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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, (19 70). Other developments are the bonding 

studies by Goddard and his colleagues (Hay et , 1972a,b,c), 

the MCSCF theories by Bertoncini, Das, and Wahl (19 70) and 

by Hinze and Roothaan (1967). Lastly, an MCSCF theory devel­

oped by Grein and Chang (19 71) 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. In 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. 
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PART I: THE SEPARATED-PAIR INDEPENDENT PARTICLE 

MODEL AND THE GENERALIZED BRILLOUIN THEOREM 
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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. 
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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 

M N 
$W(i,...,M) = Ajj {[n <})^(2i-l)(J)^(2i)0_(2i-l,2i)] X 

i=l 

M 
n (t)j^(k)a(k)} , (1-1) 

k=2N+l 

0_(1,2) = {a(l)6(2)-6(l)a(2)}//Z . (1-2) 

Here <p^ is an MO; a and 6 are the usual spin up and spin down 

spinors (Pauli, 1925), and 
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(2) 

is an antisymmetrizer for the indices 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, 

so the antisymmetrizer in equation 2 normalizes the wave-

function. 

The orbitals with l5i —N are called closed shells; 

we'll reserve the indices (i) and (j) for closed shells. 

Similarly, the orbitals with 2N + lf.kl.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 

<})jj represents a bond; we can rewrite the MO wave function as 

(3) 
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= 'Si ' Pc"' *N*N8-Fo ' (4) 

where 

c 

N-1 
n (j)j_({)£0 

i=l 

(5-1) 

F 
O 

M 
n . 

&=2N+1 

(5-2) 

N—1 
We use the order of the factors in the product F^ '''n'^N^-^o 

to determine their arguments; we just compare factors term by 

term to equations 1-1,2. 

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 (J>^ in equation 4, an effective way to 

introduce correlation is by a two-term CI (Mulliken, 19 32; 

Longuett-Higgins, 1948; Mehler et al., 1970). Such a function 

can be written as 

(6-1) 

( 6 - 2 )  
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<  N  M j N v  >  =  ,  (6-3) 

< N y | i > = < N y | J l >  =  0 ,  (6-4) 

(6-5) 

By an appropriate choice of the orbitals and we can 

introduce correlation into the electron motion along the bond 

represented by in equation 4; these effects are called 

right-left correlation. The functions and A„ are called 
N N 

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 6» and d)„ and the coefficients f„ and f.^ 
No No Ni 

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 

(7-1) 

(7-2) 
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1 

A 
K 

y f ({> (j) 
^ Ky^Ky^ (7-3) 

y=0 

< K y | A v >  =  6  , 6  
k,A y,v 

(7-4) 

< K y | i >  =  <  K y  I &  >  =  0  (7-5) 

1 

(7-6) 

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 (})^^ and for orbitals in 

the geminals. (J)^^ is the y(th) orbital in the natural expan­

sion (Lowdin, 1955) of the K(th) geminal. 

The orthogonality relations in equations 7-4,5 imply 

that 

identically for all < ^ A. 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 

( 8 )  
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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) 

4) 

(9-1) 

^ \ I 1//2(1+AK) 1//2(1+AK) \ I u\ 

^ j \ 1//2(1-Ak) - 1//2(1-AK)/ \ V / 

= J"dviU^(l)v^(l), (9-2) 

(1-4,)/^ + Ac) = ' (9-3) 

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

A ^ = 1//2(1+A^){u^v^ + v^u^ } . (10) 

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. 
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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 4»^ is an approximation to the true 

solution of the time-independent Schrodinger equation 

H(1,''',M)W (1,''',M) = EY (1,''',M). (11) 

E is the total energy of the molecule in a state corresponding 

to the wavefunction Y (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 

H(1,''',M) = I - I Zg/Rga } 

s=l a=l 

M s-1 A a-1 

+ I I l/fst + I I ^aVab • (12) 
s=2 t=l a=2 b=l 

A is the total number of atoms in the molecule; is the 

atomic number of nucleus (a) ; and ^sa' ^st the 

distances between nuclei (a) and (b) , between nucleus (a) and 

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

Vg 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): 

<  6 Y | H | W >  =  0 ,  ( 1 3 )  

where 6 Y is the first-order variation of 4*. Equation 13, 

unlike equation 11, can be satisfied by an approximation like 

r 
the SPIP function 0 . We systematically examine all the 

parameters in $ , 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 4*. 

p 
The first-order variation of $ with respect to the geminal 

expansion coefficients and MO's is 

N 1 * 
= 2 I /(6f^^) + I $^(5*^). (14) 

K=r+1 p=0 r 

The double sum over k and y 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 

N 1 . . p 

I % < $ (6f ) |H|* > = 0, (15-1) 
Is P 

K=r+1 y=0 
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and 

. (15-2) 

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

by the SPIP function 

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 

v=0 

Given a set of MO's and an initial guess of the expansion 

coefficients f^^, equations 16-1,3 can be solved by serially 

executing the 2 x 2 CI problem in equation 16-1 for every 

P 
geminal in 0 . 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 

= I Ov 
V 

is an integrodifferential operator, and 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 e^ , 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: 

= Z ^ s*s' 

s?^(r) 

Here C ̂  ̂  ̂  is a numerical coefficient, and the sum extends 

over all the virtual orbitals and all the occupied orbitals 

except (j)^. The orthogonality constraints in equations 7-4,5 

are maintained to first order in C by the relation 
r ->• s 

.  s  =  . r -  < " )  

Substitution of equations 18 and 19 into equation 14 

r 
defines the first-order variation of the SPIP function $ with 

respect to the occupied orbitals. We have 

= I *  I  Cp ̂  s $rs ' (20-1) 

^ ^ s>(r) 

4.r(r^s)-/(s-r) for r i" geminal, 
s occupied 

for r occupied, s virtual (20-2) *r,s- < 
(r s) 

or r double, s not double. 
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p 
and $ (r ̂  s) is the wavefunction obtained by singly exciting 

r 
orbital (j)^ in 0 to orbital (j)^. The differences appearing in 

equation 20-2 are created by the orthogonality constraint in 

equation 19. 

The variational conditions in equation 15-2 thus take 

the form 

II Cr + s< •rs |H|«'' >= 0. (21) 

r s>(r) 

p 
It can readily be seen that all the $ appearing in equations 

20-1,2 are linearly independent, so equation 21 clearly implies 

that 

<  >  =  0 .  ( 2 2 )  

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 

r 
To produce an actual variation of a SPIP function $ , 

we need to know the explicit forms of its single excitations 

r 
0 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 $ ̂ instead of defines three kinds 

of MO's: the MO's in the natural expansions of the geminals 

Ai,***/Aj^; the MO's that are singly occupied in the product 

F^; and the unoccupied or virtual orbitals (j)^ . Simple 

counting reveals six kinds of excitations: intrageminal, 

+ intergeminal, + geminal to single, ? 

geminal to virtual, 4)^^ 4»^ ; single to geminal, 

single to virtual ^. 

We can discover what these excited functions look like by 

studying a sufficiently complicated function. All six kinds 

of excitations appear for the function 

0(1,''",5) = A {J2(KO,Ki) fl'(Xo ,A.i) (f)^a } (23) 
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and a sixth virtual orbital Generalization of the remarks 

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

A  A ( 2 4 - 1 )  

^{ko-^H) = Alloua}, (24-3) 

0 (Ko-»- a) = f A{ (<f) é + (|) 4» )8 52'(Xo / A i) (Jincx} / (24-4) 
S 0 dKO K 0 a. — X, 

^(l-^Ko) = f^ A{*^ 4)^ 0_fi'(Ao,Xi)é a}, (24-5) 
1 K % < % "" K 0 

$(«,->a) = A{fi(Ko/ici)îî'(Ao/Ai) (}>^a}. (24-6) 

Equation 24-3 for $ (<0-»- &) is not in the form we want; the 

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

the other doubles. Rewriting the orbital product slightly we 

find 

$ (Ko -^ ^) = 

= 2f^^A{(l)j^({)^^A'(Xo ,Xi) (j)^0_0_a} 

= _2f^^A{*^*%A' (Xo,Ai)*K^ ( 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 

( 2 6 )  
< 0_0_a 1 (2, 5)| 0_0_a > = % , 

so 

(2,5)0_0_a = h 0_0_a + "other spin 

functions orthogonal to 0_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 aJ., 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 

$  ( K o  I )  =  -  f^ ^ A { ( j ) ^ ( j ) ^ 0 _ f i *  ( X o ,  A  i )  ( ) ) ^ ^ a  }  .  ( 2 8 )  

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, in equation 20-2. Only 

we combine the differences to a single normalized function 

. For the M-electron SPIP function we have 
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T°K,,K.= ®-«K+."-

AT AN{Gl'''GK_,l*A,*K,+ *K,*x,l//2 ®-Vi"' 

•  •  •  ® X - ,  < ^ X  ,  l - X , f x , - ' K  , , • K , •  < ,  ' ®  

V°K.,% = -AN(«l-'-0K-.(fK,+4*a + fK,*K,*K,)G-0K+,'' 

• • • "N •2N+1° • • •'f'll-1 K „ V , " • • • V ' ' 

,a =M"l- • • V. • 

\j;0 = _ 
1C/Xq Xo^lCy 

''°ic,a " • '%l*2N+l"' 

*k-l**a**k+lO' 

we used the conventions discussed earlier: namely. 
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d) , are in the geminals ,Q, . 
^Ky ^AV ^ K X 

singles in . 

(})^ 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 séparated-pair energy formula (Silver et , 1970) 

applies to each separately. Equations 28-1,6 do hold 
J T  ^  S  

r for a partially closed SPIP function $ . 

