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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-
tronic Schrdedinger 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 yariational theorem provides approximate solutions to
the electronic Schrdedinger equation,

K ¥ = E_V (1)

e e e e
where )(e is the electronic Hamiltonian operator, We is an antisym-
metrized product of molecular spin-orbitals, and Ee is the electronic
energy. The spatial part of the spin orbitals, or molecular
orbitals, are constructed as normalized linear combinations of

atomic orbitals, ¢u’

q)ui B Z cui ¢u ) -

where the coefficients, Cpi’ are allowed to vary in order to mini-
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



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 (o) and spin down (B) electrons and all
orbitals are either empty or doubly occupied. The molecular orbitals
for the a-electrons are the same as those for Fhe B-electrons.
Since the o~ and B-wavefunctions are equal, the Hartree-Fock operator
for the a-electrons is equal to the Hartree-Fock operator for the
B~electrons., This is called a restricted calculation; i.e., the
a- and B-wavefunctions are forced to be equal. This condition guar-
antees that the electronic wavefunction, ¥, is an eigenfunction of
the total spin operator, 82,

2y = s(s+1) v. 3)

An open shell molecule is a system in which either there is
an unequal number of a- and B-electrons or there is an equal number
of a—~ and B-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 B-electrons are treated separately in an unrestricted
calculation. In general, the orbitals for the o-electrons are not
equal to the orbitals for the B-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 restricted calculation.

Because UHF theory produces two different sets of molecular



orbitals, one set for the o~ and one set for the B-electrons, the

resultant single determinant wavefunction,

v = | ¢ 9B re g% of v | (4)
2 i i
is not guaranteed to be a state of pure spin multiplicity; that is,

g2

Y 4 s(s+1) VY. (5)
Since I}(,SZJ = 0, the correct electronic states will also be eigen-
functions of SZ. 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. Lﬁwdin1 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.

In the spin projected EHF method developed by Mayer,2 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

wavefunction.

The spin projected UHF calculation differs from the EHF



method in that the energy minimization procedure is performed on
the unprojected 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) m—electron approximations for polyenes with two to 38 carbon
atoms with surprising results. The LEHF 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-
cludes that, for larger systems, it is sufficient to perform ULF
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



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 (MHCOT) was studied
using a DODS wavefunction with spin projection and the all-valence
electron INDO 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 somewhat more strained conformation than the
geometry from the unprojected calculation.

Ab initio UHF calculations with spin projection were performed
on H20(+) 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 with
CL (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 CFZO was studied using'gg’initid waye-~

functions. The molecule is of possible importance in the atmos-



pheric reaction scheme since it is a possible product from the

dissociation of dichlorodifluoromethane,

CF,Cl, + hv — CF,C1 + cl (6)
"CF,C1 + hv —> :(CF, + °Cl @))
:CF., + 0 —> CF.0 . ' (8)

2 2
The energies of the unprojected wavefunctions of CFZO were examined

along with those for the dissociated CF2 and O fragments.



VIi. 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-
Fock theory at this point.6

The nonrelativistic Hamiltonian, in atomic units, is

2
Z v

R WA T I DI
i L r . 2 m
i J H1 u H

i>j u’i

Z Z
U v
+ > . 9)

u>v

where i and j denote electrons and p and v denote nuclei. When the
Born-Oppenheimer approximation7 is applied, the fourth term des-
cribing the translational motion of the nuclei is ignored, and the
fifth term, the nuclear repulsion energy operator, Vn’ becomes a
constant value. In other words, electronic states are examined in

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

ator then reduces to
Z
DR R
= - = V.5 o+ — - e .
A 2 i r,. rJJi * Vn (10)
1 >3 u,1
The electronic energy for an unrestricted wavefunction can

~be expressed as



B o
occ occ occ
E = (T. +V) + = j{: J_ - j{: K%
e T r 2 rs rs
r= ry,s=1 r,s=1
B?
occ
B
- K (11)
IS
r,s=1
where B is the total number of occupied orbitals, B* is the
occ occ

number of occupied a-molecular orbitals and Bicc is the number of
occupied B-molecular orbitals. Letting r and s denote molecular

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

the kinetic and potential energy integrals, Tr and Vr’ respectively,

T

(1]

P o= osx@ | =597 | e (12)

<
]

Z
<) | - :i: | ri)> . (13)
r - rui

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

coulomb, Jrs’ and the exchange integrals, K

rs’
I, = <@ s@) l-;%; | £(i) s(§)> (14)
K = <z s() | ;i; | s(i) £(3)> . ' (15)

The molecular orbitals are described in terms of linear
combinations of atomic orbitals (LCAO) with subscripts m, n, p, and

9,

| 2%{1)> = Z | m(1)> (16)

m



| P1)> = j{: ¢ | m)> . (17)

m
The distribution of the o- and B-electrons in the molecule is
described by the a- and B-charge density and bond order matrices,

P® and PB, with elements,

o
occ .
p* - Z & Y (18)
mn mr nr
r
BB
occ
pB BB (19)
mn mr nr
r

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

matrices,
(20)

The net unpaired electron density in the molecule is described by
the spin density matrix, PZ,

p? = p* - pP | (21)
mn mn mn )

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

matrices and integrals over atomic orbitals,

- 1 ZE: _
E = j{: P(T +V ) o+ 3 o Pog

mn npq
a Lo B LB . . 1 . .
Pmp an - Pmp an) @) p() | r.. | n(®) q(3)> .

ij
(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 extremum is sought in

B
§ [E - j{: Ars (Srs - Ssr) ] = 0, (23)

r,s=1
where Srs are the overlap integrals,

s, = <r(@ | s>, (24)

and Ars are the undetermined multipliers. Equation 23 contains
N(N + 1)/2 constraints; introduction of variations in the orbitals
| r(i)> leads directly to the set of Hartree-Fock equations,

Ba

occC
F* | r(i)>

ALg | s(i)> (25)
1

]

s

88

occC

Z Mg | sG> (26)

s=1

]

FB l r(i)>

a
where F is the one-electron Fock operator for the o-electrons and
FB is the one-electron Fock operator for the B-electrons. The Fock

operator may be expanded as

B® P
occeC ocCcc
F* = T + Vv + Z (JS-K:) + Z JS &¥))

s=1 s=1
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B> B
occec occ
Foor o+ v o+ j{: g - KS) + j{: J: (28)
s=1 s=1
and
T|r@> = -3 0% | r@» (29)
V] r(i)> = - j{: EE—-| r(i)> (30)
rui
u
3] r@s = <s(d) |;—1—| s(3) r(i)> (31)
ij
Ko | r@> = <@ | == | =3 s@> . (32)
1]

A unitary 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 F* or F8
F* | r@)> = Al | r@@)> (33)
F | r(i)> = Af | r(i)> . (34)

The molecular orbitals are eigenfunctions of the Fock operator, and

the eigenvalues are

B” P
occ occ
o o o _ x® B
Ay = Tr + V. + (Jrs Krs) + 2{: Jrs (35)
s=1 s=1
B2 B
occ occ
8 B B B o (36)
A I, t v, + j{: (Jrs - Krs) + Jrs *

[
i

9]
]

[uey
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The electronic energy is then expressed as

B” B8 B®

occ occ oce

_ a N - % _
E = Z xrr t Z }‘rr Z (-Jrs Krs)

=1 r=1 r,s=1
BB o BB

occ occ occ

B8 a B

Z Urs — Krs) + Z Jg Z g - (37)
r,s=1 s=1 s=1

When the LCAO molecular orbitals are used, two sets of

coupled linear equations result,

B
oce
o o o
2{: (an - A Smn) Cnk
n=1
BB
occ
B B B
(an - Ar Smn) Cak
n=1

0 (38)

(39)

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

ular orbital coefficients.

eleménts given by

FOo= T+ V_ o+ 2{:
mn mn mn
P»q
a
- P <m (i 5
bq M) PG l
I S j[:
mn mn mn

P»q

The two Fock Hamiltonian matrices have

2, () p() | ;%; | n(i) q(3)>

L a@ a1 (40)

1]

1P @) p(p) | ;i; | n@i) q(§)>
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8 . 1 . .
- qu <m(1) p(4) | ;Ij— | @) n(3)> 1] . (41)

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
B-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

Unrestricted Hartree-Fock (UHF) theory8 is the simplest avail-
able method that allows the orbital rearrangement that is necessary
to calculate excitation and ionization energi_es.9 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 Lb’wdin'sl 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
Schug.ll 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 N
D N I @
i i>j 1]

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
coordinates of the ith electron, Ci the spin coordinates, and X,

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

charge density matrix can be expressed as

14
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F(rl)rZSrl ’rz') - 2! (N _ 2)! -[q)(xl’ XZ, e oo X-N) X
@*(xl’, Xp'y eee Xy) dg, dz, dx, ...dxg (43)

where ¢(xl, Xy eee XN) 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,

y(rl;rl') =~/%%T P(rl,rz;rl',rz) dr, . (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(rysrg') = Z Y, ¢r(r1) ox(ry") (45)
r=1

while the second-order matrix is

B
. | 1 —
Flrp,rysry’sry') = Z sty p(Ty) 95(r)) x
r,s,t,v=1
* ' B3 '
¢t(r1 ) ¢V(r2 ) . (46)

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

B
E = :E: Yr <¢’r I Ti_+ Vi ' ¢r> +
r=1
B
Z P o<d_ o, | =146 6. 47)
rstv r S X.. t v
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The coefficients that describe the charge density matrices in terms

of the natural orbitals are y_ and T More specificity of the

rstv’
coefficients is gained by using the superscripts u and p to denote
the unprojected and projected states, respectively.

The energy expression is most conveniently written in terms
of natural orbitals; because only the numerical values of the

coefficients multiplying the integrals, Y and T , change between

rstv
the projected and unprojected states. The integrals oyer 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

a’ while the beta

beta first-order charge density matrices, PaPBP
corresponding orbitals, {b}, are the eigenvectors of PBPGPB. The
nonzero eigenvalues of the product matrices are identical and equal
to the squares of the overlap integrals of the corresponding orbi-
tals, di. The overlap matrix, d, between the alpha and beta corres—

ponding orbitals, is also in diagonal form,

r S S l br> = dr GI'S (48)

A
)
o
v
1
A
o

la]
o
v
)i

(49

rs
where Grs is the Kronecker delta.
The coefficients describing the first— and second-order

charge density matrices are defined based on the classification of
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the natural orbitals of charge. For a system with N® alpha and NB

B

beta electrons, where N is greater than or equal to N, and where
ordering occurs such that Y; > Y:+1, there are D doubly occupied
orbitals. In this case, the unprojected and projected coefficients

are equal,

u

o= 2 o= 1+d (p=1, 2, ... D) (50)
yg =2 = 144, (=12, ...D) (51)

This type of orbital always occurs when the number of basis functionms,
B, is less than the number of electrons, N, and may also occur other
times.

The second type of natural orbitals, the i and i" set, has
paired members, the sum of whose occupation numbers equals two

in the unprojected space,
u u
gt v = 2. G2

The values of the Yz and Yir coefficients are

Y;;J = 1+d; (i = D1, D¥2, ... ) (53)
Y, = l+d w (54)
Yit T e = 1o 4 (55)
From i < 1= (56)

evaluation of the wi‘has been made by Harriman.lo
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 unprojected states are equal,

u _ P - .
Yory = Yots 1 G=1,2,...2m 57

where 2m is equal to the difference between the number of alpha
and beta electrons, N - NB.

The remaining orbitals, also having pairing properties, are

empty; their occupation numbers are zero,

= P = 0 (r=1, 2, ... B). (58)

Y;;+r

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

6, = a = b ®=1,2, ...D (59)
_ ~1/2

(i = D+1, D+2, ... §9) (60)

by = e = 12 A= a1V @ b 61)

bors = Bt G=1,2, ... 2m) . (62)

The N+r orbitals (r = 1, 2, ... B~N) are undefined because no corres-
ponding orbitals are defined in the empty space.

The inversion of equations 60 and 61 produce

a; = t; ¢0; tou; b (i = D+1, D+2, ... NB) (63)
by = tp¢; -~ up 0y (64)

vhere
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1/2

t; = [ Q+d)/2] (65)
_ 1/2

uy [ Q- di)/2] . (66)

The coefficients Prstv that multiply the two-electron inte-

grals occur in twenty distinct combinations of r, s, t, and v,
Further combinations are obtained through the use of the permutation
relationship

I‘rstv = I"t:vrs = rsrvt = thsr (67)

Since the expressions are quite complicated, the reader is referred

to the paper by Phillips and Sch.ug11 for a listing of the equations.

It should be noted that two T terms were in error, the T and
rstv tutu
rtuut terms. The correct values for the coefficients are
I‘tut:u = 1/2 (68)
T uut -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.
The spin density matrix, described by the difference between
the a- and B-charge density matrices,
p? = p* _ pf | (70)
can also be used to obtain relationships between the projected and

unprojected spin states. The natural orbitals of spin,'{¢z}, diagon-

alize this matrix,

N
PP(ry3r,") = Z ERSCH ISR (71)
r=D+1

The eigenvalues of the natural orbitals of spin,.Akf are related
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to the one-electron coefficients, Yo by

2, 1/2 1/2
O A R T A (AR
(1 = DHL, D2, ... 1Y) (72)
B B R I P P 73)
Ay = 2 G=1,2, ... 2m 74)

and the eigenfunctions are related to the natural orbitals of charge

by
6F = gt 6007 G =D, DR, ... W) (75)
0Te = (9 - 4:0)/2 (76)
HVorg =ty G =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,

%y /2
v o= Z wg wz . (78)
s=m%-xb) /2

The work presented below is a series of applications of the
spin projection techniques at various levels of approximate wave-

functions.



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 m orbitals,
those orbitals perpendicular to the molecular plane, have no
Hamiltonian matrix elements in common. The validity of this assump-
tion is shown using group theory. The ¢ orbitals are symmetric
with respect to reflections in the molecular plane while the m orbi-
tals are antisymmetric. Since the Hamiltonian is a symmetric oper-
ator, no matrix elements (or combinations) between ¢ and m orbitals
exist,

A CI calculation is quite different from a spin projection
calculation.14 The calculation begins with the determination of

the ground state wavefunction,

e = A e We ) ... ) | . (79)

A trial function for configuration interaction is then written as
a linear combination of wavefunctions of the above for various

configurations

Y = C1 wl + C2 wz + ...t Cm ]

A (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 ¥ is minimized
with respect to all Ck_by solving the secular equation

| H m = 8 El =0 (81)

where each ’(mn 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.

The CI method was used by Pariser15 to calculate the elec-
tronic spectra of polyacenes and alternant hydrocarbons using the
PPP pi-electron approximations. It was also desirable to apply
spin projection techniques to pi-electron systems to compare the
results from spin projection with both experimental and CI data.

The molecules chosen for study were naphthalene, anthracene, naphtha-
cene and pentacene since the symmetries of the transitions had been
previously assigned to portions of the experimental spectra.

The PPP approximations include several emnirical parameters
that are used as substitutes for the rigorous expressions in the
Hartree~Fock equations. They are worthy of review at this time.

The greatest simplification of the Hartree-Fock equations
occurs when the total zero differential overlap (TZDO) approxi-

mation,16

5, (82)

is employed. This approximation leads to
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@ s@) | == | e@ u@> = v 8 8 - (83)
i

A further simplification is obtained by setting

<r(i) | T+V |s@> = 0 (84)
if r and s are neither on the same atom nor near-neighbor atoms.
Using this approximation, the remaining core Hamiltonian matrix

elements are

T +y)_

]

+
-z I+ Z <r(i) | Vii | r(i)> (85)
sfr,

8 (86)

rs

(T + V) rs

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§i+, the potential
of an atom which has lost its pi-electrons. 7Using the approxi-
mation of Goeppert-Mayer and Sklar,17 the one-electron potential

energy operator is

+ _ A 1 X
Ves = Vg3 Z <s(i) |-———rij | s(i)> (87)

where vsj is the potential at atom j from a neutral atom s and is
neglected; the integral represents the Coulomb potential due to a
pi-electron on the atom s, The off-diagonal core Hamiltonian matrix
elements are set equal to an empirical parameter, Brs' The diagonal

elements further reduce to

(T+V)rr=-zrlir—ZZY . (88)
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Using the above approximations including TZDO, the Hartree-Fock

matrix elements are

a a
For = ~ 2.1 - Poe Yer ° E: 2g Yes ¥
s#r
o B
Z Pos Yes t Z Pes Yrs (89)
s s
e T
Fer = Ze Iy Prr Yor Is Yps T
s#r
B8 o
Z Pss Yes ¥ Z PssYrs (90)
s s
a _ O
Frs - Brs Prs Yrs (9o1)
B _ B
Fre = Brs = Plg Yes o (92)

r s¢r r S#r
R I
+ }: Prr Prr Yrr 3 (Prr ss
r s#r
a o B LB
Prs Prs N I)rs Prs) Yrs) (93)

where Prs is a charge density matrix element. The two-center two-

electron repulsion integrals, Ypge Can be calculated using a variety

of approximations, the Mataga-Nishimoto,lg, the Pariser-Parr,19
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the Nishimoto,20 and the modified Mataga21 approximations. All

are dependent on the distances between atoms, L
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

a o a o

Prs = Z Cx Sek fk (94)
k=1
B

B _ B B B

Prs N Z Crk sk fk (95)
k=1

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 UHF 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
Exchange.22

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, Brs’ were empirically set equal to -2.395

electron volts.23 The one-center electron repulsion integrals, y__,

rr

were taken to be 11.13 electron volts and the two-center repulsion

- 18
integrals were evaluated by the Mataga-Nishimoto approximation,
_ 14,397
Yrs T T28.994 ., : ©6)
Yer t Yss rs

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 DZh point group, no symmetry 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 excited configurations.

The wavelengths for the ground to excited state transitions
for naphthalene, anthracene, naphthacene and pentacene are listed
in Tables I, II, IIIL and IV, respectively. They are tabulated
with the assumption that the ground state wavefunction is a closed
shell. Both m=Q and m=1 calculations were performed for the pur-
poses of comparison of the internal consistency of the spin
projection technique; the m=0 state refers to an open shell system
with an equal number of alpha and beta electrons while the m=1

system has two more alpha than beta electroms.
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TABLE I

WAVELENGTHS () FOR THE GROUND TO EXCITED
STATE TRANSITIONS IN NAPHTHALENE

Calculated
: Excited Projected
" System " ‘State ©  UHF CL Experimental
n=0 132u 3137 2991 31062
1 b
Bl 2724 2765 2757
1
By, 2099 2115
3p 3319 3604 3353P
2u
3 b
By 5006 7264 4963
3 5 2708 4264
g
m=1 332 3148 3353P
u
3%_ 6720 496 3P
u
3
By 2924

4J. R. Platt, J. Chem. Phys. 18, 1168 (1950).

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

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

Calculated

Excited Projected

System State UHF - _CI - Experimental
m=0 132u 3713 3342 37452
131 3493 3568 3649
u
1y 2887 2630
3g
35 3711 3876
2u
3 b
B, 7921 11488 7298
u
333 3286 5468
g
=1 332 3473
u
331 13393 7298P
u
3
Byy 3673

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

bR. G. Parr, "Quantum Theory of Molecular Electronic Struc-
ture", W. A. Benjamin Book Co., New York, 1964.
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TABLE 1III

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

Calculated

Excited Projected

‘System " State UHF - CI Experimental
=0 132u 4163 3568 39222
1y 4239 4343 4278°
. 1u
133 3402 3182
g
332 3969 3899
u
3Blu 11802 18859 10340°
333 4121 7434
g
m=1 332u 3582
331 28788 10340°
u
3
By 4901

4J. R. Platt, J. Chem. Phys. 18, 1168 (1950).

bR. G. Parr, "Quantum Theory of Molecular Electronic Struc-
ture'", 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
System State UHF CL Experimental
n=0 132u 4471 3711 41672
131 4915 4969 5755°
. u
133 4086 3696
g
332 4130 3899
u
35 16934 29078
1u
333 5002 8622
g
=1 332 5191
u
3
B1u c
3
By, 6303

4J. R. Platt, J. Chem. Phys. 18, 1168 (1950).

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

cTriplet 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 B3g 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
produced appreciably lower energies for the triplet states than
did the UHF treatment. However, for those cases where experimental
data were available, the UHF 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=0 and m=1 calculations
is rather interesting. For the B2u triplets, the m=0 calculations
provided lower energy states than the m=1 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=1
calculations. The difference between the m=0 and m=1 energies
increased with the size of the molecule and was much greater for
B, , symmetry than for BBg' The result of this was that the exci-
tation energies for the ground state to the 3Blu states obtained

from the m=1 calculation were much too small in comparison with

available experimental data. The case of pentacene is extreme in
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that the 3Blu (m=1) state was lower in energy than the closed shell
ground 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
~ ground state wavefunction determined using the UHF equations is an
open shell that gives a lower energy than the closed shell.
Kouteck?Bo 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.
Kouteck§'s parameterization was slightly different from that
employed in this work with B = -2.318 electron volts and Vi < 10.84
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 form the alpha-electron

Fock matrix, 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 Fock 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 spectrum 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=1
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 m=0 and m=1 results can only be
a consequence of the differences in the effective flexibility of
the basis sets.25 Since the m=0 results compared favorably with
available experimental data on the whole, it must be concluded that
the m=0 UHF basis set contained flexibility comparable to that of
the closed shell calculation. The effective flexibility of the

basis for the m=1 UHF calculations increased with molecular size
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TABLE V

FACTORS FOR THE OPEN SHELL GROUND

Multiplicity

1

3

11
13
15
17
19

21

STATE IN PENTACENE

Energy(eV)
-932.54926

-931.48598
-929.41985
-926.66096
~923.41642
-919.78281
-915.79493
-911.45288
-906.73785
-901.62669

-896.11148

Weight
2.99489 x 101

4.50627
2.00174
4.37340
5.51858
4.34172
2.20764
7.32055
1.55937
2.03853

1.47624

X

X

107t

1071

1072

1073

1074

10~

10‘7

1078

10—10

10-12
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TABLE VI

WAVELENGTHS(X) FOR OPEN SHELL GROUND TO EXCITED
STATE TRANSITIONS IN PENTACENE

Calculated

Excited Projected

System "~ State UHF - CL ‘Experimental
=0 132u 2162 3711 41672
1B1 2261 4969 5755
u
3 2068 3696
g
332 2079 3899
u
3
By, 3356 29078
3 2279 8622
3g
3
m=1 B, 1963
3
By, 5145
3
By, 2515

8J. R. Platt, J. Chem. Phys. 18, 1168 (1950).

bg, 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 < BZu < 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 unexpected 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
with symmetries other than the ground state symmetry, Ag. In
general, one nonaufbau excitation on the first SCF iteration is
sufficient to retain the desired spatial symmetry of the wave-
function. However, since the orbital symmetries reordered and
multiple excitations in the density matrices were required to
retain the desired symmetry of the total wavefunction, an orbital
symmetry search pattern was estahlished for subsequent iteratioms.
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 symmetry 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 elsewhere.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 (RHF) treatments employ basis sets of comparable flexi-

bility. It is indicated that the m=0 UHF calculation satisfies

this requirement in most cases.



IX. ALL-VALENCE ELECTRON CALCULATIONS

The semi-empirical all-valence electron calculations as set
forth by Pople and Beveridge6 employ either the complete neglect of
differential overlap (CNDO) 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 CNDO 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.

Lt is advantageous to review the INDO approximations at this
time. '

The diagonal core Hamiltonian matrix elements,

38
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(T+v, = <) | --% vi -V, | r(i)> -
ZE: <r(i) | v, | r(i)> , 7
V#U

are separated into contributions due to the interaction of the
orbital <r(i)| with the nucleus p 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 Urr’ an average of the ionization potential, Ir’

and the electron affinity, Ar’ and a term describing the number of

valence electrons on the nucleus yu,

@ | -3 v - v, x> = v, (98)
. 1 - - 1
U = -3 (1r + Ar) (zu 5 ) Yo (99)

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

(@) 13 | 2= | r@ x> . (100)
1]

The second integral is approximated by

Vi = <st@ [ v [ r@> =z 0y (101)

These integrals are assumed to be the same for all orbitals |r(i)>
on the atom y.

The off-diagonal core Hamiltonian matrix elements are approxi-
mated by

(o}

Bov Sre (102)

(T + V)rs

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

83\, = %—(Bﬁ + 83) . (103)

Orbitals r and s are required to be on different atoms, u and v.
The two-electron integrals are approximated using the zero

differential overlap (ZDO) approximation,

<@ s@) | 2] t@ v = v S 8, s (104)
ij

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

the same atom, integrals of the form

@ r§) | 2= | @ rG)> (105)
ij

<r(d) r(3) | -1-}- | si) s(3)> (106)
ij

@ s | 2= | @ s@)> (107)
ij

have nonvanishing values and are evaluated semi-empirically using
Slater-Condon parameters.31 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

where ¢; is the orbital exponent, r; the distance from the nucleus
on which the orbital resides, and Ylm(6,¢) a spherical harmonic.

Using the above approximations, the open shell Fock matrix
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elements are

o . . 1 . .
Frr - Urr + j{: [Pss <r(1) s(3) I ri. I r(1) s(3)>
s on J

- PY <@ r(3) | 2 | s(1) s(3)>]

ij
F) @, - 2, (109)
v#u
Ff‘r = U+ Z [P <r(i) s(j) |;—i—.—| r(i) s(j)>
s on 1 ]
PB . 1 . .
- P <r(d) r(3) | . | s(i1) s(3)>]
N/
+ Z (P\)\) - Z\)) Yuv (110)
v#u
o= @r - PR a@ @) | ;—; | s s(3)>
p% . . 1 . .
- P <r(i) s(j) | ;ﬁf‘l r(i) s(j)> (111)
ij
ng = @ Pos - Pis) <r(i) r(j) | ;i; | s(i) s(3)>
2B crci) a(q) | L o s
- P <x(d) s(j) | -r—j- | r(i) s(3)> (112)
1

where the orbital |r(i)> is on atom u.
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. Winstein, gg._gl.BB view this phenomenon as due to deloc-
alization across the interruption through the carbon p-orbitals
which are twisted relative to the m—orbitals of the remaining
system because of the inserted aliphatic group. For the specific
case of methylene insertion, He.hre34 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 Hiickel and minimum basis set
 ab initio calculations. The molecules studied were primarily
compounds with an even number of pi-electrons including the unsub-
stituted and substituted cations and anions of bicyclo[3.1.0]-

hexene 3536 36,37

and homotropylium. The compounds were studied
both for their formation and rearrangement processes. The Hiickel
(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 number of pi-electrons; apparently

homodelocalization 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

constants for MHCOT were measured.38’39

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.

MHCOT is an eight-membered ring with a methylene group
attached to two adjacent carbon atoms in the ring. Two hydrogen
atoms, Hl 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 dat338’39

indicate that the anion radical has only a
single plane of symmetry 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 (R);
respectiyely. In all possible geometries, the angles between the
methylene group and the adjacent plane of the eight-membefed ring,
and between Hl and H8 and the adjacent plane of the ring were
varied, Specific details of the INDO calculations are presented

elsewhere.40
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Figure 1. - Geometry of Monohomocyclooctatetraene Anion Radical
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The exponents for the Slater orbitals used in both the INDO
and spin projection calculations were derived form Burn's rules.41
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, ay, 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 geometry 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 C,~Cq and Cg-Cy bonds were set at 1.54 R; al1l carbon-hydrogen
bonds were assumed to he 1.084 X. 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 comparison with experi-
mental coupling constants was obtained when o was equal to 0° and
0, the angle between the octagonal plane and the cyclopropyl ring,
was 83.5°. This angle, 6, is close to those determined by Hehre34’3S
by ab initio calculations on the bicyclo[3.1.0]-hex-3~-en-2-y1
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 between 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
INDO 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, 6, 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 0 = 76.7° and d = 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
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TABLE VII
PROTON HYPERFINE COUPLING CONSTANTS, 3y FOR THE
MONOHOMOCY CLOOCTATETRAENE ANION RADICAL

OBTAINED FROM UNPROJECTED WAVEFUNCTIONS

Calculated aH(Gauss)

6 = 83.5° 6 = 76.7° Experimental

Protons a=0° a=0° aH_(Gauss)a
Hy, Hg 4.21 1.92 5,72
H,, H7 -1.57 1.48 +0.87
Hy, He 2.62 2.37 +5,12
H,, He -2.03 -1.86 +1.99
H9 -7.55 -9.17 +12.18
Hg. -3.71 -3.86 +4.54

as. Winstein, G. Moshuk, R. Rieke and M. A. Ogliaruso, J.
Amer, Chem. Soc. 95, 2624 (1973).
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TABLE VIII

PROTON HYPERFINE COUPLING CONSTANTS, ays FOR THE
MONOHOMOCYCLOOCTATETRAENE ANION RADICAL
OBTAINED FROM SPIN PROJECTED
WAVEFUNCTIONS

Calculated aHﬂGauss)

6 = 83.5° 0 = 76.7°  Experimental

Protons a=0° a=0° aHﬂGauss)a
Hy, Hg 2.72 1.15 £5,72
H,, Hy 0.78 2.84 +0.87
Hy, He 1.34 1.17 5,12
H,, H -0.59 -0.51 +1.99
H9 -2.49 -3.02 +12.18
Hyo -1.21 -1.26 4,54

as. Winstein, G. Moshuk, R. Rieke and M. A. Ogliaruso, J.
Amer. Chem. Soc. 95, 2624 (1973).
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hyperfine constants was that the magnitude of H9 be greater than HI.
This requirement was satisfied only within a relatively small range
of change for the angle 6. It is interesting to note that a
further decrease in the angle 6 in the optimized projected geometry
from 76.7° to 76.65° produced an increase in the hyperfine constants
for H9, H9' and H1l 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 energies, 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 Spiﬁ 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-orbital 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,ms).

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
-transforming44 the orbitals for each carbon-carbon pair into a

local coordinate system in which the p_-orbital of each carbon



TABLE IX

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

Unprojected
Energy

-9.710

-9.707

OCTATETRAENE ANION RADICAL

Multiplicity

2

4

Weight

9.86 x 107*
1.35 x 1072
4.27 x 107>
9.85 x 107%
1.44 x 1072
4.75 x 107°

Binding
Energy

-9.715
-9.346

-8.036

-9.353

-9.032

0s
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points toward the other carbon, the pw-orbitals are perpendicular to
the ring as described above, and the pw,—orbitals are in the plane

of the ring perpendicular to the bond. For each pair, Crcs’ this
produces a set of bond orders, P(mi;mj), P(sij;sj), P(oi;0j) [P(oi;sj
+ P(sij;aj)], P(n'i;n'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
MHCOT 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(mi;mj) 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 Cl—C8 bond are

surprisingly large and imply that homoconjugation as envisioned by

W’inst:ein32’33

does occur.

The Cl—C8 o-bond order is reduced by ten to twenty percent
relative to the other o-bond orders in the ring; a similar reduction
in strength occurs for the P(si3;sj), P(gijoj) and [P(oi;sj + P(sijof)]

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

of about twenty percent in the total C;-Cg bond strength is that the
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TABLE X

INVARIANT BOND ORDERS FOR CALCULATED GEOMETRIES
OF MONOHOMOCYCLOOCTATETRAENE ANION RADICAL

Geometry
6 = 83.5° 6 = 76.7°

" 'Bond Order a =0° a = 0°
P(wl;m8) 0.416 0.422
P(nl;m2) 0.384 0.388
P(n2;73) 0.669 0.661
P(n3;7m4) 0.609 0.615
P(w4;m5) 0.602 0.598
P(s1;s8) 0.270 0.270
P(sl;s2) 0.318 0.313
P(s2;s3) 0.340 0.340
P(s3;s4) 0.344 0.344
P(sh;s5) 0. 344 0.344
P(0l;08) 0.477 0.477
P(01;02) 0.511 0.104
P(023;03) 0.511 0.511
P(03;04) 0.510 0.510
P(c4;05) 0.510 0.509
P(01;s8) + P(sl;08) 0.896 0.894
P(ol;s2) + P(sl;02) 1.036 1.028
P(023s3) + P(s2;03) 1.068 1.067
P(033s4) + P(s3;04) 1.070 1.070
P(04;s5) + P(s4;05) 1.070 1.070
P(n'"1;7'8) 0.246 0.249
P(n'1;m'2) 0.266 0.264
P(n'2;7'3) 0.275 0.273
P(n'3;7m'4) 0.275 0.275

P(n'4;7'5) 0.275 0.275
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bond has not been opened upon formation of the anion radical from
cis-bicyclo[6.1.0]-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 symmetry.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 symmetries of the starting material and product
are different. However, similar considerations lead to the conclu-
sion that the cis-bicyclo]6.1.0]-nona-2,4,6-triene dianion may
undergo a symmetry allowed disrotatory cyclopropyl ring-opening
pracess. Once obtained, the ring-opened dianion is then capable of
establishing an equilibrium between the radical anion and the
dianion.

Extension of INDO Calculations to Include
d-Orbitals

The INDO formalism was used previously to describe the
bonding in molecules comprised of the atoms hydrogen through fluorine.
Kaufman and Predney46 developed the equations necessary to extend
the INDO calculations to include d-orbitals on the atoms sodium
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
compounds containing the —N:SF6 group.47 For this reason, work
was begun to extend the INDO calculation to include d-orbitals.

The Fock matrix elements that included d-orbitals were
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available from thevwork 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
Fock matrix elements were noted. Abbreviating the d22, dxz’ dyz’

dx2~y2 and dxy orbitals by o, m, ', § and &', the correct expressions

are
o _ o _ o o o
Fgg (INDO) = Fgs (CNDO) (9 B+ 24 Pt 24P,
a B8 B B B
69 Prrgr = 6 Pog T 4P+ 4Py 4 =36 P+

o

4
34 Pgige) Fr(dd) /461 - ()

o 1
+ Pyy) G (pd)/5

o o o 3 o 2
- (8 Pt 8 Pyy + 5 Pzz) 3 G (pd) /245 - P G (sd) /5

- o _ p¥ _ po B _ B B 2
¥ P Py Pyy +2P  -P _ - Pyy) 2 F (pd)/35
(113)
= o 2
Fooo (INDO) = F ., (CNDO) + 4 P_ , F"(pd)/35
3
+ (Rt 2P ) 36G67(pd)/49 . (114)

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

electron integrals,

<m wt | ;;L-| Tw'> = <at § | ;l— | mt &> =
i 13

<t §t l "—'1— I Tt §'> = <t § l —L. I T §» =

T, T,
ij ij

L S R TN (115)
r,
ij

The binding energy, EB, is the difference between 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(mn) = -3 (IT+A), - 3T+ M,
(m+n)(m+n-1) F° - '% mn Gl(Sp) -
2—; n (n - 1) F2(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)™(3p)".
The atomic energies are listed in Table XI.

