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PREFACE

Over the last decade theoretical chemists have per-
fected several mathematical structures within which we can
conceptualize and articulate our notions about the nature
and behavior of the chemical bond; and concomitant with
this effort, the very rapid rise in the availability and
speed of the modern digital computer has permitted these
theories to become valuable tools to accompany the experi-
mentalist in his research. As evidence of this progress
one need only count the number of ab initio calculations
reported in the community's major research organs; notably
the "Journal of the American Chemical Society."

Most of these later efforts have been Hartree-Fock (HF)
self-consistent field (SCF) studies of isolated molecules
or chemical systems which can be addressed in this manner.
Notable contributions are due, in particular, to the minimal
gaussian basis set studies initiated by Pople and his co-
workers (Lathan, Hehre and Pople, 1971).

The HF-SCF approach, however, is with some exceptions
limited to structural problems. Most reactions are accom-
panied by changes in electronic structure that cannot be
described by this single configurational theory. The
theoretician's task was thus defined: Develop a multicon-

figuration self-consistent field (MCSCF) approximation that
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embodies three essential features:; (1) it must involve
enough configurations to properly account for the changes
experienced by a molecule in chemical reaction; (2) the
number of configurations must be small enough that the
theory remains intelligible, and (3), it should be nearly as
economical as the HF-SCF approach.

Several theories have been directed at this problem.

The first such highly optimized functions were the separated-
pair (Hurley, Lennard-Jones and Pople, 1953) calculations by
Miller and Ruedenberg (1968a,b,c) and Mehler, Ruedenberg

and Silver, (1970). Other developments are the bonding
studies by Goddard and his colleagues (Hay et al., 1972a,b,c),
the MCSCF theories by Bertoncini, Das, and Wahl (1970) and

by Hinze and Roothaan (1967). Lastly, an MCSCF theory devel-
oped by Grein and Chang (1971) has been modified by Cheung
and Ruedenberg (to be published) and holds great potential

for future applications.

The present investigation develops some new techniques
and concepts relevant to applying the MCSCF method to the
study of chemical reactions. The applicability of the
general theory is extended by developing an efficient limited
procedure that accomplishes much of the orbital optimization
obtained from a full MCSCF calculation; thus a limited theory

allows one to reserve the general method for the recovery of

subtle effects (such as elaborate correlations, spin recou-
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pling, or small orbital adjustments) by providing it with a
very refined initial wavefunction. We have developed such

a method, the separated-pair independent particle (SPIP)
model. It is related to the work by Goddard and the work by
Ruedenberg and by their coworkers mentioned above. A detailed
development of the theory is presented in Parts I, II, and a
discussion of the theory's economy and implementation is
presented in Part III. For some problems, the SPIP model
can be used alone to produce results not obtainable

with the HF-SCF approximation by itself, for example the
reaction energies associated with the dissociation of the
dimers discussed in Part IV. 1In other applications, the
SPIP model can be combined with the general MCSCF method to
study a complex reaction which, at the present state of the
art, cannot be handled otherwise. Such an application is
our study of the thermolysis of 1,2-dioxetane in Part V;
there we also introduce several new concepts concerning the
configurational and orbital spaces in which the chemical

reaction can be meaningfully discussed.



PART I: THE SEPARATED-PAIR INDEPENDENT PARTICLE

MODEL AND THE GENERALIZED BRILLOUIN THEOREM



INTRODUCTION

Chemistry is a study of atoms and the chemical bonds that
hold them together in molecules. A chemical reaction is the
formation or cleavage of one or more of these bonds, so to
understand a chemical reaction we need to know about its
reactants and products: the systems joined or parted by form-
ing or cleaving bonds. More than this, we need to understand
any metastable combinations produced during the course of a
reaction. The most common quantum mechanical description of
a molecule is the linear combination of atomic orbital (LCAO)
molecular orbital (MO) theory of Hund (1928) and Mulliken
(1928, 1935). The basic feature of this method is its empha-
sis on independent particles; in MO theory, the electrons
independently move over the whole molecule. And it is just
this essential feature of the theory that keeps it from
giving us what we want: a description of the cleavage or
formation of a chemical bond. The independent electron
motions assure us that two electrons in a bond will spend
time together on a single nuclear center. Such an arrange-
ment of the electrons is an appropriate element in a picture
of a bond near the molecular equilibrium. But it is unsuit-
able for a description of the atoms or radicals produced by
dissociation. If we are to understand how molecules dis-
sociate to atoms, then our theory must let the electrons

correlate one another.



FORMULATION OF THE WAVEFUNCTION

SCF-MO Wavefunction

The most powerful force acting between electrons is the
coulombic repulsion. In the MO approach, it enters the poten-
tial for each orbital in an average way. Hartree (1928a,b)
first formulated this in his atomic self-consistent field
(SCF) method, and Fock (1930) derived the rigorous equations
for atomic and molecular orbitals from the variation principle.
Roothaan (1951) adapted the Fock equations for use with the
LCAO-MO expansion. While the SCF-MO theory restricts the
orbitals to be doubly occupied, it yields the best possible
MO's; and it is therefore the point of departure for further
discussions. The defects remaining in the model are collec-
tively called the correlation effect (Lowdin, 1959).

An M-electron MO wavefunction has the form

N
oM (1,+++,M) = A ([T ¢, (2i-1)¢; (2i)0_(2i-1,2i)] x
i=1 |

M
I ¢k(k)a(k)}r (1-1)

k=2N+1

0_(1,2) = {a(1)B(2)-B(L)a(2)}/V2 . (1-2)

Here ¢i is an MO; a and B are the usual spin up and spin down

spinors (Pauli, 1925), and



ag = "M% g -1)¥p, 2)

Pue'S(l'M)

is an antisymmetrizer for the indices 1,2,¢°+¢,M. The summa-
tion in equation 2 extends over all the permutations in the
symmetric group of order M, and N is the number of symmetric
space functions or closed shells (Mulliken, 1928) in equa-

tion 1-1. The MO's are real and orthogonal,
<ij> =fdv 0, (Lo (1) =8, . = 0 (3)
171 j i,J 1 i=§
so the antisymmetrizer in equation 2 normalizes the wave-
function.

The orbitals ¢i with 15iS$N are called closed shells;
we'll reserve the indices (i) and (j) for closed shells.
similarly, the orbitals ¢, with 2N + 12k <M are called
singles; we'll reserve the indices (k), (), and (m) for
singles. Looking ahead, we'll reserve the indices (a) and
(b) for unoccupied or virtual orbitals. Departures from
these conventions will be explicitly defined or clear from
context.

Each closed shell can be associated with some chemical
notion like an inner shell, lone pair, or bond (Coulson,
1961; Edminston and Ruedenberg, 1963). Let's suppose that

¢N represents a bond; we can rewrite the MO wavefunction as



o = A {FI;"I b0O_F o} (4)
where
N-1
N-1 _

Fo o= T ¢;0;0 (5-1)
i=1
M

FO = il ¢ILO‘ . (5-2)

g =2N+1

We use the order of the factors in the product F2-1¢N¢NO_FO
to determine their arguments; we just compare factors term by

term to equations 1l-1,2.

Right-Left Correlation in the Independent Particle Model
The configuration interaction (CI) method (Hylleraas, 1928)
can be used to introduce correlation to a bond. For example, in
the bond represented by ¢N in equation 4, an effective way to
introduce correlation is by a two-term CI (Mulliken, 1932;
Longuett-Higgins, 1948; Mehler et al., 1970). Such a function
can be written as

N-1
2 F, } | (6-1)

Qg = Ayo_={fg ég oy, * Fy, 0N, 05,0 O_ (6-2)



< = -

Nu|Nv > Gu,v’ (6-3)

<Nul|i>=<Nyu|2t>= 0, (6-4)
2 2 — -

By an appropriate choice of the orbitals ¢Ng and ¢N, we can
introduce correlation into the electron motion along the bond
represented by ¢N in equation 4; these effects are called
right-left correlation. The functions QN and AN are called
spin and space geminals (Shull, 1959).

Additionally, equations 6-1,5 give more freedom to our
description of the dissociation. By continuously varying
the orbitals ¢N0 and ¢N1 and the coefficients fNo and le
along the reaction path, we can slowly change from an MO
description, near the molecular equilibrium, to a superposi-
tion of separated atoms, at the dissociation limit (Coulson,

1961).

Separated-Geminals and the SPIP model

An extension of equations 6-1,5 is given by

T
AN{Fc Qi1 Oy Fo b . (7-1)

L)
I

Q= 1\'< 0 (7-2)



1
Ne = 1 Eubbep v (7-3)
u=0

<kulAv> =8 58, (7-4)
<ku|i> = <kpjt> =0, (7-5)
1

) g2 =1. (7-6)
u=0 H

This function replaces several closed shells by two term
geminals.

Equation 7-1 illustrates some conventions. When we
write an antisymmetrized product of closed shells, geminals,
and singles, we will always put the closed shells first, the
geminals second, and the singles last. Moreover, we'll reserve

the double index notation ¢K“ and ¢Av for orbitals in

the geminals. ¢Ku is the u(th) orbital in the natural expan-
sion (Lowdin, 1955) of the k(th) geminal.
The orthogonality relations in equations 7-4,5 imply

that

fdvz AK(l,Z)A)\(l,Z) =0 (8)

identically for all k # 2 and all values of the coordinates
of particle 1. This is the strong orthogonality condition

of Hurley, Lennard-Jones, and Pople (1953). Aria (1960) and



and Lowdin (1961) have shown that strong orthogonality implies
the separation evident in equations 7-3,5: no orbital can
appear in the natural expansion of more than one geminal.
Thus wavefunctions like equations 7-1,6 are called separated-
pair (SP) approximations.

An alternative form of the geminal is obtained from the

transformation (Coulson and Fischer, 1949)

LB 1/V2(1+4x) 1//2(1+£x) u

= ’ (9-1)
O, 1//2(I-8x) -1/72(1-bc)1 \ v,
A =fdv1uK(l)vK(l), (9-2)
(-8 )/(1+ 8 ) =~£ /E . (9-3)

Substitution of equations 9-1,3 into equation 7-3 gives

A = 1//2(1+Ak:){quK + vKuK} . - (10)

K

Hay, Hunt, and Goddard (1972a,b,c) explored equation 7-1
using the pair function form of the geminal in equation 10.

This formula closely resembles the Heitler-London (1927)
valence bond wavefunction for a two electron bond. So Hay,

Hunt, and Goddard called their method the generalized valence

bond (GVB) theory.



We made a study of equation 7-1 using the two-term
natural expansion of the geminal in equation 7-3. We empha-
sized the similarity of the geminal and MO pictures, and we
deferred to the major premise of the MO theory; we called
equations 7-1,6 the separated-pair independent particle

(SPIP) model.
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DETERMINATION OF THE WAVEFUNCTION

Variational Equations of the SPIP Model
The SPIP wavefunction ¢l is an approximation to the true

solution of the time-independent Schrodinger equation
H(l,e°+ MV (ll"°lM) =EW(11'°°IM)- (ll)

E is the total energy of the molecule in a state corresponding
to the wavefunction VY (1,+++,M). H is the Hamiltonian opera-
tor (Born and Oppenheimer, 1927); in atomic units (Eyring

et al., 1944) it is given by

. M A
® 0o —3 - 2 —
H(l,eo+,M) =] {-%V2-] 2,/R_}
s=1 a=1
M s-1 A a-1
+ ) ) /rg, + Il 2,2,/Ry - (12)
s=2 t=1 a=2 b=1

A is the total number of atoms in the molecule; Za is the
atomic number of nucleus (a); and Rab’ Rsa’ and rst are the
distances between nuclei (a) and (b), between nucleus (a) and

electron (s), and between electrons (s) and (t) respectively.

V; is the Laplacian operator for the coordinates of electron

(s).
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A common technique to approximate solutions to eigenvalue
problems is to appeal to the variation theorem (Courant and

Hilbert, 1953):
< §Y|H|Yy>= 0, (13)

where § ¥ is the first-order variation of ¥. Equation 13,
unlike equation 11, can be satisfied by an approximation like
the SPIP function o!. We systematically examine all the
parameters in @F, and we select their values to satisfy the
variation theorem and produce as low an energy as possible.
That particular function is the best separated-pair independent
particle model of the true wavefunction VY.

The first-order variation of ¢P with respect to the geminal
expansion coefficients and MO's is

N1 .
sof = ] Joelsr ) + [Tel (50, (14)

k=I+1l u=0 r

The double sum over k and p covers all the coefficients in the
two term geminals, and the starred sum over r covers all the
occupied orbitals: closed shell, geminal, and single. The
variation theorem holds for arbitrary variations, so it must
hold for the geminal and orbital variations separately. Thus

T Loor ~ 8T
) [ <o (8f ) u|e > =0, (15-1)

k=T+1 u=0



12

and

<ol (5o ) (ulol > . (15-2)
r

Equations 15-1,2 are the variational equations to be satisfied

by the SPIP function @F.

Optimization of the Geminal Expansion Coefficients
Minimizing the total energy with respect to the geminal
expansion coefficients under the constraint of equation 7-6

leads to a set of coupled eigenvalue problems (Kutzelnigg,

1964);
1 N e
K — -

} {H v € Gw}fm’ = 0, (16-1)
v=0
AK _ A _
Huv—<d>Ku[H|(I>KV>, (16-2)

—] P [ LN [ 3N BN} -—
QKu - A{Fc QI‘+1 QK—1¢KU¢KMG-QK+1 QNFEJ}‘ (16-3)

Given a set of MO's and an initial guess of the expansion
coefficients fKu’ equations 16-1,3 can be solved by serially
executing the 2 x 2 CI problem in equation 16-1 for every
geminal in ¢P. The solution is found when the expansions are

self-consistent (Miller and Ruedenberg, 1968a).
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The Generalized Brillouin Theorem
It has been shown that the variational conditions in
equation 15-2 and the orthogonality constraints in equations
7-4,5 lead to a set of coupled integrodifferential equations.-
Their form (Kutzelnigg, 1964; Miller and Ruedenberg, 1968a;

Silver et al., 1970) is essentially given by

Fo =16, A, - (17)
\Y]

Fuis an integrodifferential operator, and Avu is a Lagrange
multiplier.

These equations were inspected by Kutzelnigg (1964), and
they were treated with coupling operators (Roothaan, 1960) by
Huzinaga (1964) and Krauss and Weiss (1964). Silver, Mehler,
and Ruedenberg (1970) unified equation 17 to a single opera-
tor equation determining all the orbitals; but in application
to some diatomic hydrides (Mehler et al., 1970) they used a
generalization (Raffenetti and Ruedenberg, 1970) of Miller and
Ruedenberg's (1968a) direct optimization method, and they
calculated their orbitals by direct minimization on the energy
surface. Hay, Hunt, and Goddard (1972a,b,c) expanded their
MO's in terms of a basis set contained to eliminate the off-
diagonal Lagrange multipliers from equation 17 (Hunt et al.,

1969) .
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We borrowed the orbital variation method of Lefebvre

and Moser (Lefebvre and Moser, 1956; Lefebvre, 1957); the
first-order variations of the MO's are expanded in the

"complete space" of the MO's themselves:

5¢r = Z c > s¢s' (18)
s#(r)
Here Cr+ s is a numerical coefficient, and the sum extends

over all the virtual orbitals and all the occupied orbitals
except ¢r. The orthogonality constraints in equations 7-4,5

are maintained to first order in Cr s s by the relation
C = =C . (19)

Substitution of equations 18 and 19 into equation 14
defines the first-order variation of the SPIP function @F with

respect to the occupied orbitals. We have

Yeftsep = 17 ] c T (20-1)

r + s rs
r r s>(r)

[

for r in geminal,

@F(r+s)-<I>P(s+r) )
s occupied

o} = { for r occupied, s virtual (20-2)
@F(r-+s)
or r double, s not double,
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and @F(r->s) is the wavefunction obtained by singly exciting
orbital ¢r in @F to orbital ¢s. The differences appearing in
equatibn 20-2 are created by the orthogonality constraint in
equation 19.

The variational conditions in equation 15-2 thus take

the form

* I 4.7
I I Cp,g<o  |H[O >=0. (21)

r s>(r)

It can readily be seen that all the ¢Frs appearing in equations
20-1,2 are linearly independent, so equation 21 clearly implies

that
T NI
<cI>rS[H|d> >= 0. (22)

The self-consistent orbitals satisfy equation 22 and the
variational conditions in equation 15-2.

Levy and Berthier (1968) established equation 22 for the
single excitations connecting orthogonal orbitals for any super-
position of orthogonal configurations. They called their
result the generalized Brillouin theorem. If the wavefunction
is the simple closed shell specialization of the SPIP function

¢P

, then equation 20-2 specializes the generalized Brillouin
theorem to the classical Brillouin theorem (Brillouin, 1934).

It has been shown (Hirao and Nakatsuji, 1973) that equation 22
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must be considered in formulating any general SCF operator

to correctly unify the operators in equation 17.

Single Excitations of the SPIP Wavefunction

To produce an actual variation of a SPIP function @F,
we need to know the explicit forms of its single excitations
®2€ in equation 20-2. Our first task is to enumerate the
excitations we need.

Since a closed shell can be thought of as a geminal with
coefficients unity and zero, the types of excitations arising
from geminals include those arising from closed shells. There-
fore, we consider @0 instead of @r. @0 defines three kinds
of MO's: the MO's ¢Ku in the natural expansions of the geminals

Ay,oo, A the MO's ¢k that are singly occupied in the product

N7
Fo; and the unoccupied or virtual orbitals o5 - Simple
counting reveals six kinds of excitations: intrageminal,
¢Ko'+¢K1; intergeminal, ¢Ku-+¢lv7 geminal to single, ¢Ku-*¢l;
geminal to virtual, ¢Ku-+¢a ; single to geminal, ¢kﬁ’¢xo, and
single to virtual ¢ b, -

We can discover what these excited functions look like by
studying a sufficiently complicated function. All six kinds

of excitations appear for the function

8(1,"',5) = A{Q(Ko,Kl)Q'(}\o,}\l)q)la} (23)
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and a sixth virtual orbital ¢a. Generalization of the remarks

by Levy and Berthier (1968) leads to the following:

5(K0+K1)
3 (ko> Ag)
8 (ko> £)
5(Kw*a)
5(2*'Ko)

o (%> a)

Equation

= fKOA {(¢K1¢Ko+ ¢K0¢K1)e_g(xo,xl)¢ga}, (24-1)

E Ea, A L(0) 0+ 6 65 00_0, 65 O_¢gals (24-2)

= fKOA'{(¢2¢K01+¢K0¢£)O_Q%A0,A1)¢2a}, (24-3)
=‘fKoA{(¢a¢Ko4"¢Ko¢a)o-gwxo'xl)¢2a}’ (24-4)
= fK]A{¢K1¢Kle_QWA0,A1)¢Koa}, (24-5)
= A{Q(ko,k1) (A0, 21) 9 a}- (24-6)

24-3 for ®(ke+ &) is not in the form we want; the

orbital ¢y is doubly occupied, so we'll move it forward with

the other doubles. Rewriting the orbital product slightly we

find

‘I)(Ko -*2,)

o A0, +0, 6))A" (Ro,X1)6,0_0_a}

2£, A{ggd, A" (Rosr1) 6,0 0 ol

=-2£, Alo 6, A" (Ao, A1) 0, (2,5)0_0_a}. (25)
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Here (i,j) denotes the permutation interchanging (i) and (j).

An expansion of the spin function shows

(26)
<0_0_al(2,5)|0_0_0a>=%,
SO
(2,5)0_0_0 = % 0_0_a + "other spin
functions orthogonal to 6_0_a". (27)

The "other spin functions" must be symmetric with respect to
the permutation of the electrons in at least one geminal
(Salmon et al., 1972). Since the geminals are symmetric in
their electrons, the wavefunctions the "other spin functions"
generate must be symmetric with respect to the permutation of
at least two electrons. The antisymmetrizer annihilates these

functions, and equation 24 becomes
(ko> o) = = A{6,¢,0.0' (ho,21) 0, al. (28)

This result holds for the corresponding excitations of any
SPIP wavefunction.
Equations 24 and 28 give us enough information to write

equations for the differences, @O in equation 20-2. Only

rs'’
we combine the differences to a single normalized function

W%s . For the M-electron SPIP function @0

we have
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0
KorK1

= Agl0yoe R (B 0+ 0 0 VYT 0, e

K1 Ko

.o .SZN¢2N+10‘. . .q,Ma} ,

y0

LA Ayl@peee _ (¢A°¢Ko+ ¢K°¢Ao)//§ 0.y "

® a0 f - 2
Qk-l( Kof>\1¢)\1¢>t1 lefKo¢K1¢K1)//f.Kof

. .&)N(bZN-{-la. . -q)Ma} '
0

¥ K‘o,z - _AN{QI...QK-l(fKo¢2¢9/+f ¢K1¢K‘1) -~ K+1'..

o oQN¢2N+lao IS o¢2’-1a¢Koa¢2’+ lao . 0¢Ma}’

0

¥ Kog,a =AN{Q1. : .QK-1 (¢a¢Ko+ ¢Ko¢a)/‘/§ e-QK"l']_. T

.o .SZN¢2N+la. . cq)Ma} "

0 = ® e 0
Yo, a " Anlfy e Byboyy 1@
¢k-1a¢aa¢k+la. ¢ .¢Ma} .

Here we used the conventions discussed earlier: namely,

2 2 2
AfPleone'Qk+1

(28-1)

(28-2)

(28-3)

(28~4)

(28-5)

(28-6)
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¢Ku’¢kv are in the geminals QK'QA .
¢k’¢£ are singles in Fo .

¢ is a virtual orbital.

Each function in equations 28-1,6 is itself an anti-
symmetrized product of separated geminals. This means that
the usual separated-pair energy formula (Silver et al., 1970)

applies to each WO separately. Equations 28-1,6 do hold

r,s

for a partially closed SPIP function @F.

Calculating the Orbital Variations, the
"Super CI", the Density Matrix, and the Natural Orbitals

Suppose we calculate the CI wavefunction

Y = Doo@r + z* Z D ‘yr

rs rs ' (29)

r s>(r)

by solving the appropriate secular equations for the coeffi-
cients Dy, and Drs' Here @Pis the SPIP function, and Wis

are the functions from equations 28-1,6 generated with the
optimized SPIP orbitals. Between these functions the general-
ized Brillouin theorem, equation 22, holds. This relation
guarantees that there is no interaction between the SPIP
function, @P, and the functions Wis ; and it follows that the
lowest energy function from equation 29 is the SPIP function
itself. This fact suggests that the CI function, equation 29,

might be useful in deducing a set of optimized MO's for the

SPIP function @F.
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The first effort of this nature was (Grein and Chang,
1971) a self consistent field theory for a general multicon-
figuration (MC) function, not the SPIP function ¢P. These
authors first executeda "little" CI calculation to find the
MC function ¢, then they executed a CI calculation correspon-
ding to equation 29. The coefficients, Digv of this second
CI wavefunction were renormalized to yield the variational

coefficients, C in equation 18. From there an improved

r+s'
set of orbitals can be calculated, and the whole procedure

be repeated again and again until self-consistency is obtained.
Equation 18, however, only preserves orbital orthogonality to

the first-order in C Thus the MO's are orthogonalized

r+s’
after each iteration of the Grein-Chang method. This destroys
the strict application of the variation theorem to the calcu-

lation, and it could cause convergence problems.

Cheung and Ruedenberg (to be published) have derived a
different procedure to deduce improved MO's from the "super

CI" coefficients, Dpp and Dr of equation 29, by making use

s
of natural orbitals (NO's)(Lowdin, 1955). At each interation
the NO's, ws. of the MC function, &, obtained by diagonalizing
its first-order density matrix, are related to the occupied

MO's, ¢t’ by an orthogonal transformation

~

Yg = 1 Op Tyg - (30-1)
t

This equation's inverse is
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0p = L Ty Vg - (30-2)
S

~

In general T,_ is not unity; i.e., the NO's are not identical

ts
with the MO's. As long as the "super CI" function ¥ of equa-

tion 29, obtained from the lowest root of the "super CI"
problem generated from the occupied and unoccupied orbitals

of that iteration, is different than the MC function ¢, then
it must have a lower energy, and the No's,q;; , for the "super
CI" ¥, are improvements over the MC-NO'S:¢S- Hence, improved

MO's, ¢{t, are obtained by inserting wgs in equation 30-2; i.e.,
' = '
¢ ! Tst v s*
S

A

Here TS is unchanged from equation 30-1. Given the new MO's

t
't , a new wavefunction ¢, is obtained by solving the "little"

t
MC-CI, and the process is repeated to self consistency.
The restricted form of the SPIP function, QP, allows us
to make a special version of the Cheung-Ruedenberg multicon-
figuration self-consistent field (MCSCF) theory. Rather than

using equation 29 to optimize all orbitals at once, we solve

a series of "super CI" problems of the form

v_= ] b__v¥__, (32-1)

yI = T, (32-2)
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one for each occupied orbital in ¢r. The optimized NO's are
recovered from the first-order density matrix of the "super
cI" Wr. The first-order density matrix of the SPIP function
o is diagonal in its own MO's (Shull, 1959; Lowdin, 1955;

Kutzelnigg, 1964), and it is given by

T N 1
P(1,1') = ] 2¢;(1)¢;(1")+ ] [o2g% 0., (16, (1)
i=1 k=I+1 p=0
M
1 6 (M) (1Y), (33)
k+2N+1 |

So we only need to identify the MO's among the various natural
orbitals generated by the wavefunction @r' This is done with
a maximum overlap criteria.

The first-order density matrix of @r in equation 32-1
could be calculated from an explicit formula (Ruedenberg and
Poshusta, 1972). But it can also be obtained from the coeffi-
cients of the one-electron Hamiltonian integrals in the

Hamiltonian matrix used to define the "super CI" problem;

T jglyl -
I < ¥ |H|¥  >D =ED_. (34)
t>(r)

An exhaustive treatment of the matrix elements in equa-
tion 34, see Parts II and III, shows that of all the molecular

electron repulsion integrals,
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[rs|tu] =fdv1fdv2 ¢r(l)¢s(l)¢t(2)¢u(2)/|;1—;2|: (35)

only the integrals [rs|uu] and [rp|su] where ¢u is an occupied
orbital in @o are needed. This reduction in the number of
integrals leads to an algorithm that is usually faster than the
fifth order methods (Tang and Edminston, 1970; Diercksen, 1974)
needed to calculate all the integrals in equation 35. Detailed
aspects of this economy are discussed in Part III.

Beyond this, Lowdin and Shull (1956) and Coleman (1963)
have shown that the NO expansion of a two-electron function,
such as the geminal AK, is the most rapidly convergent of all
possible expansions in orthogonal orbitals. Thus the identi-
fication of the SPIP MO's with the NO's of a related and

variationally more optimal function bodes well for our theory.



25

PART ITI: MATRIX ELEMENTS FOR THE SEPARATED-PAIR

INDEPENDENT PARTICLE MODEL
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INTRODUCTION

The separated-pair independent particle (SPIP) model
discussed in Part I posed two configuration interaction (CI)
problems. The optimization of the geminal expansion coeffi-
cients generated the secular equations shown ih equations
16-1,3, which we called the "little CI". The orbital
optimization produced the secular equations shown in equa-
tion 34, which we call the "super CI" eigenvalue problem.
The solution of these CI problems requires the evaluation of
many matrix elements of the Hamiltonian operator of equa-
tion 12, which will be discussed in this chapter. To
accomplish this objective we start out by writing the SPIP

r

function ¢°, and its excitations, WF in separated-geminal

rs’
form. Using this formulation, it then becomes possible to
express all the matrix elements in terms of three formulas
involving geminal integrals. Introducing the pertinent
orbital expansions into these general expressions, we finally
obtain the matrix elements in terms of orbital integrals.

It is convenient to first evaluate the "little CI" matrix
because certain energy quantities (collections of integrals)

occurring there also simplify the formulas for the diagonal

elements of the "super CI" matrix.
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"SUPER CI" MATRIX IN GEMINAL FORM

Geminal Form of the SPIP Wavefunction and
Its "Super CI" Basis
For a derivation of the matrix elements, it is convenient
to first consider the case of an even number of electrons
(M=2M), and to write the SPIP function, @0, as well as its

"super CI" basis functions, WO

rs’ resulting from the single

excitations, in geminal form. This can be accomplished with

the help of the following two-term geminals (Silver et al.,

1970)
(fKo¢K0¢Ko+ fK1¢K1¢K1)e’
singlet,
2750, B, + b O, )0
2% 6 -6 ¢ )0 triplet, (36)

Ko Ki K1 Ko " T+,

where the orbitals form an orthonormal set, and the spin

functions are given by

{aB - Bal}/V2 ,

O]
]

0, = aon. (37)

In this way one obtains the SPIP function,

0

7 = AM{Ql---QM}, (38)
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and its "super CI" basis,

“’Ors = AM{erS-'-Q];s}, (39)

where AM is the antisymmetrizer defined by equation 2. The
QK are geminals of the type appearing in equation 36, and the
geminals Qif are obtained by comparing equation 39 with equa-
tions 38 and 28-1,6. Thereby, one finds that most Rif are
equal to the corresponding QK, excepting those which are
"affected" by one or both of the excitations ¢r + ¢s and
dg * G-

All of the geminals QK and Qﬁf are of the form shown in

equation 36; they are antisymmetric with respect to the

interchange of their electrons,
(1,2)2%(1,2) = -9.°(1,2), (40)

0

so the functions ¢ and‘ﬁls are normalized. Moreover, a

member of the set Qfs,---,ﬂj; and a member of the set

th,°--,93; often obey the orthogonality relation

fdvzﬂrls(l,Z)QrJt(l,Z) =0 (41)

as well. This identity may not hold, however, if (a) I = J,
and/or (b) any of the excitations ¢, * ¢, ¢o > ¢, ¢ TP

and ¢t > ¢r "affect" both QI and QJ.
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Reduction of the "Super CI" Matrix by
Geminal Orthogonality Diagrams

In forming the "super CI" matrix arising from the exci~-
tations of one orbital, twenty-seven types of matrix elements
can occur. These are systematically enumerated in column 1
of Table 1. There, the previous conventions about orbital
indices are used: namely, ¢KU and ¢Av are in geminals;
¢k’ ¢2, and ¢y are in Foi and ¢a and ¢b are virtual orbitals.
It is readily seen that our one-at-a-time orbital optimiza-
tion method produces matrix elements between products that
differ in at most three geminals. A critical factor in
calculating such matrix elements is any orthogonality relation
that exists between these two sets of three geminals. 1In
fact, the twenty-seven matrix elements can be expressed in
terms of three general forms; each of which is characterized
by an "orthogonality diagram".

The simplest matrix element whose diagrams display all
the features that ever occur is <Y0K02[H|¢0>. From equa-
tions 7-1,6; 28-1,6; and 36, this integral is given by the

two-term sum

- 0 — - e o0 [ B N ) [ N B )
WV o lB[00> = <Ay{Qe0Q _10,6,0.Q 10 Qboy, ;O
* o0 _% -— [ BN BN ) o
010277 (0 bgyy = Opyy0p do b0t tyal [H]

AM{QI oo .QK_lQKQK_‘,.l. .o
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s a8 [ 3N BN ] —% - ‘...
Db oma 107" 01277 (000, 1 = dgp10g)aady Has sy al>

- fK1<AM{91...QK-1¢K1¢KIO-QK+1...

-l
QPon+1%° 00192 (0 Popg = D419, )00, 00

£ Q

...¢Ma}lHlAM{Ql°"QK—l K K+l'°'QN¢2N+la'°°¢2-1a

=%
2 70000040 = Bpenfp)an by panttdyal >, (42)

We diagram this matrix element as

0 2.0 _ |
<wK02|H|¢ >=- fK0|[><]- le/l . (43)

Here the two figures represent the first and second integrals
in equation 42, and they are interpreted as follows. We
concentrate our attention on, and indicate in the diagram,
only those geminals that are "affected" by the two excita-
tions in the matrix element; the upper part of the diagrams
refers to the "affected" geminals in the left function of
their integral and the bottom refers to the right. The
points on the top and bottom of the diagram appear in the
same left to right order as the "affected" geminals in the
integrals of equation 42. There are two kinds of lines:

(a) vertical lines, and they indicate orthogonality between

geminals in the same position in the left and right products,

one line indicating weak orthogonality, a double line indi-
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cating strong orthogonality; (b) slanted lines, and they
indicate that the connected geminals (being in different

positions) are not strongly orthogonal. Underlying this is

the assumption that geminals in corresponding positions and
not connected by a line are nonorthogonal, and geminals in
noncorresponding positions and not connected by a line are
strongly orthogonal.

The diagonal elements of the "super CI" matrix are in
a class by themselves. Such an element is explicitly given

by

0 (5H1,0 rs rs 12
<4’rS|H]w rs > = <A AT ey HHE]

LW (o R ERT Vil E (44)
and we diagram it as

0 o 0 _— L3N N
<¥ rslHl\P rs’ " ! (43)

where each bar represents a geminal. The upper bars corre-
spond to the left function, and the lower bars correspond
to the right.

With some rearrangement, the twenty-seven matrix
elements in column 1 of Table 1 can be diagramed as shown
in column 2 of Table 1. The notations near the appropriate
points indicate the orbitals occupied in the geminals. At

this juncture, one can examine all the orbital products in
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each matrix element and see that the SPIP function @0 and
the excitations‘ﬂls for fixed (r) form an orthogonal set.
Clearly, given the expression for the integral repre-
sented by one diagram, we can specialize it to yield the
formula for any other diagram resulting from the addition
of a vertical line or the erasure of a slanted line. This
specialization is possible because the operations involved
only strengthen and never weaken the orthogonality relations.
One must approach this specialization with caution, however.
Since the diagrams do not distinguish between the singlet
and triplet geminals shown in equation 36, we must evaluate
‘the integral expressions for the general diagrams using the

general geminal

Q.= Cs{fKo¢

¢

Ko * fK1¢K1¢K1}®‘

Ko
+C27%0 o -6 ¢ )0 (46)
a Ko K1 K1 Ko) + 7/

before making any specializationms.
An inspection of column 2 of Table 1 then shows that
all diagrams can be obtained from three general forms and

two sequences of specialization: namely

Diagram 1 = see ' (47-1)
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N

Diagram 2 = PN NI~ ' (47-2)
X _
N C
- N—_|_

Diagram 3 = \]\{ =

SINAN
INN - (47-3)

r

All these diagrams appear in column 2 of Table 1, and there

we make use of the abbreviations

[a,p] = £_a® + £ b?,
[a,0] = [0,a] = a?,

<a,b> = 2 %(ab + ba),
(a,b) = 2 %(ab - ba),

(a,) = (,a) = a. (47-4)



Table 1. Matrix elements and orthogonality diagrams

Matrix Element

Orthogonality Diagrams

(1)
<9971 20>
(2)

0 Iﬁlq)O)

KoK}

<y

(3)

<y
KoK 3

(4)

~ 0,0
o, | B

KoVyg

KoKa

(10,111 [Mo M1

LR I

<K1 rKo>

I

[Ko,Kll

7 £2 7 £2 {f
1//fK0fv1+ leva

<vg s ko> [07vy]

KOfVI r\\\\\\\~ -

<ki, k0> [vo, V1]

[K1I0] <K01V0>

fK1fVo L/””’j

<K0,K1>[V0:V1]

Ve



Table 1, (Continued)

Matrix Element Orthogonality Diagrams

(5)

<Xo,ko> [0,A1]
0 ] T2 _
AP |H[<I> > 1//fKof>\l+lefM {£, £, T

’ [co,k1] [Xo,A1]

[Kllo] <K01)\0>
/] }

[ci1,50] [Xo,X1]

fK1f)\0

(6)

< Eje® 1//(E2 £; +£2 £)

2 2 2 2
Koxo KoV Ko )\ AO)(fKOf + £ £ ) X

Ki Vo

[Alr)\O] <vg,Ko> [OIVI]
2 \,\
{fKofhf\)1

»[11,0] <Xo,k0> [vo,vi]

Ge



Table 1, (Continued)

Matrix Element Orthogonality Diagrams

[}‘01)\1] <'<0'V0> [OI\)I]
- fxzflofkofvl L1

<ko,Ao> [Kk1,0] [ve,vi]

[vo,vi] <ko,A0> [0,2,]

= i e f L—1

K1 Vo
<ko,Vo> [k1,0] [Ao,A;]

<KosAro> [Vo,v1] [k,,0]

K1 Aof\’o I\l }

[AOIAI] <Ko ,Vo> [Kl_lO]

(7)

- . 2 2 2 2 2 2 2 2
<Yy K0M|H|\P cody” 1//(fKofM+ £e EX,) (£g €3+ £ 8N X

9¢



Table 1.