Calculating the Orbital Variations, the 

"Super CI", the Density Matrix, and the Natural Orbitals 

Suppose we calculate the CI wavefunction 

f = Doo*r + I* I , (29) 

r s>(r) 

by solving the appropriate secular equations for the coeffi­

cients Do 0 and D^^. Here $^is the SPIP function, and 

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 

r r function, $ , and the functions Y ; 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 
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The first effort of this nature was (Grein and Chang, 

1971) a self consistent field theory for a general multicon-

r 
figuration (MC) function, not the SPIP function 4> . These 

authors first executed a "little" CI calculation to find the 

MC function 0, then they executed a CI calculation correspon­

ding to equation 29. The coefficients, of this second 

CI wavefunction were renormalized to yield the variational 

coefficients, C^ ̂  g, in equation 18. From there an improved 

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 orthogonal!zed 

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. Doo and of equation 29, by making use 

of natural orbitals (NO's)(Lowdin, 1955). At each interation 

the NO'S, ijjg, of the MC function,#, obtained by diagonalizing 

its first-order density matrix, are related to the occupied 

MO's, (j)^, by an orthogonal transformation 

t 

This equation's inverse is 
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*t " Z Tts *s - (30-2) 
S  

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

with the MO's. As long as the "super CI" function W 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, ip , for the "super 

CI" T, are improvements over the MC-NO's,^g' Hence, improved 

MO's, ({), are obtained by inserting ipin equation 30-2» i.e., 

= I  ̂ st "s-
s 

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

a new wavefunction $, is obtained by solving the "little" 

MC-CI, and the process is repeated to self consistency. 

p 
The restricted form of the SPIP function, $ , 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 

= I °rs *rs' "2-1) 

s^ (r) 

' (32-2) 
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r  
one for each occupied orbital in $ . The optimized NO's are 

recovered from the first-order density matrix of the "super 

CI" The first-order density matrix of the SPIP function 

p  
is diagonal in its own MO's (Shull, 1959; Lowdin, 1955; 

Kutzelnigg, 1964), and it is given by 

r N 1 

P(l.l') = I 2*^(1) *.(!')+ I I 
i=l K=r+1 y=0 

M 

+ I *%(!'). (33) 

k+2N+l 

So we only need to identify the MO's among the various natural 

orbitals generated by the wavefunction This is done with 

a maximum overlap criteria. 

The first-order density matrix of 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; 

I < >Dft = E D,;. (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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[r s 11 u ] = J dvi J  d v z  <|)^(1) (|)g (1) (j)^(2) ({)^(2)/[r i-rzl , (35) 

only the integrals [rslyy] and [rylsy] where <i)^ is an occupied 

orbital in 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 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. 
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PART II: 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 in 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 r function $ , and its excitations, Y in separated-geminal 

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, as well as its 

"super CI" basis functions, , 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) 

where the orbitals form an orthonormal set, and the spin 

functions are given by 

singlet 

triplet. (36) 

0 = {«3 - 3a}//? 

0 + 
(37) 

In this way one obtains the SPIP function 

(38) 
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and its "super CI" basis. 

^ A (39) 
XS M M 

where is the antisyiranetrizer defined by equation 2. The 

are geminals of the type appearing in equation 35, and the 

geminals 0^ are obtained by comparing equation 39 with equa­

tions 38 and 28-1,6. Thereby, one finds that most 0^ are 

equal to the corresponding excepting those which are 

"affected" by one or both of the excitations cj)^ ->• and 

All of the geminals A and are of the form shown in 
^ K K 

equation 36; they are antisymmetric with respect to the 

interchange of their electrons, 

(1,2)0^^(1,2) = -0^^(1,2), (40) 

so the functions 0^ and are normalized. Moreover, a 

member of the set Jîi and a member of the set 
M 

often obey the orthogonality relation 

/• dv2Îî"(l,2)J2 j^(l,2) E 0 (41) 

as well. This identity may not hold, however, if (a) I = J, 

and/or (b) any of the excitations 4)^ -+ 4)^, 4)^ ^ 

and (p^ -y (j)^ "affect" both and Jij. 
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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, (j)^ and are in geminals; 

4)^ are in F^; and (p^ and 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. In 

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 < j h| >. From equa­

tions 7-1,6; 28-1,6; and 36, this integral is given by the 

two-term sum 

1'"'0 
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'''0N*2N+l"' 

- ff,<&%("!'''"K-l*K.*C.G-nK+l''• 

V2N+1"" 2'"^'•K.*11+1 - *%+!*%.'"^*(+2» 

• • ••«"J iHla^^fai- • • •"n'I'2N+I'='' ''*%-!* 

We diagram this matrix element as 

= f^./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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eating 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 

•••«"} |H I 

A^{NÏ= }> , (44) 

and we diagram it as 

>= ••• f (45) 

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 thé appropriate 

points indicate the orbitals occupied in the geminals. At 

this juncture, one can examine all the orbital products in 



www.manaraa.com

32 

each matrix element and see that the SPIP function and 

the excitations 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 

(46) 

before making any specializations. 

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 

(47-1) 
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1/11\ 

Diagram 2 = VNI J I 
ixii : 

(47-2) 

Diagram 3 = \J\ h 

N : 

K-

L IN\ 

INN (47-3) 

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

we make use of the abbreviations 

[a,b] = f ̂  + f^ b^ , 

[a,o] = [o,a] = a^, 

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

(a,b) = 2"^(ab - ba), 

(a,) = (/a) — a. (47—4) 
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Table 1. Matrix elements and orthogonality diagrams 

Matrix Element Orthogonality Diagrams 

(1) 

<$0|H|$0> 

( 2 )  

(3) 

<VJ,0 > 
KoK]' ' KoVg 

(4) 

<Y° |H|W° > 
KqK 1 ' ' KQK1 

[ loili ] {Mq j M 1 ] 

IC 1 / K 0 > 

[ k o , <  1  ]  

<Vo r K 0 > [O'Vi] [iCl'O] <Ko,Vo> 

< K i , K o >  [ v o , V i ]  < K 0/ K i >  [Vo/Vi] 

<Ko, Kl> 
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Table 1, (Continued) 

Matrix Element Orthogonality Diagrams 

(5) 

(6 )  

<W° |H|y° > 
K qX o '  '  K f l V o  

"^^o/KQ^ [0,Ai] 

[ko/KI] [A 0,X1] 

[Kj/O] K 0 F  X 0 2» 

^Kl^Xo 
[Ki^ICQ] [XofXi] 

[Ai,Ao] < V O » K O >  [0 , V I ]  

[ X i , 0 ]  < A o f < o ^  [ v o f V i ]  
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Table 1, (Continued) 

Matrix Element Orthogonality Diagrams 

[ A o  f X l l  < K o  , V o >  [ 0 , V i ]  

- f f, f f 1 ~ 
K  1  A  0  < 0  

< K o , À Q >  [k 1 ,0] [ V o  , v  1  ]  

[ v o , V l ]  < K o,Xo> [ 0 , X i ]  

-  f  f ,  f  f  [ _  
K Q A I K I V O  -

< i c o f V o ^  [<1,0] [ 0 f X 1 ] 

< K o,Xo> [ V o , V i ]  [ < 1 ,0] 

+  « K i ^ x . ^ v o  r—-—J ^ } 

[ X o , X i ]  < < 0 f ^ 0 >  [ < i /0] 

(7) (7) 
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Table 1. (Continued) 

Matrix Element Orthogonality Diagrams 

<Y 
K 0 X I 

( 8 )  

{f^ f - y  f y  
K o  A  0  A  1  

[0,Xi] <Xo,Ko^ 

[ 0 , X o ]  < X i , K o >  

<Ko,Xo> [Xi,0] 

- f f 
K  0  X 1  K  1  

[ k i,0] < KO ,X I> 

f f ? f 
K 1  X  0  K o  

< K o f X i >  [ X o / 0 ]  

[ K I , 0 ]  < K  0  , X  0  >  

<Xo , K o >  [ K I  ,0] 

< x 1 , K o >  I K I , 0 ]  

< X o  , K o >  [ 0 , X  1  ]  

^^KO^Xi^KI^XO 

[ 0  /  X  1  ]  

[ 0 , K i ]  

< X o , K o >  [ 0 , K i ]  
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Table 1. (Continued) 

Matrix Element Orthogonality Diagrams 

(9) 

(10) 

[0,(1] (Ko,) (  F  K 0) [O/Ki] 

- f K. IIXI -^K. 
[Ki/KQ] (^f) (f&) [K 0 f K1] 

(,&) <KofVo> [0,Vi] 

(/Ko) [&,0] [Vo,Vi] 

[Vo,Vi] (Ko,) [ k i,0] [0,2] (KofO) [V 0,V1] 

+ f I ] + f f f 
K 1 Vo ' _ Ko Kl Vo 

<Ko/Vo> ( & , )  [ k i~0] [0, K i] (&,0) <Ko,Vo> 

(0,£) <iCo,Vo> [0,vi] 

^Ki^lCo^Vz 
(0,Ko) [ K I ,0] [ V O , V I ]  
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Table 1. [Continued) 

Matrix Element Orthogonality Diagrams 

(11) 

(12) 

(13) 

<^0 .|H|Y° .> 
Ko & Kq Z' 

<Ko,Ki> (&,) <Ko,Ki> (£,) 

f,. ICX3 - f,. 

[ 0 , 5 , ]  ( K o , )  [ k w O ]  ( K o , )  

[0,&] (m, K o )  

IIX] 
[0,£] (m, K o )  [0,m] ( & , K o )  

^Ko I I X I  - ̂ Ko^Klt 
[0,m] ( & , K o )  [0, K i ]  ( & , K o )  [0, K i ]  (m, K o )  

( & , K o )  [0, K i ]  

-

(m, K o )  [0, K i ]  

( K o , )  [&,0] 

f ̂ 
Ko -

[ & , 0 ]  

II + f:. 

[ K I  , 0 ]  

( K o , )  [ K l , ]  

W 
VD 
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Table 1. (Continued) 

Matrix Element 

(14) 

(15) 

<W° lH|Y° > 
Koa' ' kqVO 

(16) 

(17) 

,0 

<a,Ko> 

I 
[Ko fK 1 ] 

<a,Ko> 

I 
<K 1 ,Ko > 

<Ko,a> (m,) 

-  ï _  i c x ]  

[0,m] (Ko,) 
Ko 

Orthogonality Diagrams 

<Vo,Ko> [0,Vi] <Ko,a> [vo,Vi] 

{f f - f f 
Ko Vi ' Kl Vo 

<a,Ko> [vofVi] [K I ,0] <K O ,VO >  

} 

<Ko,a> (m,) 

[ KI,0] (Ko,) 
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Table 1. (Continued) 

Matrix Element Orthogonality Diagrams 

(18) 

(19) 

< V°c. a l H | T°K. a >  

(20)  

(21) 

< a,Ko> 

1 
< b,KQ> 

<aiKo> 

(/^o) 

(  f k )  [ A 0 , A 1 ] 

(,Xo) [k,0] 

+  f x .  1 X 1 1  
(,k) [A<,,A,1 

[Xi,Xo3 (Vof) [0,Vi] 

[Xi,0] (Xo/) [vofVi] 

+ fx.'v. 

