5+P2*P6) 
J=J+l 
TIJ)=T(J)+X4*P9*(Pll+Pl2) 
IF(K.LT.MNM)GO TO 420 
IF(EA(K).GT.l.999999)GO TO 420 
P35=A9*A5 
P38=A8*A9 
P37=AS:<cA12 
J=J+l 
T(J)=TCJ)+X4*(P8*P4+P7*P3) 
J=J+l 
T(J)=T(J)+X4*P35*(P31+P38) 
J=J+l 

DAN11530 
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DAN11560 
DAN11570 
OAN11580 
OANll590 
DAN11600 
DAN11610 
DAN1162 0 
DAN1163() 
DAN11640 
OAf\111650 
DAN11660 
DAN11670 
DAN11630 
OAN11690 
OAN11700 
DAN1171J 
DAN11720 
DAN11730 
DAN1174J 
DAN11750 
OAN11760 
DAN11770 
OAN11780 
DAN 11790 
DAN11800 
DAN11810 
OAN11820 
DAN11830 
OAN11840 
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T(J)=T(J)+X4*(P3*P5+P4*P6) 
J=J+l 
T(J)=T(J)+X4*Pl9*(Pl7+Pl8) 
J=J+l 
T(J)=T(J)+X4*CP9*(P37+P38)+P35*(Pll+Pl2)) 
J=J+l 
T(J)=T(J)+X4*lP13*(Pl7+Pl8)+Pl9*(Pl5+Pl6)) 

420 CONTINUE 
430 IF(MO.LE.O)GO TO 440 

00 435 LQ=l,MO 
LN=LQ+NB 
A9=C( Il,LN) 
Al2=C(Ll,LN) 
P21=A9*Al2 
P22=A9*A9 
P23=Al*A9 
P27=A9*A4 
P28=~12*Al 
J=J+l 
T(J)=T(J}+X4*(Pl*P2l+P2*P22) 
J=J+l 
T(J)=T(J)+X4*P23*lP27+P28) 
IF(K.LT.MNM)GO TO 435 
IFlEA(K).GT.l.999999)GO TO 435 
P25=A9*A8 
P26=A5*Al2 
P29=A5*A9 
J=J+l 
T(J)=T(J)+X4*(P3*P2l+P4*P22) 
J=J+l 
T(J)=T(J)+X4*P29*(P25+P26) 
J=J+l 

DAN11850 
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OAN11910 
DAN11920 
OAN11930 
OANl 19'+0 
DAN11950 
DAN11960 
OAN11970 
DAN11980 
OAN11990 
DAN12000 
DAN12010 
OAN12020 
OAN12030 
OAN12040 
OAN12050 
DAN12060 
DAN120.70 
DAN12080 
DAN12090 
DAN12100 
DAN12110 
DAN12120 
DAf\112130 
DAN1214J 
DAN12150 
OAN12160 
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T(J)=T(J)+X4*(P23*(P25+P26)+P29*(P27+P28)) 
'•35 CONTINUE 
440 CONTINUE 

IFCMO.LE.l)GO TO 460 
DO 450 KQ=l,MO 
K=l<Q+NB 
IFlKQ.EQ.MO)GO TO 4~0 
KQl=l<Q+l 
DO 445 LQ=KQl,MO 
LN=LQ+NB 
Al=CCil,K) 
A4=C(Ll,K) 
A9=Cc u,un 
A12=CCL1,LN) 
J=J+l 
T(J)=T(J)+X4*Al*A9*(Al*Al2+A4*A9) 
J=J+l 

445 f(J)=T(J)+X4*Al*A9*(A4*A9+Al*Al2) 
lt50 CONT Ii\JUE 
460 GO TO 6000 
500 J=O 

DO 540 K=l,NB 
KP=M-K+l 
Al=C( U,K) 
A3=C ( K 1, 10 
A4=CIL1,K) 

518 lF(OABS(Al).LE.l.D-OB.ANO.K.NE.NSINGlJGO T8 516 
IF<DABS(Al).LE.1.D-J8.AND.K.NE.NSING2lGO TO 516 
IF,DABS(A3).LE.1.o-0a.0R.OA6S(A4).LE.l.O-OS.AND.K.NE.NSING1) 

lGO TO 515 
IF(DABS(A3).LE.1.o-os.0R.OABS(A4).LE.1.D-08.ANO.K.NE.NSING2) 

lGO TO 515 
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GO TO 517 DAN12490 
516 J=J+l OAN12500 

Pl=0.00 OAN12510 
P2=A3*A4 DAN12520 
IF(K.LT.MNM)GO TO 510 DAN12530 
IF(EA(K).GT.l.999999)GO TO 510 DAM12540 
J=J+3 O.AN12550 
A.5=0 .DO DAN!2560 
A 7 =C ( Kl, KP} DAN12570 
A8=C(LlrKP) DAN12580 
P3=0. DO DAN12590 
P4=A7*A8 OAN1260J 
P3l=O.DO DAN12610 
P33=A3*A8 DAN12620 
P34-=A4*A 1 OAN12630 
GO TO 510 DAN12640 

515 J=J+l DAN12650 
Pl=Al*Al OAN12660 
P2=0.DO OAN12670 ...... 
IF(K.LT.MNM) GO TO 510 DANl2680 .i:-

0 

IF(EA(K).GT.l.999999)GO TO 510 DAN12690 
J=J+3 OAN1270 0 
A S=C ( 11, KP) OAN12710 
A7=C(Kl,KP) D.'-'Nl2720 
A8=C(Ll,KP) DAN12730 
P3=A5*A5 DAN12740 
P4=0.DO OAM12750 
P3l=Al*AS OAN12760 
P33=0.00 OAN12770 
P34=0. DO OAN12780 
GO TO 510 DAN12790 

517 Pl=Al*Al DAN12800 



P2=A3*A4 
J=J+l 
T(J)=T(JJ+X4*Pl*P2 
If(K.LT.MNM)GO TO 51J 
IF(EA(K).GT.1.99q999)GO TO 510 
A5=C( Il,KPJ 
A7=C(Kl,KP) 
A8=C(Ll,KP) 
P3=A5t.<A5 
P4=A7*A8 
P3 l=Al*A5 
P33=A3*A8 
P34=A4*A7 
Q=2.00*(P33+P34l*P31 
J=J+l 
T(J)=X4*P3*P4+T(J) 
J=J+l 
TC J >=T(J )+X2*Q 
J=J+l 
T(J)=T{J)+X4*(Pl*P4+P2*P3) 

510 KAND=K+l 
IFCK.EQ.NB)GO TO 530 
DO 52J LN=KAND,NB 
LP=M-LN+l 
A9=C(ll,LNl 
All=C(Kl,LN) 
Al2=C(Ll,LN) 
P7=All*Al2 
P8=A9*1\9 
Pl3=Al*A9 
PlS=All*A4 
Pl6=Al2*A3 
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J=J+l 
T(J)=T(J)+X4*(Pl*P7+P2*P8) 
J=J+l 
T(J)=T(J)+X4*Pl3*(Pl5+Pl61 
lf(LN.LT.MNM)GO TO 520 
IF(EACLN).GT.l.999999)60 TO 520 
Al3=C( Il,LP) 
Al5=C(Kl,LP) 
Al6=C(ll,LP) 
P5=Al5*Al6 
P6=Al3*Al3 
P9=Al*Al3 
Pll=Al5*A4 
Pl2=Al6*A3 
Pl7=A7*Al6 
Pl8=A8*Al5 
Pl 9=Al3*j.\5 
J=J+l 
T(J)=T(J)+X4*(Pl*P5+P2*P6) 
J=J+l 
T(J)=T(J)+X4*P9*(Pll+Pl2) 
IF(K.LT.MNM)GO TO 520 
IF(EA(K).GT.l.999999)GO TO 520 
P35=A9*A5 
P3 7=A 7>:CA12 
P3c=.l\8*All 
J=J+l 
T(Jl=T(J)+X4*(P8*P4+P7*P3) 
J=J+l 
T(J)=T(J)+X4*P35*(P37+P38) 
J=J+l 
T(J)=T(J)+X4*(P3*P5+P4*P6) 
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J=J+l 
T(J)=T(J)+X4*Pl~*(Pll+Pl8) 

J=J+l 
T{J)=T{J)+X4*(P9*(P37+P38)+P35*(Pll+Pl2)) 
J=J+l 
T(J)=T(J)+X4*(Pl3*(P17+Pl8)+Pl9*(Pl5+Pl6)) 

520 CONTINUE 
530 IF(MO.LE.O>GO TO 540 

00 535 LO.=l,MO 
LN=LQ+NB 
A9=CCil,LN} 
All=C(Kl,LN) 
Al2=C(Ll,LN> 
P2l=All*Al2 
P22=A9*A9 
P23=Al*A9 
P27=All*A4 
P28=Al2*A3 
J=J+l 
T(J)=T(J)+X4*(Pl*P2l+P2*P22) 
J=J+l 
T(J)=T(J)+X4*P23*(P27+P28) 
IF(K.LT.MNM)GO TO 535 
IF(EA(K).GT.l.999999)G0 TO 535 
P25=All>'.<A8 
P26=A 7*A 12 
P29=A5*A9 
J=J+l 
T{J)=T(J)+X4*1P3*P2l+P4*P22) 
J=J+l 
T(J)=T(J)+X4*P29*(P25+P26) 
J=J+l 
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DAN1363 0 
DAN13640 
DAN13650 
DAN13660 
OAN13670 
DAN13680 
DAN13690 
DAN13700 
DAN13710 
DAN13720 
OAN13730 
OANl 3 74 0 
OAN13750 
OAN13760 

...... 
~ w 



T(JJ=T(J)+X4*(P23*(P25+P26)+P29*(P27+P28)) 
535 CONTINUE 
540 CONTINUE 

IF(MO.LE.l)GO TO 56J 
DO 550 KQ=l t MO 
K=KQ+NB 
IF(KQ.EQ.MOJGO TO 550 
KQl=KQ+l 
DO 545 LQ=KQl,MC 
LN=LQ+NB 
Al=C( !l,K) 
A3=C(Kl,K) 
A4=CCL1,K) 
A9:.:C ( Il, U·O 
All=C(Kl,LN) 
Al2=C(Ll,LN) 
J=J+l 
TCJ)=T(J)+X4*(Al•Al*All*Al2+A3*A4*A9*A9) 
J=J+l 

545 T(J)=T(J)+X4*Al*A9*(A4*All+A3*Al2) 
550 CONTINUE 
560 GO TO 6000 
700 J=J 

DO 740 K=l,NB 
KP=M-K+l 
Al=CC Il,K) 
A2=C(Jl,KJ 

718 IFCDABS(A2).LE.l.D-03.AND.K.NE.NSINGl)GO TO 715 
lflDABS(A2).LE.l.D-08.ANU.K.NE.NSING2)GO TO 715 
lf(OAbSCAl).LE.l.0-08.AND.K.NE.NSINGl)GO TO 716 
lf(OABS(Al).LE.l.D-08.AND.K.NE.NSING2)GO TO 716 
GO TO 717 

DAN13770 
Dr\Nl3780 
OAN13790 
DAN133~J 

OAN13810 
DAN1382() 
DAN13830 
OAN13840 
DAN13850 
OAN13860 
DAN13870 
DAN1388J 
OAN13890 
DAN13900 
DAN1391J 
OAN13920 
OAN13930 
OAN13940 
OANl.3950 
DAN13960 
DAN13970 
DAN13980 
DAN13990 
OAN14000 
DAN14010 
DAN14020 
DAN14030 
OAN14u40 
OAN14050 
DAN14060 
DAN 1407-J 
DAN14080 

...... 
~ 
~ 



716 Pl=0.00 DAN1409J 
P2=A2*A2 OAN14100 
J=J+l DAN14110 
IF(K.LT.MNM)GO TO 71J OAN14120 
If(EA(K).GT.l.999999)GO TO 710 DAN14130 
J=J+3 DAN14140 
A5=0.DO DANl't-150 
A6=C(Jl,KP) DAN14160 
P3=0.DO DAN1417J 
P4=A6*A6 OAN14180 
P3l=O.DO DAN14190 
P32=0.00 OAN1420J 
P 33=A2*A6 OAN14210 
GO TO 710 DAN1 1t22 0 

715 J=J+l DAN14230 
Pl=0.00 OAN14240 
P2=0.DO DAN14?.50 ...... 
IF(K.LT.MNM)GO TO 710 OAN14260 ~ 

V1 

IF(EA(K)~GT.l.999999JGO TO 710 OAN1427·J 
J=J+3 OAN14280 
A5=C ( Il, KP> DANl4290 
A6=0.u0 DAN14300 
P3=0.DO DAN14310 
P4=0.00 DAN14320 
P31=0.00 OAN14330 
P32=0.00 OAN14340 
P33=0.DO DAN14350 
GO TJ 710 OAN14360 

717 Pl:.:Al-*A2 OAN14370 
P2=A2*A2 DAN14380 
J=J+l OAN14390 
T(J)=T(J)+X4*Pl*P2 OAN14400 



IF(K.LT.MNM)GO TO 710 
IF(EA(K).GT.l.999999)GO TO 710 
A 5=C ( I 1 , KP ) 
A6=C(Jl,KP) 
P3=A5*A6 
P4=A6*A6 
P31=Al*A6 
P32=A2*A5 
P3'3=A2::cA6 
Q=2.DO*P33*(P3l+P32) 
J=J+l 
T(J)=X4*P3*P4+T(J) 
J=J+l 
T(JJ=T(J)+X2*Q 
J=J+l 
T(J)=T(J)+X4*(Pl*P4+P2*P3) 

710 KAND=K+l 
IF(K.EQ.NB)GO TO 73J 
DO 120 LN=KAND,NB 
LP=M-LN+l 
A 9= C ( Il , L N ) 
AlO=CIJl,LN) 
P7=AlO*AlO 
P8=A9*Al0 
P13=Al*Al0 
Pl4=A2*A9 
Pl 5=A 1 o~:Az 
J=J+l 
T(J)=T(J)+X4*CPl*P7+P2*P8) 
J=J+l 
T(J)=T(J)+X4*Pl5*(Pl3+Pl4) 
IF(LN.LT.MNM)GO TO 720 

OAN14'tl 0 
DAN1442 C> 
OAN14430 
DAN14440 
OAN14450 
OAN14460 
DAN14470 
DAN14480 
DAN14490 
OAN14500 
0Ai"1Lt5l0 
DL\N14520 
0.4Nl4530 
DAN14540 
OAN14-55J 
OAN14560 
DAN14570 
DAN14580 
DAN14590 
DAN14600 
DAN14610 
DAN1'•62 0 
DAN14630 
OAN14640 
DAN14650 
OAN1466J 
DAN14670 
DAN146BO 
OAN14690 
OAN14700 
DAN14710 
OANlft720 

I-' 
.i:-
°' 



IF(EACLN).GT.l.999999)GO TO 720 
Al3=C(ll,LP) 
Al4=C(Jl,LPJ 
P5=Al4*Al4 
P6=Al3*Al4 
P9=Al*Al4 
PlJ=Al3*A2 
Pll=Al4*A2 
Pl7=A6*Al4 
P19=Al3*A6 
P20=A5*Al4 
J=J+l 
T{J)=T(J)+X4*(Pl*P5+P2*P6) 
J=J+l 
T(J)=T(J)+X4*Pll*(P9+Pl0) 
IF(K.LT.MNM)GO TO 720 
IF(EA(KJ.GT.l.999999)GO TO 720 
P35=A9*A6 
P36=A5*Al0 
P37=A6*Al0 
J=J+l 
T(J)=T(J)+X4*(P8*P4+P7*P3) 
J=J+l 
T(JJ=T(J)+X4*P37~(P35+P36) 

J=J+l 
T(J)=T(J)+X4*(P3*P5+P4*P6) 
J=J+l 
T(J)=T(J)+X4*Pl7*(Pl9+P20) 
J=J+l 
T(J)=T(J)+X4*lP37*(P9+PlO)+Pll*CP35+P36)) 
J=J+l 
T(J)=T(J)+X4*(Pl7*(Pl3+Pl4J+Pl5*(Pl9+P20)) 

OAN1473J 
OAN14740 
DAN14750 
DAN1476() 
DAN14770 
OAN14780 
DANl4-f90 
DAN14800 
DAN1481J 
DAN14820 
DAN14830 
DAN1484J 
OANl4850 
DAN14860 
DAN l't87'.) 
DAN14880 
DAN14890 
OAN14900 
DAN14'il 0 
DAN14920 
DAN1493() 
OAN14940 
DANl.lt9?0 
O~.Nl4960 

OAN14970 
DAN14980 
DAN14990 
D.~Nl5000 

uAN15010 
DAN15020 
11AN15030 
OAN1504Q 

..... 