(Continued)

Matrix Element

Orthogonality Diagrams

(8)

<Y

KOAOIHIW

0
KoAo

2
{fKof)‘0

2
leonf

2
1/(£2 £

- 2fK0f

f>\1

Ko

2
A

A

[ol)\ll <)\0 1K0?

| =]

[0,20] <A1,Kk0>

<kosA1> [Xo,0]

[Klro]

+ f2 £
1 K1

1fK1f

Ag

|

2
+ lef

<KgrAo>

2 2
Ao){fKo

[OIAI]
[

[OIKI]

<Aho,ko> [0,A1]

2
£, -
2 2
+ lefxo

Ao f

A1

<kg,ho> [A;,0]

[KIIO]

|

<K0’>\1>

<)\OIK0> [Kl_rO]

|

<Aiske> [k4,0]

<Ao,kp> [0,k;]

}

}

LE



Table 1. (Continued)

Matrix Element Orthogonality Diagrams
(9)
[012] (KOI) (’KO) [orKI]
0 140 _
<y plHle’> -£ I1B>=<] £, T~
[k1,x0] (2,) (,2) [xo,x1]
(10)

(12) <KOI\)0> [OIVI]
2 g2 2 2 - £2
1/vEL £5 4 £R £ (-0 £ > T—0

(IKO) [270] [VOIVI]

0 0

<¥ KollHIw KoV

[vo,vi] (ko,) [x.1,0] [0,2]1 (ko,0) [vo,v.:]
2 L —1 - e e
+ lefvo - + fKolefVo l
<kg,Vvo> (%,) [x;,0] [0,x1] (2,0) <kq,Vve>

(012) <'<Or\)£)> [OIVI]
- szfKofvx L—"1 }

(0,Kp) [KIIO] [vosvil

8¢
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(Continued)

Matrix Element

Orthogonality Diagrams

(11)

0

<Y 0

Kollnlw

(12)

0 ¢

<y K°2|H|W

(13)

0 10
<y KORIHI\Y

KoK}

Kol

KQ.Q

>

- £

- £

fZ
Ko

Ko

2
Ko

2
K1

<Kg,K1> (2'1)

IC><] - £
[OI'Q'] (KOI)
[0’2] (mIKO)
>3 -t

[0,m] (2,ko)

(2,x0) [0,k:1]
| -

(m,ko) [0,Kk;]

+ 2f

Ki

Ko

<Kg,K1> (2'1)

[

[KIIO]

Ki

[£,0]

£ Il + £2
Kg K1

{

(KO l)

[0,2] (m,Kky)

|

[0,k1] (2,x0)

K1 -

[KIIO]

+

[0,m] (%,ko)

| T~

[OIKI] (leO)

(KO_I) [Kl_l]

6€



Table 1.

(Continued)

Matrix Element

Orthogonality Diagrams

(14)

WO

|H|¢°>
Koa

<

(15)

0

<Y
KoVo

(16)

0 10

<Y |H|Y
Kga KoK1

(17)

0

<Y
Kol

Koalnlw

<a,Kop>

[ko,ral

f2

2 2 2
1//E; £ + €% £

<a,Kgo>
<K1,Ko>

<Kg,a> (m,)
- £, 1>

[Olm] (ko)

{f

f

<V ,Ko> [OIVI]

T

<a,ko0> [vo,v:1]

£
Ko Vi

<Kg,a> (m,)

| T

[k1,0] (ko,)

K1

f
Ki Vo

<K01a> [VOIvI]

|

[k1,0] <xko,vo>

}
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Matrix Element Orthogonality Diagrams
(18)
<a,Kpg?>
0 iy 0
<¥ KoalHl‘P Kob> I
<b,|<°>
(19)
<y IHI‘PO >
Koa Kopa -
(20)
(l>\0) [ol)\].] (r>‘0) [kIO]
0 N ¢
<Yy, lH[eT> £y, T——— + 1§, >
(rk) [}‘01)\1] (lk) [AO,)\I]
(21)
[A1,20]1 (vo,) [0,v,] [vi/,vol (Xo,) [0,X:]
0 . 0 \[\ [\I\
<¥ k)\Qlquj k\)o> f)\1f\)1 + f)\lf\)o l
[A1,01  (Xo,) [vo,vil [k,01 (vo,) [Xo,X:]

187
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Matrix Element

Orthogonality Diagrams

(22)

0

<¥ KA

kAo

(23)

0
Kkao FHTY 1

[All}‘O] (VOI) [OIVI] [>\Ir)‘0] (VOI) [kl]
+ fkof\)l ',\[\ + fxof\)o l><

[k,0] (Xxo,) [vo,v:1] [vi,vel (Xo,) I[k,]

(0,211 (Ao,) (Ao,) [k,0] [0,2:] (Ao,)
I + | IR R PO |

[0,A0] (A1,) (A:,) [k,0] [0,k] (A1,)

flo

[0,20]1 (Xy),)
+ fio ||\]

[Opk] (>\OI)

(}\Or) [AIIO] [XIIO]
= = 2
+ Zf}\ofk1 | | + f}\0
[k,0]

(Ay,) [Kk,0]
B, - - -

v
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Matrix Element Orthogonality Diagrams

(24)

(a,)
0 14140
<y’ lHje™> |

(k,)
(25)
(,ve) [0,v,] [vi,vel (a,)
0 w0
YoalHIY > £, M~ v E£, T~
(ra) [\)OI\)I] [kIO] (VOI)
(26)
. (a,)
<¥0 1] ¥0 > |

(b,)

198
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Matrix Element Orthogonality Diagrams

(27)

(a,)

0 2,0
<Yy lHIYT > -

vy
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Geminal Form of the Hamiltonian
Since we are calculating matrix elements between
separated-geminal wavefunctions, it is convenient to express
the Hamiltonian operator, equation 12, as a sum of pair

interactions. This form is

N Mo
H(1,2,++,2M) = ] h(Io,I))
I=1
M I-1, ~
) 9r7(TosI1,J0,J1) + N, (48)
I=2 J=1
where
. A
- 2—
hp(1,2) = - %W -] 2,/R _
a=1
A
- 2 -
5V - ] Z,/R,, + 1/T12, (49-1)
a=1
9r7(1:2,3,4) = 1/r1s + 1/T14 + 1/T2s5 + 1/T24, (49-2)
. A a-1
N=1] [ 232/R,. | (49-3)

a=2 b=1
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., s 2 . .
The quantities Za’ Rab' Ria' rij' and Vi were deflned in

Part I in connection with equation 12.
Integral Expressions for the Three General Diagrams

The standard transformation of the antisymmetrizer

(Eyring et al., 1944) gives
- _ =M
<wrs|HlTrs> =2 {

M
! Io<aieeeqylhg] DV 0y
I=1 Puss(lIZM)

M I_l A
v 1
+ Z Z Z <Ql..'QMIgIJI
I=2 J=1 PU€S(1’2M)

- u ®* 0@
(-1) Puﬂl QM >} . (50)
Here we introduced the notation

(51)

and we will keep it from now on unless it creates confusion.
Equation 50 will be simplified by the.antisymmetry of

the geminals, equation 40, and any orthogonality among the

geminals in the two products. The diagrams in equa-

tion 47-1,3 show us that even the most complicated cases
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still have many orthogonality relations, so the matrix
element problem is really not too large.
Diagram 1

This diagram corresponds to the energy of a separated-
pair wavefunction. The strong orthogonality and antisymmetry

of the geminals reduce equation 50 to

cee =% 7 ) <QI|h|(-1)uquJ>
I P%S(l,Z)

9 q -1)H
+% ) I <0.95]gp 5] (-1) P 225> (52)
I<J PES(1,4)

We can write (Miller and Ruedenberg, 1968c)
S(1,4) = c @ G(1,4) = c @ {1-(1,2)}e{1-(3,4)}, (53-1)
c=1{1,(1,3),(1,4),(2,3),(2,4),(1,3)(2,4) }, (53-2)
G(1,4) = {1-(1,2)} e {1-(3,4)} . (53-3)

Where G(1,4) is the geminal subgroup of S(1,4) and C is the
set of left coset generators of S(1,4) from G(1,4). With

equation 40

s s e = Z <QI|hIIQI>

{1-(1,3)-(1,4)

+ L <9516,

I<J
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-(2,3)-(2,4)+(l.3ﬂ2,4)}IQIQJ>.' o (54)

The one-cycles in C are related by similarity transforma-

tions from G(1,4). We can see that
(1,3)+(1,4)+(2,3)+(2,4) = (1,3)+(3,4)(1,3)(3,4)
+(1,2)(1,3)(1,2) (55)
+(1,2)(3,4)(1,3)(1,2)(3,4)

and the fact that G(1,4) commutes with gIJ(1,2,3,4) combine

to give
-ooo- = Z <QIthIQI>
I
+ 7 <QIQJ|gIJ{1-4(l,3)}IQIQJ> . . (56)
I<J

The term corresponding to (1,3)(2,4) from C is eliminated
because QI and QJ are strongly orthogonal for I<J. Equa-
tion 56 is just the separated-pair energy in terms of the
geminals (Hurley et al., 1953; Parks and Parr, 1958; McWeeny,
1959; Miller and Ruedenberg, 1968a; Silver et. al., 1970).
The derivation was presented in some detail to introduce the

tools needed to evaluate the other diagrams.
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Diagrams 2 and 3

These diagrams represent matrix elements between
orthogonal functions. This total orthogonality, the remain-
ing strong orthogonality, and geminal antisymmetry can reduce

equation 50 to

0 ~
WY mase) T comaa]
PﬁES(l,G)

hy + h, + hs + g2 + g13 + gzsl(—l)“PuQ19293>

+(1/4) ) ¥ .<95959393|91J * 9,5
J>(3) pﬁ;S(l,8)

+ g3J|(—1)“pu9192939J>. (57)

Here we assume that 2;,02,93,02%,0%, and Q5 are the "affected"
geminals. The symmetric groups S(1,6) and S(1,8) can be
written as direct products of left coset generators and

geminal subgroups to give

S(1,6) C' ® G(1,6), (58-1)

s(1,8) cC"®C' ®C® G(1,8), (58-2)

c¢' = {1,(1,5),(1,6),(2,5),(2,6),(3,5),(3,6),(4,5),(4,6),

(1,5)(2,6),(1,5)(3,6),(1,5)(4,6),(2,5)(3,6),
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(2,5)(4,6),(3,5)(4,6) }, (58-3)
c'=1{1,(1,7,(1,8,(2,7,(2,8),(3,7),(3,8),
(4,7),(4,8),(5,7),(5,8),(6,7),(6,8),
(1,7)(2,8),(1,7)(3,8),(1,7)(4,8),(1,7)(5,8),
(1,7)(6,8),(2,7)(3,8),(2,7)(4,8),(2,7)(5,8),
(2,7(6,8),(3,7)(4,8),(3,7)(5,8) ,(3,7)(6,8),
(4,7H5,8),(4,7ﬂ6,8),(5,7H6,8)}, (58-4)

where C is given in equation 53-2. As with diagram 1, the
geminal antisymmetry, strong'orthogonality, and the commu-

tation relations
G(l,6){h1 + hz + h3 + g12 + g13 + g23]’
= {h, + h, + hy + g1 + 913 + g3} G(1,6) , (59-1)

~ el

G(L,8){g,; + 9,7+ 9,5}

= 9,5+ 9,5+ 9,5 1G(L,8) (59-2)

unify the summations over symmetric groups in equation 57

to summations over left coset generators, giving
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/vo : ,O - P ' "y " -
4 I'S'Hl 14 rs” = Z ~~Q'1Q'293|h1 + ho + h,
PJZC'@C

+ g1, + gi13 + gzal(‘lﬂ1%1919293>

L) ' I <on@a@syle 5 + 9,5 + 95
J>(3) PEZC"@C'@C

|(—1ﬂ‘pu9192039J.>. (60)

This equation now has to be specialized for diagrams 2
and 3. We use similarity transformations from G(1,6)
and G(1,8) and the commutation relations in equations 59-1,2

to collect the nonzero terms. The results are
DAN = <@40%04%]-4h, (1,3) +8h2(1,3)(4,6)
+ g12{-4(1,3) + (1,3)(2,4)}

g1a18(L,3)(4,6)=4(1,3)(1,5)(2,4)}

+

;z3{-4(1,3)+8(1,3)(4,6)+8(1,3)(l,5)}[919293>

+

+ ] <onnnanellg, {-4(1,3)+8(1,3)(4,8))
J>(3)

{8(1,3)(4,6)-16(2,4)(3,5)(3,7)}|Q:1029:2,>,  (61-1)

RN J
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and
NN = <0n 205 [hp {1-4(13)} + ha{-4(3,5)+8(1,3)(1,5)}
+ g12{1-4(13)} +g,:{-4(4,6)+8(1,3)(1,5)}
+ g2s{1-4(1,3)~4(4,6)+8(1,3)(4,6)+8(1,3)(1,5)}|2:10:24>

+ ] <anasonaylg, 11-4(1,3)-4(3,7) +8(1,3)(1, 7))
J>(3)

+ ;3J{-4(3,5)+8(1,3)(1,5)+8(3,5)(3,7)-16(1, 3)(1,5)(1,7)}

|9192939J> . (61-2)

Simplification of the General
Integral Expressions
Equations 56, and 61-1,2 need to be further simplified.
We can expand the pair interactions by using equation 49-2,

and the definition

N+
1,2,"‘;ﬂ(l n l)

i/;vz---dvnAl(1,2)A2(3,2)---Ag(n+l,n),11= even

2-/:1V2"‘anA1(1:2)A2(3,2)"'Aa(n:n"'l) ,n= odd, (62)

where AI is the space geminal in equation 7-3, allows us to

integrate over any variables not explicitly appearing in the
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two-body interactions. The results of these manipulations

and substitutions are shown below:

;..._ =7 <AI|hI|AI>
I

+ L tleggleggl=pq,3)<prrll/rizlegs}e (63-1)
I<J ' '

N’\ = <A'3|A3>{-2p(l'3)</\'2|h|011'2>

+ p(1,3)(2,4) [91'2“312' ]

- p(l,3)(<pl'2,l/r12l912'> + 2 <py"12"|1/r12)As>)

- 2 z (P(1’3)[02'11'ZIDJJr]
J>(3)

- P(1'3)(4,8)<Dz'11'2[1/r12|DJJ|>)}

IR ' '
4p(l,3)(4,6) <A3|h|032 11 2>

- . . -
24P (1,3)(1,5)(2,4) [Pr'2lP12"ss"]
p(l,3ﬂ4,6)(<91'2|1/r121012'33'>

+2<p1'1z'33'|1/r12|A2>)+p [02'11'2|p33']_
(1,3)

P(1,3)(4,6) (<p2'11'2(|1/r12]p3s'>+<p2"33"|1/Tr12]|p11"2>)
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- P(1,3)(1,5) <Pilez'|1/mizlpia 2 2]

+(4) ) {p(l,3)(4,6) [03'32'11'2IOJJ|]
J>(3)

= P(1,3)(4,6)(4,8 P’z nnt2ll/mizlo 520, (63-2)

and

\f\ = <A'1|A1> <A'3|A3>{<A'2lh|A2>+ Z ([pZ'ZIQJJI]
J>(3)

T P(3,7) <pz.2|1/r12|pJJ'>)} +<N3|As> {[pr'1]p22"]

- p (<p1"1]11/c12lp22"> + 2<pa'21'|1/xy2|A1>)
(1,3)

- Z(P(l,3)<A'zlh|011'z> + | %3){P(1’3)[Dz'21'1lDJ‘;]
>

- P(l,3)(l’7)<02'21'1]l/r 12|OJJ.>})} +<M|A>{lp2'2]ps3"]

- P4 6)(<92'2|1/r12|033'> + 2 <p3'32"|1/x12|Np>)

- 2(P(4,6)<A'3|hlpzz'3> + ; 2(3){P(4,6)[93'32'ZIQJJ|]
>

" P(a,6)(a,8 P32 211/ Trelegp>3))

+ 2{2p(l’3)(l’5)<A'3[h|011'22'3>- (p(l'3) [p2'21"1]p33"]
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'P(1'3)(1'5){<Dz'21'1|1/r12|033'>+ 2<p3'32 21" |1/ 12 A1>))
-(p(4’6)[p1'1|p22'33']— P(4,6)(4,2)<91'lll/r12|022'33'>)
* P(l’3)(4'6)<p2'33'|1/r12|p11.2>

* P(y,3)(1,5 <P a2 [/ ]e1n 2>

+2 ] (p(1,3Nl,5)[p3'32'21'1|pJJ']
J>(3)
= P(1,3)(1,5)(1,7) <P oz 21| 1/ Tzl ogp0) b (63-3)
Here

[£]g] =fdvlfdwf(l)g(2)/ru, (64)

and P(ije+-2) is the matrix element of the permutation

(ije+°2%) between the spin functions of the geminals asso-

ciated with electrons i,j,*°**,2.

Simplifications for the Special Cases
Equations 61-1,3 generate all the diagrams we need.
However, a great simplification occurs when we observe that

in the diagrams DN, LIN., NI\, and _ [\ the gemi-

nals Q3 and Q'3 are always singlet geminals of the first type



56

shown in equation 36. This means that for these diagrams

Pt geeeg - 0" (65)

This result is true because for the above diagrams Q3; and Q%
are in their natural expansions (Lowdin, 1955).
All the diagrams in the sequence of equation 47-2 are

simplified by equation 65; in fact we have
XN = 4p(1,3)(4,6)<A'3|h|032'11'2>

- 2{p(l’3) [p2'11'2lp33']- p(1'3)(4'6)<92'11'2ll/r12|p33'>}

<A'3IA3>{- 2P(l’3)<A'2Ih|pll'2>+P(1,3)(2’4) [DI'ZIDIZ']

- P (<p1'2|1/T12|p12">+ 2 <p1'12"|1/112|A2>)
(1,3)

- (2) z (p(l,3) [02'11'2|QJJI]

J>(3)
- p(1’3)(4,8)<02'11'2|l/r12|DJJ.>)}, (66-1)
and from equation 66-1
I}l = - 2p(l,3)</\'1|;1|022'1>+p(1’3)(2'4) [p2'1]p21']

- p (<p2'1|1/r12]p21">+2 <p2'21"|L/x12|A1>)
(1,3) _
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-2 ) {p(l,3)[px'22'1|DJJ|]

J>(2)
- p(l'3)(2’6)<p1'22'1‘1/r12IpJJ,>}, (66-2)
Vqr\\=="zp(l,3)<N3lAs> <pr1'12'|1/xia|A2> . (66-3)

The last diagram in this sequence comes from either equa-

tion 66-1 or 66-3, and it is given by
IN =-2p(1'3)<p2'21'|l/r12]A1>. (66-4)

Two of the diagrams in the sequence of equation 47-3
cannot be simplified by equation 65; they must be calculated

from equation 62-3. We find

N = -'Zp(1,3)<AEIh|pll'2>*'[01'11022']
- Pa 3)(<p1'1|1/r121p22'>+-2 <p2'21"|1/x12|A1>)

- (2) z {P(l,3) [OZ'ZIIIIDJJI]

J>(2)
- P(y,3)1,s5) <P2'a1 ill/rielogg,y (66-5)
INN = 421, 3)(1,5) @3’ s2'22"[1/ri2[ha > (66-6)

By using equation 65 we can simplify the formula for dia-
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gram 3 in equations 47-3 and 63-3, so the second sequence

of diagrams is given by
w\= <A'1|A1>{_2P(4’6)<'Alalh|022'3>+ [92'2,033']
- P(4’6)<pz'2|1/r12|033'>}'+<AB|A3>{[p1'1|pzz']

- P(l’3)(<pl'1[l/r12|p22'>-+2<p2'21'|1/rlzlA1>)}

+

<Ay | Ag> <A'3|A3>{<A'z|h|/\2>+ ) ([Dz'z'OJJul
J>(3)

- P(3'7)<Dz'2|l/r12|DJJ.>)} ' (66-7)
N ="29(1’3)<A3|h|011'2>4'[Dl'llpzz']
- P(l’3)<pl'1Il/rlzlpzz's'*<AE|A2>{<AH|h|A1>

+ ) ([01'1|DJJ.]"P(l’5)<pl'1ll/rlleJJ.>)}, (66-8)
J>(2)

INN =- 2py 3)<A'3|1\3> <p2'21'|1/x12|A1>, (66-9)
14

| = <A5|ﬁ|A1>'* ) ([01'1|DJJ]
J>(1)

= P(l'3)<01'1|l/r12|pJJ.>) . (66-10)
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To go from equations 62-1 and 66-1,10 to the orbital
form of the matrix elements requires that we introduce some
more notations and definitions. Most of this can be done by

considering a simpler problem.
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"LITTLE CI" MATRIX IN ORBITAL FORM

Matrix Elements
The "little CI" problems in equation 16-3 determine the
geminal expansion coefficients. From equations 16-2,3,
and 37, the explicit form of the matrix elements is seen to

be

H = <A{91---9K_1¢Ku¢Kuo QK+1'--QM}|H|

A{Qiee _ ¢ 0.,0Q

1 KV'KV ”'QM}> ' (67)

+3

and inspection shows that they correspond to the following

diagrams
AK - - -
— * 8—1
B o : (68-1)
HK = l (68-2)

Equation 68-1 is just the separated-pair energy, dia-

gram 1 or equation 63-1, and we find using equation 49-3

that

K
i

1 LS <o ¢ O_]ﬂ|¢

>
KUTKH Ku¢Kue-

+ ) <¢KU¢KUO-QJIgKJ{l—4(1'3)I¢Ku¢KuO-QJ>
J# (k)
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+ 1 {<arlnlep> + I <ef5lg  {1-4(1,3)}
I# (k) (I)<J# (k)
IQIQJ> £ N. (69)

Equation 68-2 is a special case of diagram 3 and from equa-
tion 66-10, we find

b 0 >. (70)

H =<9 e, 0=

01 K0¢Koe'|hK|¢

K1

The matrix elements ﬁﬁu have many terms in common.
Since they are the diagonal elements of a "little CI" matrix,
we can discard the common terms without affecting the eigen-
vectors. The orbital expansions from equations 7-3,6 can be
introduced into the remaining terms, and the result is the

new "little CI" problem

g ¢ £ £

00 01 Ko Ko

= ¢F , (71-1)

;- f £

10 11 K1 K1)

K - 2 - 2
H00 2hKOKO + (le fKo)[KoKolKoKo]
_ e2

le gK1K1'K0K0
+ 26 + 2C - E ' (71-2)

KoKo KoKo KoKo
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L. 2 _ g2
H =2h .+ (£2 le)[KlKIIKlKIJ
- 2 - -
fKogK1K1,KoKo+ ZGK1K14-2CK1K1 EKlKI ! (71-3)
H:l = [KoKllKoKl] . (71-4)

Here we made use of the permutation matrix element
<0_0_|(13)|o_0 > =%, (72)

and the definitions

A
h o =<¢ (1} ]-%V - ) za/Rla]cps(l) >, (73-1)
a=1
Irs,tu = 2[rs|tu]-[ru|ts], (73-2)
N 1
- 2 -
Crs = ) ! fku Irs’kuku ’ (73-3)
k=0 u=0
M
C.o= L [rs|es], (73-4)
2=2N+1
M
E . = ) [x2]stl, (73-5)
2=2N+1

where [rs|tu] is the molecular electron repulsion integral
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in equation 30. The summation indices used in equa-
tions 72-~3,5 conform to the conventions we agreed to for
distinguishing geminally from singly occupied orbitals as

discussed in the text before equation 42.

"Little CI” Eigenvalues
An eigenvalue of the "little CI" in equation 70-1 can
be expressed as

1

1
2
200 bt ) fKuva[Kqu!KUKv]

0 u=0 v=0

™
s
i
[ e Y

1 N 1

2 2

+ Z fKu{(z 2 Z fAnguKu,AvAv
=0 1=2# (k) v=0

)

+ 2CKUKu - EKuKu} . (74)

This result holds for either of the eigenvalues of the
"little CI" matrix, but for the most part we'll be interested
in the lowest eigenvalue. e’ is the energy of the «k(th)
geminal in the field of the electrons. As we'll see later,
this expression of the eigenvalue can be used to simplify

some of the diagonal matrix elements of the "super CI" matrix.



64

"SUPER CI" MATRIX IN ORBITAL FORM

Definitions

Equations 63-1 and 66-1,10 hold for separated-geminal
functions whose geminals are expressed in natural form. The
present investigation is concerned with two-term geminals.
Introducing these expansions explicitly, and collecting
certain terms in the diagonal elements into the pair energies
defined by equation 74, we obtain the orbital forms for the
"super CI" matrix elements. To this end we reguire the
appropriate values of the permutation matrix elements, they

are shown in Table 2.

The following orbital expressions of the matrix elements
use the definitions of Crs’ Ers' in equations 73-1,5, and ek

in equation 74. Additionally we introduce the symbols

Frg ™ hpg * Gg ¥ Cpg ~ %E o ' (75-1)

BApg =D g+ G g+ Cpg ~ Epgr (75-2)

N 1
] I=1 1 . (75-3)
K M k=1 u=0

M
Z = X : (75-4)



Table 2. Permutation matrix elements

P(ijeeek) = <0400yl (i3 k)0 0,0 >
o By (1,3) (1,3)(2,4) (2,6) (4,6)  (1,3)(2,6)  (1,3)(4,6)  (1,3)(1,5)
- - - X 1 X % 3 . y
- -+ ] 1 L L 3 . .
-+ - 5 0 L 3 3 . .
- + + L 0 % 1 o \ y
+ + - 1 1 x L " ) §

S9
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"Super CI" Matrix Elements
With these results, the separated-pair energy is
(Silver et al., 1970)

~ 1l
<q>0|H|<I>0> =57 {e"+ (7] {f;u(Zh u+ [kpkp|kukul)

KUK
K =0
+.2CKuKu - EKUKU})+ ZEKOfKI[K1K01K1Ko]}
L by + 5(Cy - B}, (76-1)

k

and the matrix elements become the following:

0 ~ 0L
<y KoKI|H|<I> > = /7{(fKo+ e ) Feike

= £ B, (B, B Mkoko]kokal=Tkaka[kiko D} o (76-2)

0 10 _ Py T 2
<Y kokq|H|Y cove = 1//fK0fv1+-fK1fvo{

2 2 2 _ g2
(£, £5 +£, £2)(F, 0+{fKl fKo}[KIVOIKOKO])

1V

2 2 - 2 2
+ (fKOfV1{14-fKO} lefv0{1+-le})[K,Ko|voxo]

2 g2 - - [k1vo|vevel)
IR SUE U CHNE SUP AT FVARIVIVI S o[Vovo

2 _ g2 g2 va K1k
+ fKole(fKofvo lefvl)[Kl'OI 1K1]
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- fvofvl(fKo-le)[Klvllvovl]}, _ (76-3)

0 0 >S=F +F +2[k1ko|K1Ko]

<y H
K0K1I I KoK1 KoKy Ki1K1

- [K1K1|K0Ko]"fio[KoKolKoKO]"fil[KlKllK1K1]

- e+ <091 0% , (76-4)
<® . u[e% = VIAEZ £2 +£2 £9) ¢

Ko)io Ko }\1 Ko )\o

2 g2 _ g2 g2 _f2 g2 _
(fKofA1 lefAO)FloKo fK £ (gloKo K1K1 [XokolKkokol)

2 2
+ f)\ fAl(g)\OKO }\IAI- [AOKOlAO}\O])

+ fKole[AoKllKOKI]-onfAI[onIIKoAi]}, (76~-5)
0 0 _ Ry T2 Ry 3
<y K0A0[H|W KoW> = 1//(fKofA1-+fK1fAO)(fKofv1+-lefvo){

(£2 £2 le- f2 f2 £2 )(F

2 _ g2
Ko A1 v AotV +1£7 -7 TDovolkokol)

)\\)o

2 2 2 2 2 2 2 2
+ (fKofxlfvl{l-+fKo}4-leflofvo{l4-fK1})[AoKolvoKo]

+ £2 £2 (f2 f£2 2 g2 -
Ao 1(fKofv1+ lefvo)(ngVo,l1A1 [ovolXoro])

+ 2 2 2 2 2 2
£ £2 (£2 £5 + £2 £} ) (g,

Vo Vi A [Aovo|voeve])

¢Vo,V1V1
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_ £2 g2 2 g2 2
fKofkl(onfvo+ f

2
Alfv1)gloV0:K1K1

2 2 2 2
+ £ f (flofv1+ £ lfvo)[xonllvonll

Ko Ki A

f)\0

Vo Vv A A

2 g2 2 g2
fll(fKofv1+ lefvo)[AolllVolll

£ f (£2 £2 + £2 £2 )[Aovi|vovil},
1 Ko A Ki Ao

(76-6)

0 0

<¥ KOAOIHIW KoA

A

= T £2 > £2 V(F2 £2
Re 1//(fKof .t leon)( Ko

A

2 2 %
0+ lefAI)

- 2_g2 2 _ g2
(onfAI{ (£3-£2 ) (F) . + {le fKO}[AOAIIKoKo])

2 2 2 2
+ (l-+2fKofK1)[AOK0|X1K0]-+2fKOfK

_ 2 g2 2 g2
(fKofA0+ lefxl)[AOAIIAIAI]

_ 2 g2 2 g2
(fKof7tl+ lefAD) [}xo)\lllolo]}

+ fKolelllKllXoKll)r

0 0

<Y

Kolo]le Kolo> - FK0K0+ FAolo_

1INor1, k1K

K

(76-7)

fzo[KoKolKoKo]

_ g2 2 _ g2 2 _ g2
fko[lolo|lolo] + (le fKo)(fA1 on)[Xolo|KoKo]

+ 2 2 _ 2 g2
(l+—fKo+ f . 2fK0on)[XoKo|XoKo]

A

2 £2 2 2 —F2 g2 2 _ f£2 y2
+{l/(fKofA1+ lefAJ}{ fkofll(fKo le) gX1X1pKoKo
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_ f2 g2 2 _ g2 42 _ £2 g2
fKole(on fAl) Iroro k1K1 fKo k19k1k1,Ko0K0

- f£2 g2 -
f}\ofk1g}\1}\1 Ao)\o ZfKoleonf}\l X
+ [A
(2fK01r:'Klf}\ofhg)‘1)\1,Kll<1 [Aiki|Aik1])

2 g2 _ [f2 _ g2
+ fK,().u‘.>\1(2E‘>\1}\1 {fl1 on}[AIAIIAIAII)

2 g2 _ 2 _ g2
+ leon(zFK1 . {le fKo}[K1K1|K1K1])}

K

- X - et v <601m]e0s (76-8)

<W0K02|ﬁ|¢0>’=(f§0' £e) Bt Bgyy)
- 2f§0f§1(g£K°’K1K1— [Lko|koKo]l)
+ 2fKofK1[2KllKoK1] + leEJLKo , (76-9)
% H|YY s = -1/ /B B ¥ E )1
Kol KoVo Ko Vi K1 Vo

2 £2 _ g2 g2 A
(f- £ fKofvl)(ARvo+ E

+ {F2 - g2
< Eve . {le fKo}[QVo|KoKo])

'AV)
- 2 g2 2 2 g2 2
(fklfvo{14-le}4-fKofvl{1+ fKo})[zKolvoKo]

_f2 2

- 2
vofvl(glvo,v1v1 [lvolvovo])'FfKof

> g
K178&Vo ,K1K1



70

- £2 g2 -
+ fvofvl[lvll\)ovxl +fK0fK1[zK1|v0K1] lefvoEzvo}, (76-10)

0 ~ 1 g0 _ _
<y .<02|H” coky> = 1/v2 { (£, + e J(By +Eg ¥

Lx 2K
2 _ 2 - 2

{fg = £7 Yakafkoko = (£, {1+ £] 3

- fK1{1+ f|2<1}) [)\KolK‘lK 0]

-f £ (f - £ )I[ici|kik1] + £ E (76-11)
Ki K1

}
Ko Ki Ko 2K !

0

10 - 2 _ g2
<y Ko5L|H|‘1’ com = (Fg,= g ) (Rg 4+ E

m Lm

2 . g2 4 4
+ {le fKo}[2m|.<oKo]) + (fK0+ le) [LKo |mig]

- 2f% g2

2 : -
Ko Kxglm,K1K1+ ZfKole[RKllmK1]+ leEzm, (76-12)

0 w0 _ _ g2
<Y KOQ'IHI‘P K02,> = AKOKO fKo [koko|Koko]

2 _ 2 2 _ 2
+(£p - £3 ) (A4 EM+{fKl fKo}[MIKoKo])

2
+ £ 1(2FK

2 +E;, {le fKo}[K1K1|K1K1])

1K1

b " - 2 g2
+ £y + £2 ) Dol ko] = 2680 £0 (9 oot Dk gey)

+ 2fKofK1[Q,»<1|2,K1]-eK+<<I>0|H|<I>0>, (76-13)
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0 1200 _ _ g2
<¥ KoaIHIQ > = /E{fKo(FaKo le{gaKo,K1K1

- [ako|kokoel}) + le[aKllKoKll},

0 Iﬁlwo

<Y
Kgoa

_ PRy -
KoVo> = l//fKofvl+ lefvo{

2 _ g2
fKofvl{fvl(Fauo+ {le fKo}[avolKoKO]

2 - £2
+ {1+fKo}[aK0|v0K0] lega\)OlKlKl

2 -
+ fvo{gavo;v1v1 [avg|vevell)

- fvo[a\)],l\)o\)l]} + lef%O [aKll\)oKl]} r

> = + (f2 - f£2 aki | Kok
KoaIH! KoK1 FaK1 ( K1 fKo)[ Kll 0 0]

+ (L+£] ) [ako|kixo]l = £2 [aki|kik1],
0 K1

0 140 _ 5 ‘
<y Koalnlw cod” = l/JZ{fKo(Aa2+ E_q.