[\)i,Vo] ( X 0 f ) [0,Xi] 

[k,0] (Vo/) [XofXi] 
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Table 1. (Continued) 

Matrix Element Orthogonality Diagrams 

( 2 2 )  

(23) 

(vof) [0,Vi] 

[k,0] (Xo,) [vofVi] 

+ f r f , 
A 0 V 0 

[O/^i] (^0/) (^0/) [k,0] 

I CXI + I " > + f': 

[Xi,Xo] (Vof) [kf] 

ICXI " 
[vi,Vo3 (Xof) [kj 

[OfXi] (Xof) 

[0,Xo] (Xi,) (Xi,) [k,0] 

[0,Xo] (X1 , )  

[0,k] (Xo,) 

[0,k] (Xi,) 

(Xo,) [Xi,0] [X1,0] 

I I 
[k,0] 

(Xi,) [k,0] 

+  ̂ Xo 



www.manaraa.com

Table 1. (Continued) 

Matrix Element Orthogonality Diagrams 

(24) 

(25) 

(26) 

(a,) 

I 
(k,) 

(/Vo) [0,vi] [vi,Vo] (a,) 

"Vi 
+ f 

(,a) [vo,Vi] 
"Vo 

[k,0] (Vo/) 

(a,) 

I 
(b,) 
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Table 1. (Continued) 

Matrix Element Orthogonality Diagrams 

(27) 

(a,) 
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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 

M . 
H(1,2,...,2M) = I hj(Io,Ii) 

1=1 

M I-l^ 
+ I I gjj(Io,Ii,Jo,Ji) + N, (48) 

1=2 J=1 

where 

A 

ij(l,2) = - - I  Z^/R^a 

a=l 

^ - I ^ 1/^12, (49-1) 

a=l 

gjj(l,2,3,4) = 1/ri3 + l/ri4 + l/rzs + l/rz^, (49-2) 

N = I "l^Za^b/Kab- (49-3) 
a=2 b=l 



www.manaraa.com

46 

The quantities Z , R., R. , r.., and were defined in 
ci aij Xâ Xj X 

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 

<trslHlW = 

1=1 P^eS(l,2Af) 

M I-l 

+ 11 I 
1=2 J=1 PeS(l,2M) 

(-l)^P^fia---n^ > } . (50) 

Here we introduced the notation 

I' , (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 



www.manaraa.com

47 

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 

_ = % I I <a;|h|(-i)Wp^mj> 

I PES(1,2) 

+ h I I <fij.f2j|gjj| (-l)^P^fljfij> . (52) 

KJ pecs (1,4) 

We can write (Miller and Ruedenberg, 1968c) 

S(1,4) = C S G(l,4) = C ® {1-(1,2)}0{l-(3,4) } , (53-1) 

C = {1,(1,3),(1,4),(2,3),(2,4),(1,3X2, 4)} , (53-2) 

G(l,4) = {1-(1,2) } a {l-(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(l,4). With 

equation 40 

+ I  <njî2j|Gjj{l-(l,3)-(l,4) 

KJ 
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-(2,3)-{2,4) + {l,3)(2,4). (54) 

The one-cycles in C are related by similarity transforma­

tions from G(1,4). We can see that 

(l,3) + (l,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 g^-j (1,2 ,3,4) combine 

to give 

= I 
~ ~ I 

+  I  < f i j f i j | g j j { l - 4 ( l , 3 ) .  ( 5 6 )  

KJ 

The terra corresponding to (1,3)(2,4) from C is eliminated 

because and are strongly orthogonal for KJ. 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. , 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 

=(1/8) I 

P e:S(l,6) 

/\ /\ /\ /\ /\ . 

h i  +  h a  +  h a  +  g  i  %  +  g  i  3  +  g z s l  ( ~ 1 )  

+ (1/4) I I <o\okn^nj|gij + g^j 

J>(3) P̂ eS(l,8) 

+ ggj|(-l)^P nin2030j.> . (57) 

Here we assume that 0^,^2,03,01,0^, and O's 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' 8 G(l,6), (58-1) 

S (1,8) = C" 0 C 0 C 0 G(l,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,(1,7),(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) , 

(4,7)(5,8) , (4,7)(6,8) , (5,7)(6,8) } , (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){hi + hz + hg + g 12 + gis + Çzs ) 

= {hi + h2 + ha + gi2 + gia + 923} G(l,6) , (59-1) 

= 9,J + Szj + 9:J <55-2) 

unify the summations over symmetric groups in equation 57 

to summations over left coset generators, giving 
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" I <n^ntnt|h, + h2 + h: 

p ec'0c 
y 

+ g 12 + g 13 + gz 31 (-1)^ fii^zf^3 > 

I I <n*in2fi'3fij I g J J + g^ J + g ̂ j 

J>(3) P^(E:C"0C'0C 

(-l^P 0102030, > . (60) 
y u 

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 

|XII\ = <0\0t0S|-4h2(l,3) +8h2(l,3){4,6) 

+ gi2{-4(l,3) + (1,3)(2,4) } 

+ gi3{8(l,3)(4,6)-4(l,3)(l,5)(2,4) } 

+ g2 3{-4(l,3) + 8(l,3)(4,6) + 8(l,3)(l,5) llOiOgOs» 

+ I  <0'i0'20'30^1g2j{-4(l,3)+8(l,3)(4,8) } 

J>(3) 

+ g,j{8(l,3)(4,6)-16(2,4)(3,5)(3,7)}|0i02030j> , (61-1) 



www.manaraa.com

52 

and 

\ | \  = <f l ' i î 2"2j î '3 lh2{l-4( 1 3 ) } + h 3 {-4(3,5) + 8(l,3)(l,5) } 

+ gi2 {1-4(13)} +gi3{-4(4,6)+8(l,3)(l,5) } 

+  g 2  3 {l- 4 (l, 3 ) - 4 ( 4 , 6 ) + 8 (l, 3 ) ( 4 , 6 ) + 8 (l, 3 )(l, 5 )  }  |flifi2fi3> 

+ I  <n\OtO^O^|g2j{l-4(l,3)-4(3,7)+8(l,3Xl,7)} 

J>(3) 

+ g3j{-4(3,5) + 8(l,3)(l,5)+8(3,5)(3,7)-16{l,3)(l,5)(l,7) } 

f2lÏÏ2fi3^j> • (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 

2|dv2••'dv^Ai(1,2)A2(3,2)••'As(n+l,n), n = even f 
f 2 |dV2 •  • 'dv^Ai  (1 ,2 )  A2  (3 ,2 )  •  • 'A  3 (n  f  n+1)  f  T)  =  odd ,  (62)  

where A^ 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; 

~ ~ I 

+ I {[PiilPjj]" P (1,3) I Pjj>}- (63-1) 

KJ 

[X]f\ = <A^|A3>{-2p^2^2j<A^|h|pii'2> 

P(l,3)(2,4) fPi '2 |P12 • ] 

~ P (i,3)(*-Pi * 2 |l/J^i2 I P12 *> + 2 <pi ' 12*1 l/ri2 I A2>) 

~ 2 I (P (1^ 3) tP2 ' 11 ' 2 I Pjj, ] 

J>(3) 

^P(l,3){4,6) <A^|h|p32'ii'2> 

" ̂ (1,3)(1,5)(2,4) [Pi'2|pi2'33']-

P(l , 3 ) ( 4 , 6 )  ( < P  1  '  2  I  l / r i 2  I  P 1 2 '  3 3 ' >  

+2<pi'12'3 3'11/r12 IA2 > ) + [p2' 11 '2[P33'] -

P(l,3)(4,6) ̂ *^P2*ll*2|l/ri2|p33'> + <p2'33*ll/ri2|pil'2>) 
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+ (4) I {p(i,3)(4,6) [ps'sz'ii'zlpjj,] 

J>(3) 

P(L,3)(4J5X4,8)^P3'3Z'II'2|L/^I2|PJJ'^}' (63-2) 

and 

\|\ = <Ai|Ai> < A'A I a 3 > { <A2 I h I a 2> + J, ([Pa'zlPjji] 

J>{3) 

~P(3 7) '^P2'2|l/ri2|Pjji>)}+<A'3|A3>{[pl'llP22*] 

- p^2 2)(<pi'i|l/ri2|p22'> + 2<p2'2i'|l/ri2|Ai>) 

- 2(P(2 2) <A*2 |h|pii'2>+ I  Pjj] 

J>(3) 

- P(1 3)(1 -YJ <P2 ' 2 1 * 1 I 1/R 1 2I PJJI >})} +<A'I I A 1> { [P2 * 2 I P 3 3 ' ] 

- P ̂ ̂  G)(<P2'2|L/RI2|P3 3'> + 2 <P3*32'|L/RI2|A2>) 

- 2(P(4,6)<A^|h|p2 2'3> + I  fP(4,6)[P3'32'2|PjJ'] 

J>(3) 

P ( 4 , 6 ) ( 4 , 8 ) ^ P 3 ' 3 2  ' 2  i  i  P j j «  ^  

+ 2p ̂ ^ 5) ̂̂ ^*31 H I p 1 1 ' 2 2 * 3> - (p [P2 ' 2 1 * 1 I P 3 3 ' ] 
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~P(1 3)(1 5)^'^ '  2 1 '  1 I 1 2 I P 3 3 '  > + 2<P3'32'2I'|1/^12|AI>}) 

"^P(4,6) ^(4,6)(4,2)'^P' ' |P22' 33'>) 

+ P(1,3)(4,6)''P2' 33' |l/ri2|pii'2> 

+ P(1,3)(1,5)<P:'3: '  I l /ri2 | Pi i  ' 2> 

^ ^ (P(l,3Xl,5)[P3'32'2l'l|PjJ'] 
J>(3) 

P(l,3)(]U5)(l,7)^P3':2'2i'i|l/^i2|PjJ'^)^' (63-3) 

Here 

[fig] = I dvifdvaf(l)g(2)/ri2/ (64) 

and is the matrix element of the permutation 

between the spin functions of the geminals asso­

ciated with electrons i,j, 

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 [X]l\f , and _ f\ the gemi­

nals 0 3 and Sî's are always singlet geminals of the first type 
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shown in equation 36. This means that for these diagrams 

J " - K = 0-

This result is true because for the above diagrams ^ 3 and fl'3 

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 

1X1 [\ = 4p(]^^^(4^6)<A\|h|p32'ii'2> 

- 2{p̂ ^̂  2) TPZ ' 11 ' 2 I P 3 3 ' ]- <P2 • 1 1 ' 2 1 L/ri2 I P3 3*>} 

<A'3|A3>{- 2 3) <^'2 |hlpii'2> + P(2 

- P (1,3) (<Pl'2|l/l"l2|Pl2*> + 2 <Pl'l2'|l/ri2|A2>) 

- (2) I (P(l,3)[Pz'ii'zlPjj.] 