The computer program was traqsferred 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 Total Energy(a.u.)
Na -0.1461713

Mg -0.6501658

Al -1.5838907

Si -3.1385524

P -5.5635470

S -9.0512034

Ccl -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
properties will be reliable, i.e., in agreement with experiment.
The primary consideration in the reliability of the electronic
structure célculation is the choice of a basis set.

The basis functions 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

xg = Al e gy ) ¥,00,0) a17)
where A is a normalization factor, n is the principle quantum num-
ber and L is the orbital exponent or screening factor. The angular
dependence of the orbital is introduced with a spherical harmonic,
Yzm(e,¢), while r is the distance from the atom on which the Slater
function is centered.

Boys51 first proposed the use of Gaussian functions which,

in comparison with the Slater functions, may be written as

X; = B exp( —0y riz) Ym(é,¢) . (118)

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

tions is introduced by

xgy = C x* 3™ 2" exp( —ai‘riz) _ (119)
where £, m and n are integers. Such functions are called cartesian
Caussians. A linear combination of Gaussian-type orbitals (GIO's)
can be found to match a Slater-type orbital (STO) with g; = 1.

Then a scale factor, k, can be introduced to relate the STO to the
linear combination of GTO's. The scaled STO with ci' = Kk is repre-
sented by the same linear combination of GTO's with exponents equal
to Kz Ci.

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
aboye 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 1ls and

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

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

Yy
Extended basis sets, those larger than double zeta, are used
when it is necessary to obtain SCF emergies 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, %, greater
than the highest % 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 with which integral evaluation can be accomplished. Multi-
centered two-electron integrals over Gaussian functions can be eval-
uated in closed form while those over Slater functions cannot;

thus, it has been shown54

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

. 49
fluorine, Schaefer 2 has shown that a (10s6p) Gaussian basis set 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-
tating more iterations.49 Therefore, the use of primitive Gaussians
(equation 119) is uneconomical because of the computational time
requirements.

The use of contracted Gaussian functions, linear combinations

33,36 partially alleviates the

of Gaussians with fixed coefficients,
problem of large basis sets. When contracted functions are used,
only the coefficients of each contracted function in an SCF orbital

56

are determined. Whitten first made effective use of contracted

Gaussians by optimizing a (1Qs5p) basis set to a contracted [3slp]
set, where brackets denote a contracted basis set. Dunning57’58
continued the work in contraction schemes by optimizing various
atomic basis 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 regionm.

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 HZO 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 symmetry; matrix
elements between orbitals of different sSymmetry groups are zero.
Using this information, the matrik diagonalization problem reduces
from the diagonalization of one matrii of size B by B to the diag-
onalization of several smaller matrices, realizing a considerable
sayings in computational time.

The SCF 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,

o, = Z Ny Yo (120)

a. = E: np Rpr . (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, S, is in diagonal form,

*
<¢r | 0> = drs = Z Ypr <np | Ne” Y'rs (122)
PyT
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or

< | o> = j{: Y s ¥ (123)

P pT T8

leading directly to

YsY = 1. (124)
Solving for ifl leads to

1

Y = SY (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

equation61 which is

FY = SYE (126)
vhere the Fock matrix, F, the matrix of eigenvectors, Y, and the
overlap matrix, S, are in the nonorthogonal representation and E
is a diagonal matrix of orbital eigenvalues. The Fock, overlap

and eigenvector matrices are transformed into the orthogonal basis by

F' = RER (127)
s' = RSR (128)
-1
¥W=23"X (129)
giving a Fock equation of
- -1 - -1
RFRR"Y = RSRR " YE (130)

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

eigenvalue problem,
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F'W = WE. (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 = RW. (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 which
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 requires 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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o= ylteyl, (133)
The diagonalization of P' by
P'C = NC (134)

gives the natural orbitals, {mr},

mr = Z r]p Ypr CSI’ = Z np (X _g)ps . (135)
S,p P

The natural orbitals are expressed in the atomic orbital basis by
the transformation
X = Xc. (136)
The alpha corresponding orbitals are formed in a manner
similar to that for the natural orbitals with one noteworthy
cannot be transformed to the

. . . a
orthogonal representation as a single matrix, but rather P and EF

exception. The product matrix gﬁ_?g“
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 E? operating on an arbitrary vector, A.

The alpha density matrix is

o
occ

B o= ) % < (137)

T
where | r> is a molecular orbital. Each molecular orbital is a

linear combination of atomic orbitals, lm>,
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r> = Z o [ m> . (138)

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

Pa = Zan |m><n|c0‘*
- rm nr .
r m,n
- Zp“-|m> < | (139)
mn
m,n

where 2:m is a density matrix coefficient. When the density matrix

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

A = Z|p> ¢ s (140)

the resultant equation is

>
Il

E? A j{: Pzn | m> <n | p> Cp (141)

m,n,p

where <n I p> are overlap integrals. When orthonormal orbitals are
used, the overlap matrix is diagonal with elements Snn = 1. How-
ever, the overlap matrix in the nonorthogonal representation is not
diagonal but can be used to bring nonorthogonal orbitals into the

orthogonal representation,

P* A = Z P* | m>S_c . (142)
- - mm np P
m’n’p

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

Using these arguments, then, the matrix equation for the determina-
tion of the alpha corresponding orbitals becomes

-1 1 ,-1,83-1,-1 1

Pl A G G S Gl Sl S Gl W (144)
or

riets Psetyta - aa (145)
where Ai = di?’ 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 symmetry 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 H,0(+)

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
~ ground state H20, and Meyer,63 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,
Jdrgensen and 8hrn65 and Fortune, Rosenberg and Wahl5 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. Spin 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-
meters as possible, such as the basis set and geometry, are held
constant. An evaluation of the spin projection technique was most
easily maée by comparing spin projection data with MCSCF/CL calcu-

5

lations™ on th,e.XZB1 and ﬁzBZ states of H20(+)~
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The basis set chosen for study was one where the polari-
zation functions were specially optimized for HZO by Dunning.57 It
consisted of a set of (9s5p2d) orbitals contracted to [4s3pld] 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
obtained from the potential energy surface of Fortune, et. al.5
The H20(+) molecule lies in the xz plane with oxygen at the origin
(0.0, 0.0, 0.0). The equilibrium geometry of the XZBl state located
the hydrogens at (*#1.54499, 0.0, 1.11224) bohrs giving an oxygen-
hydrogen bond length of 1.90 bohrs and an angle, <HOH, of 47.880;
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 BZBZ state. The convergence criterion for the
total energy for both calculations was 1.0 x 10“6 atomic units.

The unprojected and projected energies for the.XzB1 and
BZBZ 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
XzBl and £2B2 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.Q02 atomic units for the B)'B2 and 0.003 atomic units for the.XzB

1
state. This 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)
H,0 PRIMITIVE BASIS SET?

2
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 0.9398 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 ) 7 0.2137 1.000000
0] d 8 1.3220 0.357851
0 d 8 0.3916 0.759561
H s 9 21,7208 0,032828
H s 9 3.2729  0.231208
H s 9 0.7377 0.817238
H s 10 0.2004 1.000000
H P 11 1.1592 1.000000

3. H. Dunning, J. Chem. Phys. 53, 2823 (1970); T. H.

Dunning, J. Chem. Phys. 55, 3958 (1971).



71

TABLE XIII

UNPROJECTED AND PROJECTED ENERGIES FOR

THE sz STATE OF H,0 €]

1

Unprojected Energies(a.u.)

Kinetic Energy, T 75.749684
One-Electron Potential Energy, V(1) -192.949513
Two-Electron Potential Energy, V(1,2) 33.021498
Electronic Energy, E(E) -84,378330
Nuclear Repulsion Energy, V(N) 8.728339
Total Energy, E -75.649992

Projected Energies(a.u.)

. Multiplicity Weight, LA Total Lnergy, E

£
2 9.9737 x 1071 -75.65323
4 2.6255 x 107> ~74.42535
6 1.6888 x 1070 ~73.49101

8 2.882 x 10°10 -72.58397
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TABLE XIV

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

Unprojected Energies(a.u.)

Kinetic Energy, T 75.40146
One-Electron Potential Energy, V(1) -191.25650
Two-Electron Potential Energy, V(1,2) 32.44855
Electronic Energy, E(E) -83.40648
Nuclear Repulsion Energy, V(N) 7.92953
Total Energy, E -75.47695

Projected Energies(a.u.)

. Multiplicity Weight, W Total Energy, Ei
2 " 9.9868 x 10°% -75.47908
4 1.3204 x 1073 ~73.86906
6 2.6566 x 10~/ ~72.84159

8 1.3743 x 10711 ~71.85666
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TABLE XV

COMPARISON OF MCSCF/CIa AND SPIN PROJECTION

ENERGIES FOR THE EQUILIBRIUM GEOMETRIES
2 2

OF THE X"B, AND B“B, STATES OF H,0(+)
Total Energies(a.u.)
2 ~2

Type of Wavefunction X Bl B BZ
RHF SCF -75.64565%  ~75.47629"
RHF Plus MCSCF/CI ~75.72328%  -75.55451P
UHF SCF ~75.64999 -75.47695
UHF Plus Spin Projection -75.65323 -75.47908

4. 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
for hoth the ﬁsz and X2Bl states. The conclusion that must be
reached from this study is that the MCSCF/CI calculation is superior
to spin projectibn when the weighting factor for the spin projected
state of lowest multiplicity is very close to unity. However,
studies using semi-empirical technique525’26 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 time than MCSCF/CL 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, CF,0,

2
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 enyironmental consequences.66 The most important

mode of ozone destruction at the present time is the nitrogen oxide
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catalyzed cycle,67

NO, + hv —> NO + O (146)
No, + 0 —> No + 0, (147)
NO + 0, — NO, + O, . (148)

3 2 2
However, Rowland and Molina68 indicate that if the use of chloro-
fluoromethanes, CF2012 and CFCl3, 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,

CF,Cl, + hv — °CF,C1 + °Cl (149)

CFCl, + hv —— °CFCl, + °Cl . (150)

3 2

The chlorine atoms then deplete the odd oxygen content by

cL + o0, —> Cl0 + o, (151)

Cl0 + 0 —> C1 + O (152)

2
giving the same net effect as reactions 147 and 148.

Rowland and Molina68 point out many other reactions related
to 151 and 152 that require study or are currently under study.
Rowland is studying some photolytic reactions;69 Watson is inves-—
tigating the reactions of ClO with a range of atmospheric species;70
Kaufmann's research group is studying a variety of reactions
involving Cl1 and ClO;71 and Heicklen72 is researching the photo-
dissociation 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

Molina68 indicate that, and some experimental data69’72

supports,
the primary reaction of the chlorofluoromethyl radicals with oxygen
is

'CF201 + 0, —> CF,0 + C10 (153)

2 2

"CFCl, + 0, —> CFC10 + CIO . (154)

2
The possibility also exists that substituted methyl radicals can

absorb another photon and dissociate to produce carbenes,

"CF,C1 + hy  ——s :CF, + ‘Cl (155)

'CFClz + hv —— :CFC1 + °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
meeting of the American Chemical Society by Ausloos and Rebbert73
who found evidence to support the reactions

CFCl, + hv —— :CFC1 + 2C1° (157)

3

CF2C12 + hvy —— :CF2 + 2C1° . (158)

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

oxygen to produce carbonyl fluoride,

:CF, + 0 —— CF0 . (159)

Ayailable 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 CF,0
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can be envisioned,

CF,0 — FCO + F (160)
CF)0 — CF, + 0 (161)
CF,0 —> F, + €O (162)

with standard heats of reaction, AHggs, of 130.6, 168.8 and 126.3
kcal/mole, respectively. The dissociation of CFZO by reaction 161
was chosen for study.

The study of the dissociation of carbonyl fluoride was
begun using two geometries, the equilibrium geometry for CF,0
determined by Laurie, Pence and Jackson75 and illustrated in Figure
2 and the equilibrium geometry for CF2 determined by Powell, Lide
and Mathews.76 Both molecules are members of the sz point group
and were chosen to lie in the yz plane. The carbon atom was located
at the origin (0.0, 0.0, 0.0) in both geometries. In the equili-
brium geometry for CFZO, the oxygen atom was located at (0.0, 0.0,
-2.21858) bohrs and the fluorines at (0.0, +1,92806, 1.40082)
bohrs‘giving a carbon-fluorine bond distance of 2,38 bohrs and an
angle, <FCF, of 1080. 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 CF,0 near

2
the equilibrium geometry. The geometry for CF2 located the
fluorines at (0.0, *1.94876, 1.52802) bohrs giving a carbon-fluorine
bond distance of 2.48 bohrs and an angle, <FCF, of 103.80; an
.oxygen atom was placed at (0.Q, 0.0, -18.90359) bohrs in order to

approximate the dissociated CF,0 molecule.
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Figure 2.- Geometry of CF,0 molecule.

2
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The POLYATOM (Version 2) system of program54 discussed
earlier in this chapter was used to obtain wavefunctions for all
geometries of CFZO. All two-electron integrals whose values were
less than 1.0 x 10-9 atomic units were taken to be exactly zero.
The criterion for energy convergence was 1.0 x 10-6 atomic units.

The basis set used in all calculations was Dunning's (9s5p
set contracted to [4s3p]58 for each atom in CF,0 or a total of 52

2

contracted orbitals. Symmetry orbitals were formed to the fulles

)

t

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

which were unique.

Symmetry 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
toring of the latter will be discussed first.

The 52 atomic orbitals of CFZO near the equilibrium geomet

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

1’ 2?
16 b2 which are presented in Table XVI. The atomic orbitals Pys

and are abbreviated x, y and z. Since all symmet types i
P P, ry

y

the point group contain orbitals, all molecular symmetry states,
AZ’ Bl and BZ’ in the point group are accessible. A preliminary
examination of the symmetry orbitals showed the m=0 ground state
orbital occupation in the Al molecular symmetry state was 8 aj,

1a,, 2 bl and 5 b, 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

ry

n

Al’
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TABLE XVI

SYMMETRY ORBITALS FOR [4s3p] BASIS SET OF CF,0

NEAR THE EQUILIBRIUM GEOMETRY 2
Orbital Symme try Number of
Symme try Orbital Orbitals

a; So 4
a; e 4
a; Sp1 + Spo 4
a YF1 ~ Yp2 3
a; zq 3
a; zq 3
a) zp1 ¥ 2p 3
) Xp1 = *p2 3
bl X, 3
bl Xq 3
b Xp1 ¥ Xpp 3
) 5F1 ~ Sp2 4
b2 Yo 3
b2 Yc 3
b Y1t Vg2 3
by Zp1 ~ %2 3
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thus the occupation of symmetry orbitals necessary to form the A2,
Bl and B2 states. The lowest energy excitations were obtained when
the following alpha-electron symmetry orbitals were occupied: 8 ai,

1 ag, 3 bg, and 4 b; for the A, state; 9 ai, 1 ag, 1 bg and 5 bg

2
a a a a
for the B, state; and 9 a,, 1 a,, 2 b, and 4 b2 for the B2 state.

1 2 1
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 CFZO dissociated into CF2 and
O at an infinite separation.

Eight molecular symmetry states were considered for the
dissociated CF, + O, four symmetries in the C2V point group for

2
CFZ’ Al’ AZ’ Bl and B2 and two atomic states for oxygen, 3P and
;D. The occupation of symmetry orbitals for CF2 was determined
using CFZ(AI) + O(3P) in a manner similar to that described

.previously for the CFZO geometries near equilibrium. The occupation

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



82

TABLE XVII

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

Orbital Symmetry Number of

Symmetry Orbital Orbitals
a; Sc 4
3 g1t Sp2 4
3 Y1 ~ YF2 3
ay Zg 3
ay Zp1 + Zpo 3
) X1 = Xp2 3
bl Xo 3
B Xp1 ¥ Xpy 3
b2 Ye 3
by Yr1 ¥ Y2 3
b2 Zp1 = Zp2 3
by °r1 ~ °p2 4
al' So 4
al' z, 3
bl' X, 3
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to that for the Al alpha-electron orbitals in all molecular symme-
tries considered; the alpha orbital occupations for CF2 were: 6 a?,
a o o o o o

1 ay, 1 b1 and 4 b2 for the A1 state; 6 ay, 1 ay, 2 b1
the A, state; 5 a>, 1 a%, 2 bY and 4 b> for the B, state; and 5 aY
2 ’ 1’ 2? 1 2 1 ’ 1°

and 3 bg for

1as, 1 bi and 5 bg for the B2 state. The 3P state of oxygen was

23
 generated by occupying 3 a?', 1 bi', and 1 bg' while the occupation
for the 0(1D) was 3 al' and 1 bz'.

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 CFZO, the Bl states were obtained, and
the open shell orbitals from the Bl state were used as starting
orbitals for the generation of the Al states; the Al 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 Al’ AZ’ Bl 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’

Bl and B2 states are dissociative; that is, no possibility of
bonding occurs in any of those states. However, upon viewing these

. data together with those for the dissociated CF, + 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 Al STATE OF CFZO
AS A FUNCTION OF THE CARBON-OXYGEN
BOND DISTANCE

Carbon-Oxygen
Bond Distance

(bohrs) Total Energy(a.u.)
1.81858 -311.422091
2.01858 -311.533835
2,21858 -311.560185
2.41858 -311.543846

2.61858 -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
BOND DISTANCE

Carbon-Oxygen
Bond Distance

(bohrs) ‘Total Energy(a.u.)
1.81858 -311.076288
2.01858 -311.270210
2.21858 -311.366903
2,41858 -311.409140

2.61858 -311.421066
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TABLE XX

TOTAL ENERGIES(A.U.) FOR THE B1 STATE OF CFZO

AS A FUNCTION OF THE CARBON-OXYGEN
BOND DISTANCE

Carbon-Oxygen
Bond Distance

(bohrs) Total Energy(a.u.)
1.81858 -310.882854
2.01858 -311.043688
2,21858 -311.123940
2.41858 -311.166386

2.61858 -311.202223
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TABLE XXI

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

BOND DISTANCE

Carbon-Oxygen
Bond Distance

(bohrs) Total Energy(a.u.)
1.81858 -310.941836
2.01858 -311.091515
2.21858 -311.160894
2.41858 -311.195404

2.61858 -311.226302



A
-310.80 +
-310.85 +
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Figure 3.- Total Energy(a.u.) as a Function of Carbon-Oxygen Dond Distance(bohrs) in CFZO

88
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TABLE XXII

TOTAL ENERGIES(A.U.) AS FUNCTIONS OF MOLECULAR
SYMMETRY FOR THE DISSOCIATED CF, + O

2
Molecular Symmetry Atomic Symmetry Total Energy
State of CF, . . 0f 0 . (a.u.)

A % ~311.443844

A 1 ~311.319693

A, 3 ~311.160710

A, | ~311.036568

B, % -311.332431

B, b -311.208280

B, 3 ~311.039037

B o) ~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 wavefunctions
at 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 + O 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 Al 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
frgm CF2 + O as a starting point.

Koopman's theorem78 can be used to compare the observed
ionization potentials of Thomas and Thompson32 and those calculated
for the closed shell A, 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 symmetry by 0.9279 to account for the corre-
lation energy80 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-
Fock 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 proyvides a comparison between the experimental
and calculated vertical ionization potentials together with the
symmetries of the orbitals used to approximate the positive ionj;
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,

Thomas and Thompson77 assigned the lowest experimental
ionization at 13.62 electron volts (eV) to an oxygen lone pair
-orbital; the calculations showed this orbital was a combination of

a py orbital on oxygen and P, orbitals on the fluorines, z] = 2Z,.



TABLE XXIII

COMPARISON OF EXPERIMENTAL AND CALCULATED
VERTICAL IONIZATION POTENTIALS FOR CF20

Experimental Orbital Calculated
Ionization Eigenvalue Ionization
" Potentiald(eV) = (eV) Potential (eV)
13.62 -15.40 14.17
14.62 -15.67 14,42
16.6 -19.10 17.57
17.0 -20.21 18.59

Symmetry
of
‘Orbital

#R. K. Thomas and H. Thompson, Proc. Royal Soc. (London)

A327, 13 (1972).
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The ionization at 14.62 electron volts, attributed to a carbon-
oxygen m bonding orbital, was shown to be a combination of carbon
and oxygen Py orbitals, Xq + X

Xy + Xy . The assignment of an ionization from an a; orbital to a

, and p_ orbitals on the fluorines,
bie

nonbonding orbital on fluorine also disagreed; the calculations

point to combinations of P, orbitals on carbon and oxygen, Zo = Zg»
and P, orbitals on fluorine, zq + Zy. The ionization at 17.0 elec-
tron volts and attributed to a bl m orbital on fluorine agrees with
the calculated combination of Py orbitals on fluorine, Xy = xé.
Relatively few calculations have been carried out on
difluorocarbene. The starting point for our calculations of the
dissociated CF20, CF2 + 0, was the core Hamiltonian. The first
state generated was CFZ(Al) + 0(3P). 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 m;de to begin the CFZ(AI) calculation with the Bl

orbitals from the CF,0 calculation at 2,21858 bohrs; however, this

2
attempt failed for the lack of proper symmetry blocking of the
dissociated CF20 molecule that was discussed earlier,

The initial purpose of this work was to study the dissociation
of CFZO 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 H,0(+) wavefunctions required 5.5 minutes. Clearly the



94

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 CF,0
at this time.

The completed study of the dissociation of CF20 will provide
electronic spectra for CF, and CFZO, the dissociation energy for
carbonyl fluoride and, hopefully, a reasonable picture of the
potential energy surface for CF,0. Additional curves corresponding
to all states of CF, + O are expected. The potential energy sur-
face will further provide a good test of the utility of the spin

projection technique.



10.

ll.

12.

13,

14,

XI. LITERATURE CITED

P. 0. Lbwdin, "Quantum Theory of Atoms, Molecules and the Solid
State", Academic Press, New York, 1966, p. 601.

I. Mayer, Int. J. Quantum Chem. 8, 363 (1974); I. Mayer and
J. Kondasz, Int. J. Quantum Chem. 9 527 (1975)

I. Mayer and M. Kertesz, Int. J. Quantum Chem. 10, 961 (1976).
D. B, Neumann, H. Basch, R. L. Kornegay, L. C. Snyder, J. W,
Moskowitz, C. Hornback and S. Liebmann, POLYATOM (Version 2),
QCPE Program No. 238 (Quantum Chemistry Program Exchange,

Bloomington, Indiana).

P. J. Fortune, B, J. Rosenberg and A. C, Wahl, J. Chem. Phys.

65, 2201 (1976).

J. A. Pople and D. L. Beveridge, "Approximate Molecular Orbital
Theory", McGraw-Hill Book Co., New York, 1970.

M. Born and J. R. Oppenheimer, Ann. Physik 84, 457 (1927).
J. A. Pople and R. K, Nesbet, J. Chem. Phys. 22, 571 (1954);
A. Brickstock and J. A. Pople, Trans. Faraday Soc. 50, 901
(1954).

J. R. Hoyland and L. Goodman, J. Chem. Phys. 36, 12 (1962);
S. Y. Chu and L. Goodman, J. Amer. Chem. Soc. 97 7 (1975).

J. E. Harriman, J. Chem. Phys. 40, 2827 (1964); A. Hardisson
and J. E. Harriman, J. Chem. Phys. 46, 2639 (1967)

D. H. Phillips and J. C. Schug, J. Chem. Phys. 61, 1031 (1974).

A. T. Amos and G, Hall, Proc. Royal Soc. (London) A263, 483
(1961).

R. Pariser and R. G. Parr, J. Chem. Phys. 21, 466 (1953);
R. Pariser and R. G. Parr, J. Chem. Phys. 21, 767 (1953);
F. G. Fumi and R. G. Parr, J. Chem. Phys. 21, 1864 (1953);
R. G. Parr and R. Pariser, J. Chem. Phys. 23, 711 (1955).

C. R. Gatz, "Introduction to Quantum Chemistry", C. E. Merrill
Publishing Co., Columbus, 1971; F. L. Pilar, "Elementary Quantum

95



15,

l6.
17.

18.

19'
2Q.
21.

22,

23.

24.

25'

26.
27.

28.

29.
30.

31.
32.

33.

96

Chemistry", McGraw-Hill, New York, 1968.
R. Pariser, J. Chem. Phys. 24, 250 (1956).

R. McWeeny, Proc. Royal Soc. (London) A227, 288 (1955); K. '
Ohno, Theor. Chim. Acta 2, 219 (1964).

M. Goeppert-Mayer and A. L. Sklar, J. Chem. Phys. 6, 645
(1938).

N. Mataga and K. Nishimoto, Z. Phys. Chem. 12, 335 (1957).

D. A. Lowitz, "Technical Report for Lord Manufacturing Co.",
Erie, Pa., August, 1966.

K. Nishimoto, Theor. Chem. Acta 5, 74 (1966).

P. Knowlton and W. R. Carper, Mol. Phys. 11, 213 (1966);

B. R. Russell, R. M. Hedges and W. R. Carper, Mol. Phys. 12,

283 (1967).

J. C. Schug, D. H. Phillips and D. A. Brewer, SPUHF, QCPE
Program No. 278 (Quantum Chemistry Program Exchange, Bloomington,

Indiana).

D. H. Phillips and J. C. Schug, Int. J. Quantum Chem. 4, 221
(1971).

R. S. Mulliken, J. Chem. Phys. 23, 1997 (1955).

J. C. Schug, B. H, Lengsfield and D. A. Brewer, Int. J. Quantum
Chem, 11, 591 (1977).

J. C. Schug and D. A. Brewer, J. Phys. Chem. 81, 167 (1977).
J. R. Platt, J. Chem. Phys. 18, 1168 (1950).

G. Parr, "Quantum Theory of Molecular Electronic Structure",
A. Benjamin Book Co., New York, 1964.

=

tx1

Clar, "The Aromatic Sextet', Wiley Book Co., London, 1972.
J. Koutecky, J. Chem. Phys. 46, 2444 (1967).

J. C. Slater, "Quantum Theory of Atomic Structure", McGraw-Hill
Book Co., New York, 1960, pp. 339-342,

M. Simonetta and S. Winstein, J. Amer. Chem. Soc. 76 18
(1956).

S. Winstein, Chem. Soc. Spec. Publ. No. 21, 5 (1967);



34,

35.

36.

37.

38.

39.

40,

41,

42,

43,

44,
45,

46,

47,

97

S. Winstein, "Nonclassical Ions and Homoaromaticity', British
Chemical Soc. 1967 Centenary Lecture, Quart. Rev. Chem. Soc.
23, 141 (1969).

W. J. Hehre, J. Amer. Chem. Soc. 95, 5807 (1973).

R. F. Childs, M. Sakai, B. D. Parrington and S. Winstein,

J. Amer. Chem. Soc. 96, 6403 (1974); R. F. Childs and S.
Winstein, J. Amer. Chem. Soc. 96, 6409 (1974); R. F. Childs,
M. Sakai and S. Winstein, J. Amer. Chem. Soc. 90, 7144 (1968);
R. F. Childs and S. Winstein, J. Amer. Chem. Soc. 90, 7146
(1968).

W. J. Hehre, J. Amer. Chem. Soc. 94, 8908 (1974); W. J. Hehre,
J. Amer. Chem. Soc. 96, 5207 (1974).

J. A. Berson and J. A. Jenkins, J. Amer. Chem. Soc. 94,
8907 (1972); R. C. Haddon, Tetrahedron Lett. 1975, 863;

P. Warner, C. H., Bradley and S. Winstein, Tetrahedron Lett.
1970, 4013.

R. Rieke, M. Ogliaruso, R. McClung and S. Winstein, J. Amer.
Chem. Soc. 88, 4729 (1966); T. J. Katz and C. Talcott, J. Amer.
Chem. Soc. 88, 4733 (1966); F. J. Smentowski, R. M. Owens and
B. D. Faubian, J. Amer. Chem. Soc. 90, 1537 (1968); G. Moshuk,
G. Petrowski and S. Winstein, J. Amer. Chem. Soc. 90, 2179
(1968).

S. Winstein, G. Moshuk, R. Rieke and M. Ogliaruso, J. Amer,
Chem. Soc. 95, 2624 (1973).

D. A. Brewer, J. C. Schug and M. A, Ogliaruso, Tetrahedron

31, 69 (1975).

G. Burns, J. Chem. Phys. 41, 1521 (1964).

J. C. Schug, D. A. Brewer and B. H. Lengsfield, CINPRO, QCPE
Program No. 323 (Quantum Chemistry Program Exchange, Bloom—
ington, Indiana).

H. M. McConnell, J. Chem. Phys. 24, 632 (1956); H. M. McConnell,
J. Chem. Phys. 24, 764 (1956).

I. Cohen, J. Chem. Phys. 57, 5076 (1972).
R. Hoffmann and R. B. Woodward, Acct. Chem. Res. 1, 17 (1968).

%. Kaufman and R. Predney, Int. J. Quantum Chem. 6S, 231
1972). T

A. Shanzer, Ph.D. Thesis, Virginia Polytechnic Institute. and



48,

49,

50.
51.
52.
53.

54.

55.

56.

57.

58.

59‘

60.

61.

62.

63.

64.

65.

66.

98

State University, Blacksburg, Virginia, 1976.
J. M. Fildes, Private Communication.

H. J. Schaefer, III, "The Electronic Structure of Atoms and
Molecules", Addison-Wesley Publishing Co., Reading, Ma., 1972,

J. C. Slater, Phys. Rev. 36, 57 (1930).

S. F. Boys, Proc. Royal Soc. (London) A200, 542 (1950).
S. Huzinaga, J. Chem. Phys. 42, 1293 (1965).

R. K. Nesbet, Rev. Mod. Phys. 32, 272 (1960).

R. F. Hosteny, R. R. Gilman, T. H. Dunning, A. Pipano and
I.Shavitt, Chem. Phys. Lett. 7, 325 (1970).

E. Clementi and D. R. Davis, J. Comput. Phys. 2, 223 (1967).
J. L. Whitten, J. Chem. Phys. 44, 359 (1966).

T. H. Dunning, J. Chem. Phys. 55, 3958 (1971); T. H. Dunning,
J. Chem. Phys. 66, 1382 (1977).

T. H. Dunning, J. Chem. Phys. 53, 2823 (1970).
R. C. Raffenetti, J. Chem. Phys. 58, 4452 (1973).

F. A. Cotton, "Chemical Applications of Group Theory", Wiley-
Interscience, New York, 1971,

C. C. J. Roothaan, Rev. Mod. Phys. 23, 69 (1951).

T H. Dunning, R. M Pitzer and S. Aung, J. Chem. Phys. 57,
5044 (1972).

W. Meyer, Int. J. Quantum Chem. 5S, 341 (1971).

J. C. LeClerc, J. A. Horsley and J. C. Lorquet, Chem. Phys. 4,
337 (1974).

J. A. Smith, P. Jdrgensen and Y. Ohrn, J. Chem. Phys. 62,
1285 (1975).

K. C. Smith, "Biological Impacts of Increased Intensities of
Solar Ultraviolet Radiation", Rept. to the Environmental
Studies Branch, Nat. Acad. of Science, Washington, D.C. (1973);
F. Urbach, D. Berger and R. E. Davies, Proceedings of the
Third Conference on Climatic Impact Assessment Program,
DOT-TSC-0ST-74~15, pp. 523-535, U.S. Dept. of Transp.,



67.

68.

69.

70.

71.

72,

73.

74,

75.

76.

77.

78.

79.

80.

99

Washington, D.C. (1974); R. E. Dickinson, Can. J. Chem. 52,
1616 (1974).

P. J. Crutzen, J. Geophys. Res. 76, 7311 (1971); H. S.
Johnston, Science 173, 517 (1971).

F. S. Rowland and M. J. Molina, Rev. Geophys. Space Phys. 13,
1 (1975).

R. M. Milstein and F. S. Rowland, J. Phys. Chem. 79, 669 (1975).

R. T. Watson, "Chemical Kinetics Data Survey VIII. Rate Constants
of Atmospheric Interest", NSIR 74-516 (June, 1974).

Chemical and Engineering News (April 21, 1975), p. 21.

D. Marsh and J. Heicklen, J. Phys. Chem. 69, 4410 (1965);
J. Heicklen, J. Phys. Chem. 70, 112 (1966); J. Heicklen,
Adv, Photochemistry 7, 57 (1969)

P, J. Ausloos and R. E. Rebbert, Amer. Chem. Soc. Annual Meeting
Chicago, 1975); Chemical and Engineering News (September 1,
1975), p. 15.

Dow Chemical Co., "JANAF Thermochemical Tables", Thermal
Research Laboratory, Midland, Mi., 1961.

V. W. Laurie, D. T. Pence and R. H. Jackson, J. Chem. Phys.
37, 2995 (1962).

F. X. Powell and D. R. Lide, J. Chem. Phys. 45, 1067 (1966);
C. W. Mathews, J. Chem. Phys. 45, 1068 (1966) .

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

T. Koopmans, Physica 1, 104 (1933).

J. H. D. Eland, "Photoelectron Spectroscopy", Butterworths,
London, 1974, p. 91; C. R. Brundle, M. B. Robin, H. Basch,

M. Pinsky and A. Bond, J. Amer. Chem. Soc. 92, 3863 (1970).

E. Clementi, J. Chem. Phys. 38, 2248 (1963).



XII. APPENDIX A

100



OO OOOO0OOOOOOO0OOOCO0OOOO0nCO0

DANQOO10Q
PA3J — SPIN PROJECTIOCN OF UNRESTRICTED AB INITIO WAVEFUNCTIONSDANOGOZ20

WRITTEN FOR AN IBM 373/158 JES2/VM (VIRTUAL MACHINE) DANDDO30
COMPUTER BY DANA A. BREWER, JOHN C. SCHUG AND BYRON H. DANQOO40
LENGSFIELD AT VIRGINIA POLYTECHNIC INSTITUTE AND STATE DANOOO50
UNIVERSITY. DANGG060
DANGOOTO

THIS PROGRAM CONTAINS EFFICIENCY MODIFICATIONS THAT HAVE DANDJJ080
BEEN TESTED FOR A MOLECULE WITH C2V SYMMETRY, DANOOOSO
DANOO10C

THIS SPIN PRCJECTION PACKAGE IS DESIGNED TO BE COMPATIBLE DANOOL10
WITH THE POLYATOM SYSTEM OF PROGRAMS. IT REQUIRES THAT AN DANDOD120
INTEGRAL TAPE BE PRUVIDED IN THE FORMAT GENMERATED BY THE DANOQ130
POLYATOM INTEGRAL EVALUATION PROGRAMS., DANOOU140
DANOO130

THE OPEN SHELL MOLECULAR CRBITALS GEMERATED FROM PA43 ARE ALSODANIO160
REQUIRED. THESE MUST Bt AVAILABLE IN ONE OF THREE FORMS: DANGO170
1) AS CARD INPUTS 2) ON FILE 5 OF THE INTEGRAL TAPE (THE DANOU130
INTEGRAL TAPE IS NOT FILE PROTECTED IN PA43);5 3) ON A SEPARATEDAMIOLIO
FILE (THE INTEGRAL FILE WAS FILE PROTECTED IN PA43), DAND0Z209
DANQGO210

THE FINAL QUTPUT OF THE PROGRAM CONSISTS OF THE WEIGHT ING DANO00220
FACTCORS FOR THE PROJECTED STATES, THE ALPHA COURRESPONDING DANOO2390
ORBITALS, THE NATURAL ORBITALS OF CHARGE AND SPIN, THE NANJI240
PROJECTED ATOMIC SPIN DENSITIES, THE DIAGONAL CCMPONENTS OF DANOD250
THE SECOND ORDeER PROJECTED CHARGE DENSITY MATRIX, AND THE DANOGZ250
PROJECTED STATE ENERGIES. DANDO270
DANDJ0O230

THE PROGRAM MAKES USE OF A MINIMUM OF TWwOo TAPES. [IF THE DANDO230
INTEGRAL TAPE IS FILE PROTECTED, ONE AODDITIONAL FILE (TAPE OR DANOO0300
DISK) IS NEEDED. DANDO310
: DAND0O320
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THE SUBROUTINES USED ARE -

PURELY FOR THE SPIN PROJECTION...
PA90, WATE, Fy, CKy, SWITCH, NOUIKTS
MATRIX MAMIPULATION. ..