.p. 
-...J 



720 CONTINUE 
73u IF(MO.LE.O)GO TO 740 

DO 735 LQ=l,MO 
LN=LQ+N3 
A 9= C ( Il , L N ) 
A.lO=C(Jl,LN) 
P 21=A1 O* .t\ l <J 
P22=A9*Al0 
P2::S=Al*Al0 
P24=A9*A2 
P27=Al0>.'<A2 
J=J+l 
TCJ)=T(J)+X4*(Pl*P2l+P2*P22) 
J=J+l 
T(J)=f(Jl+X4*P27*(P23+P24) 
IFCK.LT.MNM)GO TO 735 
IFlEACKJ.GT.l.999999lGO TO 735 
P25=AlO*A6 
P29=AS>:<Al 0 
P30=A6*A9 
J=J+l 
T(J)=T(J)+X4*CP3*P21+P4*P22) 
J=J+l 
T(J)=T(J)+X4*P25*(P29+P30) 
J=J+l 
T(J)=T(J)+X4*(P25*{P23+P24)+P27*{P29+P30)) 

735 CONTINUE 
740 CONTINUE 

lf(MO.LE.l)GO TU 760 
00 750 KQ=l,MO 
K=KQ+NB 
IF(KQ.EQ.MO)GO TO 750 

DAN15050 
tJAN15060 
DAN15070 
DAN15J30 
OAN15090 
OAN15100 
DAN15110 
D.~Nl5120 

DANl51:30 
DAN l 5llt0 
DAN15150 
OAN1516J 
OAN15170 
DANl.5180 
DAN15ll..JO 
DAN15200 
OAN1521J 
DANl 5220 
DAl\!15230 
DAN 15240 
DAN15250 
OAf\115260 
DMH5270 
OAN15280 
DAN1529() 
OAN15300 
DAN15310 
OAN15320 
Dl\Nl5330 
DAN15340 
OAN15351) 
o.aN15360 

...... 

.p.. 
00 



KQl=KQ+l 
DO 745 LQ=KQl,:-10 
Ll\l=LQ+NB 
Al=C ( Il ,K) 
A2=ClJl,K) 
A9=C(Il,LN) 
AlJ=C(Jl,LN) 
J=J+l 
T(J)=T(J)+X4*A2*AlO*lAl*AlO+AZ*A9) 
J=J+l 

745 T(J)=T(J}+X4*A2*AlO*(Al*Al0+~2*A9) 
750 CuNTINUE 
760 GO TO 6000 
600 J=O 

DO 6't0 K=l,i\IB 
KP=:'-t-K+l 
Al=C(Il,K) 
A2=C(Jl,KJ 
A3=C(Kl,Kl 

618 IF(DABS{Al).LE.1.o-os.oR.OABS(A2).LE.l.D-J8.AND.K.NE.NSINGl) 
lGO TO 616 

IF(OABS(Al).LE.1.o-oa.OR.DA6S(A2).LE.l.D-OB.ANO.K.NE.NSING2) 
lG!J TO 616 

IFjOAbS(A3).LE.l.O-C8.ANO.K.NE.N5INGl)GO TO 615 
If{DABS(AJJ.LE.l.D-08.ANO.K.NE.NSING2)GO TO 615 
GO TO 617 

616 J=J+l 
Pl=0.00 
P2=A3*A3 
IFCK.LT.MNM)GO TO 610 
lf(EA(K).GT.l.999999)GO TO 610 
J=J+3 

DAN1537J 
OAN15380 
OAN15390 
DAN15400 
DAN15410 
Dl\Nl542J 
DAN15430 
DAN 15440 
OAN1545J 
DAN15460 
Df.l.Nl5470 
DAN15480 
OAN15490 
DAN15500 
DAN15510 
OAN15520 
DAN15530 
DAN15540 
OAN13550 
DAN15560 
OAN15570 
OAN15580 
OAN15590 
OAN15600 
OAN15610 
DAN15620 
OAN15o30 
OAN15640 
OAN15650 
DAN15o60 
OAN15670 
OANl 5630 

..... 
~ 
\0 



A5=C{ Il,KPt DAN15690 
A6=C(Jl,KP) OAN15700 
A"7=C(Kl,KP) OAN15710 
P3=0.00 DAN15720 
P4=A 7*A7 DAN15730 
P31=0.00 OAN15740 
P32=0.00 OAN15750 
P33=A3*A7 DAN15760 
GO TO 610 DAN15770 

615 J=J+l DAN1578Q 
P l=A l*f\2 DAN15790 
P2=0. DO OAN15800 
IF(K.LT.MNM)GO TO 610 DAN15810 
IF(EA(K).GT.l.999999)GO TO 610 OAN158l0 
J=J+3 DAN1583J 
A 5= C ( 11 , KP ) DAN15840 
A6=C(Jl,KP) OAN15850 
A7=0.DO DAN15860 
P3=A5*A6 DAN15870 ...... 

\JI 
P4=0.DO DAN15880 0 

P3 l=A6~'Al DAN 158~:,o 
P32=A2*A5 DAN15900 
P33=0. DO DAN15910 
GO TO 610 DAN15920 

617 Pl=Al*A2 DAN15930 
P2=A3*A3 DANl 5qttO 
J=J+l DAN15950 
T(J)=T(J)+X4*Pl*P2 DAN15960 
IF(K.LT.MNM)GO TO 610 DAN15970 
IF(E4(K).GT.l.999999)G0 TO 610 OAN15980 
A 5= C ( Il , KP ) DAN15990 
A6=C(Jl,KP) DAN16000 



A7=C(Kl,KP) OAN16010 
P3=A5~:t\6 DAN16020 
P4=A7*A7 DAN16030 
P3l=Al*A6 OANl 601+0 
P32=A2*A5 OAN16050 
P33=A3*A7 DAN16060 
Q=2.DO*P33*(P31+P32) OAN1607Q 
J=J+l OAN16080 
T(J)=X4*P3*P4+T(J) OAN16090 
J=J+l DAN16100 
l{J)=T(J)+X2*Q DAN16110 
J=J+l OAN16120 
T(J)=T(J)+X4*CPl*P4+P2*P3) DAN16130 

610 KAND=K+l DAN16140 
IFCK.EQ.NB)GO TO 030 DAN16l5J 
DO 620 LN=KAND,NB DAl\ll6160 
LP=M-LN+l D.~Nl6170 I-' 
A 9=C ( 11, LN l D.l\Nl618G V1 

I-' 
AlO=C(Jl,LN) DAN16190 
All=C(Kl,LN) DAN162JO 
P7=All*All DAN16210 
P8=A9*Al0 DAN16220 
P l3=.4l*A 10 DAN16230 
Pl4=A2*A9 OAN16240 
Pl5=All*A3 DAN16250 
J=J+l DAN16260 
T(J)=T(J)+X4*(Pl*P7+P2*P8) OAN16270 
J=J+l DAN16280 
T(J)=T(J)+X4*Pl5*(Pl3+Pl4) DAN16290 
If(LN.LT.MNM)GO TO 620 OAN16300 
IF(EA(LN).GT.l.999999)GO TO 620 OAN16310 
Al3=C( 11,LP) DAN16320 



Al4=C(Jl,LP> 
Al5=C(Kl,LP) 
P5=Al5*Al5 
P6=Al3*Al4 
P 9= A 1 ~! i~ 14 
Plu=Al3*A2 
Pll=Al5*A3 
Pl 7=A 7*Al5 
Pl 9=Al3*tl.6 
P20=AS*Al4 
J=J+l 
T(J)=T(J)+X4*(Pl*P5+P2*P6) 
J=J+l 
T(Jt=T(J)+X4*Pll*(P~+Pl0) 

IF(K.LT.MNM)GO TO 620 
IF(EA(K).GT.l.999999)GO TO 620 
P3 5=A9:>!<A6 
P36=A5*Al0 
PT7=A 7*Al l 
J=J+l 
T(J)=T(J)+X4*(P8*P4+P7*P3) 
J=J+l 
T(J)=T(J)+X4*P37*(P35+P36) 
J=J+l 
T(J)=T(J)+X4*(P3*P5+P4*P6) 
J=J+l 
T(J)=T(J)+X4*Pl7*(Pl9+P20) 
J=J+l 
T(J)=T(J)+X4*(P37*(P9+PlJ)+Pll*(P35+P36)) 
J=J+l 
T(J)=T(J}+X4*{Pl7*(Pl3+Pl4)+Pl5*(Pl9+P20)) 

620 CONTINUE 

DAN16330 
DAN16340 
DAN16350 
DAN16360 
DAN16370 
DANl6300 
DAN16390 
OAN16400 
DAN16410 
OAN16420 
DAN16430 
DAN16't40 
DAN16450 
OAN16460 
DAN16470 
DA.N 164'30 
f)AN16490 
O.l\N 16500 
DANlo510 
DAN16520 
DAN16530 
OAN16540 
DAN16550 
OAN16560 
DAN16570 
DAN16580 
DAN16590 
DAM16600 
OAN16610 
OAN16620 
DAN16630 
DAf\116640 

I-' 
U1 
N 



630 IF(MO.LE.O)GO TO 640 
DO 635 LQ=l,MO 
LN=LQ+NB 
A9-=CC a,un 
AlO=CCJl,LNl 
All=CCKl,LN) 
P2.l=Al l::!•Al l 
P22=A9*Al0 
P23=Al*Al0 
P24=A9*A2 
P27=All*A3 
J=J+l 
T(J)=T(J)+X4*(Pl*P2l+P2*P22) 
J=J+l 
T(J)=T(J)+X4*P27*(P23+P24) 
IF(K.LT.MNM)GG TO 635 
IF(F.A(K).GT.l.999999)GO TO 635 
P25=All>:=A7 
P29=A5*Al0 
P30=A6*A9 
J.=J+i 
T(J)=T(J)+X4*(P3*Pll+P4*P22) 
J=J+l 
T(J)=T(J)+X4*P25*(P29+P30) 
J=J+l 
T(J)=T(J)+X4*(P25*(P23+P24)+P7-7*(P29+P30)) 

635 CONTINUE 
640 CONTINUE 

lf(MO.LE.l)GO TO 660 
DO 650 KQ=l, MO 
K=KQ+NB 
IFlKQ.EQ.MOIGO TO 650 

OAN16650 
DAN16660 
OAN16670 
DAN16680 
DAN16690 
OAN16700 
DAN16710 
Ot\N H1-120 
DAN16730 
DAN16740 
OAN16750 
OAN16760 
OAN16770 
OAN16-730 
DAN1679J 
IJANl6800 
Ol\Nl6810 
DAN1682'.) 
OAN16830 
DAN16840 
DAN16850 
O.l\Nl6860 
DAN161370 
DAN16680 
OAN16890 
DAN169JJ 
OAN16910 
DAN16920 
DANl 693.) 
DAN16940 
!1AN16950 
OAN16960 

....... 
\JI 
(,,.) 



c 
c 
c 
c 
c 
c 
c 
c 
c 

645 
65J 
660 

6000 
10 
54 

KQl=KQ+l 
DO 645 LQ=KQl,MO 
LN=LQ+NR 
Al=C( Il,K) 
A2=C(Jl,K) 
A3=C(Kl,K) 
A 9= C ( Il , L N ) 
AlO=C(Jl,LN) 
All=C(Kl,LN) 
J=J+l 
T(J)=T(J)+X4*(Al*A2*All*All+A3*A3*A9*Al0) 
J=J+l 
f(J)=T(J)+X4*A3*All*(Al*AlO+A2*A9) 
CONTINUE 
GO TO 6000 
CONTINUE 
If(NINTS-MN1)30,20,54 
MNl=MNl+l 
GO TO 55 

IF THIS WAS NOT THE LAST RECORD, GO BACK INTQ THE LOOP A~D 
READ ANOTHER RECORD OF INTEGRALS. 

DAN16970 
DAN16981) 
OAN16990 
DAN17000 
DAN17010 
OANl 7020 
DAN17030 
DANl 704-J 
OAN17050 
DAN17060 
OAN17070 
DAN170~0 
D.Al'J 1709() 
OAN17l00 
OAN17110 
DAN17120 
DA.Nl7130 
DANl 714•) 
O.~Nl 7150 
DAN17160 
DAN17170 
OAN17180 

IF CHECKSUM PRINT FLAG IS ON, AND THERE ARE NO MORE CHECKSUMSDAN17190 
PRINT THEM 

76 IF(IPTI.EQ.O.AND.IRC.EQ.l)GO TO 78 

PRINT THE CHECKSUMS OBTAINED ON THIS RUN THROUGH THE LGOP 

WRITE(6,39)NMINNW 
78 CONTINUE 
19 FORMAT(1Hl////37X, 

DAN17200 
DAN17210 
OAN17220 
DANl 7230 
DAN17240 
DAf\117250 
DAN17260 
DAN17270 
OAN17230 

...... 
\J1 
~ 



c 
c 
c 
c 

161HINTERNAL CHECK SUMS, ETC. FROM 
l6H REC ,7(1X1 17H FIRST' NOS LAST 
l6H NOS ,7(1X,17H LABEL OF LABEL 
l6X,7(1Xrl7H J L INTS J L )) 

READING TWO ELECTRON 
)/ 

) I 

29 FORMAT (1X,I4,1X,7(!3,I3,1X,I4,I3,I3,1X)) 
39 FORMAT ( 12X, 

118H THlS NOS. OF INTS,Il2) 
RETURN 

INTEGRALS//DAN17290 
DAN17300 
DAN17310 
DAN17320 
0AN17330 
OAN17J40 
DAN17350 
DAN17360 

ERROR EXIT FOR INCORRECT VALUE OF NINTS (POSSIBLE TJ\Pf READ 
EKROR) 

DAN17370 
DAN173BO 
DAN17390 

30 il'lRITE(6,9) 
9 FORMAT('O'r'ERROR 

CALL ABT 
STOP 
ENO 

IN NOINT5') 

OAN17400 
DAN17410 
O~Nl742Q 

OAN1743~ 

QAN17440 
OAN17450 

CWATE SUBROUTINE ~ATE DAN1746J 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

SUdROUTINE WATE( FA,H,CA,CB,BETA,TENO,EB,SOMEGA,B,AX,A,EA,BX, DELOAN17470 
lW16E,SPIN,ED,A2IJ,PKOrVAL,CUT,EN,INAME,NTAPE,NRX,NTOP,NIN,NBFNS, OAN17480 
1NA,N8,NR) DAN17490 

REFERENCES: (l) PHILLIPS AND SCHUG, J.CHEM.PHYS. 61, 1031 
(1974J; (2) HAH1UMAN, IBIO. 40, 2827(1964); (3) HAROISSON AND 
HARRIMAN, IBID. 46, 3639(1967); {4) SANDO AND HARPI~AN, IRID. 
47,180(1967); (5) SASAKI ANO OHNO, J. MATH. PHYS. 7, 1140 
(1963). 
ERRATUM FOR REFERENCE ( 1): EQN. (2.t+) SHOULD READ 
E(IJ=(l-0(1)**2)**0.5 = 2*T<I>*U(!) 
THIS IS A TYPOGRAPHICAL ERROR. THE CORRECT FORM WAS USED IN 
THE CALCULATIONS. 

OAN17500 
OAN17510 
DAN17520 
DAN17530 
DAN1754J 
DAN17550 
DAN11560 
DANL7570 
DAN17530 
DAN17590 
DAN17600 

..... 
V1 
V1 



c 
c 
c 

IMPLICIT REAL*8(A-H,O-Z) OAN17610 
REAL*8 ILBL,ILAB,ILABL,INTNAM,INAME OAN17620 
COMMON/ZEIT/LAPSE,LAPST DAN17630 
CO~MON/LA8ELS/ILBLl121,ILAB(l2) DAN17640 
COMMON/IOIND/ICON(24) DAN17650 
JlMENSION FA(NRX,NRX),H,NRX,NRX),CA(NRX,NRX),C8(NRX,NRX),8fTA(NRX,OANl7660 

lNRX) DAN17670 
DIMENSION INAME(6) DAN176GO 
DIMENSION TENOCNTOP} DAN17690 
DIMENSION EB{NRX),$0MEGAlNRX),B(NRX),AX(NRX),A(NRX),EA(NRX),BX(NRXOAN177JO 

l),DELW(NRX),BElNRX),SPIN(NRX),EO(NRX),A2IJCNRX) OAN17710 
DIMENSION PKOlNIN),VAL(NlN) DAN17720 
REAl*8 ILBL,ILAB DAN17730 
EXTERNAL F,CK OAN17740 

SET CONSTANTS 

NTI=5 
NT0=6 
REAO(NTI,169)KIKMAX 
XNA=DFLOAT(NA) 
Xi\lo=DF LOAT (NB) 
XM=0.500*(XNA-XN8) 
XN=0.5DO*CXNA+XNB) 
S2=XM 
NoP=NB+l 
M=NA+NB 
NC=NBFNS 
N=NR 
NTT= ( N* ( N+ ll) / 2 
NP=N+l 
NM=N-1 

DAN17750 
DAN17760 
OAN17770 
OAN17780 
DAN17790 
DAN17800 
DAN1781J 
DAN17820 
DAN17830 
DAN17840 
OAN17850 
DAN17860 
DAN17870 
DAN17880 
DAN17890 
DAN17900 
DAN17910 
DAN17920 

t--' 
VI 
0\ 



c 

NAP=NA+l 
NAM=NA-1 
Nl3M=NB-l 
N2=N/2 
N2t>=N2+ 1 
MP=M+l 
MU=NA-N8+1 
MO=r-.JA-NB 
WRITE(NT0,209) 
WRITECNT0,299)NA,NB 

C INITIALIZE ARRAYS AND INVERT ORDER OF BETA EIGENVALUES(EB'S• 
c 

00 10 I= l ,N 
SOMEGA(I)=EB(N-I+l) 

10 A(I)=0.00 
DO 20 I=l,N 
IF(SOMEGA(I).LT.O.,SOMEGA(l)=0.00 
If(SOMEGA(l).GT.l.)SOMEGA(l)=l.00 

20 EB(l)=SOMEGA(I) 
c 
C THE EB(I) ARE THE 0(1)**2 OF REF. (1). 
C THE EA(l) ARE EQUAL TO E(I)**2 OF REF. (1). 
c 

DO 30 l=l,NB 
B ( I ) = 0. DO 

3 0 AX ( I ) = l • D J- EB ( I ) 
I=l 
8(1)=1.00 
A(l)=l.DO 
E:HNBP)=l.00 
A(i\IBf>)=l.00 