J>(3) 

- P(l,3)(4,8)<P:'ii':|l/ri2|PjJ'>)} ' 

and from equation 66-1 

IIXI = -  2  p^ 3) < A ' i  | h | p 2 2 ' i >  +  p ( 2 3 ) ( 2 , 4 )  t P z ' i l p z i ' ]  

- P ̂2 3)(<P2'l|l/ri2lP2l'> + 2 <p2*2l'|^/^12lAl>) 
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~ ^ I (P(l,3) tPl'22'l|pjj,] 

J>{2) 

" ^ ' <66-2) 

MK = - 2p(i/3)<A'3lA3> <Pi'i2'|l/ri2|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(I 2)<p2'2i'|l/ri2|Ai>. (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 

|\j =  "  ̂  P  ( l y  3 )  I  h I  P 1  1  '  2 >  +  [ p i 'l| p 2 2 * ]  

- p ̂2 3)(<Pl'l|l/fl2|p22'>+2 <p2*2l'|l/^12|Al>) 

-  ( 2 )  I  { P ( 1  2 )  [ P 2 '  2  1  '  1  I  p j j l  ]  

J>(2) 

P(l, 3 )(l, 5 )  < P 2  '  2  1  '  I  I V r i 2  I  P j j , > j  ^ (66-5) 

ir\f\l = ^P(l,3)(l,5) "^P 3 ' 32 ' 2 1 ' 11/r 12 I Ai > . (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 

\J\, = <A'l I A 1 > {- 2 p ^ gj <A'3 I h I P2 2 ' 3> + [P2'2|P33*] 

- P(4^6)<P2'2|l/rz2|p33'>} +<A'3|A3>{[pi'i|p22'l 

- L/RI2 |P22' > + 2 < P2'2I' |  l /ri2 1  AI>) } 

+ <A'i j A 1 > <A'3 I A 3 > { <A'2 I h I A2> + J ([p2'2|pjj|] 

J>(3) 

~ P(3,7)^P2'2|l/ri2|Pjj,>)} / (66-7) 

| \  ^  P ( 1 ^ 3 )  1 ^ 1  P  1  1  +  [ P l ' l |P22'] 

- VRI2 I P 2 2  '> + <A ' 2  I A2 > { < A'I |h| AI> 

+ I ( [pi • 1 I pjj, ] - p^^^j <pi ' 1 1 l / r i 2  I P j j , > )  } ,  ( 6 6 - 8 )  

J>{2) 

|[\f\ =-2p^ 2j<^3|A3><P2'2i'|l/ri2|Ai> , (66-9) 

I = <A'i |h| Ai> + I ( [pi ' 1 I Pjj] 

J>(1) 

- P(3^^3j <pi ' 1 1 l/ri2 I 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 

, (67) 

and inspection shows that they correspond to the following 

diagrams 

, (68-1) 

= 11 (68-2) 
0 1 " • 

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

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

that 

J^(K) 
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+ I  {<njlh|flj> + I  <fijnj|gjj{l-4(l,3)} 

I?^(k) (i)<jy(k) 

+ N. (69) 

Equation 68-2 is a special case of diagram 3 and from equa­

tion 66-10, we find 

(70) 

The matrix elements 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 

0 0 0 1 

\ 

10 11 

\ 
"Ko 

/ Kl 

=  e  K 

7 

Ko 

Kli 

(71-1) 

- f g (Cl ^KiKwKoKo 

+ 2G + 2C - E , 
<oKo KflKo tCoKo 

(71-2) 
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- fZ g + 2G + 2C - E , (71-3) 
Ko^KlKl/KoKo KiKi K 1K 1 KKl ^ ' 

= [ICOKI|KOKI] . (71-4) 
0 1 

Here we made use of the permutation matrix element 

<0_0_|(13)|0_0_> = h , (72) 

and the definitions 

^rs= ^ %a/*ial*s(l)> ' (73-1) 

a=l 

^rs,tu ̂  2[rs|tu]-[ru|ts], (73-2) 

N 1 

I I 
K=0 1J=0 

M 

I 
&=2N+1 

M 

I  
%=2N+1 

G = y  y  f 2  g  ,  ( 7 3 - 3 )  
rs ^ ^ Ky ^rs'icyKii 

Cj.g = I [rs|££], (73-4) 

1  { x l  1 sJl] , (73-5) 

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 C I "  Eigenvalues 

An eigenvalue of the "little CI" in equation 70-1 can 

be expressed as 

1 1 

I I 
y=0 y=0 v=0 

c"" = z  K u  \UKU + i  z 

+  I  Z  Z  f x v Ï K M K p . i v A v '  
u=0 l=Xj^(K) v=0 

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 ic(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. 
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"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 require 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 C^^, E^^, in equations 73-1,5, and 

in equation 74. Additionally we introduce the symbols 

^rs = + =rs =rs - ^rs ' <""1' 

- ̂ rs ' '""2' 

and restate the summation conventions 

N 1 
I I = Z I ' (75-3) 

^ K=1 V = 0 

M 
1 = 1 .  ( 7 5 - 4 )  

k k=2N+l 
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Table 2. Permutation matrix elements 

P (i j • • -k) = ®a®S®Y 

a g Y (1,3) (1,3)(2,4) (2,6) (4,6) (1,3)(2,6) (1,3)(4,6) (1,3)(1,5) 

- + + 

+ + — 

+ + + 

% 

- - + % % % <Ti 
m 

— 4- — 3s % % 
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"Super CI" Matrix Elements 

With these results, the separated-pair energy is 

(Silver et al., 1970) 

1 
|h| $°> = 35 i { + ( I  (2h + [kyky lk i i ky ] )  

M K. |iK. |i 
^ u=0 

+  >  >  +  2  I  "  

+ I + *î"^kk - Ekk»)' (76-11 

k 

and the matrix elements become the following: 

- f^ (f_ - f_ )( [koKo I KoKll- llCiKi I KiKo ]) } / (76-2) 

('c.fv, + ffj, -fJ,KK.Vo|K.Kol) 
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- FV.FV.'FK, -FC.'TC'V'LV'V.]} , (76-3) 

- [K I KI  I K o K o  ]  -  f ^  [ KQ KO  I K o K o ]  -  [ KI KI | K I KI ]  
NO K. 1 

- eK+<$°|H|$0> , (76-4) 

+ ^i.^A,<9x,K, X.X. -

+  f_ [ AQ KI  1K o K i ]  - f, f, [ X o X 1 I K o X 1]}, (76-5) 
K O  < 1  A  0  A  1  

+ 'FK.'X.FV.FL + 2%.} + FC,FX,FV,(L+(<.)' [A.K.IV.K.] 

+ 4/:/^:.^:/ u.vou.x.i) 
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-  f  ̂  f  ̂  ( f  2  f 2  +  f 2  f 2  ) g  
< 0  K l  X Q  V Q  X 1  V i  X f l V O f K i K i  

[ X O V .IVOV,]}, (76-6) 

/ - <^K;^K:> (*\.K,+ (fc.- ) 

+ (1 +2f<.fK,l ̂ .K,|X.K.] +2fc,f:,9x,X.,K.K, 

- (fK,fx,+ U.XlUlXll 

• ^k/x.' U.x.lx.x.]} 

+  f _  [ X i K i  1 X o K i l ) ,  ( 7 6 - 7 )  
KO 1 

-  f [ X f l X o I X o X o ]  +  ( f ^ i "  ^ K o ^ ^ ^ X i "  f x o ) [ ^ o X o | K o K o ]  

+  ( l + f Z  +  f 2  -  2 f ^  f ?  ) [ X o K o | X o K o ]  
K  0 A 0  K o  *0 

K o  K o  



www.manaraa.com

_ f^ f^ (f^ — f^ cr — cr 
K o  K l  A o  A l '  ^ A o A o f K i K i  Kq KI^KIKI,KOKO 

- f? f? g, , , , - 2 f. f, X 
Ao Al A1A 1 AqAo K 0 Kl A Q Ai 

(2fK.fK.fx.fx,9A,X,,K.K, + 

+ '-'ir 

- E^ f (76—8) 

+ 2FK.FK,[*K'|K,K,] + , (76-9) 

(ff.fv.- fK.fv,''A&V.+ E%v.+ (ff,- f^„)[<lv.U.Kol) 

- 'fk.fv.fl +fK,) + fK,fv,(l+ fc," [lie. |v.K.] 
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+ (76-10) 

f {1 + }) [XiCo I KlK o] 
N 1 N 1 

- (76-11) 

+ {f^ - fj } [5.m| KoKo ] ) + (f^ + f^ ) [&Ko|mKo] 
l ^ l l ^ o  K  Q  K  1  

= Ac,,,-

+ (^K.-

+ ^K,<"K.K,+ - fc.'tc.K'Ic'K.]) 