MTBSYMy MBTSYM, MMBAT2, MULT2, MMOVE, MMATBl, MCLEAR, MCLRT,

4ABAT

MATRIX OUTPUTes o

MWRITT, MWRITE, MWRITB, MPRYl, MPRY2

FILE HANDLINGs e

{LAB, SEC, FILE, FOLLOW, EFSKIP, ABT, TEST2,'ADDT
ADDIT IONAL MATRIX MANIPULATIONa.«.

ADIAG, FMFUHF, FMJUHF, FMEXTB, REDRD, FMDMBy FMDTB, MODBLK,

ORDREIL

THE CARD INPUT IS AS FOLLOWS:

{1) ONE CARD (12A6) WITH THE LABSEL OF THE PROBLEM

{2) ON& CARD (2413) WITH THE INPUT/OUTPUT OPTIONS, ICON(1-24).

ICON(3) .L7. O READ MOLECULAR ORBITALS FROM CARDS

oEile O READ MOLECULAR CRBITALS FROM INTEGRAL TAPE
«GT. O READ MOLECULAR ORBITALS FROM FILE 12 (INTEGRAL

TAPE IS FILE PRCTECTED)

ICON(4) «EQs O CALCULATES A GROUND STATE WAVEFUNCTION
ICON(9) oNEe. O PRINT CHECKSUMS FROM READING TWO-ELFCTRON

INTEGRALS
ICON(10) oNE. O PRINTS FILE HANDLING INFORMATION

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

(4) ONE CARD (D15.7) WITH CUT. TwO ELECTRON INTEGRALS WHGSE

DANOO330
DANQ03490
DANGI359
DANGO0360
DANDJO370
DANDQ380
DANOO0392
DAN30400
DANQO410
DANOD420
DANJ0430
DANO0O440
DANQO450
DANO0460
DANOQ4TO0
DANDJJ480
DANDO490
DANOQ500
DANOQO510
DANDOS520
DANOO530
DANDJOES4D
DANOO550
DANOJ560
DANOOS570
DANO(O580
DANDO590
DANDO600
DANQO610
DANDO62D
DANQJ0630Q
DANDO640

44!
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ABSOLUTE VALUE IS LESS THAN CUT ARE IGNORED IN FORMING THE
FOCK AND NATURAL CRBITAL INTEGRAL MATRICES.

IF ICON(3) .,LT. O GO TO 8

(5) ONE OR MORE CARDS (25I3) WITH ISYMy (NS{I), I=1,ISYM)., ISYM
IS THE NUMBER OF SYMMETRY BLOCKS IN THE MOLECULAR CRBITAL
MATRIX. NS IS THE NUMBER OF MOLECULAR ORBITALS IN EACH
SYMMETRY BLOCK.

(6) AS MANY CARDS AS NEEDED (8F10.5) T GIVE THE JCCUPATION
MUMBERS OF THE ALPHA MOLECULAR ORBITALS.
ORSITAL IS 0.5 FRACTIONAL OCCUPANCY OTHER THAN 0.5 AND 0.0
IS ALLGWED.

(7) AS MANY CARDS AS NEEDED (8F10.5) 7O GIVE THE DCCUPATION
NUMBERS OF THE B=TA MOLECULAR ORBITALS. FULL OCCUPANCY
OF AN ORBITAL IS 0.5.
0.0 IS ALLOWED.

GO TGO STEP 13.

DANOOESD
DAN 32660
DANQO06TO
DANQO68O
DANQD690
DANOCO700
DANOOT10
DANQJ720
DANOOT730
DANOOT740
DANQOT750

FULL OCCUPANCY UF ANDANOOT760

DANJQ770
DANQO7890
DANQODQT790
DANJ0O820
DANGOS10

FRACTIONAL GCCUPANCY OTHER THAN 0.5 ANDDANOOS820

DANQO830
DANOO840
DANJO850
DANGJC8560

{8) ONE CARD (21I3) WITH THE TOTAL NUMBER OF SYMMETRY ORBITALS, NR,DANOOSTO

AND THE NUMBER OF BASIS FUNCTIONS, NC.

CARDS (9) AND (10) ARE REPEATED FOR EACH ITH ALPHA MOLECULAR
ORBITAL.

(9) ONE CARD (4Xy14,12X4D15.89F15.8) WITH IS, EA, FRe IS IS THE
NUMBER OF THE ORBITAL IN THE SYMMETRY BLOCK.
VALUE OF THE ORBITAL AND FR IS THE OCCUPATION NUMBER OF THE
ORBITAL. FRACTIONAL OCCUPANCY OTHER THAN 0.5 AND Q0.0 IS

DANDJ830
DANOOD890
DANOO90O0
DANGOS10
DANDO920
DANQOQ0930

EA IS THE EIGEN-DANQOOS40

DANQO950
DANDJI96D
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ALLOWED.

(10) AS MANY ACRDS AS NEEDED (4D15.8) 70O SPECIFY THE COEFFICIENTS

OF THE ITH MOLECULAR ORBITAL.
NGRMALIZED BASIS FUNCTION).

ROWS.

(THESE ARE COEFFICIENTS OF A
THE EIGENVECTCRS ARE READ IN AS

CARDS (11) AND (12) ARE REPEATED FOR EACH JTH BETA MOLECULAR
CRBITAL.

(11) ONE CARD
VALUE OF THE JTH BETA ORBITAL.

ORBITAL.

(20X D15.8yF15.8) WITH EB AND FR. EB IS THE EIGEN-
FR IS THE CCCUPANCY OF THAT

FULL COCCUPANCY IS 0.5. FRACTIONAL OCCUPANCY OTHER

THAN 0.5 AND 0.0 IS ALLOWED.

(12) AS MANY CARDS AS NEEDED (4D15.8) TO SPECIFY THE COEFFICIENTS

(13) ONE CARD

(14)

OF THE JTH BETA MOLECULAR CRBITAL.
CF A NORMALIZED BASIS FUNCTION.)

(THESE ARE COEFFICIENTS
THE MOLECULAR ORBITAL

COEFFICIENTS ARE READ IN AS ROMWS.

{31I5) WITH KIKMAX, THE MAXIHUMA NUMBER OF PROJECTEZD

STATES THAT WILL BE CALCULATED.

ONE CARD (2I3) WITH THE ORBITAL NUMBERS FOR THE SINGLY
OCCUPIED ORBITALSy ASSUMING THAT THE FIRST ORPBITAL OCCUPIED
IS MUMBERED CNE.

DIMENSION STATEMENTS

IMPLICIT REAL*8(A-H,0-Z)
REAL*8 ILBL,ILABy INTNAM, INAME(6),ILABL(12)

DANOQQOSTO
CANOQ980
DANOJS9S)
DANO10D0
DANGCI1O10
DANQL1020
DAN(Q1030
DANJ1049
DANQ1050
DANOLO60
DANOQOLOTO
DANO1030
DAND10%0
DANO1100
DANOL110
DANO1120
DANOL1130
DANO1140
DAND11590
DANDL1160
DANOL1170
DANDO1180
DANO1130
DANO1200
DANO1210
DAND1220
DANO1230
DANO1240
DANO1250
DANOQ1260
DANO1270
DAND1289
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LABELLED COMMON

COMMON/ZEIT/LAPSE,,LAPST
COMMON/LABELS/ILBLIL12),ILAB(12)

COMMON/IGI

ND/ZICCN(24)

DIMENSION STATEMENTS

DIMENSION
DIMENSION
DIMENSICN
DIMENS ION
DIMENSION
DIMENSION
DIMENSION

R{60960) 9S(604963),T(60+60) ,TT(50,60)
PKD(636),VALI636)

FR(6))

RR{6V+60)955(60,450)

TENO{3039)

NS(60),1S(60)

EAL60),EB(50)

INTEGER D2TAPE
DATA NTAPE, D2TVTAPE, ITAPE/10,11,12/

DATA INAME/SHETA+VL,6HG-INTSy6HT=INTS6HV-INTS, 6HYYMATX, 5HM-INTS/

SET MISCELLANEOUS PARAMETERS

CALL ERRSET(208+500s=1y1)

NRX=60
NIN=636
NT3P=3000

AD=1.D0/DSQRT(2.D0)

ITR=1
XNA=90,D0
XN3=0.D0

READ LABEL GF PROBLEM AND INPUT/OUTPUT OPTIONS

DANQ1250
DANO1399D
DANO1310
DANO1320
DANJ1330
DANO1340
DANQO1350
DANOJ13569D
DANO1370
DANQ13E0
DANO13S0O
DANO 1400
DANO1419D
DANO1420
DANO1430
DANDL440
DAND1450
DANO1459
DANOL1470
DANO1430
DANJ1459
DANO1500
DANO1510
DANO1520
DANGLS530
DANO1540
DANOL1550
DANO15560
DANOD1570
DANQ1580
DANO1590
DANOQL1600
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70

19

CALL LAB

READ(5,189) INTNAM

CALL TEST2{(NTAPE,INTNAM)
IF(TICON(3).EQ.O0)ITAPE=NTAPE
READ(5,49)CUT
WRITE(5,59)CUT

IPTI=TCON(®)

DA=R DB=S DT=7 NC=NBFNS

READ MOLECULAR ORBITALS

IF(ICON(3))5,15,25

REWIND I[TAPE

GO T3 35

CALL FILE(INAME(5)sNTAPE,ILABL)
READ(ITAPE)

READ(ITAPE)
READUITAPE)INRy(EA(I) 9 I=1,4NR)

READ(ITAPEINRRyNCy ((S(I,J)44=1,NC),I=1,NRR)

READUITAPE)NRR 9 (EB(1)yI=1yNRR)

READ(ITAPEINRRyNCCy ((TT{T144),d=1yNCC),I=1,NRR)

READ(59199)IS5YMyINS(I),I=1,1ISYM)
READ(59179){FR{I}),I=1,NR)

DO 70 I=1,WNR

XNA=XNA+2 . DO*FR(I)

NA=XNA+0.01

GO TO 45

READ(549139)NRyNC

DO 10 I=2,NRX

NS(I)=0

DANQ1610
NANJL620
DANOL630
DAND1640
DANO1659
DANO1660
DAND1670
DANOJ1680
DANO1690
DANOL1700
DANOL1710
DANQ1720
DANJ1739
DANO1740
DANJ1750
DANO1759
DANO1770O
DANQ17890
DANO1790
DANO1800
DANO1810
DANO1320
DANO1830
DANO1840
DANC1850
DANO186)
DANGOL13873
DAND1839D
DANQJ182990
DANO1500
DANC1910
DAND1929)
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60

40

i
i

+$ Ui
vt O

DO 60 I=1,0NR
READ(5,249)IS{T),EA(T)FR(I)
READ(59219)(S(14J)+J=1,4NC)
WRITE(D2TAPEI({S(I9J)yJ=14NC)yI=1,NR)
ISYM=1

NS(1)=1

DO 40 I=1,NR

ANA=XNA+2 . DO*FR (1)

NA=XNA+0.01

DO 50 I=2,yANR

IM=1-1

IF(IS(I).LE.IS{IM))GD TO 55
NS{ISYM)=NS{ISYMI+1

GO TO 50

ISYM=1SYM+1

NSCISYH)=NS(ISYM)+1

CONT INUE

CALL MPRYL{S,EAsFRySHALPHA ,5HORBITA,6HLS » 1o NC 9y NRy NRX)
FORM ALPHA DENSITY MATRIX, DA

CALL FMDMB(S+RyFRyZ2.09NRyNCyNRX)
CALL MCLEAR(TNCyNC,NRX)

FORM SYMMETRY BLOCKING TRANSFURMATION MATRIX
CALL ADDT{INAME(2) ¢yNTAPZ s ILABL 9 ToNRXyPKDsVALNIN)
CALL MTBSYM{T,NCyNRX)

CALL MMBAT2{TyS,sNCsNCyNRyEAJNRX)
WRITE(DZ2TAPEINR ¢NCo{((S{I4J)sJ=1,NC),I=1,yNR)

READ BETA MOLECULAR CRBITALS

DANO1930
DANJ1S540
DANO1950
DANO1960
DANOL1S70
DANOC1G30
DANDJ199)
DANJ 2000
DANOQ2010
DAND2020
DANOZ2030
DANO20490
DANDZ2C50
DANG2C60
DAND2JT0
DANDZ2020
DANO2090
DAND21939)
DANDZ2110
DANO02120
DAND2130
DANO2140
DAND2150
DAND2160
DANO2170
DAND21389
DAND21990
DAND 2200
DAND2210
DANQ2220
DAND2230
DANO02240
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C
85
90
95
100
105
75
C
C
c

IF(ICON{2))85495,95

DO 390 I=1,NR
READ(54209)EA(I),FR{I)
READ(5,219){T{I4Jd)9J=1,NC)
G3 70 105

DO 100 I=1,NR

EA(I)=EB(T)

DO 100 J=14NC
T(I,J)=TT(1,J)
READ{39179)(FR(I)5I=14NR)
DO 75 I=1,NR

XNB=XNB+2 DI*FR (1)
N83=XN3+0,.,01

FORM BETA DENSITY MATRIX, DB

CALL MPRYL(T,EAsFR,y6HBETA ,6HORBITA,6HLS
CALL FMDMB(T,S,)FRy2+09NRyNC 4 NRX)

CALL FMDTB(RySsT41.0,NCyNRX)
WRITE(D2TAPEINC y{(R{I15J) yJ=191),1=1,4NC)
WRITE(D2TAPEINC s ((S{19d)9Jd=141),1=14NC)
WRITE(D2TAPEINC s ({T(I4J)9Jd=1,1),1=1,4NC)
DO 30 I=1,NRX

FR({1)=1.D0

CALL MBTSYM( R,NC,NRX)

CALL MBTSYM({ S,NCyNRX)

CALL MBTSYM( T,NC,NRX)

219 NCoeNRyNRX)

CALL MWRITBI(R OGHALPHA ,6HDENSIT,6HY MATX,0,NCsNRX)
CALL MWRITB(S,6HBETA DyO6HENSITY,6H MATRX,0,NCsNRX)
CALL MWRITB(T,6HTOTAL ,6HDENSIT,6HY MATX,0,MC,NRX)

CALL SEC(OHREAD DyO6HENSITY,6H MATRX)

DAND2250
NAND2269
DANO2270
DANGCZ2280
DANDJ229)
DANOQ2300
DANO23190
DAND2320
DANDZ330
DANO2340
DANO2350
DANO23560
DANO2370
DANNZ2380
DAN02399
DAND2400
DAND2410
DANJ2420
DANOZ2430
DAND2440
DANC2450
DANG2460
DANDJ2470
DANOQ2480
DAND2490
DANOD2500
DANQ25190
DAND2529
DANQ2530
DANG2540
DANJ2559)
DANO2560
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FORM KINETIC ENERGY MATRIX IN TT

CALL MCLRT{TT,NC,NRX)
CALL ADDT(INAMEZ(3) +NTAPE) ILABL,TTyNRXyPKD9VAL,NIN)

CALCULATE cXPECTATION VALUE CF T WITH DT
EXPECTATION VALUE STORED IN XK

CALL FMEXTB(ITT,THNCsNRX9yl .39XK)
ADD POTENTIAL ENERGY TO KINETIC ENERGY
CALL ADDT(INAME(4)sNTAPE, ILABLyTTyNRX,PKD VAL ,NIN)

CALCULATE EXPECTATION VALUE OF T+V WITH DT
STORE THIS VALUE IN XH

CALL FMEXTB{TTeTaNCyNRX9»1.049XH)
CALL SEC(6HREAD 146H-ELEC ,6HINTS )
XKE=XH-XK

READ (FROM INTEGRAL TAPEC) THE NUCLEAR REPULSION ENERGY

STORED IN EN

CALL FILE(INAME(1),NTAPE,ILABL)
READINTAPE)

READ(NTAPE)

READ(NTAPE)

READ(NTAPE)EN

FORM MATRIX FT IN TT BY FORMING AND ADDING JT TO H

DANJ2570
DANG2580
DANDZ2590
DANI2639
DANDO2610
DANO2520
DANJ2630
DAND2640
DAND2659
DANQJ2560
DANG26T0
DANQ26380
DANU2690
DAND2700
DANDJZ7190
DANO2720
DANDZ2T30
DANO2740
DANO2750
DANJZ2760
DANQ2770
DANQ2780
DAND2799)
DAND2800
DANDZB1 O
DAND2320
DANQZ23830
DANO 2840
DANO02350
DANQ2360
DAND2379

ALREADY IN DAN0Z283D
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TT. ALSO FORM KA IN RR AND K8 IN SS.

FT=H+JT

JT(I,J)=SUM(OVER KyL) DT{K,sL) * (I1JyKL)

KA(T,J)=5UM (OVER KsL) DA(K,L)
KB{IsJ)=SUM (OVER KoL) DBI{K,L)
FIRST RETAIN THE CORE HAMILTONIAN

WRITE(D2TAPEINCy({{TT{I9d)syI=194d)ed=1,NC)

CALL MACLRT(RR¢yINCyNRX)
CALL MCLRT{SSyNC,NRX)

(IK,3L)

* (IKyJL)

DANDO2890
DANJ32939D
DANO2910
DANQ2G20
DANO2%30
DAMO2940Q
DANDJ2950
DAN02960
DANO2S70
DANQ2989)

CALL FMJUHF (TTyRR9SSyTyRySyNCoNRXy INAME(6) yNTAPE,ILABL»PKD»VAL yNINDANO29S0

1,1PTI,CUT,1X)

CALL SEC{OHREAD 2y6H-ELEC 46HINTS )
CALL MWRITT(TTy6H JT+Hy&6H FT MA, 6HTRIX
CALL MWRITT{RR6HKALPHA,6H KA MAy6HTRIX
CALL MWRITT{SS,6H KBETA,8H KB MA,6HTRIX

FORM ALPHA AND BETA UHF HAMILTONIAN
IN RR AND SS RESPECTIVELY
FA = FT = KA = H + J7 - KA
FB = FT — KB = H + JT - KB

CALL FMFUHF{RR,SS,TT4NC,NRX)

1 ITRy NC oy NRX)
» ITRyNC o NRX)
» ITRy NCoNRX)

MATRICES,

FA AND FB,

COMPUTE EXPECTATION VALUES OF FA WITH DA AND F8 WITH OB

CALL FMEXTB{RRyRyNCsyNRXyl.UyXFA)
CALL FMEXTB(SSySyNC,NRX,1.0,4XF3)
XF=XFA+XFB

WRITE(S6y9)XK

WRITE(6,429) XKE

WRITE(5,19)XH

DANO3000
DANOD3010
DANO3020
DANG3030
OANOQO3040
DAND3050
DANJ3360
DANI30790
DANO3039
DAND3090
DANO3100
DANO3110
DANO3120
DANO3130
DAND31490
DAND3150
DANO3160
DANO3170
DANO3180
DANO3199
DANG32900
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[eNeXal

165
175

EPI2=0.5D0%( XF-XH)
WVE33=XKE+EPI2
WE33=XH+EPI2
WV33=XKE+EPIZ2+EN
W33=WE33+EN
WRITE(6,69)EPI2
WRITE(6979)WVE33
WRITE(6989)WE33
WRITE(6439)EN
IRITE(64129)0WV33
WRITE(69149)W33

OBTAIN SYMMETRY BLUCKING TRANSFORMATION MATRIX.
STORE IN RR

REWIND D2TAPE

[FOICON(3))165,1754175

READ(D2TAPE)

READ(D2TAPEINRKyNCCo ({RR(I5J)9sJ=19NCC)yI=14NRR)
READ(D2TAPEINCC,((RUJ9I)9J=1,1),1I=1,NCC)

SYMMETRY BLCOCK DA AND DB
READ(D2TAPEINCC o ((S(JsI)9Jd=141),1=1,NCC)
CALL MABAT(RRyKyNRyNCsTT4NRX)
CALL MABAT{RRySyNRyNC,TT,NRX)
CALL MTBSYM{RyNRyNRX)
CALL MTBSYM(S,NRyNRX)
FORM DA*DB*DA IN ORTHOGONAL BASIS REPRESENTATION.

CALL MULT2(SsRsTTyNRyNRX)

DANDO3210
DAND3220
DANOD3230
DAND3240
DAND3250
DANO3260
DAND3270
DANG3280
DAN03270
DAND3300
DANO331C
DAN03320
DANOD3330
DANO3340
DANO3350
DANN3360
DANOQO3370
DAND3330
DANQ3399
DANO3400
DAND3410
DANQ3420
DANO3430
DAND3440
DANG3450
DANO3460
DANO 3470
DANO3480
DANO3490
DAND35090
DANQO3510
DAND3520
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80
135

125
145

115

155

CALL MULT2(RsTT+»SSyNRyNRX)
FORM SPIN DENSITY MATRIX IN ORTHOGCNAL BASIS

D0 80 I=1,4NR

DO 80 J=14NR

T(I4d)=R(1,J)=S(1,J)
IFCICON(3))115,125,135

REWIND ITAPE

GO TO 145

CALL FILE(INAME(S) NTAPE,ILABL)
READ(ITAPE)

READUITAPE)

READ(ITAPE)

READIITAPE)INRRZNCC, ({S(I,J)4J=1,NCC),yI=1,NRR)
GO TO 155

REWIND D2TAPE

READ(D2TAPE)((S(IyJ) sJ=L4NC),I=14NR)
READID2TAPE)

READ{D2TAPE)

READ(D2TAPE)

CONT INUE

FORM ALPHA CORRESPONDING ORBITALS

CALL MODBLK(RRySSyTTyNSyEAPEBySyNRyNCoNRXy6HACeDa3ydy0)

CALL REORDI(SSsTTHEB,EA,NRyNCyNRX)
CALL MMOVE(SS,TT,NRyNCyNRX)

CALL MPRYLI(TT,EB,FRy6HALPHA ,6HCGRR. ,6HORBS. 50sNCyNR,MRX)

CALL SECU(6HCALC AyoHLFA CCy6HRR ORB)

FORM NATURAL ORBITALS OF SPIN AND STQORE IN TENO

DAND3530
DANIJ3540
DANO3550
DANOD3560
DAND3570
DANQ3589
DAND3590
DANO3600
DAND3610
DANI3620
DANO3630
DAN0O3640
DANO3650
DANQO3660
DANQJ3679
DANO35680
DANO3690
DANQ3700
DANO3T710
DANN372D
DANO3730
DANO3740
DANJ3 7590
DANO3760
DAND3TTO
DANO3780
0ANO03790
DAND3300
DANO3810
DANO3820
DANO3839D
DANDO3840

49"
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26

CALL MODBLK{RRyTyRyNSyFRHIEAJSoyNRyNCyNRXy6HNDeSe9090)

CALL REORD{T4R9yEA9FRyNRy NCyNRX)

CALL MPRY1L(T,CA,FRy6HNATL Uy 6HRBS OF46H SPIN 50, NCeNRyNRX)
CALL SEC{6HCALC Ny6HATL CR46HB SPIN)

AD=1.D0/DSGRT{2.D0)

DO 20 I=1,4NC

TENOG{I)=AD{TINC,I)+T(1,1)})

TENO(NCH+I)=AD%(TINC»I)=-T{1,1))

FORM NATURAL ORBITALS COF CHARGE

READ(D2TAPEINCC,,((T(JyI),yJ=141),1=1,NCC)

CALL MABAT(RRsT9NRyNC s SSeNRX)

CALL MODBLK{RRyT9yRyNSyFR)EA;SyNRyNCyNRXy61HNeUele2Ty0)
CALL REORD{ToR,EA9FRyNRyNCyNRX)

CALL MMOVE(T,R4NRyNCoNRX)

CALL MPRYL(R,yEA,FR,GHNATL G,6HRBS OF,5H CHG
CALL SEC(O6HCALT N96HATL OR9y6H3S CHG)

109 NCy NRy NRX)

SWITCH ROWS AND COLUMNS.
THE SPIN PROJECTION IS PERFUOGRMED WITH THE CRBITALS AS
COLUMNS.

CALL SWITCH(TT,T4NRsNCyNRX)

CALL SWITCH{R,yT ¢NRyNCyNRX)

CALL MCLEAR{S,;NRXyNRXyNRX)

CALL MCLTAR{TsNRXyNRXyNRX)

CALL MCLEAR{SS KXy NRX9NRX)
READ(D2TAPEINCC y{(RR{I9J) 9d=121)491=14NCC)
CALL MWRITB(RRyHHCORE HyoHAMILTOy6HNTAN
CALL MBTSYM(RRHyNCyNRX)

113 NC 4 NRX)

DANO3550
DAND3860
DANO3879
DANC3880
DANO3890
DAND3900
DANO3910
DANO03520
DANO3930
DAM0O3949
DANO3950
DANQ3960
DANG3979
DANO3G80
DANO3990
DAND 4000
DAND4CL0
DAND40 20
DAN04G30
DANO4040
DANO4050
DANQ4060
DANO4070
DANO%4030
DANO4090
DAND4100
DANO4110
DANO4120
DANO4130
DAND4140
DANO4150
DANO4160
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REWIND D2TAPE DANO4170

DANJ4180
READY TO PERFORM SPIN PROJECTION DANO4190
MATRIX OCCUPATION (IN ATOMIC BASIS): DAN04 200
TT7T = A.C.0. EIGENVECTORS DANO4210
EB = A.L.D. EIGENVALUES DANDQ4220
R = N.G.C. EIGENVECTORS DANO4239
EA = N.0.C. EIGENVALUES DANO4240
T = EMPTY DANO4250
X = EMPTY DAND4260
S = EMPTY DANDO42T0
RR = CORE HAMILTONIAN DANO4282
5SS = EMPTY DANO4290
X1 = EMPTY DAN04300

DANJ431)
CALL WATE(SsSSyRyTTHRRITENDIEB s T{Lel)»T(1+225T{1+3)+T{1y4)9EA,T(1,D0ANO4320
I5) 9T LeO) T 1leT)sT{1,8)9yT(1,9),T(1,10),PKD,VAL,CUT,EN,INAME,NTAPE,DANO4330

INRXy NTGPy NINyNC yNAyNB9NR) DANJ4240
CALL FOLLOW DAND4350
Q@ FCRMAT(' ',* KINETIC ENERGYy T = *,30X,41PD20.10) DAND436)

19 FORMAT(®* *, * ONE ELECTRON ENERGY, H = T+V(l) = ',16X,1PD20.,10) DANG4370
29 FORMAT(* ',' ONE ELECTRON POTENTIAL ENERGYs V(1) = ',12X,1PD20.10)DANO4280

39 FORMAT(* *,? NUCLEAR REPULSICON ENERGY, VI(N) = %,17X,1PD20.10) DANDJ4390
49 FORMAT(D15.7) DANO4400
59 FORMATI('0', 'THWO-ELECTRON INTEGRAL CUTOFF = ',1PD12.4) DANG4410
59 FORMAT(® ', TWO ELECTRON POTENTIAL ENERGY, VI(1l,2) = ',10X, DANO4420

11PD20.10) DAN04430
79 FORMAT(?* *,' ELECTRONIC PCTENTIAL ENERGY, VIE) = V{(1)+V(1l,2) = ', DANO4440

11PD29.190) DANO4450
89 FORMAT(' ',* ELECTRONIC ENERGYy E(E) = H+V{(1,2) = ',13X,1PD20.10) DANO4460
129 FORMAT (' ',* PUTENTIAL ENERGY, V = VIEI#V(N) = *,16X,1PD20.10) DANO447)

149 FORMAT(' *,' TOTAL ENERGY, £ = E(E)+VIN) = ',20X,1PD20.10) DANO4439

11



169 FORMAT('0',*READ ERROR ON D2TAPE?') DAN04490

179 FORMAT(8F10.5) DAND4500
189 FORMAT(A6) DANO4510
199 FORMAT(2613) DAND4520
209 FORMAT(20X,D15.8yF15.8) DANQ4530
219 FORMAT(4D15.8) DAN04540
229 FORMAT{')','NUMBER OF ROWS IN BETA MOLECULAR ORBITALS .NE. NUMBER DANO4550
10F ROWS IN ALPHA MOLECULAR ORBITALS') DAND4550
239 FORMAT('0°',*NUMBER OF COLUMNS IN BETA MOLECULAR ORBITALS .NE. NO ODANO4570
1F COLUMNS IN ALPHA MOLECULAR ORBITALS?!) DANQO4580
249 FORMAT(4Xy14+12X9D15.85yF15.8) DANO04590
sTop DAMO4600

END DANO4610
BLOCK DATA DANJ4629
REAL*8 ILAB,ILBL DANQ4630
COMMON/LABELS/ILBL(12),ILAB(12) DANO46490
DATA ILAB/6H PAS3 ,6H UNRELH6HSTRICT,6HED HAR6HTREE-F,6HOCK SP,6HDANO465)

1IN PRCy6HJIECTIU6HN METHyS6HOD LeCy6bHoADs »6HTEST /7 DANQ4650
END DANC4670
CNOINTS SUBROUTINE NOINTS DAND4&80
SUBROUTINE NOINTS(EA,PKLABLyVALUEM,CyTyCUTLOy INAME, NB,MNM,yMO, My NINDAND4690
1TSyNINMAX NRXyNTOP,NTAPE) DANO4790
IMPLICIT REAL *8(A-H,0-Z2) DANO4710
ODIMENSION PKLABL{NINMAX), VALUEMININMAX) o CINRXsNRX) 9 TINTOP) DANO4720
DIMENSION EA{NRX) DAND4T730
DIMENSION IPRT(36) DANO4T740
REAL *3 INTNAM, INAME, ILAS,ILABL(12) DANO4750
COMMON/TIOIND/ICCNI(24) DANO4769
COMMON/LABELS/TILBLI12),1ILAB(12) DANQ4770
DIMENSION INAME(S) DAND4780
NRECNT=0 DAN04790

NMINNW=0 DANG48G0

STT
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OO

70

59

20
21

IRC=1
IFLAG=0
IPTI=ICON(9)

PRINT HEADER IF CHECK SUM FLAG IS CN

IF{IPTI.EQ.DIGTG TO 70
WRITE(6412)

CONTINUE
READ(5,5G)INSING1yNSING2
FORMAT (213)

DO 40 I=1,NTOP
T(i)=0.D0

POSITION TAPE TO READ TWOG-ELECTRON INTEGRALS

CALL FILE(INAME(6),NTAPE,ILABL)
IF(IFLAG)21,+21,76
READ(NTAPE)ININTS,LSTRCDPKLABL , VALUEM
IF(LSTRCD.NE.O) IFLAG=1

NRECMNT=NRECNT+1

NMINNW=NMINNW+NINTS

IFCIPTI.EQ.D)GC TO 75
IF{IRC.EQ.L)IPRT{1)=NRECNT

CALL UNPACK(PKLABL(1)sIA,JA,KA,LA,IZ,ITA)
CALL UNPACK {(PKLABLININTS)»IByJBsKByLRB,IZ,ITB)
IPRT (IRC+1)=JA

IPRT(IRC+2)=LA

IPRT(IRC+3)=NINTS

IPRT{IRC+4)=J8B

IPRT{IRC+5)=LB

IRC=IRC+5

DANO4810
DANO4820
DANO4830
DANO4840
DAND4ESO
DANO4850
DAND48TO
DANO48S8O
DAN)J489S0
DANO4900
DANO4910
DAND4920
DANO4230
DANQO4940
DANO4950
DANQ4SG60
DANQ4STO
DANO4980
DAND4990
DAN(O5000
DANOS5010
DANO5020
DANG5030
DANOS040
DANDJ5050
DAND5060
DANOS50T0
DAND5030
DANDSQ90
DAMO5100
DANOS110Q
DANO5120

911
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LTT

IF(IRC.LT.36)G0 TO 75 DANO5130
WRITE(5428){IPRT{MN)yMN=14IRC) DANO5140
IRC=1 DANDJ5150

75 IF(NINTS.GT.NINMAX.ORNINTS.LE.OQ)GC TO 30 DANO516D2
MN1=1 DANO51790

55 XI=VALUEM(MNI1) DANO5180
JCTR=1 DANOS5190
CALL UNPACK{PKLABL(MNL) 9y T1l,J1l,K1lyL1,MU,12) DANO5200

52 IF(MN1.EQ.NINTSIGO TO 50 DANDJ5210
53 IF{MN1.GE.NINTS)GO TO 50 DAND5220
CALL UNPACK(PKLABL(MN1I+1),12,J2,K2,L2,MU2,122) DANO523)
IF(1Z22)51,450,51 DANO5240