DAtyl7930 
OAN17940 
OAN17950 
DAN17960 
DAN17970 
DAN17qso 
0.4Nl 7990 
DAN18000 
DAN18010 
DAN18020 
OAN18030 
DAN18040 
DAN18050 
OAN18060 
OAN18070 
OANlSOSO 
DAN18090 
DAN131Jl) 
OANl8110 
DAN18120 
DAN1813il 
OAN18140 
DAN18l50 
OAN18160 
DAN18l70 
DAN18180 
D.t\Nl8190 
OAN1820;) 
DAN18210 
DAN18220 
DAN18230 
DANI 82'•0 
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c 
~IRlTE<NTQ,':J) 

WRITE(NT0 7 19)(EBCI),I=l,N) 

C CALCULATE SUMS OF CONTINUING PRODUCTS 
c 

c 

FA(l,U=EB(l) 
FA(2,l)=O.OO 
IF(NB.LE.llGO TO 221 
DO 50 J=2,NB 
JM=J-1 
FA(l,J)=FA{l,JM)+EB(J) 
DO 40 1<=2, J 

40 FA(K,J)=FA(K,JM)+EB(J)*FA(K-1,JM) 
FA(J+l,J)=O.DO 

50 CONTINUE 
221 DO 60 I=l,NB 

60 A(I+lJ=FA(l,NB) 

C THESE ARE HARRIMAN 1 S ASUBK. SEE EQN. (21) OF REF. (2) 
c 

WRITE (;\IT 0, 2 9 ) 
WRITE(NT0,19)(A(J),I=l,NBP) 
FA(l,l)=AX(l) 
FA(2,l)=O.DO 
IF(NB.LE.l)GO TO 222 
DO 80 J=2,!\IB 
JM=J-1 
FA(l,J)=FA(l,JM)+AX(J) 
00 70 K=2,J 

70 FA(K,J)=FACK,JM)+AX(J)*FA(K-1,JM) 
FA(J+l,J}=O.DO 

80 CONTINUE 

O.AN18250 
DANl3260 
DAN 18270 
DAN18280 
DANlo290 
DAN18300 
DAN18310 
DAN18320 
DANlo330 
OAN133't0 
DAN18350 
OAN18360 
DAf\Jl 8370 
DAN183BJ 
OAN13390 
DAN18400 
DAN18410 
OAl\ll8420 
OAN13430 
DAN13440 
DAN13450 
OAN l 846i) 
OAN18470 
OAN18480 
DAN18'-+90 
OAN18500 
OAN1851v 
f)AN18520 
DAN18530 
DAN18540 
OAl\!18550 
OAN18560 
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222 00 9J I=l,NB DAN18570 
90 B(l+l)=FA(J,NB) DANla~so 

C DAN18590 
C THESE ARE BSUBK OF REFS. (1), (2), AND (3). OAN18600 
C OAN18610 

WRITE(NT0,119) DAN18620 
WRITE(NT0,19)(8(1),I=l,NBP) DAN18630 

C OAN18640 
C CALCULATION OF WEIGHTS FROM EQN. (26) GF REF. (1). DAN18650 
C DAN18660 

DO 110 l=l,NHP DAN1867J 
SI=XM+I-1.DO DAN18680 
XZ=XN-SI DANlH690 
MM=XZ+l.01 DAN187JO 
IS=2.*SI+o.Ol OAN187LO 
MS=SI+XM+0.01 DAN18720 
NS=SI-X~+J.01 DAN18730 
XS=OFLOATCIS) OAN18740 
SOMEGA(!)=O.DO DAN18750 
DO 100 J=l,MM DAN18760 
JM=J-1 DAN18770 

100 SOMEGA(l)=SOMEGA(l)+(-l.OO)**JM*(f{NS+JM,1)**2*B<NS+J)J/(f(IS+J,l)OAN1878J 
l*F(JM,l)) OAN13790 

SOMEGA(I)=(XS+l.DO)*F(MS,l)*SOMEGA{l)/F(NS,l) DAN18800 
IM=l-1 DAN18810 

110 WRITE(NT0,39)$1,SOMEGA(l) OAN18820 
C DAN18830 
C INVERT THE ORDER OF THE NATURAL ORBITAL OF CHARGE EIGENVALUES DAN18840 
C SO THAT THE LOWEST ORBITAL HAS THE HIGHEST OCCUPATION OAN18850 
C DAN1886J 

DO 120 I=l,N OAN18870 
AX(l)=EA(N-I+l) OAN18880 

...... 
Vt 
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DO llO J=!,NC f)AN18890 
120 H(J,I)=CA(J,N-I+l) OAN18900 

IJO 130 J=l,NR DAN18910 
EA(J)=AX(J) OAN1892J 
DO 130 I=l,NC DAN18930 

130 CA(I,JJ=H(l,JJ OAN18940 
DO 1200 I =l, N DANld950 
DO 1200 J=l,NC OAN13960 

1200 H(J,I)=CB(J,N-1+1) D.l\Nl8970 
DO 1210 I=l ,NC DANl.3980 
00 1210 J=l,N DAN13990 

1210 CB(I,JJ=H(I,J) DAN19000 
IF(NA.NE.NB.OR.ICON(4J.EQ.O)GO TO 5 DAl\!19010 
DO 140 I= 1, NC DAN19020 
CA(l ,NA>=TENO(I J OAN19030 

140 CA(l,NBP)=TENO(N+I) Dt\Nl 9040 
CALL MPRY2CCA,EA 1 B,6HMGDIFJ,6HED N.0,6HRBS CG,O,NR,NC,NRX) DAN19u50 

5 CO;\JTINUE OAMl9060 
c DAN19070 ..... 
c CALCULATION OF A(K+l)'S FROM RECURSION RELATION DAN1903J °' 0 

c 1)AN 19090 
DO 150 I=l,N DAN19100 
H(l,I>=l.Du DAN19110 

150 FA(l,l)=l.00 DAl\!19120 
IF(NB.LE.l)GO TO 22J DAN1913:) 
DO 170 1=2,l\IB DAN19140 
IM=I-1 DAN19150 
00 160 J=l,NB DAN19l6J 

c OAN19170 
c EQN. (31) OF REF. (2) DAN19130 
c DAl\Jl9190 

160 F.!\( I,JJ=A( [)-EIHJ)*FA( IM,J) DAN19200 



170 CONTINUE 
c 
C FA(K,U IS ASUBKlL) OF REF. (2) 
c 

223 WRITE(NT0,129) 
CALL MWRITE(FA,6HFA(K,L,6H) = AS,6HUBK(L),l,NB,NB,NRX) 

c 
C CORRECT PHASES OF NATURAL ORBITALS TO INSURE THAT TSUB! AND 
C USUBI ARE POSITIVE. SEE EQNS. (14), AND (15) OF REF. (1). 
c 

NB"-'lr'l=NB-1 
IF ( f\IA •• \IE. NB. OP.. IC ON ( 4) • EQ. 0) NBMM= NB 
DO 210 I=l,NBMM 
JI=M-I+l 
If(Jl.GT.~)GO TO 210 
XV=l.D-06 
KK=l 

1875 IFCOABS(CA{KK,J)).GE.xv.AND.OABS(CA(KK,JI)).GE.XV.ANO. 
l DABS(CD<KK,Ill.GE.XV) GO TO 1900 

KK=KK+l 
GO TO 1875 

1900 LL=KK+l 
1905 lF(DABS(CA(LL,I)l.GE.XV.ANO.DABS(CA(LL,JI)).GE.XV.ANO. 

l OABSlCB(LL,I)).GE.XV) GO TO 1910 
1906 LL=LL.-1 

GO TO 1905 
1910 XXV=CA(LL,Jl)*CA(KK,I)-CACLL,Il*CA(KK,JI) 

lf(DABSlXXV).LT.l.D-06)60 TO 1906 
XV=CA(LL,JI)/CA{KK,JI) 
AX(Il=CCB(LL,Il-CB(KK,I)*XV)/(CA(LL,I)-CA(KK,l)*XV) 
XV=CA(LL,I}/CA(KK,I) 
BX(!)=(CB(LL,!l-CB(KK,l)*XV)/(CAlKK,Jl)*XV-CA{LL,JI)) 

OAN19210 
DAN19220 
11AN19230 
DAN19240 
DAN19250 
DAN1926Cl 
DAN19270 
DAN19280 
DAN19290 
OAN19300 
DAN19310 
f>AN19320 
DAN19330 
DAN19340 
OAN19350 
O.l\N 193-~0 
DAN19370 
DAN19380 
DAN19390 
DAN19400 
nANl9410 
DAN19420 
OAN19430 
DAN19440 
DAN19450 
OAN19460 
DAN1947J 
O.~Nl94BO 

DAN19490 
Dl\N lCJ 5JJ 
OAN19510 
DAN19520 
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c 
c 
c 

c 
c 
c 
c 
c 
c 
c 

190 
15 

200 
210 

213 

240 

lF(AX(I).GT.O.lGO TO 15 
DO 190 J=l,i~C 
CA(J,I)=-1.DO*CA(J,I) 
IFCBX(l).LE.O.)GO TO 210 
DD 200 J=l,NC 
CA(J,Jl)=-1.DO*CA(J,Jl) 
CONTINUE 
CALL MPRY2(CA,EA,B,6HNATL 0,6HRBS OF,6H CHG ,O,NR,NC,NRX) 

NATURAL ORBITALS OF SPIN CALCULATION 

DO 213 I=l, M 
BX( I )=0 .OO 
AX(Il=0.00 
DO 240 I=l,N 
OELW(I)=DSQRT(l.DO-EB(I)) 
BE(l)=OSQRT(EB(l)) 
ElUP=0.00 
E2UP=O.DO 
XAl=O.DO 
MNM=r4-N+l 

ATOMIC SPIN DENSITIES CALCULATION 
SEE TABLE II IN REF. (2) 

D~Nl9530 

DANl 95 1t0 
DAN19550 
OAN19560 
DAN19570 
DAN1958(} 
OAN19590 
OAN19600 
Oi~Nl9610 

OANl9620 
OAN19630 
DAN19640 
OAN19650 
OAi\!19660 
O.~Nl 96 70 
DAN19680 
DANl9690 
O.~.Nl 9700 
DAN19710 
DAN19720 
OAN19730 
DAN19740 
OAN19750 
DAN19760 
DAN19770 
DAN19780 

CALCULATE INTEGRALS OVER NATURAL ORBITALS OAN19790 
OAN19800 

CALL NOINTS(EA,PKO,VAL,CA,TENO,CUT,INAME,NB,MNM,MO,M,NINTS,NIN,NRXDAN19810 
1,NTOP,NTAPE) DAN19320 

DO 470 KIK=l,KIKMAX IJ.~N19830 
IF(SOMEGA(KIK).LE.l.D-161GO TO 470 DAN19840 

...... 
0\ 
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XKlK=KIK-1.DO 
S2=XM+XKIK 
WRITEHH0,59)$2 
IF{MU.EQ.llGO TO 65 
CALL MCLEAR(H,NRX,NRX,NRX) 
AD=l.DO/DSQRT(2.00) 
00 220 I=l,NB 
Nl=M-I+l 
DO 220 J=l,NC 
IF{Nl.Gl.N)GO TO 25 
H(J,Nl)=AD*lCA(J,I)-CA(J,Nl)) 
H(J,IJ=AO~(CA(J,I)+CA(J,Nl)) 

GO TO 220 
25 H(J,I)=CA(J,1) 

220 CONTINUE 
IF(NA.EQ.NBJGO TO 35 
DO 230 I=NBP,NA 
DO 230 J=l,NC 

230 H{J,IJ=CA(J,I) 
35 CONTINUE 

P=O.DO 
DO 250 K=l,NB 
KM=K-1 

250 P=P+(-1.00)**K*CK{KM,l,NA,NB,KIK)*ACK+l)*K 
B(l)=J.DO 
IF(NB.LE.l)GO TO 45 
DO 260 I=l,NB 
B(l)=0.00 
DO 260 K= l, Nf:rn 
KM=K-1 
KP=K+l 

260 8{1)=8(1)+(-l.OO)**K*CKCKM,2,NA,NB,KIK)*FA(KP,IJ*K 

DAN19850 
DAN19860 
DAN19870 
DAN19800 
DAN19890 
Dl\1'!19900 
DAN19910 
DAN19920 
O.l\1\119930 
DAN19940 
DAN19950 
DAN19960 
O.AN1997J 
D.ll.Nl 9980 
OAN19990 
OAN200l>O 
OAN200.l0 
DAN20020 
DAN2~030 
DAN20040 
OAN20050 
DAN20U60 
DAN20070 
DAN200BO 
OAN20090 
DAN20100 
DAN20110 
OAN20120 
OAN20130 
DAN20140 
DAN20150 
DAN20160 
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45 CONTINUE 
00 270 I=l,NB 
BX{l)=0.00 
DO 270 K=l,NB 
KM=K-l 

270 BX(Il=BX(l)+l7l.OOJ**KM*CK(KM,l,NA,NB,KIK)*fA(K,I) 
DO 290 I=l,NA 
JI=M-I+l 
lF(JI.GT.N)GO TO 61 
SS=XM/(S2*iS2+1.DOJ) 
IF(I.GT.NB)GG TO 55 
AA=SS+SS*(XN*SOMEGACKIK)+P-XN*BX(l)-B(J))/SOMEGA(KIK) 
BB=SS*XM*BX(l)*DELW(l)/SOMEGAtKIK) 
EA(I)=AA+BB 
EA(J I )=AA-BB 
GO TO 290 

55 EA(l)=SS*(XM+l.) 
DO 280 J=l,NB 

280 EA(l)=EA(l)+SS*(l.DO-BX(JJ/SOMEGACKIKJ) 
GO TO 290 

61 EA<I>=O.DO 
290 CONTINUE 

DO 300 I=l,NC 
SPIN(l)=O.DO 
00 300 K=l,M 
IF(K.GT.N.O~.K.LT.MNM)GQ TO 300 
SPIN(l)=SPI~(l)+EA(K)*H(l,Kl**2 

300 CONTINUE 
WRITE(NT0,69)$2 
WRITE(NT0,19)(SPIN( IJ,I=l,NCJ 

65 CONTINUE 
CALL MCLEAR(H,NRX,NRX,NRX) 

DAN20170 
OAN20180 
DAN20l90 
OAN20200 
DAN20210 
OAN 2J220 
OAN20230 
DAN20240 
D/\N20250 
OAN20260 
OAN20270 
OAl\l20280 
DAN20290 
DAN20300 
DAN20310 
OAN20320 
DAN20330 
DAN20340 
OAN2035J 
DAN20360 
DAN20370 
DAN2J380 
OAN20390 
DAN20400 
DAN20410 
DAN20420 
D.AN20430 
OAN20440 
DAN20450 
DAN20460 
DAN20470 
D.~N20480 
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c 
C CALCULATION OF D PARAMETERS 
C UPPER HALF OF H MATRIX=02(1,J) 
C LOWER HALF OF H MATRIX=OO(l,J) 
C UPPER HALF OF BETA = CORE HAMILTONIAN 
C LOWER HALF OF BETA MATRIX=Dl(l,J) 
C EO( I>=OU I); AX{ I>=DO(l) 
C SEE RE f • C 3 ) , TABLE V AN 0 E QN • { 9 t 0 F REF • ( 4 ) 
c 

DO 360 I=l,NB 
1\X ( I ) =O. DO 
ED(Il=0.00 
DO 310 J=l,NB 
JM=J-1 
AX(l)=AX(l)+(-1.00)**JM*C~(JM,O,NA,NB,KIK)*FA(J,I) 

310 cmn INUE 
AX(Il=AX(I)/SOMEGA(KIK) 
IM=I-1 
DO 320 K=l,NB 

320 EO(I)=ED(I}+(-1.00)**K*CK(K,O,NA,NB,KIK}*FA(K,!) 
ED(l)=EO(l)/SOMEGA(KIK) 
IF(l.EQ.l) GO TO 36J 
DO 350 J=l, IM 
A2 I J ( 1 ) = 1 • DO 
IF(NB.LE.l)GO TO 224 
DO 324 K=2,N8 

324 A2IJ(K)=FA(K,Il-EB(J)*A21J(K-l) 
c 
C A2IJ(K) IS ASUBK(l,J) OF REF. {2) 
c 

224 H(l,J)=0.00 
H(J,I)=0.00 

OAN20490 
DMJ20500 
DAN2J510 
DAN20520 
DAN20530 
Dl~N20540 

DAN20550 
DAN2056() 
OAN20570 
DAN20580 
DAN20590 
DAN20b00 
DAN20610 
Di\i\12 J62 0 
OAN20630 
DAN206!t0 
DAN20650 
OAN20660 
DAN20670 
OAN20680 
OAN20690 
DAf\120700 
DAN20710 
OAN20720 
DAN20730 
OA!\120740 
OAN20750 
DAN20760 
DAN20770 
DAN20780 
OAN2 0790 
OAN20800 
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IF(NB.LE.l)GO TO 225 OAN23810 
DO 330 K=l,NBM DAN20820 
KM=K-1 OAN20830 