+ (*:%.+ fc,)[%K.|%K.|- 2fK,fK.'9<.K.,%,<.+ K.C.I 

+ 2f f [%Ki{&Ki] -e^ + <0^|H|$^*> , (76-13) 
NO 1 
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«K.<9aK,,K.K, 

- [aKojKoKo]}) + f_ [aKilcoKi]} , (76-14) 
N .  1  

fK.fv,(fv,(Fav,+ "K,-

+ (1 +f:,}[aK.|v.K.] -f=,9av.,K,K, 

+ ^v.'9av„,v.vr laV'lv.Y,])) 

- f. [av11VflVx]}+ f f2 [aKi|voKi]} , (76-15) 
V  0  K -  1  V  0  

= FaK.+ (ff.-

+ (1 + f^ ) [aKo I KiKo ] - [aic 11 KiK 1 ], (76-16) 
K  0  ^  1  

+ {f^ - ±1 } [ila| koKo ] + {1 + }[aKo|&Ko] 
K 1 K 0 *^0 

- fK,9a&,K,<,' +fK,[%Ki|a<'l)' "6-") 

= fab + 

+ (1 + f^,):aK,|bK.]- f:,gab,K.K, ' (7G-1G) 
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) [aa| k.m ] 

+ (1 +f;,)[ac,laK.]-fK,(9aa,K,<,+ 9<.K.,K.K,I 

- f! [k o Ko I k o Ko ]- e* + <$0|H|$0> , (76-19) 
K  0  

" ' (76-2°) 

- (f? ff, + f? ff. ) ( [XoVo Ikk]-[Xokl Vokl) 
A  1  V I  A Q V O  

+ ^lo^X.'9x.Vo,i,ir 

+ fv,fv,<9x.v.,v.v.- 'A'V.lv.v,] ) 

- f^ lAoAi|voXi] -f f [Xovijvovi] 
A O A I  V  0  V I  

- (fx.fv,+ (76-21) 

^ ' ' " k X o f ^ ^ ( 2 [ X o A : | k k ] - | X : X o | A « X « ]  

-  [ X i A i | X i X o ] - E ^ ^ ^ ^ } - [ X o ^ | A i k ] ,  ( 7 6 - 2 2 )  

= ̂ A„kl«lA.k^' 
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<ï\alH|®°> = A^,^, (76-24) 

<ï''kal''l''°kv.^ = f;,<Aav.- [avolkkl +[ak|v.k] 

+ ^v,f9avo,v.v.- 'av'iv.v.])) 

- ff, [ak|vok]-f f [avilvovi] , (76-25) 
V o  V o  V i  '  

<Y°kalH|^°j^b^ = - [ab|kk] + [ak|bk] , (76-26) 

<V°kalH|V°ka> = Aaa- \k 

- [aa| kk]+[ak| ak]+< |H I . (76-27) 

Equations 76-1,27 complete our calculation of the "super CI" 

matrix elements for the SPIP function 4"®, 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 = 2Af 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 76-1,2 7 for all the 

MO's except orbital 2M. 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 equations 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 AO to 
MO basis. 

Calculate "little CI" matrix for 
geminal being optimized. 

Calculate expansion coefficients 
for geminal being optimized. 

Yes 

Yes 

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

Are the geminals self-
consistent? 

Calculate "super CI" matrix for 
orb it al being optimized. 

#1 

# 2  

#3 

Eq. 16-1,3 

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

#4 
Eq. 76-1,27 

Eq. 34 

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

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

Yes 

Has "super CI" been 
made for each orbital? 

Are the orbitals self-
consistent? 

Figure 1. 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 calculation 

(Allen and Shull, 1962; McWeeny and Sutcliffe, 1963). Thus, 

particularly in trying to correlate an orbital among 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 (J)^. The "super CI" configura­

tion space corresponding to the MO (j)^ consists of the 

r r function $ and its excitations W , where the index (s) 
y S 

is limited by the following constraints: 

f 
(a) <})g cannot be doubly occupied in $ . 

r 
(b) (}) and ([) cannot both be singly occupied in 0 . 

y s 

(c) According to equations 32-1,2 we must have s>p. 

p 
Assuming that $ contains F 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 

p 
assuming that in $ 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; 

({! ; s = r+1, • • • ,r+n,r+n-H, • • • ,M, virtual, 
1 1 s 

r r 
, Y ; s = r+1, • • • ,r+n,r+n+l, • • • ,M, virtual, 

2 2 s 
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g ; s = r+1, • • • ,r+n,r+n+l, • • • ,M, virtual, 

^^r+1 s' ® ~ r+2, • • •, r+n, r+n+lj • • • ,M, virtual, 

^^r+2,s' ® ^ r+3,•••,r+n,r+n+l,•••,M, virtual, 

s = r+n+-l, • • • ,M, virtual, 

*r+n+l~*^' T^r+n+l,s, = = virtual, 

^ ^ 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 of Figure 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 

examination 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 

[rsjvijj] and [ryjsy] where the MO must satisfy two condi-
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tions; its occupation number is non-zero in the SPIP 

p 
function 0 and less than two in at least one of the "super 

CI" basis functions and for fixed (y). y S 

Let's call the integrals [rs|yy] and [ry|sy] where (r) 

and (s) run over all the MO's, the "integral block" for (j)^. 

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 illustrated in Table 3, where it is 

assumed that we have r closed shells and n orbitals in two-

term geminals (TTG's). Each row lists the "integral 

blocks" needed for the "super CI" problem of the orbital 

indicated in the first column. A cross or a circle in the 

y(th) column of the K(th) row indicates that "integral block" 

[rsjyy] and [ry|sy] is needed to solve the "super CI" problem 

for orbital (j)^. 

Let's consider first the "super CI" problem correspond­

ing to a closed shell orbital 0̂ , (i=l, • • • • ,r) . Since 4)̂  

cannot be excited into another closed shell orbital, then 

all the closed shell oribtals ^ with j^i have an occupation 

number of two in all the "super CI" basis functions and, 

hence, do not correspond to any isolated "integral blocks". 

The orbital (()^ itself is singly occupied in the excitations 

p 
^ . , and the orbitals in the TTG's have occupation numbers 
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f 
less than two in the unexcited function $ ; as a result, 

isolated "integral blocks" exist for these orbitals. The 

blocks are (nfl) 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 T closed shells, so we have to calculate (n+1)F 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, <})^, in one of the TTG's referred to 

in the last n rows of Table 3. If an orbital, is a 

p 
closed shell in the unexcited function 0 , then it is also 

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

p 
¥ and consequently there is no corresponding "integral 

block". However, an "integral block" is required for all the 

orbitals in the TTG's if only because they are not closed 

r 
shells in 0 ; 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 contains 

p 
only "forward excitations"; i.e., functions Y with S>K. 

Thus the orbitals (p^ with X=l, • • •, (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|AX] and [rX|sX] only the orbitals (p^ and 

(}>g 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 

(AO's), it is well known that the isolated 

"integral blocks" can be written as 

[rs|yy] = I ^ ^^cd P^cd' (77-1) 

a,b cZd 

[ryjsy] = I t^^t^^ I p^^( [ab 1 cd]+[adl cb] ), (77-2) 

a,b c-d 

where t^^., p'^ab' [^bjcd], and are defined by 

*r = 2 )(atar, (78-1) 

P ab ^ay ̂ by ' (78-2) 
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[ab|cd] = JdvJdv2Xa(l) X b (l) X c (2) X d (2)/|ri- rzl , (78-3) 

(78-4) 

Calculation of the sums over c-d in equation 77-1 for 

all necessary a and b combinations requires approximately hïj'* 

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 cZd 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|yy] and 

[ryjsy] requires kl''* + 4L^ % 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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# = jïl-{ (n+1) (m-Jsn + l)-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 

p 
orbitals in the SPIP function $ . 

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/M)M/L , (80-1) 

where 

f(n,t) =(3/16) { {l-%t)n+(l+35t)-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 k- 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+l)/16 for n/M = 0 , (81-1) 

f(n,l) = 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 = 0.41, 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. 
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Table 3. Enumeration of the integrals needed to fully optimize a general SPIP 

function 

Occupied orbitals in 

1 2 3 ... r-1 r r+1 r+2 r+3 • • • M-1 M 

1 X X X X X X X X X 
2 X X X X X X X X X 
3 X X X X X X X X X 

"d • X X X X X X X X X (U N •H X X X X X X X X X 

• X X X X X X X X X 4J A O r-1 X X X X X X X X X 

(U r X X X X X X X X X 43 r+1 o r+1 X X X X X X X X 
4J r+2 X X X X X X X X 
CO 1—1 
rO r+3 0 X X X X X X X 

•H . 0 0 X X X X X X 
f U  
o • 0 0 0 X X X X X 

• 0 0 0 0 X X X X 

M-1 0 0 0 0 0 X X X 

M 0 0 0 0 0 0 X X 
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e  

0.5 

T)= ^ open shell orbitals 

Figure 2. 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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NO dimer. 

Vcf 
H H 

X 
glyoxal, r 2 C. , (83-1) 

0. .0 
.N-N. 

2 N- , (83-2) 

0. , 

•n-

0,_ _,p (+2) 

O2 diraer, ^ 2 'O' (83-3) 

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. 

9-0 Q 
1,2-dioxetane C-c —^ 2 , (84-1) 

H H H H 
2 2 
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t-HNO dimer 
H H 

0 - 0  

N-N (84-2) 

These reactions illustrate how correlation effects balance 

when we calculate A by taking the difference in equation 81. 

The later reactions have implications with regard to the 

chemiluminescence of 1,2-dioxetanes in general (Turro and 

Lechtken, 19 73) and tetramethyl-l,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. 

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 

Correlation Defect 
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2 
= A{Fa 0_} (85-1) 

= A{F 2~^ (ab+ba)0_} (85-2) 

where a is a molecular orbital (MO) localized in the region 

of the central bond of the radical-dimer; 0_ is the singlet 

spin function. 

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 £1 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 

0_ = {a3-Ba}//2" ( 8 6 )  

a  =  { a + h } / } / 2  (87-1) 
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o* = {a-b}//2 . (87-2) 

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

form 

= A{F 2~^ (cf^- a ^)G_} . (88) 

On the other hand, the MO description of the radical dimer 

is improved by using separated-pair independent particle 

(SPIP) wavefunction 

0 = A{FA(a,a*) 9_ } , (89-1) 

A (a,a ) = fgC^ + fg*o*2, (89-2) 

f2 + fj, = 1, (89-3) 

instead of equation 85-1. The coefficients f and f * define 
^ 0 0 

the orbital occupation numbers 

n^ = 2 f2 , (89-4) 

which corresponds to the number of electrons the SPIP 

function assigns to orbital (J)^. 

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 

= A{F a^ a^ 0  0  } , (90-1) 
R 11 - -

= A{F 0  0 } .  (90-2) 
F — — 

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 L 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 

HNQ 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 £1 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 BPIP functions 

<D"^ = A{FA(aj,a*) A'{a2,a*) 0_0_} , (91-1) 

0'^ = A{FA" (L,L*) A" (fl.-i?*) 0_0_}^ (91-2) 

Here a* 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 i?* are carbon-oxygen or 

nitrogen-oxygen gi antibonds. 