51 JCTR=JCTR+1 DANO5250
MN1I=MN1+1 DAND52690

60 TO 53 DAND5270

50 IF{DABS(XI).LT.CUTLGIGO 7O 10 DANO528Q
XI=XI*JCTR DANG5290
DANG5300

SKIP THE INTEGRAL IF ITS VALUE IS SMALL DANDS319
DANO3320

X2=2.D00%X1I DANO5330
X4=4.D0%XI DANO5340
X3=8.00%X1 DAND5350

GO TO (1100+2004300,440095004700,600,46004100,100,100,100,106,100),y DANO5360
1MU DANOS5370
100 J4=0 DANO5330
DO 140 K=1,NB : DANDS399
KP=M-K+1 DANG5400
A1=C(1I1,K) DANO5410
A2=C(J1l+K) DANDS5420
A3=C(K1,K) DANO5430
A4=C(L1,K) DANO5440



i18

116

115

IF(DABS{AL) eLE.1eD-083e0RDABS{A2) L EeleD-03.ANDKNEJNSINGL)
1GC 1O 118

IF(DABS(ALl) eLE+1eD~08.CRDABS{A2) eLEeleD-08.ANDeKsNESNSING2)
1GO0 Tg 116

IF{DABS(A3) eLE+1sD-03.0RDABS{A4) s LE.1s0-08.ANDKsNEJNSING2)
160 T0 115

IF(DABS(A3) eLEe1eD-03.0RDABS{A4) el EeleD-03AND K NELNSINGL)
160 73 15

GO TO 117

J=Jd+1

P1=0.D0

P2=A3%A4

IF(KJLT.MNMIGO TO 110

IF{EA(K) «(T.1.999999)G0 TO 110

J=J+3

A5=C{!I1,KP)

A6=C(J1,KP)

AT=C(K1,yKP)

A8=C{L1,KP)

P3=0.00

P4=A7%A8

P31=0.D0

P32=0.D0

P33=A3%A%

P34=A4*AT7

GO TO 110

J=J+1

PL=A1%*A2

P2=0.D0

IFIK.LTMNMIGO ™0 110

IF(EA(K).GT «1.939999)G0 TO 110

J=J+3

DANO5450
DANDS5460
DANO5470
DAND5480
DANO5490
DAND5500
DAND5510
DANO5520
DAND5530
DANQSS540
DANO5550
DAND5569
DANDOS5579
DANOS580
DANO55930
DANJ5600
DANO5410
DANODS620
DANO5630
DAND56490
DANIS5650
DAND5660
DANOS6TO0
DAND5680
DANOS5690
DANOST00
DAND5710
DANDS5720
DANJ5730
DANODS5740
DANOST50
DANJST6

8TT
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AS=C(I1,XP)
A6=C(J1,KP)
AT=C(K1,KP)
A8=C(L1,KP)
P3=A5%A%

P4=0.,00

P3l=A1l%AS
P32=A2%AS

P33=0.0D0

P34=0.D0

60 TO 110

PL=A1%A2

P2=A3%A4

J=J+1
TUJ)=T(J)+XB¥PL*P2
IF(K.LT.MNM)GO TO 119

IF{EA(K)+GT +1.999993)GCG TO 110

A5=C{I1l,KP)
A6=C{J1l,KP)
AT=C{K1l,KP)
AS’—‘C(Ll,KP)
P3=A9%A6

P4=AT*A8B
P31=A1%A6
P32=A2%A5
P33=A3%A8
P34=A44%A7
Q=(P31+P32)}*(P33+P34)
J=J+1
T(J)=X8%P3xP4+T(J)
J=Jd+1
TLJ)=T{J)+X4%Q

NANDSTTO
DANDS5780
DANO5790
DANO5800
DANDS5810
DAND5829
DANOS5830
DANG5840
DANO5850
DANO5856D
DANOS5BTO
NAMO558D
DANJ5899
DANG5300
DANO5910Q
DANO5920
DANOSSG30
DANOJ5949
DAND5950
NDAND5950
DANO5979
DAND5930
DANO5930
DANO6300
DANOSOLO
NDANO602D
DANOSC30
DANQ6040
DANJSED50
DANO6OSO
DANOSDTO
DANDJ608O

61T
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J=J+1
T(I)I=T(JI)+XB8%{P1L%P4+P2%P3)
KAND=K+1

IF(K.EQ.NB)G0U TO 1390

DO 120 LN=KAND,NB
LP=M-LN+1

A9=C({Il,LN)

AlD0=C{J1l,LN)

Al1=C(K1l,LN)

Al2=C(L1,LN)

PT=A11%Al2

P8=A9%A10

P13=A1%A10

P14=A2%A9

P15=Al11%A4

Plo=A12%A3

J=J+1

T =T(J)+XBX(PLXPT+P2*P3)
J=J+1
T(J)=T{J)+X4*(P13+P14)*(P15+P16)
TF{LNJLT.MNMYGU TO 120
IF(EA{LN) «G5T21.999999)GO TO 120
Al3=C(Il,LP)

Al4=C{Jl,LP)

Al15=C(KLl,LP)

Al6=C{L1,LP)

P5=A15%Al6

P6=A13%Al4

P9=Alx*Al4%4

P1O=A13%A2

P11=A15%A4%

Pl2=A16%A3

DANO6OI0
DANDS100
DANDS1LO
DANDS12D
DANOG613D
DANQS140
DANO61590
DANDE160
DANOQS1T7D
DANO61SO
DANDS190
DAND6200
DANJ6210
DANO05220
DANO6230
DANDJ6240
DAND6250
DAND62 50
DANDG62TO
DAN0OG280
DANDJ5290
DANOA300
DANO6310
DANJ6320
DANG6330
DANDG340
DANDO6350
DANOS&3260
DAND637D
DAND6380
DAND639G
DANJ640D
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130

PL7T=AT*A16

P18=A8%A15

P19=A13*%A6

P20=A5*Al4

J=J+1
TJI=TLII+XBHR(PLI¥P5+P2*PS)
J=Jd+1
TUJ)=T(JI)+X45(PO9+PLO)*X(PLL+P12)
IF(K.LT.MNM)GO TO 120

IF(EA(K) «GTel49999G3)G0 TO 120
P35=A9%A%6

P36=A5%*A10

P37T=AT*Al2

P38=A8%Al1l

J=J+1
T{I)=T{I)+X8%(P3*P4+PT*P3)
J=Jd+1
T{IN=T{JI)+X4%(P35+P35)*{P3T7+P38)
J=Jd+1
T(J)=T(J)+X8*(P3I*xP5+P4*P5)
J=J+1
T(J)=T(I)+X4*(PL1S+P20)*{PL17+P13)
J=J+1

TOI)=TI)+X4%((PI+P1I)*(P3T+P38)+(P12+P11)*(P35+4P36))

J=Jd+1

TUII=TI)+X4%({(PL3+P14)*(PLT+PLB)+(P15+P 16} {(P19+P20))

CONTINUE
IF(MO.LE.Q)GO TC 140
DC 135 LQ=1,M0
LN=LQ+NB

A9=C{I1yLN)
A1J3=C(J1,LN)

NDANDJ6410
DANUO6422)
DANO5430
DANOG6440
DAND64590
DANO6450
DAND6470
BAND06480
DANDS490
DANJ6530
DANOS510
DAN0D6520
DANQ653D
DANOS6540
DANJ6550
DANDS550
DANCSH570
DANO658D
DANO6590
DANDG600
DANDJ56190
DANO6&20
DANDO663 9
DANDJGE4O
DANO6650
DANDJSGHD
DANDOG66TO
DANOSK680
DANOG690
DANOSHTQOO
DANO5T710
DANQJOT29
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140

All=C(KLl,LN)

Al2=C(L1,LN)

P21=A11%Al12

P22=A9%*Al10

P23=A1%A10

P24=A9*A2

P2T=A11%A4

P23=A12%A3

J=J+1
T(I)=T(J)+XEX(PL*P21+P2%P22)
J=J+1

TOI)=T IV +X4%X(P23+P24) % (P27+P28)
IF{K.LT.MNMIGO TO 135

IF{EA(K) «GT&1e599999)GC TC 135
P25=A11%*A8

PR2o6=AT*Al12

P29=A5%A10

P30=A6%*AS

J=J+1
TUI)=T(I)+X8*(P3*P21+P4*P22)
J=Jd+1
T{J)=T(I)I+X4*x(P29+P30)*{P25+P20)
d=J+1

TOII=TUI)+X4x({P23+P24)*(P25+P26)+(P27+P28)*{P29+P30))

CONT INUE

CONTINUE
IFI{MOL.LE.L1)GO TO 160
DO 150 KQ=1,M0
K=KQ+Nb
IFIKQ.EQ.MT)G0 TO 150
KQL=KQ+1

DO 145 LQ=KQ1l,M0

DANO6T30
DAND6T40
DANOGOT50
DANDG6760
DANDOGTTO
DANCE780
DANQ6T90
DAND68Q0
DANQG810
DANOSB20
DANOGB30
DANQOc 840
DANJ6850
DANQ&ESO
DANO6ETO0
DANDG&880
DANO6890
DANO63D0
DANG56910
DAND 6920
DANDJ6930
DANQ694D
DANDB6950
DAN0DS950
DANOS9TO
DANOGS80D
DANQ6990
DANCT7000
DANO7010
DANOT7020
DAND7030
DANOT040

[4A"



145
150
160
200

218

216

LN=LQ+NB

Al=C{I1l,K)

A2=C(J1,K)

A3=C(K1,4K)

A4=C(L1,K)

A9=C(11,LN)

AL0=C(J1l,yLN)

Al11=C(K1l,LN)

Al2=C(L1,yLN)

J=J+1
TEJ)=T(J)+XBX(AL*A2*ALLI*AL2+A3*A4xA9%A10)
J=J+l1

T{J)=TLI) X4 (A1¥ALO+A9XA2 ) * (ALl1*A4+A12%A3)
CONTINUE

GO TO 6000

J=0

DO 240 K=1,NB

KP=M-K+1

Al=C(I14K)

A2=C{J1+K)

IF{DABS(AL) eLE«1.D-03.0RDABS{A2)eLELaleD-08.ANDKNEJNSING1)
1G0 TO 216

IF(DABS{A1) eLE.1.D-08.0R.DABS{A2).LE.1.D-08.ANDKNEJNSING2)
160 T0 2186

GO TO 217

J=J+1

P1=0.D0

TF(K.LT.MNMR)IGO TO 210

IFLEA(K) «GTL1.9999393)G0 TQ 210

J=J+3

A5=C(I14KP)

A6=C{J1l,KP)

DANOT050
DANQT060
DANQT070
DANOQ7080
DANO7090
DANOT100
DANOT7110
DANO71290
DANOT130
DANOT1490
DANOT15D
DANO7160
DANO71790
OANQ7180
DANOT190
DANOT200
DANDT210
DANDT22

DANOQ7230
DANDT240
DANDT250
DANQOT250
DANOT27D
DANQT230
DANOT7290
DANOJ73)0
DANJT310
DANQ7320
DANOQ7330
DANO7340
DANG7350
DANDJT360

XA



217

2190

P3=0.D0

P31=0.D0

P32=8.D0

GO TO 210

P1=A1%A2

J=J+1
T(J)=T(J)+X4%PL1%P1

IF{K.LT.MNMIGO TG 210
IF{EA(K).GT.1.5999%5)G0 TO 210

AS5S=C(1I1,KP)
A&=C{J14KP)
P3=A5%A6

P31=Al*As%
P32=A2%A5
Q=(P31+P32)**x2
J=J+1
TUI)=T(J)+X4%P3%P3
J=J+1

TEII=TUJ) +X2%Q
J=J+1
T(J)=T(J)+XB*PL*P3
KAND=K+1
IF{K.EQ.N3)GO TO 239
5O 220 LN=KAND,NB
LP=M-LN+1
A9=C{Il,LN)
A10=C({J1l,yLN)
P7=A9%Al10
P13=A1%A10
P14=A42%AS

J=J+1

T =T(J)+X3*P1*P7

DANDT370
DANDT7380
DANOT390
DANOT400
DANDT410
DANGT7420
DANOT7430
DANO7440
DANQ7450
DANOT460
DANOT747G
DANOT7480
DANJ7450
DANOQOT500
DANOT510
DANO7529
0ANO7530
DANOT540
DANOT7550
DANOT560
DAND7570
DANQT580
DANOT530
DANOT600
DANOTE10
DANOQT7620
DANOT7630
DANOT7640
DANOT7650
DANOT76690
DANDTETO
DANDJ7€8D
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220

J=J+l

TUII=STLII+X2%(P13+P 14 ) *%2

IF{LNLLT.MNMIGO TO 220

IF{EA(LN).GT,.1.,999999)G0 TO 220

Al13=C(I1,LP)

Al4=C(Jl,LP)

PS=A13%Al4

P9=Al%Al4

P10=A13%42

PL7=A5%Al4%

P18=A06%Al3

J=J+1

TCJ)=T(J)+XB*PL1 %P5

J=d+1

TEI)=TUI)+X2*(PS+PLO) *%2

IF{K.LT.MNM)GE TO 220

IF(EA(K) «GT7.1.9999939)G0 TO 220

P35=A9%A%

P36=A5%A1D

J=J+1

TUII=T(I)+XB%P3*PT

J=J+1

TII)=T(J)+X2*(P35+P36) *%2

J=J+1

TLJ)=T(J)+X3*P3*P5

J=J+1

TEI)=TIJ)+X2%(PLT+P L3 ) %*%2

J=J+1

TUI)=T(J)+X4*{(PG+PL1O)*(P35+P36)

J=J+1

TEJ)=T(J)+X4*(P13+P14)*x(P17+P18)
CONTINUE

DANOT7690
DANOTTOD
DANOTT710
DANOT77290
DANOT7392
DANOTT740
DANOT750
DANQT7690
DAND7770
DANOT7730
DANG7790
DANOT&0Q
DANOT810
DANO7820
DANOT830
DANDTE240
DANDT78590
DANDTE6
DANQ7870
DANO7880
DANQT890
DANOTS00
DANOT7910
DANDT7920
DANQTS30
DANDT940
DANDT7S50
DPANQT960
DANDJ7STO
DANO7TSEO
DAND7330
JANOB0J9D

AN



230

235
240

IF{MO.LE.D)GC TD 240

DO 235 LQ=1,M0

LN=LQ+NB

A9=C{I11,LN)

Al10=C(J1l,LN)

P21=A10%AS

P23=A1*A10

P24=A9%A2

J=J+1

T{J)=T{J)+X8*P1L%P21

J=Jd+1
T(JIY=T(I)+X2¥(P23+¢P24)%%2
IF(KLTMNMIGO TO 235
IF(EA(K) -GTe1.995999)GC TO 235
P25=A9%A0

P256=A5%A10

J=Jd+1

T{JI=T(J)+X8%P3x%p21

J=Jd+1
T{J)=T(JI)+X2%{P25+P26) %%
J=J+1
TUI)=TUI)#X4%(P23+P24) % (P25+P26)
CONT INUE

CONTINUF

IF(MO.LELL)GO TD 260

DO 250 KQ=14MO

K=KQ+NB

IF(KQ.EQ.M3)GU TO 250
KQ1=KQ+1

DO 245 LQ=KQl,M0

LN=LQ+N8B

Al=C(1I1l,K)

DANGBC10
DANOB0O20
DANDS3239
DANC8040
DANOBOS50
DAND80E0
DANOBOTO
DANOEO3D
DANOBG30
DANO3100
DANOSB110
DANOB120
DANOS130
DANOB140
DANO8150
DANOD816D
DANOSLTO
DANOB180
DANOZ150
DANO8B2GO
DANOS210
DANDE220
DANO8230
DANOB240
DAN08250
DAN08250
DANJ82T2
DANO08280
DANO3230
DANJE300
DANO8310
DANO8329

9T



245
250
260
1100

1118

1116

1117

A2=C{J1,K)

A9=C(I1l,sLN)

A10=C(Jl,LN)

J=Jd+l

TCI)=TUJ)+XB*AL*A2%xAI*AL0

J=Jd+1

T =TI +X2*(ALXAL0+AZ*A9) %2
CONTINUE

GO TO 6000

J=0

DO 1140 K=1,N8

KP=M-K+1

Al=C(I14K)

IFIDABS(AL) eLEe1eD-038.AND.KNELNSINGLIGC TO 1116
IF(DABS(AL) sLEe1eD-08eAND K NEJNSING2)GO TO 1116
GO 70 1117

J=J+1

P1=0.D0

ITFIKSLTJMNM)IGO TO 1110
IF(EA(K)GT.1.999999)G0 TO 1110
J=J+3

A5=0.D0

P3=0.D0

P31=0.D0

GO TO 1110

Pl=A1%Al

J=J+1

T(J)=T(JI+XI*P1%P1
IF(K.LT.MNM)GO TO 1110

TF{EA(K) «GT41.999599)G0 70 1110
AS=C(I1sKP)

P3=A5%A5

DANOC8330
DANQ3240
DANO8350
DANOB8350
DANOB837D
DANO3380
DANOB390
DANOS86IO
DANOB410
CANO8420
DANO8430
DANOB44D
DANDB459
DANUSB4SC
DANO8B470
NDAND3430
DANO3B49D
DANO8500
DANO8510
DAND3520
DAND3530
DANOB540
DANOB550
DANOB8560
DANOS5TO0
DANDO8530
DANJ35390
DANO860D
DANO08610
DAND38620
DANQO8630
DANO8640

LT



1110

P31=A1%A5

J=Jd+1
T(I)=T(J)+XI*P3%P3
J=J+1
T(J)=T(J)+X2%P31%P3]
J=J+1
T(J)=TLII+X2%P1*P3
KAND=K+1
IFIK.EQ.NB)GG TO 1130
DO 1120 LN=KANDyNB
LP=M-LN+1
AS=C(I1l,LN)

PT=A9%A9

P13=A1%A9

J=Jd+1
TOI)=T(I)+X2*%PL*PT7
J=J+1
T(I)=T(J)I+X2%P13%%2

IF(LNSLTMNM)GO TO 1120
IF{EA(LN) «5Te1.599993)G0 TO 1120

Al3=C(I1,LP)
P5=A13%A13

P9=A1%A13

P17=A5%A13

J=Jd+1
TWI)=T(J)+X2*¥PL*P5
J=J+1
TCII=T(J)+X2%P GH%x2
IF{K.LTLMNMIGO TO 1120

IF(EA(K) «GT.1.999996)G0 TC 1120

P35=49%A5
J=d+1

DANDBE5D
DANDB&LO
DANQS8670
DANDO3680
DAND8690
DANO8700
DANO8T10
DANO8ST720
DANDOSBT30
DANG8740
DANOB750
DANGBT760
DANOBTTO
DANDOBT80
DANDOB730
DANOSE80O
DANQO3B10
DANOB820
DANO8B830
DANQSB40
DANOBES O
DAND8B860
DANOQO8&ET0
DANOS8S30
DANO8B90
DANQ8S00
DAND8S10
DANO8S20
DANO8930
DANJ3940
DAND8S59
DANDO3960
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1120
1130

1135

T(I)=T{J)+X2%P3%P 7T
J=Jd+1
T{II=T{I)+X2%P35%%2
J=J+1
TI)=T(J)+X2%P3%P5
J=J+1
TUI)=TIJI I +X2FPLT%%2
J=J+1
T(J)=T(J)+X4%Po%P35
J=Jd+1
T(II=T(JI)+X&%xPL13%P17
CONT INUE
IF{MO0.LE.0)GO 70 1140
DO 1135 LQ=1,4M0
LN=LQ+N8

A9=C{I1l,LN)
P21=A9%A9

P23=A1%A9

Jd=J+1
TII=T(J)+X2%P1%P21
J=J+1
TUI)=TOIIHX2%P23%x2
IFIKLTMNM)IGO TO 1135

IF(EA(K)aGTe14999999)G0 TO 1135

P25=A9%*A5

J=J+1
T(JI)I=T(J)+X2%P3%P21
J=J+1
TUI)=TUII+X2%P25%%2
J=Jd+1
T(I)=T LI +X4*P23%P25
CONTINUE

DANOQBYTO
DANDB8980
DANOESID
DANOS000
DANOSOL0
DANQ96G20
DANQS030
DAND9040
DANJS059
DANO9G6Q
DANDS0T0
DANOSD80
DANDJ9O90
DANOS1Q0
DANOS110
DANOS120
DAND9130
DANQ09140
DAND9150
DANQ9160
DANO9170
DANOO180
DANDJS190
DANOJ9200
DANO9210
DAMO2220
DANDJ9Z230
DAND9240
DANO9250
DANO9250
DANQ92T790
DANQ9289)

6CT



1140

1145
1150
1160

300

318

316

CONTINUE

IF{MO.LE.1)GO TO 1160
DO 1150 KQ=1,M0
K=KQ+NB

IF(KQ.EQ.MO)GO 7O 1150
KQl=KQ+1

DO 1145 LQ=KQl, M0
LN=LQ+NB

Al=C(11,K)

A9=C{I1,LN)

Jd=J+1
TOI)I=T(J)+X2H(ALF32) X (A% %2)
J=Jd+1
TEI)=TLII+X2H{AL**2) % (AQ**x2)
CONT INUE

GO TO 6000

J=0

DO 340 K=1,NB

KP=M-K+1

Al1=C({I11,K)

A3=C(K1l,K)

IF(DABS({AL) sLE.1eD-UBANDKNELNSINGL)IGO TO
IF(DABS (ALl ) eLEe1eD-03AND K «NELNSING2)GO TO
IF(DABS(A3) LE.1.D-08.AND.K.NELNSINGL1)IGO T3
IF(DABS{A3) eLE«1sD-UBAND+KeNELNSING2)GO TO

GO TO 317

J=J+1

P1=0.D0

P2=A3%A3
IF(KLTLMNMIGE TO 310

IF(EA(K) «GT«1.999993)G0 TO 310

J=J+3

DANQ9290
DANDO33030
DANQ9310
DAND9320
DANG9339
DANO9249
DANQS350
DANDJ936D
DANQ9370
DANOS330
DANDS390
DANDG49D
DANO9419
DANDS420
DANDS430
DANIJG4 4O
DANO9450
DANOG46)
DAND94TO
DAND9430
DANO949)
DANOS500
DANO9510
DANDS520
DANDS530
DANQ9540
DAND9550
DANOS560
DANOS570
DANG9I589
DANOS5990
DANDS600

0t T



315

317

A5=0.D0

A7=C{KLl,KP)

P3=0.00

P4=AT%AT7

P31=0.00

P33=A3%A7

GO TU 310

J=dJd+1

Pl=A1*Al

P2=0.D0
IF(K.LTMNM)GO TO 310
IF{EA(K) «GT.1.599999)G0 TO 310
J=J+3

AS5=C(I1,KP)

A7=0.D0

P3=A5%A5

P4=0.D90

P31=A1%A5

P33=0.00

GG TO 310

Pl=A1%Al

P2=A3%A3

J=Jd+l
TUI)=T(J)+X2%PL*xP2
IF(KLTLMNMIGO TO 310
IF{EA(K) «eGTe1999999)GC TO 310
A5=C{1I1,KP)
AT7=C(K1l,KP)

P3=A5%A5

P4=AT*AT

P31=A1%*A5

P33=A3%A7

DANOS610
DANQ9620

"DAN0OS630

DAND9640
DANO9659D
DANDI660
DANOG6TO
DANOS680
DANOYES0
DAND9700
DANJST10
DAND2720
DANOGT730
DANDY9T40
DANOST759
DANO9IT60
DANGITTO
DANOST8D
DANO9730
DANO9800
DAND9810
DANDGE20
DANOD9830
DANOSB4D
DANO98590
DANQS860
DAND98TO
DAND9880
DAND09850
DANO9300
DANO9919
DANDI920

TIeT



J=J+1

T{J)=X2*P3*P4+T(J)

J=J+1
TUJ)I=T(J)+X4%P31%P33
J=J+1
TI)I=TUI I+ X2%{P 1P 4+P2%P3)
KAND=K+1

IF(K.EQ.NB)GO TO 330

DG 320 LN=KAND,yNB
LP=M-LN+1

A9=C(I14LN)

Al11=C(K1l,LN)

P7T=A11%All

P8=A9%A9

P13=A1%*A9

P15=A11%A3

J=J+1

T =TLI)+X2%{P1*PT+P2*P3)
J=Jd+1
T(I)=T(J)#X4%P13%P15
IF{LNLLTMNMIGO TO 320
IF(EA(LN).GT .1.999999)G0 TG 320
A13=C{1I1l,LP)

L15=C(K1,LP)

P5=A15%A15

PE=A13%A13

PS=A1%A13

P11=A15%A3

P17=AT7T%A1lS

P19=A13%A5

J=J+1
TEII=T(JII+X2%(PL*XPS+P2%P6)

DANG9S390
DANDS9949
DANGO9950
DANOS360
DANQSGSTO
DAND9980
DANO99%9
DAN100CO
DAN1OO10O
DAN10020
DAN109030
DAN1D04D
DAN10OSO
DAN10060
DAN1QOOQTO
DAN1GG8O
DAN10G90
DAN10100
DAN1Q110
DAN1012D
DAN101390
DAN10O140
DAN10150
DAN10160
DAN10170
DAN101390
DAN1G190
DAN13290
DAN10210
DAN10220
DAN10230
DAN10240

el



320
330

J=J+1
T(J)=TlJ)+X4%POxP]11
IF(K.LT.MNM)GD TO 320

IF(EAIK) oCT41.953999)G0 TO 320

P35=A9%A5

P37=AT*All

J=J+1
TI)=TIII+X2%(PEB*P4+PT*P3)
J=J+1

T(J)=T(J)I+X4XP35%pP 37

J=J+1
TUJ)=T(I)+X2%(P3xP54+P4%P6)
J=J+1
T{J)=TLI)+X4%PLG*P1T

J=J+1

TI)=TII+X4%(PI=P3T+PL11%P35)

J=J+1

TOI)=T(I I+ Xex(PI3%P1T+P15*P19)

CONT INUE
1F(MO.LE.D)GO TO 340
DO 335 LQ=1,MO
LN=LQ+NB

A9=C{I1l4LN)
All=C{K1lyLN)
P2i=A11%*Al1
P22=A9%A9

P23=A1%A9

P27=A11%A3

J=J+1
TOI)=T(II+X2*(PLI%PZ21+P2%P22)
J=J+1
TOI)=T(II+X4*%P23%P27

DAN10250
DAN10260
DAN10Q270
DAN10280
DAN10292
DAN10300
DAN1DO310
DAN10320
DAN10330
DAN10340
DAN10350
DAN10360
DAN10370
DAN10380
DAN1C390
DAN1040O
DAN15419D
DAN1D4290
DAN10430
DAN1J440
DAN1G450
DAN104690
DAN104790
DAN1Q48D
DAN10490
DAN10O530
DAN1O510
DAN10529
DAN10530
NDAN10540
DANL1O550
DAN10560

€eT



335
3490

345
350
360
400

IF{K.LT.MNMIGO TO 335
IF(EALK) oGTe1.599999)G0 TO 335
P25=A11%A7

P29=A5%A9

J=J+1

T =T(I)+X2%(P3%P21+P4%P22)
J=Jd+1

T{I)=TII+X4%P25%P 29

J=Jd+1

T{J) =TI )+ X4%(P23%P254+P27%P29)
CONT INUE

CONTINUE

IF(MO.LE.L)GO TU 360

DO 350 KQ=1,MO

K=KQ+N8

IF(KQ.EQ.MOIGO TO 350
KQLl=KQ+1

DO 345 LQ=KQl,¥0

LN=LQ+NB

ALl=C{1Ii4K)

A3=C{K1,K)

AG=C(I1,LN)

All=C{Kl,LN)

J=Jd+1

TI)=T{I)+X2*(AL#ALXALLRALL+A3*AB*ATHAT)

J=J+1

T(J)=T(J)+X4%AL *A9XA3*A11
CONTINUE

GO TO 5000

J=0

DO 440 K=1,NB

KP=M-K+1

DAN1O579
DAN10580
DAN10590
DAN10600
DAN10&10
DAN10620
DAN10630
DAN10640
DAN10650
DAN10&60
DANL10O&TO
DAN1034890
DAN10630
DAN10OT00
DAN1OT10
DAN10T20
DANL10O730
NDANL1Q740
DAN10O750
DAN10760
DAN10OTT0O
DAN10O780
DAN1O790
DAN1080O
DAN10810
DAN13820
DAN10830
DAN10840
DAN10850
DAN10860
DAN108TO
DAN190830

et



418

416

415

Al=C(I1l,K)
A4=C(L1,K)

IF(DABS(AL) eLE«1eD-08ANDJK NELNSINGLIGO TD
TF{DABS(AL) eLEe1+D-08.ANDKNESNSING2)GO TO
IF{DABS{A4) sLEL1.D-08.ANDJK.NELNSINGL)GO T0
IFIDABS(AL) eLEel eD-08ANDKNELNSING2)GU TO

GC TO 417

J=d+1

P1=0.D0

P2=0.D90
IF(KeLT.MNM)GC T2 410
IF{EA{K) eGTo14939999)G0 TO 410
J=J+3

A5=0.D0

A3=C{L1l,KP)

£3=0,D0

P4=0.D9J

P31=0.00

P33=0.D0

P34=90.00

GO TO 410

J=J+1

Pl=A1%*Al

P2=0.D0
IF(K.LTMNMIGG TO 410
IF(EA(K).GT.1.999993)G0 T0 410
J=J+3

A5=C{I1,KP)

A8=0.D0

P3=A5%*A5

P4=0.D0

P31=A1*xA5

DAN19890
DAN1OS3D
DANLO%10
DAN10220
DANL1O9230
DAN13G49
DAN10O950
DAN109560
DAN10570
DANLO98C
DAN1O99D
DAN11GO0
DAN1LO10O
DAN11020
DAN11030
DAN11040
DAN11950
DAN1106D
DANL11QTO
DAN1I1030
DAN119030
DAN1119D
DAN11110
DAN11120
DANi1130
DAN11140
DANIL1IS5O
DAN1I1160
DANLLL1T7O
DAN11180
DAN11190
DAN11230

GET



417

410

P33=90.D0

P34=03.00

GO TO 410

P1l=AlxAl

P2=A1%*A4

J=J+1
T{JI=TLII+X4*PL%P2
IF(KLT.MNMIGO TO 410
IF(EA(K) «GT «1999999)G0O TO 410
AS5=C(I1,KP)
A8=C({L1+KP)

P3=A5%A5

P4=A5%A8

P31=A1%A5

P33=A1%A8

P34=A4%A5
Q=2.00*%P31*{P33+P34)
J=J+1
T(J)=X4%P3%P4+T (J)
J=J+1

TEI)=T(J)+X2%Q

J=Jd+i

T =T(J)+X4%x(PL*P4+P2%P3)
KAND=K+1
IF(K.EQ.NBIGC TO 430
DO 420 LN=KAND,NB
LP=M-LN+1
A9=C(I1,LN)
Al2=C(L1,LN)
P7T=A3%Al12

P8=A9%=A9

P13=A1%*A9

DAN11210
DAN11220
DAN1123D
DAN11249
DAN11250
DAN11260
DANL11270
NDAN11280
DAN112S0
DAN11300D
DAN11319
DAN1132D
DAN11330
DAN11340
DAN11350
DANiI13€0
DAN11370
DAN11380
DAN11399
DAN11420
DAN11410
DAN11420
DAN11430
DAN11440
DAN114590
DAN11460
DAN11470
DAN11430
DAN11490
DAN11530
DAN11510
DAN11520
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P15=A9%A4

Pl&=A12%Al

J=J+1
T(J)=T(I)+X4*(P1xPT+P2%P3)
J=J+1
TOI)=TUJ)+X4%*P13%(PL5+P15)
IF(LN.LT.MNM)GO TO 420
IF{EA(LN) «GT+1.999992)G0 TO 420
AL3=C(I1l,LP)

Al16=C{L1,LP)

P5=A13%A16

P6=A13%A13

P9=A1%*A13

Pll=A13%A4

Pl2=Al6%A1l

P1L7=A5%Al6

P13=A8%Al3

P19=A13%A5

J=J+1
TUII=TLII+X4X(PL*P5+P2%P6)
J=J+1
TUI)=T(JI)+X4*PIx(PL1+P12)
IF(KeLTLMNMIGO TO 420
IF(EA(K) «GT 14999999160 TO 420
P35=A9%A5

P33=A8%A35

P3T=A5%A12

J=J+1
TUI)=TUII+XA*(P3*P 4+PT*P 3)
J=Jd+1
T(IY=TLJ)+X4xP35%(P3I+P33)
J=J+1

DAN11530
DAN11540
DAN1IL550
DAN11560
DAN11570
DAN11580
DANL11590
DAN11600O
DAN11610
DAN11620
DAN1146390
DANL1640
DAN11650
DAN11669
DAN11670
DAN116380O
DAN11599
DAN11700
DAN11719D
DAN11720
DAN11730
DAN11740
DANL1750
DAN117560
DAN11770
DAN11780
DANLL1TSO
DAN11800
DAN11810
DAN118290
DAN11830
DAN11340
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420
430

TOII=TUII+X4X(P3X*P5+P4*PS)
Jd=J+1
TUJI=T(IDI+X4G%P19%(PLl7+P18)
J=J+1
TUI)=T(II+X4%(PIX(P3T7+P38)+4P35%(P11+P12))
J=J+1
TUII=TUI)+X4x(P13%(PLT+PL1B)+P1O*{P15+P16))
CONT INUE

IF{MO.LE.D)GO TO 449

DO 435 LQ=1,MC

LN=LQ+NB

A9=C(I1l,LN)

Al2=C{L1,LN)

P21=A9*Al12

P22=A9%A9

P23=A1%AS

P27=A9%A4

P28=A12%A1

J=J+1
TCA)=TUIDIEXEF(PLXP214P2%P22)
J=J+1
TCII=T{I)+X4%P23*(P2T+P28)
IF(KLTLMNMIGO TO 435
IF(EA{K) «GT414999999)G0 TO 435
P25=A9%A8

P26=A5%*A12

P2S=A5%A9

J=Jd+1
TEJ)=TII+X4%=(P3%P21+P4*P22)
J=J+1
TEI)=T(I)+X4%P25%(P25+P20G)
J=J+1

DAN118590
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DAN11880O
DAN11890
DANL1190D
DAN11910
DANL11S20
DAN11S30
DAN11940
DAN11950
DAN11S60
CAN11S70
DAN11980
DAN11990
DAN1200C0
DAN12010
DAN12020
DAN12030
DAN12040
DAN12050
DAN12060
DAN12GT70
DAN1206S0O
DAN12G90
DAN12100
DAN12110
DAN12120
DAN12130
DAN1214D
DAN12150
DAN12160
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435
4490

445
450
460
500

TCI)=TLII+X4%(P23%(P25+4P26)+P29%(P27+P23))
CONTINUE

CONTINUE

IF(MOLLE.LIGC TO 460

DO 450 KQ=1,MC

K=KQ+NB

IFIKQ.EQ.MO)G3 TO 450

KQL=KQ+1

DO 445 LQ=KQ1l,MU

LN=LQ+N8

Al=C{I1,K)