2 _ g2 : 2
+ (£2 - £7 Y[2alkokol+ {1+ £7 Fako|tKo]

_fzg

€1 aQ,KlKl)'fle[ZKllaKll}r

0 ~0 : 2 ez
<0 JIE[YY > = F + L - £2 }lablkoko]

2 - £2
P akolbee) - £ 5y i,

(76-14)

(76-15)

(76-16)

(76-17)

(76-18)
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O al B0 > = F o +F & (£2 - £2 ) [aakoxo]

(1 +fl§'o) [aKo |aK0] - ffil(gaa,mm"' gKoKo ,K]Kl)
fZO[KoKolKoKo]- e + <¢°|ﬁ|¢°> , (76-19)
O, IEl0% =~ <¥? jH[2 >, (76-20)
g 1B1¥ > = (EF, 5= L850 Byt By )

0 0 1 1 0 0 ovo oveo
(f§1f31+ fiofio)([lovolkk]-[koleok])
fiofil(gkovo,x1l1- [Aovo|AoAo])
3of31(glovo,V1V1— [Aovo|voevoel )
£y, Ex, ohilvoril = £ £/ [Aova|vovi]

(£ £5 + £5 £5 ) Dook|vok] - £5 £5 B, |, (76-21)

kaolnlwokll> = £, £, {20021 [xk]-[h1do|Xoho]

[A;AIIAIAO]-EA } - [Aok|r1k], (76-22)

1A0

0 > = <y0 . |§|W >, (76~-23)

~0 0
klolle kXo
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a 1.0
<y ka]HIq: > =2 (76-24)
<0 Ja|v0 > = £2 (A - [ave|kk] + [ak|vok]
ka kv, vy ' avyg 0 0
2 -
+ fVo{gaVo,vxvl [avo|voevel})

- f\z)0 [ak|vok] -~ fwfvl[avll\)o\n] , (76-25)
0 14140 _ - -
<Y ka|H|‘¥ k> = Pap [ab|kk]+[ak|Dbk] , (76-26)

0 540 _
<¥ kalHIW ka~ = Paa” Pxk
- [aa|kk]+[ak|ak]+< e°|u|e"> . (76-27)

Equations 76-1,27 complete our calculation of the "super CI"
matrix elements for the SPIP function ¢0, but some extensions
are possible. A closed shell is obtained from a geminal by
setting one expansion coefficient to unity and the other to
zero, so the results also cover the "super CI" matrix for a
SPIP function made of both geminals and closed shells. Be-
yond this, an examination of equations 76-1,27 reveals that
there is no formal restriction that we consider only systems
with an even number of electrons. Assuming that we have

an M = 2M electron system, suppose that orbital 2M is a

singly occupied orbtial, and that it is allowed to become
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infinitely diffuse. Such an orbital makes no contribution
to any of the matrix elements in the "little CI" or the
"super CI" problems, so we are in fact treating a 2M-1
electron system. The system's matrix elements are merely
given by equations 76-1,27, where we substitute zero values
for all the integrals over the diffuse orbital; the result
is the same as formally using equations 76-1,27 for all the
MO's except orbital 2¥. Thus we have actually calculated
the "little CI" and "super CI" matrices for the general SPIP

r

function ¢ in equation 7-1.
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PART III. ALGORITHM AND IMPLEMENTATION
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INTRODUCTION

In Parts I and II of this work, we developed a general
mathematical theory for determining optimized wavefunctions
of the separated-pair independent particle (SPIP) type. We
shall now outline a concrete algorithm which implements
this approach. First, we'll discuss the overall flow of the
calculation, then we'll examine in some detail several
specific problems that deserve special attention in the

course of this procedure.
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OVERALL PROCEDURE

Flow Diagram

The complete optimization of a SPIP wavefunction accord-
ing to the preceding mathematical analysis of this work
includes a sequence of calculations best described by a flow
diagram. This diagram is shown in Figure 1, where we also
indicate equation numbers that refer to the pertinent results
from the earlier discussion.

In the subsequent sections we shall comment in more
detail on three particular points of the general procedure:
namely, the choice of the initial orbitals, the bases for the
"super CI" configuration spaces, and some special problems
connected with the execution of the molecular electron re-

pulsion integrals transformation.

Initial Orbitals

In any geminal of a SPIP function like eguations 7-1,6,
we normally have two orbitals; one will have an occupation
number only slightly less than two, and the other will have
an occupation number only slightly greater than zero. We
call these orbitals the major and minor MO's respectively,
and we must find a first approximation to them (Box "1" in
Figure 1).

The major MO will be closely related to an orbital in

the space of orbitals occupied in the Hartree-Fock wavefunc-
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Determine the initial major and
minor orbitals.

Transform integrals from A0 to
MO basis.

No

No

No .

No

Figure 1.

Calculate "little CI" matrix for
geminal being optimized.

Calculate expansion coefficients
for geminal being optimized.

Has a "little CI" been
made for each geminal?

Yes

Are the geminals self-
consistent?

Yes

Calculate "super CI" matrix for
orbital being optimized.

Find the lowest energy eigenfunc-
tion of "super CI" matrix.

Find No's of the "super CI"
eigenfunction.

Find the new MO's among No's by
overlap with the o0ld MO's.

Has "super CI" been
made for each orbital?

Yes

Are the orbitals self-
consistent?

#1

#2

#3
Egq. 16-1,3
#4

Eqg. 76-1,27
Eq. 34

Flow diagram of the SPIP algorithm.
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tion, but it is probably much more localized than the
‘canonical MO's usually produced by a Hartree-Fock éalculation
(Allen and Shull, 1962; McWeeny and Sutcliffe, 1963). Thus,
particularly in trying to correlate an orbital aﬁong many
closed shell orbitals of similar energy, it is reasonable to
localize the Hartree-Fock MO's by one of the various methods
available (Boys, 1960; Edminston and Ruedenberg, 1963), and
then take one of these localized MO's as defining an initial
guess to true major SPIP orbital.

To most effectively correlate the electrons in the shell
being considered, the minor MO must be localized in the same
physical region and have a node through the region of the
bond presumably defined by the major MO. Perhaps the easiest
way to do this is to use the Boys localization criteria to
localize a function in the Hartree-Fock virtual MO space into
the region covered by the major orbital, although maximizing
the exchange integral between a function in the Hartree-Fock
virtual‘space and the major MO may be an effective and simple
alternative. A rather different approach is to project a
model of the correlation orbital onto the Hartree-Fock vir-
tual space.

Our experience has indicated that symmetry, if it is
present, can be used to find the lowest energy Hartree-Fock
virtual orbital which properly fixes the node required for

the correlation effect. One calculation of the SPIP pro-
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cedure's "super CI" problem for the minor orbital is enough

to produce an adequate initial guess to this MO.

"Super CI" Configuration Spaces
According to equations 32-1,2 each iteration of the
algorithm diagramed in Figure 1 consists of solving a
sequence of "super CI" problems ("box 4" in Figure 1) corre-
sponding to each occupied MO ¢u. The "super CI" configura-
tion space corresponding to the MO ¢u consists of the
function @F and its excitations Trus, where the index (s)

is limited by the following constraints:

(a) ¢s cannot be doubly occupied in ¢r.
(b) ¢u and ¢s cannot both be singly occupied in @F.
(c) According to equations 32-1,2 we must have s>yu.

Assuming that @F contains I' closed shells, n orbitals
in two-term geminals (TTG's), and M-T-n singly occupied
orbitals (M is the total number of occupied orbitals), and
assuming that in ¢r the closed shells come first, the gem-~
inals second, and the singles last, then the "super CI"
spaces corresponding to the various orbitals are spanned by

the "super CI" configurations shown below:

I'+1,+¢+,T4+n,T+n+l,*++,M, virtual,

-
<
©

-
<
0

]

;***,[+n,T+n+l,*++ ,M, virtual,

-
4
(S
-
B
0
I
—
+
=
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;i s =T+1,¢¢¢,T4+n,l4n+l,*+* ,M, virtual,

F+2"..’F+nlr+n+1[‘...IM, Virtual'

1]
i}

I+3,¢+¢,T+n,I4+n+l,*++ ,M, virtual,

)]
]

—— v — ————— — — — - S — 0t G a0 G Sa I g S . T —— — ——— — T T — - S Soh = S =D WG MY W4 . —

I'+n+1l,+*+,M, virtual,

n
]

s = virtual,

- e —— . S ——— A W G - . G S - — —— — —— . —, ———— S —— A — = . ———— = = — -

M,s; s = virtual.

Note that the spaces involved in each of these "super
CI" calculations becomes smaller as one progresses through
the algorithm diagramed in Figure 1. As we'll see, this
fact has important consequences with respect to the amount
of computer time required to make one iteration of the SPIP

method.
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Integrals Transformation

It is an unfortunate but well known fact that the com-
plete transformation of all two-electron repulsion integrals
is a very time consuming process. It therefore can create
a real bottleneck in any procedure which, like the present
one, is based on a sequence of iterations, each of which
requires a recalculation of these integrals because the
orbitals change from iteration to iteration (note the posi-
tion of "box 2" in the flow diagram oleigure 1}. Fortu-
nately, the calculation of the matrix elements, indicated in
"box 3" and "box 4" of the flow diagram, requires the
electron repulsion integrals only in certain combinations,
and this circumstance can be used to greatly simplify the
integral transformation. The result is a considerable
saving of computer time.

To see this we have to go back to the explicit matrix
element formulas in equations 76-1,27 of Part II. An
examinatiop of these formulas reveals that the electron
repulsion integrals appear in just two ways. One way is in
the sums defining the matrix G in equation 73-3. G is the
two electron part of a matrix representation of a Fock
operator (Fock, 1930) and can be calculated by standard
procedures using bond-order matrices. The other way is
through the specific isolated coulomb and exchange integrals

[rs|pu] and [rp|su] where the MO ¢u must satisfy two condi-
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tions: its occupation number is non-zero in the SPIP
function @F and less than two in at least one of the "super

r and wrus for fixed (yu).

CI" basis functions ¢

Let's call the integrals [rs|uu] and [ru|su] where (r)
and (s) run over all the MO's, the "integral block" for ¢u.
How many such blocks have to be calculated for one iteration
of our procedure? It is to be noted that, for the "super
CI" problem of each orbital occurring during the iteration,
certain of these blocks, but not all of them, have to be
calculated. This is jillustrated in Table 3, where it is
assumed that we have I' closed shells and n orbitals in two-
term geminals (TTG's). Each row lists the ¢u "integral
blocks" needed for the "super CI" problem of the orbital
indicated in the first column. A cross or a circle in the
u(th) column of the k(th) row indicates that "integral block"
[rs|up] and [ru|su] is needed to solve the "super CI" problem
for orbital ¢K.

Let's consider first the "super CI" problem corréspond-
ing to a closed shell orbital ¢i’ (i=1,¢+++,I'). Since ¢i
cannot be excited into another closed shell orbital, then
all the closed shell oribtals ¢j with j#i have an occupation
number of two in all the "super CI" basis functions andg,
hence, do not correspond to any isolated "integral blocks".

The orbital ¢i itself is singly occupied in the excitations

r

Y is? and the orbitals in the TTG's have occupation numbers
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less than two in the unexcited function @F; as a result,
isolated "integral blocks" exist for these orbitals. The
blocks are (n+l) in number, and they are indicated by crosses
in the appropriate columns of row k of Table 3; all the rows
corresponding to closed shells have these features. There
are I' closed shells, so we have to calculate (n+l1)I isolated
"integral blocks" in the course of the optimization of these
orbitals.

Let's now consider the "super CI" problem corresponding
to a specific orbital, ¢K, in one of the TTG's referred to
in the last n rows of Table 3. If an orbital, ¢i' is a
closed shell in the unexcited function @F, then it is also

a closed shell in all of the "super CI" basis functions

r

Y
ks’

and consequently there is no corresponding "integral
block". However, an "integral block" ié required for all the
orbitals in the TTG's if only because they are not closed
shells in @F; this situation is indicated by the crosses and
circles in the last n rows of Table 3.

The crosses and circles indicate a difference which
results from a specific feature of the choice of the sequen-
tial "super CI" configuration spaces just discussed; namely,
the "super CI" problem corresponding to orbital ¢K contains
only "forward excitations"; i.e., functions WFKS with s>k.

Thus the orbitals ¢A with A=1l,+++,(k-1) are not involved in

these excitations. The form of the SPIP function then
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guarantees that they will reappear as natural orbitals (NO's)
of the "super CI" density matrix. Hence, they are not
changed by this "super CI" problem, which implies that in
the integrals [rs|AA] and [rX|s)A] only the orbitals ¢y and
¢s can be changed. This situation leads to a simplification
of the transformation needed to calculate such integrals for
the "super CI" problem associated with the next orbital.
Wherever this simplification is possible is marked by a
circle rather than a cross.

The simplification just mentioned becomes evident from
the explicit expressions for the integrals in an "isolated
integral block". Assuming a basis of L atomic orbitals

(A0's), X1r®t Xy, it is well known that the isolated

"integral blocks" can be written as

= H -
[rs|uul = J tots ) 20,4 P cd[ablcd], (77-1)
a,b czd
(rulsul = } t o tos ) Amipcd([ab[cd]+[ad[cb]L (77-2)
a,b czd
where topr p“ab, [ab|cd], and A.g are defined by
0, = 1 Xatar - (78-1)
a
o

{78-2)
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[ab|cd] =fdvfdvzxa(l)xb(l)xc(Z)xd(Z)/ir1— r2|, (78-3)

X c=d
Acd = : (78-4)
1l c#d.

Calculation of the sums over c2d in equation 77-1 for
all necessary a and b combinations requires approximately %L*
multiplications. Subsequent calculation of the similarity
transformation implied by the remaining sums over a and b
requires at most 2L° multiplications for all r and s com-
binations. _Exactly the same can be said concerning equa-
tion 77-2. It is apparent that whenever there is a circle
in Table 3, the sums of‘c2d can be taken over from the pre-
ceding "super CI" problem, and the recalculation of that
"integral block" requires only the 4L® multiplications of
the sums over a and b. However, wherever we have a Cross
in Table 3, the evaluation of the integrals [rs|uu] and
[ru|su] requires %L* + 4L® % %L" multiplications, so to
highest order in L, the block defined by circles can be
neglected as regards computation time. Counting the number
of crosses in Table 3, we find that, to highest order in L,
the total number of multiplications needed to calculate all
the isolated "integral blocks" for one complete SPIP intera-

tion is given by
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$# = XL'{(n+1l) (M~%n+1)-2}, (79)

where L is the number of AO basis functions, n is the number
of orbitals in TTG's, and M is the total number of occupied
orbitals in the SPIP function ¢P.

By contrast, the complete 4-index transformation used
to calculate all the molecular electron repulsion integrals
requires 8L°/3 multiplications (Diercksen, 1974).

To compare this load to that required by our method,

we form the ratio R between the expression in equation 79

and 8L°/3. It can be written as

R= f(n,n/MM/L, (80-1)
where

f(n,t) =(3/16) { (1-%t)n+(1+%t)-t/n}. (80-2)

The fraction (M/L) is the ratio of the number of occupied
orbitals to the number of basis orbitals; a fairly typical
value for this ratio is about %. On the other hand, (n/M)

is the ratio of the number of orbitals in two term geminals
to the total number of occupied orbitals; it can vary between
(n/M)®% 0, for a large molecule with a small number of orbi-
tals in two term geminals, to (n/M) =1, for a molecule with
no closed shell orbitals at all. Figure 2 shows the factor

f(n,t) in equation 80-1 plotted against n for several values
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of the parameter (n/M). The curves corresponding to the

two extreme cases mentioned are

f(n,0) 3(n+l1) /16 for n/M= 0, (81-1)

f(n,1) 3(n+3-2/n)/32 for n/M = 1, (81-2)

and they define the two solid curves in Figure 2.

To use Figure 2 to assess the economy of the SPIP pro-
cedure compared to the general method, do three things: find
the value of n, the number of open shells, and its ratio
(n/M) to the number of occupied orbitals; locate the curve
corresponding to the given value of n/M and find the point
directly above the value of n on the horizontal axis; this
is the point (f,n), and the value of f can be read from
the vertical axis of Figure 2. Suppose M/L=0.41l, n=4,
M=18, and L=44; for such a case we have n/M=0.22, and
£f=0.86. This implies that the SPIP integrals calculation
requires f M/L=0.35 of the time needed for the full 4-index

transformation.



Enumeration of the integrals needed to fully optimize a general SPIP

Table 3.
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f (M, WM) = gain x L/M

| | | l I l l I

Figure 2.

9 11 13 15 17 19

wi—
(S,
~N

n="* open shell orbitals

Relation of the gain of the SPIP method
as a function of the number of open shell
orbitals for several values of the ratio
of the number of open to closed shell

orbitals.
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IMPLEMENTATION

This algorithm was implemented in a set of FORTRAN
computer programs for use on the IBM 360/65. The programs
were designed to use the BIGGMOLI integrals system developed
by R. C. Raffenetti (1973a,b), and the integral files these
later programs create match very well with the transforma-
tions in equations 77-1,2. Since the BIGGMOLI integral
files contain no zero values, we expect the performance of
our algorithm to be somewhat enhanced over the predictions
of Figure 2.

We have checked this program on a number of polyatomic
molecules, and it worked very satisfactorily. Some of these

results are reported in Parts IV and V of this dissertation.
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PART IV: REACTION ENERGY FOR THE DISSOCIATION OF DIMERS

TO FREE RADICAL AND MOLECULAR PRODUCTS
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INTRODUCTION

Reaction Energies and Two Types
of Dissociation
To calculate the energy change accompanying the disso-
ciation of a dimer we need to know the energy of the dimer
and its separated monomers; the dimerization energy, A,

being the difference between the energies of these systems,
A = E(dimer) - E(monomers). (82)

To accurately calculate this difference we must properly
match our models of the various components of the total
system; that is, our theory must explicitly allow for the
fact that certain physical effects, such as electron corre-
lation, may be different at the two ends of the reaction,
and we must construct our models so that any errors inherent
in them cancel when we take the difference shown in equa-
tion 82.

For the correlation effect, this matching can be
illustrated with two types of reactions. First, we examine
six cases in which a dimer dissociates to free radicals by
the cleavage of a single bond; we call the reactants the

radical-dimers and the products the radical monomers.
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Ye-d
H H 0,
o uj H
C-C,
H 0
O\\ 7
’N—N‘ 0\\
NO dimer, 2 N, (83-2)
O\\ .
N- !
0, 0 (+2)
90-0, '
0, dimer, 2 ) (83-3)
0 (+2)
0-0;
0

These reactions will show a correlation contribution to the
reaction energy, and the fact that the reactions dissociate

the cis and trans forms of a molecule will give us some

insight as to how molecular geometry affects electron corre-
lation. The second type of reaction is the dissociation of a

cyclic dimer to molecules by the rearrangement of two bonds,

-0 0
1,2-dioxetane g-é\H — 2 L, (84-1)
H



0-0 9
t-HNO dimer N-N — 2 N . (84-2)
H H H

These reactions illustrate how correlation effects balance
when we calculate A by taking the difference in equation 8l.
The later reactions have implications with regard to the
chemiluminescence of 1,2-dioxetanes in general (Turro and
Lechtken, 1973) and tetramethyl-1l,2-dioxetane in particular
(Turro and Lechtken, 1972), and a detailed study of one
mechanism for the reaction in equation 83-1 will be dis-

cussed in Part V of this work.

Correlation Defect

The reactions in equations 83-1,3 are characterized by
the cleavage of a single bond, so our first perspective in
the study of these systems is to focus our attention on the
two electrons in the bond broken by the reaction. Let's
assume that the effects of bond breakage are of secondary
importance for those parts of the system away from the
central bond of the dimer or the unpaired electrons in the
separated radicals. Collecting these undisturbed spin
orbitals into a generalized core function, F, we can write
the MO wavefunction for the radical-dimers and their sepa-

rated monomers as
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AlFo 0_}, (85-1)

"
Il

A{F 27% (ab+ba)o_}, (85-2)

o
H

where 0 is a molecular orbital (MO) localized in the region
of the central bond of the radical-dimer; O_ is the singlet

spin function,
o_ = {aB-Bal}/V2 , (86)

and A is an antisymmetrizer. a and b are optimized MO's
on the separated systems (SMO's), each being on one of the
separated free radical monomers and each containing an
unpaired electron. For glyoxal the generalized core func-
tion F is a product of closed shell MO products representing
the inner shells, oxygen lone pairs, carbon-oxygen sigma
and pi bonds, and the carbon-hydrogen sigma bonds. For the
other systems in equations 83-1,2 an analogous interpreta-
tion of F holds. As usual, we use the left to right order
of the factors in a product to determine their arguments.
The SMO's a and b are well-defined functions for the
separated radical monomers, and they can be used to define

the MO's

o= {a+b}/V/2, . (87-1)
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* —
o = {a-bl/v2 . (87-2)

Using ¢ and o*, we can write equation 85-2 in the alternative

form

o, = AlF 277 (0%~ o720} . (88)

On the other hand, the MO description of the radical dimer
is improved by using separated-pair independent particle

(SPIP) wavefunction

6 = A{FA(0,0)0_},  (89-1)
A (o,07) = fccz + fc*c*z, (89-2)
£2 4 £2, = 1, (89-3)

instead of equation 85-1. The coefficients f, and fo* define

the orbital occupation numbers

n,=2f£’, (89-4)

which corresponds to the number of electrons the SPIP
function assigns to orbital ¢K.

Equations 89~1,3 define a wavefunction that, when
fully optimized, describes the dissociations in equa-

tions 83-1,3 for the full course of the reaction: it reduces
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to the separated radical monomer wavefunction, equation 85-2,
at infinite separation, provides a modified MO description
of the bond near the molecular equilibrium, and recovers the
right-left correlation energy lost by the MO theory. It is
apparent from the equal weights given the two configurations
in equation 88, that correlation is an important aspect of
the separated radical monomer wavefunction; accordingly, its
absence from the MO theory of the radical-dimer is called

the correlation defect.

Correlation Shift
The dissociation of the cyclic dimers in equa-

tions 84-1,2, unlike the dissociations just considered,
involve the rearrangement of two bonds rather than the
cleavage of one. As a result, we have to examine the reac-
tant and product systems focusing on the four electrons
involved in the rearrangement. Accordingly, we write the
MO theory wavefunctions for the reactant (the cyclic dimer)

and the product molecules as

=]
1]

A{E‘ai ai e_o_} , (90-1)

W
il

A{FL?*R*0_0_} . (90-2)

For 1,2-dioxetane, see equation 84-1, a, and a, are MO's
representing the oxygen-oxygen and carbon-carbon sigma bonds

respectively; the MO's [ and R represent the carbon-oxygen
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pi bonds in the left and right separated formaldehyde mole-
cules respectively. The generalized core function F
represents all the closed shells in the MO product function
that are not much disturbed by the bonding rearrangement.
Similar MO wavefunctions can be written for t-~-HNO dimer and
HNO in equation 84-2.

Clearly neither equation 90-1 nor equation 90-2 contains
any correlation correction; so if the correlation defect
just discussed is of comparable magnitude in both wavefunc-
tions, then taking the difference of their energies results

in a cancelation of error called the correlation balance.

This balance depends on the fact that the oxygen-oxygen

and carbon-carbon or nitrogen-nitrogen sigma bonds have the
same correlation defect as the carbon-oxygen or nitrogen-
oxygen pi bonds: a conjecture which can be tested by putting
right-left correlation into each of these bonds and calcu-
lating the energy difference in equation 82 using these
improved wavefunctions. The necessary generalization of

equations 90-~1,2 is afforded by the SPIP functions

(Dll

. = A{FA(a,,a*)M(a,,a$) 0_0_} , (91-1)

% = A{FA"(L,L”) A" (R,F*)6_0_} (91-2)

Here af and a; are MO's antibonding in the regions of the

oxygen-oxygen and carbon-carbon or nitrogen-nitrogen sigma
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bonds respectively, and L* and R* are carbon-oxygen oOr
nitroéen—oxygen pi antibonds.

The difference between the reaction energies for the
dissociations in equations 84-1,2 as calculated by the
wavefunctions in equations 90-1,2 and 91-1,2 is a test of
how well the correlation energies balance. This parameter
is called the correlation shift because it measures the
difference in the correlation defects associated with

different molecules.
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GEOMETRIES OF THE REACTANTS AND PRODUCTS

Use of the Hartree-Fock MO Theory

Although the Hartree-Fock approximation cannot generally
be used to describe chemical dissociations, it is the most
optimal MO theory, and it can nevertheless be used to cal-
culate the equilibrium geometry of molecules. For diatomic
molecules, many Hartree-Fock calculations have faithfully
reproduced experimental internuclear distances (Cade et al.,
1966; Matcha, 1967a,b, 1968a,b; MclLean and Yoshimine, 1967).
For triatomic systems similar results have been obtained:
Ermler and Kern (1971) reproduced the oxygen-hydrogen bond
distance in H,0, but several calculations on CH, (Foster and
Boys, 1960; Harrison and Allen, 1969; Bender and Schaefer,
1970; O'Neil et al., 1971) indicate that for some systems
correlation effects can make important contributions to the
angula: geometry variables.

For larger polyatomic systems, less experience is avail-
able, but work by Pople and his coworkers (Ditchfield et al.,
1972) on several small molecules and by Bardo and Ruedenberg
(1974a,b) for several molecules containing carbon, hydrogen
and oxygen atoms, indicates that the Hartree-Fock approxi-
mation can indeed reliably predict the geometries of closed
shell molecules. Accordingly, since the molecules being

examined here have electronic structures rather closely
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related to some of the systems treated by Bardo and
Ruedenberg, we carried out our geometry optimizations using

the Hartree-Fock wavefunction.

Optimization Method

Theoretical geometries of cis- and trans-glyoxal were
determined at the ab initio Hartree-~Fock level by Sundberg
and Cheung (1974). The method used there was a simple
quadratic fitting procedure. The geometry parameters were
grouped into pairs, and for each pair the total molecular
energy was calculated for six points on the energy surface
defined by these paramters. Using a good initial guess of
the molecule's geometry, we can usually "bracket" the least

energy by selecting six points in the pattern shown below:

P,
(01P2) (PIIPZ)
X b4
(-Pllo) (OIO) '(Pllo)
2 )T X P
b 4
(0,-P>)

Here P, and P, denote the parameters being optimized; the
point (0,0) corresponds to the initial geometry and ideally

has the lowest energy of any of the points shown. A
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quadratic equation can be fitted to these points and simple
differentiation used to locate the minimum on this approxi-
mate surface; the values of the parameters P; and P, at the
quadratic minimum then define our next geometry. Using
these optimized parameters, the procedure is executed for
each pair of parameters until all the system's structural
variables have been optimized. If there is an odd number
of parameters, then a similar procedure is used to optimize
the last variable by fitting a parabola to three points.
The entire procedure can be repeated for several cycles to
remove any secondary effects that the alteration of one
parameter may have on the others.

In Table 4 we list our molecules, the way we paired
their structural parameters for the optimization just
described, and the number of cycles made to produce the

final geometry.

Atomic Orbital Basis Sets
The wavefunctions were all calculated using even-
tempered contracted gaussian atomic orbital (ETCGAO) basis
sets (Ruedenberg et al., 1973), but different bases were
used to optimize the geometry than were used for the final
energy calculations. For the energy calculation, greater
care was given to the basis set selection; the atoms need

to be described by a set of functions optimized to reflect
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Table 4. Parameterization on extent of geometry

optimization@
Number of

Molecule Parameter pairs and odd parameters cycles
HCO Roegs Ro_yi ¥OCH 2
c~,t-(HCO) Roegr Roe? Reps ¥CCO; ¥CCH 2
NO Ry=o 2
-,t-(NO
c=,t=(NO) , Ryeor By’ XNOO 2
0" Roeo 2

+
c-,t-(0;) Ryegs Ro_gi FO0O 2
H,CO RC=O' RC—H; XOCH 2
(H,CO) » Raor Ro_oi Rpegr Reogi ¥FCCH, ¥OCH 3
HNO Ry_o+ Ry_y¢ ¥ONH 2
t~ (HNO) , Ro_o’ Ry-n’ By-o’ Ry_gi FNNH; ¥ONH, e | 2
a Ryeoog is the length of the bond a+++f in the molecule

indicated. ¥ ABC is the angle between the atoms A, B,

and C.
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the bonding environment near them, so we are not generally
able to use a universal basis set to describe the dimer and
its separated monomers.

We attempted to achieve some of the benefits of an
independent optimization of the reactant and product bases
by selecting for the various atoms basis sets which had been
optimized in simpler molecules with an analogous bonding
structure. 1In Table 5 we list the molecules being studied
and the Appendix and Table numbers containing the basis sets
used for the geometry optimizations as well as the final
energy calculations. Those tables also contain information

about the origins of the various bases.

Optimized Geometries

The results of our geometry optimizations are reported
in Tables 6 and 7. The meaning of the geometrical parameters
listed there is illustrated in Figures 3 and 4. All the
theoretical geometries except those for glyoxal were calcu-
lated in this work; the glyoxal geometries had been
calculated earlier by the methods outlined here.

Several remarks should be made about these calculations.
The small [3s/2p] basis for H,CO shown in Appendix A.,
Tables 20, 21, and 22'is a truncated version of the [4s/3p]
basis used by Bardo and Ruedenberg (1974a,b) to calculate

the geometry of this molecule. Their optimization method
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Table 5. Appendix and table numbers of the bases used
' for the geometry optimization and final energy

calculation
Appendix and table numbers
Molecule
geometry final energy
optimization calculation
HCO A-26,27,28 A-26,27,28
c~-,t-(HCO) ; A-26,27,28 A-26,27,28
NO A-24,25 B-36,37
c-,t-(NO) ., A-24,25 B-36,37
o5 A-29 B-40
+
c-,t- (02 )2 A-29 B-40
H,CO A-20,21,22 A-20, B-30,31
(H,CO) 2 A-20,21,22 B-32,33,34
HNO A-23,24,25 B-35,36,37
t- (HNO), A-23,24,25 B-38,39,34
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(Shah et al., 1964) was more elaborate fhan our fitting
procedure; and though it did use a pairwise partition of
the parameter space, the partition was different than the
one we advocate in Table 4. The fact that we were able to
reproduce their results provides a justification of our
parameter partitions, our basic optimization method, and
our use of the truncated basis sets shown in Appendix A.

The geometries of the radical (HCO,NO) and molecular
(H,CO,HNO) monomers are in essentially quantitative agreement
with the microwave spectra structures (Austin et al., 1974;
Halmann and Laulicht, 1965; Takagi and Oka, 1963; Dalby,
1958) also shown in Tables 6 and 7. The agreement is always
to at least two significant figures, so our use of the
Hartree-Fock approximation in this context is justified.

As seen in Table 6, the agreement of the theoretical
and experimental glyoxal structures is encouraging; the
major geometric changes associated with the cis-trans iso-
merization, the angular variables, are significantly repro-
duced. The trans experimental structure (Kuchitsu et al.,
1968, 1969) was an electron diffraction study, but the gig
geometry (Currie and Ramsay, 1971; Ramsay and Zauli, 1974)
was determiﬁed by microwave methods, so these studies are not
completely comparable. The fact that the experimental and
theoretical results all agree on the direction of the changes

in the angular variables confirms that such an effect does occur.
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Figure 3. Geometry parameters of the radical-dimers
and their radical monomers



Table 6.

Theoretical and experimental geometries
their free radical monomers @

of the singly bonded dimers and

a b c o B
molecule theory expt. theory expt. theory expt. theory expt. theory expt. ref.
HCO 2.2164 2.2131 2.0665 2.097 127.8 127.4 1
C-(HCO), 2.8802 2.844 2.2626 2.286 2.0479 2.107 121.8 120.7 122.2 123.8 2
t-(HCO), 2.8607 2.883 2.2675 2.290 2.0473 2.120 123.4 126.6 120.8 121.2 3
NO 2.1807 2.1746 4
C-(NO) ; 3.0501 4.12 2.2275 2.11 111.4 5
t-(NO) 2 2.8256 2.2416 109.4
o + 2.1231 .
C-(0, ), 2.9973 2.2101 126.2
t-(07);  2.9348 2.2263 113.1
a

All bond distances are in a.u.

were by (1), Austin et al.
Zauli (1974);

(1965) ; (5), Lipscomb et al. ~(1961).

(3), Kuchitsu

and angles in degrees. The experimental references

(1974); (2), Currie and Ramsay (1971), Ramsay and
et al. (1968, 1969); (4), Halmann and Laulicht

60T
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Figure 4. Geometry parameters of the cyclic dimers
and molecular monomers (a) 1l,2-dioxetane
and formaldehyde (b) t-HNO dimer and
nitrosyl hydride



Table 7.

Theoretical and exggrimental geometries for the cyclic dimers and their
molecular monomers

d e £ g Y § €
molecule theory theory theory expt. theory expt. theory expt. theory theory ref.
H,CO 2.2882 2.,2823 2,0278 2.109 122.7 121.7 1
(H,CO) » 2.8754 2.6934 2.6874 2.0287 112.6 116.6 0.0
HNO 2.2823 2.2884 1.9372 2.0068 110.5 108.5 _ 2
t-(HNO), 2.6788 2.8125 2.7560 1.8890 106.2 109.5 15.34
a

All bond distances are in a.u. and angles in degrees. Reference 1 is Takagi
and Oka (1963), reference 2 is Dalby (1958).

1T
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The experiment bond lengths in cis-(NO). were taken
from an x-ray study (Lipscomb et al., 1961) which actually
indicated that the molecule is slightly trapezoidal. The
dimer is at best weakly bound, so it is not surprising to
find a large discrepancy in one variable, the nitrogen-
nitrogen bond length, between the theoretical isolated
molecule and experimental solid state structures. A minimal
exponential basis set study (Williams and Murrell, 1971)
explored the trapezoidal geometry, but it reported that the
trans isomer was the lowest energy form; additionally, it
reported structural differences between the cis and trans
forms that conform to our results as regards direction but
not magnitude. Another study (Skanke and Boggs, 1973) used
a contracted gaussian basis to produce an optimized cis
geometry similar to the one we report in Table 6.

The last of the cis-trans forms are the 0; dimers.
There is no experimental information for these systems, but
the dimers are at most only slightly metastable. They
represent a completion of the isoelectronic-isostructural
series established by glyoxal and NO dimer. Additionally,
it may prove useful to acquire information concerning the
properties of the triply bonded oxygen ion.

In Table 7 the geometry parameters of the cyclic dimers
are close to standard model values (Pople and Gordon, 1967),

although all the bonds in both rings are slightly lengthened.
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Our 1,2-dioxetane geometry is similar to the Hartree-Fock
geometry by Barnett (1974); the most important similarity
being the fact that he also predicts a planar ring.
t-(HNO) » has not previously been studied, experimentally
or theoretically, but it is a conjectural and perhaps

possible molecule.
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SPIP CALCULATIONS AND THE

REACTION ENERGIES

SPIP Calculation
Having obtained the radical and molecular geometries in
Tables 6 and 7, it is a simple matter to execute the Hartree-
Fock calculations for all these species using the final basis
sets indicated in Table 5 and shown in Appendices A and B.
The resulting functions are departure points for the SPIP

calculations described below.