The difference between the reaction energies for the 

dissociations in equations 84-1,2 as calculated by the 

wavefvinctions 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; McLean and Yoshimine, 1967). 

For triatomic systems similar results have been obtained: 

Ermler and Kem (1971) reproduced the oxygen-hydrogen bond 

distance in HgO, but several calculations on CHz (Foster and 

Boys, 1960; Harrison and Allen, 1969; Bender and Schaefer, 

1970; O'Neil et ̂ . , 1971) indicate that for some systems 

correlation effects can make important contributions to the 

angular 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 ̂  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: 

(-Pi,0) 
^ 

(OfPz) (PifPz) 
X 

(0,0) (Pi,0) 
X  

(0,-P2) 

Here Pi and Pa 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 Pi and P2 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^ 

Molecule Parameter pairs and odd parameters 
Number of 
cycles 

HCO \=0' ̂ C-H' 2 

c-, t- (HCO) 2 *C>0' *c-c; *C-H' fCCO; fCCH 2 

NO ^=0 2 

C-,t-(NO)2 
^=0' ̂ -N' 2 

O2+ 
^0=0 2 

C-,t-(0t)2 *0=0' *0-0' fooo 2 

H2CO ^C=0' ^C-H' 2 

(H2CO)2 *C-0' *0-0? *C-0' *C-H; tCCH, tOCH 3 

HNO ^=0' VH' tONH 2 

t-(HNO)2 ^0-0' ^-N' ̂ -0' ̂ -H' tONH, £ 2 

^ R o is the length of the bond a***6 in the molecule 
a* • • 3 

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. In 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 H2CO 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 

Molecule 

Appendix and 

geometry 
optimization 

table numbers 

final energy 
calculation 

HCO A-26,27,28 A-26,27,28 

c-,t-(HCO)2 A-26,27,28 A-26,27,28 

NO A-24,25 B-36,37 

C-,t-(NO)2 A-24,25 B-36,37 

ot A-29 B-40 

c - , t -  (O2 ) 2 A-29 B-40 

Ha CO A-20,21,22 A-20, B-30,31 

(HGCO) 2  A-20,21,22 B-32,33,34 

HNO A-23,24,25 B-35,36,37 

t-(HN0) 2  A-23,24,25 B-38,39,34 
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(Shah et a^., 19 64) was more elaborate than 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 

(H2C0,HN0) monomers are in essentially quantitative agreement 

with the microwave spectra structures (Austin et al., 19 74; 

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., 

196 8, 19 69) was an electron diffraction study, but the cis 

geometry (Currie and Ramsay, 1971; Ramsay and Zauli, 1974) 

was determined 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 



www.manaraa.com

Table 6. Theoretical and experimental geometries of the singly bonded dimers and 
their free radical monomers ̂  

a 

molecule theory expt. theory expt. theory expt. theory expt. theory expt. ref 

H CO 2.2164 2.2131 2.0665 2.097 127.8 
C-(HC0)2 2.8802 2.844 2.2626 2.286 2.0479 2.107 121.8 
t-(HC0)2 2.8607 2.883 2.2675 2.290 2.0473 2.120 123.4 

127.4 1 
120.7 122.2 123.8 2 
126.6 120.8 121.2 3 

NO 
C-(NO)2 
t-(NO)2 

3.0501 4.12 
2.8256 

2.1807 2.1746 
2.2275 2.11 
2.2416 

111.4 
109.4 

4 
5 

C-(0^ >2 

t-(0+)2 

2.9973 

2.9348 

2.1231 
2.2101 

2.2263 

126.2 

113.1 

a 
All bond distances are in a.u. and angles in degrees. The experimental references 
were by (1), Austin et al. (1974); (2), Currie and Ramsay (1971), Ramsay and 
Zauli (1974); (3), Kuchxtsu et (1968, 1969); (4), Halmann and Laulicht 
(1965) ; (5) , Lipscomb et al. [1961) . 
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(a) 

«WWIH 

(b) 

H 

Figure 4. Geometry parameters of the cyclic dimers 
and molecular monomers (a) 1,2-dioxetane 
and formaldehyde (b) t-HNO dimer and 
nitrosyl hydride 
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Table 7. Theoretical and experimental geometries for the cyclic dimers and their 
molecular monomers^ 

d e f 2 Y 6 e 

molecule theory theory theory expt. theory expt. theory expt. theory theory ref. 

HgCO 2.2882 2.2823 2.0278 2.109 122.7 121.7 1 

(HgCO)2 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-(HN0) 2  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). 
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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, 19 73) 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 ot 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 Bamett (1974) ; the most important similarity 

being the fact that he also predicts a planar ring. 

t-(HN0)2 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 

= A{F'aa}; (92-1) 

and the molecular monomer function 

=  A i F ' L ^ Q j  . (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 



www.manaraa.com

115 

needed. For the molecular monomers, however, we need to 

determine the SPIP function 

= A{F'A" (L,L*) 0_ } (93) 

to assemble the wavefunction in equation 91-2. To do this 

requires that we choose initial guesses of the orbitals in 

equation 9 3 and execute the SPIP procedure developed in 

Parts I to III of this work. 

The initial orbitals for the core function, F', in 

equation 9 3 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 £i orbital, L , is the lowest energy HF virtual 

orbital of the proper symmetry; finally these orbitals are 

assigned the initial geminal expansion coefficients f^ =1.0 

and f * = 0.0, and the result is taken to define our initial 
L  

guess of the SPIP function in equation 9 3. 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, a*, is 

the lowest energy HF virtual orbital of the proper symmetry. 
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and these orbitals are assigned the initial expansion 

coefficients f^ = 1.0 and f *  = 0.0. The resulting initial 
0 0 ^ 

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 

= A{FA(ai,ar)a2^ 0_0_}. (94) 

Its initial orbitals are chosen by exactly the procedure 

described above; the orbitals in F and the orbitals a % 

and 32 are taken from the HP function in equation 90-1; the 

orbital ai* is the lowest energy HP virtual orbital of the 

proper symmetry, and the geminal expansion coefficients are 

chosen to be f^ =1.0 and f* = 0.0. This function is 
a 1 ai 

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 a* is the lowest energy SPIP function virtual 

orbital of the proper symmetry; and the initial geminal 

expansion coefficients are f = 1.0 and f= 0.0. This 
32 a2 

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

monomer 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 

dimer -149.0693 -297.7663 -297.8465 -297.7823 -297.8552 

a 
Energy in a.u. 
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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 0% 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® 

molecule 

SPIP A E A E 

defect 

^0 
(HF) (SPIP) 

c-(HCO)2 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)2 1. 9463 0. 0537 0.0687 0.0360 -0.0327 

C-(02) 1. 7482 0. 2518 0. 3723 0.2922 -0.0801 

t-(02) 1. 8030 0. 1970 0.3564 0.2 835 -0.0729 

^ 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 

ot dimer -0.0160 -0.0087 0.0072 

^ Given are the differences trans-cis. 
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degeneracy of its cis and trans isomers; only the rather 

large splitting in O2 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 000 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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Figure 5. Major and minor natural orbitals and GVB orbitals for glyoxal. 
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Figure 6. Major and minor natural orbitals and GVB orbitals for NO dimer. 
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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 O2 dimer 

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 £i 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 
* 

pi 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 monomers^ 

reaction monomer dimer monomer dimer 

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

(H2C0)2 -113.8171 -227.5429 -113.8578 -227.6049 

(HNO)2 -129.7283 -259.3871 -129.7821 -259.4651 

^ Energy in a.u. 

Table 12. Reaction energies and the correlation shift 
for the cyclic dimers^ 

reaction A A 

system (HF) (SPIP) shift 

(H2C0)2 0.0913 0.1107 0.0194 

(HNO)2 0.0694 0.0992 0.0298 

^ Energy in a.u. 
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Table 13. Occupation numbers of the orbitals in the geminals of the molecular 
monomer and cyclic dimer SPIP functions 

reaction 

system "l "ai ^a '^aa *^a 

(HzCO); 1.9001 0.0999 1.9255 0.0745 1.9808 0.0192 

(HNO)2 1.8636 0.1364 1.8960 0.1040 1.9720 0.0280 
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The reaction energy for the thermal dissociation 

of 1,2-dioxetane has been thermochemically estimated (O'Neal 

and Richardson, 19 70, 1971) to be 53 kcal/mole; a simple 

combination of standard bond energies (Cottrell, 1958) 

gives 4 3 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-(HN0)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)2, 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-1,2-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 cyclic 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 + Î5 h , 

where A is the reaction energy calculated with the electronic 

wavefunctions ; h is Plank's constant, and 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 

A' = A + h {v_ + V + 2v - 2v . } , 
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where v__, v , and, v represent the fundamental stretch-OO CO 

ing frequencies for the oxygen-oxygen, carbon-carbon, and 

carbon-oxygen sigma bonds in 1,2-dioxetane, and 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 Hz (Schwartz and 

Schaad, 196 7) the zero point energy is 6.3 kcal/mole, but 

for Liz (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 

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 , 1973; Turro 

et al., 1974; Wilson et , 1973; Steinmetzer et , 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 (Keams, 19 71; McCapra, 19 58; 

Turro and Lechtken, 19 73; Barnett, 19 74) 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, 19 69; O'Neal 

and Richardson, 1970, 1971; Richardson et al., 1972; Wilson 

and Schaap, 1971; Turro and Lechtken, 197 3). 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, 19 74) to 

study a similar reaction path. They found an activation 

energy of 24 kcal/mole, and using the O'Neal and Richardson 

(19 70, 19 71) 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 

RE ACTION SPAŒS 

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 £i bonds 

This rearrangement involves four electrons, and its 

description is facilitated by a decomposition of the space 

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 AO's (or RMO's), one on 

each of the heavy atoms; and they are schematically indicated 

below: 

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 £^, r^, and r^ (& means left, r means right, o 

means oxygen, and c means carbon). Since the ground state 

of 1,2-dioxetane has C symmetry, from Part IV, this four 
2 V 

dimensional space can be broken into two subspaces which 

transform like the Ai and Ba irreducible representations of 

and accordingly in this space we can find four symmetry 

adapted RMO's 

O 

(96-1) 

(96-2) 

and 
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(96-3) 

(96-4) 

where t , t', t , t', s , s', s , and s' are expansion o o c c o o c c 

coefficients. With an appropriate choice of the orbitals 

IQ, r^, and r^ and the expansion coefficients, the MO's 

ai, azr bi, and hz 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. 