330 H(I,J)=HlI,J)+(-l.OO)**KM*CK(KM,OrNA,NB,KIK)*A2IJ(K) DAN20840 
340 H(l,J)=H(I,J)/SOMEGA(KIK) DAN20850 
225 BETA(I,J)=(AX(IJ-H( I,J))/EB(J) DAN20860 

H{J,l)=(ED(l)-bETACI,J))/EB(J) OAN20870 
350 CONTINUE DAN20880 
360 CONTINUE DAN208~0 

C OAN20900 
C PROJECTED CHARGE DENSITY CALCULATION OAN20910 
C SEE TABLE II OF REF. (2) DAN2J920 
C DAN20930 

DO 380 I=l,NC DAN2094J 
DO 38J J=l,I DAN20950 
CB(l,J)=O.DO DAN20960 
DO 370 K=l,M nAN2J970 
IF(K.LE.NB)GO TJ 75 OAN20980 
IF(K.LE.NA)GO TO 85 OAN20990 
IF(K.GT.NlGO TO 370 OAN21JOO 
lf(K.GT.NA)GO TO 95 DAN21010 

75 CB(l,J)= CB{I,Jl+(l.DO+OSQRTIEB(K))*CAXIK>+ED(K)))*CA(J,K}*CA(JDAN2102J 
l,K) OAN21030 

GO TO 370 DAN21040 
85 CB(l,JI= CB{I,J)+CA(I,Kl*CA(J,K) DAN21050 

GO TO 370 OAN21060 
95 II=M-K+l DAN21070 

CB(l,J)= CB(I,J)+(l.DJ-OSQRT(EB(ll))*(AX(Ill+ED( ll)))*CAtl,K)*CDAN21080 
lA(J,K) OAN21090 

370 CONTINUE DAN2110G 
380 CB(J,I)=CB(l,J) DAN2lll0 

WRlTElNT0,79)52 DAN21120 
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CALL MWRITE(CB,6HPROJ. ,6HCHARGE,6HDENS. ,O,NC,NC,NRX) 
ElP=CB(l,l)*BETA(l,l) 
DO 390 1=2,NC 
ElP=ElP+CB(l,I)*BETA(l,I) 
IM=I-1 
DO 39tJ J=l,IM 

390 ElP=ElP+(Cb(I,J)+CB(J,l))*BETA(J,I) 
WRITE(6,J'•)}E1P 
ElUP=ElUP+SOMEGA(KlK)*ElP 
E2P=O.DO 
QM=O 
J=O 
DO 430 K=l,NB 
l<P=M-K+l 

C CALCULATE IIII 
J=J+l 
GX=0.25DO*((l.Du+BElK))**2)*(AX(K)+ED(K)) 
QM=QM+GX):.TENO ( J) 
IF(K.LT.MNMIGO TO 115 
IF(BE(K).GT.0.999999)GO TO 115 

C CALCULATE l' I' I' I' 
J=J+l 
GX=0.2500*((1.00-bE(K))**2)*(AX(K)+EO(K)) 
QM=QM+GX*TENO(J) 

C CALCULATE III'!' 
J=J+l 
GX=-0.25DO*(DELW(K)**2l*<AX(K)+ED(K)) 
QM=Q'.1+GX*lEf\10(J) 

C CALCULATE !I'll' 
J=J+l 
GX=0.2500*{DELW(K)**2l*IAX(K)-ED(K)) 
QM=QM+GX*TENO(J) 

:)AN21130 
DAN21140 
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DAN21220 
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OAN21270 
DAN2128J 
DAN21290 
OAN21300 
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DAN21330 
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C CALCULATE !1 1 1 1 1 DAN21450 
GX=-0.2500*COELW(K)**2)*CAX(K)-E0(K)) DAN21460 
QM=QM+GX*TENO(J-1) DAN21470 
IF(K.EQ.NB)GO TO 125 DAN21480 

115 KAND=K+l DAN21490 
DO 410 LN=KANO,NB DAN21500 
LP=M-LN+l OA N2 l 510 

C CALCULATE IJIJ DAN21520 
J=J+l OAN21530 
GX=0.500*(1.DO+BE(K))*(l.OO+BECLN))*(H(LN,K)+(BE(K)+BE(LN))*BETACLDAN21540 

lN,K)+BE(K)*BE(LN)*H(K,LN)) OAN2155~ 

QM=QM+GX*TENO(J) DAN21560 
C CALCULATE IJJI OA~21570 

J=J+l DAN21580 
GX=-0.2500*(1.00+BE(K)J*<l.DO+BE(LN))*(H(LN,K1-BETA(LN,K)+2.00*(BEOAN21590 

llK•+&E(LNl)*BETA(LN,K)-BE(Kl*BE(LN)*(BETA(LN,Kl-H{K,LN))) DAN216JJ 
QM=QM+GX*TENOlJt OAN21610 
IF(LN.LT.MNM)GO TO 116 DAN21620 
IFCBE(LNJ.GT.0.99Y999)G0 TO 116 DAN21630 

C CALCULATE IJ'IJ' DAN21640 
J=J+l DAN2165a 
GX=0.5D0*(1.DO+BE(K))*(l.DO-BE(LN))*(H(LN,K)+(BE(K)-BE{LN))*BF.TA{LDAN21660 

lN,K)-BE(K)*BE(LN)*HIK,LN)) DAN21670 
QM=QM+GX*TENO(J) DAN2168J 

C CALCULATE IJ'J'I OAN2l690 
J=J+l OAN21-IOO 
GX=-J.25DJ*(l.DO+BE(KIJ*(l.DO-BEtLN))*(H(LN,K)-BETA(LN,K)+2.DO*(BEDAN21710 
l(K)-BE(LN))*BETA(LN,K)+BECK)*BE(LN)*lBETA(LN,K)-H(K,L~))) DAN21720 

QM=QM+GX*TENO(J) DAN21130 
116 If(K.LT.MNM)GO TO 41J OAN21740 

IF(aE(K).GT.0.999999)GO TO 410 DAN21750 
C CALCULATE JI'JI' DAN21760 
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J=J+l DAN21 T70 
GX=0.5DO*(l.D0+8E(LN))*(l.DO-BE(K))*(H(LN,K)+(BE(LN)-BE{K))*BETA(LDAN21780 

lN,K)-BECLN)*BEfK)*H(K,LN)) DAN21790 
QM=QM+GX*TENO(J) DAN21800 

C CALCULATE Jl'l'J OAN21810 
J=J+l OAN2 l820 
GX=-0.25DO*(l.D0+8E(LN)l*ll.OO-BE(K))*(!;(LN,K)-BETA(LN,K)+2.DO*(BEOAN21830 

l(LN)-BE(K))*DETA(LN,Ki+BECLN)*BE(K}*(BETAlLN,K)-H(K,LN))) DAN21840 
QM=QM+GX*TENO(J) DAN21850 

C CALCULATE 1 1 J'l'J' DAN2186u 
J=J+l OAN21870 
GX=0.500*(1.00-BE(K))*(l.DO-BE(LN))*(H(LN,K)-(BE(K)+BE(LN))*BETA(LDAN21880 

lN,K)+BE(K)*BElLN)*H(K,LN)) DAN21890 
QM=QM+GX*TENO ( J) OAN21900 

C CALCULATE l'J'J'1' OAN21910 
J=J+l DAN21S120 
GX=-0 .2500•~( 1.00-BE( K) >*( l. DO-BE( LN)) * ( H ( LM, 10-BET A ( LN ,K )-2 .DO* ( BEDAN2193 0 

l(K)+BE(LN))*(BETA(LN,K))-BE(K)*BE(LNJ*(BETA(LN,Kl-H(K,LN))) OAN21940 
QM=QM+GX*TENO(J) OAN21950 

C CALCULATE IJJ 1 I 1 DAN21960 
J=J+l DAN21970 
GX=-0.25DO*OELW(K)*OELW(LN)*(H(LN,K)+BETA(LN,K)+BE(K)*BE(LN)*(BETAOAN21980 

l(LN,Kl+H(K,LN))) OAN21990 
QM=QM+GX*TE~O(J) OAN22000 

C CALCULATE IJ 1 JI' DAN22010 
J=J+l DAN22020 
GX=-0.25DO*DELW(K)*OELW(LN)*(H(LN,Kl+BETA(LN,K)-BE(K)*8ECLN)*(BETADAN2203G 

1 (Li\l,K)+H(K,LN})) Ol\N22040 
QM=Q~+GX*TENO(J) DAN22050 

410 CONTINUE DAN22060 
125 IF(MO.LE.OJGO TO 430 OAN22070 

DO 425 LQ=l,MO DAN22080 
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c 

c 

c 

c 

c 

420 
425 
430 
421 

LN=LQ+f\113 
CALCULATE ITIT 

J=J+l 
GX=O.SDO*(l.D0+8E(K))*(AX(K)+BE(K)*ED(K)) 
QM=QM+GX*TENO(Jl 

CALCULATE ITTI 
J=J+l 
GX=-0.5DO*(l.DO+BE{K))*(0.5DO*(AX(K)-EO(K))+BE(K)*ED(K)) 
QM=QM+GX"'TENO(J) 
IF(K.LT.MNM)GO TO 425 
IF(BE(K).GT.0.999999)GO TO 425 

CALCULATE l'TI 1 T 
J=J+l 
GX= 0. 500* ( l .oo-BE (10 ) *(AX( K >-BE ( K >*ED ( K) ) 
QM=QM+GX*TENQ(J) 

CALCULATE I 1 TTI' 
J=J+l 
GX=-0.5DO*(l.DO-BE(K))*(0.5DO*{AX(KJ-ED(K))-8E(K)*ED(K}) 
QM=QM+GX*TENO{J) 

CALCULATE lTTl 1 

J=J+l 
GX=-.25DO*(DELW(K)*(AX(K)+EO(K))) 
QM=QM+GX*TENO(J) 
CONTINUE 
CONTINUE 
lf(MO.LE.l)GO TO 441 
DO 44 0 K Q= l , MO 
K=KQ+NB 
If(KQ.EQ.MO)GO TO 44J 
KQl=K(J+l 
DO 435 LQ=KQl,MO 
LN=LQ+NB 
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C CALCULATE TUTU 
J=Jf-l 
GX=.500 
QM=QM+GX*TENO(J) 

C CALCULATE TUUT 
J=Jf-1 
GX=-.5DO 

435 ~M=QM+GX*TENG(J) 
440 CONTINUE 
441 CONTINUE 

E2P=E2P+<JM 
5030 CONTINUE 
60JO CONTINUE 

ETP=clP+E2P 
E2UP=E2UP+SOMEGA(KIK)*E2P 
WRITE(6,259)E2P 

259 FORMATt•o•,3x,•TWO-ELECTRON PART OF ENERGY= •,1P014.6) 
WRITE(6,99)$2,ETP 
XA12=ETP*SOMEGA(KIK) 
WRITEt6,l39JXAl2 
ETPl=ETPl+XA12 
WRITE(6,l49JETP1 
WRITE(NT0,279)ElUP 
WRITElNT0,269)E2UP 

470 CONTINUE 
9 FORMAT( 1 0 1 , 1 EB'J 

19 FORMAT(' •,5(1PD15.6,2X)) 
29 FORMAT('0' 7 'A') 
39 FORMAT(•- 1 ,•THE WEIGHTING FACTOR FOR THE S= 1 ,F6.4 7 '. STATE 

1.7) 
49 FORMAT('O','NATURAL ORBITALS OF CHARGE') 
59 FORMAT( 1 1 1 ,25X 7 1 RESULTS OF PROJECTION FOR S= 1 ,F6.4) 
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69 FORMATl 1 0 1 ,•ATOMIC SPIN DENSITIES FOR S=',F6.4} DAN22730 
79 FORMAT( 1 0 1 , 1 PROJECTEO CHARGE DENSITY FOR S=',F6.4) DAN22740 
89 FORMAT( 1 0 1 , 1 0NE-ELECTRON PART OF ENERGY =1 ,1P014.6) OAN22750 
99 FORMAT('O','FOR S=',F8.4,5X, 1 ENERGY =1 ,lPD14.6) DAN22760 

119 FORMAT( 1 0 1 , 1 B1 ) DAN22770 
129 FORMAT( 1 0','ACK+l) 1 ) OAN22780 
139 FORMAT( 1 0 1 ,'THE WEIGHTED ENERGY FOR THIS PROJECTION =1 ,1P014.6J DAN22790 
149 FORMATC 1 a1 , 1 THE SUM Of THE WEIGHTED ENERGIES FOR THE ABOVE PROJECTOAN22800 

lIONS INCLUDING THIS 1 /5X 1 1 PROJECTION= 1 ,1PD14.6) DAN22810 
169 FORMAT{3I5J DAN22820 
179 FORMAT(' 'r'MOOIFIEO NATURAL ORBITALS OF CHARGE') OAN22330 
209 FORMATC 1 1 1 , 1 BEGINNING OF HARRIMAN PROJECTION TREATMENT') OANZ2840 
269 FORMATt•o 1 , 1 UNPROJECTEO TWO-ELECTRCN ENERGY =1 ,lPDl5.8) DAN22850 
279 FORMAT( 1 0 1 , 1 UNPROJECTEO ONE-ELECTRON ENERGY =1 ,1P015.8) DAN22860 
299 FORMAT(•Q•,•CALCULATICN FOR 1 ,15,• ALPHA ELECTRONS AND •,I5, 1 BETA DAN22870 

!ELECTRONS') OAN22380 
RETURN DAN22890 
END OAN22qJJ 

Cf FUNCTION F OAN22910 
FUNCTION F(INM,MNR) DAN22920 

C DAN22930 
C CALCULATES FACTURIAL(INM)/FACTORIAL(MNR-1) DAN22940 
C DAN2295J 

IMPLICIT REAL*B (A-H,0-Z) DAN22960 
XF= l .DO DAN22<J70 
IF(INM.LE.l) GO TO 5 DAN22980 
00 10 J=MNR,INM OAN22990 
XJ=J DAN23000 

10 XF=XF*XJ DAN23Jl0 
5 F= XF DAN23020 

RETURN OAN23030 
END DAN23040 

...... ....... 
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CCK FUNCTION CK 
FUNCTION CK(I,NLM,NA,NB,KIK) 

c 
C SUMS FACTORIALS USING ~QUATION (20J OF REFERENCE (2) 
C CSUBK{S,M,NP) WHERE K=I, 2S=NA-NB+2*(KIK-lJ, 2M=NA-NB, 
C 2*NP=NA+NB-NLM*2 
c 

IMPLICIT REAL*8 (A-H,0-Z) 
I B=NB-K IK+2-NLM 
IS=KIK-1 
JS=NA-NB+KIK-1 
NS=NB-NLM 
IS2=NA-NB+2*KIK-2 
XSX=DFLOAT ( 152) 
WY=v.DO 
lf(IB.LE.O)GO TO 45 
IF((NS-Il.LT.O)GC TO 45 
DO lJ J-=l,IB 
JM=J-1 
IFl(IB-JM-1).LT.OlGO TO 10 
Il=J 
I2=IS+JM 
IF(IS.GT.OJGO TO 5 
ZZ=l.00 
GO TO 15 

5 ZZ=FCI2,Il> 
15 Il=IS+J-1 

I2=IS+JM 
IF((ll-1).LT.OlGO TO 10 
IF(l.EQ.O)GO TO 25 
VY=F (I 2, Il) 
GO TO 35 
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25 YY=l.00 
35 WY=t-l.DOl**JM*ZZ*YY*FCNS-I,2)/(f(IB-JM-l,2)*f{IS2+J,2))+WY 
10 CONTINUE 

CK=(XSX+l.OO)*f(JS,l)/F( IS,l)*WY 
RETURN 

45 CK=O.DO 
RETURN 
END 

CMTBSYM SUBROUTINE MTBSYM 
SUBROUTINE MTBSYM(A,N,NMAX) 
IMPLICIT REAL*8(A-H,O-Z) 
DIMENSION A(NMAX,NMAX) 

C THIS SUBROUTINE SYMMETRIZES THE MATRIX A. 
c A rs ORIGINALLY STORED IN THE TOP HALF OF A. 
C A(J,!)=A(l,JJ 
c 

DO 1 J=2,N 
JM=J-1 
DO l I=l,JM 
A( J, U=A( I,J) 

1 CONTINUE 
RETURN 
END 

CMBTSYM SUBROUTINE MBTSYM 
SUBROUTINE MBTSYM(A,N,NMAX) 
IMPLICIT REAL*8(A-H,O-Z) 
DIMENSION A(NMAX,NMAX) 

C THIS SUBROUTINE SYMMETRIZES THE MATRIX A. 
C A IS OKIGINALLY STORED IN THE LOWER HALF OF A. 
C A(l,J)=A(J,Il 

DO 1 J=2,N 
JM=J-1 
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DO 1 l=l,Ji'-i 
A(l ,J)=A(J, I) 

l CO'.\JTINUE 
RETURN 
END 

CSWITCH SUBROUTINE SWITCH 
SUBROUTINE SWITCH(A,B,NR,NC,NRX) 
IMPLICIT REAL*8(A-H,J-Z) 
DIMENSION A(NRX,NRX),B{NRX,NRX) 

C SUBROUTINE SWITCHES ROWS FOR COLUMNS IN MATRIX A. 
C B IS A OUMMV MATRIX USED TO SWITCH KOWS FOR COLUMNS 

DO 10 1=1,NC 
DO 10 J=l,NR 

10 BCI,J>=A(J,I> 
DO 20 I=l,NC 
00 20 J=l,NR 

20 A( I,J)=B( I,J) 
RETURN 
END 

CMHBAT2 SUBROUTINE MMBAT2 
SUBROUTINE MMBAT2(A,B,NCA,NR,NCB,X,NBMX) 
IMPLICIT REAL*8lA-H,Q-Z) 
DIMENSION A(NBMX,NBMX),B(NBMX,NBMX),X(NBMX) 

c 
C THIS SUBROUTINE COMPUTES THE MATRIX PRODUCT 
C C = B * AT 
C WHERE AT IS THE TRANSPOSE OF A, A IS NR HY NCA, B IS NCB RV 
C ANO THE RESULT C IS NCB BY NCA CROWS BY COLUMNS) 
C ON RETURN FROM THIS SUBROUTINE B CONTAINS C, A CONTAINS AT. 
C TAKE THE TRANSPOSE OF A. STORE RESULTS IN A. 