The Hartree-Fock (HF) wavefunctions for the separated
radical and molecular monomers, equations 85-2 and 90-2, are
antisymmetrized products of the HF products for the isolated
monomers; the total energy of the separated monomers is twice
the energy of one isolated monomer, and thus we really only

need the radical monomer function

¢M = A{F'ac}; (92~1)

and the molecular monomer function

Ppype = A{F'L%0_}. (92-2)

Here a and L are as previously defined, and F' represents
the appropriate core function for the system being considered.
Since we never introduce any correlation into the radical

monomers, no further calculations using equation 92-1 are
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needed. For the molecular monomers, however, we need to

determine the SPIP function

M = atF'Av G,z 0} (93)

to assemble the wavefunction in equation 91-2. To do this
requires that we choose initial guesses of the orbitals in
equation 93 and execute the SPIP procedure developed in
Parts I to III of this work.

The initial orbitals for the core function, F', in
equation 93 are taken directly from the HF function in
equation 92-2. The initial orbital L in equation 93 is a pi
bond, and it is also taken directly from equation 92-2, the
antibonding pi orbital, L*, is the lowest energy HF virtual
orbital of the proper symmetry; finally these orbitals are
assigned the initial geminal expansion coefficients fL =1.0
and fL* = 0.0, and the result is taken to define our initial
guess of the SPIP function in equation 93. All that remains
is to apply the analysis in the preceding to its optimization.

The initial orbitals for the radical-dimer SPIP func-
tions are chosen in the same manner as the orbitals for the
molecular monomers. The orbitals for the core function and
central sigma bond in equation 89-1,3 are taken from the HF
function in equation 85~1; the antibonding orbital, o¥, is

the lowest energy HF virtual orbital of the proper symmetry,
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and these orbitals are assigned the initial expansion
coefficients f0 = 1.0 and fo* = 0.0. The resulting initial
SPIP function is to be optimized by the methods of Parts I
to III.

Choosing initial orbitals for the cyclic dimer's two
geminal SPIP function is a more delicate task. Rather than
risk any convergence problems created by simultaneously
optimizing two crude initial orbitals, we elected to first

calculate the SPIP function

3.' = A{FA(a),a)a? 0_0_}. (94)

Its initial orbitals are chosen by exactly the procedure
described above: the orbitals in F and the orbitals a,

and a, are taken from the HF function in equation 90-1; the
orbital a,* is the lowest energy HF virtual orbital of the
proper symmetry, and the geminal expansion coefficients are
chosen to bé fa1 = 1.0 and fal* = 0.0. This function is
then optimized using the SPIP procedure, and its optimized
orbitals are used in an initial guess of the two-geminal
function in equation 91-1. As one might suppose, the anti-
bonding orbital ajy is the lowest energy SPIP function virtual
orbital of the proper symmetry; and the initial geminal
expansion coefficients are fa2 = 1.0 and faf = 0.0. This
is the initial approximation to the two-geminal SPIP func-

tion in equation 91-1.
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All of these SPIP calculations were executed keeping
the inner shells (K shells) of the carbon, nitrogen, and
oxygen atoms fixed at their HF values. The other orbitals
were optimized until they satisfied the generalized
Brillouin theorem (Levy and Berthier, 1968) and they produced
an energy stable to eight decimal places. All the occupied
orbitals in the Hartree-Fock functions for the radical mon-
omers and the SPIP functions for the radical-dimers are
shown in Appendix C, Tables 41 to 49. The occupied orbitals
for the Hartree-Fock and SPIP wavefunctions of the molecular
monomers and the Hartree-Fock, one-geminal SPIP (equation 94),
and two-geminal SPIP functions for the cyclic dimers are

shown in Appendix D, Tables 50 to 59.

Correlation Defect in the Radical-Dimers

The Hartree-Fock and SPIP wavefunctions for the six
radical-dimers and three radical monomers shown in equa-
tions 83-1,3 yield the absolute energies shown in Table 8.

The HF results for these systems are in essential con-
formity to one's intuitive expectation: the cis form of a
dimer will have a higher energy than the trans form. We
observe, however, that at the SPIP level, the trans form
of NO dimer is the higher energy form. Such a result is
surprising, but the NO dimer system has caused confusion
before; we remarked that Williams and Murrell (1971) made

a calculation establishing the trans isomer as the lower



Table 8. Absolute energies of the radical-dimers and radical-monomers?

monomex cis-dimer cis~dimer trans-dimer trans-dimer
molecule

(HF) (HF) (SPIP) (HF) (SPIP)
glyoxal -113.1083 -226.3171 -226.3322 -226.3246 -226.3396
NO dimer -129.1778 -258.2809 -258.3205 -258.2870 -258.3197
O; dimer -149.0693 -297.7663 -297.8465 -297.7823 -297.8552
a
Energy in a.u.

81T
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energy form; however, a subsequent gaussian basis set calcu-
lation (Vladimeroff, 1972) at the Williams and Murrell
geometry inverted the cis>trans energy order. It is possible
that an examination of the correlation defect and geometry
changes concerned with this system can elucidate the origins
of this inversion.

In Table 9, we show the reaction energies and correlation
defect for six reactions in equations 83-1,3. Along with
these energies, we show the occupation numbers associated
with the orbitals in the geminal describing the central sigma
bond of the radical-dimers. These energy differences show
two things clearly: (1) we see that the correlation defect
is important, amounting to roughly 15% of the dissociation
energy of glyoxal; (2) the defect always stabilizes the cis
more than the trans isomer of a given system. Here is the
mechanism to invert the HF cis>trans energy order: In all
these systems, the correlation defect stabilizes the cis
more than the trans isomer, but in NO dimer this favoritism
is greater than the difference in the HF energies of the two
isomers. To see this, look at Table 10 where we display the
trans-cis splitting for the radical-dimers in the HF and SPIP
approximations; we also record the differences between the
correlation defects (trans-cis), the correlation shift.
Observe that the shift in NO dimer and d; dimer is about the

same; so the inversion in NO dimer is created by the near
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Table 9. Occupation numbers, reaction energies, and

correlation defect for the radical-dimers@

SPIP AE AE
molecule defect
*
n n (HF) (sP1IP)

c- (HCO) » 1.9833 0.0167 -0.1005 -0.1156 -0.0151
t-(HCO) 2 1.9838 0.0162 -0.1080 -0.1230 -0.0150
c-(NO) 2 1.9168 0.0832 0.0747 0.0352 -0.0395
t- (NO) » 1.9463 0.0537 0.0687 0.0360 ~0.0327
c-(O:) 1.7482 0.2518 0.3723 0.2922 -0.0801
t-(07) 1.8030  0.1970 0.3564 0.2835  =0.0729
a Energy in a.u. one a.u. = 627.0 kcal/mole.
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Table 10. Trans-cis splitting and the correlation shifts
for the radical-dimers®

trans-cis splitting correl.
molecule
HF SPIP shift
glyoxal -0.0075 -0.0074 0.0001
NO dimer -0.0061 0.0009 0.0068
05 dimer ~0.0160 ~0.0087 0.0072
a

Given are the differences trans-cis.
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degeneracy of its cis and trans isomers; only the rather
large splitting le_O: dimer prevents an inversion there.

Having isolated this effect, we ask about a mechanism
to explain its origin. An explanation emerges from an
examination of the geometries in Table 6. There we see that,
on going from the cis to trans isomer of any molecule the
major structural changes concern the length of the central
bond and the magnitude of the CCO, NNO, and 00O angles. We
see, however, that the change in the NNO angle is rather
small; almost all the geometric response this molecule makes
to the isomerization is a change in the NN sigma bond length.
This structural change produces a shift in the correlation
defect; and with the near degeneracy of the cis and trans
isomers, it inverts their energy order.

The relative strength of the central sigma bond in the
various radical-dimers is plain from the dimerization
energies in Table 9, but Figures 5 to 7 provide a graphic
illustration of the bonding character. We show contour plots
of the two natural orbitals in the geminal of equations 89-1,3
for each of the radical-dimers. We also show one of the
singly occupied GVB (Hay, Hunt, and Goddard, 1972a,b,c)
orbitals generated by the transformation in equations 9-1, 3.
The GVB orbitals become the free radical SMO's on infinite

separation. so the extent to which they localize on one
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fragment is a reflection of the weakness of the bond; clearly
the bond in NO dimer is very weak, and the bond in 0; dimerx

hardly exists at all.

Correlation Shift in the Cyclic Dimers

The HF and SPIP functions (equations 91-1 and 93) for
the cyclic dimers and molecular monomers shown in equa-
tions 84-1,2 yield the absolute energies shown in Table 11.

These values can be combined to yield the reaction
energies, and by taking the difference between the reaction
energies of the HF and SPIP wavefunctions we obtain the
correlation shift. It is a reflection of the fact that the
electrons in different bonds of a molecule correlate one
another differently. For 1,2-dioxetane it is approximately
the difference between the correlation energies of an
oxygen-oxygen and a carbon-carbon sigma bond and
of two carbon-oxygen pi bonds. A positive or negative value
indicates greater or lesser correlation in the molecular
monomers than in the ring. These values are shown in
Table 12; Table 13 displays the occupation numbers of the
SPIP functions. These data confirm one another; the corre-
lation shift is in favor of the molecular monomers, and for
both systems the minor orbital occupation numbers for the
Ei* orbitals in the molecular monomers is greater than either

minor orbital occupation number in the cyclic dimers.
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Table 11. Absolute energies of the cyclic dimers and
molecular monomersa

reaction monomer dimer monomer dimer

system (HF) (HF) (SPIP) (SPIP)

(H2CO) 2 -113.8171 -227.5429 -113.8578 ~227.6049

(HNO) » ~129.7283 ~-259.3871 -129.7821 -259.4651

a .
Energy in a.u.

Table 12, Reaction energies and the correlation shift
for the cyclic dimers®

reaction A A

system (HF) (SPIP) shift

(H2CO) » 0.0913 0.1107 0.0194

(HNO) 2 0.0694 0.0992 0.0298

aEnergy in a.u.



Table 13.

Occupation numbers of the orbitals in the geminals of the molecular

monomer and cyclic dimer SPIP functions

reaction
*
system nL nL na1 na* naz na *
(H>CO) » 1.9001 0.0999 1.9255 0.0745 1.9808 0.0192
(HNO) » 1.8636 0.1364 1.8960 0.1040 1.9720 0.0280

8¢CT
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The reaction energy for the thermal dissociation
of 1,2-dioxetane has been thermochemically estimated (O'Neal
and Richardson, 1970, 1971) to be 53 kcal/mole; a simple
combination of standard bond énergies (Cottrell, 1958)
gives 43 kcal/mole. These estimates are more in line with
our HF estimate of 57 kcal/mole than our SPIP value of 70
kcal/mole, but the energy for the dissociation of tetra-
methyl-1,2~dioxetane to acetone has been measured (Lechtken
and Hoehne, 1973) and is 70 kcal/mole for the solid and 61
‘kcal/mole in a solution, so we are left in a quandry. How-
ever, the bond energy estimate for the dissociation of
t-(HNO)2, to HNO is 110 kcal/mole; a value far more exothermic
than either the HF or SPIP prediction; so it seems, at least

for t-(HNO).,, that our SPIP wavefunction does not overesti-

mate the correlation shift in favor of the separated system.
Accordingly, we accept the beyond Hartree-Fock separated-
pair independent particle reaction energies, but a calcula-
tion on tetramethyl-l,2-dioxetane is needed to settle the
issue. Beyond question, however, is the fact that the
correlation shift can make a nontrivial contribution to the

reaction energy.

Zero Point Energy
Although our primary concern up to this point has been
associated with the effect of electron correlation on

reaction energies, there are other phenomena that can make
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a non-trivial contribution to these quantities. Among the
most important such considerations is any change in the zero
point vibrational energy: the ground state energy associated
with the oscillatory motions of the heavy nuclei on the
adiabatic potential surface (London, 1929) defined by the
molecular electronic wavefunction.

Like the correlation effect, the zero point energy
associated with the radical-dimers creates a defect, and
the zero point energy associated with the gyclic dimers
becomes involved in a balance.

For the radical-dimers, the vibrational degree of
freedom along the reaction coordinate has a positive zero
point energy which goes to zero at infinite separation
(Glasstone et al., 1941). This produces a defect in the

reaction energy

' —
A= A+ %lavr ’

where A is the reaction energy calculated with the electronic
wavefunctions; h is Plank's constant, and v, is the funda-
mental vibrational frequency for stretching the dimer along
the central bond.

Similar arguments show the zero point shift for 1,2-diox-

etane to have the form

r - -
A= A+ %lm{voo Vot 2y T 2Vt
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where Voo! Ve and, Veo represent the fundamental stretch-
ing frequencies for the oxygen-oxygen, carbon-carbon, and
carbon-oxygen sigma bonds in 1,2-dioxetane, and véo repre-
sents the fundamental stretching frequency for the carbon-
oxygen double bond in formaldehyde.

The fundamental frequency varies inversely as the
square root of the vibrating masses, so we expect the
vibration energy associated with massive oscillators to be
smaller than that for lighter ones. For H; (Schwartz and
Schaad, 1967) the zero point energy is 6.3 kcal/mole, but
for Li, (Herzberg, 1950) it is 0.5 kcal/mole. The relation-
ship is not perfect because different bonds are associated
with different force constants; but broadly speaking, we can
expect the zero point energy for bonds between second row
atoms to be less than 3.1 kcal/mole. Using the fundamental
stretching frequencies from Roberts and Caserio (1964) we
find zero point energies for the carbon-carbon and carbon-
oxygen sigma bonds and the carbon-oxygen double bond to be
about 0.6 kcal/mole, 1.2 kcal/mole, and 2.5 kcal/mole
respectively. Using the same zero point energy for the
nitrogen-nitrogen and oxygen-oxygen sigma bonds and for the
carbon-oxygen and nitrogen-oxygen double bonds, we infer
that neglect of the zero point energy leads us to overestimate

the reaction energy for the dissociation of the radical-dimers

by about 0.6 kcal/mole; for the dissociation of the cyclic
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dimers, we expect to underestimate the reaction energy by 1.2
kcal/mole. So, neglecting the zero point energy completely

will be a second-order error.
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PART V: A SPIP AND MCSCF STUDY OF THE THERMOLYSIS OF

1,2-DIOXETANE
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INTRODUCTION

The thermolysis of 1,2-dioxetane to formaldehyde is an
interesting and controversial reaction, the major source of
the excitement being the fact that several 1,2-dioxetanes
are known to thermolyize to chemiluminescent products (Turro
and Lechtken, 1972, 1973; Lechtken et al., 1973; Turro
et al., 1974; Wilson et al., 1973; Steinmetzer et al., 1974;
Yang and Carr, 1974; Darling and Foote, 1974). Since the
mechanisms of these decompositions are rather speculative,
the 1,2-dioxetane system is a valuable topic on which theo-
reticians and experimentalists can interact.

Both concerted and biradical pathways have been suggested
for these reactions, and the mechanisms have been supported
with correlation diagrams (Kearns, 1971; McCapra, 1968;
Turro and Lechtken, 1973; Barnett, 1974) and semiempirical
calculations (Evleth and Feler, 1973; Roberts, 1974). These
calculations used minimal beyond Hartree-Fock (HF) methods
to calculate activation energies far above the 25 kcal/mole
suggested by experiment (Kopecky and Mumford, 1969; O'Neal
and Richardson, 1970, 1971; Richardson et al., 1972; Wilson
and Schaap, 1971; Turro and Lechtken, 1973). This discrepancy
can be assigned to correlation effect neglected by the wave-
functions, or it can be attributed to unrefined geometries

along the reaction paths.
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Dewar and Kirschner (1974) approached this problem using
a MINDO/3-configuration interaction (Bingham et al., 1975a,b,
c,d; Bingham and Dewar, 1972) study of the molecule's singlet
and triplet energy surfaces. They found that these surfaces
intersected 38.3 kcal/mole above the molecular ground state,
and their calculations would imply dissociation to excited
products from a molecular transition state. Eaker and Hinze
(unpublished) used a semiempirical multiconfiguration self-
consistent field (MCSCF) method (Eaker and Hinze, 1974) to
study a éimilar reaction path. They found an activation
energy of 24 kcal/mole, and using the O'Neal and Richardson
(1970, 1971) thermochemical dissociation energy of 55 kcal/
mole, they predicted no chemiluminescence. In contrast, the
calculation of Roberts (1974) predicted dissociation to
chemiluminescent products from a biradical intermediate.

In an effort to elucidate the structure of the transi-
tion state and evaluate the activation energy, we began an
ab initio study of the thermolysis of 1,2-dioxetane. Here
we report some of our results for the dissociation of the
molecular ground state to the ground state of the separated
formaldehydes. The study was made using wavefunctions con-
siderably beyond the HF approximation, and their presentation
affords us the opportunity to expound several fundamental

ideas that may be useful in the study of other reactions.
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ORBITAL AND CONFIGURATIONAL

REACTION SPACES

Core and Reaction Orbital Spaces
As we remarked in Part IV, the thermolysis of 1,2-diox-
etane is a rearrangement of two sigma bonds to two pi bonds.
This rearrangement involves four electrons, and its
description is facilitated by a decomposition of the space of
occupied molecular orbitals into two sets:
(1) "Generalized core orbitals " (CMO's) that
describe those closed shells not much dis-
turbed by bonding rearrangement and used to
make up the generalized core function F that
we used in Part IV, equations 90-1,2 and
91-1,2.
(2) "Reaction molecular orbitals” (RMO's) that
are linear combinations of those minimal
basis set reaction hybrid orbitals (RHO's)
that undergo essential physical deformations
during the reaction.
We assume, without loss of generality, that the CMO's and
RMO's are two orthogonal sets, and we furthermore make the
reasonable assumption that the CMO's are orthogonal to the

RMO's.
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In 1,2-dioxetane the RMO's are orbitals in the four
dimensional space spanned by four AO0's (or RMO's), one on
each of the heavy atoms; and they are schematically indicated

below:
®) (o)

SONG

The actual orbitals are more complicated than the simple
figures above; for example, orthogonality will make each RHO
a multicenter function localized primarily near, rather than
wholly on, one of the heavy atoms. Giving each RHO a name
corresponding to the atom it's localized around, we call
them 20, Qc’ Tor and r, (2 means left, r means right, o
means oxygen, and ¢ means carbon). Since the ground state
of 1,2-dioxetane has sz symmetry, from Part IV, this four
dimensional space can be broken into two subspaces which
transform like the A, and B; irreducible repregentations of
sz; and accordingly in this space we can find four symmetry

adapted RMO's

a, = to{zo + ro} + t {zc + rc} ’ (96-1)

a, = to{zo + ro} + ot {Ro + rc} , (96-2)

and
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b; = so{lo - ro} + S, {Rc - rc} . (96-3)

b, s('){zo -} o+ sc': (e -1r_}, (96-4)

(o] C

where to' té, tc, té, Sqr sé, S.r and sé are expansion
coefficients. With an appropriate choice of the orbitals

2 2 r,. and r_ and the expansion coefficients, the MO's

o' "¢’ o

ai, az, b1, and b> span the RMO space; and the best possible
choice defines the multiconfiguration self~consistent field
(MCSCF) variationally optimized orbitals. To find these

orbitals, however, we must make a study of the space of

configuration functions needed to describe the reaction.

"Complete Configurational Reaction Space"

Having divided the space of occupied.MO's into CMO's
and RMO's, we can form a special set of configurations by
choosing each member to be an antisymmetrized product of
the CMO closed shells, the generalized core func-
tion F, and one of the possible RMO orbital products times
a spin function. All these configurations span the "complete
configurational reaction space" (CCRS). 1In the present case
all the configurations must have A, symmetry and be singlet
functions; consequently each configuration must contain an
even number of b-type orbitals; each RMO orbital product

must be combined with one or both of the spin functions
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{aB - Bal}{aB - Bal/2,

{aaBB + BBaa - (aB +Bo)(aB +Ba)/2}/V/3 ,

(97-1)

(97-3)

where o and B are the usual spinors, and the left to right

order of the factors in a product of functions determines

their arguments.

These limitations and the Pauli exclusion

principle combine to restrict the CCRS for the symmetric

dissociation (C v
2

following twelve configurations:

‘1"1-’-‘-

‘Pz‘—‘-

We=

aA{F

A{F

A{F

A{F

aA{F

A{F

A{F

a{F

ai b? 0__t=|11,11> = |1,1> ,
a2 b2 0__}=]22,22> = |2,2> ,
ai bg 0__}Y=l|11422> = |1,2> ,
a: b? 6__}=|22,11> = {2,1>,
ajazbib, 0__}=]12,12> = |3,3>
a® b,b, 0__}=1|11,12> = |1,3>,
al bb, 0__}=|22,12>=]2,3> ,

2 — -
alazbl O__}—llz,11>— |3,1> ’

or C2 symmetry) of 1,2-dioxetane to the

(98-1)

(98-2)

(98-3)

(98-4)

(98-5)

(98-6)

(98-7)

(98-8)
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Yo = A{F a,a,b? 0__}=|12,22>=]3,2> , (98-9)
Yio=A{F a% a2 0__}=]a> , (98-10)
¥1,=A{F b? b2 0__}=[b> , (98-11)
¥12 A{F aja,b;b, 0  }=[T>, (98-12)

which also introduces two shorthand notations for the orbital
products in the configurations and shows our convention of
writing the a-type orbitals before the b-type. The con-
figurations |a> and |2,2> correspond to the Hartree-Fock
descriptions of 1,2-dioxetane and the separated formaldehyde
molecules respectively.

The first eleven configurations are singlet coupled;
they join two singlet products together to make a singlet;
but the last configuration is triplet coupled; it joins two
triplet products to form a singlet. Taken together they
make the "complete configurational reaction space" (CCRS)
appropriate for our discussion, and the wavefunction for 1,2-
dioxetane at any stage of its symmetric dissociation is

approximated by the configuration interaction (CI) function

y= ) Cc vy . (99)
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Invariance of the
"Complete Configurational Reaction Space"
Let's be given a set of MCSCF orbitals a:, a,, b,

and b, and the transformation

a; coso  sina 0 0 a;
a, -sino cosa 0 0 as
_ _ . (100)
b 0] 0 cosf sinpB b,
b, 0 o] -sinf  cosB b2

A reasonable question is: what is the transformation connec-
ting ¥,,**°,¥:2 to the configurations Y:i,*+**,¥12, which are
formed from the orbitals a,, a, bi and b, in a manner
analogous to equations 98-1,12. It is readily seen that the

last three of these equations are invariant:
la> = |a>, |b> = B>, |T> = |T> . (101)

To find the transformation of the first nine configurations
we proceed stepwise. First, direct substitution shows that

the "hybrid" configurations

T3, k> = A{F Eigjbkbz o__} (102)

are related to the original configurations by the following

orthogonal transformation
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|11k2> cos?q sinZ?a sin(2a)/vZ\ [ 11k4>
|22kg> |={ sin?a cos?a -sin(2a)/vZ J|22k2>] (103)
| 12k 2> -sin(2a) /Y2 sin(2a)/v2 cos(20) 12ke>f |

Employing our second configurational shorthand notation,
equations 98-1,2, we rewrite the transformation in equa-

tion 103 as

3
i, k> = ]} D; 3 () |5, k> (104)

where the coefficients Diﬁ' are obtained by comparison with
equation 103. An analogous treatment of the second pair of

indices gives the final transformation

3
) Dij.-(oz)DkE(B)[j,JD, (105)
1 %=1

li,k> =

I MW

3

and we see that ¥Y;,***,¥y and ¥;,+++,¥s are related by the
Kronecker product of two orthogonal transformations. Since
this transformation is itself orthogonal, we have at once
that the configurations ¥,,-++,¥,, span exactly the same
space as ¥,,***,¥:12, and as a result they too are a basis

of the "complete configurational reaction space" (CCRS) .
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Natural Reaction Orbitals

The CCRS invariance just discussed reveals an arbi-
trariness in the orbitals broduced by an MCSCF calculation
of a general function from this space; namely, the RMO's
are determined to within only an orthogonal transformation.
A similar arbitrariness exists among the doubly occupied
CMO's; but here, as with a HF wavefunction, the arbitrariness
is rather subtly different. A HF function's first order
density matrix is proportional to a unit matrix in the space
of its occupied MO's as is the first-order density matrix
of our MCSCF function in the space of its CMO's; however,
the first order density matrix of an MCSCF function is in
general not diagonal in the space of its RMO's. Rather
this portion of the matrix contains precisely as many off
diagonal elements as there are arbitrary parameters in the
orthogonal transformation specifying the RMO's, so we can
require that our MCSCF function from the CCRS produce a
diagonal density matrix, and as a result we produce unique
MCSCF orbitals. These orbitals are special natural orbitals
(Lowdin, 1955), which we call the "natural reaction" orbitals
or NRO's.

For four RMO's we should specify six conditions to find
the NRO's, but the C2 or C2V symmetry of 1,2-dioxetane
reduces this problem to that of determining the angles (o)

and (B) shown in equation 100. The first-order density
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matrix for 1,2-dioxetane can be shown to be

2 2
p(1,2) = } J 1{p
i=1l j=1

a a; (La;(2)+p

b
iy 24 b.(l)bj(Z)} » (106)

ijri

where the bond-order matrices are related to the expansion
coefficients C;,**+,C;2 of the function in equation 99 in
terms of the configurations in equations 98-1,12 by the

following

p? = 2(c2+c2+cC®+C? )
11 1 3 6 10

+ (C2+Cc2+cCc%*+c?), (107-1)
5 8 g9 12
b _ 2 2 2 2
P = 2(C*+C*+C“+C° ),
2 1 7 10

22

+ (c2+c2+c2+ci2), (107~2)
5 8 9

a a i —
p12 p21 / {CS(CG C7)
+C(C +C)+ C (C +C )}, A (107-3)
8 1 L 9 2 3
b — 2 2 2 2
P = 2(C°+C*+C*+C° )
11 1 L 8 11

+ (C2+Cc2+C2+C% )y, (107-4)
5 [ 7 12



145

p° = 2(Ct+c2+C2+C? )
22 2 3 9 11

+ (c§+c2+c?;+c§2), (107-5)

pb = /2 {C (C +C)
12 21 5 8 9

e
il

+ C(C +C)+C (C +C)}. (107-6)
6 1 3 7 2 4

It is apparent that the density matrix is diagonal if
C6 = C7 = C8 = C9 = 0: i.e., if the configurations in which
the a-type orbitals are doubles and the b-type orbitals are
singles and vice versa are eliminated. The space of the
remaining eight configurations is not invariant to transfor-

mations among the NRO's, and its MCSCF orbitals are unigue.

As we'll see, they are similar to the NRO's of the CCRS

because in fact CG, C7, Ce, and C9 turn out to be small.
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AN APPROXIMATION TO THE RMO'S

FOR 1,2-DIOXETANE

SPIP Models of the Reactant and Products
As we have seen from Part IV, a reasonable approxima-
tion to the wavefunction for 1,2-dioxetane is the separated-

pair independent particle (SPIP) model

¢ = A{FA(aO,bO)A'(ac,bc)O_ }o, (108)

where

A(a,b) = fa a?+ f_b?, (109-1)

b

2 2 _ -
fa + fb =1, (109-2)

"and the MO's ags bo, ags and bc are the bonding and anti-

bonding orbitals localized in the regions of the oxygen-oxygen
and carbon-carbon sigma bonds respectively. It is expedient

to make the identification

b =b_, b =b (110)

and use these orbitals to write the CI expansion of ¢. Using

equations 108, 109-1,2 and 98-1,12 we find

o= f_f_|a>+f£ | 1,1> + £ (111)

ao ac bofbclb>+f

aofbe bofac|2’2>'
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On the other hand, the most general wavefunction for two

separated formaldehyde molecules in the CCRS is of the form
* *
¢ = A{FA" (L,L )A"(R,R )O__}, (112)

* *
where L,L , R,R are the bonding and antibonding pi orbitals
on the left and right formaldehyde molecules respectively.
These orbitals can be related to a set of symmetry adapted

orbitals by

. — * * * —
a= (L+R)/VY2, a = (L +R)/V/2 , (113-1)
—_ * * * —_
b= (L~-R)/Y2, b = (L -R)/V/2 . {(113-2)
The identification
* *
a =a, a = a, b =b, b =5b (114)
2 1 2 1

allows us to use equations 98-1,12 to write the CI expansion

o = fz|272> + fz*|1,1>"% foL*{|a>'+lb>

+ |1,2> 4 |2:1>*"3,3>+-/§T-T>} . (115)

Since Y¥¢, ¥,, ¥Ys, and ¥y do not occur in the wavefunc-
tion ¢, we infer that they make no essential contribution to
the CCRS wavefunction at the molecular equilibrium. Since
furthermore, these configurations are absent for the sepa-

rated molecules, even in the CCRS, we conjecture that they
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can be omitted along the whole reaction path without affect-
ing the quality of the wavefunction. The RMO's resulting
from such a simplified wavefunction should be good approxi-
mation to the NRO's of the total CCRS. An MCSCF calculation
of this type is, however, still impractical in our laboratory

at the present time. Fortunately a further approximation is

reasonable.

SPIP Model of the RMO's

It is evident that the SPIP function ¢  cannot give
any reasonable description of 1,2-dioxetane near its molecu-
lar equilibrium; ¢  gives significant and inappropriate
weight to the configurations in the braces of equation 115.
The SPIP function &, however, can provide a reasonable
approximation to the molecular wavefunction at the dissoci-
ation limit; ¢ can give prominence to the configuration
|2,2§ which is the HF wavefunction for the separated for-
maldehyde molecules.

Therefore, we choose to make a SPIP calculation along
the reaction path to generate the NRO's shown in equation 110.
Having found these NRO's we then make a full MCSCF calcula-
tion using all twelve configurations in equations 98-1,12
but limit the orbital variations to occur only in the orbital

space spanned by the CMO's and NRO's. This procedure places
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a restriction on the MCSCF optimization, but by keeping the

number of MO's small, it is an economical method; and near
the equilibrium it is a good approximation. As we'll see,
the space of RMO's generated by the SPIP function ¢ is also
an excellent approximation at the dissociation limit.
Simplest SPIP Model of the Reaction

The two-geminal SPIP function ¢ of equation 108 is not
the simplest model function which embodies a continuous
description for the transition from the 1,2-dioxetane mole-

cule to the separated formaldehydes. The simplest wavefunc-

tion which does this is the one-geminal SPIP function

¢ A{F A (a,, b )acO___} . (116)

By making the identifications
a = al, a =a, b _=0b (117)

we can write it as the CI expansion

<I>=fa1la>+fb2|2,2> . (118)

Clearly the function ¢ describes the transition from a
modestly correlated model of 1,2-dioxetane to a slightly
correlated Hartree-Fock model of the separated formaldehyde

molecules. Although this function does not provide enough
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information to approximate all four RMO's, it is adequate
to optimize the reaction path, and its simplicity and

economical calculation make it a natural choice for this

purpose.
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DETERMINATION OF THE REACTION PATH

Atomic Orbital Basis Sets

As with the geometry optimizatiohs in Part IV, we use
a rather restricted basis to optimize all the variables
needed to define a reasonable reaction path. This basis set
is actually the small formaldehyde basis shown in Appendix A
Tables 20, 21, and 22. After the optimizations are completed
we'll recalculate the wavefunction for points along the
reaction path using the larger formaldehyde basis shown in

Appendices A and B, Tables 20, 30, and 3l.

Calculation of the One-Geminal SPIP Function
The dissociation is examined preserving the sz
symmetry of the molecule, and we'll calculate the reaction
path using the carbon-carbon sigma bond length as the reac-
tion parameter. The optimizations are made with the one-
geminal SPIP function ; from equation 116, and this function
is determined by the following procedures.
(1) The HF functions of the type |a> and |,,.>
from equations 98-1,12 are calculated.
(2) The orbitals from |a> and |,,,> are then
used to assemble an initial approximation
to the SPIP function 8; the technique is
essentially that outlined in Part IV except

that special care is given to the selection
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of the CMO's for those points on the
reaction path nearest to the
energy maximum. At these points we
select the A, type MO's from the HF
function |a> and the other MO's from the
HF function |,,2> .

(3) The SPIP function 8 can then be found by
applying the analysis of Parts I to III to

the optimization of orbitals a,, a,, and b,.

Optimization of the Reaction Path
The function 8 is used to optimize the structural vari-
ables of the molecule (the oxygen-oxygen and carbon-oxygen
bond lengths and the carbon-carbon-hydrogen and hydrogen-
carbon-hydrogen angles) as functions of the reaction param-
eter (the carbon-carbon bond length). One variable, the
carbon-hydrogen bond length, was kept fixed at the molecular
value for the whole calculation. The optimization prqcedure
is simply the quadratic fitting method discussed in Part 1V,
and it can be applied in the following way:
(1) At the molecular equilibrium we accept
the Hartree-Fock geometry from Part IV.
(2) For a large separation (a carbon-carbon
bond length, RCC’ of 8.8754 a.u.) the

structural variables are optimized using
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the one-geminal SPIP function 3. After
one optimization cycle the geometry was
found to be that of two separated formalde-
hyde molecules, so this geometry was
accepted without further refinement.

(3) The method of geometry optimization for all
the other points was the same as that used
in step 2; namely, using the SPIP function
5. The points on the reaction path are
chosen by creeping in small increments from
the point determined in step 1 outward, and
from the point determined in step 2 inward.
In this manner changes in the reaction param-
eter remain small, and each optimization
requires only one cycle through the fitting
procedure outlined in Part IV.

The result of this effort is listed on Table 14, where
we see the optimized geometries of 1,2-dioxetane for ten
values of the reaction parameter. The major variables, the
carbon-oxygen distance (RCO) and the oxygen-oxygen distance
(ROO), are shown as functions of the reaction parameter in
Figure 8. The minor variables, the oxygen-carbon-hydrogen
angle (¥OCH) and the hydrogen-carbon-hydrogen angle

(¥HCH) are similarly shown in Figure 9. Two dramatic aspects
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of the dissociation are evident, the rapid shrinkage of the
carbon-oxygen bond and the rapid opening of the oxygen-

oxygen bond.
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Table 14. Geometries of 1,2-dioxetane along the reaction
- path parameterized by the carbon-carbon sigma
bond distance R_,.2

point Rec Reo Ry XHCH ¥OCH
1 2.8754 2.6874 2.6934 109.0° 112.6°
2 3.3754 2.6851 2.9200 111.0° 114.7°
3 3.8754 2.6804 3.2532 113.4° 115.8°
4 3.9872 2.6800 3.3434 114.0° 115.8°
5 4.0369 2.6725 3.4434 114.5° 116.0°
6 4.0754 2.6685 3.5725 114.5° 116.0°
7 4.1754 2.4162 5.0489 115.6° 121.6°
8 4.3754 2.2972 5.6917 114.6° 122.3°
9 5.8754 2.2854 6.1695 114.2° 122.9°
10 8.8754 2.2803 8.9004 114.6° 122.7°

9 Bond distances in a.u. and R = 2.0287 a.u.

CH
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CALCULATION OF THE DISSOCIATION

Calculating the SPIP Functions

Having obtained the reaction path shown in Table 14, we
can refine the entire curve using the larger contracted
orbital formaldehyde basis set shown in Appendices A and B,
Tables 20, 30, and 31. The execution of the one-geminal
SPIP calculation follows the general outline of the last
section. However, having made the previous calculation, we
are able to make a more judicious choice of the core orbitals
for the functions describing the points nearest the
barrier maximum: namely, for the two points nearest the
energy maximum, we choose the B, orbitals from the HF func-
tion |,,.> and the other orbitals from |a>.