A4=C{L14+K)

A9=C(IL,LN)

A12=C{L1,LN)

J=J+1l
TUI)=TII) £ X4*%ALRAGR(AL*AL2+A4%AG)
J=Jd+1

TOI)=T(I)+X4RATXAIX( A4%AG+AL*AL2)
CONT INUE

GO TO 6000

J=0

DO 540 K=1,NB

KP=M-K+1

Al=C{I1,K)

A3=C{K1,K)

A4=C(L1,K)

IF(DABS(AL) eLEe1leD—08ANDKsNEJNSINGLIIGO TO 51¢
IF{DABS(AL) eLEe1+D-08.AND Ko NELNSING2)G0 TN 516
IF{DABS{A3) eLEeleD=I8e0RDABS{AG) oL EalaD-08.ANDeK.NEJNSING])
162 TQ 515
IF(DABS{A3) .LE.1.D-08.0ReDABS(A4) sLE.1.D-03.,AND.K+NEJNSING2)
LGO 70 515

DAN12170
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DAN12190
DAN12200
DAN12210
DANL122290
DAN122390
DANL12249D
DAN12250
DAN12260
DAN12270
DAN12280
DANL12290
DAN12300
DAM12310
DAN12320
DAN12330
DAN123490
DAN123590
DAN12360
DAN12370
DAN12380
DAN12290
DAN124G0
DAN12410
DAN124290
DAN12430
DAN12440
DAN12450
DAN124690
DAN12470
NDAN12430
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517

G3 170 517

J=Jd+1

P1=0.D0

P2=A3%A4
IF(K.LTLMNM)GO TO 510
IF{EA(K).GT1999999)G0 TO 510
J=Jd+3

A5=0,.,D0

AT=C(K1l,KP)
AB=C(L1.,KP)

P3=0.D0

P4=AT*AB

P31=0,D0

P33=A3%A38

P34=A4%AT7

GO TO 5190

J=J+1

Pl=A1%Al

P2=0.D0

IF(K.LT.MNM) GO TO 5190
IF(EAIK) «GT-1.9999399)G0 TO 510
J=J+3

A5=C{I1,KP)
AT=C{K1.KP)
A3=C(L1,KP)

P3=A5%A5

P4=0.D0

P31=A1%A5

P33=0.D0

P34=0.D0

GO TO 510

Pl1=Al1%A1l

DAN124990
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DANL12640
DAN12650
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DAN12670
DAN12680
DAN12690
DAN12700
DAN127190
DAN12720
DANL12730
DAN12740
DAN12750
DAN127560
DAN12770
DAN12730
DAN12790
DAN12802
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P2=A3%A4

J=J+1
TUJ)=T{J)+X4%PL %P2
IF{KLTMNMIGS TO 510
IF{EA(K) «GT «1.999993)G0 TO 510
A5=C(I1,KP)
AT=C(K1yKXP)
A8=C(L1,KP)

P3=A5%A5

P4=AT%A8

P31=A1%A5

P33=A3%A8

P34=A4%A7
Q=2.D0*(P33+P34)*P31
J=J+1
T(J)=X4%P3%P4+T(J)
J=J+1

TOJ)=TII+X2*Q

J=J+1
T(I)=TLI)+X4*(P1*P4&+P2%P3)
KAND=K+1
IF{K.ZQ.NBIGC 70 530
DC 520 LiN=KARND,NB
LP=M-LN+1
A9=C(I1l,LN)
Al11=C(K1l,LN)
A12=C(L1,LN)
P7=A11%A12

P3=AG¥A9

P13=A1%*A9

Pl5=All*A4
Pl6=A12%A3

DAN12810
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DAN12830
DAN12390
DAN129GO
DAN12210
DAN12920
DAN12930
DAN12940
DAM12S50
DAN12960
DAN129T)
DAN12980
DAN12990
DAN13000
DAN130190
DANL13020
NANL13030
DAN13040
DAN130259
DAN13060
DAN13070
DAN13080
DAN130GO
DAN13100
DAN13110
DAN13120
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J=J+1
THI=TLI)+XAR(PLIEPT+P2*P )
J=Jd+1
T(J)=T{J)+X4*P13%{(PL5+P15)
IF(LN.LT.MNM)G3 TO 520
IF(EA(LN) «GT.1.999999)G0 TO 520
Al3=C(I1l,LP)

A15=C({K1l,yLP)

Alo=C(L1,LP)

P5=A15%A16

P6=A13%A13

P9=A1*Al13

Pli=A15%A4

Pl12=A16%A3

PlT=AT*Al6

P18=A8%Al15

P19=A13%A5

J=J+1
T{I)=T(Q)+X4F{(PLXP5+P2%PH)
J=J+1
T{J)I=T(J)+Xa*Pox(P11+P12)
IF(K.LT.MNMIGO TO 520
IF{EAIK) «eGT1.%599993)GU TO 520
P35=AG*AS5

P37=A7%Al12

P3gd=48%Al11l

J=J+1

T =T{I)+ X4 (PBXP4L+PT%P3)
J=Jd+1

T =TI ) +Xa4¥P35%(P37+P38)
J=Jd+1
T{J)=TLI )+ Xa¥{P3%P5+P4*PO)

DAN13130
DAN13140
DAN13159
DAN13160
DAN13170
DAN13180
DAN13190
DAN13290
DAN13210
DAN13220
DAN13230
DANL13240
DANL3250
DANL3260
DAN13270
DAN13280
DAN13290
DAN13300
DAN13310
DAN13320
DAN13230
DAN13340
DAN13350
DAN13350
DAN13370
DAN13380
DAN13390
DAN13400
DAN13410
DAN13420
DAN13430
DAN13440
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520
530

J=Jd+1
TUI)=TII+X4%¥PL9X(PL7+P18)
J=J+1
TEII=T(I)I+Xax (PO (P3T7+P338)+P35%(PL1+P12))
J=J+1
TOI)=TUI)+X4X(P13*(PLT7+P18)+PL19%X(P15+P15))
CONTINUE

IF(MC.LE.O0)IGO TO 540

DO 535 LO=1,MC

LN=LQ+N3

A9=C(I1,LN)

Al11=C{K1l,yLN)

Al12=C(L1lyLN)

P21=A11%A12

P22=A9%A9

P23=A1%A9

P2T7=A11*%A4

P28=A12%A3

J=J+1
TUI)=TUII+Xax{PL1*P21+P2%P22)
J=J+1

T =TIV +X4%P23*(P2T7+P23)
IFIK.LTJMNMIGO TO 535
IF(EA(K) «GT«1.999999)G0 TO 535
P25=A11%A8

P26=AT7%A12

P29=A5%A9

J=J+1 :
T{J)=TUII+X4*¥(P3=P21+P4%P22)
J=J+1
TOJ)=TI)+X4*¥P23%{P25+P20)
J=Jd+1

DAN13459
DAN134560
DAN13470
DAN13480
DAN13490
DAN13500
DANL13510
DAN13520
DAN135390
DAN13540
DAN13550
DAN13550
DANL13570
DAN13580
DAN13590
DAN13600
DANL2510
DAN13620
DAN136390
DAN13640
DAN13650
DAN13660
DAN13670
DAN13630
DAN13690
DAN13700
DAN13710
DAN13720
DAN13739
DAN13743
DANL13750
DAN13760
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535
540

545
550
560
700

718

TOI)=TLI)V X4 (P23% (P25+P26)+P2S*(P27+P23))

CONTIMUE
CONTINUE

IF(MO.LE.1)GO TO 562
DO 550 KQ=1,MO

K=K Q+NB

IF{KQ.EQ.M0)GG TC 550

KQi=KQ+1

DO 545 LQ=KQl,MC

LN=LQ+NB

Al=C{11,K)
A3=C(K1l,K)
A4=C{L1,K)
A9=C(I1,LN)
Al11=C{KLl,LN)
A12=C(L1,LN)

J=J+1

TUI)=TIII+A4F(A1xAL*ALLI*AL2+A3*A4%AFFAT)

J=J+1

TUJ)=TLI) #+X4¥AL*AGH{ALGFALL+A3%AL2)

CONTINUE

GC TO 6000

J=0

DO 740 K=1,4NB

KP=M-K+1

Al=C(I1,K)
A2=C{J1,K)

IF(DABS(A2) sLE«1.D-08.ANDKeNESNSINGL)IGO T3 715
IFIDABS(A2) eLEeleD-08eANDUKeNESNSING2)GO TN 715
IF{DABS{AL) oLE.1.D-08.AND K NEJNSING1IGO TO 716
IF(DABS({ALl) eLEe1.D-08.AND.KaNEJNSING2)GO TO 716

GO 71O 717

DAN13770
DAN13730
DAN13790
DAN135J0
DAN13810
DAN13820
DAN13830
DAN13340
DAN13850
DAN13869D
DAN13870
DAN13889
DAN13890
DAN13S00
DAN13910
DAN13920
NAN13930
DAN13%40
DAN13S50
DAN13%60
DAN13970
DAN12980
DAN13<90
DAN14CDOC
DAN14010
DAN140290
DAN14030
DAN14040
DAN14C50
DAN14060
DAN140TQ
DAN14080
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116

715

717

P1=0.00

P2=A2%A2

J=J+1

IF{K.LT.MNMIGDO TO 710
IF(EA(K) «GT «1.599999)G0 TO 710
J=J+3

A5=0.D0

A5=C(J19Kp)

P3=0.D0

Pa=A%%A6

P31i=0.D0

P32=0.00

P33=A2%A6

G0 TO 710

J=J+1

P1=0.D0

P2=0.D0
IFIKJLTLMNMIGO TGO 719
IF{EALK) +GT+14999999)G0 TO 710
J=J+3

A5=C(I1,KP)

A6=0,.D0

P3=0.D0

P4=GC.D0

P31=0.D0

P32=0.00

P33=0.D0

GC T3 710

Pl=A1xA2

P2=A2%A2

J=Jd+l
TUII=T{J)+X4%P1*P2

DAN140993
DAN14100
DAN14110
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DAN14140
DAN14150
DAN14160
DAN14179D
DAN14180
DANL4190
DAN14230
DANi%4210
DAN14220
DAN14230
DAN14240
DAN14250
DAN14260
DAN14279
DAN14280
DANL4290
DAN14300
DAN14310
DAN14320
DAN143230
DAN14340
DAN14350
DAN14360
DAN14370
DAN14380
DAN14330
DAN14400
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710

IF(K.LT.MNMIGS TO 710

IF{EA(K) «GT«1.99599%)G0 TO
A5=C(11,KP)
A6=C(J1,KP)

P3=A5%A6
P4=A6%A6
P31=Al%A5
P32=A2%A5
P33=A2:A6

Q=2.,D0%P33%(P31+P32)

J=J+1

T(J)=X4%P33xP4+T (J)

J=Jd+1

T(I)=T(J)+X2%Q

J=J+1

TUJISTOJ )+ XA% (P 1%P 4+P2%P3)

KAND=K+1

IF{K.EQ.NBIGO TO 739

DO 720 LN=KAND,NB

LP=M-LN+1

AS=C{Il,LN)
A10=ClJ1l,LN)
P7=A10%A10

P8=A9%A10

P13=A1%Al10

P14=A2%A9

P15=A1i0%A2

J=J+1

TCII=TUJ)+ X4 P LXPT+P2%PB)

J=J+1

T(J)=T(J)+X4*%PL5%(P13+P1l4%)
IF(LN.LT.MNM)IGO TO

720

710

DAN14410
DAN14420
DAN14430
DAN14440
DAN14450
DAN14460
DAN14470
DAN1 4480
DAN14490
DAN14500
DANL4510
DAN14529
DAN14530
DAN14540
DAN14550
DAN14560
DAN14570
DAN14580
DAN14590
DAN146990
DAN14610
DAN14620
DAN14630
DANL14640
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DAN14680
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DAN14700
DAN14719
DAN14720
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IF(EA(LN) «GT«1.999999)G8 TO T20

A13=C(I1l,LP)

Al4=C(J1l,LP)

P5=Al4%Al4%

P6=A13*A14

P3=A1%Al4

P13=A13%A2

Pl1=A14%A2

PLT=A6%Al14

P19=A13%A6

P20=A5%A14

J=J+1
T(J)I=TUI)+X4*{(P1*P5+P2*P%)
J=J+1
TUII=TI)+X4%PL1%(PI+P10)
IF(K.LT MNM)GO TG 720
IFLEA(K)«GT«1.9G9993)6G0 TO
P35=A9%Ab6

P36=A5%A10

P37=A6%A10

J=J+1

T(J)=TUI) +X4%(PB*P4L+PT*P3)
J=J+1
TUI)I=TII)+X4XPIT*(P354+P30)
J=J+1
TUI)=TLI)+X4* (P3P S+P4%PE)
J=J+1

TN =TI+ X4%PLT*{PLG+P20)
J=J+1

T(II=T(I)+X4*{P3T*(PI+PLO)+PL1*{P354P36]))

J=J+1

TOII=TLI)+X4X(PLTR{P13+PL4)+PL15*(P19+P20))

720

DAN14730
DAN14740
DAN14750
DAN14760
DAN14770
DAN14780
DANL4790
DAN14800
DAN14810
DAN14£20
DAN14830
DAN14849
DAN14850
DAN14860
DAN148T3
DAN14880
DAN14890
DAN14900
DAN14S10
DAN14920
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DAN149569
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726

CONTINUE

730 IF(MO.LE.Q)GO TO 740

735

DO 735 LQ=1,M0C

LN=LQ+N3

A9=C(1I1,LN)

AL0=C(J1l,LN)

P21=A10%A1D)

P22=A9%Al0

P25=A1%A10

P24=A9%A2

P2T=410%A2

J=J+1
TI)=T(J I+ X4x (P 1¥P21+P2%P22)
J=Jd+1
TUIN=TIII+X4HP2T*(P23+P24)
IF(K.LTMNM)GD 7O 735
IF{EAIK) «GT.1.9999993)G0 7O 735
P25=A10%A6

P29=A5%A10

P30=A6%*A9

J=J+1
TOII=TIII+X4={(P3%P21+P4%D22)
J=J+1
T{J)I=T(J)+X4*¥P25*(P23+P30)
J=J+1
TO3)=T(J)+X4%(P25%(P23+P24)+P27(P29+P30))
CONT INUE :

740 CONTINUE

IF{MOLLE.L)GO TO 760
DO 750 KQ=1,M0
K=KQ+nNB
IF(KQ.EQ.MDIGU TO 750

DAN15050
DAN15050
DAN15079
DAN153390
DAN13090
NDAN15100
DAN15110
DAMN15120
DAN15130
DAN15140
DAN15150
DAM1I5160
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DAN1521)
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745
750
760
600

618 IF{DABS{AL) eLEe1eD-08e0ReDABS{AZ2) el EalaD-08 AND K. NEJNSINGL)

1GO 70 416
IF(DABS (A1) eLEeleD—-08.URDABS{AZ2) eLEelsD-08.ANDeK.NEJNSING2)
1G2 TO 616
IF(DADBS(A3) LEL14D-C8ANDKoNELNSINGLIGT TO 615
IF{DABS({A3) aLE21e0—08.ANDKNELNSING2)GO TO 615

616

KQi=KQ+1

DO 745 LQ=KQ1,M0

LN=LJ+NB

Al1=C{11,K)

A2=C{J1,K)

A9=C{I1l,LN)

Al1Jd=C{J1l,LN)

J=Jd+1

T =TJI+X4A2%ALI*R(AL*AL0+AZ2%A9)
J=J+1

TUI)=T(J) +X4*AZ2XAL0*X (AL *AL0+A2%A9)
CONTINUE

G3 TO 5000

J=90

DO 640 K=1,NnN8

KP=M-K+1

Al=C(I1l,K)

A2=C(J1l,K)

A3=C{K1l,K)}

GO 10 o17

J=Jd+1

P1=0.D0

P2=A3%A3

IF(K.LT.MNM)}GO T3 610

IF{EA(K) «GT.1.999999)G0 TO 610
J=J+3

DAN15379
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DAN15400
DAN15410
DAN1542)
DAN15430
DAN15440
DAN15450
DAN15460
DAN15470
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DANL15520
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615

617

AS5=C{I1,KP)
A6=C{J1l,KP)
AT=C(K1.KP)

P3=0.D0

Pa4=AT*A7

P31=0.00

P32=0.D0

P33=A3%*A7

GG TO 610

J=J+1

Pl=AlxA2

P2=0.00
IF(K.LT.MNM)GO TO 610
IF(EA(K) «GT+1.599999)G0 TG 510
J=J+3

AS5=C(11,KP)
A6=C{J1,KP])

A7=0.D0

P3=AbL%As

P4=0.D0

P31=A6%A1

P32=A2%A5

P33=0.D9

GC TO 6190

P1=A1%A2

P2=A3%A3

J=J+1
T(J)=T(I)+X4%P1*P2
IF(K.LT.MNM)IGO TO 610
IF(EA(K) «GT.1.9959999)GC TO 610
AS5=C(I1,KP)
A6=C(J1,KP)
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DAN15880
DAN1589)
DAN15900
DAN15910
DAN15920
DAN15530
DAN159490
DAN15950
DAN15960
DAN15970
DAN159890
DAN15930
DAN156000

0ST



610

AT=C(KL,KP)

P3=A5%A6

Pa4=AT*AT

P31=A1*A6

P32=A2%A5

P33=A3%A7
Q=2.00%P33%x{P31+P32)

J=J+1

T{J)=X4*%P3*P4+T {J)

J=J+1

TII=TI)I+X2*Q

Jd=J+1

T =TI+ X4*(PL1%:P4+P2%P3)
KAND=K+1

IF(K.EQ.NB)GO TO 530

DO 620 LN=KAND,NB
LP=M-LN+1

A9=C(I1,LN)

Al0=C(J1,LN)

All1=C(Kl,yLN)

P7=A11%A11

P3=A9*Al10

P13=A41%Al10

P1l4=A2%AY

P15=A11*A3

J=J+1

T(II=T(II+X4Xx(PLEP T+P2*Pg)
J=Jd+1
T(J)=T(J)+X4*P15%(PL3+P1l4%)
IFI(LN.LT.MNM)IGO TOQ 620

IF{EA(LN) «GTe14999999)GO TO 620

Al13=C(I1l,LP)

DAN16010
DAN16G20
DANL16030
DAN156040
DAN16G50
DAN16060
DAN150TD
DAN16080
DAN16030
DAN15100
DAN16110
DAN16120
DAN16130
DAN16140
DANL615)
DAN16160
DAN161790
DANL16189J
DAN16190
DAN162990
DAN16219D
DAN16220
DAN16230
DAN16240
DAN16250
DAN16260
DANi6270
DAN1&6280
DAN16290
DAN1S53190
DAN16310
DAN16320

16T



Al4=C(J1,LP)

A15=C(K1l,LP)

P5=A15%A15

P6=A13*A14

PO=A1*Al4

P10=A13%A2

Pl1=A15%A3

PL7=AT7*A15

P19=A13%Ab

P20=A5%Al4

J=Jd+1
TEI)=TLII+X4*(PL1¥P5+DP2%P5)
J=Jd+1
TI)I=TLI)+X4%PL1*{P3+P10)
IF{KLTMNMIGO TO 620
ITFLEA(K) «GT.1.9999%59)G0 T0
P35=A9%A06

P36=A5%A10

P37=AT*All

J=Jd+1

T =TI +X4%(PB*P4+PT*P3)
J=J+1
T(J)=TOII+X4%P2TH(P354P35)
J=J+1
TOII=T(J)+X4*(P3*P5+P4*PG)
J=J+1
TEII=TOII+XARPLT*(PLI+P20)
J=J+1

TI)=TLI)+X4x{P3T=(PIG+PLI)+PL1*(P35+P36)})

J=J+1

TI)=T(I)+X4*{PLT*(P13+PLl4)+P15*(P1G+P20))
620 CONTINUE

629

DAN16330
DAN16340
DANL 6350
DAN16360
DAN16370
DAN16380
DAN16390
DAN15400
DAN16410
DAN16420
DANL6430
DAN1 5440
DAN16450
DAN16460
DANLAH4TO
DAN16430
DANL16490
DAN16500
DAN16510
DAN16520
DAN16530
DAN16540
DAN16550
DAN16550
DAN165T0
DAN15580
DAN16590
DAN16600
DAN16610
DAN16620
DAN16630
DAN16640

CST



630

635
640

IF{MOLLE.D)GG TO 6490

DO 635 LQ=1,M0

LN=LQ+NB

A9=C(Il,LN)

A10=C(J14LN)

All=C(K1l,LN)

P21=A11%*Ail

P22=A9%A10

P23=A1*%A10

P24=A9%A2

P27=A11%A3

J=J+1
TI)=T(I)+X4%{(P1xP21+P2%P22)
J=J+1

T =T{I)+X4¥P2Tx{P234P24)
IF{K.LT.MNMIGG TO 635
IF{EA(K) .GT 41.999959)G0C TO 635
P25=A11%A7

P29=A5*A10

P30=A6%A9

J=J+1
TII)=TUI ) +XaX(P3%P21+P4%P22)
J=Jd+1
T{J)=T(I)V+X4%P25:(P29+P3D)
J=J+1

TOIV=T{I)+X4%{P25% (P234+P24)+P2T%{P29+P30))
CONTINUE

CONTINUE

IF{MO.LE.L1)GDO TO 669

DO 650 K@=1,M0

K=KQ+NB

IF{KQEQeMGIGO TO 650

DAN16650
DAN1 666D
DAN16670
DAN16680
DAN16690
DAN1&T700
DAN1GTLO
DAN1&6T720
DAN16730
DAN16740
DAN16T50
DAN16760
DAN16770
DANL16730
DAN16793
DANL5300
DANLOEL1O
DAN1 682D
DAN16830
DAN16840
DAN16850
DAN16860
DAMNL16870
BAN16530
DAN16839
DAN169J390
DAN16910
DAN16920
DAN169390
DAN15940
NDAN1638590
DAN16960

€61



sNaNe] OO ™

045
659
660
53900
i0
54

76

78
19

KQ1=KQJ+1

DO 5645 LQ=KQ1l,M0

LN=LQ+NB

Al=C(1I1l,K)

A2=C({J1l,K)

A3=C({KLl,yK3}

AS=C{Il,LN)

A10=C(Jl,LN)

Al1=C{(K1l,sLN)

J=d+1
T(I)=T(I)+Xax(ALXA2%HALLI*A11+A2%A3*%A9XAL1D)
J=J+1
T(J)=T(J)+X4%A3*%A11%{A1%AL0+A2*A9)
CONTINUE

GO T3 6000

COMTINUE

IF(NINTS-MN1)30,20,5%

MN1=MN1+1

GU TO 55

IF THIS WAS NOT THE LAST RECORD, GO BACK INTOJ THE LGOP AND
READ ANOTHER RECORD OF INTEGRALS.

IF CHECKSUM PRINT FLAG IS ON, AND THERE ARE NO MORE CHECKSUMS
PRINT THEM :

IF(IPTI.EQeCeANDIRC.EQ.L)GO TC 78
PRINT THE CHECKSUMS OBTAINED OGN THIS RUN THROUGH THE LCGP
WRITE(G6y39)NMINNY

CONT INUE
FORMAT(1HL////3TX,

DAN156970
DAN1698D
DAN16990
DAN1T700C
DAN1T701D
DAN1T70Q20
DAN17030
DAN17C490
DAN1T7050
DAN1T7060
DAN170T70
DAN17030
DANL1T09)
DAN1T100
DANL17110
DAN17120
DAN1T7130
DAN1T7149
DAN17150
DAN171560
DAN17170
DAN17180
DAN17190
DAN172030
DAN17210
DAN17220
NDAN17230
DAN17240
DAN17250
DANL17269
DAN17270
DAN17230

%ST



LOLHINTERNAL CHECK SUMS, ETCe. FROM PEADING TWO ELECTRON INTEGRALS//DANLT290

164 REC ,7{1Xy17H FIRST NOS LAST )/ DAM17309

16H NOS ,7(1X,17H LABEL OF LABEL )/ DAN17310

16X 7(1Xy17TH J L INTS J L)) DAN173290

29 FORMAT (1XyI1491Xy7(I341391X914,134513,51X)) DANL7330

39 FORMAT(12X, DAN17240
118H THIS NOS. OF INTS,I12) DAN17350
RETURN DAN17360

C DAN17370
C ERROR EXIT FOR INCORRECT VALUE OF NINTS (POSSIBLE TAPE READ DAN17380
C ERKRDR ) DAN17390
C DAN17400
30 WRITE(6,9) DAN17410

S FORMAT('0', "ERROR -IN NOIRTS') DANL17420
CALL ABT DAN1T7432

ST1ap DAN17440

END DAN17450

CWATE SUBROUT INE WATE DANLIT46)

SUBROUT INE WATE( FAyH,CA,CB4BETAyTENG,E3)SOMEGA,ByAXyA,EA,BXy DELDANLT74TO
1WyBEsSPINSED A2 IJ 9 PKD s VAL CUTy ENy INAME,MTAPE,NR Xy NTOP, NIN,NBFNS, DAN17480

LNA; NByNR) DAN17490
C DAN17500
C REFERENCES: (1) PHILLIPS AND SCHUGy J.CHEM.PHYS. 61, 1031 DAN1T7510
C (1974); (2) HARRIMAN, IBID. 40, 2827(1964); (3) HARDISSON AND DANL17520
C HARRIMAN, I8ID. 46, 3639(1967); (%) SANDC AND HARPIMAN, IBID. DANLT7530
C 4751800196705 (5) SASAKI AND OHNG, -Je MATH. PHYS. 7, 1140 DAN1754D
C (1963), : DAN175590
c ERRATUM FOR REFERENCE {(1): EQN. (24) SHOULD READ DAN17560
C E(I)=(1-D(I1)*%2)*%0s5 = 2xT(1)*U(I]) DANLT7570
C THIS IS A TYPOGRAPHICAL ERROR. THE CORRECT FORM WAS USED IN DAN17530
C THE CALCULATIONS. DAN17590
C DAN17600

GST



OO0

IMPLICIT REAL*8{A-H,0-2) DANLT7610

REAL*3 ILBL,ILAB,ILABL, INTNAM, INAME DAN17620
COMMON/ZEIT/LAPSE,LAPST OAN17630
COMMON/LABELS/TILBLI12),1LAB(12) DAN17640
COMMON/ICIND/ ICON{24) DAN17€50
JIMENSTON FAINRXIJNRXD 9 HENRX, NRA),CA(ARA,NRX)yCB(\QXyNRK),BtTA(NRX,DANI?cbO
1NRX) DANLT76T0
DIMENSION INAME(6) DAN1T680
CIMENSION TENOINTCP) DANLTE90
DIMENSION EB(NRX) 9 SOMEGAINRX) g BANRX )y AX{NRXD) 9 A{NRX) yEAINRX) ,BX{NRXDANLITTOO
1)y DELWINRX) yBEA(NRX)  SPIN(NRX) yEDINRX) yA2 T J(NRX) DANL17710
DIMENS ION PKDININ), VALININ) DAN17720
REAL*8 ILBL,ILAB DANLT7730
EXTERNAL F,CK DAN17740
DAN17750

SET CONSTANTS DANL17760
DANLY770

NTI=5 , DAN177890
NTO=5% DANL17790
READINT Iy 169 )KIKMAX DAN1T7800D
XNA=DFLOAT(NA) DAN17810
XNB=DFLOAT(NBJ DAN17320
XM=0.500% (XNA-XNB) DAN176320
XN=0.5D0% { XNA+XNB) DAN1T7840
S2=XM DAN178590
NgP=NB+1 DANL 7860
M=NA+NB DANLTB870O
NC=NBFNS DAN17830
N=NR DAN17899
NTT=(N*(N+1))/2 DANLTSOO
NP=N+1 ’ DAN17S510

NM=N-1 DAN17920



OO0

OO0

10

20

30

NAP=NA+1
NA#M=NA-1
NBM=NB-1
N2=N/2
N2P=N2+1
MP=M+1

MU=NA-NB+1

MO=NA—-NB

WRITE(NTO209)
WRITE(NTO,299)NA,NB

INITIALIZE ARRAYS AND

DO 10 I=1,N
SOMEGA(I)=cBIN-1+1)

A(I)=0.0

0

DC 20 I=1,N
IF(SOMEGALI) LT 04 )SOMEGA(I)=0.D0
[F(SOMEGA(I) «GTol.)SOMEGA({I )}=1.D0
EB(I1)=SOMEGA(I)

THE
THE

E
£

B
A

(I) ARE THE D(I)%%2 OF REF. (1).
(I) ARE EQUAL TO E(1)*%2 OF REF.

DG 30 I=1,N3
3({I)=0.D0
AX(I)=1.D0-zZ811)

I=1

8{(1)=1.D0

B{NBP)=1.00
A{NBP)=1.D0

INVERT DORDER GOF BETA EIGENVALUESU(EB'S)

(1).

DAN17630
DAN17S40
DAN17950
DAN17960
DANL17S79D
DAN1T7G80
DAN17S90
DAN18COO
DANLB010O
DAN18020
DAN13030
DAN18040
DAN18059
DAN1805D
NDAM180T7D
DAN150G80
DAN1809D
DANL13199
DANLS8110
DAN18120
DAN18130
DAN18140
DAN13150
DAN18160
DAN18179O
DAN18180
DAN18190
DAN1820D
DAN18210
DAN18220
DAN18250
DAN18240

LST



e NeNel

coo

490
50

221
69

790

33

HWRITE(NTO99)
WRITE(NTG,19)(EB{I), I=1,N)

CALCULATE SUMS OF CONTINUING PRODUCTS

FA{1l,1)=EB(1)
FA(2,1)=0.D00
IFINB.LE.1JGO TO 221
DO 50 J=2,4NB

JM=J-1

FA{Ll,J)=FA(1l,JM)+EB(J)
DO 40 K=2,4

FA{KyJ)=FALK,JM)+EB(J)I*FA(K=-1,4M)

FA(J+1,J)=0.D0

CONTINUE

DC 60 I=1,NB
A(I+1)=FA{I,NB)

THESE

ARE HARRIMAN!S ASUBK.

WRITEZ(NTO.29)
WRITE{(NTO,19){A(I),1=1,NBP)
FA(1,1)=AX(1)

FA(2+41)=0.D0

IF(NB.LE.1)GDO TQ 222

00 80 J=2,4NB

JM=J-1

FA(LyJd)=FA(Ll,JdM)+AX{J)
DO 70 K=2,J

FA(KyJ)I=FA(K IM)+AX(J)#FA(K=-1,4IM)

FA(J+1,J)=02.00

CONT INUE

SEE

EQN e

(21) OF REF.

(2)

DAN18250
DAN13260
DAN138270
DAN18230
DAN15290
OAN18300
DAN13310
DAN18320
DAN13330
DAN13240
DAN18350
DAN13360
DAN18370
DAN1833)
DAN133S0
DAN12400
DAN138410
DANL18420
DAN13430
DAN134%440
DAN13450
DAN13469
DAN184790
DAN138480
DAN18490
DAN185300
DAN18510
NANL18520
DAN18530
DAN18540
DAN13550
DAN18560

86T



[N aNe!l

OO0

e NeNeNe]

222 DO 99 I=1,NB

DAN18570

90 B{I+1)=FA(T1,NB) DAN13580
DAN18590

THESE ARE BSUBK OF REFS. (1), (2), AND (3). DAN18600
DAN18610

WRITEINTO,119) DAN18620
WRITE(NTO,19)M(B(1),1=1,NBP) DAN18&30
DAN18640

CALCULATION OF WEIGHTS FRGM EQN. {26) OF REF. (1). DAN18650
DAN186E60

DO 110 I=1,NBP DAN1867D
SI=Xt+I-1.D0 DAN13680
XZ=XN-S1I DAN18690
MM=XZ+1.01 DAN18720
1S=2.%S1+0.01 DANLSTLO
MS=ST+XM+0.01 DAN18720
NS=ST-XM+3.01 DANIB730
XS=DFLOAT(IS) DAN18740
SOMEGA(I)=0.D0 DAN18750
DO 100 J=1, MM DAN18760
JM=J-1 , . DAN18770
100 SOMEGA(I)=SOMEGA(T )+ (~1.D0) #%JM* (F(NS+JIM, 1)%*x2%B{NS+J) ) /(F(IS+J,1)DANLSTR]
L#F(JM, 1)) DAN18790
SOMEGA(T)={XS+1.00)*F(MS,1)*SOMEGA{I)/F(NS,1) DAN18300
IM=1-1 DAN188&10
110 WRITE(NTO,39)S1,SOMEGALT) DAN18820
DAN183830

INVERT THE ORDER OF THE NATURAL ORBITAL GOF CHARGE EIGENVALUES DAN18840

SO THAT THE LOWEST ORBITAL HAS THE HIGHEST OCCUPATION DAN13850
DAN18860

DO 120 I=1,N DAN18870
AX{I)=EA(N-I+1) DAN13880

6ST



OO0

[(aEeN e

120

130

1200

1210

140

1

150

160

B0 120 J=14NC

H{J, 1)=CA{JsN-T1+1])

D0 130 J=1.NR

EALJ)=AX{J)

DO 130 I=1,NC

CA(ILJ)=H(T,J)

DO 1200 I=1,N

DO 1200 J=14NC

H{JyI1)=CB{JyN-T41)

DO 1210 I=1,NC

00 1210 J=14N

CB(I J)=H{I,J)
IF{NAJNEJNB«ORICON{4)sEQ.0)GC TO 5
DO 140 I=1,NC

CA(I+NA)=TENDI(I)
CAULTI,NBP)=TENOIN+I)

CALL MPRY2{CAy)EA4B6HMCDIFY,6HED NeGy6HRBS CGyUyNR4NCyNRX)
CONTINUE

CALCULATION OF A{K+1)°*'S FRCOM RECURSION RELATION

DO 150 I=1,N
H(1,1)=1.00
Fa{l,1)=1.00
IFINB.LE.L)GO TO 223
DO 170 I=2,4NB

iM=1-1

DO 160 J=1,NB

EQNe {31) OF REF. (2)

FA(I,J)=A{L)-EB{J)*FA(IMyJ)

DAN13890
DAN18300
DAN18910
DAN18G2)
DAN13630
DAN18540C
DAN13950
DAN1B9I¢D
DAN18970
DAN1398D
DAN13990
DAN19Q000
DAM19O10
DAN19020
DAN12030
DANL19040
DAN1SO590
DAM120560
DANLSOTO
DAN190389
DAN19030
DAN19130
DAN19110D
DAN19120
DAN1913D
DAN19140
DAN19150
DAN191%D
DAN19170
DAN19130
DAN191950
DAN19200

091



OO0

aoOCoO

170 CONTINUE
FA(K,L) IS ASUBK({L) OF REF. (2)

223 WRITE(NTO,129)
CALL MWRITE(FA,6HFA(KyLyb6H) = AS,6HUBKI(L), 1,NByNByNRX)

C3RRECT PHASES OF NATURAL ORBITALS 7O INSURE THAT TSUBT AND
USUBI ARE POSITIVE. SEE EQNS. {14), AND {(15) OF REF. (1).