DOUBLE PRECISION SUM 
NMAX=NR 
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c 
c 
c 
c 
c 
c 
c 

c 

If (NCA.GT.NR)NMAX=NCA 
DO 3 J=2,NMAX 
IHI=J-1 
DO 3 I=l,IHI 
FT=A(l,J) 
A{ I,J)=A(J, I) 
A ( J, I) =FT 

3 CONTINUE 

COMPUTE C ONE ROW AT A TIME. STORE THE ROW IN X. 
X IN B. 

DO 7 I=l,NCB 

COMPUTE A ROW OF C. STORE IT IN X 

00 5 K=l,NCA 
SUM=O.DO 
DO 4 J=l,NR 
SUM=SUM+B(I,J)*A(J,K) 

4 CONTINUE 
X(K)=SUM 

5 CONTINUE 

C STORE ROW IN B 
DO 6 K=l,NCA 
B(I,K)=X(K) 

6 CONTINUE 
7 CONTINUE 

RETURN 
ENO 

CMULT2 SUBROUTINE MULT2 
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SUBROUTINE MULT2(A,B,C,N,NRX) 
C MATRIX MULTIPLICATION ROUTINE FOR SQUARE 
C C = A * B 

IMPLICIT REAL*8(A-H,O-Z) 
DIMENSION A(NRX,NRX),S(NRX,NRX),C(NRX,NRX) 
00 10 t=l,N 
DO 10 J=l,N 
C(I,J)=0.00 
DO 10 M=l,N 

10 C(l,J)=C(I,J)+A(I,M)*B(M,J) 
RETURN 
END 

CLAS SUHROUTINE LAB 
SUBROUTINE LAB 
COMMON/LABELS/IL3l(l2),ILAB(l2) 
COMMON/ZEIT/LAPSE,LAPST 
REAL*S ILBL,ILAB 
REAL*4 LAPSE,LAPST 
COMMON/JOIND/ICON(24) 
WRITE(6,10l)ILAB 
READ(5,100)1LBL 
WRITE(6,102)ILBL 
REAO(S,200) tICUN(I),I=l,24) 
WRITE(6,201) (l,I=l,24),(ICON(l),l=l,24) 
LAPSN=O. 0 
CALL STIME(ITIME) 
LAPSE=<FLOAT(ITIMEJJ*0.36 
LAPST=LAPSE 
RETURN 

100 FORMAT(l2A6) 
101 FORMAT(1Hl////29X,12Ao//) 
102 FORMAT{29X,12A6//) 
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200 FORMATC2413) 
201 FORMAT(51Xr28H** INPUT - OUTPUT OPTIONS **/29X,24I3/29X,24I3) 

END 
CFILE SUBROUTINE FILE (NAMFIL,NTAPE,LABLE) 

SUBROUTINE FILE(NAMFIL,NTAPE,LABLE) 
C THE SUBROUTINE FILE SEARCHES THE FILE UNIT NTAPE FOR THE DATA 
C FILE NAMED NAMFIL. IF IT FINDS IT THE FILE UNIT IS POSITIONED 
C READ THE FILE. 

REAL*8 NAMFIL,LABLE,NAMTAP 
EQUIVALENCE CNOFILE,XNOFIL) 
CO~MON /IOIND/ ICON(24) 
DIMENSION LABLE(l) 
NT=NTAPE 
IF(ICON(lO).GT.O) WRITE(6,l00) NT,NAMFIL 
M=3 

l CALL EFSKIP CNT,l) 
REAOCNT) NAMTAP,NOFILE,(LABLE(l),1=3,NOFILE) 

C SEARCH FOR FILE NAME 
0031=~,NOFILE 

ll=I 
IFCLABLE(l).EQ.NAMFIL) GOT06 

3 CONTINUE 
IFCLABLE(NOFILE).EQ.0) GOTOlO 
M=NOFILE+l 
GOTOl 

C FOUND FILE NAME 
6 IF{ICON(lO).GT.OJ WRITE(6,105) 

lf(NOFILE.EQ.I) GOT09 
C CALL EFSK!P(NT,(I-NOFILE-1)) 
C CALL EFSKIP(NJ,l) 

REWIND NT 
CALL EFSKIP ( NT,1-2) 
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READ(NT) NAMTAP,NOFILE,(LABLE(I),1=3,NOFILE) 
IFlLABLElNOFILEl.EQ.NAMFIL) GOT09 

10 WRITE(6,107)NT,NAMFIL 
107 FORMAT(33HOFILE LABELLED wRONG ON FILE NO. 13/ 

112HOFILE LABEL A6,17H CAN NOT BE FOUND) 
CALL ABT 

9 LABLE(l)=NAMTAP 
LAB LE ( 2 )= XNOF IL 
RETURN 

100 FORMATC70X,4HTAPE,I3, 19H SEARCHED FOR FILE A6) 
105 FORMAT(70X,15HFILE NAME FOUND 

END 
CSEC SUBROUTINE SEC 

SUBROUTINE SEC(A,B,C) 
COMMON/ZEIT/LAPSE,LAPST 
REAL*4 LAPSE,LAPST,LAPSN 
KE AL* 8 A , B , C 
CALL STIME(ITIME) 
LAPSN=(FLOAT(ITIME))*0•36 
T H·1=L AP SN-l APSE 
LAPSE=LAPSN 
WRITE(6,100) A,B,C, TIM 
RETURN 

100 FORMAT(/50X,3A6,15H ELAPSED TIME =,F9.3,8H SECONDS ) 
ENO 

CMMOVE SUBROUTI~E MMOVE 
SU~ROUT I NE MMOV El A, 13, NR, NC, NMAX) 
IMPLICIT REAL*S (A-H,0-Z) 
DIMENSION AtNMAX,NMAX),BlNMAX,NMAX) 

C ••• THIS SUBROUTINE SETS THE NR BY NC ELEMENTS OF A EQUAL TO THE 
c ••• CORRESPONDING ELEMENTS OF B. 

DO l I=l, NR 
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DO l J=l,NC 
B(I,J)=All,J) 

1 CONTINUE 
RETURN 
ENO 

CMWRITT SUBROUTINE MWRITT 
SUSROUTINE MWRITT(A,~A,WB,WC,ITR,NC,NRX) 
IMPLICIT REAL*8 lA-H,0-Z) 

C ••• THIS SUBROUTINE PRINTS OUT THE UPPER TRIANGULAR HALF (INCLUDING THE 
C ••• DIAGCNAL) OF THE MATRIX A. 

DIMENSION A(NRX,NRX) 
REAL*8 WA,WB,WC,ILBL,[LAd 
COMMON/LABELS/ILBL(l2),ILAB(l2) 
WRIT~(6,1JO) (llBL(I),l=l,12),WA,WB,WC 
IF(ITR.GT.0) WRITEl6,101) ITR 
WRITE(6,102) (M,~=l,10) 

DO l I=l,NC 
WRITE(6,104) I,(A{J,J),J=l,I) 

l CONTINUE 
RETURN 

100 FORMAT(lHl////31X,12A6/58X,3A6) 
101 FORMAT(6lX,lOHITERATION ,l3) 
102 FORMAT(4HOROW,5X,I2,9(1QX,12t) 
104 FORMATll4,lOFl2.7/(4X,lOF12.7)) 

END 
CMMATBl SUdRQUTINE MMATBl 

SUBROUTINE MMATBl(A,B,NCA,NR,NCB,X,NBMX) 
IMPLICIT REAL*8 (A-H,0-Z) 
DIMENSION A(NBMX,NBMX),BlNBMX,NBMX),X(l) 

C ••• THIS SUBROUTINE COMPUTES THE MATRIX PRODUCT -
C... C = AT * B 
C ••• WHERE AT IS THE TRANSPOSE OF A, A IS NR BY NCA, B IS NR BY NCB, 
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C ••• ANO THE RESULT, C, IS NCA BY NCB. ( ROWS BY COLUMNS) 
C ••• ON RETURN FRO~ THIS SUBROUTINE A CONTAINS C, B IS UNAFFECTED. 
C ••• THE VECTOR X IS USED FOR TEMPORARY S!ORAGE. 
C ••• TAKE TRANSPOSE OF A. STORE RESULT IN A. 

DOUBLE PRECISION SUM 
NMAX=NR 
IFtNCA.GT.NR) NMAX=NCA 
D03J=2,NMAX 
IHI=J-1 
0031=1,IHI 
FT=A(l,J) 
A( I,J)=A(J, I} 
A(J,I>=FT 

.3 CONTINUE 
c ••• CDMPUTE C ONE ROW AT A TIME. STORE THE ROW I~ X. THEN STORE X BACK 
C ••• IN A. 

DO 1 I=l,NCA 
C ••• COMPUTE A ROW OF C. STORE IT IN X. 

DO 5 K=l, NCB 
SUi'1=0 .000 
00 4 J=l,NR 
SUM=SUM+AlI,J)*B(J,KJ 

4 CONTINUE 
X ( 10 =SUM 

5 CONTINUE 
c ••• STORE THE ROW BACK IN A. 

DO 6 K=l,NCB 
A(I,K)=X(K) 

6 CONTINUE 
7 CO;\JTINUE 

RETURN 
END 
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CMCLRT SUBROUTINE MCLRT 
SUBROUTINE ~CLRT(A,N,NMAX) 

IMPLICIT REAL*8 (A-H,0-l) 
DIMENSION ACNMAX,NMAX) 

C ••• THIS SUBROUTINE SETS ALL THE ELEMENTS IN THE UPPER TRIANGULAR HALF 
C ••• (INCLUOING THE DIAGONAL) OF A EQUAL TO O.O THE POSITION OF THE 
C ••• 1,1 ELEMENT OF A IS DEFINED BY THE CALLING PROGRAM. 

DO 1 J=l,N 
DO l I=l,J 
A(I,J)=O.O 

l CONTINUE 
RETURN 
END 

CMCLEAR SUBROUTINE MCLEAR 
SUBROUTINE MCLEAR(A,NR,NC,NMAX) 
IMPLICIT REAL*8 (A-H,O-l) 
DIMENSION ACNMAX,NMAX) 

C ••• THIS SUBROUTINE SETS THE NR BY NC ELEMENTS Of A EQUAL TO O.O 
C ••• THE 1,1 ELEMENT OF A IS DEFINED bY THE CALLING PROGRAM. 

DO l J=l, NC 
DO 1 I=l, NR 
A( I,J)=O.O 

1 CONTINUE 
RETURN 
END 

CHOIAG SUBROUTINE HDIAG 
SUBROUTINE HDIAG(H,u,x,1Q,N,NBMX,IEGEN,NR) 
IMPLICIT REAL*8 (A-H,O-Zl 

C FORTRAN IV DIAGONALIZATION OF A REAL SYMMETRIC MATRIX BY THE 
C JACOBI METHOD. 
C MAY 19,1959,REVISED TO FORTRAN IV AUG 17,1966 
C CALLING SEQUENCE FOR DIAGONALIZATION 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 

10 
15 

CALL HOIAG(H,u,x,rQ,N,NBMX,IEGEN,NR) 
WrlEkE H IS THE ARRAY TO BE DIAGONALIZED. 

N IS THE ORDER OF THE MATRIX, H. 
IEGEN MUST BE SET UNEQUAL TO ZERO IF ONLY EtGENVALUfS ARE 

TO BE COMPUTED. 
IEGEN ~UST BE SET EQUAL TO ZERO IF EIGENVALUES AND EIGENVECTORS 

ARE TO BE COMPUTED. 
U IS THE UNITARY MATRIX USED FOR FORMATION OF THE EIGENVECTORS. 
NR IS THE NUMBER OF ROTATIONS. 
NBMX IS THE MAXIMUM ORDER OF THE MATRIX H TO BE DIAGONALISED 
X,IQ ARE AODITIONAL ARRAYS BOTH ARE OF LEGNTH AT LEAST NBMX 
THE SUBROUTINE OPERATES ONLY ON THE ELEMENTS OF H THAT ARE TO THE 

RIGHT OF THE MAIN DIAGONAL. THUS, ONLY A TRIANGULAR 
SECTION NEED BE STORED IN THE ARRAY H. 

DIMENSION H(NBMXrNBMX),U(NBMXrNBMX),X(l),IQ(l) 
SET INDICATOR FOR SHUT OFF RAP IS APPROX 2**-46. 
SPECIFICALLY FUR THE CDC6600 48 BIT MANTISSA 
DATA RAPS/2.0E-13/,HDTES/l.OE38/ 
lf(IEGEN.NE.O) GO TO 15 
DO 10 I=l,N 
DO 10 J=l,N 
U( J,J)=O. 
IF(I.EQ.J) U(l,J)=l. 

CONTINUE 
NR=O 
IF(N.LE.l) RETURN 
SCAN FOR LARGEST OFF DIAGONAL ELEMENT IN EACH ROW 
X(l) CONTAINS LARGEST ELEMENT IN ITH ROW 
IQ(l) HOLDS SECOND SUBSCRIPT DEFINING POSITION OF ELEMENT 
NMI l=N-1 
00 30 I=l,NMil 
X< I )=O. 

DAN26250 
DAN26260 
DAN26270 
OAN262SO 
OAN26290 
DAN26300 
DAN26310 
OAN26320 
DAN26330 
OAN26340 
DAN26350 
DAN2636() 
OAN26370 
OAN26390 
OAN2639J 
OAN26400 
0 t\N2 6410 
DAN26420 
DAN26430 
OAN2644J 
DAN26450 
DAN26460 
DAN2647;) 
Of.IN264BO 
DAN26490 
DAN26500 
OAN26510 
DAN2652J 
OAN26530 
DAN26540 
OAN26550 
OAN26560 

...... 
00 w 



30 
c 

c 
40 

60 

70 
c 

90 

110 

c 
148 

c 
150 

IPll=I+l 
DO 30 J=IPLl,N 
IF(X(l).GT.DA8S(H(I,J))) GO TO 30 
X(l)=DABS(H( I,J)) 
IQ(l)=J 
CONTINUE 
SET UP ZERO CUT OFF (RAP) , INITIALIZE HDTEST. 
RAP=7.45058u60E-9 
HOTEST=l.OE38 
FIND MAXIMUM OF X(I) S FOR PIVOT ELEMENT AND TEST FOR ENO OF PROB 
DO 70 I=l,NMil 
IF(l.LE.l) GO TO 60 
IFCXMAX.GE.X(I)) GO TO 70 
XMAX=X ( I) 
IPIV=I 
JPIV=IQ(l) 
CONTINUE 
IS MAX. X(I) EQUAL TO ZERO, IF LESS THAN HDTEST, REVISE HDTEST 
IFlXMAX.LE.G.O) RETURN 
IF(HDTEST.LE.O.O) GO TO 90 
IFlXM~X.GT.HDTEST) GO TO 148 
HOIMIN=OABS(H(l,l)) 
DO 110 I= 2, N 
IF(HDI~IN.GT.DASS(H(l,I))) HOIMIN=DABS(H(l,I)) 
CONTINUE 
HDTEST=HDIMIN*RAP 
RETURN IF MAX.H(I,J)LESS THAN RAP*ABS(MIN(H(K,K))) 
IF(HOTEST.GE.XMAXl R=TURN 
NR = NR+l 
COMPUTE TANGENT, SINE AND COSINE,H(I,Il,H(J,J) 
TANG=DSIGN(2.00,(H(IPIV,IPIV)-H(JPIV,JPIV)))*H{IPIV,JPIV)/(OABS 

l(H(IPIV,I?lV)-H(JPIV,JPIV))+DSQRT((H(lPIV,IPIV)-H(JPIV,JPIV))**2 
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2 +4.0*H(IPIV,JPIV>**2)) DAN26890 
COSINE=l./DSQRT(l.+TANG**2) DAN26900 
SINE=TANG*COSINE OAN26910 
HII=H(IPIV,IPIV) OAN26920 
H(IPIV,IPIV)=COSINE**2*(HII+TANG*C2.*H(IPIV,JPIVJ+TANG*HIJPIV,JPIVDAN26930 

1))) DAN26940 
H(JPIV,JPIVJ=COSINE**2*lHCJPIV,JPIVJ-TANG*(2.*HCIPIV,JPIVJ-TANG*H DAN26950 

111)) DAN26960 
HCIPIV,JPIV}=O. OAN26970 

C PSEUDO RANK THE EIGENVALUES OAN26980 
C ADJUST SINE AND COS FOR COMPUTATION OF H(IK) AND UCIK) DAN26990 

IF(H(IPIV,IPIVJ.GE.H(JPIV,JPIV)) GD TO 153 DAN27QJO 
HTEMP=H(IPIV,IPIV) OAN270l0 
H(IPIV,IPIV)=H(JPIV,JPIV) OAN27020 
H(JPIV,JPIVJ=HTEMP OAN27J30 