The two-geminal SPIP function, ¢, see equation 108, can
be approximated by selecting the initial orbitals.a,, a:,
and b, from the one-geminal function 8, and using lowest
energy virtual orbital of the proper symmetry as an initial
b, MO. With initial expansion coefficients of fa1 = 1.0
and £ = O.Q, we can optimize the orbitals az, al, b1'

b2
and b, in ¢ using the analysis of Parts I to III of this work.

Orbital Energies, Hartree-Fock Energies, SPIP Energies,
and the Origins of the Activation Energy
It is evident from the form of the HF functions |a> and

|2,2> that |a> cannot possibly dissociate into |2,2>¢ in fact,
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from the considerations in Part IV, we know that |a> disso-
ciates to a mixture of covalent and ionic states that
poorly describe the separated formaldehyde molecules. On
the other hand, the HF function |2,2> correlates with an
excited state on association. Thus at some intermediate
value of the reaction parameter, these curves cross, and
the rapid change of the wavefunction from a form dominated
by |a> to one dominated by |,,»> forces the system to "switch
dissociation surfaces" and thereby avoid the crossing created
by Hartree-Fock approximation. The one-geminal SPIP function
is the simplest formula capable of doing this, and it was
formally used for this purpose in the early work of Evans and
his associates (Evans and Polanyi, 1938; Evans and Warhurst,
1938, 1939; Glasstone et al., 1941).

In Table 15 we show the energies of the orbitals a,
and b, in the HF functions |a> and |,,,> respectively, and
along with them we show the total molecular energy of the
HF functions. The crossing of the orbital energies is shown
in Figure 10, and the crossing of the HF energies is shown
in Figure 24. The total energies and occupation numbers of
the orbitals in the one- and two-geminal SPIP functions are
shown in Tables 16 and 17 and displayed in Figures 11, 12,
and 24. From these data we can make several inferences:

namely,
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(1) The barrier maximum occurs at RCC = 4.04 a.u.
which is quite close to where the HF energies
cross: i.e., 4.10 a.u. The HF orbital energies
(ea1 from |a> and €b, from |,,2>) and the
occupation numbers n,, and Ny, in either SPIP
cc = 4.10 a.u.

(2) The essential changes in the HF energies, in

function also cross near R

€4, and ebz,and in n,, - and n,, occur between

RCC = 4.08 and RCC = 4,18 a.u.; definitely on
the separated formaldehyde slope of the barrier.

(3) References to Figures 8 and 9 show that the
dramatic geometric changes in the system also occur

between R = 4,08 and 4.18 a.u.; again on the

separatedcgormalydehyde slope of the barrier.

(4) The two-geminal SPIP function recovers a
correlation effect that is important only on the
molecular side of the activation barrier; by
construction, this effect is right-left correla-
tion of the carbon-carbon bond, and this bond only
exists on the molecular side of the activation
barrier. In fact the two-geminal SPIP function
recovers 0.043 a.u. of correlation energy in 1,2-
dioxetane and only 0.015 a.u. from the separated
formaldehyde molecules, but from the work in Part
Part IV we know that there is 0.081 a.u. of right-
left correlation to be recovered in the pi bonds
of the separated system.

Clearly, the fundamental aspects of the barrier are under-

stood but its quantitative features need to be refined to

correct the correlation imbalance.
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Table 15. Energies of the highest occupied orbitals
in and total energies of the Hartree-Fock
wavefunctions for 1,2-dioxetane (|a>) and
two formaldehyde molecules (|,,,>)2
e(ay) e(bz)
Point E from|a> E from|,,2>
from| a> from|,,2>
1 -0.4988 -0.1407 -227.5388 -226.8152
2 -0.4339 -0.2172 -227.5111 -227.0736
3 -0.3708 -0.2895 -227.4363 -227.2715
4 -0.3581 -0.3038 -227.4158 -227.3051
5 -0.3493 -0. 3166 -227.3996 -227.3332
6 -0.3419 -0.3304 -227.3815 -227.3591
7 -0.2475 -0.4575 -227.1420 -227.5681
8 -0.2141 -0.5027 -227.0151 -227.5982
9 -0.1682 -0.5234 -226.9085 -227.6260
10 -0.1184 -0.5383 ~226.7808 -227.6323
a

of orbital energies.

Energies in a.u. and dashed line corresponds to crossing



163

E(a.u.)

~0.6 | | |

770 75 2.0 7.5
Rec’Rec

Figure 10. Orbital energies from the dimer and
dissociation product HF functions
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Table 16. Energy and occupation numbers of the
one-geminal SPIP function ¢2

OCC # OCC # ~
Point a; b, E from ¢
1 1.9441 0.0559 -227.5728
2 1.8978 0.1022 -227.5601
3 1.7783 0.2217 -227.5136
4 1.7328 0.2672 -227.5020
5 1.6745 0.3255 -227.4964
6 1.5300 0.4700 —2é7.4973
7 0.0831 1.9169 -227.5903
8 0.0439 1.9561 -227.6138
9 0.0223 1.9777 -227.6360
10 0.0154 1.9846 -227.6402

a . .
Energies in a.u.
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Table 17. Energy and occupation numbers of the
two-geminal SPIP function ¢2

OCC # OCC # OCC # OCC #
Point E from ¢
a ba aj b,

1 1.9442 0.0558 1.9884 0.0116 -227.5815
2 1.9006 0.0994 1.9631 0.0369 ~-227.5783
3 1.7988 0.2012 1.9110 0.0890 -227.5436
4 1.7631 0.2369 1.8959 0f104l -227.5345
5 1.7159 0.2841 1.8924 0.1076 -227.5292
6 1.5982 0.4018 1.8976 0.1024 -227.5289
7 0.0845 1.9155 1.9910 0.0050 -227.5953
8 0.0439 1.9561 1.9916 0.0084 -227.6187
9 0.0220 1.9780 1.9878 0.0122 -227.6424
10 0.0152 1.9848 1.9857 0.0143 -227.6477

a . .
Energies in a.u.



166

e — R
1 b2

1.6
3
£ 1.2—
2
Z “
c
2
5
Q
=]
Q
O
O

0.8

0.4—

K 1
0.0 l — {
1.0 1.5 2.0 2.5
O
ReeRec
Figure 11. Occupation numbers from the

one-geminal SPIP function &




167

2.0 02 /_________T____b-
2
Y
1.6—
S ) e .
]
0
£
>
Z
-
.0
-Oo- ‘
Q
o]
8]
)
O 0.8+
0.4}—
b'ﬁ
“~ Q
1 ]
0.0 1] —+ —
1.0 1.5 2.0 2.5

(o]
Pec/Rec

Figure 12. Occupation numbers from the
two-geminal SPIP function ¢



168

Dissociation as Described with the CCRS

To obtain the correlation balance we calculate an
MCSCF function in the CCRS spanned by the configurations
in equation 98-1,12; however, as discussed in the second
section of this part, we limit the orbital variations
to occur only in the orbital space spanned by the reaction
molecular orbitals (RMO's: a;, a,, b;, and b,) and the core
orbitals (CMO's) of the two-geminal SPIP function ¢. Using
the analysis of the preceding in connection with equa-
tion 106 we find the natural reaction orbitals (NRO's) and
expand the wavefunction in terms of configurations made up
from NRO's.

The orbitals are given in Appendix E, Tables 61 to 69
and are shown as functions of the reaction parameter in the
contour plots in Figures 13 to 22. These plots give
insight into the nature of the NRO's. At the equilibrium
we have two symmetric halves joined by two sigma bonds; this
is clear from the left panels in Figure 13, where the two
heavily occupied MO's indeed represent an oxygen-oxygen and
a carbon-carbon sigma bond. Similarly, the bonding assign-
ment at infinite separation is clear; there are two distinct
formaldehyde pi bonds delocalized between the carbon and
oxygen atoms.

The intermediate plots illustrate how the orbitals

change to create the barrier. As one dissociates the mole-
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cule it can be seen in the upper left panels of Figures 13
to 17 that the orbital representing the oxygen-oxygen
sigma bond delocalizes to cover all four heavy atoms, but
this delocalization makes the orbital antibonding with
respect to the carbon-oxygen bonds. Such a process causes
an increase in the energy of the system (creates a barrier)
so the orbital becomes depopulated as the dissociation pro-
ceeds, and the orbital receiving this population (upper
right panel in Figures 13 to 17 ) is not only bonding in
the carbon-oxygen region but also it is antibonding in the
oxygen-oxygen region. Thus the dissociation is accompanied
by a large amount of right-left correlation, and as a conse-
quence, referring to Figure 14, the barrier is neither

steep nor high. In contrast, the association of the
separated formaldehyde molecule can be seen by looking back-
wards through Figures 22 to 17. There we see a strong non-

bonded repulsion associated with the antisymmetric combination

orbital simply becomes antibonding in the region between the
two halves of the dimer, and a barrier to association is
created. A natural response to such a situation would be
for the upper right orbital to weaken its pi bonds and shift
its population to another orbital; we see, however, that the
most favorable orbital available to receive population (the

oxygen-oxygen bond in the upper left panel) is antibonding
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ag(00) - am (CO), occ # bo (00) = bT(CO), occ #
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Figure 13. NRO's for 1,2-dioxetane at RCC

(molecular equilibrium).
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ac(00) - am (CO), occ # = 1,7294 bo (00) = bTW(CO), oce # = 0.2717
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Figure 15. NRO’'s for 1,2-dioxetane at RCC = 3.8754 a.u.
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ac(00) — aT (CO), occ # = 1.5695

bo (00) - bm(CO), occ # = 0.4412

ac{CC) - am(CO), occ # = 1.8617

ba (CC) — b (CO), occ # = 0.1366

Figure 17.

NRO's for 1l,2-~dioxetane at R
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(barrier maximum)
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ag(00) - a’IT‘(CO), occ # = 0.1598 bo'*(OO) ~ bm(CO), occ # = 1.8470

2o(CC) - am(CO), occ # = 1.9930 bo (CC) — bT (CO), occ # = 0.0852

Figure 19. NRO's for 1,2-dioxetane at RCC = 4.1754 a.u.
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*
bo (00) -

bT (CO),

occ # = 1.8914
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bo (CC) — bT (CO). occ = = 0.0741

Figure 20.

NRO's for 1,2-dioxetane at R =

CcC

4.3754 a.u.
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ac(00) — a7 (CO), occ # = 0.0970 ba (00) - BT (CO). occ # = 1.9026

ag(CC) = ami(C0), occ # = 1.9131 bo (CC) - bT (CO), occ = = 0.0873

Figure 21. NRO's for 1,2-dioxetane at RCC = 5.8754 a.u.
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Figure 22.

NRO's for 1,2-dioxetane at RCC = 8.8754 a.u.
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with respect to carbon-oxygen region, so this orbital is
also energetically unfavorable, As a result the carbon-
oxygen pi bonds cannot disappear until the oxygen-oxygen
sigma bond is formed so that the depopulated upper right
orbital can favorably recover correlation. Consequently,
the association barrier is steep as well as high. The
carbon-carbon sigma bond (the lower left panel in Figure 13)
is always bonding, and it is always highly occupied; tracing
the reaction from 1l,2-dioxetane to the separated formalde-
hyde molecules we see that it rapidly delocalizes to become
a symmetric combination of two pi bonds.

The configurational expansion coefficients are given in
Table 19. The MCSCF coefficients for two separated formalde-
hyde moleculés are given by equation 112 or its configuration
interaction expansion in equation 115; these coefficients
can be evaluated using the occupation numbers for an isolated
formaldehyde molecules from Table 13 of Part IV, and they
are shown as point « in Table 24. One sees that point 10
in Table 19 has very nearly the same MCSCF expansion as
point ®, so our wavefunction really does dissociate to two
separated formaldehyde molecules. The energy and occupation
numbers are shown in Table 18 and displayed in Figures 23
and 24. We note that on dissociation, the MCSCF function
recovers 0.079 a.u. of the 0.081 a.u. of right-left corre-

lation energy in two formaldehyde pi bond systems. As a
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Table 18. Energy and occupation numbers of the multicon-
figuration self-consistent field wavefunction V¥
occ # oCC # OCC # OCC #

Point E from V¥
a, b, a b,

1 1.9277 0.0726 1.9810 0.0187 -227.5979
2 1.8778 0.1229 1.9496 0.0497 -227.5959
3 1.7294 0.2717 1.8887 0.1102 -227.5636
4 1.6565 0.3449 1.8708 0.1278 -227.5565
5 1.5605 0.4412 1.8617 0.1366 -227.5540
6 1.3876 0.6138 1.8560 1 0.1426 -227.5548
7 0.1598 1.8470 1.9080 0.0852 -227.6583
8 0.1141 1.8914 1.9204 0.0741 -227.6779
9 0.0970 1.9026 1.9131 0.0873 -227.7063
10 0.0902 1.9097 1.9108 0.0893 -227.7111
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of the MCSCF wavefunction

Table 19. Expansion Coefficients
Point |1,1> [1,2> [ 143> [2,1> [2,2> l2,3>
1 -0.0923 -0.0031 0.0208 -0.0013 -0.1884 -0.0104
2 =-0.1358 -0.0143 0.0551 -0.0114 -0.2372 -0.0346
3 -0.1369 -0.0609 -0.0935 -0.0580 -0.3222 -0.0609
4 -0.1283 -0.0730 -0.0866 -0.0695 -0.3586 0.0548
5 =-0.1241 -0.0707 -0.0757 -0.0662 -0.4128 0.0444
6 =-0.1193 -0.0553 0.0574 -0.0507 -0.5013 ~0.0291
7 0.0518 -~-0.1041 -0.0114 -0.0857 0.9383 0.0021
8 0.0433 -0.1028 ~-0.0083 -0.0882 0.9529 0.0011
9 0.0455 -0.1048 -0.0028 -0.1057 0.9539 0.0005
10 0.0448 -0.1039 0.0001 -0.1041 0.9551 ~0.0001
o 0.0499 -0.1089 0.0 -0.1089 0.9500 0.0
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Table 19. (Continued)
Point |3,:> | 3,2> |3, 3> |a> |b> |T>
1l -0.0101 0.0048 -0.0031 0.9771 0.0185 0.0169
2 -0.0459 0.0284 0.0180 0.9566 0.0387 0.0288
3 -0.0895 0.0583 -0.1497 0.9029 0.0788 -0.0516
4 -0.0827 0.0527 -0.2005 0.8786 0.0914 -0.0642
5 =-0.0715 0.0429 -0.2289 0.8493 0.1008 -0.0797
6 -0.0530 0.0290 0.2530 0.7962 0.1104 0.1040
7 -0.0177 0.0009 0.1441 -0.2016 -0.0820 0.1738
8 -0.0126 0.0004 0.1213 -0.1531 -0.0785 0.1652
9 -0.0053 -0.0008 0.1099 -0.1166 -0.0924 0.1777
10 -0.0008 -0.0001 ~-0.1049 -0.1043 -0.1019 -0.1785
® 0.0 0.0 -0.1089 -0.1089 -0.1089 -0.1886
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result, our CCRS is a very reasonable approximation to the
true one; and along the sz dissociation path, we can accept

the MCSCF dissociation curve as an essentially final result.

General Conclusions and Criticisms

The MCSCF function predicts a dissociation energy
of 70.9 kcal/mole, only slightly greater than the value from
Part IV, so our use of a limited optimization for the SPIP
functions was adequate. The activation energy is predicted
to be 27.5 kcal/mole, and this is essentially the expected
experimental value (Kopecky and Mumford, 1969; O'Neal and
Richardson, 1970, 1971; Richardson et al., 1972; Wilson and
Schaap, 1971; Turro and Lechtken, 1973).

Other authors (Dewar and Kirschner, 1974) using a semi-
empirical approach, two configuration MINDO/3 (Bingham gﬁ al.,
1975a,b,c,d; Bingham and Dewar, 1972) calculated an activation
energy of 45.0 kcal/mole along a reaction path unconstrained
as to symmetry or planarity and involving a puckered ring
with a dihedral angle of 31.5°. In contrast to the semi-
empirical results the quantitative results of our twelve
configuration ab initio MCSCF calculation are in gratifying
agreement with the experimental values. It therefore seems
guestionable whether a distortion of the ring would sub-
stantially lower‘the activation energy, although these paths

deserve further investigation.
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Using our dissociation energy of 0.113 a.u. and the
formaldehyde triplet n - n* excitation energy of 0.115 a.u.
(Herzberg, 1966) the energy difference between the
barrier maximum and the reaction products is adequate to
create an excited formaldehyde molecule. But we have seen
that the energy of ground state 1,2-dioxetane is strongly
dependent on the carbon-oxygen bond length, and this parameter
is a feature of the triplet state surfaces too. On these
excited surfaces, however, we must take care to let the two
halves of the molecule dissociate to different geometries
because the ground and excited states of formaldehyde do
have different structures, and these structures do differ
greatly in the carbon-oxygen bond length (Herzberg, 1966).

As a final note, this reaction is an example of a
symmetry forbidden reaction (Woodward and Hoffmann, 1970),
which means the reaction must pass through the avoided
crossing we have discussed. An attempt to avoid the crossing
by distorting the molecule from its sz symmetry to the
lower C2 symmetry is futile; even for the reaction with C,
symmetry, the HF molecule must still discontinuously cross
over from a wavefunction with two doubly occupied A-type
RMO's to a wavefunction with one doubly occupied A-type and
one doubly occupied B-type RMO. This process still presents
a crossing, and avoiding the crossing still creates a

barrier. Further reduction of symmetry cannot really avoid
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the crossing; the distortion must be great enough to invert
the energy order of the |[a> and |:,.> HF functions, and at
the molecular equilibrium, these functions are 176 kcal/mole
apart. Clearly, no symmetry allowed path is possible, and
the conventional expectation is that the reaction proceeds

through an intermediate biradicaloid (Dewar et al., 1974)

¢ » P -+ 27 (119)
£-G ¢ o
H HZ Hz Hz H\H

An intermediate like the one above can be represented by the
one- or two-geminal SPIP functions ¢ or ¢ where the expansion
coefficients of the first geminal are almost equal and

opposite in sign:

¢ % 1/v2 A{F(a? - b%)al o__}. (120)

The transformation in equation 9-1,3 then leads to the

expression

& a{F(a ry + rozo)a§ o__}, (121-1)
with

<zo|ro> = 0, (121-2)

which is the biradical intermediate above. From the dis-

cussion of orbital crossing shown in Table 15 it is apparent
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that the biradical structure occurs at a carbon-carbon bond
length about 0.1 a.u. longer than that of the barrier maxi-
mum. At the position of the maximum itself the occupation
numbers in Table 16 and 17 show that the molecular HF con-
figuration |a> still dominates in both SPIP functions. At
this point the one-geminal SPIP function can be cast in the
form of equation 121-1 if, in contrast to equation 121-2,
the orbitals %2y, and r, are permitted to be the nonorthogonal

GVB orbitals (Hay et al., 1972a,b,c) defined by
20 u 0.8331 0.5532 ai
r, v 0.8331 -0.5532 b, '
<ulv> = 0.3881.

The overlap between u and v indicates that the oxygen-oxygen
bond has been substantially weakened. The orbital, u, is‘
shown in the contour plot of Figure 25; there we see that
the oxygen~oxygen bond is almost broken, but the electron
density does cover both atoms, so the system is not a bi-

radical, although it is well on its way toward becoming one.
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-geminal SPIP function ¢ at the barrier maximum

GVB orbital for the one

Figure 25.
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APPENDIX A: BASIS SETS FOR THE GEOMETRY OPTIMIZATION



BASIS SETS FOR THE GEOMETRY OPTIMIZATION

The choice of atomic orbital basis sets is an important
step in the execution of any molecular calculation; accord-
ingly, we used several well tested and optimized even-tem-
pered contracted gaussian atomic orbital (ETCGAO) bases
(Raffenetti, 1973c; Ruedenberg et al., 1973;: Bardo and

Ruedenberg, 1974a,b). The general form of these functions

is given by

x(x,y,2z) = xlyman(r) ’

e~ 2

R(r) =
K

C exp{- aB®r?},
1 K

r2 = x% + y? + 22,

a >0, B > 1.

The even-tempered parameters (o,B) are optimized using
uncontracted Hartree-Fock calculations to minimize the energy
of an appropriate molecule; these parameters and the molecule
used to optimize them are shown in Tableé 20 to 29 . The
contraction coefficients (CK) in Tables 20 to 25 are unpub-
lished data from Lap M. Cheung, for H,CO, and Mary G. Dombeck,
for HNO, using a modification (Cheung, 1975) of the Bardo and

Ruedenberg (1974a) contraction method. The parameters and
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expansibns in Tables 26 to 28 are from Bardo and Ruedenberg
(1974b) . The ozone basis in Table 29 is an unpublished

calculation by Lap M. Cheung.
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Table 20. ETCGAO basis for hydrogen in formaldehyde

a(s)=0.0299867 B(s)4.5997410

primitive s s'
1 0.6789260 0.7340750
2 0.7213810 -0.6634220
3 0.1331470 -0.1415190
4 0.0306930 -0.0312770
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Table 21. ETCGAO basis for carbon in formaldehyde
a(s)=0.1075284 B(s)=4.1288545
primitive s s' s"
1 0.5475800 0.8340390 0.0482220
2 ~-0.3012810 0.1308840 0.9095570
3 -0.7202730 0.4781380 -0.3943320
4 -0.2948490 0.2371270 0.1215780
5 ~-0.0587260 0.0475310 0.0078740
6 -0.0144200 0.0119690 0.0062930
a(p)=0.0390466 B(p)=3.8845222
primitive P p'
1 0.4094760 0.9122590
2 0.8685250 -0.3933400
3 0.2729360 -0.1115800
4 0.0591570 -0.0248240
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Table 22. ETCGAO basis for oxygen in formaldehyde
a(s)=0.1679649 B(s)=4.1371204
primitive s ' s' s"
1 0.811i110 0.5824290 ~0.0506600
2 -0.1103360 0.2104570 0.8285180
3 ~-0.5278950 0.6911300 -0.4121000
4 ~0.2218300 0.3648890 0.3692490
5 -0.0439200 0.0730870 0.0659010
6 -0.0107280 0.0183820 0.0218420
a(p)=0.0599647 B(p)=4.0108372
primitive P p'
1 0.5995470 0.7965440
2 0.7383900 -0.5878460
3 0.3025730 -0.1361320
4 0.0614270 ~0.0377080
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Table 23. ETCGAO basis for hydrogen in nitrosyl hydride

a(s)=0.0407336 B(s)=4.2276422

primitive s s'

1 0.4267770 -1.8382290
2 0.5125120 1.3920570
3 0.0868630 0.3800230
4 0.0244300 0.0855920
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Table 24, ETCGAO basis for nitrogen in nitrosyl hydride
a(s)=0.0438420 B(s)=3.8300788
primitive s s' s"
1 0.2059580 -0.5137160 -2.4928880
2 0.2442040 -0.7861930 3.1111090
3 0.1140320 0.2291580 -0.3586680
4 0.3508160 0.6257830 -0.4379740
5 0.1870370 0.2759150 -0.1145250
6 0.0411870 0.0601480 -0.0215390
7 0.0119970 0.0170750 -0.0056920
a(p)=0.055881 B(p)=3.7693262
primitive P p'
1 0.3533540 1.3246520
2 0.5498460 -0.9337550
3 0.1992790 -0.2243110
4 0.0457080 -0.0595210
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Table 25. ETCGAO basis for oxygen in nitrosyl hydride
a(s)=0.1109396 B(s)=4.1552987
primitive s s' s"
1 0.3165290 -1.0336990 -2.4141910
2 0.1129470 -0.2599030 4.0645910
3 0.3415410 0.6732800 -1.8057270
4 0.2856789 0.4024100 -0.0665220
5 0.0646890 0.0874620 -0.0272530
6 0.0165950 0.0218640 0.0034260
a(p)=0.0663290 B(p)=3.9550482
primitive p p'
1 0.4282910 1.3032600
2 0.4973540 -1.0026360
3 0.1956070 -0.1792170
4 0.0394200 -0.0590200
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a(s)=0.0299909 B(s)=4.6010943

primitive s s'

1 0.5859375 0.7987733
2 0.7968974 -0.5376933
3 0.1431862 -0.2671444
4 0.0336078 -0.0384845
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Table 27. ETCGAO basis for carbon in carbon monoxide
0(s)=0.0543828 B(s)=4.3195748
primitive s s' s"
1 0.8662280 0.4529010 -0.2101710
2 0.1663410 0.1166960 0.9559890
3 -0.4105110 0.6963390 -0.1401550
4 -0.2260000 0.5313010 0.1462500
5 ~-0.0475840 0.1155050 0.0284490
6 -0.0110000 0.0274370 0.0084800
a(p)=0.0550266 B(p)=3.2337097
primitive p p'
1 0.6206510 0.7837900
2 0.7532790 -0.5886280
3 0.2135540 -0.1954240
4 0.0419360 -0.0316140
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Table 28. ETCGAO basis for oxygen in carbon monoxide
a(s)=0.0725275 B(s)=3.2337097
primitive s s’ s"
1 0.4521470 0.3491610 0.8145230
2 0.6820450 0.4412730 -0.5764880
3 0.0171610 0.1419560 0.0459140
4 -0.4601460 0.5743340 -0.0257760
5 -0.3231320 0.5417950 -0.0335440
6 -0.1077980 0.1914300 -0.0172070
7 -0.0301020 0.0550010 -0.0044330
8 -0.0060170 0.0109640 -0.0010460
9 -0.0024360 0.0044800 -0.0003810
a(p)=0.0784011 B(p)=3.2225504
primitive p p'
1 0.4770330 0.8778440
2 0.7608550 -0.4368230
3 0.4220640 -0.1885180
4 0.1206710 -0.0532240
5 0.0289700 -0.0142500
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Table 29. ETCGAO basis for oxygen in ozone
a(s)=0.1594857 B(s)=4.2541016
primitive s s' s"
1 0.8618460 0.5048050 -0.0388990
2 -0.0963350 0.2254870 0.9475750
3 -0.4627540 0.7447290 -0.3045840
4 -0.1804570 0.3667310 0.0881110
5 -0.0342370 0.0702540 0.0059670
6 -0.0078860 0.0166980 0.0042510
a(p)=0.0643795 B(p)=3.9815829
primitive P p'
1 0.5187570 0.8503720
2 0.7992440 -0.5187550
3 0.2972350 -0.0833670
4 0.0612470 -0.0284880
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BASIS SETS FOR THE FINAL CALCULATIONS

The basis sets used to perform the final calculations
are an extended version of the basis sets used to optimize
the molecular geometries. They are all even-tempered con-
tracted gaussian atomic orbital bases, and a discussion of
the meaning of their parameters and coefficients is contained
in Appendix A. All of the optimizations and contractions in
the following tables are unpulbished results by Lap M. Cheung

using his contraction method (Cheung, 1975).
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Table 30. ETCGAQ basis for carbon in formaldehyde
a(s)=0.0242195 B (s)=3.2063925

primitive s st s"
1 0.0137150 -0.0629870 -1.8029280
2 0.1088610 -0.8917030 0.4542790
3 0.0358780 -0.4706850 2.1151470
4 0.2346590 0.3971780 -0.7930900
5 0.4232030 0.4442640 -0.2474450
6 0.2039680 0.1924340 -0.0885440
7 0.0644190 0.0583470 -0.0136200
8 0.0137500 0.0124280 -0.0433720
9 0.0056360 0.0050410 -0.0113790

a(p)=0.0268053 B(p)=2.9919340

primitive P p'
1 0.0567650 -0.8538230
2 0.4117370 -0.3165590
3 0.4551000 0.6802190
4 0.1599700 0.1895550
5 0.0445040 0.0594730
6 0.0116540 0.0138630
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Table 31. ETCGAO basis for oxygen in formaldehyde
0(s)=0.0731968 B(s)=3.2282784

primitive s ' s' s"
1 0.4392040 0.3355600 0.8272630
2 0.6693410 0.4812820 -0.5594070
3 0.0167120 0.1439360 0.0470140
4 -0.4794780 0.5591720 -0.0061970
5 -0.3391210 0.5327290 -0.0174100
6 -0.1133720 0.1884420 -0.0118110
7 -0.0316450 0.0541300 -0.0028680
8 -0.0063280 0.0107890 -0.0007430
9 -0.0025580 0.0044030 -0.0002530

a(p)=0.0535923 B (p)=3.1166450

primitive P p'
1 0.3412510 0.8989150
2 0.7239350 ~-0.0703100
3 0.5560660 -0.4212830
4 0.2185960 -0.0904760
5 0.0484450 -0.0362580
6 0.0112040 ~0.0053350
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Table 32. ETCGAO basis for hydrogen in ethylene

a(s)=0.0390622 B(s)=4.3199940

primitive S s'

1 0.4178300 -1.7319180
2 0.5043660 1.1741740
3 0.1075540 0.5039230
4 0.0246300 0.0818230
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Table 33. ETCGAO basis for carbon in methane
a(s)=0.0243209 B(s)=3.2033715

primitive s s' s"
1 0.0068870 -0.0749460 2.3602130
2 0.1388180 ~0.9229470 -1.7568120
3 0.0444630 -0.4027730 -1.0288460
4 0.2250360 0.3868860 5.2700320
5 0.4124420 0.4466200 0.2066050
6 0.1998360 0.1935270 0.0709750
7 0.0632650 0.0590250 0.0140780
8 0.0135180 0.0125420 0.0036720
9 0.0055550 0.0051150 0.0011460

a(p)=0.0263207 B(p)=2.9985940

primitive P o'
1 0.0979820 -0.4563680
2 0.4205740 ~0.8567460
3 0.4256950 0.9267840
4 0.1525060 0.2211000
5 0.0429550 0.0887280
6 0.0107020 0.0197940
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Table 34. ETCGAO basis for oxygen in hydrogen peroxide

a(s)=0.0733730

B(s)=3.2270940

primitive s s' s"
1 0.4676040 0.3271170 0.8130580
2 0.6711700 0.4571110 -0.5782460
3 0.0211140 0.1435800 0.0648080
4 -0.4620280 0.5739050 -0.0008770
5 -0.3230880 0.5423740 ~0.0147600
6 -0.1078430 0.1916310 -0.0118700
7 -0.0300700 0.0550450 -0.0028210
8 -0.0060170 0.0109730 -0.0007610
9 -0.0024320 0.0044810 -0.0002580

a(p)=0.0586350 B(p)=3.068709

primitive P p'
1 0.3853470 0.9203380
2 0.7276870 -0.3458710
3 0.5257570 -0.1754550
4 0.2081410 -0.0474840
5 0.0459540 -0.0173230
6 0.0111230 -0.0033650
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Table 35. ETCGAO basis for hydrogen in nitrosyl hydride

a(s)=0.0500366 B(s)=4.1661819

primitive s s'

1 0.5188660 -1.8293740
2 0.4358940 1.4253440
3 0.0730970 0.3865590
4 0.0206670 0.0872400
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Table 36. ETCGAO basis for nitrogen in nitrosyl hydride
a(s)=0.033651 B(s)=3.2142257

primitive S s' s"
1 0.0770050 -0.1906600 2.2333020
2 0.2974990 -0.7565320 -1.5296660
3 0.1210840 ~-0.3539770 ~1.2501790
4 0.1481040 0.3992680 0.5606030
5 0.3028230 0.5285130 0.2425950
6 0.1485370 0.2297940 0.0913100
7 0.0464450 0.0700390 0.0186980
8 0.0099150 0.0147460 0.0048830
9 0.0040260 0.0059900 0.0015760

a(p)=0.0289206 B(p)=3.0952397

primitive P p'
1 0.0591830 -0.5281820
2 0.3869920 -0.7924210
3 0.4538760 0.8786590
4 0.1913060 0.1796480
5 0.0510060 0.0774770
6 0.0124760 0.0152180
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Table 37. ETCGAO basis for oxygen in nitrosyl hydride
a(s)=0.0733254 B(s)=3.2273069

primitive s s’ s"
1 0.2066350 -0.4766670 -2.8047140
2 0.2931850 -0.6966010 3.2875840
3 0.0720650 ~-0.0074890 -0.0801760
4 0.2350160 0.5703730 -0.4729610
5 0.2333000 0.4144480 -0.2008850
6 0.0830640 0.1394900 -0.0419520
7 0.0239460 0.0390720 -0.0118240
8 0.0047720 0.0078120 -0.0018970
9 0.0019510 0.0031630 -0.0008630

a(p)=0.0592139 B(p)=3.0634773

primitive P p'
1 0.2249900 -1.1202020
2 0.4472430 0.2230740
3 0.3310850 0.5895570
4 0.1286790 0.1249650
5 0.0288170 0.0516300
6 0.0069130 0.0078610
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Table 38. ETCGAO basis for hydrogen in ammonia

a(s)=0.0376519 B(s)=4.6017842

primitive s s'!

1 0.3928510 1.6595630
2 0.5306940 -1.0940650
3 0.1128660 -0.5158390
4 0.0213100 -0.0653530




Table 39. ETCGAO basis for nitrogen in -ammonia
a(s)=0.0339598 B(s)=3.2088370

primitive s s' s"
1 0.0071930 -0.0695780 2.4243490
2 0.1919810 -0.9106650 -1.9537570
3 0.0721350 -0.4049810 -0.7134660
4 0.2074860 0.3911200 0.2643340
5 0.3845690 0.4807060 0.2729130
6 0.1847940 0.2039870 0.0857680
7 0.0577870 0.0619560 0.0269720
8 0.0123130 0.0130190 0.0050240
9 0.0050350 0.0053200 0.0022010

a(p)=0.0368008 B(p)=3.0087726

primitive P p'
1 0.1932010 -1.7314670
2 0.4272230 0.2004870
3 0.3526290 0.5635610
4 0.1486160 0.1368180
5 0.0384560 0.0562590
6 0.0101800 0.0111430
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Table 40. ETCGAO basis for oxygen in ozone
a(s)=0.0731993 B(s)=3.2281750

primitive s s' s"
1 0.4361870 0.2820060 0.8488880
2 0.7168680 0.4501760 -0.5257340
3 0.0231180 0.1384850 0.0519210
4 -0.4385050 0.5918240 -0.0004860
5 -0.3034350 0.5539230 -0.0133700
6 -0.1006190 0.1956010 -0.0105570
7 -0.0280570 0.0560840 -0.0025280
8 -0.0055990 0.0111890 -0.0006730
9 -0.0022650 0.0045620 -0.0002260

o(p)=0.0592139 B(p)=3.0634773

primitive p p'
1 0.2433170 0.9693970
2 0.7827070 -0.2140310
3 0.5294690 -0.1156670
4 0.2134040 -0.0306150
5 0.0464530 -0.0117930
6 0.0114320 -0.0020380
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MOLECULAR ORBITALS FOR THE

RADICAL-DIMER SYSTEMS

In Part IV of this work we calculated wavefunctions
for the dimers and monomers shown in equations 83-1,3. 1In
the following tables we present their MO's and occupation
numbers calculated using the Hartree-Fock method and the
SPIP procedure outlined in Parts I to III of this work. The
basis sets were taken from the even-tempered contracted bases
(ETCGAO) in Appendices A and B, and the specific basis for

each wavefunction is specified in Table 5 of Part 1IV.