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). In the present case 

all the configurations must have Ai 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 

"Complete Configurational Reaction Space" 
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0 = {a3 - 3a}{a3 - ga}/2, (97-1) 

= {aa3B + 33aa - (a3 + 3a)(a3 + 3a)/2}//3" , (97-3) 

where a and 3 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 or C symmetry) of 1,2-dioxetane to the 
2 V 2 

following twelve configurations: 

Y1 = A{F aJ bj 0 } =|ii,ii>= |i,i> f (9 8-1) 

ta = A{F al bg 0 } =|22,22>= |2,2> , (9 8-2) 

Y3 = A{F aj bg 0 }= lii/22> = |i/2> , (98-3) 

y4 = A{F a^ bj 0 }= |22,ii> = I2,i> , (98-4) 

Ys = A{F aia2bib2 0 }=|i2,i2> = |3,3> , (9 8-5) 

Te = A{F a^j b^bg 0 } =|ii,i2> = (9 8-6) 

Y7 = A{F al b^bg 0 }  = | 2 2 , 1 2 > = | 2 f 3 >  r  ( 9 8 - 7 )  

T8 = A{F ajajbj 0 }=|i2,ii>= |3,i> , (98-8) 
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Y9 = A{F a^agbg 0 } = \ 12, Z2> = \ z, 2> , (98-9) 

¥ 1 0 =  A { F  a  j  a ^  0  }  =  I a >  ,  (98-10) 

¥ 1 1 =  A { F  h l  0 _ _ } = | b >  ,  (98-11) 

¥12 A{F a jagb jbg 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 I a> and \z,z> 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 

12 
Ï = I \ • (99) 

1C=1 
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Invariance of the 

"Complete Configurational Reaction Space" 

Let's be given a set of MCSCF orbitals ai, az, bi, 

and hz and the transformation 

cos a sina 0 ° \  /5. 
sina cosa 0 ° 1 / 32 
0 0 cos 3 sing 1 u 
0 0 -sing cos#/ \  h z  

(100) 

A reasonable question is : what is the transformation connec­

ting to the configurations ^^,'"',^12 which are 

formed from the orbitals âi, âz, bi and b2 in a manner 

analogous to equations 9 8-1,12. It is readily seen that the 

last three of these equations are invariant: 

|a> = |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 

lTj,k£> = A{F â^âjbj^b^ 0 } (102) 

are related to the original configurations by the following 

orthogonal transformation 
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|22k&> 

I12k&> 112k&>y Y-sin(2a)//2 sin(2a)//2 cos (2a) 

|llk£>\ I cos^a sin^a 

|22k&> = I sin^a cos^a cos^a -sin(2a)//; (103) 

sin (2a)// 

12k£>i 

Employing our second configurational shorthand notation, 

equations 98-1,2, we rewrite the transformation in equa­

tion 10 3 as 

equation 103. An analogous treatment of the second pair of 

indices gives the final transformation 

and we see that and Yi,''',Y9 are related by the 

Kronecker product of two orthogonal transformations. Since 

this transformation is itself orthogonal, we have at once 

that the configurations ¥i,•••,¥!2 span exactly the same 

space as H* 1, • • •, 12, and as a result they too are a basis 

of the "complete configurational reaction space" (CCRS). 

3 

|i, k> = I Dr j(a)|], k> , 

j=l 

(104) 

where the coefficients ? are obtained by comparison with 

3 3 
|i,k> = I I CL. (a)D^^ (6)|],I> , 

j=l &=1 

(105) 
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Natural Reaction Orbitals 

The CCRS invariance just discussed reveals an arbi­

trariness in the orbitals produced 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 C or C symmetry of 1,2-dioxetane 
2 2V 

reduces this problem to that of determining the angles (a) 

and (3) 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(l,2) = 1 1  {Pij a. (I)aj(2)+p5j b. (l)bj(2)} , (106) 

i=l j=l 

where the bond-order matrices are related to the expansion 

coefficients Ci,***,Ci2 of the function in equation 99 in 

terms of the configurations in equations 98-1,12 by the 

following 

p = 2(C^ + ) 
11 1 3 6 10 

+ (C^ + ) , (107-1) 
5 8 9 1 2 

p^ = 2 (C^ + ) , 
2 2 2 4 7 10 

+ (C^ + C^ + C^ + C^ ), (107-2) 
5 8 9 1 2 

= p = /2 {C (C + C ) 
12 2 1 5 6 7 

+ C (C + C )+ C (C + C )}, (107-3) 
8 14 9 2 3 

p^ = 2 (C^ + ) 
11 1 4 8 11 

+ (C^ + , 
5 6 7 1 2 

(107-4) 
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pb = 2 (C^ + ) 
2  2  2  3  9  1 1  

+ (C^ + C^ + C^+C^ ), (107-5) 
5  6  7  1  2  

= /2~ {C (C +C ) 
1 2  2  1  5  8  9  

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

It is apparent that the density matrix is diagonal if 

C =C =C = C =0: i.e., if the configurations in which 
6  7  8  9  

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 unique. 

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

because in fact C , C , C , and C turn out to be small. 
6  7  8  9  
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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(a^,b^)A'(a^,b^)0__} , (108) 

where 

A(a,b) = f^ a^ + f^ b^ , (109-1) 

f2 + f2 = 1, (109-2) 
S D 

and the MO's a^, b^, a^, and b^ 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 

= ^o' ^2 = ®C' = b^, = bg (110) 

and use these orbitals to write the CI expansion of Using 

equations 108, 109-1,2 and 98-1,12 we find 
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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{F A" (L,L*) A" 0__} , (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 + i?)//2, a* = (L* + /?*)//2 , (113-1) 

b = (L-i?)//J, b* = (i*-/?*)//2 . (113-2) 

The identification 

* * 
a  = a ,  a  =  a  ,  b = h, b = b (114) 

2 1 2 1 

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

$ ̂  = f^l2,2> + f^*l1,i>- ̂  f^f^*{la> + |b> 

+ |l,2>+ |2fl>+ |3,3> + /3' T>}. (115) 

Since Y g, Y ?, ^e, and Tg 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 HP 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 9 8-1,12 

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 10 8 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 )a 0 } . (116) 
o o c — 

By making the identifications 

""o ' "2 (117) 

we can write it as the CI expansion 

$ = f |a>+ f, |2,2> . (118) 
ct 1 iJ2 

Clearly the function 0 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 optimizations 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 31. 

Calculation of the One-Geminal SPIP Function 

The dissociation is examined preserving the C 
2  V  

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 \ 2,2> 

from equations 98-1,12 are calculated. 

(2) The orbitals from |a> and \2rz> are then 

used to assemble an initial approximation 

to the SPIP function $; 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 Aj type MO's from the HF 

function |a> and the other MO's from the 

HF function |2/2> • 

(3) The SPIP function $ can then be found by 

applying the analysis of Parts I to III to 

the optimization of orbitals a^, , and bg. 

Optimization of the Reaction Path 

The function $ 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 procedure 

is simply the quadratic fitting method discussed in Part IV, 

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, of 8.8754 a.u.) the 

structural variables are optimized using 
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the one-geminal SPIP function 0. 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 

0. 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 (R^^) and the oxygen-oxygen distance 

(Rqq), 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 

(tHCH) 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. 

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

point R^o Rqo tHCH fOCH 

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 2.2 80 3 8.9004 114.6° 122.7° 

^Bond distances in a.u. and R„„ = 2.02 87 a.u. 
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Figure 8. Major bond lengths along reaction path 
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Figure 9. Bond angles along the reaction path 
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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 orbitals from the HF func­

tion |2f2> and the other orbitals from |a> . 

The two-geminal SPIP function, $, see equation 108, can 

be approximated by selecting the initial orbitals, aj, az, 

and bg from the one-geminal function $, and using lowest 

energy virtual orbital of the proper symmetry as an initial 

bj MO. With initial expansion coefficients of f^^ = 1.0 

and f, = 0.0, we can optimize the orbitals a , a , b , 
b2 ^ 2 11 

and b^ in 0 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 Ia> 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 Ia> to one dominated by \i,z> 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 bg in the HF functions |a> and \z,2> 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 = 4.04 a.u. 

which is quite close to where the HF energies 

cross: i.e., 4.10 a.u. The HF orbital energies 

(e from I a> and e, from \ z , 2 > )  and the 
a 1 Dz 

occupation numbers n^^ and n^^^ in either SPIP 

function also cross near = 4.10 a.u. 

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

e and e, , and in n , and n, „ occur between a 1 h 2. ai b2 
Rç,^ = 4.08 and R^^ = 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^^ = 4.0 8 and 4.18 a.u.; again on the 

separated formalydehyde 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 0.0 81 a.u. of right-

left correlation to be recovered in the gi 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 (|2,2>)^ 

e(ai) Efbz) 
Point E frora|a> E from|2,2> 

fromja> from|2,2> 

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 

^ Energies in a.u. and dashed line corresponds to crossing 
of orbital energies. 
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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 

OCC # OCC # 
Point _ , E from 0 

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 -227.4973 

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 

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

Point 
OCC # 

ai 

OCC # 

bz 

OCC # 

a . 2  

OCC # 

b 1 
E from 0 

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 0.1041 -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 0.0090 -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 

^Energies in a.u. 
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Figure 11. Occupation numbers from the 
one-geminal SPIP function $ 
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Figure 12. Occupation numbers from the 
two-geminal SPIP function 0 
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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 9 8-1,12; 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: ai, ag, bi, and bg) 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 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 

of £1 bonds in the upper right panel of these Figures? this 

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 £i 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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bcr (CO -# bTT (CO), o c c  # = 0.0187 aa(CC) aTT (CO) , o c c  # = 1.9810 

Figure 13. NRO's for 1,2-dioxetane at = 2.875 4 a. u. (molecular equilibrium) 
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aCT(CC) - a7T(C0), o c c  # = 1.9496 bo" (CC) bTT (CO), o c c  # = 0.0497 