C RECOMPUTE SINE AND COS OAN27040 
HTEMP=DSIGN(l.DO,-SINE)*COSINE OAN27J50 I-' 
COSINE=DABS(SINE) OAN27060 ffi 
SI NE=HT EMP DAN27070 

153 CONTINUE DAN27080 
C THE I OR J ROW. DAN27090 

DO 350 I=l,NMil DAN27100 
If(l.EQ.IPIV.OR.I.EQ.JPIVJ GO TO 350 DAN27110 
IF( IQ(I).NE.IPIV.ANO.IQ( l).NE.JPIV) GO TO 350 OAN27120 
K=IQllJ OAN27130 
HTEMP=H(l,K) DAN271~0 
H( I,K)=O. DAN271.50 
IPll=l+l OAN27161) 
X<I)=O. DAN27170 

C SEARCH IN DEPLETED ROW FOR NEW MAXIMUM DAN27l80 
DO 320 J=IPLltN DAN2719J 
IF(X(J).GT.DABS(H(l,J))) GO TO 320 OAN27200 



X(l)=DABS(H( I,J)) 
IQ( I )=J 

320 CONTINUE 
H(J,K)=HTEMP 

350 CONTINUE 
X{IPIVl=O. 
X(JPIV>=O. 
00 530 I=l,1\1 
IF(I-IPIV)370,530,420 

370 HTEMP = H(l,IPIV) 
H(I, IPIV) = COSINE*HTEMP + SINE*H(J,JPIV) 
IF(X(l).GE.OABS(H(l,IPIV))) GO TO 3qo 
X( [)=DABS(H( I,IPlV)) 
IQ( IJ=IPIV 

390 H(I,JPIV> = -SINE*HTEMP + COSINE*HCl,JPIV) 
IF(X(I>.GE.OABS(H(I,JPIV))) GO TO 530 
X ( I ) =DA BS ( H ( 1 , JP IV ) ) 
IQ( I>=JPIV 
GO TO 530 

420 IF(l-JPIV)430,530,480 
430 HTEMP = H(IPIV,I) 

H(IPIV,I) = CCSINE*HTEMP + SINE*H(l,JPIVl 
IFCXCIPIV}.GE.DABS(H(IPIV,J))) GO TO 450 
XCIPIVl=OAHS(HCIPIV,I)) 
IQCIPIV)=I 

450 H(l,JPIV) = -SINE*HTEMP + COSINE*H(l,JPIV) 
IF{X(l).GE.DABSlH(I,JPIV))) GO TO 530 
Xtll=DABS(H(I,JPIV)) 
IQ(l)=JPIV 
GO TO 530 

480 HTEMP = H{IPIV,II 
H(IPIV,Il = COSINE*HTEMP + SINE*H(JPIV,I) 
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If(X(IPIV).GE.DA~S(H(IPIV,IJJ) GO TO 500 
X(IPIVJ=DAhS(H(IPIV,l)) 
IQ(IPIV)=I 

500 H(JPIV,t) = -SINc*HTEMP + COSINE*H(JPIV,l) 
IF(X(JPIV).GT.DABS(H(JPIV,I))) GO TO 530 
X(JPIV)=DABS(H(JPIV,IJ) 
IQ(JPIV)=I 

530 CONTINUE 
C TEST FOR COMPUTATION Of EIGENVECTOPS 

IF(IEGEN.NE.O) GO TO 40 
DO 550 I=l,N 
HTEMP=U(l,IPIV) 
U(I,IPIV)=COSINE*HTEMP+SINE*UCl,JPIV) 

550 U(I,JPIV}=-SINE*HTEMP+COSINE*U(I,JPIV) 
GO TO 40 
ENO 

CFOLLOW SUBROUTINE FOLLOW 
SUBROUTINE FOLLOW 
COMMON /ZEIT/ LAPSE,LAPST 
COMMON /LABF.LS/ ILBU12) ,ILAB(l2J 
REAL*8 ILBL,ILAB 
REAL*4 LAPSE,LAPST 
LAPSE = LAPST 
WRITE (6,100) ILAB 
WRITE (6,101) ILBL 
CALL SEC (6HFINISH,6HEO PR0,6HBLEM ) 
STOP 

100 FORMAT( lHl //// 15X 12A6) 
101 FORMAT ( 15X 12A6J 

EMO 
CFMFUHF SUBROUTINE FMFUHF 

SUBROUTINE FMFUHF(A,a,c,NC,NRX) 
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IMPLICIT REAL*8 (A-H,O-Z> 
DIMENSION A{NRX,NRX),B(NRX,NRX),C(NRX,NRX) 

C ••• THIS SUBROUTINEO FORMS THE UNRESTRICTED HARTREE FOCK HAMILTONIAN 
C ••• MATICES, FA AND FB. 
C... FA = H + JT - KA 
C... FB = H + JT - KB 
C ••• ON ENTRY C CONTAINS THE MATRIX FT, FT= H + JT, A CONTAINS KA, AND 
C ••• B CONTAINS KB. ON EXIT A CONTAINS FA, ANO B CONTAINS FB. ONLY THE 
C ••• UPPER TRIA~GULAR HALF {INCLUDING THE DIAGONAL) OF A, B, AND C IS 
C ••• USED IN THIS ROUTINE AS ALL THE MATRICES ARE SYMMETRIC. 

DO 2 J=l,NC 
DO l I=l, J 
A(l,J)= C(l,J)-A(l,J) 
8(1,J)= C(!,J)-B(l,J) 

l CONTINUE 
2 CONTINUE 

RETURN 
cND 

CFHJUHF SUBROUTINE FMJUHF 
SUBROUTINE FMJUHF(T,R,S,TT,RR,SS,NBFNS,NBMX,NAM,NITAPE,!LABL, 

l PKLABL,VALUEM,NINMAX,IPTl,CUTLO,IX) 
IMPLICIT REAL*8 (A-H,O-Zl 
REAL*8 INTNAM,ILABL,ILAB,ILBL,NAM 
DIMENSION T(NBMXrNBMX),TT{NBMX,NBMXl,R(NBMX,NBMX), 

l RR(NBMX,NBMX),S(NBMX,NBMX),SS(NB~X,NBMX), 
l PKLAbL(NINMAX),VALUEM(NINMAX), 
1 IPRT(36),ILABL(l) 

C ••• INITIALIZE CCUNTERS. 
NRECNT=O 
LSUMNW=O 
NMINNW=O 
IRC=l 
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C ••• PRINT HEADER IF CrlECK SUM FLAG IS ON. 
IF(IPTl.EQ.O) GO TO 70 
WRITE(6,100) 

10 CONTINUE 
C ••• POSITION TAPE TO READ TWO ELECTRON INTEGRALS. 

CALL FILE(NAM,NITAPE,ILABL) 
c ••• LOOP UNTIL LAST RECORD OF TWO ~LECTRON INTEGRALS ts REACHED 
C ••• REAO A RECORD OF INTEGRALS. 

72 READ(NITAPE) NINTS,LSTRCO,PKLABL,VALUFM 
C ••• UP RECORD COUNTER. 

NRECNT=NRECNT +l 
C ••• SET UP AND PRINT CHECKSUMS IF CHECKSUM PRINT FLAG IS ON. 

IF(IPTI.EQ.O) Gu TO 75 
IF{IRC.EQ.l> IPRT(l)=NRECNT 
CALL UNPACK(PKLAOL(l),IA,JA,KA,LA,!Z,ITA) 
CALL UNPACK(PKLABLCNINTS},JB,JB,KB,LB,IZ,ITB) 
IPP.T (IRC+U=JA 
IPRT <IRC+2)=LA 
IPRT(IRC+3)=NINTS 
IPRTCIRC+4)=JB 
IPRT( IRC+5)=LB 
IRC=IRC+5 
lf(IRC.NE.36) GO TO 75 
WRITE(6,l03) IPRT 
IRC=l 

C ••• CHECK FOR ERRONEOUS VALUES Of NINTS. 
75 IFlNINTS.GT.NINMAX.OR.NlNTS.LE.0) GO TO 500 

C ••• LOOP ON EACH INTEGRAL. 
C ••• PLACE EACH INTEGRAL WITH ITS PROPER MULTIPLIER IN THE MATRICES. 

00 29 M=l,NINTS 
V=VALUEM(M) 
CALL UNPACK(PKLABL(M),I,J,K,L,MU,Ill 
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C ••• SKIP THE INTEGRAL If ITS VALUE IS SMALL. 
IF(OABS(V).LT.CUTLO) GO TO 29 
LSUMNW=LSUMNW+L 
NMI NN~..J=NMI NNW+l 

c ••• OEPENOING ON THc TYPE OF LABEL OF THE INTEGRAL AS GIVEN BY THE 
c ••• INDEX MU, MULTIPLY THE VALUE OF THE INTEGRAL BY ITS PROPER 

DAN28490 
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C ••• DENSITY MATRIX PREFACTORS AND ADO THE PRODUCTS TO THE PROPER 
C ••• OF THE MATRICES TO BE FORMEO. 

El EMEl\ITDAN28550 

GOT0(12,13,14,15,l6,l7,18,19,Z0,21,22,23,24,25),MU 
c ••• 1111111 •• 

12 T(I,l)=T(I,I)+TT(I,I)*V 
R(l,I)=R(I,I>+RR(I,l)*V 
S ( I, I ) =St I , I >+SSC I , I ) *V 
GO TO 29 

C ••• I/J/I/J ••• I.GT.J 
13 T(J,I)=T(J,1)+2.*TT(I,J)*V 

R(J,I)=R(J,I)+RR(l,J)*V 
S(J,l)=S(J,I)+SS(l,J)*V 
R(l,I)=R(I,ll+RR(J,J)*V 
S(I,I)=SCI,I)+SS(J,J)*V 
R(J,J)=R(J,J)+RR(l,I)*V 
S(J,J)=S(J,J)+SS(l,I1*V 
GO TO 29 

C ••• I/I/K/K ••• I.GT.K 
14 T(!,I)=T(l,IJ+TT(K,K)*V 

TCK,K)=TCK,K)+TT(l,l)*V 
R(K,l)=R(K,I)+kR(l,K)*V 
S(K,I)=SCK,I)+SS(l,KJ*V 
GO TO 29 

C ••• I/l/I/L ••• I.GT.L 
15 TfL,I)=T(L,I)~TT(l,I)*V 

T(J,I)=T(l,I)+2.•TT(l,L)*V 
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R(L,I)=R(L,I)+RR(I,I>*V 
S(L,I)=S(L,l)+SS(l,I)*V 
R(I,Il=R(l,1)+2.*RR(l,L)*V 
S(l,I)=S(l,1)+2.*SS(I,L)*V 
GO TO 29 

C ••• I/I/K/L ••• I.GT.K.GT.L 
16 T(L,K)=T(L,K)+TT(!,I)*V 

T(I,I>=T( I,1}+2.*TT(K,L)*V 
R(L,I)=R(L,I)•RR(I,Kl*V 
S(L,Il=S(L,I)+SSCI,K)*V 
R{K,!)=R(K,l)+RRCI,L)*V 
S(K,I)=S(K,I)+SS(J,L)*V 
GO TO 29 

C ••• I/J/J/J ••• I.GT.J 
17 T(J,J)=T(J,J}+2.*TT(l,J)*V 

T(J,I)=T(J,I)+TT(J,J)*V 
R(J,J)=R(J,J)+2.*RR(I,J)*V 
S(J,J)=S(J,J)+2.*SS(l,J)*V 
R(J,I)=R(J,Il+RR(J,JJ*V 
S(J,I)=S(J,I)+SS(J,J)*V 
GO TO 29 

C ••• I/J/K/K ••• I.GT.J.GT.K 
18 TfK,K)=l(K,K)+2.*TT(l,J)*V 

T(J,Il=T(J,Il+TT(K,K)*V 
R(K,J)=R(K,J)+RR(I,Kl*V 
S(K,J)=S(K,J)+SS(l,K)*V 
RtK,I)=R(K,Il+RR(J,K>*V 
S(K,I)=S(K,I)+SS(J,K)*V 
GO TO 29 

C ••• I/J/K/K ••• l.GT.K.GT.J 
19 T(K,K)=T(K,Kl+2.*TT{l,J)*V 

T(J,I)=T(J,l)+TT(K,~l*V 

DAN28810 
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DAN29090 
f1!\N291JO 
DAN29110 
DAl\!29120 

..... 
"° ..... 



R(J,K)=R(J,K)+RR(l,K)*V 
S(J,K)=S(J,K)+SS(J,Kl*V 
R(K,I)=R(K,I)+PR(K,J)*V 
S(K,l)=S(K,I)+SS(K,Jl*V 
GO TO 29 

c ••• I/J/J/L ••• I.GT.J.GT.l 
2J l(J,IJ=T(J,1)+2.*TT(J,L)*V 

T(L,J)=T(L,J)+2.*TT(l,J)*V 
R(J,J)=R(J,J)+2.*RR(l,L)*V 
S(J,J)=S(J,J)+2.*SS(I,L)*V 
R(J,I)=R(J,I)+RR(J,L)*V 
S(J,I)=S(J,l)+SS(J,L>*V 
R(L,J)=R(L,J)+RRCI,Jl*V 
S(L,J)=S(L,J)+SS(l,J)*V 
RCL,I)=RCL,I)+RR(J,J)*V 
S(L,I)=S(L,I)+SS(J,J)*V 
GO TO 29 

C ••• 1/J/I/L ••• I.GT.J.GT.L 
21 T(J,I)=T(J,1)+2.*TTCI,L}*V 

T(L,Il=TCL,1)+2.•TT(I,J)*V 
R(l,I)=R(l,1)+2.*RRtJ,L)*V 
SCI,l)=Sll,1)+2.*SS(J,l)*V 
RCJ,l)=R(J,I)+RR(l,L)*V 
S(J,I>=S(J,l)+SSCI,L>*V 
R{L,J)=R(L,J)+RR{l,I)*V 
S(L,Jt=S(L,J)+SS(l,I)*V 
R(L,I)=R(L,I)+RR(I,J)*V 
S(L,I)=S(L,l)+SS(l,J)*V 
GO TO 29 

C ••• I/J/K/J ••• I.GT.K.GT.J 
22 T(J,I)=T(J,1)+2.*TT(K,J>*V 

T(J,K)=T(J,K)+2.*TT(l,J)*V 

D1\N29130 
0.~N29140 
DAN29150 
DAN29160 
OAN2Yl70 
DAN29180 
DAN29190 
DAN29200 
DAN2921J 
DAN29220 
OAN29230 
OAN2924-0 
OAN29250 
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R(J,J)=R(J,J)+2.*RR(I,K>*V 
S(J,Jl=S(J,J)+2.*SSlI,K>*V 
R(J,KJ=RlJ,K)+RR(l,J)*V 
SCJ,K)=S(J,KJ+SS(I,J)*V 
R(J,I)=R(J,I)+RR(K,J)*V 
S(J,I)=S(J,I)+SS(K,J)*V 
R(K,I)=R(K,I)+RR(J,J)*V 
S(K,J)=S(K,J)+SS(J,J)*V 
GO TO 29 

C ••• I/J/K/L ••• I.GT.J.GT.K.GT.L 
23 T(J,I)=T(J,!)+2.*TTCK,L)*V 

T(L,K)=T(L,K)+2.*TT(l,J)*V 
R(K,I)=R(K,l)+RR(J,L)*V 
S(K,I)=S(K,I)+SS(J,L)*V 
R(K,J)=R(K,J)+RR(l,L)*V 
S{K,J)=S(K,Ja+SS(l,L)*V 
R(L,J)=R(L,J)+RR(l,K)*V 
SCL,J)=S(L,J)+SS(!,K)*V 
R(L,I)=R(L,l)+RR(J,K)*V 
StL,l)=S(L,IJ+SSlJ,K)*V 
GO TO 29 

C ••• I/J/K/L ••• I.GT.K.GT.J.GT.L 
24 T(J,I>=T(J,1}+2.*TTCK,L)*V 

T(L,K)=T(L,KJ+2.•TTCI,J>*V 
R(K,[)=R(K,IJ+RR(J,L)*V 
S(K,I)=S(K,IJ+SS(J,L)*V 
R(J,K)=R(J,K)+RR(I,L)*V 
S(J,K)=S(J,K)+SS(l,L)*V 
R(L,J)=RCL,J)+RR(l,K)*V 
S(L,J)=S(L,J)+SS(l,K>*V 
R(L,l)=R{L,l)+RR(K,J)*V 
S(L,l)=S(L,I>+SS(K,Jl*V 

OAN29450 
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GO TO 29 
C ••• I/J/K/L ••• I.GT.K.GT.L.GT.J 

25 T(J,I)=T(J,I)+2.*TT(K,L)*V 
T(L,K)=TlL,K)+2.*TTll,J)*V 
R(K,I)=R(K,I)+RR(L,J)*V 
SCK,I)=S(K,l)+SSCL,J)*V 
R(J,K)=R(J,K)+RR(l,L)*V 
S(J,K)=S(J,K)+SS(I,Ll*V 
R{J,L)=RIJ,L)+RR{l,K)*V 
S(J,L)=S{J,L)+SSCI,K)*V 
RCL,I)=RCL,I)+RRCK,J)*V 
S(L,I)=Sfl,I)+SS(K,J)*V 

29 CONTINUE 
C ••• IF THIS WAS NOT THE LAST RECORD GO BACK INTO THE LOOP AND READ 
C ••• ANOTHER RECORD OF INTEGRALS IN. 

IF{LSTRCD.EQ.0) GO TO 72 
C ••• IF CHECK SUM PRINT fLAG IS ON AND THERE ARE MORE CHECKSUMS THEN 
C ••• PRINT THEM. 