Table 41.

Hartree-Fock orbitals for

formyl radical

(1a) (2a) (32) (4a) (5a) (6a) (72) (1b)

ETCGAO 2.000000 2.000000 2.0QU0000 2.900000 £.000000 2.00000C 1.002000 2.€C€29990
c 3 0.000018 -0,0003C2 C€.00021C -0.3262u45 0.219747 -0.191506 €.359949 0.0

s C.000058 =0.0G0547 C.015273 0.043762 -0.014169 -0.016067 G.028145 0.

S** 0.000639 -0.323816 -0.283617 -0.620307 -0.113962 -0.179581 -{0.435763 0.0

X 0.000482 0.943933 -(.009276 -C.192495 -G.015627 -0.0530696 -C,208817 0.0

Xt -0.00008z 0.012329 -0.060678 -0.018376 -0.030551 C£.063353 0.926959 0.7

Y 0.000260 0,003196 -C,189287 0.123582 -0.368743 » 241233 0.360752 0.9

Yt 0.009213 0.00G395 0.043u481 -0.020304 0.015362 -0.C13363 0.uUduB72 0.0

Z 0.0 0.0 0.0 .9 0.0 0.0 0.6 C.54¢536

Al 0.0 0.C C.C 3.0 0.0 0.0 0.0 0.039277
o s -0.000038 C.001414 -0,023£52 -0.253068 0.238458 0,252468 0,71%293 0.C

3* =0.000025 0.000069 -0,008014 -0.015278 0.007921 0.6G21523 0.106931 ¢C.§

S*' -0.431764 -0.000931 -0,705657 0.413972 0.378322 -C.057230 9.026979 0.9

X 0.903814 -0.002210 -0,288999 0.244470 0.238244 -0.C40139 -0.90v022 0.0

X* -0.013140 -9.002810 0,088074 0.071220 0.102973 -0.028963 -0.0253597 G.¢

Y -0.001296 0.00674% 0.202572 0.212190 0.610231 -0.234680 -C.110433 (.0

Y 0.001275 0.,002183 -0.050563 -0.048911 -0.,038019 0.0063775 C.01€194 0.0

2 0.0 0.0 0.0 0.0 0.0 0.¢C 0.9 C.764S47

z' 0.0 0.0 0.0 0.0 .0 v.C J. 0 J.0uu500
H S 0.000032 -0.000337 -0.004028 -G.087873 0.258344% $.781346 -U.,571337 0.9

s* -=0.000000 -0.000205 0.003205 0.018280 0.002084 0.047337 -0.110303 0.0

6C¢
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Table 42. (Continued)

(3b2) {4b2) (5bv2 (6b2) {7b2) (1b1) (1a2)
ETCGAO 2.000000 2.000000 2.000000 2.000000 0.016230 2.000000 2.000000
H1 S 0.006068 -0.220429 -0.059354 0.212802 -0.118582 0.0 0.0
S* =~-0.005774¢ 0.039766 0.013878 0.004794 0.001589 0.0 0.0
H2 S -0.006068 0.220429 0.059354 -0.,2128C2 0,118582 0.C 0.0
st 0.005774 -0.039766 -0.013878 -0.004794 -0.001589 0.0 0.0
c1 s 0.21B460 ~0.388295 0.218548 0.236857 0.643277 0.0 Cc.0
St 0.035022 -0.124205 0.085541 0,12172% 0.183125 0.0 0.0
S*'* 0.025858 -0.,008181 0.0071147 -0.031247 0.154340 0.0 0.0
X 0.121459 0.227444 0,299112 -0.106282 0.059317 0.0 0.0
X* <-0.023377 0.003134 0.011196 0.018959 0.016349 0.0 0.0
Y 0.0 0.0 0.0 0.0 0.0 0.383627 0.344354
Y 0.0 0.0 0.0 0.0 0.0 0.037839 0.049u421
2 -0.053628 0.154494 -0.007458 O0.147446 0,778786 0.0 0.0
YAl 0.034485 0.003785 0.030211 0.047280 ~0.107357 0.0 0.9
c2s -0.218460 0.388295 -0.218548 -0.236857 =-0.643277 G.0 0.0
S*' =0.035022 0.124206 -0.085561 -0,121721 -0.183125 0.0 0.0
S** -0.025858 0.008181 =-0,001147 0.031247 -0,154340 0.0 0.0
X 0.121459 0.22744% 0.299%12 -0.106282 0.059317 0.0 0.0
X* -0.023377 0.003134 0.011196 0.018959 0.016349 0.0 0.0
Y 0.0 c.0 0.0 0.0 0.0 0.383627 -0.344354
Xt 0.0 0.0 0.0 0.0 0.0 0.037839 -0.049u21
z -0.053628 0.154494 -0,007458 0.147446 0.778786 0.0 0.0
2 0.034485 0.003785 0.030211 0.047280 =-0.107357 0.0 0.0
01 s 0.504592 0.188169 -0.,347448 0.,008314 -0,061764 0.0 0.0
St 0.208842 0.110177 -0.219671 0.005363 -0.042977 0.0 0.0
S*'* -0.057757 0.031260 -0.092843 0.007046 -0.013266 0.0 0.0
X -0.118730 0.169156 -0.302181 0.424258 -0.024673 0.0 0.0
Xt 0.025996 -0.024328 0.031757 0.028177 -0.009035 0.0 0.0
Y 0.0 0.0 0.0 0.0 0.0 0.852622 0.549407
Ye 0.0 0.0 0.0 0.0 0.0 0.024662 0.0u42232
2 0.068531 0.086269 0.3434180 0,.u82559 -0.211128 0,0 0.0
Z* -0.019898 0.004834 ~-0.026945 0.030530 -0.040824 0.0 0.0
02 s -0.504592 -0.188169 0.3474u48 -0,.008314 0.061764 0.0 0.0
St -0.208842 -0.110177 0.,21967% -0.005363 0.042977 0.0 0.0
S%*  0.057757 -0.031260 0.092843 -0.007046 0.013066 0.0 0.0
X ~0.118730 0.169155 -0.302181 0Q.424258 -0.024673 0.0 0.0
X 0.025996 -0.024328 0.031757 0.028177 -0.009035 0.0 0.0
Y 0.0 0.0 C.0 0.0 0.0 0. 452622 -0.549407
Ye 0.0 0.0 .0 0.0 0.0 0.024662 -0.042232
2 0.068531 0.086269 0.,3u4180 0.482559 ~-0.211128 0.0 0.0
2* -0.019898 0.004834 -0.026945 0,030530 -0.040824 0.0 0.0

1€¢
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Table 43. (Continued)
(3b2) (4b2) (5b2) (6b2) (7b2) (1b1) (1a2)
ETCGAO 2.000000 2.000000 2.000000 2.000000 O0.016650 2.000000 2.000000
H1 S ~0.015120 0.218507 -0.143019 0.221257 0.116810 0.0 0.0
St 0.005925 -0.,03u623 0.018938 0.012824 -0.001010 0.0 0.0
HZ2 S 0.015120 ~0.218507 0., 143019 -0,.221257 -0.116810 0.0 0.0
s* -0.005925 0.034623 -0.018938 -0.012824 0,001210 0.0 c.0
ct s -0.232372 0.426286 0.120791 0.217963 -0.651287 0.0 6.0
S* -0.041491 0.141435 0.052038 0,111263 -0.189629 0.0 0.0
S** -0.02uB872 0.006768 0.000978 -D0.,029299 -0.149819 0.0 0.0
X -0.127084% ~0.167712 0.376100 -0,121279 -0,090872 0.0 0.0
Xt 0.009409 -0.009069 0.034318 -0.004506 -0,033857 0.0 0.0
Y 0.0 0.0 0.0 0.0 0.0 0.357477 0.328123
e 0.0 0.0 0.0 0.0 0.0 0.054215 0.592204
2 0.065492 -0.155873 0.025856 ©0.188753 -0.758543 0.0 0.0
Z*' =-0.030946 -0.001872 0.029652 0.070686 0.114300 0.0 0.0
c2 s 0.232372 -0.426286 -0.120791 -0.217963 0.651287 0.0 0.0
S 0.041491 -0,141436 -0,.052038 -0,111263 0,189629 0.0 0.0
S** 0,024872 -0.006768 -0,000978 0,029299 0.149819 0.0 0.0
X 0.127084 0.167712 -0.376100 0.121279 0,.090872 0.0 0.0
X* -0.009409 0,009069 -0.034318 0.004506 0.033857 0.0 0.0
Y 0.0 0.0 0.0 0.0 0.0 -0.357477 0.,328123
Y* 0.0 0.0 0.0 0.0 0.0 -0,054215 0.592204
2 0.065492 -0.155873 0.025856 0.188753 -0.758543 0.0 0.0
z* -0.0309u6 -0.001872 0.029652 0.070686 0.114300 0.0 0.0
o1 s -0,499974 -0.297914 -0.260222" 0.034323 0,074093 O.C 0.0
S* =0,.201585 -0.174%031 -0.,175276 0.027998 0.054883 0.0 0.0
S*'v 0.067416 -0.0uBY466 -0.0911S56 0.C22692 90.,022367 0.0 0.0
X 0,115683 -0.220501 -0.253378 0.,431847 0.025323 0.0 0.0
X* =0.030520 0.0322183 0.028956 0.013330 0.003121 0.0 0.0
Y 0.0 0.0 0.0 c.0 0.0 0,542612 -0,433771
X 0.0 0.0 0.0 c.0 0.0 0.035886 -0,.378375
Z -0.062771 -0.001298 0.393324 0.u469730 0.218623 0.0 0.0
YAl 0.023398 -0.01C421 -0.023646 0.028498 0.042012 0.0 0.0
02 S 0. 499974 0.297914 0,.260222 -0.034323 -0.074093 0.0 0.0
St 0.201585 O0.%7403% 0,175276 ~-0.027998 -0.054883 0.0 0.0
S** -0,067416 0.048466 0.091156 -0.022692 =-0.022367 0.0 C.0
X -0.115683 0,220501 0.253378 -0,431847 =-0.025323 0.0 0.0
X' 0.030520 -0.032218 -0,028956 ~-G.013330 -0.003121 0.¢C 0.0
Y 0.0 0.0 0.0 0.0 0.0 -0.542612 ~0.43377
Y 0.0 0.0 0.0 0.0 0.9 -0.035886 -0.3783175
YA -0.062771 -0.001298 0.393324 0.469730 0.218623 0.0 0.0
z' 0.023398 -0,010421 -0,023646 0.028498 0,042012 0.0 0.0

€ec
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Table 45. (Continued)

(3b2) (4b2) {5b2) (6b2) (7b2) {1b1) (1a2)
ETCGAO 2.000000 2.000000 2.000000 2.000000 0.053750 2.000000 2.000000
01 S =-0,243335 -0,268657 ~0.149857 0.012981 0.011639 0.0 0.0

S*  0.397808 0.379005 0.200991 -0.018501 -C.015547 0.0 6.0
S' -0.064284 0.023716 0.036096 -0.007234 0.002467 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.423168 0.535114
X' 0.0 0.0 0.0 0.0 0.0 0.002614 -0.015396
Y  -0.049134 -0.004211 0.445419 0.464578 0.240272 0.0 0.0
Y' -0.016445 0.006624¢ 0.020625 -0.011783 -0.919771 0.0 0.0
2 0.127942 -0.298143 -0.128004 0, 368805 0.011771 0.0 2.0
Z'  0.041474 =0.037219 -0.025367 0.009125 -0.005472 0.0 0.0
N1 S -0.133535 0.287480 -0.043455 0.325724 -0.256762 0.0 0.0
St 0.244695 ~0.443091 0.075860 -0.462891 0.349881 0.¢ 0.0
S*' 0.032591 -0.016690 0.018001 0.109332 0.013210 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.427488 0.385752
X* 0.0 0.0 0.0 U.0 0.0 -U.014113 -0.023264
Y 0.038013 -0.099332 0.130850 0.104052 -0.835010 0.0 0.0
f*  0.028160 -0.017013 -0.023633 -0.025808 -0.097698 0.0 €.0
Z -0.154708 -0.044482 0.361734 -0.295925 =-0.094371 0.0 0.0
zZ' -0.038958 0.015300 0.00371Z ~0.0117038 -0.029326 0.0 0.0
N2 S 0.133535 -0.287480 0.043455 ~0.325724% 0.256762 0.0 0.0
S*  -0.204595 0.489091 -0.075860 0.4862891 -0.389881 0.0 0.0
S*' -0.032591 0.016690 -0.018001 -0,109332 -0.013210 0.0 0.9
X 0.0 0.0 0.0 0.0 0.0 0.427488 -C. 385752
Xt 0.0 7.0 0.0 0.0 6.9 -0.014113 0.023264
Y 0.033013 -9.099332 0.130850 0.104052 -0.835010 0.0 0.0
Y'* 0.028160 -0.017019 -0.023633 -0.025808 -0.097698 0.0 0.0
Z  -0.154708 -0.044482 0. 361734 =0,295925 -0.094971 0.0 0.0
Z' ~-0.038958 0.015800 0.008712 -0.011708 -0.029326 0.0 0.0
0z s 0.243335 0.268657 0.149857 =0.012981 =0.011639 0.0 0.0
S' -0.397808 -0.379005 -0.200991 0,018501 0.015547 0.0 0.0
S'' 0.044284 -0.023716 -0.036096 0.0C7234 -0.002467 C€.0 0.0
X 0.0 0.0 0.0 0.0 2.0 0.423168 -0.535114
X* 0.0 9.0 0.0 0.0 0.0 9.002614 0.015396
Y  ~0.049134 -0,004211 0.485419 0.464578 0.200272 0.0 0.0
Y* -0.016445 0.006528 0.020625 -0.011783 -0.019771 0.0 0.0
z 0.127942 -0.,298143 -0.128004 0.368805 0.011771 0.0 €.0
Z'  0.041474 -0.037219 -0.025367 0.0091¢5 -0.005472 0.0 0.0
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Table 46.

SPIP MO's and occupation numbers for cis-NO dimer

(1a1) (2a1) (3a1) (sa1) (5a1) (621) {(7a1) {1b2) (2b2)
ETCGAO 2.00000¢ 2,0000C0 2.000000 2.000000 2.000000 2.000000 1.916780 2.000000 2.C€00000
01s 0.592402 -0,001235 -0.222813 -0,282044 -J.134058 0.073536 0.030201 0.592561 ~0.001703

S'  0.394872 0.001020 C.367151 0.402686 0.183701 -0.101497 -0.037639 0.394702 0.061571

S''  0.C01703 0.000790 -0.041744 0.016493 0.023852 ~0.019085 -0.011714 0.001626 0.001223

X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

X' C.0 0.0 0.0 0.0 0.0 0.0 c.0 0.0 0.0

Y 0.000387 -0,000214 -0,C79336 0.106680 0.448499 0.416394 0.312790 0.000378 =0.0G60752

¥'  0.000387 0.000206 -0.012614 0.002766 0.010843 -0.016841 -0.050258 0.000429 0.000760

z 0.000809 ~0,001107 -0.117820 0.120576 0.178865 -0.439895 -0.031037 0.000832 -0.001132

zZ'  0.000803 0.001253 -0.042473 0.024148 0.025323 -0.025049 0.016599 0.000818 0.001132
N1 s 0.000292 0.6018642 -0.135117 0.287947 -0.111420 0.050159 0.000097 0.000081 0.602098

St -0.000242 0.358608 0.260195 ~C.458513 0.16466C -0.C73259 0.014137 0.000049 0,358309

S**  0.0C0C156 -0,003590 0.049196 -0.0153%5 -0.030016 0©.041589 0.03056C ~0.000092 -0.003668

X c.0 0.6 0.0 0.0 0.0 0.0 9.0 0.0 0.0

X' 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Y 0.000018 =-0,000464 0.059124 -0,023678 0.009505 0.111173 -0.624155 -0.060066 0.000293

Y* -0.000018 0.000726 0.0063971 0,01995¢ -0.002063 0.033184 0.009445 0.000100 0.000193

Z  -0.000019 -0.002089 0.124662 O0.134341 -C.351912 C. 197676 0.289239 0.000201 =0.002441

Z*  0.000056 -0.000559 0.03996C 0.004324 -0,028160 0.019116 -0.045064% =-0.0C0190 -0.000230
NZ S 0.000292 0.601842 -0.135117 €.287947 -0.111420 0.050159 0.000097 -C.000081 -0.602098

5% -0.000242 0,398608 (.260195 -0.458513 0.154660 -0,073259 0.014137 -0.000043 ~0. 358309

S**  0.000156 -0.003590 0.049196 -0.015385 -0.030016 0.041589 0.03056¢ 0.000092 0.003668

X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

X' 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Y -0.000018 0.00048% -0.059124 0.023678 -0,0069505 -0.111173 0.624156 -0.000066 0.000293

Y*  0.000018 -0.000726 -0.006971 =0.019954 0.002063 -C.039184 -0,009445 0.0001C0 ©. 000193

Z  -0.CCC019 -0.002089 0.120662 0.134341 -0.351912 C.197676 0.249239 =-0.000201 0.002641

z'  0.000U56 -0.000559 0.039960 0.004324 -0.028160 0.019116 -0.045064 0.000190 0.000230
02 s 0.592402 -0.001235 ~0.222813 -0.282044 -0.134058 0.073536 0.030201 -0.592561 0.001703

S'  0.,394872 0.001020 0.367151 0.402686 0.183701 =-G.101497 -0.037633 =-0.394702 =0.001571

S*' 0.0C17C3 0.000790 -0.041146 0.016493 9,023352 ~0.019085 -0,011714 -0.001626 -0.001223

X 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.0

Xt 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0

¥ -0.000387 0.00021% 0.079336 -0.106680 ~0.44849Y ~C.416394 =0.312790 0.000378 =0. 000752

Y* -0.000387 -0,000206 0.01261% -0,.002766 -0.010843 C.016841 0.056258 0.000429 0.000760

2z 0.0C0809 -0.001107 -0.117820 0.120576 0.178865 -0.439895 ~0.031637 -0.000832 0.001132

zZ*  0.0008C3 0.00125% -0.042473 0.C24148 0,C25323 -0.025049 C.016599 -0.000818 ~-0.00113Z

LET



Table 46. (Continued)
(3b2) (4b2) {552) {6b2) (7b2) (b1 (1a2)
ETCGAO 2.000000 2.C00000 2.000000 2.000000 0.083220 2.000000 2.000000
Cc1 s -C.244106 0.304860 C€.038793 0.017922 0.038179 0.0 G.0
S G.3987112 -0.428193 -0.0548196 -C.C25697 -0.047533 0.0 0.0
S'¢ -0,044790 -9.030525 -0,013371 -0.012431 -0.003019 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 C.452797 0.530922
Xt .0 0.0 0.0 0.0 0.0 -0.003923 -0.009595
Y -0.047982 -0.,070797 -0.545443 0.330232 0.314114 0.0 C.0
Y* -0.020483 -0.C11545 -0.019730 -0.015220 -0.0230%1 Q.0 0.0
2z -0.,131368 -0.294194 -0.031606 -0.,425016 =-0,027410 0.0 0.0
Z* -0.040541 -0.040980 ~-0.011884 ~0.014501 0.208763 0.0 0.0
N1 S -0.133674 ~0.281503 0,085043 0,340745 -0.250118 0.0 0.0
S* 0.249881 0Q.438811 -0,130347 -0.487906 9.3431385 0.0 0.0
S'* 0.039333 02.015C79 0.003882 0.112196 -0.024257 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.402873 0.386193
X 0.0 0.0 0.0 0.0 0.0 -0.011113 -0,021959
Y 0.043108 0.072273 -0.183908 0.126306 =~-0.808207 0.0 9.0
Y 0.028845 0.012879 0,036160 -0.015804 -0.060213 (.0 0.0
A 0.13943% =-0.005757 ©.308631 0.338557 0.1576039 0.0 0.0
YAl 0.042843 0.013056 0.027215 0.015442 0.013364 0.0 0.0
N2 S 0.133674 0,281503 -0.085043 -0.340745 0.250118 0.0 0.0
S* -0.249681 -0.438311 0.130347 0.487906 =-0.343185 0.0 0.0
S'* -0.039333 -0.0150379 -0.003882 -0.112196 0.024257 0.0 0.0
X 0.0 0.0 0.0 0.0 J.0 0.402873 -0.386193
X 0.0 0.GC 0.0 0.0 0.0 -0.011113 0.021953
Y 0.043108 0.C72273 -0.183908 0V.126306 =~0.808207 0.0 0.0
Y 0.028845 0.,012879 0.036160 -0.015804 -0.060213 0.C 0.0
Z -0.139435 0.005757 =-0.308631 -0.338557 ~-0.157609 0.0 c.0
2t -0.042343 -0,013056 -0,027215 -0.,015442 -0.013364 0,0 0.0
02 S 0.244106 -0,304860 -0.038793 -0.017922 =-0.038179 0.0 0.0
S -0.398112 0.428193 0.054196 0,.025697 0.047533 0.0 0.0
see 0.044790 0,030525 0.013371 0.,012431 0.003019 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.,452797 =-0.530922
X 0.0 0.0 0.0 0.0 0.0 -0.003323 0.009595
Y ~0.047982 ~0.070797 -0.545443 0.330232 0.3741%14  C,.0 0.0
Y' -0.020483 -0.011545 -0.01973C -0.015220 -0.023011 0.0 0.0
A 0.131368 0.294194¢ 0.031606 0.425016 0.027410 0.0 0.0
A U.040541 0,040980 0.0711884 0,074501 -0.008769 0.0 0.0
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Table 48. (Continued)
(3b2) (4b2) (5b2) (6b2) (7b2) {1b1) (1a2)
ETCGAO 2.000000 2.000000 2.,000000 2.000000 0.196392 2.0020000 2.000000
01 S 0.405923 0.476204 -0.262671 0.063373 0.006446 0.0 0.0
St 0.152506 0.2t11442 ~-0,129243 0.028837 0.004695 0.0 0.0
Sy -0.043590 -0.003222 -0.025420 0.002457 0.008354 0.0 0.0
X 0.0 0.0 0.0 6.0 0.9 0.296727 0.3659¢€¢3
X 0.0 0.C 0.0 0.0 0.0 -0.015255 ~-0.007161
Y 0.069655 0.007554 0.420587 0.,426569 0.323709 0.0 0.0
Y* ~-0.010571 0.012378 -0.031369 -0.020527 0.003133 0.0 0.0
Z -0.150882 0.143683 -0.160739 O0.440214 0.951110 0.0 0.0
z 0.029409 ~0.030077 0.035661 -0.027293 -0.005482 0.0 0.0
02 S 0.382144 -0.541143 -0,093060 0.246014 -0,1957871 (.0 0.0
Se 0.142652 -0.244754 ~-0,081125 (.127414 -0.106069 0.0 0.0
S®Y -0.,047032 ~-0.005089 0.004656 0.053546 =-0.052782 0.0 0.0
X 0.0 0.0 0.0 0.C 0.0 0.565762 0.567313
) & 0.0 0.0 0.0 0.9 0.9 -0.001597 0.0023990
Y -0.061291 0.023648 0.060037 0.222578 =-0.785467 0.0 0.0
Ye 0.032149 -0.010832 ~-0.000426 0.007241 0.058987 ¢.0 0.0
2 0.160861 0.138568 0.411097 -0.211963 -0.188214 0.0 0.0
Z* -0.043129 -0.G16561 -0.014139 0.034584 0.026674 O0.C 0.0
03 S -0.382144 0.541143 0,093060 -0.246014 0,196781 0.0 0.0
: St -0.142652 0.244754 0.041125 -0.127414 0.106269 0.0 0.0
St 0.047032 0.005089 -0.004656 -0.053546 0.052782 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.565762 -0.567313
X* 0.0 0.0 0.0 0.0 0.0 -0.001597 -0.002393
Y -0.061291 0,023648 0,060037 0.222578 -0.785467 0.0 0.0
ye 0.032149 -0.010832 -0.000426 0.007241 0.058987 0.0 0.0
2 0.160861 0.138563 0.411097 -0.211963 -0.188214 0.0 0.0
YAl -0.043129 -0.016561 -0.014139 0.034584 0.026674 0.0 c.0
o4 s -0.405923 -0.476204 0.262671 -0.063373 -0.006446 0.0 0.0
S -0.152506 -0.211442 0,129243 -0.028837 -0.004695 0.C c.0
S C.043590 0,003222 0.02542C -0,002457 -0.008354 c.0 0.0
X 0.0 0.0 0.0 0.0 0.C 0.296727 -0.365963
Xt 0.0 0.0 0.0 0.0 0.9 -0.015255 0.007161
Y 0.069655 0.007554 0.420587 0.426569 0.303709 0.0 .0
Ye -0.01057% 0.,012378 -0.,031369 ~-0.020527 0.0203133 0.0 0.0
Z -0.150882 0.143683 -0.160739 0.440214 0.051110 C.0 c.0
Al 0.029409 ~90.030077 0.035661 -0.027293 -0.0095482 0.0 0.0

e
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Table 49. (Continued)
(3b2) (4b2) (5b2) (6b2) (7b2) (151) (1a2)
ETCGA3 2.000000 2.000000 2.000000 2,000000 0,251770 2.002200 2.000000
01 s 0.410349 -0.523264 0, 120946 -0.090334 0.021790 0.0 0.0
St 0.158333 ~-0.235342 0.050817 -0.043307 0.013352 0.0 0.0
s** -0.,031839 -0.002959 -0.016658 -0.015121 0.008905 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.317775 0.378027
X' 0.0 0.0 0.0 0.0 0.0 -0.009751 -0.011507
Y 0.102875 0.056615 -0,537613 ~-0.107802 0.337589 0.0 0.0
Y+ -0.020507 -0,023006 O0,038850 -0.005658 0.0004%2 0.0 0.0
2 0.134363 0.152219 0.107861 0.521416 -0.123646 0.0 0.0
YA -0.018571 -0.030852 -0.008615 -0.036462 0.004908 0.0 0.0
02 s C.387632 0.5926109 0.084792 -0.313260 -0.187365 0.0 c.0
S C.144293 0,239479 0.,037023 -0.158931 -0.101898 0.0 0.0
S*'* -0,048292 0.007909 -0.011864 ~-0,.056739 -0.050141 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.554509 0.553291
| 0.0 0.0 0.0 0.0 0.0 -0.006180 0.006719
Y -0.084148 0.003307 -0.129592 -0,271722 -0.683884 0.0 0.0
Y 0.062u421 0.000687 ~-0.,064013 0.099512 0.048717 0,0 0.0
Z -0.134187 0.089013 0.347938 -0,284322 0.358546 0.0 0.0
2 0.055287 -0.020290 -0.051998 0,045113 -0.027333 0.0 0.0
03 s -0.387632 -0.526109 -0.084792 0.31326C 0.187865 0.0 0.0
S' -0.,144293 -0.239479 -0,037023 0.158931 0.101898 0.0 0.0
s** 0.0u48292 -0.007909 0.0v71864 0.056739 0.050141 0.0 0.0
X 0.0 " 0.0 0.0 0.0 0.0 C.554509 -0,.553291
X' 0.0 0.0 0.0 0.0 0.9 -0.006190 -0.006719
Y -0.084148 0,.003307 -0,109592 -0,271722 -0.683884 0.0 0.0
Y 0.0624217 0.000687 -0.064013 0,009512 0.048717 0.0 0.0
Z 0.134187 -0.089013 -0,347938 0.284322 -0.358546 0.0 0.0
Z' =-0.,055287 0.,020290 0.051994 -0.045113 0.027333 0.0 0.0
o4 s -0.410349 0.523264 -0. 120946 0.090334 -0,021790 0.0 0.0
S* -0.158333 0.235342 -0.050817 0.043307 -0.013352 0.0 0.0
Ss** 0.031839 0.002959 0.016658 0.015121 -0.008305 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.317775 -0,378027
Xt 0.9 0.0 0.0 0.0 0.0 -0.C09751 0.011507
Y 0.102875 0.056615 -0,537613 -0.107802 (0.337689 0.0 0.0
¥¢* -0.,020507 -0,023006 0.038850 -0,005658 0.000452 0.0 0.0
Z -0.134383 ~-0,152219 -0.107861 -0.521416 0,123646 0.0 0.0
A 0.018571 0.030852 0.008615 0.036462 ~-0,004908 0.0 0.0

Eve
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MOLECULAR ORBITALS FOR THE CYCLIC DIMER SYSTEMS

In Part IV of this work we calculated wavefunctions
for the cyclic dimers and monomers shown in equations 84-1,2.
In the following tables we present their MO's and occupation
numbers calculated using the Hartree-Fock method and the
SPIP procedure outlined in Parts I to III of this work. The
basis sets are taken from the even-tempered contracted
orbital (ETCGAO) basis in Appendices A and B, and the speci-
fic basis for each wavefunction is specified in Table 5 of

Part IV.



Table 50.

Hartree-Fock orbitals for formaldehyde

(la 1y (2a1) (3a1) (82 1) (5a1) {1h2) 1202) (1b1)
ETCGAD 2.000000 2.000002 2.029090 2.000000 2.900000 2.009000 2.02020) 2.200002
c s 0.000258 0.95u6489 -0,097319 0.221301 0,J40339 Q.0 2.9 0.0
S* -0.000802 0.155874 0.346905 -0.633614 -0.103320 0.0 0.0 0.0
St -0.000130 0.006563 -0.013157 0.001261 0.016493 0.0 0.0 3.2
X 0.0 0.0 0.0 0.0 0.9 0.0 9.0 0.49u798
X* 0.0 2.0 0.0 0.0 0.0 0.0 0.9 -2.243944
Y 0.0 0.0 0.0 0.0 9.9 -0.557100 ©0.217931 0.0
Y 0.0 0.0 0.0 n.0 0.0 0.008632 0.051083 0.2
Z  -0.000062 0.001167 -0,175700 -C.241491 0,423513 0.0 2.9 0.0
zZv  -0.000046 O0.000642 -0.052180 -0.007461 0.058893 0.0 0.0 0.2
0 S =-0.450252 -0.000252 -0.699208 -0.363806 -0.378375 0.0 0.9 0.0
X 0.885562 =0.001206 -0.328752 -0.208667 -0.2u2674 N.0 0.0 9.9
S'' -0.008621 -0.002183 0.058580 -0.021367 -0.038334 0.0 0.9 0.0
be 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.731976
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.221304
Y 0.0 0.0 0.0 0.0 0.9 -0.455381 -0,868425 0.0
Y 0.0 0.0 0.c 0.0 0.0 0.033858 -0.05013% 9.)
Z  -0.0013C5 0.000120 0.171672 -0,143244 -0.678356 0,0 0.9 0.0
7' 0.901126 0.001383 -0.057676 0.018889 0,066317 0.0 .0 9.2
H1 S  =-0.0000C1 -0.001642 -0.00967C 0.229591 =0.157525 C.243793 -0,43309C 0,0
S*  0.000026 -0.001273 0.017548 -0,050359 0,002358 -0,042305 -0,032301 0.0
H2 S -0.000001 -0.001542 -0.029670 0N.228591 -0.157525 -0.243793 0.4233099 9.0
St 0.000026 -0.001278 0.017548 -0.052359 0.202353 0.042395 2.032301 0.0
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Table 51.

SPIP MO's and occupation numbers for formaldehyde

(1an (2a1) (3a1) (43 1) (53 1) (1b2) (2b2) (1b1) (2b1
ETC5A0  2.000000 2.000000 2.000000 2.003002 2.32032) 2.093000 2.230000 1.900142 0.099858
c s 0.000258 0.9Y54489 -0,093553 0.221326 0.027925 0.C 0.9 9.9 2.0
S' -0.000402 0.155874 0.336360 -0.635272 =-0.271271 0.0 2.9 0.9 2.0
St1 -0.000130 0.006563 -0.013034 0.002167 0.)16392 0.C 2.9 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.537219 0.837)52
X' 0.0 0.0 0.0 0.0 0.2 0.0 0.0 -0.046415 -0,087022
Y 0.0 0.0 0.0 €.0 0.0 -0.542022 0.250570 0.9 3.0
I+ 0.0 0.0 0.0 0.0 0.9 0.012255 0.039912 0.0 0.0
Z  -0.000062 0.001167 -0,172567 =0.218208 0.427303 0.0 0.0 0.9 0.¢
Zv -0.000046 0.000642 -0.052091 -2.005102 0.059536 0.0 0.9 0.0 0.0
0 S -0.850252 -0.000252 -0,697259 -0.373923 -0.354523 0.0 0.9 0.0 0.0
S'  0.885552 -0.001206 -0.329688 -0,216500 -0.227569 0.C 0.0 0.0 9.¢
Stt -0.008621 -0.002183 0.068506 =-0.025285 =2,385307 0.0 9.9 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.705174 -9, 766075
X' 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.392774  9.133418
v 0.0 0.0 0.0 0.0 0.9 -0.4923204 -0.R852868 0.0 0.0
* 0.0 0.0 0.0 0.0 0.0 0.032216 -0.052411 0.0 2.0
z  -0.001305 0.000120 0.179397 -0.177046 -0.678777 0.0 9.9 n.0 0.0
. 2'  0.007128 0.001383 -0.067069 0.021726 N.C63932 0.0 0.0 2.9 2.0
H1 S  -0.0000U1 -D.001642 -0.078821 0.226448 -N,168494 0.231681 -0.432214 2.0 3.0
St 0.000026 -0,001278 0.017027 -0.048637 0.223395 =-0.001353 -0.927720 0.0 0.0
H2 S  =-0.002001 ~0.001642 -0,0)8821 C.226448 -N.168494 -0.231681 C.432214% 0.0 7.0
S*  0.000026 -0.P01278 ©.01/027 -0.0435637 0,223305 0.041353 0.027722 0.0 2.0
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Table 52.