NBMM=NB-1
IF(NANE.NBLORLICON(S) « TQ0 ) NBMM=NB
DO 210 I=1,NBMM
JI=M-1+1
IF{JI.GTN)GU TO 210
AV=1.D-05
KK=1
1875 IF(DABS(CA{KK9I)) eGE«XVeANDJDABS{CA(KKJI))GE.XV.AND.
1 DABS(CB(IKKyI))eGELXV) GO TO 1900
KK=KK+1
GC TO 1875
1900 LL=KK+1
1905 IF{DABS(CA(LLI)) eGEeXVeAND.DABS(CA(LLSJTI))eGELXV.AND.
1 DABS{CB{LL,I)).GE.XV) GO TO 1910
1906 LL=LL+]
GO TO 1905
1910 XXV=CA(LLyJI)*CA(KKyI)—-CAI{LL,T)*xCA{KK,JI)
IF(DABS{XAV) LTl a0-06)G0 TO 1508
XV=CA(LL,JI)/CAIKKsJI)
AX(T)={CBILL yI)-CB{KKyI)aXV)I/{CA(LL,I)-CA(KK, I)%xXV)
XV=CA(LL,1)/CA(KKy1)
BXUI)={CBILLy I)—CB{KKy ID*XV)I/(CAIKK,JI)%XV-CA{LL,JT})

DAN19210
DAN19220
NDAN19230
DAN19240
DAN19250
DAN19260
DAN1S270
DAN19280
DAN19290
DAN19300
DAN19310
DAN19320
DAN19330
DAN19349
DAN19350
DAN19350
DOAN192790
DAN193890
DAN19339
DAN19420
NAN12410
DAN19429
DAN19430
DAN19440
DAN19450
DAN19460
NDAN194T
DAN19480
DAN19430
DAN19530
DAN1S510
DAN19520

191



[eEeNe

OO0

190
15

200
210

2490

[F{AX{I).5T«0.)50 TC 15

DO 190 J=1,nC

CA{J,1)=—1.D0%CA(J, 1)

IF(BA(I).LE.D.)G0 T3 210

DO 290 J=1,NC

CA(JyJI)=-1.D0%CA(J,41)

CONTINUE

CALL MPRYZ2{CA,EA,B,6HNATL 0,86HRBS 0OF,6H CHG

NATURAL ORBITALS OF SPIN CALCULATION

DO 213 I=1.,M

B8X{I)=0.0D0

AX{1)=0.00

DO 240 I=1,N
DELW({I)=DSORT({1.D0-2B(I))
BE{I)=DSQRT(EB(1))
EluP=0.D0

E2UP=0.D0

XA1=0.D90

MNM=A-N+1

ATGMIC SPIN DENSITIES CALCULATION
SEE TABLE Il IN REF. (2)

CALCULATE INTEGRALS {OVER NATURAL GRBITALS

109 NRyNC,NRX)

DAN19%530
DAN19540
DAN19S50
DAN1G560
DAN1G570
DAN19580
DAN1S590
DAN1S600
DAN19610
DAN19&20
DAN19630
DAN1396490
DAN19650
DAN15660
DAN19670
DAN19¢80
DAN19€690
DAN19700
DAN19710
DAN19720
DAN19730
DAN19740
DANLIT750
DAN19760
DAN1R7TO
DAN19780
DAN19790
DAN15800

CALL NOINTS(EAyPKDyVALSCA»TENDO,CUT 9 INAME sNByMNMy MOy My NINTSyNIN,NRXDANLIBLO

1,NTOP4SNTAPE)

DG 470 KIK=1,KIKMAX
IF(SOMEGA(KIK) sLEe1.D-16)GC TC 470

DAN1G320
DAN1S330
DAN19840

29T



25
220

260

XKIK=KIK-1.D0

S2=XM+XKIK

WRITE(MTO,59)52
IF{MU.EQ.1)G0 TO 65

CALL MCLEAR(HyNRXyNRXyNRX)
AD=1.D0/0SQRT(2.00)

DG 220 I=1,NB

Nl=M-I+1

DO 220 J=14NC
IF{N1.GT1.N)GO TO 25
H{JyNL)=AD*{CA{JyI)-CALI4N1))
H{Jdy 1)=AD%(CA(J,1)+CA(J4N1))
GO TC 2290

H{JsI)=CA(J,y1)

CONT INUE

IFI(NA.EQ.NB)GO TO 35

DO 230 I=N3P,NA

DO 230 J=1,NC
H{J,I)=CA{J, 1)

CONTINUE

P=0.D0

DO 250 K=1,NB

KM=K-1

P=P+(—1eDO)x*KECKIKMy 1y NAZNByKIK)#A{K+1) =K

B(1)=2.D0
IF{NB.LEL1)GO TO 45
DG 260 I=1,N8
B{1)=0.00

DO 260 K=1,N3M
KM=K-1

KP=K+1

BII)=BlI)+(-1.D0)%%=K*CK(KMy24NAJNByKIK)*FA{KP,1)*K

DAN13850
DAN19860
DAN198TO
DAN19880
DAN198590
DAN19S00
DAN19910
DAN19G20
DAN19930
DAN19940
DAN19950
DAN19960
DAN19979
DAN19980
DAN19990
NAN20000
NDAN20GOLO
DANZ2QO02D
DAN202030
DAN20040
DANZO050
DAN23C6D
DANZ2GOTO
DANZ20080
DAN29G90
DANZ20100
DANZ20110
DAN20120
DANZ23130
DAN20140
DANZO150
UAN20150

€91



45

276G

55

280

61
2390

300

65

CONTINUE

DO 270 I=1,NB

BX{I)=0.D0

DO 270 K=1,NB

KM=K-1

BX{I)=B8X{I)+{-1.D0) **KMkCK{KMy1lyNAJNByKIK)®*FA(Ky )
DO 290 I=1,NA

JI=M-T+1

{IF(JI.GT.N)GO TO 61
SS=XM/(S2%(S2+1.D0))

IF(I.GT.NBIGC TQ 55

AA=SS+SS*( XN*SCMEGA(KIK) +P-XN*BX{I)-B{1))/SOMEGAIKIK)
BB=SS*XM*BX{I)*DELW(T1)}/SOMEGAIKIK)
EA(I)=AA+B3

EA{JI)=AA-BB

GG T0O 290

EA(I)=SS*{XM+1.)

DO 280 J=1,08
EALI)=EA(I)+SS*(1.,D0-BX{J)/SOMEGA(KIK))
GO TG 290

EA(1)=0.D0

CONTINUE

DO 300 I=1,NC

SPIN(IN=0.D0

BC 300 K=1,M
IFIK«GTeNeGR.KLLTLMNMIGO TO 300
SPIN(I)I=SPIN(I)+EA(K)*H(T,K) *%*2
CONTINUE

WRITE(NTO,569)S2
WRITE(NTO192{SPIN(T),I=1,4NC)
COMTINUEC

CALL MCLEAR({HyNRXyNRXyNRX)

DAN20170
DAN201890
DANZ20190
DAN202G0
DAN20210
DAN23229
DANZ0O230
DAN20240
DANZO025C
DAN20260
DANZ20270
DAM202380
DANZ20230
DAN20300
DANZ20310
DAN203290
DANZ20330
DANZO340
DANZ20350
DANZ20360
DANZO3TO
DANZ2IJ380
DANZ20399)
DAN20400
DAN20410
DAN204290
DANZ20430
DAN20440
DANZ20450
DAN2046D
DAN204T0
DAN20480

%91



OO OOOO0

OO0

310

320

324

224

CALCULATION OF D PARAMETERS

UPPER HALF OF H MATRIX=D2{I,J)

LOWER HALF OF H MATRIX=DO{(I,J)

UPPER HALF OF BETA = CORE HAMILTONIAN

LOWER HALF OF BETA MATRIX=D1(I,J)

ED(INI=0LLI); AX{I)=DO(I1)

SEE REF, (3), TABLE Vv AND EQN. {9) OF REF. (4)

DO 3580 I=1,.NB

AX{I)=0.D0

ED(I)=0.00

DO 310 J=1,NB

JM=J~-1
AXCI)=AX{I)+{-1.00) %% JMXCK{IMyO 9 NAJNB,,KIK)=FA(J,yI)
CONT INUE

AX(T)=AX(I)/SOMEGAIKIK)

IM=1-1

DO 320 K=1,NB

ED{I)=ED(I)+{-1aDC)** K*CK(KyOsNAJNByKIK)*FA(K,y 1)
ED(I)=ED(I)/SOMEGA(KIK)

[IF{I.EQ.1) GO TO 360

DO 350 J=1,1IM

AZ21J4(1)=1.D0

IFI(NB.LE.1)GO TO 224

DO 324 K=2,N8B

A2TIIK)=FA(K, I)-EB(J)*A21J{K-1)

A21J{K) IS ASUBK(I,J) GF REF. (2)

H{I1,J)=0.D0
H{J,1)=0.D0

DAN20D490
NANZ203500
DANZ2J510
DAN23520
DAN20539
DAN20540
DAN20550
DAN2Q560
DAN20OBT70
DAN20580
DAN205G)
DAN20600
DANZOGLQ
DANZ2J620
DAN20630
DANZ20640
DAN20&50
DANZ2CGSD
NDAN206TD
DAN20¢&80
DAN20630
DAN2070D
DAN2G710
DAN2GT20
DAN23T30
DAN20740
DAN20750
DANZ2OT&0
DAN2OTT0
DAN2J780
DAN20730
DAN20800

G9T



OO0

330
340
225

350
360

75

85

95

380

WRITEINTG,79)S2

IFINBe.LE.1)GO TO 225 DANZ20E10
DB 330 K=1,NBM DANZ23820
KM=K-1 DAN20830
H{I,J)=H{I,J)4(-1.DI)*FKMECKIKMyIpNAYNByKIK)*A2TJ(K) DAN293540
H{19J)=H{TI+J)/SOMEGA{KIK) DAN208590
BETA(IL»J)=(AX(I)-H(I,J))/EBLJ) DAN20860
H{Jy I)={ED(I)-BETA(I,J))/EE(J) DAN208TG
CONTINUE DAN20880
CONTINUE DAN2I8E9)
DAN20900

PROJECTED CHARGE DENSITY CALCULATION DAN20910

SEE TASBLE I1 OF REF. (2) DAN20G20
DANZ209230

DO 3380 I=1,N DAN2094)
DO 380 J=1,1 DAN20950
CB(IyJ)=O.DO DANZ20G50
DO 370 K=1,M DANZ2I97D
IF(m.'c.NB)bO T 75 DAN20950
IF(K.LE.NAIGO TO 85 DANZ20G990
IF{K.GTNIGO T 370 DANZ21300
IF(K.GT.NA)GO TC 95 DANZ21010
CB{IyJd)= CB(I,J)+{1.DO+DSQRTIEB(K))I*(AXIK)+ED(K))I*CA(TLK)*CA(IDAN2102D
14K) DAN21030
GO TC 370 DANZ21040
CB(IyJ)= CBUI,JI+CA(IKI*XCA(JyK) DANZ21050
GO TO 370 DAN21060
IT=M-K+1 DAN210790
CBLIsJ)= CBUI4JI+(1.DI-DSQART(EB(II) I*(AX(IT)I+ED(ITI)))*CA(TI,X)*CDAN21080O
1A{J,yK) DANZ10S0
370 CONTINUE DANZ2119D
CBl{JyI)=CB(1,J) DANZ21110

DANZ21120

991



390

CALL MWRITE(CB,6HPROJs »6HCHARGEy6HDENS.
E1P=CB8(1,1)*BETA(L1,1)
DO 390 I=2,NC
E1P=EL1P+CB(I,I)*BETA(I,I)
IM=1-1
DO 390 J=1,1IM
E1IP=EL1P+{CB(I1+J)+CB(Js» 1)) XBETA(INI)
WRITE(6,89)ELP
E1UP=E1UP+SOMEGAIKIK)*ELP
E2P=0.D0
QM=0
J=0
DO 430 K=1,NB
KP=M-K+1
CALCULATE IIII
J=J+1
GX=0425D0%{(1D0+BE(K) ) *x%x2)x(AX{K)+ED(K))
QM=EM+GX*TENC(J)
IF{KLT.MNM)IGO TO 115
IF(BE(K)«GT.0.999999)GGC TO 115
CALCULATE I'I*I'T?
J=J+1
GX=0e25D0%((1.D0-BE(K) I*%2)%{AX{KI+ED(K))
Q= QM+GX*TEND(JY )
CALCULATE I1i'1?
J=J+1
GX=—0.25D0%{DELW{K)**2) ¥ (AX{K)+ED(K))
QM=QM+G X*TEND(J)
CALCULATE II'II?
J=J+1
GX=0e2500%(DELWIK)¥*%2)%{ AX{K)—-ED(K))
QM=QM+GX*TENC(J)

9Oy NCyNCyNRX)

DAN21130
DAN21140
DAN21150
DAN21160
DAN21170
DAN2L180
DAN21190
DAN21200
DAN21210
DAN21220
DAN21230
DAN2124D
PDAN21250
DAN21240
DAN21270
DAN2128)
DAN21290
DAN21300
DAN21310
DAN21320
DAN21330
DANZ21340
DAN21350
DAN21360
DAN21370
DAN21380
DAN21390
DAN21400
DAN21410
DAN21420
DAN21430
DAN21440

L9T



115

CALCULATE II°I'I

GX==0.25D0%{DELWIK)**2)*(AX{KI-ED(K))

QM=QM+GX*TENO(J-1)
IF{K.EQ.NBIGO TO 125

KAND=K+1

DO 410 LN=KANDyNB

LP=M-LN+1

CALCULATE 1TJ1J

J=J+1

DAN21450
DAN21460
DAN21470
DAN21480
DANZ21490
DAN21529
DAN21510
DAN21520
DANZ21530

GX=0.5D0%(1.DO+BE{K) )*(1.DO0+BE(LN) ) *{(H(LN, K)+(8E(K)+BE(LN))*8ETA(LD”V?1)4O

LNy K)+BE(K)*BE(LN)*H(K,LN))

QM=QM+GX*TENO(J)
CALCULATE 1441

J=J+1

DANZ2155)
DAN21560
DANZ215T0
DAN21580

GX==0e2500% ({1 .DO+BE(K) ) *(1.D0+B8E(LN) IX(H{LMyK)-BETA(LN,K)+2.D0%(BEDAN21590

TIK)+BE(LN) ) *BETA(LN,KI-BE(K)*BE(LN)*(BETA(LNy K)-H{K,LN)))

QM=QM+GX*TENO(J)

IFILN.LT.MNM)GD TGO 116

IF(BE(LN).GT.0.999999)60 YO 116
CALCULATE 1J4°*'IJ?

J=J+1

DANZ21639
DANZ21610
DAN21620
DAN21630
DANZ21640
DANZ21659

GX=0e5D0%(1.DO+BE(K))*{1.D0- BF(LN))*(H(LN:K)*(BE(K)—BF(LN))*BPTA(LUAN/loéu

INgK)=BE(K)*BE(LN) *H(K,LN))
QM=QM+GX*TE

=NG{(J)

CALCULATE 1J'J'1

J=J+1

DAM21670
DANZ216380
DAN21690
DANZ21700

GX=—=0e25D0%(1eDO4BE(K) I (1 DO-BEILN)IS=(H{LNyK)-BETA(LN,K)+2.DO%*(BEDAN21710

LIK)=BE(LN))*BETA(LN K)+BEIK)XBEILN)IX(BETA(LN,, K)-H(K,LN)))

QM=QM+GX*TENC(J)

116 IF{K.LT.MNMIGO 70 410

IF(BE(K) «GT+0.999999)G0 TO 410
CALCULATE JI*JI?

DAN217290
DAN21730
DANZ21740
DAN21750
DAN21760

89T



J=J+1

DANZ21T770

GX=0.5D0%(1eNO+BE(LN))*{1.,D0-BE(K) I*{H(LN,KI+{BE(LN)I-BE{K))*BETA{LDAN21780Q

INyK)-BE(LN)*BELK)*H{KyLN))

QM=QM+GX*TENO{J)
CALCULATE JI'I'J

J=Jd+1

GX==0e2500%(1DO+BE(LN) ) *{1.D0-BE(K) )*x{H{LN,K

DANZ217S0
DAN21800
DAN21810
DANZ 1820

J-BETA(LN,K)+2.D0%(BEDANZ21830

T(LN)-BE{K)I)=DETA(LNSRI+BCILN)I*BE(KIF(BETA(LN, K}=H{K,LN)))
QM=gM+GX*TENG(J)

CALCULATE 1*Jr1'J?

J=J+1

DAN21840
DAN21850
DANZ21360
DAN21370

GX=0.500%(1LeDO-BE(K) 1 *{1aDO-BEILN)I*(HILN,K)-(BE(K)+BE(LN))*BETA(LDANZ21880

INSK)+BE(K)I®*BE(LN)*H{KyLNI})

QAM=QM+GX*TENO{J)

CALCULATE ['Jryr1e

Jd=J+1

DAN218G0Q
DANZ1990
DANZ21S10
DAN21S20

GX==0e2500%( 1 00-BE(K)I*(1.D0-BE(LN))*(H(LN,K)-BETA(LN,K)—-2.DO*{BEDAN21G30
LUIKY#BE(ILN) )X (BETA(LN,K)I-BE(K)*BE(LN)IX(BETA(LN,KI-H(K,LN)))
QM=QM+GX*TENO(J)
CALCULATE 1J4°1

J=Jd+1

DAN21540
0AN21950
DANZ21960
DAN21S70

GX=-9Q. ZﬁDQ*DELw(K’*DFLW(LN)*(H(LNyK)*BETﬁ(LNyK)*BE(K)*BE(LN)*(BETADAN2198O

LNy KI+H(KyLN)))

QM=QM+GX*TENO{J)
CALCULATE T1JvJI?

J=Jd+1

CX==0e25D0*DELWIK)*DELWILN)%*(H(LN,

1(LNyK)#+HIK,LN)) )
QM=QM+GX*TEND(J)

410 CONTINUE

125 IF{MC.LE.D)GO

DO 425 LQ=1,

MO

T0

430

DAN21630
DAN22G00
DAN22010
DAN22020

KI+BETA(LN,K)-BE{K)*BE(LN)*(BETADAN2Z030

DAN22040
DAN22050
DAMN22050
DAN220790
DAN22080

691



420
425
430
421

LN=LQ+NB
CALCULATE ITIT
J=J+1

GX=0e5D0%(1.DC+3E(K) )X {AX{KI+BE{K) *ED(K))
QAM=QM+GX*TENO(J)
CALCULATE ITTI
J=J+1
GX=—=02.5D0%{1.D0+BE(K))I*(0.5DD%{ AX(K)—EC(K) ) +BE(K)*ED(K))
QM=QM+GX*TENDS(J)
IF{KsLT«MNM)GO TC 425
IF(BE(K) eGTa0.9999993)G0 TD 425
CALCULATE I'TI'T
J=J+1
GX=0,5300%(1.00-8E(K))I*{AX{K)-BE(K)*ED(K)})
QM=QM+GX*TEND(J)
CALCULATE 1'TT1?
J=J+1
GX==0.5D0%{1.DO0-BE{K) )¥{0S5DO*{AX{K)—-EDIK))=-BE(K)*ED{K)})
QAM=QM+GX*TENGC(J)
CALCULATE ITTI?®
J=Jd+1
GCX=—o2500%(DELWI(K)={AX(K)+ED(K)))
QM= QM+GX*TENO{J)
CONTINUE
CONTINUE
IF(MOLLELL)GO TO 441
DO 440 KQ=1,M0
K=KQ+NB
IF(KQ.EQ.MU)GC TG 440
KQI=Ki+1
DO 435 LQ=KQ1l,MO
LN=LQ+NB

DAN22090
DANZ22109)
DAN22110
DAN22120
DAN22139D
DAN22140
DANZ22150
DAN22160
DANZ22170
DAN22180
DAN22190
DAN222900
DAN22210
DAN22220
DAN22230
DAN22240
DAN22250
DAN2226D
DAN22270
DAN22230
DANZ22250
DAN22300
DANZ22310
DANZ22320
DAN22330
DAN22340
DAN22250
DAN2232560
DAN22370
DAN22380
DANZ22290
DAN22400
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435
440
441

5030
6030

259

470
9
19
29
39

CALCULATE TUTU DAN22%410
J=Jd+1 DAN22420
GX=.500 DAN22430
QM=QM+GX®TENT(J) DANZ22440
CALCULATE TuuT DAN22450
J=J+1 DANZ22469
6X==-.50D0 DAN224T790
QM=QH+GXHTENG(J) DAN22480
CONT INUE DAN2249%0
CONT INUE DAN22500
E2P=£2P+QM DAN22519
CONT INUE DAN22520
CONTINUE DAN225390
ETP=El1P+E2P DAN22540
E2UP=E2UP+SOMEGA(KIK)*E2P DANZ22550
WRITE(64259)E2P DANZ22560
FORMATI{'0' 93Xy " THO-ELECTRON OF ENERGY = ',1PD14.6) DAN22570
WRITE(6999)52,ETP DAN22530
XA12=ETPASOMEGA(KIK) DAN22590
WRITE(6ys139)XA12 DAN22600
ETP1=ETP1l+XAl2 DAN22610
WRITE(69149)ETP1 DANZ22620
WRITEINTO,279)E1UP DANZ22630
WRITE(NTO,269)E2UP DAN226490
CONT INUE DAN226590
FORMAT('0','EB') DAN226&0
FORMAT(®' ',5({1PD15.6492X)) DAN22670
FORMAT('0','A") NDAN22680
FORMAT('—*,'THE MEIGHTING FACTOR FCR THE S=?',F6.4,' STATE =',1PD15DAN22630
1.7) DANZ22700
42 FORMAT('0','NATURAL ORBITALS OF CHARGE!') DANZ22710
59 FORMAT('1',25X,'RESULTS OF PROJECTION FOR S=',F6.%) DAN22T20
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OO0

69
19
8%
39
119
129
139
149

169
179
209
269
279
239

FORMAT('C?
FORMAT(*O"
FORMAT( 0!
FORMAT('0?
FORMAT('Q?
FORMAY(*O"*
FORMAT(*O!

?
?
?
A
1
4
4

VATOMIC SPIN DENSITIES FOR S=1',Fb6.4)

'ONE-ELECTRON PART OF ENERGY =',1PD14.5)

'PROJECTED CHARGE DENSITY FOR S=',F€.4)
"FOR S=',FBe%495Xy "ENERGY ='41PD14.6)
181)

YA(K+1)')

'THE WEIGHTED ENERGY FOR THIS PROJECTION

=1,1PD14.56)

DANZ22730
DAN22740
DAN227590
DAN227690
DAN22770
DAN22T80C
DAN22790

FORMAT('0', 'THE SUM OF THE WEIGHTED ENERGIES FOR THE ABCOVE PROJECTDAN2280C

FORMAT{315)
'y *MOODIFIED NATURAL CORBITALS OF CHARGE?')

FORMAT(?

FORMAT ('L

FORMAT{*0D?

4
FORMAT(*O?*,
?
?

FORMAT(*Q?

RETURN
END

LELECTRONS')

LIONS INCLUDING THIS?'/5X, "PROJECTION=?,1PD14.5)

"BEGINNING COF HARRIMAN PRCOJECTION TREATMENT')

TUNPROJECTED TWO—-ELECTRCN ENERGY =',1P015.8)
TUNPROJECTED ONE—ELcCTRON ENERGY =¢41PD15.8)

*CALCULATICN FOR

FUNCTIGN F
FUNCTION F(INMsMNR)

.,15,'

ALPHA ELECTRONS AND

CALCULATES FACTURIAL{INM)/FACTCGRIAL{MNR-1)

IMPLICIT REAL*3 (A-H,0-2)

XF=1.D0

IF{INMoLE.1)
J=MNR 9 INM

DO 10
XJ=J
XF=XF%XJ
F=XF
RETURN
END

GC TO 5

1,15, "BETA

DANZ228190
DAN22820
DAN22830
DANZ22840
DAN22850
DANZ22360
DAN228790
DANZ22380
DAN22890
DAN229390
DAN22910
DANZ2920
DAN22930
DANZ229340
DAN22950
DAN22S60
DAN229706
DANZ22980
DAN22990C
DAN23000
DAN23010
DAN235020
DANZ23030
DAN23040

LT



OO0

FUNCTICN CK

FUNCTION CK{T,NLMeNAINByKIK)

SUMS FACTORIALS USING EQUATICN (20) OF REFERENCE (2)

CSUBK{SsMyNP) WHERE K=1,

2%NP=NA+NB-=NLM*2

IMPLICIT REAL*3 (A-H,0-12)
IB=NB-KIK+2-NLM
IS=KIK-1

JS=NA-NB+KIK-1
NS=NB-NLM
IS2=NA-NB+2%KIK-2
XSX=DFLOAT{IS2)

WY=0.D0

IF(I5.LE.O)GO TO 45
IFLINS-1).LT.0)GC TO 45
DO 19 4=1,18B

JM=J-1
IF{(IB-JM=-1).LT.0)G3 TO 10
Il=J

12=1S+JM

IF{IS.6T.0)C0 TO 5
ZZ=1.D0

G0 TO 15

2Z=Fli2,411)

I1=1S+J-1

12=1S+JM
IF({I1-1).LT.0)GO TD 10
IF{I.EQ.0)GO TU 25
YY=F(12,11)

GO T0 35

2S=NA-NB+2x{KIK-1),

2M=NA-NB,

DAN23050
DAN23060
DAN23C70
DAN23930
DAN23090
DANZ23100
DANZ231190
DAN23120
DANZ23130
DAN23140
NAN23150
DANZ3169
DAN23170
DANZ23180
DAN23199
DAN232G0
DAN23210
DANZ23220
DAN23230
DANZ3249D
DAN23250
DAN23260
DANZ232790
DAN23280
DAN23290
DAN23300
DAN23310
DAN23320
DANZ23330
DAMZ233240
DAN232350
DAN23360

€LT



25

35 WY=A{=1eD0) ¥k IM=TIXYY*FINS—T,2)/ (FUIB-JM-1,2)%F{1S2+Jy2))+WY

10

45

YY=1.D0

CONTINUE
CK=(XSX+1e00)*F(JSs1)/FUIS,)xuY
RETURN

CK=0.D0

RETURN

END

CMTBSYM SUBROUTINE MTBSY#M

OO0

1

SUBROUTINE MTBSYM(A,NyNMAX)

IMPLICIT REAL*G(A-H,0-7)

DIMENSION A(NMAX,NMAX)
THIS SUBROUTINE SYMMETRIZES THE MATRIX A,
A IS ORIGINALLY STORED IN THE TOP HALF OF A.
A{J,I)=A11,J)

DO 1 J=24N
dM=J-1

DO 1 I=1,JM
Ald,1)=A{1,J)
CONTINUE
RETURN

END

CMBTSYM SUBROUTINE MBTSYM

OO0

SUBROUTINE MBTSYM{A,NyNMAX)

IMPLICIT REAL*8(A-H,0-2)

DIMENSION A(NMAX,NMAX)
THIS SUBROUTINE SYMMETRIZES THE MATRIX A
A [S ORIGINALLY STORED IN THE LOWER HALF OF A,
AllyJd)=A(J,1)

NO i J=2,N

dM=J-1

DAN23370
DAN233280
DAN2Z23390
DAN23400
DAN23410
DANZ23429
DANZ3430
DANZ23440
DAN23450
DAN23460
DAN23470
DANZ2348)
DAN23430
DANZ35090
DANZ23510
DAN23520
DANZ23530
DAN23540
DAN23550
DANZ235690
DAN23570
DANZ23580
DAN23590
DANZ23600
DANZ235610
DAN236290
DAN23630
DANZ23640
DAN23659D
DANZ23660
DAN23670
DAN23530

LT



DO 1 I=1,JM DAN23690
Al{I,J)=A(J,1) DAN23700

1 CONTINUE DANZ237190
RETURN DAN23720

END DAN23730
CSWITCH SUBROUTINE SWITCH DAN23740
SUBROUTINE SWITCH{A,8,NR,NCyNRX) DAN2375)
TMPLICIT REAL*8({A-H,3-2) DAN23769
DIMENSION A(NRXyNRX)s»BINRXyNRX) DAN23770

C SUBROUTINE SWITCHES ROWS FOR COLUMNS IN MATRIX A. DAN23730
C B IS A DUMMY MATRIX USED TC SWITCH ROWS FOR COLUMNS DAN23790
DO 10 1=1,4NC DAN238G0

DO 10 J=1,NR DAN23810

10 B8(I,J)1=A0J,1) DAN238290

DO 20 I=1,4NC DAN23830

DO 29 J=1,NR NDAMN23849

20 AMI1,J)=B(1,J) DANZ385D
RETURN DAN238569

END DAN23870
CMMBAT 2 SUBROUT INE MMBATZ DANZ3880
SUBROUTINE MMBAT2(A,8,NCAyNRyNCBy Xy NBMX) DAN23890
IMPLICIT REAL*8(A-H,03-Z7) DAN23900
DIMENSION A(NBMX,NBMX),B(NBMXyNBMX), X{NBMX) DAN23919

c DAN23920
C THIS SUBROUTINE COMPUTES THE MATRIX PRODUCT DAN23S630
C C =8 * AT DAN23S40
c WHERE AT IS THE TRANSPOSE OF A, A IS NR #3Y NCA, B IS NCB8 BY NRDAN23950
c AND THE RESULT C IS NCB BY NCA (ROWS BY COLUMNS) , DAN23960
C ON RETURN FROM THIS SUBROUTINE B CONTAINS C, A CONTAINS AT. DANZ23970
c TAKE THE TRANSPOSE OF A. STORE RESULTS IN A, DAN239580
DOUBLE PRECISIUN SUM DANZ3599
NMAX=NR DANZ24000

TA



IFINCA.GT.NRINMAX=NCA DAN240C10

DO 3 J=2,NMAX DAN24)290
IHI=J~-1 DAN24030

DO 3 I=1,IHI DAN24040
FT=A(1,4) DAN24050
AlI,J)=A0J,1) DAN24050
AlJ1)=FT DAN240790

3 CONTINUE DAN24080

C DAN24090
Cc COMPUTE C OUNE ROW AT A TIME. STORE THE ROW IN X. THEN STORE DAM24100
C X IN Be. DAN24110
C DANZ24120
DO 7 I=1,NCB DAN2413D)

C DAN241490
c COMPUTE A ROW OF C. STORE IT IN X DAN24150
c DAN24169D
DO 5 K=1,NCA DAN24170
SUM=0.D0 DAN24180

DO 4 J=1,NR DAN24150
SUM=SUM+B(1,J)*A{J,K) DAN24200

4 COMTINUE DAN24210
X{K)=SUM DANZ24220

S CONTINUE DAN24230

C DAN24240
C STORE ROW IN B DAN24250
DO 6 K=1,NCA DAN2%4260
BUI,K)=X(K) DAN24270

& CONTINUE DAN24280

7 CONTINUE DANZ2429)
RETURN DAN24300

ENO DANZ24310

CMULT2 SUBRGUTINE MULT2 DANZ243290
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10

CLAB

100
101
132

SUBROUTINE MULT2(A,B,CyNsNRX)

MATRIX MULTIPLICATION ROUTINE FOR SQUARE MATRICES.,

C=A=>x8
IMPLICIT REAL*8(A-H,0-2)

DIMENSION A(NRXsNRX),BINRXyNRX),C{NRX,yNRX)

DO 10 T=1,N
D 19 J=1,N
C(I+,J)=0.D0
DO 10 M=1,N
CeI4J)=ClIJ)+A(I,M)%B{M,J)
RETURN
END

SUBROUTINE LAB
SUBROUTINE LAB
COMMON/LABELS/ZIL3L(12),ILAB(12)
COMMON/ZEIT/LAPSE,LAPST
REAL*8 ILBL,ILAB
REAL*4 LAPSE,LAPST
COMMON/IOIND/ICON(24)
WRITE(64101)ILAB
READ(5,100) ILBL
WRITE(6,102)ILBL
READ(5,200) (ICON(I)yI=1424)
WRITE(6,4201) (I,1=1,24),{ICON(TI),1=1,24)
LAPSN=0.0
CALL STIME(ITIME)
LAPSE=(FLOAT(ITIME) )*D.36
LAPST=LAPSE
RETURN
FORMAT(12A46)
FORMAT(1IHL////29X912A6/77)
FORMAT({29X,12A6//)

DAN24330
DAN24340
DAN24350
DAN24360
DAN24379)
DAN24380
DAN24390
DAN24400
DAN244190
DAN2442)
DAN24430
DAN24440
DAN24450
DANZ24460
DANZ24470
DAN24480
DAN24490
DAN24530
DAN24510
DAN24529
DAN24530
DAN24540
DANZ24550
DAN24560)
DAN245790
DAN24580
DAN24590
DAN24600
DAN24510
DAN246290
DAN24630
DAN245640
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260
201

CFILE

OO0

FORMAT(2413)

FORMAT(51X,28H** INPUT — OUTPUT OPTIONS *%/29X,2413/29X%X,2413)

END

SUBROUTINE FILE (NAMFIL,NTAPE,LABLE)

SUBRUOUTINE FILE(NAMFIL,NTAPE,LABLE)
THE SUBROUTINE FILE SEARCHES THE FILE UNIT

FILE NAMED NAMFIL. IF IT FINDS IT THE FILE UNIT IS

READ THE FILE.
REAL#*8 NAMFIL,LABLE,MAMTAP
EQUIVALENCE (NGFILE,XNGFIL)
COMMON /IOQIND/ ICON(24)
OIMENSION LABLE(L)
NT=NTAPE
IFCICON(10) «GTad) WRITE(&9100) NT,NAMFIL
M=3
CALL EFSKIP (NT,1)
READ(NT) NAMTAP,NOFILE9(LABLE{I),I=3,NCOFILE)
SEARCH FOR FILE NAME
DO3I=MyNOFILE
I1I=1
IF(LABLE(I) .EQ.NAMFIL) GOTOs
CONTINUE
IFC(LABLE(NOFILE).EQ.D) GOTO10
M=NOFILE+1
GOT01
FOUND FILE NAME
IF{ICON(10).5GT.0) WRITE(64105)
IF(NOFILE.EQ.I) GOTO9
CALL EFSKIP(NT,{I-NOJFILE-1))
CALL EFSKIP{NT,1)
REWIND NT
CALL EFSKIP ( NT,I-2)

NTAPE FOR THE DATA
POSITIONED

DAN24650
DAN24660
DAN24€70
DANZ24680
DAN24690
DAN24730

TODAN24710

DAN247290
DAN24730
DAN24740
DAN2475)D
DANZ247¢0
DANZ4770
NANZ24730
DAN24T790
DAN24300
DANZ24310
DAN24E20
DAN24830D
DAN24340
DANZ2485)0
DAN248ED
DAN248TO
DAN24880
DAN248990
DANZ24500
DAN24919)
DANZ24320
DANZ24930
DAN24S40
DNANZ24950
DANZ24S5D
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READ(NT) NAMTAP JNOFILE,(LABLE(1),1=3,NOFILE)
IF{LABLE(NCFILE).EQ.NAMFIL) GOTO9
10 WRITE(S5,107)NTy NAMFIL
107 FORMATI(33HOFILE LABELLED WRONG ON FILE NO. I3/
112HOFILE LABEL A5,17H CAN NOT BE FOUND)
CALL ABT
9 LABLE(1)=NAMTAP
LABLE(2)=XNOFIL
RETURN
100 FORMAT(7OXy4HTAPE, I3, 19H SEARCHED FOR FILE A¢)
105 FORMAT(70X,15HFILE NAME FOUND )
END
CSEC SUBROUTINE SEC
SUBROUTINE SEC{AyB,C)
COMMON/ ZEIT/LAPSE,LAPST
REAL*4 LAPSE,LAPST,LAPSN
REAL*3 A,8,C
CALL STIME(ITIME)
LAPSN=(FLOAT{ITIME) )*0.36
TIM=LAPSN-LAPSE
LAPSE=LAPSN
WRITE(64100) AyB8,C,y, TIM

RETURN
100 FORMAT(/50X,3A6,15H ELAPSED TIME =,F9.3,8H SECONDS )
END
CMMOVE SUBROUTINE MMOVE

SUBROUT INE MMOVE(A,ByNR,NC,yNMAX)

IMPLICIT REAL*8 (A-H,0-2)

DIMENSTON A(NMAX,NMAX) 9B (NMAX,NMAX)
CeeoTHIS SUBROUTINE SETS THE NR BY NC ELEMENTS OF A EQUAL TGO THE
Ce«« CORRESPONDING ELEMENTS OF B.