IF( IPTI.EQ.O.MiD.IRC.EQ.l) GG TO 76 
WRITE(6,l03) (IPRT(MN),MN=l,IRC) 

C ••• COMPARE THE CHECKSUMS OBTAINED ON THIS RUN THROUGH THIS POUTINE 

DAN29770 
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DAN29830 
DAN29840 
OAN29850 
DAN2986J 
DAN29870 
OAN29880 
!JAN29890 
DAN29900 
DAN299l0 
DAN29920 
DAN299.30 
DAN29940 
DAN29950 
DAN29960 

c ••• wtTH THOSE OBTAINED ON THE PREVIOUS RUN THROUGH. IN CASE OF ERRGR 
c ••• ABORT. ALSO PRINT CHECK su~s IF PRINT FLAG IS SET. 

D.AN29970 
!JAN29980 
DAN29990 
DAN30000 
OAN30010 
DAN30020 
OAN30030 

76 IF(IX.EQ.0) GO TO 79 
IF(LSUM.NE.LSUMNW.OR.NUSINT.NE.NMINNW) GO TO 500 
IF(IPTI.EQ.O) GO TC 79 
WRITEC6,l02) LSUM,LSUMNW,NOSINT,NMINNW 

C ••• STORE THE CHECK SUMS OF THIS RUN THROUGH FOR CHECKING LATER ON 
C ••• PASS 

·79 l SUM=L SUMNW 
NOSINT=NMINNW 

C ••• SET FLAG TO INDICATE THAT A PASS THROUGH THIS ROUTINE HAS HEEN 

NEXTDAN30040 
OAN30050 
OAN30060 
DAN30070 

MAOE.OAN30080 
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IX=l DAN30090 
C ••• RETURN TO SCFUHF PROGRAM. DAN30100 

RETURN OAN30110 
C ••• ERROR EXIT. OAN30120 

500 WRITE(6 7 501) DAN30130 
CALL ABT DAN30140 
STOP DAN30150 

100 FORMAT(1Hl////37X, DAN30l60 
161HINTERNAL CHECK SUMS, ETC. FROM READING TWO ELECTRON INTEGRALS//JAN30170 
l 6H REC ,7(1X,17H FIRST NOS LAST )/ DAN30180 
l 6H NOS ,7(1X,17H LABEL OF LABEL )/ OAN30190 
l 6X,7(1X,l7H J L INTS J L )) DAN30200 

102 FORMATClX,lOHLAST L SUM,112,llH THIS L SUM,Il2/1X,17HLAST NOS. OF DAN30210 
1INTS,Il2,18H THIS NOS. OF INTS,112) OAN30220 

103 FORMAT(lX,I4,lX,7(13 7 13,lX,I4,I3,I3,lX)) DAN30230 
501 FORMAT(22HOREAO ERROR IN FMJUHF ) OAN30240 

ENO DAN30250 
CFMEXTB SUBROUTINE FMEXTB DAN30260 

SUBROUTINE FMEXTB(A,P,NBFNS,NBMX,PRE,EX) DAN30270 
IMPLICIT REAL*B (A-H,0-Z) DAN302SO 
DIMENSION A(NBMX,NBMX),P(NBMX,NBMX) OAN30290 
DOUBLE PRECISION EV DAN30300 

C ••• SUBROUTINE FMEXTB COMPUTES THE TRACE OF THE PRODUCT OF THE DAN30310 
t ••• SYMMETRIC MATRICES A AND P. FURTHER IT MULTIPLIES THE VALUE DAN30320 
C ••• OF THE TRACE BY THE FACTOR PRE. THE UPPER TRIANGULAR HALF (1NCLUDINGDAN30330 
C ••• THE DIAGONAL) OF A IS USED AND THE LOWER TRIANGULAR HALF (INCLUDING OAN30340 
C ••• THE DIAGONAL) OF P IS USED. THUS DAN30350 
C. •• EX = PRE*TRACECA * P) DAN30360 

EY=O.ODO OAN30370 
DO 2 I=l,NBFNS DAN30380 
DO 1 J=l, I DAN3039~) 

COD=2.0 DAN30400 

...... 
\0 
Vt 



lf(l.EQ.J) COD=l.O 
EY=EY+COD*A(J,Il*P(l,J) 

1 CONTINUE 
2 CONTINUE 

EX=PRE*EY 
RETURN 
END 

CEFSKIP SUBROUTINE EFSKIP(NTAPE,NFILS) 

c 
c 
c 

c 
10 
12 

c 

16 
18 
20 

SUBROUTINE EFSKIPtNTAPE,NFILS} 
THIS SUBROUTINE MOVES TAPE NO. NTAPE JUST OVER NFILS NUMBER 
END-OF-FILE MARKS, EIT•tER FORWARD OR BACKWARDS DEPENDING ON 
SIGN OF NFILS. IFNFILS=Q, THE SUBROUTINE DOES NOTHING. 

REAL*8 EUF,WORDl 
DATA EOF/6H***EOF/ 
NT= NT APE 
IF{NFILS) ZJ,ld,10 

FORWARD SPACE OVER NFILS ENO-OF-FILES ON TAPE NTAPE 
0016K=l 7 NFILS 
REAO{NT) WORDl 
lF(WOROl.NE.EOf) GOT012 
CONTINUE 
RETURN 
N=-NFILS 

BACKSPACE FILE UNIT NTAPE OVER NFILS FILE MARKS 
0030K=l,N 
KOUNT=O 

32 BACKSPACE NT 
KOUNT=KOUNT+l 
READ (NT) WORDl 
BACKSPACE NT 
IF(KOUNT.GT.50) GO TO 40 
lf(WORDl.NE.EOF) GOT032 

DAN3D410 
DAN30420 
DAN30430 
Dl\N30440 
DAN30450 
DAN30460 
DAN30470 
0AN30480 
DAN30490 

CF DAf\!30500 
THE D1-\N305 l 0 

DAN30520 
D1\N 3 :)5 3 0 
DAl'J30540 
DAN30550 
DAN30560 
OAN30570 
DAN30580 
OAN30590 

f--' 
DAN30600 \.0 

CJ\ 
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30 

40 

99 

CADDl 

CONTINUE 
RETURN 
WR IT E ( 6 ~ 99) K 
CALL ABT 
FORMATC7Hu FILE t3,3JH CONTAINS ~ORE THAT SQ RECORDS) 
END 

SUB ROUT I NE AODT 
SUBROUTINE ADOT(NAr"l,i\IITAPE,ILABL,ARRAY,NBivJX,PKOLBL,VALINT,NINMAX) 
IMPLICii REAL(:8 (A-H,0-Z) 
DIMENSION PKOLBLCNINMAXJ,VALINT(NINMAX) 
DIMENSION ARRAY(NBMX,NBMX),ILABL(l) 
REAL*8 NAM,ILABLE 

C ••• POSITION TAPE, NITAPE, TO READ THE FILE WHOSE NAME IS NAM. 
C ••• FILE NAM CONTAINS BINARY RECORDS OF INTEGRAL LABELS AND VALUES. 

CALL FILE(NAM,NITAPE,ILABL) 
C ••• READ A RECORD OF INTEGRAL LABELS ANO VALUES. 

l READ (NITAPE) NINTS,LSTRCD,PKDLBL,VALINT 
IFlNINTS.GT.NINMAX.OR.NINTS.LE.O) GO TO 500 

C ••• LOOP OVER THE NINTS LABELS AND VALUES IN THE RECORD JUST READ IN. 
DO 2 M=l,NINTS 

C ••• UNPACK A LABEL. 
CALL UNPACK(PKOLBL(M),J,J,IZ,IZ,IZ,IZ) 

C ••• PUT VALUE INTD CORRECT POSITION IN ARRAY (UPPER TRIANGULAR HALF> 
ARRAY{J,I)=ARRAV(J,I)+VALINT(MI 

OAN30730 
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2 CONTINUE 
C ••• IF THE RECORD JUST READ 
C ••• FROM TAPE. IF LSTRCO IS 

DAN30970 
IN WAS NOT THE LAST GO TO l ANO READ ANOTHERDAN30980 
NONZERO THEN THE RFCORO JUST ~EAD WAS THE DAN30990 

C ••• LAST. 
lf(LSTRCO.EQ.0) GO TO 1 
RETURN 

C ••• ERROR EXIT FOR 
500 WRITE(6,510) 

INCORRECT VALUE OF NI~TS {POSSIBLE TAPE READ ERROR). 

DAM310JO 
OAN31010 
OAN3l020 
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CALL ABT 
STOP 

510 FORMAT(22HOREAO ERRUR IN ADDT 
END 

CABT SUBROUTINE ABT 
SUBROUTINE ABT 
A=Z./O. 
A=A+2. 
STOP 
END 

CMWRITE SUBROUTINE MWRITE 
SUBROUTINE MWRITE(A,WA,W8,WC,ITR,NR,NC,NRX) 
IMPLICIT REAL*8 (A-H,0-Z) 

C ••• THIS SUBROUTINE PRINTS OUT THE MATRIX A. 
DIMENSION A(NRX,NRX) 
REAL*8 WA,WB,WC,ILBL,ILAS 
COMMON/LABELS/ILBLll2),lLAB(l2) 
WRITE(6,10J) (ILBL{l),I=l,12),WA,WB,WC 
IF( ITR.GT.0) WRITE(6,101) ITR 
WRITE(6,102) (M,M=l,10) 
DO 1 I=l,NR 
WRITE(6,104) I,(A( I,J),J=l,NC) 

l CONTINUE 
RETURN 

100 FORMAT(1Hl////31X,l2A6/58X,3A6) 
101 FORMATC61X,10HITERATION ,!3) 
102 FURMAT(4HOROW,5X,I2,9(10X,I2)) 
104 FORMAT(l4 1 10Fl2.7/{4X,10Fl2.7)) 

END 
CREORO SUHROUTINE REORD 

SUBROUTINE REORO(A,B,X,Xl,NR,NC,NRX) 
c 

OAN31050 
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C ORDERS EIGENVECTORS FROM LOWEST TO HIGHEST EIGENVALUES. 
C EIGENVECTORS ARE IN 3. R~OROEREO EIGENVECTORS ARE lN A. 
C REORDERED EIGENVALUES ARE IN X. 
c 

IMPLICIT KEAL*S(A-H,0-Z) 
DIMENSION A(NRX,NRX),B(NRX,NRX),X(NRX),Xl(NRXJ 
AB=Xl(l) 
DO 20 1=2,NR 
IF(Xl(l).LE.A8)G0 TO 20 
AD=XU I) 

20 CONTINUE 
BA=2.DO*DA8S(AB) 
00 30 K=l,N~ 
J=l 
AB=XU U 
DO 40 1=2,NR, 
lF(Xl(!).GE.AB)GO TO 40 
AB=Xl(I) 
J= l 

40 CONTINUE 
X(K)=Xl(J) 
Xl(J)=BA 
DO 50 I=l,NC 

50 . .!\{K, l)=BtJ, I> 
30 CONT IillUE 

RETURN 
END 

CFMDMB SUBROUTINE FMDMB 
SUBROUTINE FMOMB{Y,O,FR,GA,NSOS,NBFNS,NBMX) 
IMPLICIT REAL*8 (A-H,O-Z) 
DIMENSION Y{NBMX,NBMX),O(NBMX,NBMX),FR(ll 
DOUBLE PRECISION 00 

OAN31370 
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C ••• THIS SUBROUTINE COMPUTES THE DENSITY MATRIX, O, FROM THE MOLECULAR 
C ••• ORBITAL COEFFICIENTS STORED IN THE ROWS OF Y. THUS -
C... 0(1,J) = GA * SUM(OVER K) FR(K) * Y(K,I) * V(K,J) 
C ••• WHERE FR(K) IS THE FRACTIONAL OCCUPANCY OF THE KTH ORBITAL AND 
C ••• GA IS A CONSTANT GIVEN BY THE CALLING ROUTI~E. 
C ••• SINCE DIS SYMMETRIC ONLY ITS LOWER TRIANGULAR HALF (INCLUDING 
C ••• THE DIAGONAL) IS COMPUTED ANO RETURNED TO THE CALLING PROGRAM. 

DO 2 I=l,NBFNS 
DO 2 J=l,I 
DD=0.000 
DO 1 K=l,NSOS 
FRO=FR(K) 
IF(FRO.EQ.O.) GO TO 1 
OD=DD+Y(K,I)*Y(K,J)*FRO 

l CONTINUE 
0(1,J)=GA*OO 

2 CONTINUE 
RETURN 
END 

CFMOTB SUBROUTINE FMDTB 
SUBROUTINE FMOTB(A,B,C,T,NC,NRX) 
IMPLICIT RfAL*8 <A-H,O-Zl 
DIMENSION A(NRX,ll,BINRX,l),C(NRX,l) 

C ••• THIS SUBROUTINE FORMS THE MATRIX C WHERE 
C... Ctl,J) = ACI,J) + T*B(I,J) 
C ••• THE MATRICES Ar B, ANO C ARE PRESUMABLY SY~METRICr ANO THEREFORE 
C ••• ONLY THE LOWER TRIANGULAR HALF (INCLUDING THE OIAG~NAL) OF C IS 
C ••• FORMED FROM THE CORRESSPONOING SECTICNS OF A AND B. 

00 2 J=l,NC 
DG l I=J,NC 
CC I,J)=A(I,J)+T*B(l,J) 

l CONTINUE 
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2 CONTINUE 
RETURN 
END 

CTEST2 SUBROUTINE TEST2lNT,JNAM) 
SUBROUTINE TEST2(NT,JNAM) 

C TEST2 REWINDS TAPE NU. NT ANO CHECKS TO SEE IF THE CORRECT TAPE 
C HAS BEEN MOUNTED. IN CASE OF ERROR PROGRAM IS TERMINATED. 

REAL*O IEOF,JNAM,NAMTAP,IWRD 
COMMON /IOIND/ ICON(24) 
0ATA IEOF /6H***EOF/ 
NTAPE=NT 
REWIND NTAPE 

1 READlNTAPE) IWRD 
IF{IWRD.NE.IEOF) GOTOl 
REAO(NTAPE) NAMTAP 
CALL EFSKIP (NTAPE,-1) 
IF ( J NAM. f. Q .1~ AMT AP) GOT 06 

4 WRITE(6,5) NTAPE 
Ci\LL ABT 

6 IF(ICON(lO).GT.0} WKITE(6,3) NTAPE,JNAM 
RETURN 

5 FORMAT(30HJ WRONG TAPE NAME ON TAPE NO. 13) 
3 FORMAT{70Xr4HTAPE I3,2X,24HIS LOAOEO WITH THE NAMF. A6) 

F.ND 
CMWRITB SUBROUTINE MHRITB 

SUBROUTINE MWRITU(A,~A,WB,wc,1TR,NC,NRX} 
IMPLICIT REAL*8 (A-H,0-Z) 

C ••• THIS SUBROUTINE PRINTS OUT THE LOWER TRIANGULAR HALF (INCLUDING THE 
C ••• DIAGONAL) OF THE MATRIX A. 

DIMENSION A{NRX,ll 
REAL*8 WA,wB,wC,ILBL,lLAd 
COMMON/LABELS/Ildl(l2),ILAB(l2) 

OAN32010 
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WRITE(6,l00) 
IF l I TR • GT. 0) 
WRITE(6,102) 
DO 1 I=l, NC 

IILBL(l),I=l,12),wA,WB,WC 
WRITE(6,10U ITR 
(M,M=l,10} 

WRlTE(6,104) I,(A(J,J),J=l,I) 
1 CONTINUE 

100 
101 
102 

RETURN 
FORMATllHl////31X,12A6/58X,3A6) 
FORMAT(61X,10HITERATION ,13) 
FORMAT(4HOROW,5X,12,9(10X,12)) 

104 FORMAT(I4,lOF12.7/{4X,lOF12.7)) 
ENO 

CMODBLK SUBROUTINE MODBLK 

DAN32330 
DAN32340 
DAN32350 
DAN32360 
DAN32370 
DAN3238J 
DAN32390 
DAN32400 
DAN32410 
DAN32420 
OAN32430 
DAN32440 
OAN32450 
OAN32460 
DAN32470 
DAN32480 
DAN32490 
DAN32500 
OAN32510 
DAN32520 c 

c 
c 
c 
c 
c 
c 
c 

SUBROUTINE MOOBLK(V,F,Y,NS,OE,GQ,CA,NSOS,NBFNS,NBMX,WA,ITR,IX) 
IMPLICIT REAL*8 (A-H,0-Z) 
DIMENSION CAlNBMX,NBMX) 
OIMENSIO~ VlNBMX,NBMX),F(NBMX,NBMX),Y(NBMX,NBMX), 

1 NS(l},CEil),GQ(l) 
REAL0:<8 WA 

THE MATRIX TU BE BLOCK DIAGONALIZED IS STORED IN F. THE OAN32530 
SYMMETRY BLOCKING TRANSFORMATION MATRIX IS STOREO IN v. OAN32540 
THE SYMMETRY &LOCKED MATRIX, F, IS OIAGONALIZED A BLOCK AT A OAN32550 
TIME. THE EIGENVALUES ARE ORDERED BY BLOCKS - MOST NEGATIVEDAN325&0 
FIRST - AND THEN THE EIGENVECTORS ARE TRANSFORMED BACK INTO DAN32570 
THE BASIS FUNCTION REPRESENTATION. OAN32580 

C ••• TAKE TRACE OF F MATRIX 
5 TRFM=O. 