Hartree-Fock orbitals for 1,2-dioxetane

(1a1) (2a1) (3a1) (va1) (5a1) (63 1) (7Ta1) (1b2) (2b2)
ETCGAO 2.000000 2.000000 2.000000 2.000000 2.000000 2.000000 2.000000 2.000000 2.000000
c1s 0.000071 -0.666568 -0.045356 0.179776 0.019862 -0.005706 0.042278 -0,000221 0.667745

S -0.000149 -0.135316 0.160039 -0.508759 -0.050601 0.026580 -0.092490 0.000223 0.134002
S'*  0.000050 -0.000283 0.000766 0.000533 0.001752 0.000505 0.000202 0.000109 0.000137
x 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
£ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y -0.000035 -0.000021 0.023934 -0.070590 0,265266 0.257296 -0.435135 0.000211 -0,000743
T*  0.000022 0.000329 0.011332 -0.016899 0.018179 0.005988 -0.000227 =0.000107 0.000210
z 0.000040 -0.001050 -0,064791 -0.033324 ~0,232628 0.226866 -0.022136 -0.000353 0.001220
Z*  0.000025 0.000024 -0.021802 ~0.012905 -0.021654 0.014629 -0.008536 0.000232 -0,000110
c2 s 0.000071 -0.666568 -0.045356 0.179776 0.019862 -0.005706 0.042278 0.000221 -0.667745
S' -0.000149 -0.135316 0.160039 ~0.508759 -0.050601 0.026580 -0.092490 -0.000223 -0. 134002
S'* 0.000050 -0.000283 0.000766 0.000533 0.001752 0.000505 0.000202 =-0.000109 =-0.000137
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
I 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 0.000035 0,000021 -0.023934 0.070590 -0.265266 ~0.257296 0.435135 0.000211 ~0.000743
' -0.000022 -0.000329 -0.011332 0.016899 ~0.018179 -0.005988 0.000227 -0.000107 0.000210
z 0.000040 -0.001050 -0.064791 -0.033324 -0.232628 0,226866 -0.022136 0.000353 -0,001220
2'  0.000025 0.000024 -0.021802 -0.012905 -0.021654 0.014629 -0.008536 -0.000232 0,000110
01 S -0.306353 0.000319 -0.504158 -0.251062 0.182487 0.075791 0.118741 -0.306168 -0,000827
S'  0.640081 0.000872 -0.216749 -0.131895 0.101658 0.038320 0.067292 0.640305 -0.000985
S*'* -0.001398 0.000711 0.043828 -0.025%40 0.025502 0.000243 0.017468 -0.000694 -0.001301
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
' 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y -0.000601 -0.000032 0.114720 0.078399 0.145693 0.430485 0.452423 -0,000831 0.000192
*  0.000454 -0.000012 -0.021649 ~0.016163 ~0.005385 -0.030247 0.014833 0.000065 0.000253
Z  -0.000647 -0.000545 0.087916 -0.127949 0.352281 -0.252992 0.247513 =-0.000841 0.000695
£2'  0.000471 -0.000935 -0.015852 0.035291 -0.019169 0.025451 0.018082 0.000285 0.001303
02 S -0.306353 0.000319 -0.504158 -0.251062 0.182487 0,075791 0.118741 0,306168 0,000827
S'  0.640081 0.000472 -0.216749 ~0.131895 0.101658 0,038920 0.067292 -0.640305 0.000985
S*'*t -0.001398 0.000711 0.043428 -0.025940 0.025502 0.000243 0.017468 0.00069% 0.001301
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
X+ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y 0.000601 0.000032 -0,114720 -0.078399 ~0.145693 -0.430485 -0.452423 -0.000831 0,000192
Y' -0.000458 0.000012 0.021689 0.016163 0.005385 0.030247 -0.014833 0.000065 0.000253
Z  -0.000647 ~0.000545 0.087916 -0.127949 0.352281 -0.252992 0.287513 0.000841 -0. 000695
Z'  0.000471 -0.000935 -0.015852 0.035291 -0.019169 0.025451 0.038082 -0.000285 -0.001303
H1 S 0.000004 -0.000024 0.003825 0.089850 0.157163 -0.006222 -0.122806 -0.000129 -0.000241
S* -0.000003 -0.000106 -0.011213 0.018866 ~0.003631 -0.000309 0.004259 0.000094 0.000172
H2 S 0.000006 -0.000024 0,.003825 0.089850 0.157163 -0.006222 -0.122806 -0.000129 -0.000241
S* -0.000003 -0.000106 -0.011213 0.018866 -0.003631 -0.000309 0.004259 0.00009% 0.000172
H3 S 0.000008 -0.000028 0.003825 0.089850 0.157163 -0.006222 -0.122806 0.000129 0.000241
S* =0.000003 -0.000106 -0.011213 0.018866 -0.003631 -0.000309 0.004259 -0 000094 -0.000172
B4 S 0.000004 -0.00002% 0.003825 0.089850 0.157163 -0.006222 -0.122806 0.000129 0.000241
S* -0.000003 -0.000106 -0.011213 0.018866 -0.003631 -0.000309 0.004259 -0.00009% -0.000172
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Table 54.

MO's and occupation numbers for 2(nd) SPIP model of 1,2-dioxetane

(1a1) (2a1) (3a1) (sal) (5a1) (6a1) {7a1) {1b2) (2b2)
ETCGAO 2.000000 2.000000 2.000000 2.000000 2,000000 1.980813 1.925455 2.000000 2.000000
ct s 0.000071 -0.666568 -0.043585 0.145379 0.016046 =-0.106566 0.040107 -0.000221 0.667745
s* -0.000149 -0,135316 0.189962 -0.420323 -0.039732 0.295397 -0.,085784 0,000223 0,.134002
S**  0.000050 -0.000283 0.000553 0.000648 0.001882 -0.000486 ©0.000916 0.000109 0.000137
¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
X+ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y -0.000035 -0.000021 -0,030129 0.187948 0.099093 0.5295856 -0.052373 0.000211 -0.000743
Y' 0.000022 0.000329 0.007685 -0.010711 0.015792 0.023455  0.005412 -0.000107 0.000210
z 0.000040 -0.001050 =0.096925 ~-0.029645 -0.294609 0.087238 0.079877 -0.000353 0.001220
zZ'  0.000025 0.00002% -0.022719 -0.009958 -0.025359 0.011232 -0.003233 0.000232 -0.000110
c2 s 0.000071 -0.666568 -0.083585 0.145379 0.016046 -0.106566 0.040107 0.000221 -0.667745
S* -0.000149 -0.135316 0.149962 -0.420323 -0.039732 0.295397 -0.085784 -0.000223 -0. 134002
S*s  0.000050 -0.000283 0.000553 0.000648 0.001482 -0.000486 0.000916 -0.000109 -0.000137
b ¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
X' 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y 0.000035 0.000021 0.030129 -0.187948 -0.099093 -0.529586 0.052373 0.000211 -0.000743
Y* -0.000022 -0.000329 -0.007685 0.010711 -0.015792 -0.023455 -0.005412 -0.000107 0.000210
z 0.000040 -0.001050 -0.096925 -0.029645 -0.294609 0.087238 0.079877 0.000353 -0.001220
2 0.000025 0.00002¢ -0.022719 -0.009958 -0.025359 0.011232 -0.003233 -0.000232 0.000110
01 s -0.306353 0.000319 -0.529903 -0.234639 0.175701 0.060112 0.004010 -0.306168 -0.000827
S*  0.680081 0.000472 -0.232804 -0.128467 0.099204 0.035351 0.016560 0.640305 -0.000985
S'* -0.001398 0.000711 0.037964 -0.026323 0.028097 0.012443 0.025951 -0.000694 -0.001301
b ¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
x* 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y -0.000601 -0.000032 -0.028994 -0,080004 0.055812 -0.024853 0.652886 -0.000831 0.000192
Y' 0.000454 -0.000012 -0.013234 -0.024262 0.008821 -0.022676 -0.033916 0.000065 0.000253
Z -0.000647 -0.000545 0.100280 -0.186339 0.454679 -0.135468 0.024534 -0.000841 0.000695
b A 0.000471 -0.000935 -0.020246 0.023652 -0.024600 -0.019530 0.026212 0.000285 0.001303
02 s =-0.306353 0.000319 -0.529903 ~-0.234639 0.175701 0.060112 0.004010 0.306168 0.000827
S*  0.640041 0.000872 -0.232804% -0.124467 ©0.09900% ©0.035351 0.016560 -0.6%030%5 0.000985
S'* -0.001398 0.000711 0.037964 -0.026323 0.028097 0.012443 0.02595% 0.000694 0.001301
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
x* 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y 0.000601 0.000032 0.028994 0.040004 -0.055812 0.024853 -0.652886 -0.000831 0.000192
¥'* -0.000458 0.000012 0.013234 0.024262 -0.008821 0.022676 0.033916 0.000065 0.000253
Z -0.000687 -0.000545 0.100280 -0.186339 0.454679 -0.1354068 0.024534 0.000841 -0.000695
Z'  0.000471 -0.000935 -0.020246 0.023652 -0.024600 -0.019530 0,026212 -0.000285 -0.001303
HY S 0.000004 -0.000024 0.002167 0.155336 0.125033 0.083249 -0.039757 -0.000129 -0.000241
s* -0.000003 -0.000106 -0.010382 0.014205 -0.003851 -0.014042 0.002557 0.000094 ©.000172
A2 S 0.000004 -0.000024 0.002167 0.155336 0.125033 0.083249 -0.039757 -0.000129 -0.000241
S* -0.000003 -0.000106 -0.010382 0.018205 -0.003851 -0.014042 0.002557 0.000094 0.000172
H3 S 0.000004 -0.000024 0.002167 0.155336 0.125033 0.083249 -0.039757 0.000129 0.000241
S* -0.000003 -0.000106 -0.010382 0.014205 -0.003851 -0.014042 0.002557 -0.000094 -0.000172
H4 S 0.00000% -0.000024 0.002167 0.155336 0.125033 0.083249 -0.039757 0.000129 0.000281
S* -0.000003 -0.000106 -0.010382 0.014205 -0.003851 -0.014042 0.002557 -0.000094 ~-0.000172
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Table 55.

Hartree-Fock orbitals for nitrosyl hydride

(1a) (2a) (32) (43) (53) (62) (73) {1b)

ETZ3A0 2.000000 2.000000 2.000000 2.003000 2.2322320 2.002000 2.2390002 2.000000
N S 0.000471 0.851313 -0.148918 -(. 357363 0.098596 0.167691 -0.251443 J,)

S* -0.0003%4 0.506841 0.374027 0.57471% -0,158465 ~0.252126 0.371610 0.0

S'*  0.,000190 -0.005103 0.061655 0.025906 -0.037800 0.045749 -0.0348730 0.9

X 0.0 0.0 0.0 0.0 0.2 J.0 2.9 0.560993

St 0.0 0.0 0.0 0.0 0.0 0.¢C 0.0 =0.235694

Y ~-0.000022 0.001185 -0.051367 -0.213889 -0.u437342 -0.254636 0.560954 0,0

Y 0.000026 0.000815 0.031252 -0.0204C8 -0.011706 0.009279 -0.01938) 0.2

Z 0.,000040 0.,002889 -0.135809 0.159549 0.221192 -0,463918 J.264834 0.0

Z* =-0.000055 -0.000052 -0.050769 (0.027985 0.052428 -0.029020 -0.0356792 .0
2 S 0.837767 -0.002116 -0,328718 0.364276 -0.198175 0.151246 -0,025935 0.0

St 0.558461 0.001970 0,537104 -N_.521761 0.279484 -0.205410 0.222915 2.0

S** 0.002403 0.007479 -0.057100 -0.023383 0.226288 -0.035343 0.3217756 0.0

X 0.0 0.0 0.0 0.0 0.C 0.0 0.9 0.693316

Xt 0.0 0.0 0.0 0.0 0.3 0.0 0.9 -0.018924

Y 0.200093 -0.000227 -0,013234 -0,.0564C7 -0,434480 ~0.501222 -0.777373 0.2

Ye 0.000072 -0.000067 -0.002048 -0,011270 ~0.217577 -0.004111 2.J494u43 0.0

Z -0.001125 0.001795 0.131638 0.,131168 -0,427605 0.47205S5 -0.976123 2.2

zZ' -0.,001232 -0.001813 0,056933 0.024968 -0.334373 0.032342 -3.016157 0.0
H S 0.0C0C52 -0.000167 -0.035000 -0.258321 -0.228591t 0.092155 0.334535 0.0

s* -0.000028 ~0,000245 -0.016264 -0.035891 -0.215195 =-0.002320 =-2,237377 0.2
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Table 56. SPIP MO's and occupation numbers for nitrosyl hydride
(12) (2a) (3a) (4a) (5a) (61) (723 (1b) (2b)
ETCGAD 2,000000 2.000000 2,020000 2.000000 2.000000 2.003200 2.230003 1.863647 03.136353
X S 0.00041% 0,.851313 -0,192577 -0.359841 0,083130 C.174705 -0.273400 0.0 0.0
s* -0.000354 0.506341 O0.364740 C©0.578031 -0.135723 -0.260321 0.388763 0.0 0.0
S*v 0,000190 -0,005103 0,061431 0.023635 -0.238598 J2.(C43280 -0.293522 0.0 0.0
X 0.0 0.0 0.0 0.0 0.2 0.0 0.9 0.592257 0.8170u2
Xt 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.025290 -0.020475
Y -0.000022 0.0D1185 -0,049329 -0.205357 -0.423306 -0.235667 J3.576956 0.0 0.0
¥ 0.000026 0.,000816 0,03123C -0.018903 -0.010763 0.010478 -0.025879 0.0 0.0
z 0.000040 0,002889 -0.133202 C(C.141981 0.20812% -0.452663 0.270187 0.0 0.0
Z¢  -0.000055 -0.000952 -0.050956 0.026150 0,053045 -0.029483 -0,037457 0.9 9.0
0 s 0.837767 -0.002116 -0,.334659 0.363722 -0,188335 9D.135888 -0,.,0203033 0.0 0.0
St 0.558461 0.00197) 0.545163 -0.529020 0.266187 -0.185073 -0,.000538 0.0 2.0
s'* 0,0024C03 0.001479 -0,056546 -0.023205 0.025307 -0.032040 0.016955 0.9 2.0
X c.0 0.0 0.0 0.0 0.2 0.0 0.0 0.672350 -0.767781
Xt 0.0 0.0 0.0 0.0 9.0 0.0 c.0 0.024316 -2.0832)2
Y ¢.000093 -0.000027 -0,013227 ~-0.057478 =-0.,4u46252 =-0.523347 -0,754089 0.0 0.0C
Y 0.200072 -0.030067 -0,021344 -0.010890 -0,015843 -0,001734 0.,051527 0.9 0.0
Z -0.0C112% 0.001795 0,.182560 0,143249 -0.437479 (0,471610 -0.086184 0.0 0.0
z* -0.001232 -0.001813 0.056357 0.026459 -0.032399 0.029394 -0.0152u4 0.0 2.0
H S 0.000052 -0.0001€7 -0.034742 ~0.254712 -0,231515 0, 105000 0.397751 0.0 0.0
s* -0.000028 -0.000245 -0.015462 -0.036139 -0.9215027 -0.000418 -0,038917 0.0 0.0

G6¢



Table 57.

Hartree-Fock orbitals for HNO dimer

(1a) (2a) (3a) (4a) (5a) (63) (7a) (8a) (9a)
ETCGAO 2.000000 2.000000 2.,000000 2.000000 2.000000 2.000000 2.000000 2.000000 2.000000
N1 S 0.000090 0.649643 0.090497 -0.193905 0.043510 -0.006468 0.085108 -0.007267 -0.111199
S* <-0.000103 0.195300 -0.,252130 0.470116 -0.092269 G.018446 -0.166125 0.021992 0.218794
S*' -0.000000 0.001672 -0.022612 -0.002007 0.017930 0.003851 0.049986 0.011315 -0,046866
X 0.000034 -0.000348 -0,019330 0.060147 -0.199717 0.0067118 0.311624 -0.120997 -0.452154
X* -0.000015 -0.000974 -0.003033 0.023184 -0.041977 0.017703 0.032443 0.020963 -0.014979
Y -0.000030 -0.000381 -0.063008 0.125344 0.365965 0.265051 -0.073706 -0.300585 -0.268340
Y 0.000066 ~0.000599 -0.021791 0.037292 0.067910 0.0u42262 -0.018052 -0.033576 0.008456
Z 0.000081 0.000955 0.079307 0.029898 -0.163825 0.323489 -0.098762 0.130798 0.222327
2' -0.000025 0.000470 0.030479 0.015540 -0.036839 0.044760 -0.016346 -0.011026 -0,035984
N2 S 0.000090 0.649643 0.,090497 -0.193905 0.043610 -0.006468 0.085108 -0.007267 ~-0.111199
s* -0.0001'03 0.,195300 -0.252130 0.470116 -0.092269 0.018446 -0.166125 0.021992 0.218794
S*'* -0.000000 0.001672 -0.022612 -0.002007 0.017330 0.003851 ©.049986 0.011315 -0.046866
X -0.000034 0.000348 0.019330 -0.060147 0.199717 -0.006118 -0.311624 0.120997 0.452154
X 0.000015 0.000974 0.003033 -0.023184 0.041977 ~0.017703 -0.032443 ~0.020963 0.014979
Y 0.000030 90.00038t 0.063008 -0, 125344 -0.365965 -0.265051 0.073706 0.300585 0.268340
¥* -0.000066 ©0.000599 0.021791 -0.037292 -0.067910 -0.042262 0.018052 0.033576 =-0.004456
2 0.000081 0.000955 0.079307 0.029898 -0.163825 0.323489 -0.098762 0.130798 0.222327
z' -0.000025 0.000470 0.030479 0.015540 -0.036339 0.044760 -0.016346 -0.011026 -0.035984
o1 s -0.306532 0.000053 0.u444825 0.367597 0.129745 -0.054731 0.157829 0.035798 0.022989
St 0.639957 0.000013 0.195543 0.176904 0.066824 -0.031855 0.084096 0.015133 0.004920
S*' -0.001360 -0.000062 -0.025901 0.001624 -0.000709 -0.009742 0.003516 -0.011781 -0.022440
X -0.000261% 0.000097 -0.033582 -0.017662 ~-0.053617 -0.006158 0.329714 -0.498804 0.u463925
Xt 0.000212 0.000t15 0.007008 0.001272 0.000076 -0.001810 -0.003974 -0.012956 0.025434
Y -0.000541 0.000010 -0.090321 -0.076452 0.205076 0.230030 0.397354 0.403089 0.102673
Y 0.000416 0.000046 0.016221 0.015004 -0.005928 ~C.015016 -0.009503 0.004584 -0.003478
Z -0.000562 0.000487 -0.086213 0.060329 0.211496 -0.391640 0.102137 0.143167 0.0534u9
(A 0.0004517 0.000417 0.012198 ~0.018455 -0.003844 0.025802 0.015055 0.0174143 0.017031
02 S -0.306532 0.000059 0.444825 0.367597 0.129745 ~-0.054731 0.157829 0.035798 0.022989
st 0.639957 0.000013 0.195543 0.176904 0.066324 -0.031855 0.084096 0.015133 0.004920
S'' -0.001360 -0,000062 -0.025901 0.001624 -0.000709 -0.003742 0.003516 -0.011781 -0.022440
X 0.000261 -0.000097 0.033582 0.017662 0.053617 0.006158 -0.329714 0.498804 ~0.463925
X* -0.000212 -0.000115 -0.007008 -C.001272 -0.000076 0.0018310 0.003974 0.012956 -0.025434
Y 0.000541 -0.000010 0.090321 0.076452 -0.205076 -0.230030 -0.397354 -0.403089 -0.102673
Y* -0.000416 -0.000046 -0.016221 -0.015004 0.005328 0.015016 0.009503 -0.004584 0.003478
Z -0.000562 0.000487 -0.086213 0.060329 0.211496 -0.391640 0.102137 0.143167 0.0534u9
A 0.000457 0.000417 0.012198 -0.018455 -0.003844 0.025802 0.015055 0.074143 0.017031
H1 S 0.000089 0.000598 0.031263 -0.091821 0.240998 -0.013040 -0.171159 -0.098864 0.198805
St 0.000068 0.000576 -0.005011 0.008886 0.009168 -0.006864 -0.014006 -0.022001 0.026100
H2 S 0.000089 0.,000598 0.031263 -0.091821 0.2403998 -0.013040 -0.171159 -0.098864 0.198805
S 0.000068 0.000576 -0.005011 0.008886 0.009168 -0.006864 -0.014006 -0.022001 0.026100
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Table 57. (Continued)

(1b) (2b) (3b) (4b) {5b) (61s) (7b)
ETCGAO 2.000000 2.000000 2.000000 2.000000 2.000000 2.000000 2.000000

K1 S -0.000748 0.645841 0.137882 0.7194631 0.048001 -0.045572 0.020361
S 0.001344 0.202208 -0.322726 -0.441088 -0.140962 0.093242 -0.069465
s** -0.001015 -0.004370 0.023481 0.019066 -0.101406 -0.014217 -0.066514

X 0.000042 -0.000311 -0.027011 -0.221055 0.338788 -0.262124 0.306302
X' -0.000059 -0.,000877 -0.005051 -0.053840 0.020874 -0.036709 -0.010184
Y 0.000294 0.000369 0.037307 0.097210 0.108535 -0.002796 0.194968

Y* -0.000370 -0.002871 0.020942 0.031265 -0.038276 0.011087 -0.047951
A ~0.000178 0.000659 0.108187 -0.045202 ~0.041129 -0.173693 -0.410084
YA 0.000214 0.000976 0.027221 -0.013773 0.032085 -0.027716 -0.009286
N2 S 0.000748 -0.645841 -0.137882 -0. 194631 -0.048001 0.045572 -0.020361
S* -0.001344 -0.202208 0.322726 0.441088 O0.140962 -0,093242 0.069465
s*'* 0.001015 0.004370 -0.023481 -0.019066 0.101406 0.014217 0.066514

X 0.000042 -0.0003171 -0.027011 -0.221055 0.338788 =-0.262124 0.306302
X* -0.000059 -0.000877 -0.005051 -0.053840 0.020874 -0.036709 -0.010184
¢ 0.000294 0.000369 0.037307 0.097210 0.108535 ~0.002796 0.194968
Y* -0.000370 -0.002871 0.020942 0.031265 -0,038276 0.011087 -0.047951
2z 0.000178 -0.000659 -0.108187 0.045202 0.041129 0.173693 0.410084
Z2'* -0.000214 -0.000976 -0.027221 0.013773 -0,032085 0.027716 0.009286
01 s -0.306452 -0,000233 0,.542723 -0.349572 -0.150868 0.134155 0.031743

s 0.640124 -0.000260 0.257496 -0.176869 -0.073955 0.069083 0.017492
Sv* -0.000777 -0.000241 -0,006351 -0.007675 0.008959 -0,003683 0.001654
X -0.000319 0.000068 -0.013822 -0.094543 0.359435 0,496909 -0.179848
Xt 0.000063 -0.000039 -0.0026u41 0.005791 -0,017473 0.004287 -0.009011
Y -0.0C0598 0.000466 0.044972 -0.027239 -0.145439 -0.058236 0.185877
Y 0.000168 0.000658 -0.024342 0.003043 0.006294 0.016353 0,024883
2 -0.000691 0.000386 -0.102660 -0.060061 -0.214081 0.262078 O0.u414494
YAl 0.000312 0.000235 0.023969 0.005714 0.0033G2 -0,009646 -0.007298
02 s 0.306452 0.000233 -0.542723 0.3489572 0.150868 -0.134155 -0.031743
S* -~0.640124 0.)00260 -0.257496 0.175869 0.073955 -0.069083 -0.017492
s'' 0.000777 0.000241 0.006351 0.007675 -0.008959 0.003683 -0.001654
X -0.000319 0.000068 -0.013822 -0,094543 0.359435 0.496909 -0.179848
X 0.000063 -0.000039 -0.002641 0.005791 -0,017473 0.004287 -0.009011
Y -0.000598 0.000466 0.044972 -0.027239 -0.,145439 -0.058236 0.185877
ye 0.000168 0.000658 -0.024342 0.,003043 0.006294 0.016353 0.02u4883
Z 0.000691 -0.000386 0.102660 0.060061 0.214081 -0.262078 -0.414494
Z2' -0.000312 -0.000235 -0.023969 -0.005774 -0.003802 0.009646 0.007298

H1 S 0.000158 0.000899 0.0u48276 0.217780 -0,026331 0.179406 0.020049
st 0.000085 0.000809 -0.009827 -0.003926 0.015233 0.016197 0.015926
H2 S -0.000158 -0.000899 -0.048276 -0.217780 0.026031 -0.179406 -C.020049

s* -0.000085 -0.000809 0.009827 0.003926 -0.015233 -0.016197 -0.015926
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Table 58. (Continued)
(1b) (2b) (3b) (4b) (5b) (6b) (7b) (8b)
ETCGAO 2.000000 2.000000 2.000000 2.000000 2.000000 2.000000 2.000000 0Q.105438
‘N1 S -0.000748 0.645841 0,138686 O0.194254 0.048770 -0.045267 0.019730 -0.001515
St 0.001344 0.202208 -0, 324370 -0.,440346 ~0,142641 0.092516 -0.067734 -0.003533
S*r -0.001015 ~0.004370 0.024175 0.018864 -0.101335 -0.014620 -0.065695 -0.009657
X 0.000042 -0.000311 -0.026984 -0.221137 0.343694 -C.259235 0.303153 0.027300
Xx* -0.0C0059 -0,000877 -0.005145 -0.053690 0.02119 -0.036567 -0.011177 -0.003333
4 0.000294 0,000369 0.037310 0.097504 0.109728 -0.004340 0.19308% 0.007575
Y* -0.000370 -0.002371 0.020977 0.031153 ~0.038572 0.011122 -0.048235 -0.011331
z -0.000178 0.000659 0,107999 -0.045152 -0.041049 -0, 174746 -0.415034 -0.062253
2t 0.000214 0.000976 0.027049 -0.013816 0.032352 -0.026806 -0.008860 0.005253
N2 S 0.000748 -0.645841 -0, 138686 -0.194254 -0.048770 0.045267 -0.019730 0.001515
s* -0.001344 ~-0,202208 0,324370 O0.4u40346 O,142641 -0,.092516 0.067734 0.003533
s'y 0.001015 0.004370 -0.024175 -0.018864 0.101335 0.014620 0.065695 0.009657
X 0.000042 -0.000311 ~-0.026984 -0,221137 0.343694 -0,259235 0.303153 0.027300
x* -0.0G0059 ~-0.000877 -0.005145 -0.053690 0.021196 -0.036567 -0.011177 -0.003333
Y 0.000294 0.000369 0.037310 0.097504 0.109728 -0.004340 0.193081 0.007575
Y* -0.000370 -0.002871 0.020977 0.031153 -0.038572 0.011122 -0.048235 -0.011331
4 0.000178 -0,000659 -0.10796€9 0.045152 0.041049 O.174746 0.415034 0Q.062253
z' -0.000214 -0.000976 ~-0.027049 0.013816 ~-0.032352 0.026806 0.008860 -0.005253
01 s -0.306452 -0.000233 0.544732 -0.353021 -0.153401 0.139212 0.041341 0.259898
St 0.640124 -0.000260 0.258910 -0.179000 -0.075428- 0.072862 0.023221 0.153979
S*v -0.000777 -0.000241 -0.005259 -0.008628 0.008552 -0.002053 0.003144 0.039889
b ¢ -0.000319 0.000068 -0.015845 -0.091032 0.353245 0.497367 -0.183876 -0.244881
X 0.000063 -0.000039 -0.002712 0.005590 -0.016656 0.005398 -0.009638 0.034019
Y -0.000598 0.000466 0.037651 -0.019617 -0.140214 -0.C75275 0.170455 -0.812353
Y 0.000168 0.000658 -0,024800 0.003388 0.005957 0.015402 0.024421 0.084690
Z -0.000691 0.000386 -0.101665 -0.059694 -0.213974 0.2577108 0.418169 0.089505
Al 0.000312 0.000235 0.024118 0.005112 0.003068 -0.008123 -0.005059 0.007828
02 s 0.306452 0.000233 -0,544732 0.353021 0.153401 ~0. 139212 -0.041341 ~0.259898
s* -0.640124 0.000260 -0.258910 0.179000 0.075428 -0.072462 -0.023221 -0.153979
s*v 0.000777 0.000241 0.005259 0.008628 -0.008552 0.002053 -0.003144 -0.0398439
X -0.000319 0,000068 -0.015845 -0.091032 0.353245 (,.497367 -0.183876 -0.244881
X 0.000063 -0.000039 -0.002712 0.0055%0 -0.,016656 0.005398 -0.009638 0.034019
Y ~0.000598 0.000466 0.,037651 -0.019617 -0.1402%4 -0,075275 0.170455 -0.812353
Y 0.000168 0.000658 -0,024800 0.003388 0.005957 0.015402 0.02442% 0.084690
4 0.000691 -0.000386 0.101665 0.059694 0.213974 -0.257108 -0.418169 -0.089505
z* -0.,000312 -0.000235 -0,024118 -0.C05%12 -0.003068 ©0.008123 0.005059 ~-0.007828
HY S 0.000158 0.000899 0.048559 0.217964 -0.028100 O0.179933 0.021946 0.010444
St 0.000085 0.000809 -0.009834 ~-0.003889 0.015137 0.016802 0.016233 0.003500
H2 S -0.000158 -0.000899 -0.,048559 -0.217964 0.0281G0 ~-0.179933 -0.021946 -0.010444
S -0.000085 -0.000809 0.009834 0.003889 -0.015137 ~-0.016802 ~0,016233 -0.003500
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APPENDIX E: NATURAL REACTION ORBITALS FOR THE

THERMOLYSIS OF 1,2-DIOXETANE



263

NATURAL REACTION ORBITALS FOR THE

THERMOLYSIS OF 1,2-DIOXETANE

In Part V of this work we calculated several wavefunc-
tions for 1,2-dioxetane along an optimized reaction path.
We developed the concept of reaction molecular orbitals and
natural reaction orbitals (NRO's) in Part V, and in the
following tables we display the core molecular orbitals,
the NRO's, and their occupation numbers for 1,2-dioxetane
as determined with a multiconfiguration self-consistent