DO 1 I=1sNR

DAN24970
DANZ24S80
DAN24990
DANZ25600C
DANZ25019D
DAN25020
DAN25030
DAN25040
DAN25050
DANZ25069
DANZSCTO
DANZ25080
DAN25090
DAN251C0
DANZ25110
DANZ25120
DAN25130
DAMZ25140
DANZ25150
DANZ25169
DANZ25170
DANZ25180
DANZ25190
DANZ25200
DANZ25210
DAN25220
DAN25230
DAN25240
DANZ5250
DAN25260
DANZ25270
DANZ25280
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00 1 J=1,NC DANZ25290

BlIyd)=A(I,4) DANZ25300

1 CONTINUE DAN25310
RETURN DAN25320

END DANZ253320
CMHRITT SUBROUTINE MWRITT DANZ25340
SUBROUTINE MWRITT (A, WAy WBeWC s ITRyNC,yNRX) DANZ253590
IMPLICIT REAL*8 (A-H,0-12) DAN25360
CeoeTHIS SUBROUTINE PRINTS OUT THE UPPER TRIANGULAR HALF (INCLUDING THE DAN25370
C.e.DIAGCNAL) OF THE MATRIX A. DAN253280
DIMENSION A{NRX,NRX) DAN253%20
REAL*3 WAsWHB,WC,ILBL,ILAS DAN25400
COMMON/LABELS/ILBL{L2),ILAB(12) DAN254190
WRITZ(69100) (ILBLUI)»I=1412),WA,WB,WC DANZ25420
IF(ITR.GT.0) WRITE(6,101) ITR NDANZ5430
WRITE(6,102) (MyM=1,10) DAN25440

DO 1 I=1,NC DAN25450
WRITE(59104) I,{A(Jy1)yJd=1,1) DANZ25460

1 CONTINUE DAN25470
RETURN DAN25435C

100 FORMAT(LHL////731Xy12A6/58X93A6) DANZ25490
101 FORMAT(61X,10HITERATION ,13) DAN25500
102 FORMAT(4HOROW»5X912,9(19X,12)) DAN255192
104 FORMAT(14,10F12.7/(4X410F12.7)) DANZ25520
END DANZ25530
CMMATB1 SUBRIOUTINE MMATB1 DAN25540
SUBRUOUTINE MMATBL{A,ByNCAsNRyNCByXyNBMX) DAN25550
IMPLICIT REAL*E8 (A-H,0-2) DAN25560
DIMENSION A(NBMXsNBMX) 9 BUINBMX,NBMX),X(1) DAN255TO0
CeeeTHIS SUBROUTINE COMPUTES THE MATRIX PRODUCT - DANZ25580
Covs C = AT %= B DAN255990

C.e.WHERE AT IS THE TRANSPUSE GF A, A IS NR BY NCA, 8 IS NR BY NCB, DAN25600

08T



CeseAND THE RESULT,y Cy IS NCA BY NCB. { ROWS BY COLUMNS)
CeeeON RETURN FROM THIS SUBROUTINE A CONTAINS C, B IS UNAFFECTED,

CeeeTHE VECTOR X IS USED FOR TZMPURARY STQORAGE.
C.sos TAKE TRANSPOSE OF A, STORE RESULT IN A.
DOUBLE PRECISION SuUM
NMA X=NR
IF(NCA.GT<NR) NMAX=NCA
DC3J=2,NMAX
IHI=U~-1
DO3I=1,1IHI
FT=A(1,J)
A(I,4)=A(d, 1)
A(J,1)=FT
3 CGNTINUE
Ceos COMPUTE C ONE ROW AT A TIME. STORE THE ROW IN X.
Ceeoll A
DO 7 I=1,NCA
Co e e COMPUTE A ROW OF Co STORE IT IN X.
DO 5 K=1,NC8B
SUM=0,000
SUM=SUM+A( T 9J)*B{JyK)
4 CONTINUE
X{K)=SUM
5 CONTINUE
CeeoSTIORE THE RQOW BACK IN A,
DG 6 K=1,NCB
A(TK)=X{K)
5 CONTINUE
7 CONTINUE
RETURN
END

THEN STORE X BACK

DAN2561C
DAN25¢20
DAN25630
DAN25640
DAN25650
DAN25660
DAN256T0
DAN25680
DAN25690
DAN257090
DAN257190
DAN25720
DAN25730
DAN25740
DAN25750
DAN25760
DAN257T70
DAN25780
DAN25730
DANZ25300
DAN258190
DAN25820
DANZ253830
DAN25840
DANZ25350
DANZ25360
DAN25870
DAN258890
DAN25899
DAN25590
DAN25910
DAN25%20

181



CMCLRT SUBROUTINE MCLRT
SUBROUTINE MCLRTUA,N,NMAX)
IMPLICIT REAL*3 (A-H,0-2)
DIMENSION A{NMAX,NMAX)

CeeeTHIS SUBROUTINE SETS ALL THE ELEMENTS IN THE UPPER TRIAMGULAR HALF
Cees (INCLUDING THE DIAGONAL) OF A EQUAL TO 0.0 THE POSITION OF THE

Ceeelyl ELEMENT DF A IS DEFINED BY THE CALLING PRIGRAM.
DO 1 J=1,N
DO 1 I=1,J
A(I4J)=0.0
1 CONTINUE
RETURN
END
CMCL EAR SUBROUTINE MCLEAR
SUBROUTINE MCLEAR( Ay NReNCyNMAX)
IMPLICIT REAL*%8 (A-H,3-72)
DIMENSION A(NMAX,NMAX)
CesoTHIS SUBROUTINE SETS THE NR BY NC ELEMENTS OF A FQUAL TO 0.0
CoeeeTHE 1ol ELEMENT OF A IS DEFINED BY THE CALLING PROGRAM,
DO 1 J=14NC
DO 1 I=1,NR

A(I,4)=0.0
1 CONTINUE
RETURN
END
CHDIAG SUBROUTINE HDIAG

SUBROUTINE HDIAG{H »UsXeIQsNyNBMXy IEGENNR)

IMPLICIT REAL*8 (A-H,0-2)

FORTRAN 1V DIAGONALIZATION OF A REAL SYMMETRIC MATRIX BY THE
JACGBI METHOD.

MAY 19,1959,REVISED TO FORTRAN IV AUG 17,1966

CALLING SEQUENCE FOR DIAGCONALIZATION

OOO0

DANZ25930
DAN25549
DANZ25950
DAN25960
DAN2597D
DANZ255380
DAN25990
DAN26020
DANZ2&0O1D
DAN26020
DANZ26030
DAN25040
DAN25350
DAN26060
DAN26DTO
DANZ26Q280
DANZ25090
DANZ26100
DAN261190
DAN26120
DANZ26130
DAN26140
DAN2¢6150
DAN26160
DAN2541TO
DAN26130
DAN26190
DANZ26200
DANZ25210
DAN26229
DAN26230
DAN26240
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OO OQOOOOHOOOCOO0O0O0O00

aNaN el

10
15

CALL HDIAGUHyU Xy IQeNsNBMXy IEGEN,NR)
WHERE H IS TH ARRAY TQ BE DIAGONALTIZED.

N IS THE ORDER OF THE MATRIX, H.

IEGEN MUST BE SET UNEQUAL TO ZERO IF CONLY EUGENVALUES ARE
TO0 BE COMPUTED.

TEGEN MUST BE SET EQUAL TO ZERO IF EIGENVALUES AND EIGENVECTORS
ARE TQ 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 T(Q BE DIAGOMALISED

XeIQ ARE ADDITIONAL ARRAYS BOTH ARE OF LEGNTH AT LEAST NBMX

THE SUBROUTINE OPERATES CNLY ON THE ELEMENTS OF H THAT ARE TO THE
RIGHT CF THE MAIN DIAGONAL., THUS, ONLY A TRIANGULAR
SECTION NEED BE STORED IN THE ARRAY H.

DIMENSION H(NBMXyNBMX) gU(NBMX,NBMX)sX(1),1Q(1)

SET INDICATOR FOR SHUT OFF RAP IS APPROX 2%%-45,

SPECIFICALLY FOR THE CDC6600 48 BIT MANTISSA

DATA RAPS/2.0E-13/,HDTES/1.0E38/

IF(IEGEN.NEL.O) GO TG 15

DO 10 I=1,N

DO 190 J=1,4N

Ull,J)=0.

IF{I.EQ.J) U‘I’J’zln

CONTINUE

NR=0

IF(N.LE.1) RETURN

SCAN FOR LARGEST OFF DIAGONAL ELEMENT IN EACH ROW

X(I) CONTAINS LARGEST ELEMENT IN ITH ROW

IQ(I) HOLDS SECOND SUBSCRIPT DEFINING POSITION OF ELEMENT

NMI1l=N-1

DO 30 I=1,NMI1

X(I1)=0.

DAN26250
DANZ26260
DAN262T0
DAN262390
DAN26290
DANZ2&£3200
DAN26210
DAN26320
DAN26330
DANZ26340
DAN26350
DANZ26360H
DANZ6379
DAM25380
DAN25230
DAN26409
DANZ2AK610
DANZ26420
DAN2&430
DANZ2 5440
DAN26450
DAN264560
DAN254T)
DAN25480
DAN26490
DANZ26500
DAN26519
DANZ6529
DAN25530
DAN26540
DAN265590
DAN25560
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30

40

60

70

39

119

IPL1=1+1

DO 30 J=IPL1,N
[F(X(1).GT.DABS(H{I,J})) GO TC 30

X{I)=DABS(H(I,J))

1Q(1)=J4
CONT INUE

SET UP ZERU CUT

HOTEST=1

FIND MAXIMUM OF X(I) S FOR PIVOT ELEMENT AND TeST FOR END OF PROB

D0 70

IF(I.LE.1) G3 TO 60

«0E38

I=1,NMI1

OFF (RAP)
RAP=T.45058060E-9

IF{XMAX.GE.X{I)) GO TG 70

XMAX=X{1
IPpiv=l

)

JPIV=1IQ(I)

CONT INUE

IS MAX. X(I) EQUAL T3 ZERQ,
IFIXMAXLELGL.0)

IF(HDTEST.LELO.OQ)
IFIXMAX.GT«HDTEST)
HDIMIN=DABS (H(1l,1))

DO 110

I= 29N

RETURN
GO 10 g0

GO TO 148

INITIALIZE HDTEST.

IF LESS THAN HDTEST, REVISE HDTEST

IF(HDIMINCGTDABS(H(I»1))) HDIMIN=DABS(H{I,I))

CONTINUE

HOTEST=HDIMIN*RAP
IF MAXeH({TI9J)LESS THAN RAP*ABS{MIN(H(K,K)))

RETURM

IF{HDTEST+«GEXMAX) RZTURN
NR = NR+1

COMPUTE

TANGENT,

SINE AND COSINE H{TI41),H(JsJd)
TAMG=DSIOGN{ZeDOy(H{IPIV, IPIV)I=HIJPIV,L,JPIV)I))IRH{IPIV,JPIV)/(DABS
LIH(IPIVyIPIV)=H{JPIVoJPIV))+DSQRTI(H(IPIVIPIV)I-H(JPIV,JdPIV))**x2

DANZ2K5TO
DAN2£589
DAN26590
DAN26600
DAN26610
DAN26620
DAN26630
DANZ26640
DANZ26650
DAN26660
DAN266TQ
DAN2668D
DAN26690
DAN25T00
DANZ26710
DAN26720
DAN25T30
DAN26T2D
DAN2AT5D
DAN256760
DAN26770
DAN2&6780
DAN26790
DAN26800
DANZ26810
DAN26320
DAN26330
DAN26540
DAN26859D
DAN268560
DAN268TD
DAN26380
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153

2 +40%H(IPIV,JPIV)*x2))

COSINE=1./DSQRT{1.+TANG**2)
SINE=TANG*COS INE
HII=H({IPIV,IPIV)

DAN2638990
DANZ26500
DAN26913G
NDAN26S20

HUIPIV,IPIV)=COSINEX*2%(HIT+TANGH: (2. %xH(IPIV,JPIV) +TANG*H{JPIV,JPIVDAN2693D

1))

H{JPIV,JPIV)=COSINE®*%2%(H{JPIV,JPIV)-TANG* (2. %H{IPIV,JIJPIV)-TANG*H

111))
H{IPIV,JPIV)=0.
PSEUDC RANK THE EIGENVALUES

ADJUST SINE AND COS FOR COMPUTATION OF H(IK) AND U(IK)

IF(HUIPIV,IPIV)GEL.H{JPIV,JPIV)) GO TO 153
HTEMP=H{IPIV,IP1V)
H(IPIV, IPIVI=H{JPIV,JPIV)
HOJPIV.JPIV)=HTEMP

RECOMPUTE SINE AND COS
HTEMP=DSIGN(1.D0,4—-SINE}*CUSINE
COSINE=DABS(SINE)
SINE=HTEMP
CONTINUE
THE I OR J ROW.
DO 350 I=1,NMI1
IF(I.EQ.IPIV.OR1EQ.JPIV) GO TO 350
IF{IQUI) eNESLIPIVLANDLIQUI)NELJPIV) GO TO 359
K=1IQ(I)
HTEMP=H(1,K)
H{I,K)=0.
IPL1I=1+1
X(I)=0.
SEARCH IN DEPLETED ROW FOR NEW MAXIMUM
DO 320 J=IPL1,N
IFIX{T1).CT.DABS(H(I,LJ))) GO TG 320

DAN256940
DAN26950
DAN26950
DAN26STD
DANZ26S80
DANZ26990
DANZ27330
DAN27010
DANZT02D
DANZ27330
DAN27040
DAN27350
DAN2T7060
DANZT7QT70
DAN27080
DAN27090
DAN2T100
DAN2T110
DAN27120
DAN2T7130
DAN27140
DAN27150
DAN27150
DAN27170
DAN27180
DAN2T193
DAN27200
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320

350

370

3930

420
430

450

430

X(I)=DABS(H(I,J))

1Qt1)1=J

CONT INUE

H{I,K)=HTEMP

CONTINUE

X{iePivi=q.

X(JPIV)=0.

DO 530 I=14+MN

IF{I-IPIV)37095304420

HTEMP = H{ILIPIV)

H(I,IPIV) = COSINE*HTEMP + SINE*H(TI,JP1V)
IF(X(I).GE.DABS(H(IL,IPIV))) GO T2 290
X(1)=DABS(H{I,IPIV))

IQtiy=1IpP1v

H{I,JPIV) = —SINEXHTEMP + COSINEX*H(I,J4PIV)
IF(X{I)GE.DABS{H{I,LJPIV))) GO TO 530
X{I)=DABS(H(I,JP1IV))

IQ(1)=JPIV

GO TO 530

IF(I-JPIV)430,530,%80

HTEMP = H(IPIV,I)

H(IPIV,I) = COSINEXHTEMP + SINEXH({I1,JPIV)
IF(X({IPIV).GE.DABS{H{IPIV,1))) GO TO 450
XUIPIVI=DASSIHUIPIV,I))

IQUIPIV)=I

H{I,JPIV) = —SINE*HTEMP + COSINEXH(I,JPIV)
IFIX(I).GE.DABS(H({I,JPIV))) GO TO 530
X{I)=DABS(H{I,JPIV))

IQUI)=JPIV

GG TO 530

HTEMP = H(IPIV,I)

HUIPIV,I) = COSINEXHTEMP + SINE*H{JPIV,I)

DANZ27210
DAN2T72290
DAN27230
DAN27240
DAN27250
DANZ27260
DAN2T2T0
DAN27280
DANZ27299
DAN27300
DAN27310
DAN273220
DANZ27330
DANZ27340
DAN27350
DAN27360
DAN27370
DAN27380
DAN27390
DANZ27409
DAN27410
DAN27420
DANZ2T74390
DAN27440
DAN2T450
DAN2T7460
DAN27470
DAN27430
DAN27490
DAN27500
DAN27510
DAN27520
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IF(X{IPIV)GELDABS{H{IPIV,I))) GC TO 500 DAN2T7330

X{IPIV)=DABSIH(IPIV,I)) DAN2T7540
IQUIPIV)=1] DAN27559

500 HUJPIV,1) = —SINEXHTEMP + CCSINEXH(JPIV,I) ' DAN27560
IF(X{JPIV).GT.DABS{H(JPIV,1I))) GO TO 530 DAN27570
X(JPIV)=DABS(H(JPIV,I}) DAN27580
[{JPIv)=1 DAN275%0

530 CONTINUE DAN27690
C TEST FOR COMPUTATION OF EIGENVECTOCRS DAN275619
IF{IEGEN.NE.O) GO TO 40 DAN27620

DO 550 I=1,N DANZ7630
HTEMP=U{(1,IPIV) DAN27640

UL, IPIV)=COSINEXHTEMP+SINE*U(I,JdP1IV) DAN27650

550 UlI,JPIVI=—SINE*HTEMP+COSINE*XU(I,JPIV) DAN27659
GO TO 40 DAN27€70

END DAN27680
CFOLLOW SUBROUT INE FOLLOW DAN2769)
SUBROUTINE FOLLUW DAN27709
COMMON /ZEIT/ LAPSE,LAPST DAN27710
COMMON /LABELS/ ILBL(12),ILAB(12) DAN27T720
REAL*8 ILBL,ILAB DAN27730
REAL*4 LAPSE,LAPST DAN2T7740

LAPSE = LAPST DAN27750

WRITE (64100) ILAB DAN2T7T750

WRITE (6,101) ILBL DAN27T779

CALL SEC {OHFINISHy6HED PRCy6HBLEH ) DANZT7780

sTOP DANZ27790

100 FORMAT( 1H1 //7// 15X 12A6) DAN27800
101 FORMAT ( 15X 12A6) DAN27810
END DAN27829
CFMFUHF SUBROUTINE FMFUHF DAN278390

SUBROUTINE FMFUHF (A48 CyNCyNRX) DAN27840

L8T



IMPLICIT REALX*8B (A—-H,0-2)
DIMENSION A{NRX,NRX) s BINRXsNRX) ,C (NRXyNRX)
CeeeTHIS SUBRJUTINED FORMS THE UNRESTRICTED HARTREE FOCK HAMILTONIAN
CeeeMATICES, FA AND FB.
Cese FA = H + JT - KA
Ceoe FB = H + JT - KB
CeeoBN EMTRY C CONTAINS THE MATRIX FT, FT = H + JT, A CONTAINS KA, AND
Cess8 CONTAINS KBe ON EXIT A CONTAINS FA, AND B8 CONTAINS FB. ONLY THE
CeeeUPPER TRIANGULAR HALF {(INCLUDING THE DIAGONAL) GF A, By AND C IS
CeeoUSED IN THIS ROUTINE AS ALL THE MATRICES ARE SYMMETRIC.
DU 2 J=1,NC
DO 1 I=1,J
A{IsJ)= ClIyJd)-A(1,J)
BllIsJdl= ClI1,J)-8{1,4)
1 CONTINUE
2 CONTINUE
RETURN
ZND
CFMJUHF SUBRODUTINE FMJUHF
SUBRDUTINE FMJUHF(TyRySyTTyRRySSyNBFNSyNBMX,NAMJNITAPE, TLASBL,
1 PKLABL y VALUEM NI NMAX,IPTICUTLG, IX)
IMPLICIT REAL*8 (A—H,03-2)
REAL*8 INTNAM, ILABL,ILAB,ILBL,NAM
DIMENSION TUINBMAoNEMX) g TTINBMX pNBMX) 3R INBMXyNBMX) o

1 RRINBMXy NBMX) y S{NBMX,NBMX)  SS{NBMX,NBMX),
1 PKLABLININMAX) o VALUEM{NINMAX) ,
1 IPRT{36),ILABL(1)
Coeeo INITIALIZE CUUNTERS.

NRECNT=0

LSUMNW=0

NMINNW=0

IRC=1

DAN2T850
DAN2T360
DAN278T0
DAN2T830
DANZ27£90
DANZ27300
DANZ27910
DAN27920
DAN27930
DAN27S40
DAN2T7S50
DAN2 7560
DAN27S70
DAN27G30
DAN27950
DAN2800O
DAN28010
DANZ23020
DANZ23030
DAN23049D
DAN2805D
DAN230690
DAN28070
DAN28080
DAN28090
DAN238100
DANZ8110
DANZ281290
DAN28130
DAN28140
DAN28159
DANZS8160
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Ce s« PRINT HEADER IF CHECK SUM FLAG IS ONe.
IF(IPTI.EG.0) GO TO 70
WRITE(6,4100)
70 CONTINUE
CeeoPOSITION TAPE TO READ TWO ELECTROM INTEGRALS.
CALL FILE(NAM,NITAPE,ILABL)
CeoelLDOP UNTIL LAST RECORD OF TWO ELECTRON INTEGRALS 1S REACHED
Cees READ A RECDORD OF INTEGRALS.
72 READ(NITAPE) NINTSHLSTRCD,PKLABL,VALUEM
CoeesUP RECORD COUNTER.
NRECNT=NRECNT +1
CeeeSET UP AND PRINT CHECKSUMS IF CHECKSUM PRINT FLAG IS ON.
IF{IPTI.EQ.0) GO TC 75
IFLIRC.EQe1) IPRT(L)=NRECNT
CALL UNPACK(PKLABLI(1)»IAsJAsKASZLALIZ,4ITA)
CALL UNPACK(PKLABLININTS)sIB,JB,KB4LB,y1Z2,1TB)
IPRT{IRC+1)=4JA
IPRT(IRC+2)=LA
IPRT(IRC+3)=NINTS
IPRT(IRC+4)=UB
IPRT{IRC+5)=LB
IRC=IRC+5
IF{IRC.NE-36) GO 7O 75
ARITE(6,103) IPRT
IRC=1
CessCHECK FOR ERRONEGUS VALUES OF NINTS.
75 IFININTS<GT «NINMAXCR.NINTS.LE.O) GO TO 500
CeeelODOP ON EACH INTEGRAL.

CeeePLACE EACH INTEGRAL WITH ITS PROPER MULTIPLIER IN THE MATRICES.

DO 29 M=1,NINTS
V=VALUEM(M)
CALL UNPACK{PKLABL({M)yIyJsKelsMU,T2Z)

DANZ28170
DANZB130
DANZ2819D
DANZ28200
DANZ28210
DANZ283220
DANZ28230
DAN28240
DAN28250
DANZB260
DANZ82T0
DANZ282380
DAN28290
DANZ8300
DANZ283190
DANZ2E320
DANZ28330
DANZ8240
DANZ2E350
DANZ23360
DAN28370
DANZ283890
DAN2839G
DAN28400
DANZB410
DAN28420
DANZ2E430
DAN28440
DANZ28450
DANZ28460
DANZ28470
DAN28480
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CeeeSKIP THE INTEGRAL IF ITS VALUE IS SMALL.

IF{DABS(VI).LT.CUTLO) GC TO 29

LSUMNW=LSUMNW+L

NMINNA=NMINNW+1
Cess DEPENDING ON THE TYPE OF LABEL OF THE INTEGRAL AS GIVEN BY THE
CeeeINDEX MU, MULTIPLY THE VALUE CF THE INTEGRAL BY ITS PROPER

DAN28490
DANZ3ZS00
DANZ2851O
DAN238520
DAN28530
DANZ B340

CeeoeDENSITY MATRIX PREFACTORS AND ADD THE PRODUCTS TG THE PRCOPER ELEMENTDANZ23550

CewseOF THE MATRICES TO BE FORMED.
GOTC{12+139149159163179183+19920+2192292332%925),MU
Conel/i/1l/1as
12 TUI,1)=T(I,I)+TT(I,1)%V
R{THyTII=R(TIHyI34+RR(I 1) *V
S(I1)=S(1,1)+SS(I,I)*V
GO T0O 29
Ceeol/d/1/deeeleGTad
13 Tldy I)=TUY,1)+23TT(14Jd) YV
R{J2II=R{JyI)+RR(I1,5J) %V
S{J1)=S{JsI)+SS{I4J)*V
RUIyI)=R(I,IV+RR(JyJ)*V
S{I I)=S{T1,41)4SS(J,J)*V
R{JeJI=R{JyI)#RRIT 1) *V
S{J9d)=S{JeJ)#SS{I, 1) %YV
GC T0 29
C...I/I/K/K...I.GT.K
14 TUIHI)=T(I,I1)+TT(K,K)*V
TIKyKI=TUK KI+TT(I I )%V
R{Ky I)=R{Ky I)+KkR(I,K) %V
SIKyI)=S(KyI)+SS{T,K)*V
GO TO 29
Conel/I/1/LeesleGTul
15 THlLyI)=T(L, 1) +TT{I,1)*V
TIy1)=TLI,I)42.%TT(I,L) %V

DAN28560
DAN285T70
DANZ2B580
LANZ285990
DAN2356)0
DAN28&10
DANZ23620
DANZ2BE30
DAN28¢40D
DANZES5)
DANZ8660
DANZSE6TO
DANZBESD
DAN238&90
DAN28700
DAN28710
DAN28T20
DANZ28739
DAN2874Q
DANZ28750
DANZ28760
DANZ28770
DAN28730
DANZ28730
DAN28800
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RILyI)=RILyI)#RRII, 1%V
S{LyI)=S(L,yI)+SS{I,1)%V
R{I4I)=R{14I1)#2.%*RR{I,L)*V
S{IyI)=S(I41)42.,%SS{I,4L)*xV
GO TO 29
16 TILyK)=TIL,K)+TT(I,1)%Y
TELaI)=T( I 1042 %TT{KyL) =V
RULy I)=RIL,I)#RR{T4KI*V
S{LyI)=S(LyI)#SS(I,4K)=*V
R{KeyI)=R{Ky 1) +RR{T, L)%V
SIKyI)=S{K,T)+SS{I,L) %V
GO TG 29
C...I/J/J/J...I.GT.J
17 T(JyI)=T{JeJ)H2.5TT(14Jd) %V
T(Jy1)=T(J, 1)+TT(JyJ) *V
R{Jed)=RIEJgJ)+23RR{T 4y J)*V
S{Jed)=S{Jed)+2.%SS{14J) %V
R{JyI)=R{JyI1)#+RR{J,JI %RV
S{Jrs1)=SCJ»[)45S(JrJd) YV
GO TO 29
Cooel/J/K/KeooleGTadeGTaK
18 TUKHK)I=T(KyKI+2.*TT(I,J) %V
T{Is I)=T{Jy I)+TT(K,K) %Y
RIKyJ)=RIKyJ)+RRA{TI 4K Y
S{KeJ)=SIKyJ)+SS{T,HK)%V
RIKs I)=RIKy T)+RR(JyK)*V
SIKsII=S{KyI)#SS{JK)*Y
GO T 29
Cooel/J/IK/Kaool sGTaKeGTed
19 TUKyKIFTUKyKI+2 . %5TT{I,J) %V
Tl I)=T(J,I1)+TT(K,yK) XYV

DANZ23810
DAN28820
DANZ28S839
DAN28540
DAN28850
DANZ23869
DANZ28ETD
DANZ8880
DAN22239%50
DAN23350290
DAN28910
DANZ28920
DANZ28%30
DANZ28G 40
DANZ2895D
DANZ28950
DAN289TO
DAN23230
DAN2353%0
DANZ29039
DANZ29010
DANZ2902D
DAN23030
DAN25040
DANZ29G50
NANZ23060
DAN2307)
DAN29083
DAN29030Q
NAN29100
DAN249110
DAN27120
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R{JyK)=R{JyK)+RR (I yK)*Y
S(JeKI=S{JsKI+SS(I oK) %V
RIKy I)=R{Ky I} +RR(KyJ ) 2V
SIKyI)I=S{KyI)+SS{KyJI) %V
G3O T2 29
Cooel/d/d/LeeealeGTadaeGTul
23 T(JyI)=T(Jy1)42%TT(JyL) vV
TILyI3)=T{L s J)+2.%TT{1,J) %V
RUJ9JI=RUUJyJIH2 F*RR{TIHL)*V
S{Jed)=S{J00+2,.%SS(1,L) %V
RUJy1)=R{Js TV #RR(J,y L)%Y
S(JeI)=S{J,I)+SS{J,L)*V
RIL,yJI=R{LyJI+RRUT,,J)*V
S{LyJ)=S{LyJ)+SS(T,J)*V
R{LyI)=RILyI)+RR(JyJ)*V
S(LyI)=S(L,TI)+S5S(Jyd) =V
GO 1O 29
C...I/J/I/L...I.GT.J.GT'L
21 T{JyI)=T{Je 1) +2.%TT{I,L)=xV
TlLoID)=TULyI)+2%TT{I4J) %V
RITSI1=R(I, 1) 42 ¥%RR{JoL ) *V
S{T,I)=S(T41)+#2.%5SS5{JyL )%V
RUJyI)=ROJyI)+RR{I 4L ) *V
S(J91)=S{Jy I)+SS{I4L) %V
R{LyJ)I=RILyII+RR{T 41}V
S{LsJ)=S{L,Jd)+SS(I,I)*V
R{LyII=R{L,I)4#RR{ T4V
SULyI)=S(Ly1)+SS(I,44)*%V
GO TG 29
Cooel/d/K/JeaelaGToaKeGTWd
22 TlI2»DI=TAI» [I42.5TT(KyJ) *V
TlIyK)=T Iy KI 42 XTT {1 4d) %V

DAN29130
DAN2914D
DANZ29150
DANZ29160
DANZ29170
DANZ29182D
DAN29190
DAN2G200
DAN29219)
DANZ29220
DAN29230
DAN29240
DANZ29250
DAM2926)D
DANZ29270
DANZ235280
DAN292930
DAN29300
DAN29319D
DANZ2S320
DANZ29330
DAN29349
DAN29350
DAN239360
DAN2G3T0
DAN29380
DAN29299)
DAN29400
DAN29419D
DAN29420
DAN29430
DAN2%9440
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R{EJyJI=RUJyJI+2.5RR{T9K) %V
S{J9Jd)=50JsJ)+2%SS{I,K)*V
RUJ9K)I=RUJIyK)+RR(I yd)*V
S{deK)=S{JeyK)+SS{TI4J)%V
R(JeI1=R{JyI1)+RR{IKyJ) RV
S(JeI)=S(Js1)+SS{KyJ)%V
R{Ky I)=R{Ky I)#+RR{Js J )%V
SIKeI)=S{KyI)+SS{JsJ)*xV

GO T3 29

Coeol/Jd/K/LooelaGTadalGTeKaGTWL

23

T{dy D)=T (I 1) #2.xTTIKyL) %Y
TILHK)I=TULyK)#2%TT{143)*
RIKy I)=RIKy I)+RR{J,y L)%V
SIKeI)=S{Kys1)+SS(J,LI%xV
R{K9sJ)=RIKeJI+RR{TI4L )%V
S{Kyd)=S{KyJI#SS(I,L )%V
R{LsJI=RIL»J) +RRIT 4K} %V
S(LsJ)=S{LyJ)I+SSUI,K) RV
R{LyI)=R{LyII+RR{JyK)%V
S{Le I)=S{LyI)+SSUJ,yK)*V
GO TO 29

C...I/J/K/L.DII.GT.K.GT.J.GT.L

24

Ty DI=TUIy 142 *TTUKyL) =V
TILyK)=TIL,KI#2oFTT (I 4J)*V
R{Ks I)=R{Ky I)#RR(J,L)I*V
S(KeI)=S{K,IJ4SS(J,LI*V
RUJy€)=RUJyK)+RR{T LI *V
S(J9KI=S(JyKI+SS(I,L)*V
RILyI)=RILyJI+RRUT yK) *V
S{LyJ)=S(L,JI+SS(I,K)*V
RILy D)=RILy I )+RR(KyJ )%V
S(L,1)=S(L,1)+SS(KydI*V

DAN29450
DAN29460
DAN2S470
DAN29480
DAN29450
DAN29500
DAN2G510
DAN29520
DAN29530
DAN29540
DAN29550
DAN2S560
DAN2957D
DAN29580
DAN2G590
DANZ29600
DAN29610
DAN29620
DAN29630
DANZ296490
DAN29650
DAM23&660
DAN2G670
DANZ2968D
DAN29690
DANZ29700
DAN2S3T710
DAN29720
DAN25739
DAN23740
DAN23Y750
DAN29760
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GO YO 29
Coeal/J/K/LoeslaGTeKaGTaloeGTWd

25 T(JyD)=TCJyII+2XTT(KyL) >V
TILK)I=TIL,K)+2 XTTIT,d)*V
R{KyI)=R(Ky I)+RRILyJ)I >V
SIKsI)=S{KyI)+SS(L,J)*V
R{UJ9K)=R{EJyKI+RR( I, L)} *V
STJeKI=S{JIyK)#5S{I L)%V
R{JyLI=RUJIHLI+RR(I4K)*V
S{JoL)=S{JyL)+SS{IyK)*V
RILyI)=R{L,I)4RR(KyJ)*V
S{LI)=S{L,I)+3S(KyJ) 2V

29 CONTINUE

CeeelF THIS WAS NOT THE LAST RECORD GO BACK INTO THE LOOP AND READ
Cos e ANOTHER RECGRD OF INTEGRALS IN.