DAN32590 
OAN32600 
DAN32610 
DAN32620 
OAN32630 
DAN32640 

DO l I=l,NSOS 
1 TRFM=TRFM+F(J,I) 

C ••• INITIALIZE EIGENVECTOR MATIHX 

N 
0 
N 



CALL MCLEAR(Y,NSOS,NSOS,NBMX) 
C ••• PERFORM DIAGONALIZATION BY BLOCKS 

NR=O 
ISYM=l 
ILO=l 

2 NSYM=NS(ISYM) 
C ••• OIAGONALIZE THE blOCK OF 
C ••• THE EIGENVECTORS OF THAT 
C ••• BLOCK Of Y STARTING WITH 

IFCNSYM.EQ.O) GOT04 

FSYM WHOSE 1,1 ELEMENT IS AT F(ILO,ILO) 
BLOCK ARE STORED IN THE NSYM BY NSYM 
Y{ILO,ILO) 

CALL HDIAG(f{ILO,ILG),YlILGrILO),QE,GQ,NS~MrNBMX,J,NROT) 

NR=NR+NROT 

4 
ILO=ILO+NSYM 
CONTINUE 
ISYM=ISYM+l 
IF<ILO.LE.NSOS) GO TO 2 

C ••• ORDER THE EIGENVALUES ANO EIGENVECTORS SUCH THAT THE I+l TH EIGEN-
C ••• VALUE IS GREATER THAN THE ITH ANO SUCH THAT THE EIGENVECTOR 
C ••• CORRESPONDING TO THE ITH EIGENVALUE IS IN THE ITH COLUMN Of Y. 

CALL OROREI(F,Y,OE,NS,GQ,NSOS,NBMX} 

DAi\132650 
DAl\l32660 
DAN32670 
DAN32680 
DAN32 69 () 
OAN32700 
OAN32710 
DAN3272 1) 

OAN32730 
D.!\1\132740 
DAN32 75 0 
OAN327~0 
DAN32770 
OAN32780 
OAN32790 
D.~.N328JO 

Dl\N32810 
DAN32820 
DAN32830 
OAN32840 

C ••• TRANSFORM EIGENVECTORS BACK TO ORIGINAL NON BLOCKED BASIS 
C ••• AT THIS POINT THE EIGENVECTORS OF FSYM, W, ARE CONTAINED IN 
C ••• COLUMNS OF Y. TO EFFECT THE TRANSFORMATION OF W BACK TO THE 
C ••• BASIS PERFORM THE FOLLOWING 

DAN32850 
THE DAN32860 
nRIGINALOAN32870 

OAN32880 
C... X = WT ~ V 
C ••• WHERE X IS THE MATRIX OF EIGENVECTORS IN THE ORIGINAL BASIS 
C ••• AND CONTAINS THOSE EIGENVECTORS AS ROWS. 

OAN32890 
DAN32900 
DAN3291J 

C ••• ON ENTRY TO MMATbl THE MATRIX W IS CLNTAINEO 
c ••• Is CONTAINED IN v. 

IN Y ANO THE MATRIX V OAN32920 

c ••• GN RETURN FROM MMATBl THE MATRIX x rs CONTAINED IN v. 
CALL MMAT8l(Y,CA,NSOS,NSOS,NBFNS,GQ,N6MX) 

c ••• TAKE TRACE OF EIGENVALUES 

0AN32930 
DAN329'4·0 
Dl\N32950 
DAN3296J 

N 
0 
VJ 



TROE=O. 
DO 3 l=l,NSOS 

3 TROE=TROE+OE(l} 
C ••• DOE IS THE DIFFERENCE BETWEEN THE TRACE BEFORE ANO AFTER 
C ••• OIAGONALIZATION. 

DOE=TROE-TRFM 
WRITEC6,130) WA,DOE,NR 
RETURN 

ljJ FORMAT(lH0,60X,A6,35H FSYM MATRIX DIAGONALIZATION ERROR , 
l El5.8/80X, 2JHNUMBER OF ROTATIONS ,16) 

END 
CORDREI SU3ROUTINE ORDREI 

SUBROUTINE ORDREI(F,U,OE,NS,NEXT,N,NBMX) 
IMPLICIT REAL*U (A-H,0-Zj 
DIMENSION F(NBMX,NSMX),U(NBMX,NBMX),OE(l).NS(l),NEXT(l) 

C ••• THIS SUBROUTINE ORDERS THE EIGENVALUES, WITHIN SYMM~TRY BLOCKS, 
C ••• PLACING THE MOST NEGATIVE FIRST. 
C ••• ON ENTRY TO THIS SUBROUTINE THE DIAGONAL ELEMENTS OF F CONTAIN 
C ••• THE EIGENVALUES, DIAGONAL ELE~ENTS l THRU NS(l) BELONG TO TH~ FIRST 
C ••• rlLOCK, ELEMENTS NS(l)+l THRU NS(2) +NS(l) TQ THE SECONO BLOCK, ETC. 
C ••• THE CORRESPONDING COLUMNS OF U CONTAIN THE EIGENVECTORS. 
C ••• ON EXIT FROM THIS SUBROUTINE THE ORDERFD EIGENVALUES ARE IN OE AND 
C ••• THE EIGENVECTORS IN THE CORRESPUNOING ORDER ARE IN U (AS COLUMNS). 

ILO=l 
ISYM=l 

1 IF(NSCISYMl.EQ.0) GOT019 
IHI=ILO+NSlISYM)-1 
IFCILO.EW.IHI) GOT09 
DO 2 I=ILO,IHI 

2 NEXT(IJ=I 
KLO=ILO 

3 K=NEXT(KLO) 

DAN32970 
Dl\N32980 
DAN3299J 
DAN33000 
DAN33010 
DAN33020 
DAN33030 
DAN3304J 
OAN 330 50 
DAN33060 
DAN3307J 
DAN33080 
DAN33090 
DAN33100 
DAN33110 
DAN33120 
o.~N33130 

DAN33140 
DAN3315J 
DAN33160 
OAN33170 
DAN33180 
DAN3319Q 
OAl\l332fl0 
DAN33210 
DAN33220 
DAN3323J 
OAN3324·) 
OAN33250 
DAN33260 
OAN33270 
DAN3328J 

N 
0 
~ 



FMAX=F(K,K) DAN33290 
l<L Pl =KlO+ 1 DAN3330J 
DO 4 I=KLPl,IHI DAN33310 
J=NEXTlil OAN33320 
IFlF(J,J).GE.FMAX) GO TO 4 OAN3333J 
M=NE XT( KLO) DAN33340 
NEXT(KLOJ=J DAf\133350 
NEXTCI>=M DAN33360 
FMAX=F(J,J) OAN33370 

4 CONTINUE DAN33380 
KLO=KLPl DAN33390 
IF(KLPl.LT.IHI) GO TO 3 DAl\!33400 
I=ILO OA.N3341 J 

5 J=NEXT(l) OAN33420 
FMAX=F(l,I) . OAN33430 
DO 6 K=l,N DAN.33440 

6 OE(K)=U(K,I) OAN33450 N 
F( I, I>=F(J,J) DANJ3460 0 

\JI 
F(J,J)=FMAX LJAN33470 
DO 7 K=l, N OAN33480 
U(K.,l)=U(K,J) DAN33490 

7 U(K,J)=OE(K) DAN33500 
DO 8 M=lLO,IHl DAN33510 
IF(NEXT(MJ.EQ.I) NEXT(M)=J DAN33520 

8 CONTINUE OAN33530 
I=I+l DAN33540 
If( I.LT.IHI) GO TO 5 DAN33550 

9 ILO=IHI+l OAN33560 
19 ISYM=ISYM+l DANJ3570 

IFCILO.LE.N) GO TO 1 DAN33580 
DO 10 KK=l,N DAN33590 

10 OE(KK)=F(KK,KK) DAN3360J 



RETURN OAN33610 
END DAN33620 

CMABAT SUBROUTINE MABAT DAN3363a 
SUBROUTINE MABAT{A,B,NR,NC,Y,NBMXl OAN3364Q 
IMPLICIT REAL*8 (A-H,0-Z) DAN33650 
DIMENSION A(NBHX,1J,8(NBMX,1J,Y(NBMX,l) DAN33660 

C ••• THIS SUBROUTINE TAKES THE MATRIX PRODUCT - OAN33670 
C... C = A ::;< B * AT OAN3368U 
c ••• WHERE THE MATRIX AT IS THE TRANSPOSE OF A, A IS NR av NC, B IS OAN33690 
C ••• NC BY NC, ANO C IS NR BY NR. DAN33700 
c ••• THE MATRIX B IS ASSUMED SYMMETRIC THUS ONLY ITS UPPER TRIANGULAR DAN33710 
C ••• HALF (INCLUDING THE DIAGONAL) IS USED. THE MATRIX C IS ALSO ASSUMED OAN33720 
c ••• ro BE SYMMETRIC, ANO THEREFOR[ ONLY ITS UPPER TRIANGULAR HALF IS OAN33730 
C ••• CALCULATED. THIS UPPER TRIANGULAR HALF OF C IS RETURNED IN THE UPPERDAN3374Q 
C ••• TRIANGULAR HALF Of B. OAN33750 
C ••• COMPUTE A* B • STORE THAT IN Y TEMPORARILY. DAN33760 

DOUBLE PRECISION SUM OAN33770 
DO 10 I=l,NR DAN33780 
DO 10 K=l,NC DAN33790 
SUM=O.ODO OAN33800 
DO 8 J=l, K DAN33810 
SUM=SUM+A(l,J)*B(J,K) DAN33820 

8 CONTINUE DAN33830 
Kl = K + l DAN33841) 
lf(Kl.GT.NC) GOT013 OANJ3850 
DO 9 J=Kl, NC DAN33860 
SUM=SUM+A(I,J)¥8(K,J) DAN33870 

9 CGNT INUE DAN33880 
13 Y (I, K) = SU!\-1 DAN338'~0 

10 CONTINUE DAN339JO 
C ••• MULTIPL'r Y *A TO GET UPPER HALF- OF C, STORING THAT IN B. OAN33910 

DO 12 K=l,NR DAN33920 

N 
0 
°' 



DO 12 I=l,K 
SUM=0.000 
DO 11 J=l,NC 
SUM=SUM+Y(J,J)*A{K,J) 

11 CONTINUE 
B( I,K)=SUM 

12 CONTINUE 
RETURN 
END 

CMPRY2 SUBROUTINE MPRY2 
SUBROUTINE MPRY2(A,E,FR,WA,WB,WC,ITR,NR,NC,NRX) 

C ••• THIS SUBROUTINE PRINTS OUT THE MOLECULAR ORBITALS (IN COLS), THEIR 
C ••• EIGENVALUES, ANO FRACTIONAL GCCUPANCIESlIF ITR .NE.0) 

IMPLICIT R~Al*8 lA-H,0-Z) 
DIMENSION A(NRX,l),E(l),fR(l),NS(l),NSN(l) 
C 0:',1 MON IL ABELS/ I LB l ( 12 ) , I L AB ( 12 ) 
REAL*8 WA,WB,WC,tLBL,ILAS 

C ••• THIS SUBROUTINE PRINTS OUT THE MOLECULAR ORBITALS WITH THEIR 
C ••• SYMMETRY DESIGNATIONS, THEIR EIGENVALUES, ANO THEIR FRACTIONAL 
C ••• OCCUPA!\ICIES. 

~.,JRITE(6,100) ( iLBL (I), I=l, 12) ,WA,WB,il'JC 
WRITE(6,1J2) (M,M=l,10) 
00 4 l=l,NP. 
IFlITR)l,2,1 

l WRITE(6,103)M,E(l),FR{l) 
GO TO 3 

2 WRITEl6,lJ31M,E(l) 
3 WRITE(6,104)l,(A(J,I),J=l,NC) 

4 cmn INUE 
5 CONTINUE 
6 REfURN 

lvO FORMAT(1Hl////31X,l2A6/53X,3A6, 

DAN33930 
DAM33940 
DAN33950 
DAN33960 
OAM33971) 
DAN3398G 
O.t\N33990 
DAN34JOO 
OAN340l0 
DAN34020 
Dt\N34030 
OAN34040 
DAN 3 1t0 5J 
D/\N34060 
DAN34070 
DAN340u0 
OAN340'10 N 
OAN34100 0 

........ 
O.i\N34110 
OA!\134120 
DAN34130 
DAN34140 
DAN34150 
DAM3416!J 
OANJltl 70 
OAN3'tl80 
DAN34190 
DAN34200 
OAN3421J 
0 .l\N 3:422 0 
llAN3't230 
IJAN3424J 



1J2 FORMATl4HOROW,5X,I2,9(1QX,J2)) 
103 FORMAT( 1 0 1 ,I3,Fl5.7,Fl0.5) 

104 FORMAT(l4,1JF12.7/(4X,1QF12.7)) 
END 

CMPRYl SUBROUTINE MPRYl 
SUBROUTINE MPRYl(A,E,FR,WA,we,wc,1TR,NR,NC,NRX) 
IMPLICIT REAL*B {A-H,0-Z) 
DIMENSION A(NRX,l),E(l),FR(l},NS(l),NSN(l) 
COMMON/LABELS/ILBL{l2),ILAB(l2) 
REAL*B WA,wa,wc,ILBL,ILAB 

C ••• THIS SUBROUTINE PRINTS OUT THE MOLECULAR ORBITALS {ALREADY IN 
C ••• TOGETHER ~ITH THEIR EIGENVALUES ANO FRACTIONAL OCCUPANCIES( IF 

WRITE(6,l00) (ll8L(l),I=l,12),WA,WB,wc 

4 
5 
6 

WRITE(6,l02} (M,M=l,10) 
DO 4 I=l,NR 
IF(ITR)l,2,1 

1 WRITE(6,103)M,E(l),FR(1) 
GO TO 3 

2 WRITE(6,103JM,E(I) 
3 WRITE(6,104)I,(A(l,J),J=l,NC) 

CONTINUE 
CONTINUE 

100 
102 

103 
1J4 

RETURN 
FORMAT(1Hl////31X,12A6/58X,3A6) 
FORMAT(4HOROW~5X,I2,9(10X,I2)J 

FORMAT('O',I3,Fl5.7,Fl0.5) 
FORMAT(I4,10Fl2.7/(4X,lOF12.7)l 
END 

OAN34250 
DAN3A-2o0 
OAN34270 
i)AN342d0 
o.~N J4zqo 
DAN34-300 
OAN34310 
DAN3432J 
DAN34330 
f)~.N3lt340 

RmJS) OAN34350 
• TR • fWAN34360 

f)AN34370 
DAN31d8u 
DAN34390 
DAN344)0 
OAN34410 
DAN 3't42 0 
DAN34430 N 

0 
DAN34440 00 

DAN3445J 
OAN34460 
OAN344-70 
OAN34480 
OAN34490 
'.)/',N 34500 
iJAN3451 •J 
DAN.34520 
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SPIN PROJECTION OF SEMI-EMPIRICAL AND AB INITIO 
UNRESTRICTED HARTREE-FOCK WAVE'.FUNCTIONS 

by 

Dana Alice Brewer 

(ABSTRACT) 

The method of spin projection was examined by developing 

and applying computer programs to calculate projected semi-empirical 

and ab initio unrestricted Ha.rtree-Fock (UHF) wavefunctions. 

The electronic spectra of naphthalene, anthracene, naphtha-

cene and pentacene were calculated using the Pariser-Pople-Parr 

(~PP) n-electron approximations and both UHF and configurational 

interaction (CI) techniques. The results of both techniques were 

compared with experimentally determined spectra with. reasonable 

agreement between the CI and projected Ull1 results. While the CI 

calculations generally produced lower energies for the triplet 

states than the UHF calculations, the spectra from UllF calculations 

were in somewhat better agreement with experiment. Anomalies 

encountere.d with degeneracies and the presence of open shell grotmd 

states are also discussed. 

The. geometry o;e monohomocyclooctatetraene anipn radical 

(~COT} was studied using spin projection o! the lJHF Ii~O wave-

functi'on. The theoreti_cal molecular geometry was varied until the 



experimental hyperfine coupling constants matched hyperfine con-

stants obtained from using both projected and unprojected UHF 

waveftmctions. The two types of calculations resulted in slightly 

different energies and geometries with the projected calculations 

giving a higher energy for the doublet state; essentially no di.ffer-

ences were. noted in the bond orders obtained from the two types 

of calculations. The. geometry from the. projected calculations was 

a somewhat more strained conformation than the geometry from the 

unprojected calculation. 

Ab initio UHF calculations with spin projection were per-

formed on H2o(+) to compare the energies of pure spin states from 

ab initio multi-configurational self-consistent field with CI. 

(MCSCF/CI) with those from spin projection. The MCSCF/CI calcu-

lations are superior to the tnlF plus spin projection calculations. 

This result will always be observed when the UHF waveftmction is 

very close to a pure spin state before spin projection. 

The dissociation of CF20 was studied using ab initio 

waveftmctions. The energies of the unprojected 1ftlF wavefunctions 

were examined along with those for the dissociated CF2 + 0 fragments. 

Good agreement exists between the calculated and experimental 

vertical ionization potentials for CF20 at the equilibrium geometry. 
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