field wavefunction for each point on the reaction path.
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Table 60. (Continued)
(3b2) (4b2) {5b2) (6b2) (7b2) (1b1) (2b1) (1a2) (2a2)
ETCGAO 2.000000 2.000000 2.000000 0.018800 0.072500 2.C00000 2.000000 2.000000 2.00C000
c1 s 0.074u458 0.081761 0.158067 0.134998 -0.034327 C.0 0.0 0.0 0.0
S' ~0.206797 -0.196515 -0,414729 -0,407114 0.082448 0.0 0.0 0.C 0.0
S** -0.005338 -0,004038 -0.006947 0.008772 0.008456 0.0 0.0 0.C 0.0
X 0.0 0.0 0.0 0.0 0.0 -0.054355 0.434273 0N.112364 0.464925
X 0.0 0.0 0.0 0.0 0.0 0.013401 ~0.006001 -0.068225 -0.035928
Y -0.023493 -0.006868 0.177199 -0.912583 0.052583 0.0 0.0 0.0 0.0
Y 0.015574 0.016213 0.002979 -0.015619 (0.012629 0.0 0.0 0.0 0.0
z 0.223055 0,.174132 -0,.197136 -0.335487 -0.031238 0.0 0.0 0.0 0.0
YA 0.021295 -0.005965 0.003493 -0.038152 0.031463 0.0 Q.0 0.0 0.0
c2 s -0.074458 -0,081761 -0.158067 -0.194998 0.034327 0.0 0.0 0.0 0.0
St 0.206797 0.196515 0.414729 0,407114% -0.082448 0.0 0.0 0.0 0.0
St 0.005338 0.004638 0.006947 -0,.008772 -0.008456 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 ~0.,054355 0.434273 -0.112364 ~0.46u925
Xt 0.0 0.0 0.0 0.0 0.0 0.013401 ~-0.006001 0.068225 0.035928
Y -0.023493 -0.006868 0.177199 -0.912583 0.052583 0.0 0.0 0.0 0.0
Y 0.015574 0.016213 0.0C2979 -0.015615 0.012629 0.C 0.0 0.0 0.0
Z -0.223055 -0.174132 0.197136 0.335487 0.031238 0.0 0.0 0.0 0.0
2* -0.021295 0.005965 -0.003493 0,038152 -0.031463 0.0 0.0 0.0 0.0
01 s C. 465927 -C. 464417 -0.037098 0.038468 -0.278347 0.0 0.0 0.C 0.0
St 0.259300 -0,275173 -0.027079 0,.023242 -0.199367 0.0 0.0 0.0 0.0
st 0.008749 -0.020205 -0.010286 0.006402 -0.121365 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 ~0,652515 -0.105790 0.762222 -0.101280
P & 0.0 0.0 0.0 0.0 0.C 0.000C76 -0.025792 0.034549 -C.032222
Y -0.004121 -0,.136741 0.021229 0.126u484 0.901154 0.0 0.0 0.0 0.0
Y' -0.037153 -0.010723 -0.001016 0.C23419 -0.036873 0.C 0.0 0.0 0.0
z -0.340248 -0.472099 0,1C9085 -0.159668 -0.118567 0.0 0.0 0.0 0.0
YA 0.010903 -0.003596 0.015644 -0.034062 -0.016013 0,0 0.6 0.0 0.0
02 s -0.465927 0,464417 (.037098 -0.038468 0.278347 0.0 0.0 0.0 0.0
S* =0.259300 0.275173 (€.027079 -0.023242 0.199367 0.0 0.0 0.0 0.0
S'* -0.0C8749 0.0202G5 0.010286 =0,006402 0.121365 0.0 0.0 0.0 0.0
X 0.0 0.0 C.0 0.0 0.0 -0,652515 ~0,105790 =-0.762222 0.101280
X 0.0 0.0 0.0 0.0 0.0 0.000076 -0.025792 ~0.034549 0.032222
Y -0.004121 «0.136741 0.021229 0,126484 0.901154% 0.0 0.0 0.0 0.0
Y* -0.037153 -0.010723 -0.001016 0.023419 -0.036873 0.0 0.0 0.0 0.0
Z 0.340248 0.472099 -0,109085 0.159668 0.118587 0.0 0.0 0.0 0.0
Z* =-0.010903 0.003596 -0.015644 0,034062 0.016013 0,0 0.0 0.0 0.0
H1 S -0.036284 ~0.,009525 0.206539 0.050734 ~-0.019087 0.068131 0.247321 -0.109500 0.315334
st =0.005123 -0.006733 -0.034299 0.021915 -0.002918 0.019382 -0.024798 -0.034087 -0.018751
H2 s -0.036284 -0.009525 0,206539 0.050734 ~0.019087 ~-0.068131 -0.247321 0.109500 -0.31533¢4
S* -0.005123 -0.006738 -0,034299 0.021915 -0.002918 -0.019382 0.024798 0.034087 0.018751
H3 s 0.036284 0.009525 ~-0.206539 -0,050734 0.019087 0,.068131 0.247321 0.109500 -0.315334
St 0.005123 0.006738 0.034299 -0.021915 0.002918 0.,019382 -0.024798 0.034087 0.016751
H4 s 0.036284 0,009525 -0.206539 -0.050734 0.G19087 -0.C68131 -0,247321 -0.109500 0, 315334
St 0.005123 0.006738 0.034299 -0.021915 0.002918 -0,019382 0.024798 -0.034087 -0.018751
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Table 61. (Continued)
(3b2) (4b2) (Sb2) (6b2) {7b2) {ib1) (2b1) {1a2) (2a2)
ETCGAO 2,000000 2,000000 2.000000 0.049700 0,122900 2.000000 2.000000 2.000000 2.000000
Cc1 s 0.0€5196 0.084414 O, 160476 0,157847 -0,036066 0.C (L] a.0 0.0
S*' -0.191441 -0,208347 -0,423828 ~0.355372 0.086081 0.0 0.0 0.0 0.0
S'* -0.,001716 -G.003486 -0,005911 -0.001106 0.006708 0.0 0.0 0.0 0.0
X 0.0 v.0 0.0 0.0 0.0 -0.057071 0.424947 0,099433 0,442627
X 0.0 0.0 0.0 0.0 0.0 0.016478 -0.0C0492 -0.055687 -0.011089
Y -0.033776 -0.024534 0.164856 -0.855696 0.108276 0.0 0.0 0.0 0.0
e 0.008860 0.012379 0.002266 0.049277 0.008%377 0.0 0.0 0.0 0.0
Z 0.202464 0.175861 -0, 187223 -0.288174 0.015709 0.0 0.0 0.0 0.0
A 0.029935 -0.000367 -0.006465 -0.007184 0.025840 0.0 0.0 0.0 0.0
c2 s -0.065126 -0.084414 -0,160476 -0.157847 0.035066 0.0 0.0 0.0 0.0
St 0.191441 0.208347 0.423828 0.355372 -0.086081 0.C 0.0 0.0 0.0
s** 0.001716 0.003486 0.00591%11 0.001106 -0,006708 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 -0,057071 0,424947 -0.099433 ~0.442627
Xt 0.0 0.0 0.0 0.0 0.0 0.016478 -0,000492 0,055687 0.011089
Y -0.033776 -0.024534 0,164856 -0.855696 0.108276 0.0 0.0 0.6 0.0
Yt 0.008860 0.012379 0.002266 0,.049277 0.008977 0.0 c.0 0.0 0.0
Z. =-0.202464 -0,175861 0.187223 0.288174 -0.015709 0.0 0.0 0.0 0.0
2' -0.029935 0.000367 0.006465 0.007184 -0.025840 0.0 0.0 0.0 0.0
o1 s 0.468590 -0,453783 -0.034241 -0,.017950 -0.222998 0.0 0.0 0.0 0.0
St 0.255354 +0,.269534 -0,024925 -0.015793 -0.152479 0.0 0.0 0.0 0.0
S** -0,004030 -0,021014 -0.009567 -0.013249 -0.082360 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 -0.659489 ~0,100268 0.746702 -0.098077
} &4 0.0 0.0 0.0 0.0 0.0 -0,002978 -0.024632 0.025654 -0.028189
Y 0.008142 -0.106217 (€.018286 0..434308 0.845498 0.0 0.0 0.C 0.0
Y* -0.027095 ~0.012494% -0,003826 0.040371 -0.029950 0.0 0.0 0.0 0.0
Z -0.309381 -0.472618 0. 108240 ~-0.063913 =-0.077163 0.0 0.0 0.0 0.0
F Al 0.014€83 0.004669 0.014099 ~-0.024625 -0.017204 0.0 0.0 0.0 0.0
02 s -0.468590 0.u453783 0.034241 0.017950 0.222998 0.0 0.0 0.0 0.0
S* ~0.255354 0.269534 0.024925 0.015713 0.152479 0.C 0.0 0.0 0.0
s*' 0.,004030 0.021014 0.009567 0.013249 0.082360 0.0 0.C 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 -0.659489 -0.100268 -0.746702 0.098077
X 0.0 0.0 0.0 0.0 0.0 -0.002978 -0,024632 -0.025654 0.028189
Y 0.008142 -0.106217 0.018286 0.234308 0.845498 0.0 0.0 0.0 0.0
Y' =-0.027095 -0.012494 ~-0,003826 0.040371 -0.029950 0.0 0.0 0.0 0.0
4 0.309381 0.472618 -0.108240 0.063913 0.077163 0.0 0.0 0.0 0.0
2 -0.014683 -0.004669 -0.014099 0.024625 0.017204 0.0 0.0 0.0 0.0
H1 S -0.037571 -0.013188 0.200815 0.025682 -0,024746 0.071934 0,268896 -0.102587 0.310626
st -0.006821 -0.007547 -0.034314 0.024415 -0.004668 0.020187 -0.020970 -0.031033 -0.017193
H2 S =-0.037571 -0.013188 0.200815 0.025682 -0.024746 -0.071934 -0.268896 0.102587 -0.310626
S* -G.006821 -0,007547 -0.034314 0.024415 =-0.004u668 -0.020187 0.020970 0.031033 0.017193
H3 S 0.037571% 0.013188 -0.200815 -0,025682 0.024746 0.0731934 0.268896 0.102587 -0.310620
St 0.006821 0.007547 0.034314 -0.024415 0.004668 0.020187 -0.020970 0.031033 0.017193
H4 S 0.0375717 0.013188 ~0.200815 -0.025682 (Q.024746 -0.671934 -0,266896 =-0.102587 0.310626
St 0.006821 0.007547 0.034314 -0.024415 0,.004668 -0.020187 0.020970 -0.031033 -0.017193
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Table 64. CHO's and NRO's for t,2-dioxetane at woo = 4,0369 a.u.
(1a1) (2a1) (3a1) (sat) (5a1) (6a1) (7a1) (1b2) (2b2)
ETCGAO 2.000000 2.00C000 2.000000 2,000000 2,000000 1.560500 1.861700 2.000000 2.000000
c1 s 0.000478 -0.669989 -0.041576 0.985152 0.160670 0,052972 -0.044683 0.000406 0.671847
s* -0.000588 -0.123690 0.,139160 -0.222624 -Q.,426223 -0.1222C1 0,119232 -0.,000358 0.119905
s** -0,000112 -0.004586 -0.009911 0.000328 -0.005050 ~-0.018588 ©0.012137 0,000105 0.002157
X 0.0 0.0 c.0 0.0 0.0 0.0 0.0 0.0 0.0
X' 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y -0.000162 0.001369 0.028715 -0.039135 0,.136862 =-0.354148 0.492247 0.000140 -0,.003268
X! 0.000263 0.000556 C€.009777 -0.004398 -0,000866 0.087499 -0.073615 0.000083 0.000506
2 -0.,000360 -0.001999 -0.150993 0.182038 -0,184982 -0.033506 0.147083 -0.000520 ©0,002199
Z2' -0.000517 -0.000319 -0.029283 0.006983 ~0.013464 0.007270 -0.010155 -0.,000550 0.00008Y9
c2 s 0.000478 -0.669989 -0.041576 0,085152 0,160670 0.052972 -0.044683 -0.000406 ~0.671847
5' -0.000588 -0.123690 0.139160 -0.222624 -0,426223 ~0,122201 0.119232 0.000358 -0.119905
s*t -0,000112 -0.004586 -0.00991% 0.000328 -0.005050 -0.018588 0.012137 -0.000105 -0,002157
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
} & 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y 0.000162 -0.001369 -0,.028715 0.039135 -0,136862 0.354148 ~-0.492247 0.000140 -0,003268
Y' -0.000263 -0,000556 -0.009777 0.004398 (.000866 ~0,087499 0.073615 0.000083 0.000506
z -0.000360 -0.001999 -0,160993 0, 182038 -0, 184982 -0.C33506 0.147083 0.000520 -0.002199
Z* -0.000517 -0.000319 -0.0.9283 0.006Y83 -0.013464 0.007270 -0.010155 0.00055C -0.000G8Y
o1 S -0.333361 0.000238 -0.467406 -0.383631 -0,022192 0.025807 0.049570 -0.335071 -0.C00867
St 0.618195 0,.000116 -0.244852 -0.229013 -0,017305 0.016618 0.030663 0.617118 -0.000750
st* -0.003050 0,000224 0,026541 -0,029340 -0,011827 -0Q,001377 0.901138 -0,.0031%47 -0,001058
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
| & 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y 0.000003 0.,000427 -0.011036 0.015172 0.005707 0.615950 0.266254 ~-0.001079 -0.000271
Y* 0.000246 0,000082 0,.000770 -0.005974 -0,004590 0.031828 -0,025374 0,000344 -0.000049
2 -0.0602570 -0.003u432 0,229048 -0.441394 0,119823 0.125999 -0.0732%4 -0.003046 0.00u4624
A 0.000576 -0.000246 -0.019112 0.021791 0,099463 0,025%17 -0.001216 0.000624 0.000735
02 s -0.333361 0.000238 -0.467406 -0.383631 -0.022192 0,.025807 0.049570 0.335071 0.0006867
st 0,618195 0.000116 =-0.2044852 -0,229013 -0,017805 0.016618 0.030663 -0.617118 0,000750
S** -0,003050 0,000224 0.026541 -0.029340 -0,011827 -0.001377 0.001138 0.003147 0.001058
X 0.0 0.0 0.0 0.0 0.0 0.9 0.0 ¢.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y -0.000003 -0,000427 0.011036 -0.015172 -0,0057Q07 =-0.515950 -0.266254 -0.001079 -0.000271
Y -0.000246 -0.000082 -GC,000770 0.005974 0.004590 -0.031828 0.025374 0.000344 -0.0000u49
z -0.002570 -0.003432 0.229048 -0.441394 0,.119823 0,125999 -0.073214 0.003046 -0,.004624
A 0.000576 -0.000246 -0.019112 0,021791 0.009463 0.025317 -0.001216 ~-0,.000624 -0.000735
HY S 0.000809 0.004800 0.034186 -0.02422% 0.188662 -0.063340 0.039080 0.000571 -0.005797
St 0.000044 0.000076 0.007246 -0.011110 -0.032816 0,004239 -0.004395 0.000056 -0.0002u8
H2 S 0.000409 0.004800 0.034186 -0.024221 0,.1886€62 -0,063340 0.339080 0.000571 -0.005797
s? 0.000044 0.000076 0.007246 -0.011110 =-0.032816 0.004239 -0.004395 0.000056 -0.0002438
H3 S 0.000409 0,00u4800 0.034186 -0.024221 0,188662 -0.063340 0,039080 -0,0005717 0.005797
s* 0.000044 0.000076 0.007246 -0.0%11110 -0.032316 0.,004239 -0.004395 -0.000056 0.0002u48
H4 S 0.000409 0.004800 0.034186 -0.52422% 0.188662 -0.063340 0.039080 -0.000571 0.005797
St 0.0C0044 0.000076 ©0.007246 -0.011110 -0.032316 0,004239 -0.004395 -6.000056 0.000248

cLe



Table 64.

{(Continuel)

(3b2) (4b2) (5b2) (6b2) (7b2) (1b1) (2b1) (1a2) (2a2)
ETCGAO 2.000000 2.000000 2.000000 0©.136600 0.441200 2.000000 2.000000 2.000000 2.000000
c1s 0.05383C -0.,085981 0.163027 -0. 109456 =0.055184% 0.0 0.0 0.0 0.0

S -0.167450 0.217532 -0.431575 0.258313 0.132807 0.0 .0 0.0 0.0
S'*  0.004562 0.001082 -0.004343 0.009123 0.C06518 0.0 0.9 0.0 0.0
X 0.0 .0 0.0 0.0 0.0 -0.063523 0.417441 0,089981 0.428257
X' 0.0 0.0 0.0 0.0 0.0 0.021292 0.009266 -0.046757 0.006038
Y -0.032371 0.030213 0.145384 0.751990 0.310116 0.0 0.0 0.0 0.0
Y*  0.000945 =0.005371 0.001445 =0.092793 -0.019222 0.0 9.0 0.0 0.0
z 0.180797 -0.179973 ~-0.186559 0.228639 0.097873 0.0 0.0 0.0 0.0
2'  0.036098 =0.006332 -0.013609 -0.014442 0.011077 0,0 0.0 0.0 0.0
€2s -0.053830 0.085981 -0.163027 0.109456 0.055184 0.0 0.0 0.0 0.0
S*  0.167450 -0.217532 0.431575 -0.258313 -0.132807 0.0 0.9 0.0 0.0
S*'t -0,004552 =0.001082 G.004349 =-0.009123 -0.006518 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 -0.063523 GC.417441 -0.089981 -0.428257
X* 0.0 0.0 0.0 0.0 0.0 0.021292 0.009265 0.046757 -0.006033
Y -0.032371 0.030213 0.145334 0.751990 0.310176 0.0 0.0 0.0 0.0
¥'  0.000945 -0.005371 0.001445 =0.092793 -0.019222 0.0 0.0 0.0 0.0
2 -0.183797 0.179973 0,186559 -0.228639 -0.097873 0.0 0.0 0.0 0.C
Z2' -0.036098 0.006332 0.013609 0.014442 -0.011077 0.0 0.0 0.0 0.0
01 s 0.475611 0.435477 -0.029746 0.054267 =-0.121527 0.0 0.0 0.0 0.0
S*  0.253109 0.259482 -0.022003 0,035203 -0.077468 0.0 0.0 0.0 0.0
S'' -0.021147 0.022913 -0.009226 0.011367 -0.029628 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 -0.672640 -C.098218 0.723822 -0.096142
X* 0.0 0.0 0.0 0.0 0.0 -0.005286 -0,023284 0.012747 =0.024528
Y 0.021999 0.037557 0.012310 -0.445401 0.5688094 0.0 0.0 0.0 0.0
Y' -0.012560 0.013541 -0.005026 -0.047077 -0.025261 0.0 0.0 0.0 0.0
Z -0.271185 0.472260 0.112609 -0.003334 -0.015686 0.0 0.0 0.0 0.0
2%  0.019374 =-0.015011 0.012043 0.012861 -0.010772 0.0 0.0 0.0 0.0
02S =-0.475611 -0.435477 0.029746 -0.054267 0.121527 0.0 .0 0.0 0.0
S' =0.253109 -0.259482 0.022003 -0.035203 0.077463 0.0 0.0 0.0 0.9
S*t  0.021147 -0.022913 0.009226 -0.011367 0.029628 0.0 0.0 0.0 0.0
x 0.0 0.0 0.0 0.0 0.0 -0.672640 -0.098218 =-0.723822 0.096142
X* 0.0 0.0 0.0 0.0 0.0 -0.605280 -0,023284 =-0.012747 0,024523
Y 0.021999 0.037557 0.012310 -0.445401 0.688094 0.0 0.0 0.0 0.0
Y* -0.012560 0.013541 =-0.005026 -0.047077 -0.025261 0.0 0.0 0.0 0.0
z 0.271185 -0.472260 -0.112609 0.003334 0.015686 0.0 0.0 0.0 0.0
2* -0.019374 0.015011 -0.012043 -0.012861 0.010772 0.0 0.0 0.0 0.0
H1'S =0.038196 0.019998 0.197127 0.061202 ~0.026591 0.076782 0.285524 -0.096019 0.304618
s' -0.008391 0.009848 -0.033875 -0.019364 -0.009064 0,021644 -C.017845 -0.028328 -0.016889
H2 S =-0.038196 0.019998 0.197127 0.061202 -0.02659% =0,076782 -0.235524 0.096019 -0, 304618
S' -0.008391 0.009348 -0.033875 -0.013364 -0.009064 -0.021644 0.017845 0.028328 0.016889
H3 s 0.038196 =0.019998 -0. 197127 -0.001202 0,026591 0.076782 0.285526 0.096019 -0. 304613
S'  0.008391 -0.009848 0.033875 ¢ .019364 0.009064 0.021644 -0.017845 0.028328 C.016889
HY S 0.038196 ~0.019998 -0.197127 -0.J01202 0.026591 -0.076782 -0.285524 -0.096019 0.30u618
S*  0.008391 -0.009848 0.033875 0.019364 0.009064 -0,021644 0.017845 -0.028328 -0.016889
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Table 65. (Continued)
(3b2) (4b2) (5b2) (6b2) (7b2) (1b1) (2b1) (1a2) {2a2)
ETCGAO 2.000000 2.000000 2.000000 O.142600 0.613800 2.000000 2.00C000 2.000000 2.000000
CcCl1 s 0.055078 0.692170 0.159216 (0.108211 -0,053663 0.0C 0.0 0.0 0.0
S* =0.169724 ~0.232473 -C.423u78 -0.255704 0.130929 0.0 0.0 0.0 0.0
S** 0.004150 -0.001638 -0.005247 -0.008158 0.005642 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 -0.064942 0.416859 0.089526 0.u427877
Xt 0.0 0.0 0.0 0.0 0.0 0.0621509 0.0099u40 -0.045852 0.006597
Y -0.025540 -0,021076 O0.137402 -0.757238 0.319533 0.¢C 0.0 0.0 0.0
Y' -0.000772 -0,000803 0.006955 0.092376 -0.022396 0.0 0.0 0.0 0.0
A 0.182997 0.199404 -0,203360 -0.194453 0.089182 0.0 0.0 0.0 0.0
YA 0.0333217 0.000713 -0.006928 0.008829 0,007562 0.0 0.0 0.0 c.0
c2 s -0.055078 -0,092170 -0.159216 -0.10821%Y 0,053663 (C.0 0.0 0.0 0.0
St 0.169724 0.,232473 0.423478 0.255704 -0,130929 0.0 0.0 0.0 0.0
S*'* -0,004150 0.001638 0,005247 0.008158 -0.005642 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 -0,064942 0.416859 -0.089526 -0.427877
X 0.0 0.0 0.0 0.0 0.0 0.021509 0.009940 0.045852 -0.006597
Y ~0,02554C ~0,021076 0.137402 -0.757238 0.319533 0.0 0.0 0.0 0.0
Y* -0.000772 -0,000803 0.006955 0.092376 -0.022396 0.0 0.0 0.0 0.0
2 -0.182997 -0,199404 0,203360 O0.194u453 -0.,089182 0.0 0.0 0.0 0.0
2* -0.033321 -0.000713 0.006928 -0.008829 -0.007562 0.0 0.0 0.0 0.0
01 s 0.,479315 -0.433206 -0.023121 -0.054010 ~0.099417 0.0 0.0 0.0 0.0
St 0.253939 ~0.260872 ~0.016535 -0.035100 -0.063433 0.0 0.0 0.0 0.0
S** ~0.023079 -0.029005 -0,.005749 -0.009964 -0.024492 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 -0.675187 -0.099777 0.719970 -0.096971
X 0.0 0.0 0.0 0.0 0.0 -0.005483 -0.023407 0.010655 -0.024317
Y 0.022320 -0.015341 0,011602 O0,.u4u44602 0.675069 0.0 0.0 0.0 0.0
Y* -0.009734 -0.008891 ~0.005405 0.047467 -0,022797 0.0 0.0 0.0 0.0
Z ~-0.250128 -0.465622 0.109972 0.017682 -0.001075 0.0 0.0 0.0 0.0
A 0.018046 0.0714191 0,010782 -0.009641 -0.013613 0.0 0.0 0.0 0.0
02 s -0.4793195 0.433206 0.02312% ©.054010 0.093%817 0.0 0.0 0.0 0.0
S* -0.253933 0.260872 0.016535 0.035100 0.063433 0.0 0.0 0.0 0.0
S't 0.023079 0.029005 0.005749 0.009964 0.024u492 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 -0.675187 -0.099777 -0.719970 0.096971
X 0.0 0.0 0.0 0.0 0.0 -0.005483 -0,023407 -0.010655 0.024317
Y 0.022320 -0,015341 0.011602 0.444602 0.675069 0.0 0.0 0.0 0.0
Y* -0.009794 -0.008891 ~0.005405 0.047467 ~0,022797 0.0 0.0 0.0 0.0
2 0.250128 0O,.u465622 -0.109972 -0.017682 0,001075 0.C 0.0 0.0 0.0
z' -0.018046 -0,01419% -0.010782 0.009641 0.013613 0.0 0.0 0.0 0.0
H1 S -0.038230 -9.023433 0.199195 0.005915 ~«0.029512 0.077101 0.286815 ~-0.09u4816 0. 304705
s* =-0.€08587 -0.01G922 -0.033529 0.021104 -0.009940 0.G21867 -0.017456 -0.027975 -0.016761
H2 S -0.038230 -0.023493 0.199195 0.005915 =-0.029512 -0.077101 -0.286815 0.094816 ~0Q.30L765
5' -0.008587 -0.010922 -0.033529 0.021104 -0.009940 -0.021867 0.017456 0.027975 0.016761
H3 S 0.036230 0.023493 -0.199195 -0.005915 0.026512 0.077101 C.286815 0.094816 -0.3C47C5
s! 0.008587 0.010922 0.033529 -0.021104 0.009940 0.021867 =0.017456 0.027975 0.016761
HY s 0.038230 0.023493 -0,199195 -0.005915 0.029512 -0,077101 -0,286815 ~0,094816 0, 30L705
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Table 68. CAO's and NRO's for 1,2-dioxetane at wnn = 5.8754 a.u.
(1a1) (2a1) (3a1) (4a1) (5a1) (6a1) (7a1) {1b2) {(2b2)
ETCGAO 2.,000000 2.000000 2,000000 2.000000 2.000000 0,0%7000 1.913100 2.000000 2.000COC
cl s 0.000379 -G.670117 -0.078210 -0.083703 C.1517u466 ~C.00459u4 0£.002763 0.0C0427 0.670634
St 0.000040 ~-0.123785 0.,248097 0.202797 -0.403871t 0.010666 -0,007688 -0,000041 0, 122850
s** -0.,0G0182 -0,004716 -0.012398 ~-0.007453 -0.,003308 -0,005005 0.001665 ~0.000212 @Q.003948
X 0.0 0.0 0.0 0.0 0.0 0.0 C.0 0.0 0.0
} 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y -0.000135 -0.000277 -0.015724 -0,008037 ~-0.021286 -0.541735 0.360865 -0.000092 0.000018
Y* -0.000008 0.000115 -0.002176 -0.0071202 0.001186 0.065333 -0.033623 -0.000030 0.00023u4
Z -0.001523 -0,002421 -0,228631 ~-0.138499 -0.256533 0,040392 ~-0.028383 -0.001342 0.002661
z* -0.000u436 0.000031 -0.046415 -0,02%1416 -0.013185 -0.012538 0.002461 -0,000610 -0.0000u9
c2 s 0.000379 -0.670117 -0.078210 -0.083703 0.151486 -0.004594 0.002763 ~0.0060u427 -0.670634
St 0.0C0040 ~-0.123786 0.238097 0.202797 -0.403871 0.010666 -0.007688 0.000041 -0.122850
S -0.000182 -0.004716 -0.012398 -0.007453 -0.,003308 -0.005005 0.001665 0.000212 -0.003%u3
X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.6 0.C 0.0 0.0 0.0 0.0
Y 0.000135 0.900277 0.015724 0.008037 0.021286 0.541735 -0.360865 -0.000092 0.000018
Y 0.0C¢0008 -0.000115 0.002176 0.C01202 -0.001186 -0.065333 0.033623 -0.000030 0.000234
A -0.0C1523 -0.002421 -0,228631 ~0. 138499 ~-0.256533 0.040392 -0.024383 0.001342 ~0.002661
Z2Y -0.000436 0.090031 -U.0468415 -0.021416 -0,013185 -0,012538 0.002461 0.000610 0.000049
01 s -0.333369 0.001093 -0.369310 0.479387 -0.,020002 -C.014283 0.006127 -0.333540 -0.001271
S* 0.618255 0.000662 -0.172025 0Q.289482 =-0,011406 ~-0.007342 0.003990 0.618124 -0.000865
St -0.002937 0.200359 0.067543 0.J046028 0.004375 0.013329 0.001749 -0.003013 -0.000683
X 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0
) & 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Y -0.,000245 -0.000225 0.017195 0.027684 0.0071398 O0.547091 0.486390 -0.000337 0.000369
b & 0.000054 0,000028 -0.002733 -0.002367 0.001369 -0.126955 0.006980 ~-0.000062 0.000058
Z -0.003688 -0.004544 0.271219 0.411741 0.087591 -C,039320 -0.031128 -0.003676 0.004632
A 0.000334 -0.000357 ~0,060822 -0,032906 0.00032% 0.011018 0.001299 0,C00421 0.CCCu4306
02 S -0.333369 0.001093 -0.369310 0.479387 -0.020002 -0.014283 ©0.006127 0.333540 0.001271
s 0.618255 0.000662 -0.172025 C.289u482 -0.011406 -C.007342 0.003990 -0.618124 0.0C0865
S'* -0.002937 0.000359 0.067543 0.046028 0.00u4875 0.010329 0.001149 0.003013 0.CCOeB3
X 0.0 0.0 0.0 0.0 0.0 0.C 0.0 0.0 0.0
x* 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.C 0.0
Y 0.000245 0.000225 -0.017195 ~0.027684 -0,007198 =-0.547091 -0,486390 -0.000337 0.0C0359
y* -0.000054 -0,000028 90.002733 0.002367 -0.001369 0.126555 -0,006380 -0,000062 0.0000538
FA -0.003688 -0.004544 0.271219 0.4117417 0.087591 -0.G39320 ~-0.G31128 0.0G3676 -0.004632
rAl 0.000334 -0,000357 -0.060822 -0.032906 0,000321 0.011018 0.001299 -0.000421 -0.000436
Ht S 0.000314 0.004454 0.037452 0.019461 0.168669 -0.013172 0.009390 0.000384 -0.005061
S' -0.000051 -0.000133 0,.009458 0.011950 -0.034493 -0.€00522 (.000143 =-0.000009 -0.000Gu5
H2 S 0.000314 0,004454 0,037452 0.01%946Y 0,188669 -0.013172 0,009390 0.00038u -0.005061
s+ -0.000051 -0.000133 0,009458 90.0611950 =-0.034493 -0,.,000522 0.000143 -0,000009 -0.000045
H3 s 0.000314 0.004454 0.,037452 0.013461 0.188669 -0.013172 0.009390 -0.000384 0.005061
S* -0.,000051 -0.000133 0.009458 0.011950 -0.034493 -0.000522 0.000143 0,0060009 0.006045
HY S 0.000314 0.00445% 0.037452 0.019461 0,188669 -0.C13172 0.009390 -0.000384 0.005061
s* -0.,000051% =-0.000133 0.009458 0.011950 -0.G34493 -0,000522 0.000143 0.000009 0.000045




Table 68. (Continued)
(3b2) (4b2) (5b2) (6b2) (7b2) (1b1) (2b1) (1a2) (2a2)
ETCGAO 2.000000 2.000000 2.000000 0.087300 1.902600 2.000000 2.000000 2,000000 2.000C00
ct s 0.077052 0.085058 0,154808 -0.008578 -0.004125 0.0 0.0 0.0 0.0
S' =0.235766 -0.205101 -0,411751 0.019375 0.010648 0.0 0.0 0.0 0.0
S't 0.013660 0.C05087 -G.002997 (C€.003194 0.000559 0.0 0.0 c.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.154702 0.386666 0.152137 0.396936
X 0.0 0.0 0.0 0.0 0.0 -0.032262 0.G21891 -0,033179 0.019661
Y 0.014652 0.067202 -0.017501 0.622318 0.375653 0.0 0.0 0.0 0.0
& 0.003080 9.002962 0.001387 -0.,053052 -0.C37674 0.0 0.0 0.0 0.0
2 0.223492 0.141333 -0,259240 ~0.044842 -0.016370 0.0 0.0 0.0 0.0
z* 0.053384 0,019275 ~-0,014157 0.001686 -0.000317 0,0Q c.0 0.0 0.0
c2 S -0.077052 -0.085058 -0, 154408 0.008578 0.004125 0.0 0.0 0.0 0.0
st 0.235766 0.205101 0,41175%1 -0.019375 -0.010648 ¢C.0C 0.0 0.0 0.0
S*'' -0.013660 -0.005087 0.002997 -0.003194 -0.000559 0.C 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.154702 0.386666 -0.152137 -0,3969136
X 0.9 0.9 0.0 0.0 0.C -0.032262 0.021891 0.033179 -0.019661
Y 0.014652 0.007202 -0,017501 0.622318 0.375653 0.0 0.0 0.0 0.0
e 0.003080 0.002962 0.001387 -0.053052 -0.037674 0.C 0.0 0.0 0.0
Z =-0.223492 -0.141939 0,259240 0.044842 0.016370 0.0 0.0 0.0 0.0
2' -0.053384 -0.019275 0.014157 -0.001686 0.00C817 0.0 0.0 0.0 g.¢
01 s 0.371872 -0.483129 -0,02C0169 -0.002108 -0.013450 0.0 Q.0 0.0 0.0
S 0.174530 -0,292324 -0,011716 0.001040 -0.008089 0.0 0.0 0.¢C 0.0
S** -0.065323 -0.047379 0.004089 0.003812 -0.000821 0.0 0.0 0.C 0.0
X 0.0 0.0 0.0 0.¢C 0.0 0.668644 -0.172710 0.673243 -0.171998
X 0.0 0.0 0.0 0.C 0.0 0.008216 -0.040771 0.008479 -0,041472
Y -0.015461 -0.030684 0.005187 -C.519151 0.520957 0.0 0.0 c.¢ 0.0
A & 0.005791 0.0C0523 0,000731 0.111051 0.012485 0.0 0.0 0.0 0.0
2 -0.272885 -0.411701 (G.086693 0.026023 -0.037295 0.0 0.C 0.¢C 0.0
A 0.060453 0.C34802 0,000641 -0,.C08370 -0.001155 0.0 0.0 0.0 0.0
02 3 -0.371872 0.483129 0,020169 ©€.002108 0.013450 0.0 0.0 c.0 0.0
S' -0.174530 0.292324 0.011716 =-0.0071340 0.008089 0.0 0.0 c.0 0.0
3'* 0.065323 0.047379 -0.00u4089 -0.009312 0.000821 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 ¢G.0 0.0 0.668644 -0.172710 ~-0.673243 0.171993
X 0.0 0.0 0.0 g.0 0.0 0.008216 =-0.04C771 -0.008479 0.041472
Y -0.015461 -0.030684 G,005187 ~0.519151 0.520957 0.0 0.0 0.0 0.0
Y 0.005791 0.G00523 0,00073%1 0.111051 0,012485 0.0 0.0 0.0 0.0
A 0.272885 02.411701 -0,0865693 -0.026023 (.037295 0.6 c.0 c.0 0.C
Z'* -0.060453 -0.034802 ~0.000641 0.008370 0.001155 0.0 0.0 c.0 0.0
Ht S -0.039172 -0.019195 0.193864 -0.015424 -0.006717 -0.113863 0.337084 -0.114037 0. 337860
s* -0.010122 -0.011123 -0.034476 -0.003249 -0.000541 -0.038699 -0.004190 -0,037365 -0.0C06112
H2 S -0.039172 ~0.019195 0.193864 -0.015424 -0.006717 0.113863 -0.337084 G.114037 -0.337860
st -0.010122 -0.G11123 -G.034476 -0.003249 -0.000541 0.038699 0.004190 0.037365 0.006112
H3 5 0.03917z 0.019195 -0.193864 0.015424 0,006717 -0.113863 0.337084 0,114037 -0, 337860
St 0.010122 0,011123 0,.,034476 0.003243 0.000541 -0.038699 -0.004190 G.037365 0.006112
H4 S 0.039172 0.019195 -0.193864 0.015424 0.006717 0.113863 -0.337084 -0.114037 0.337860
s 0.010122 0.011123 0.034476 0.003249 0.000541 0.038699 0.004190 -0.037365 ~0.006112
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Table 69. (Continued)
(3b2) (4b2) {5b2) (6b2) (7b2) (ib1) (2b1) (1a2) (2a2)
ETCGAO 2.000000 2.000000 2.,000000 0.089300 1.909700 2.000000 2.000000 2.000000 2.C00000
cl s 0.,068935 0.156509 0,030063 0.002186 0.00CG187 0.0 0.0 G.0 0.0
S*' <-0.245366 ~0.447787 -0.075425 -0.004382 -0.000426 0.0 0.C 0.0 0.0
s*t* 0.009889 0.000364 0.011226 -0.002692 0.000139 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 04392760 ~0.152852 0.393663 -0.152476
X* 0.0 0.0 0.0 0.0 v.0 -0.005488 -0.036067 -0.006365 -0,037034
Y 0.000541 -0.002382 0.001378 ~-0.588293 0.364370 0.0 0.0 0.0 0.0
Y* -0.000058 0.000620 0.000628 0.055654 -0.032637 0.0 0.0 0.0 0.0
Z 0.124053 -0.171908 0.303705 0,.0052G0 -0.000450 0.0 0.0 0.0 0.0
YA 0.038328 -0.005182 0.041197 0.000005 -0.000912 0.0 0.0 0.0 0.0
c2 s -0.068935 -0.156509 -0,.030063 -0.002186 -0.C00187 0.0 0.0 0.0 0.0
St 0.245366 0.447787 0.075425 0.004382 0.000426 0.0 0.0 0.0 0.0
S** -0.009889 -0.000364 -0.011226 0.002692 -0.000139 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.392760 -0.152852 -0.393663 0.152476
X' 0.0 0.0 0.0 0.0 0.0 -0.005488 ~-0.036067 0.006365 0.037034
Y 0.000541 -0.002382 0.001378 -0.588293 0.364370 0.0 0.0 0.0 0.0
b & -0.000058 0.000620 0.000628 0.055654 -0.032637 0.0 0.0 0.0 0.0
Z -0.124053 0.171908 -0.303705 -0.005200 0.000450 0.0 0.0 0.0 0.0
2' -0.038328 0.005182 -0.041137 -0.000005 0,000912 0.0 0.0 0.0 0.0
01 S 0.4€6736 -0.260731 -0,.270637 -0.001065 -0,002125 0.0 0.0 0.0 0.0
S 0.229222 ~0.147524 -0,173551 -0.001088 -0,001427 0.0 0.0 0.0 0.0
S** -0.048503 -0.015500 -0.063934 -0.001162 -0.000523 0.0 0.0 0.0 Q.0
X 0.0 0.0 0.0 0.0 0.0 0.323620 0.613350 0,323653 0.613153
X 0.0 0.0 0.0 0.0 0.0 -0.024385 0.035141 -0.024649 0.034754
b4 -0.000419 -0.000803 -0.003794 0.530334 0,508661 0.0 0.0 0.0 0.0
X 0.000540 0.000252 0.000019 -0.121362 0.011781 0.0 0.0 0.0 0.0
2 -0.122449 -0.104716 -0.476598 -0.001277 -0.003762 0.0 0.0 0.0 0.0
z' 0.048241 0.013609 0.048514 0.000952 0.000358 0.0 0.0 0.0 0.0
02 s -0,486736 0.260731 0,270637 0.,001065 0.002125 0.0 0.0 0.0 c.0
S' =-0.229222 0.147524 0.173551 0.001088 0.001427 0.0 0.0 0.0 0.0
S** 0.048503 0.015500 0.,063934 0.,001162 0.,000523 0.0 0.0 0.0 0.0
X 0.0 0.0 0.0 0.0 0.0 0.323620 0.613350 -0.323653 -0.613153
X 0.0 0.0 0.0 0.0 0.0 -0.024385 0.0357141 0.024649 -0.034754
Y -0.000419 -0.000803 -0.003794 0.530334 0.508661 0.0 0.0 6.0 0.0
Y* 0.000540 0.000252 0,000019 -0.121362 0.011781 0.0 0.0 0.0 0.0
2 0.122449 0.104716 0.476598 0.,001277 0.003762 0.0 0.0 0.0 0.0
Z' ~-0.0482417 -0.013609 -0.048514 -0,000952 -0,000358 0.0 0.0 0.0 0.0
H1 S 0.006594 0.162138 -0.111164 -0,000381 0.000194 0.172740 -0.308869 0.172061 -0.309344
s -0.0126464 -0.035463 0.001582 -0.000110 0.000248 -0.029416 -0.023732 -0.029735 ~-0.0z3662
H2 S 0.006594 0.162138 -90.111164% -0.000381 0.000194 -0.172740 0.308869 -0.172061 0. 309344
S' -0.0124€4 -0.035463 0.001582 -0.000110 0.000248 GG.029416 0.023732 0.029735 0.023662
H3 S -0.006594 ~0,.162138 0.,111164 0.000381 -0.000194 0.172740 -0.308869 -0.172061 0. 309344
S 0.012464 0.035463 -0.001582 0.000110 -0.000248 -0.C29416 -0.023732 0.029735 0.023662
H4 S -0.006594 -0.162138 0.111164 0.000381 -0.000194 -0.172740 0.308869 0.1720€1 -0.309344
st 0.012464 0.035463 =-0.001582 0.000110 -0.000248 0.029416 0.023732 =-0.029735 -0.023662
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