IF{LSTRCD.EQ.O) GO TO 72
CeeelF CHECK SUM PRINT FLAG IS ON AND THERE ARE MORE CHECKSUMS THEN
CoaopRINT THEM.

IF{IPTIEQ.O0AMDSIRC.EQeLl) GG TO 76

WRITE(65103) (IPRT(MN)yMN=1,1IRC)
Ceeoe COMPARE THE CHECKSUMS OBTAINED ON THIS RUN THROUCH THIS ROUTINE
CeeoewlTH THOSE OBTAINED ON THE PREVIOUS RUN THROUGH. IN CASE OF FRRCR
Ce»+ABORT. ALSO PRINT CHECK SUMS IF PRINT FLAG IS SET.

76 IF{IX.EQ.D) GO TQ 79 :
TF{LSUMNE « LSUMMW. OR2 NGSINT.NE«NMINNW) GC TO 500
IF{IPTI.EQ.Q) GO TC 73
WRITE(69102) LSUMyLSUMNWNOSINT 9y NMINNY

DAN29770
DAN2GT780
DANZ29730
DAN29800
DAN2GE10
DANZ2S220
DAN29830
DAN29840
DAN29E50
DANZ29860
DANZ298T0
DAN29830
DANZ2G890
DAN29S00
DANZ29910
DAN29920
DANZ9930
DAN29940
DAN29950
DAN2G960
DAN299TD
DAN29980
DANZ29930
DAN30000
DAN3GO10
DAN30020
DAN30030

Ce oo STORE THE CHECK SUMS OF THIS RUN THRGUGH FOR CHECKING LATER ON NEXTDAN30040

C...PASS
79 L SUM=L SUMN#¥
NOS INT=NMINNW

DAN30350
DAN30060
DAN30070

CesoeSET FLAG TO INDICATE THAT A PASS THROUGH THIS ROUTINE HAS BEEN MADE.DAN3(C080

%61



IX=1 DAN30OCS0

Cee e RETURN TO SCFUHF PROGRAM. DAN30100
RETURN DAN30110

Ce s« ERROR EXIT. DAN30120
500 WRITE(5,501) : DAN30130
CALL ABT DAN30140

sTOoP DAN30159

LOO  FORMAT(1H1///7/37X, DAN3G160
1561HINTERNAL CHECK SUMS, ETC. FROM READING TWO ELECTRON INTEGRALS//DAN30170

1 6H REC 47{1X,17H FIRST NOS LAST 1)/ DAN3D180

1 6H NOS ,7(1X,17H LABEL OF LABEL )/ DAN30190

1 6Xy 7(1Xe17H J L INTS J L)) DAN30200

102 FORMAT(1Xs1OHLAST L SUM,I12,11H THIS L SUM,I12/1X,17HLAST NCS. OF DAN30210
LINTS,112,18H THIS NOS. OF INTS,112) DAN30220

103 FORMATI(1X3I14,1X,7(13,13,1Xy14913,13,51X)) CAN30230
501 FORMAT(22HOREAD ERROR IN FMJUHF ) v DAN3G240
END DAN30250
CFMEXTH SUBROUTINE FMEXTB DAN30250
SUBROGUTINE FMEXTB(A,P,NBFNSsNBMX,PRE,EX) DAN30270
IMPLICIT REAL*38 (A-H,0-2) DAN30230
DIMENSION AINBMX,NBMX),P{NBMX,NBMX) DAN303290
DOUBLE PRECISION EY DAN30300

Ce e e SUBROUTINE FMEXTB COMPUTES THE TRACE OF THE PRODUCT OF THE DAN30210
Cooeoe SYMMETRIC MATRICES A AND P. FURTHER IT MULTIPLIES THE VALUE DAN30320

CeeeOF THE TRACE BY THE FACTOR PRE. THE UPPER TRIANGULAR HALF (INCLUDINGDAN30330
Cees THE DIAGONAL) OF A IS USED AND THE LOWER TRIANGULAR HALF (INCLUDING DAN30340

CeeeTHE OIAGONAL) OF P IS USED. THUS DAN3G350
Ceoo EX = PREXTRACE{(A * P) DAN30360
EY=0.0D0 : DAN30370
D0 2 I=1,NBFNS DAN30380
DO 1 J=1,1 DAN3923399

COD=2.0 DAN30409
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CEFSKIP

C
C
C

i0
12

16
13
20

N

IF(I.EQ.J) COD=1.0
EY=EY+CODXA(JyI)*P(1,4J)
CONT INUE
CONTINUE
EX=PRE*EY
RETURN

END

SUBROUTINE EFSKIP{NTAPE,NFILS)

SUBROUT INE EFSKIPINTAPE,NFILS)
THIS SUBROUTINE MOVES TAPE NOUO. NTAPE JUST OVER NFILS NUMBER QOF
END-OF-FILE MARKS, cITHER FORWARD OR SBACKWARDS DEPENDING ON THE
SIGN OF NFILS. IFNFILS=0, THE SUBROUTINE DOES NOTHING.
REAL*#8 EOF,WORDL

DATA EOUF/6H*%%EDF /

NT=NTAPE

IFINFILS) 20,18,10

FORWARD SPACE OVER NFILS END-OF-FILES OM TAPE NTAPE
DO16K=1,4NFILS

READ(NT) WORD1

IF(WORD1.NE.ECF) GOTO12
CONTINUE

RETURN
N==NFILS

BACKSPACE FILE UNIT NTAPE OVER NFILS FILE MARKS
DO30K=1,N
KOUNT=0

BACKSPACE NT
KOUNT=KOUNT+1

READ{NT) WORD1

BACKSPACE NT

IF(KDUNT.GT.50) GO T0 40

IF{WORD1.NE.EUF) GOTO32

DAN3D410
DAN30420
DAN304390
DAN30440
DAN30450
DAN3D460
DAN304TD
DAN30C480
DAN30490
DAN30500
DAN305190
DAN3O520
DAN393530
DAN30540
DAN30550
DAN30550
DAN30570
DAN30580
NDAN30599
DAN3 0600
DAN3O0E10
DAN30620
DAN30639D
DAN30b640
DAN30650
DANZ20660
DAN3 0670
DAN30680
DAN30690
DAN30700
DAN30710
DAN3D720

961



30 CONT INUE DAN30730

RETURN DAN30740

40 WRITE (6499) K DAN307590
CALL ABT DAN30O760

99 FCRMAT{THO FILE I3,433H CONTAINS MORE THAT 50 RECCRDS) DAN3OT770
END DAN207890

CADDTY SUBROUTINE AODDT DAN30790
SUBROUTINE ADDT{NAMsNITAPESILABLyARRAY ¢NEMX,PKOLBL, VAL INT,NINMAX) DAN30800
IMPLICIT REAL*8 (A-H,0-2) DAN30810
DIMENSION PKOLBL(NINMAX)  VALINT{NINMAX) DAN30820
DIMENSION ARRAY(NBMX,NBMX),ILABL{L) DAN30830
REAL*8 NAM, ILABLE DAN30J840
CasoePOSITION TAPE, NITAPE, TO READ THE FILE WHOSE NAME IS NAM, DAN30850
CeoeoFILE NAM CONTAINS BINARY RECORDS OF INTEGRAL LABELS AND VALUES. DaN30860
CALL FILE(NAMyNITAPE,ILABL) DAN30870
CeeeREAD A RECORD GF INTEGRAL LABELS AND VALUES. DAN30880
1 READ (NITAPE) NINTS,LSTRCD,PKOLBL s VALINT DAN30E90
IFININTSeGT NINMAXe ORSNINTS.LELO) GO TO 530 DAN30900
Cseol0O0P OVER THE NINTS LABELS AND VALUES IN THE RECORD JUST READ IN,. DAN30910
DG 2 M=1,NMINTS DAN30920
Cee o UNPACK A LABEL. DAN30G30
CALL UNPACK(PKDLBL(M) 9 19J9IZy12+12412) DAN30S40
CeeoPUT VALUE INTU CORRECT POSITION IN ARRAY {(UPPER TRIANGULAR HALF) DAN3095)
ARRAY{Jy 1) =ARRAY(J 1)+ VALINT{M) DAN30960

2 CONTINUE DAN30970

CeesIF THE RECORD JUST READ IN WAS NOT THE LAST GO TGO 1 AND READ ANCTHERDAN30G80
CoeoeoFROM TAPE. IF LSTRCD IS NONZERC THEN THE RECCRD JUST READ WAS THE DAN3Q930

CeesLAST. DAN31C0O
IF{LSTRCD.EQ.D) GO TO 1 DAN31010
RETURN DAN31020

Cees ERROR EXIT FOR INCORRECT VALUE OF NINTS (POSSIBLE TAPE READ ERRCR). DAN310G39D
500 WRITE(64510) DAN31C40
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510

CABT

CALL ASBT
STUP
FORMAT(22HOREAD ERRUR IN ADDT )
END
SUBROQUTINE ABT
SUBROUTINE ABT
A=2./0.
A=A+2.,
sToP
END

CMWRITE SUBROUTINE MWRITE

SUBROUTINE MWRITE[A WA WByWC s ITRyNRyNC,NRX)
IMPLICIT REAL*3 {(A-H,0-1)

CoeoTHIS SUBROUTINE PRINTS QUT THE MATRIX A.

1

100
101
102
104

CREORD

c

DIMENSION A(NRX,NRX)
REAL*8 WA WB+WCoILBL,ILAB
COMMON/LABELS/ILBLI12),1ILAB(12)
WRITE(6,100) (ILBL{T)»I=1412)+sWAsWByWC
IF(ITR.GT.0) WRITE{&,101) ITR
WRITE(5,102) (M,M=1,10)
DO 1 I=1,NR
WRITE(6,104) I,{A(I,d)9J=1,NC)
CONTINUE
RETURN
FORMAT(LH1///721X41246/58X93A6)
FCRMAT{61X, 10HITERATION ,13)
FORMAT (4HOROWs5X91243(10X,12))
FORMAT(14,410F12.7/(4X,10F12.7))
END

SUBROUTINE REQRD
SUBROUTINE REORDIA,ByXyX19NRyNCyNRX)

DAN31050
DAN31060
DAN31070
DAN31080
DAN31090
DAN31100
DAN31110
DAN31120
DAN31130
DAN31140
DAN31150
DAN211560
DANZ1170
DAN31130
DAN31190
DAN31200
DAN31210
DAN31229
DAN31230
DAN3 1240
DAN31250
DAN3 1250
DAN31270
DAN31280
DAN31290
DAN31300
DAN31310
DAN31320
DAN31330
DAN31340
DAN31350
DAN31360
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c

C

C

C
20
40
50
30

CFMDMB

ORDERS EIGENVECTORS FROM LOWEST TO HIGHEST EIGENVALUES.
EIGENVECTORS ARE IN 8. REORDERED EIGENVECTORS ARE IN A,

REORDERED EIGENVALUES ARE IN X.

IMPLICIT REAL*8{A-H,0-2)

DIMENSION A{NRXyNRX)yBINRXyNRX) X (NRX) 5 X1 (NRX)

AB=X1{1)
DO 20 I=2,4ANR
IFIX1(I).LELABIGO TO 20
AB=X1(1)
CONT INUE
BA=2.D0%DABS(AB)
V0 30 K=1,4NK
J=1
AB=X1(1)
DO 40 I=2Z2,NR
IF{X1{I).GE.AB)IGO TO 40
AB=X1(1)
J=1
CONTINUE
X{K)=X1(J)
X1(J)=BA
DO 50 I=14NC
AlKy I)=B(J, 1)
CONTINUE
RETURN
END
SUBROUTINE FMDMB
SUBRUOUTINE FMDMB{Y9Dy9FRyGAy NSCS yNBFNS 5 NBMX)
IMPLICIT REAL*8 {A—-Hy0-2)
DIMENSION Y{NBMX,NBMX),D(NBMX,NBMX),FR(1)
DOUBLE PRECISIGN DO

DAN31370
DAN31330
DAN31390C
DAN31400
DAN314190
DAN3 1420
DAN314%430
DAN31440
DAN31450
DAN31460
DAN31470
DAN31480
DAN31490
DAN31500
DAN31510
DAN31529
DAN31530
DAN31540
DAN31550
DAN31560
DAN31570
NDAN31580
DAN31590
DAN31&00
DAN31610
DAN31620
DAN31630
DAN31640
DAN31650
DAN3 1660
DAN31670
DAN31680
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CeeoTHIS SUBROUTINE COMPUTES THE DENSITY MATRIX, D, FROM THE MOLECULAR

CessGRBITAL COEFFICIENTS STORED IN THE ROWS OF Y, THUS -
Caos D{IyJ) = GA % SUM{OVER K) FR(K) = Y(K,I) * Y(K,Jd)
Cow o WHERE FR(K) IS THE FRACTIONAL OCCUPANCY OF THE KTH ORBITAL AND
CeoeGA IS A CONSTANT GIVEN BY THE CALLING ROUTINE.
CeoeeSINCE D IS SYMMETRIC ONLY ITS LOWER TRIANGULAR HALF (INCLUDING
CeeeTHE OIAGONAL) IS COMPUTED AND RETURNED TO THE CALLING PROGRAM,
D3 2 I=1,NBFNS
DC 2 J=1,1
DD=0.0D0
D3 1 K=1,NS0OS
FRO=FR(K)
IF(FRO.EQ.D.) GG TO 1
DO=D0D+Y(Ks I ) *Y(KyJ)%FRO
1 CONTINUE
0(1,J)=GA*DD
2 CONTINUE
RETURN
END
CFMDTB SUBROUTINE FMDTS
SUBROUTINE FMDTB{AyByCyTyNCoNRX)
IMPLICIT REAL*8 (A-H,0-2)
DIMENSION A(NRX,1)s3{NRXs1)4C{NRXy1l)
CeooelTHIS SUBROUTINE FORMS THE MATRIX C WHERE
Ceoo ClIyed) = A(1,Jd) + TxB(1,J)
CeesTHE MATRICES Ay By AND C ARE PRESUMABLY SYMMETRIC, AND THEREFGRE
CeesONLY THE LOWER TRIANGULAR HALF (INCLUDINSG THE DIAGONAL) OF C IS
Cee o FORMED FROM THE CORRESSPONDING SECTICNS OF A AND B.
DO 2 J=1,NC
DO 1 I=JyeNC
ClI,J)=A01,J)+T%B(1,J)
1 CONTINUE

DAN316990
DAN31700
DAN31i710
DAN31720
DAN31739
DAN317490
DAN31750
DAN31760
DAN317790
DAN317390
DAN31T79Q
DAN31800
DAN31810
DAN31820
DAN31330
DAN31840
DAN31859)
DAN31860
DAN31870
DAN318890
DAN3189390
DAN31300
DAN31910
DAN31920
DAN3193)
DAN31949)
DAN31950
DAN31969
DAN31970
DAN3198)
DAN31990
DAN32000
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2 CONTINUE

RETURN
END

CTEST2

C
c

W vl

SUBROUTINE TEST2(NTyJINAM)

SUBROUTINE TEST2(NT,JNAM)

TEST2

HAS BEEN

REWINDS TAPE NOe. NT AND CHECKS T3 SEE IF THE CORRECT TAPE
MOUNTED. IN CASE OF ERROR PROGRAM IS TERMINATED.,

REAL*8 TEOF,JNAMy NAMTAP, IWRD
COMMON /IOIND/ ICOM(24)

DATA ITEUF /6H%®*EQF/
NTAPE=NT

REWIND
READINTAPE)
IF({IWRD.NE. IECF)

NTAPE
TWRD
G073l

READINTAPE) NAMTAP
CALL EFSKIP (NTAPE,-1)
IF(JNAMCEQ.NAMTAP) GOTOS

WRITE(G,45)

NTAPE

CALL ABT

IF(ICON(10) «GT.0) WRITE(H43)

RETURN

FORMAT(3DHO WRONG TAPE NAME ON TAPE NOC.
FORMAT{(7OX,y4HTAPE 13,2X,24HIS LOADED

END

CHMWRITB

Ce s« DITAGONAL) OF THE

SUBROUT INE

NTAPE 3 JNAM

I3)

WITH THE MNAME A8)
SUBRCUTINE MWRITB

MWRITB(Ay WA HB 9 WC 9 ITR 9 NC 9 NRX)

IMPLICIT REAL=*8 (A-H,0-Z2)
CeesTHIS SUBROUTINE PRINTS OUT THE LOWER TRIANGULAR HALF (INCLUDING THE

MATRIX A

DIMENSION A{NRX,1)

REAL*§

WAy WB s WC yILBL,ILAD

COMMON/LABELS/ZILBLI12),ILAB(12)

DAN32010
DAN32020
DAN320320
DAN32040
DAN32050
DAN3295)
DAN32070
DAN32080
DAN32090
DAN32100
DAN32110
DAN32120
DAN32130
DAN32149)
DAN32150
DAN32150
DAN321790
DAN32180
DAN32190
DAN322030
DAN32210
DAN3222)
DAN32230
DAN32240
DAN32250
DAN322460
DAN322T9
DAN32230
DAN32290
DAN32330
DAN323210
DAN32320
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WRITE(6,5100) (ILBL(I)sI=1412)yWA,uWB,yHC DAN32330
IF(ITR.GT.J) WRITE(6,101) ITR DAN32340
WRITE(6,102) (MyM=1410) DAN32350

DO 1 I=1,NC DAN32360
WRITE(69104) I,(A(14J)9Jd=1,1) DAN32370

1 CONTINUE DAN32380
RETURN DAN32390

100 FORMAT(1HL////31Xy12A6/53X,3A06) DAN3 2400
101 FrORMAT{61X,10HITERATION ,13) DAN32410
102 FORMAT (4HOKOW$5X412,9(10%X,12)) DAN32420
104 FORMAT(I4,10F12.7/14X,10F12.7)) DAN32430
END DAN32440
CMODBLK SUBROUT INE MODBLK DAN32450
SUBROUTINE MODBLK{VsFyYsNSeyCEsGQyCAyNSOSyNBFNS NBMXy WA, ITR,1X) DAN32480
IMPLICIT REAL*8 (A-H,C-2) DAN32470
DIMENSION CA{NBMX, N8MX) DAN32480
DIMENSTION VINBMXyNBMX) 9 FINBMX o NBMX) y YANBMX,NBMX) » DAN32450

1 NS(1),CE{1).,6Q1(1) DAN32500
REAL*8 WA DAN32510

c DAN32520
C THE MATRIX TU BE BLOCK DIAGONALIZED IS STORED IN F. THE DAN32530
c SYMMETRY BLOCKING TRANSFORMATICN MATRIX IS STORED IN V, DAN32540
c THE SYMMETRY BLOCKED MATRIX, Fs IS DIAGONALIZED A BLOCK AT A DAM32550
c TIME. THE EIGENVALUES ARE ORDERED 3Y B8LOCKS - MOST MEGATIVEDAN32560
C FIRST - AND THEN THE EIGENVECTORS ARE TRANSFCRMED BACK INTO DAN32570
c THE BASIS FUNCTION REPRESENTATION, DAN325890
C DAN325990
C.ee TAKE TRACE OF F MATRIX DAN32600
5 TRFM=0. DAN326190

DO 1 I=1,NSO0S DAN32620

1 TRFEM=TRFM+F(I,1) DAN32630

Ceoo INITIALIZE EIGENVECTOR MATRIX

DAN32640

(4014



CALL MCLEAR(Y,NSGSyNSOSyNBMX)
Ceeo PERFORM DIAGONAL IZATION BY BLOCKS
NR=0
ISYM=1
IL0=1
2 NSYM=NS{ISYM)

CeooDIAGONALIZE THE vlLOCK OF FSYM WHGSE 1,1 ELEMENT IS AT F(ILG,ILD)
CoosTHE EIGENVECTORS OF THAT BLCCK ARE STORED IN THE NSYM BY MSYM

CeeeBLCCK OF Y STARTING WITH Y{ILG,ILO)

IF(NSYM.EQ.0) GOTO4

CALL HDIAGIF{ILOyILU)»YLILG,ILC) 0,60, NSXM143ﬂX'3 NROT)

NR=NR+NRUGT

ILO=1LO+NSYM

CONT INUE

ISYM=1SYM+1

IF(ILOLLELNSGS) GO TO 2

CoeeoORDER THE EIGENVALUES AND EIGENVECTORS SUCH THAT THE I+41 TH

Ceee VALUE IS GREATER THAN THE ITH AND SUCH THAT THE EIGENVECTOR

Cee o CORRESPONDING TO THE ITH EIGENVALUE IS IN THE ITH COLUMN OF
CALL URDREI(FsYy0E9sNSsGQsNSOSyNBMX)

Cooe TRANSFORM EIGENVECTORS BACK TO GCRIGINAL NON BLOCKED BASIS

CoeoAT THIS POINT THE EIGENVECTGORS OF FSYHM, W, ARE CONTAINED 1IN

CeesCOLUMNS OF Yo TO EFFECT THE TRANSFORMATION OF %W BACK TO THE

CoeoeBASIS PERFIORM THE FOLLOWING -~

Ceono X = WT %V

CeeoWHERE X IS THE MATRIX OF EIGENVECTORS IN THE ORIGINAL BASIS

Coeo AND CONTAINS THOSE EIGENVECTORS AS ROQOWS.

CeeoCUN ENTRY TO MMATB1 THE MATRIX W IS CCNTAINED IN Y

CeeolS CONTAINED IN V.

CeoeGN RETURN FROM MMATBL THE MATRIX X IS CONTAINED IN Y.
CALL MMATBLI{Y,CAJNSIOSyNSUOS,NBFNS,GQyN3MX)

Ceee TAKE TRACE OF EICENVALUES

&

EIGEN—

Ye

THE

DAN32650
DAN32660
DAN32670
DAN32680
DAN326990
DAN32700
DAN32710
DAN3272D
DAN32730
DAN32740
DAN32750
PAN32756
DAN32770
DAN32780
DAN327S0
DAN328930
DAN323810
DAN32820
DAN32830
DAN32840
DAN32850
DAN328560

ORIGINALDAN328T9O

AND THE MATRIX V

DAN328890
DAN32390
DAN32%00
DAN32919
DAN32920
DAN32S320
DAN32540
DAN32959
DAN329&Q
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TROE=0. DAN3297D

DU 3 I=1,NSOS DAN32930

3  TROE=TROE+0E(I) DAN32990
CeooDOE IS THE DIFFERENCE BETWEEN THE TRACE BEFORE AND AFTER DAN33000
Ce e« DIAGUNAL IZAT ICON. DAN33010
DOE=TROE-TRFM DAN33020
WRITE(59130) WA,DOE,NR DAN33030
RETURN DAN3304)

130 FORMAT(1HO,060X,A5,35H FSYM MATRIX DIAGONALIZATIONM ERROR DAN33059
1 E15.8/80Xy, 20WHNUMBER OF ROTATIONS ,106) DAN33060

END DAN33079
CORDREI SUBROUTINE 0ORDREI DAN33080
SUBRUUTINE ORDREI(FyUyQEyNSyNEXTyNyNBMX) DAN33090
IMPLICIT REAL*8 (A-H,0-2) DAN33100
DIMENSION FNBMXyN3MX) sUINBMX,NBMX) »CE(1) #NS{1) ,NEXT(1) DAN33110
CeeeTHIS SUBROUTINE CRDERS THE EIGENVALUES, WITHIN SYMMZTRY BLOCKS, DAN331290
Ceeo PLACING THE MOST NEGATIVE FIRST. DAN33130
CeseON ENTRY TO THIS SUBROUTINE THE DIAGONAL ELEMENTS NOF F CONTAIN DAN33140

CeeoTHE EIGENVALUES, DIAGONAL ELEMENTS 1 THRU MS(1) BELONG TO THE FIRST DAN32159)
CoeeoBLOCKy ELEMENTS MNS(1)+1 THRU NS(2) +NS(1) T3 THE SECOND BLOCK, ETC. DAN33160
CeeoeTHE CORRESPONDING COLUMNS OF U CONTAIN THE EIGEMVECTORS. DAN33170
CeeeON EXIT FROM THIS SUBROUTINE THE ORDERFD EIGENVALUES ARE IN OE AND DAN33130
CeeoTHE EIGENVECTORS IN THE CORRESPUNDING ORDER ARE IN U (AS COLUMNS), DAN3319)

ILO=1 DAN33230
ISYM=1 DAN332190

1 IF(NS(ISYM).EQ.O0) GOTO19 DAN33220
IHI=TLO+NS{ISYM)-1 DAN3323)
IF(ILO.EWLIHI) GOTO9 DAN33240

DO 2 I=IL0,1HI DAN33250

2 NEXT(I)=I ‘ DAN33240
KLO=1ILO DAN33270

3 K=NEXT(KLO) DAN33289)

%02



«©

10

FMAX=

FIKyK)}

KLPLl=KLO+1

DO 4 I=KLPl,IHI

J=NEX

IFIF(J,Jd) .GE.FMAX) GO TO 4

M=NEX
NEXT (

T

T(KLO)
KLQ)=J

NEXT{(I)=M

FMAX=F{J,4)

CONT INUE
KLO=KLP1

IF(KLPL.LT.IHT) GO TO 3

I=IL0
J=NEXT(I)

FMAX=
DO 6
OE(K)
F{I,!
F{JsJ
DO 7
U{Ky1
UKy J
Do 8

IFINEXT(M).EQ.T) NEXT(M)=J

F(I,1)
K"‘].,N

=U(Ky 1)

)=F(J,yJ)
)=FMAX
K=1yN
1=U(Kyd)
)=0FE (K]}
M=1L0, IHI

CONTINUE

[=1+1

IF{I.LT.IHI) GO TO 5

ILO=IHI+1

ISYM=

IF(ILOLLE.N) GO TO 1

D0 10

OE(KK)=F(KKyKK)

ISYM+1

KKzlyN

DAN33290
DAN33300
DAN33310
DAN33320
DAN333390
DAN33340
DAMN33350
DAN33360
DAN33370
DAN32380
DAN33390
DAN33400
DAN33410
DAN33420

" DAN33430

DAN23440)
DAN3 3450
DAN33450C
DAN33470
DAN33480
DAN33499
NDAN33500
DAN33510
DAN33%29
DAN33530
DAN33540
DAN332550
DAN33560
DAN3357Q
DAN33530
DAN33590
DAN33600
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CMABAT

CeeoTHIS SUBROUTINE TAKES THE

c...

CeeewHERE THE MATRIX AT IS THE TRANSPCSE
AND € IS NR BY NR.

ASSUMED SYMMETRIC THUS
DTAGCGNAL)
AND THEREFORE

C...f\}c

Ceos THE MATRIX B IS
CeeoHALF (INCLUDING
Ceese CALCULATED.,
Ceoso TRIANGULAR HALF OF B.
MPUTE A =
OGUBLE PRECI
DO 10 I=140NR
Dl 10 K=1,NC
SUM=0.0D0
DO 8 J=14K
SUM=SUM+A(T 4d)*B(JyK)

C...CO

9
13
10

Coeo MULTIPLY ¥ % A TO GET UPPER HALF OF C,
DO 12 K=1,NR

RETURN
END

SUBROUTINE MABAT
SUBROUTINE MABAT{A,ByNRyNCyYeNBMX)
IMPLICIT REAL*8 (A-H,0-1)

DIMENSION A(NBMXy1) 9BINBMXs1)sY(NBMX,y1)

B8Y NC,

CONTINUE

KI = K + 1
IF{KL.GT.NC) GUGTOLl3
DO 9 J=K1,NC
SUM=SUM+A{I ,J)*B(K,yJ)

CONTINUE

Y{I,K)=SUM

CGNTINUE

IS USED.

MATRIX PRODUCT -

OF Ay A IS MR BY NC,
ONLY ITS UPPER TRIANGULAR
THE MATRIX C IS ALSO ASSUMED
ONLY ITS UPPER TRIANGULAR HALF IS
THIS UPPER TRIANGULAR HALF OF C IS RETURNED IN THE UPPERDAN33T740

STORE THAT IN Y TEMPCRARILY.

STORING THAT IN B.

DAN33510
DAN33520
DAN33630Q
DAN33640
DAN33650
DAN3366D
DAN33670
NDAN33680
DAN336950
DAN33700
DAN33710
DAN33720
DAN33730

DAN33750
DAN33760
DAN33770
DAN33780
DAN33790
DAN33800
DANZ23810
DAN33820
DAN338320
DAN338490
DAN332850
DAN33360
DAN338790
DAN33880
DAN33830
DAN33993)
DAN33910
DAN33920
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1

1

CMPRY2

Cese EIGENVALUES,

1

2

DO 12 I=1,K
SUM=0.,000
DO 11 J=1,NC
SUM=SUM+Y (T ,J)*A(KyJ)
CONTINUE
BlIyK)=SUM
CONT INUE
RETURN
END
SUBROUT INE MPRYZ2

CeoeTHIS SUBROUTINE PRINTS OUT THE MOLECULAR ORBITALS (IN COLS), THEIR

IMPLICIT REAL*8 (A-H,0-2)

AND FRACTIONAL CGCCUPANCIES{IF ITR onNELO)

DIMENSION A(NRX91)+E{1)sFRI1)IsNSI1),NSN(1)

COMMON/LABELS/ILBL(L2),ILAB{12)
REAL*S WA, WB,WC,ILBL,ILAD

CoeoTHIS SUBROUTINE PRINTS OUT THE MOLECULAR
Coeee SYMMETRY DESIGNATIONS, THEIR EIGENVALUES,
Cee s OCCCUPANCIES.

[@ 3N Y I

WRITE(65100) (ILBLII)sI=1912),WAs4WB,1WC
WRITE(69102) (MyM=1,10)

DO 4 I=1,NR

IF(ITR)1,2,1
HRITE(69103)MeE(T) 4FR(T)

GO T3 3

WRITE(S59103)MyE(T)
WRITE(S6+104)14(A(Js1)9J=1,NC)
CONT INUE

CONTINUE

RETURN
FORMAT(LH1//77731X412A6/58X43A8)

ORBITALS WITH THEIR
AND THEIR FRACTIONAL

DAN33930
DAN23940
DAN33950
DAN33960
DAN33970
DAN33980
DAN33990
DAN34000
DAN34010
DAN34020
DAN34030
DAN34040
DAN34050
DAN34060
DAN34070
DAN34030
DAN34050
DAN34100
DAN34110
DAN34120
DAN34130
DAN34140
DAN34150
DAN34160
DAN34170
DAN34180
DAN34190
DAN34200
DAN34210
DAN34220
NAN34230
DAN34249
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102 FORMATI(4HOROW5X912,9(10X,12))

103 FORMAT('0'5134F15.7,F10.5)

104 FORMATI{I4,10F12.7/14X,10F12.7))

END

CMPRY1 SUBROUTINE MPRY1
SUBROUTINE MPRYLU{AZEZFRyWA,WByWCH» ITRyNRyNC,NRX)

I4PLICIT REAL*S (A-H,0-2)

DIMENSICN A{NRX,1)4,E(L),FR{L)IyNSTL),NSN(1)
COMMON/LABELS/ILBL(12),ILAR(12)

REAL*8 WAWBsWC, ILBL, ILAB

CeoeTHIS SUBROUTINE PRINTS OUT THE
Coes TOGETHER WITH THEIR EIGENVALUES AND FRACTIONAL
WRITE(6,100) (ILBL(I)»I=1,412),WA,WByWC

WRITC(6,4102) (M,yM=1,10)
DO 4 I=1yNR
IF(ITR)L,2,1

1 WRITE(69103)MyE(T)yFRIT)
G3 10 3

2 WRITE(S5+103)MyE(T)

3 WRITE(G104)1,(A(1,54)9Jd=1,NC)

4 CONTINUE
5 CONTINUE
6 RETURN

100 FORMAT(LHL////31X412A6/58X,3A6)
102 FORMAT(4HOROW+5X91295(10X412))

103 FURMAT('0',13,F1l5.7,F1iC.5)

104 FORMAT(I4,10F12.7/714X410F12.7))

END

MCGLECULAR ORBITALS {(ALREADY IN ROWS)
OCCUPANCIESI(IF

DAN34250
DAN34260
DAN342T0
DAN34230
DAN34290
DAN34300
DAN34310
DAN34320
DAN34330
DAN34340
DAN34350

»NDAN34350

DAN343T70
DAN34380
DAN34330
DAN34499
DANZ4410
DAN34420
DAN34430
DAN34440
DAN34450
DAN34460
DAN344T0
DAN34489
DAN34490
DAN34500
DAN3451)
DAN34520
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SPIN PROJECTION OF SEMI-EMPIRICAL AND AB INITIO
UNRESTRICTED HARTREE-FOCK WAVEFUNCTIONS

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 Hartree-Fock (UHF) wavefunctions.

The electronic spectra of naphthalene, anthracene, naphtha-
cene and pentacene were calculated using the Pariser-Pople-Parr
(PPP) m-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 UHF results. While the CI
calculations generally produced lower energies for the triplet
states than the UHF calculations, the spectra from UHF calculations
were in somewhat better agreement with experiment. Anomalies
encountered with degeneracies and the presence of open shell ground
states are also discussed.

The geometry of monohomocyclooctatetraene anion radical
(MHCOT) was studied using spin projection of the UHF INDO wave-

function. The theoretical molecular geometry was varied until the



experimental hyperfine coupling constants matched hyperfine con-
stants obtained from using both projected and unprojected UHF
wavefunctions. 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 differ-
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 H20(+) to compare the energies of pure spin states from
ab initio multi-configurational self-consistent field with CL
(MCSCF/CI) with those from spin projection. The MCSCF/CI calcu-
lations are superior to the UHF plus spin projection calculations.
This result will always be observed when the UHF wavefunction is
very cloée to a pure spin state before spin projection.

The dissociation of CFZO was studied using ab initio
wavefunctions. The energies of the unprojected UHF wavefunctions
were examined along with those for the dissociated CF2 + O fragments.
Good agreement exists between the calculated and experimental

vertical ionization potentials for CFZO at the equilibrium geometry.
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