Figure 14. NRO's for 1,2-dioxetane at = 3.3754 a.u. 
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Figure 15. WRO's for 1,2-dioxetane at = 3.8754 a.u. 
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aCT(OO)-» an (CO), occ # = 1.6565 bCT (00) -» bTT ( C 0 ) , occ # = 0.3449 
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Figure 16. NRO's for 1,2-dioxetane at = 3.9 872 a.u. 
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aCT(OO) aTT (CO), occ # = 1.5605 b c r  ( 0 0 )  - > •  b n ( C O ) ,  o c c  #  =  0 . 4 4 1 2  

aa(CC) — aTT (CO), occ # = 1.8617 bo (CO an (CO), occ # = 0.1366 

Figure 17. NRO's for 1,2-dioxecane at = 4.0 369 a.u. (barrier maximum) 
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acr(OO) -* aTT (CO), occ # = 1.3876 bo- (00) — bTr(CO) , occ # = 0.6138 

aa(CC) -* aTT ( CO), occ i = 1.8560 be (CO — bTT (CO), occ # = 0.1426 

Figure 18. NRO's for 1,2-dioxetane at = 4.0754 a.u. 
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Figure 19. NRO's for 1,2-dioxetane at = 4.1754 a.u. 
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aCT(OO) — an (CO), occ # = 0.1141 bcr (00) — biT(CO), occ # = 1.8914 

acr(CC) — a7T(C0), occ /? = 1.9204 0.0741 

Figure 20. NRO's for 1,2-dioxetane at = 4.3754 a.u. 
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Figure 21. NRO's for 1,2-dioxetane at = 5.8754 a.u. 
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Figure 22. NRO's for 1,2-dioxetane at = 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 1,2-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 molecules 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 2 3 

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 gi bond systems. As a 
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18. Energy and occupation numbers of the multicon-
figuration self-consistent field wavefunction T 

OCC # 

ai 

OCC # 

bz 

OCC # 

az 

OCC # 

bi 
E from W 

1.9277 

1.8778 

1.7294 

1.6565 

1.5605 

1.3876 

0.1598 

0.1141 

0.0970 

0.0902 

0.0726 

0.1229 

0.2717 

0.3449 

0.4412 

0.6138 

1.8470 

1.8914 

1.9026 

1.9097 

1.9810 

1.9496 

1.8887 

1.8708 

1.8617 

1.8560 

1.9080 

1.9204 

1.9131 

1.9108 

0.0187 

0.0497 

0.1102 

0.1278 

0.1366 

0.1426 

0.0852 

0.0741 

0.0873 

0.0893 

-227.5979 

-227.5959 

-227.5636 

-227.5565 

-227.5540 

-227.5548 

-227.6583 

-227.6779 

-227.7063 

-227.7111 
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Figure 23. Occupation numbers for the MCSCF function W 
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Figure 24. Total molecular energies for several wavefunctions 
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Table 19. Expansion Coefficients of the MCSCF wavefunction 

Point 1 1 / 1> 1 1 r 2 > 1 1 # 3> 1 2 / 1> 1 2 f 2> 1 2 f 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 G. 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 

00 0. 0499 -0. 1089 0. 0 -0. 1089 0. 9500 0. 0 
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Table 19. (Continued) 

Point |3/i> L3/2> |3/3> |a> |b> |T> 

1 -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 .79 62 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 

GO 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 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, 19 71; Turro and Lechtken, 19 73). 

Other authors (Dewar and Kirschner, 19 74) using a semi-

empirical approach, two configuration MINDO/3 (Bingham et 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 ̂  initio MCSCF calculation are in gratifying 

agreement with the experimental values. It therefore seems 

questionable 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 ^ TT 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, 19 70), 

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 symmetry to the 

lower symmetry is futile; even for the reaction with 

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 \2,z> 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) 

IP + 2 R (119) 

Ha H2 Hz Hz H H 

An intermediate like the one above can be represented by the 

one- or two-geminal SPIP functions $ or 0 where the expansion 

coefficients of the first geminal are almost equal and 

opposite in sign: 

$ % 17/2" A{F(aj - bgia^ 0 } • (120) 

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

expression 

0 nY A{F(&QrQ + r^Agia^ 0 } , (121-1) 

with 

<A Ir > = 0, (121-2) 
o' o 

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 Ia> 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 S-o and ro are permitted to be the nonorthogonal 

GVB orbitals (Hay et al., 1972a,b,c) defined by 

<u|v> = 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. 

(0.8331 

0.8331 
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Figure 25. GVB orbital for the one-geminal SPIP function 0 at the barrier maximum 
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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., 19 73; Bardo and 

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

is given by 

X{x,y,z) = x^y"^z"R(r) , 

N 
R(r) = I C exp{- ag^r^}, 

K = 1 

r^ = x^ + , 

a > 0, 6 > 1. 

The even-tempered parameters (a,3) 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 Tables 20 to 29 . The 

contraction coefficients (C^) in Tables 20 to 25 are unpub­

lished data from Lap M. Cheung, for H2CO, and Mary G. Dombeck, 

for HNO, using a modification (Cheung, 19 75) of the Bardo and 

Ruedenberg (19 74a) contraction method. The parameters and 
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expansions 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 g(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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ETCGAO basis for carbon in formaldehyde 

a(s)=0.1075284 6(s)=4.1288545 

s s ' s" 

0.5475800 

-0.3012810 

-0.7202730 

-0.2948490 

-0.0587260 

-0.0144200 

0.8340390 

0.1308840 

0.4781380 

0.2371270 

0.0475310 

0.0119690 

0.0482220 

0.9095570 

-0.3943320 

0.1215780 

0.0078740 

0.0062930 

a(p)=0.0390466 g(p)=3.8845222 

P P' 

0.4094760 

0.8685250 

0.2729360 

0.0591570 

0.9122590 

-0.3933400 

-0.1115800 

-0.0248240 
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ETCGAO basis for oxygen in formaldehyde 

a(s)=0.1679649 0(s)=4.1371204 

s s ' s " 

0.8111110 

-0.1103360 

-0.5278950 

-0.2218300 

-0.0439200 

-0.0107280 

0.5824290 

0.2104570 

0.6911300 

0.3648890 

0.0730870 

0.0183820 

-0.0506600 

0 .8285180 

-0.4121000 

0.3692490 

0.0659010 

0.0218420 

a(p)=0.0599647 B(p)=4.0108372 

p p' 

0.5995470 

0.7383900 

0.3025730 

0.0614270 

0.7965440 

-0.5878460 

-0.1361320 

-0.0377080 
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Table 23. ETCGAO basis for hydrogen in nitrosyl hydride 

a(s)=0.0407336 g(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 



www.manaraa.com

Table 

primi 

1 

2 

3 

4 

5 

6 

7 

primii 

1 

2 

3 

4 

208 

ETCGAO basis for nitrogen in nitrosyl hydride 

a(s)=0.0438420 3(s)=3.8300788 

s s ' s" 

0.2059580 

0.2442040 

0.1140320 

0.3508160 

0.1870370 

0.0411870 

0.0119970 

-0.5137160 

-0.7861930 

0.2291580 

0.6257830 

0.2759150 

0.0601480 

0.0170750 

-2.4928880 

3.1111090 

-0.3586680 

-0.4379740 

-0.1145250 

-0.0215390 

-0.0056920 

a(p)=0.055881 3(p)=3.7693262 

P P' 

0.3533540 

0.5498460 

0.1992790 

0.0457080 

1.3246520 

-0.9337550 

-0.2243110 

-0.0595210 
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ETCGAO basis for oxygen in nitrosyl hydride 

a(s)=0.1109396 3(s)=4.1552987 

s s ' s" 

0.3165290 

0.1129470 

0.3419410 

0.2856780 

0.0646890 

0.0165950 

-1.0336990 

-0.2599030 

0.6732800 

0.4024100 

0.0874620 

0.0218640 

-2.4141910 

4.0645910 

-1.8057270 

-0.0665220 

-0.0272530 

0.0034260 

a(p)=0.0663290 3(p)=3.9550482 

P P' 

0.4282910 

0.4973540 

0.1956070 

0.0394200 

1.3032600 

-1.0026360 

-0.1792170 

-0.0590200 
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Table 26. ETCGAO basis for hydrogen in formaldehyde 

a(s)=0.0299909 3(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 

a(s)=0.0543828 6(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 3(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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ETCGAO basis for oxygen in carbon monoxide 

a(s)=0.0725275 

s 

e(s)=3.2337097 

s ' s If 

0.4521470 0.3491610 0 .8145230 

0.6830450 0.4412730 -0 .5764880 

0.0171610 0.1419560 0 .0459140 

-0.4601460 0.5743340 -0 ,0257760 

-0.3231320 0.5417950 -0 .0335440 

-0.1077980 0.1914300 -0 .0172070 

-0.0301020 0.0550010 -0 .0044330 

-0.0060170 0.0109640 -0 .0010460 

-0.0024360 0.0044800 -0 .0003810 

a{p)=0.0784011 

P 

0(p)=3.2225504 

P' 

0.4770330 

0.7608550 

0.4220640 

0.1206710 

0.0289700 

0.8778440 

-0.4368230 

-0.1885180 

-0.0532240 

-0.0142500 
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Table 29. ETCGAO basis for oxygen in ozone 

a(s)=0.1594857 3(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 3(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. ETCGAO basis for carbon in formaldehyde 

a(s)=0.0242195 g(s)=3.2063925 

primitive s s" 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 6(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 

a (s)=0.0731968 g(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 3(p)=3.1166450 

primitive P P' 

1 0.3412510 0.8989150 

2 0.7239 350 -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 6(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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ETCGAO basis for carbon in methane 

a(s)=0.0243209 3 (s)=3.2033715 

s s ' s" 

0.0068870 

0.1388180 

0.0444630 

0.2250360 

0.4124420 

0.1998360 

0.0632650 

0.0135180 

0.0055550 

-0.0749460 

-0.9229470 

-0.4027730 

0.3868860 

0.4466200 

0.1935270 

0.0590250 

0.0125420 

0.0051150 

2.3602130 

-1.7568120 

-1.0288460 

5.2700320 

0.2066050 

0.0709750 

0.0140780 

0.0036720 

0.0011460 

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

P P' 

0.0979820 

0.4205740 

0.4256950 

0.1525060 

0.0429550 

0.0107020 

-0.4563680 

-0.8567460 

0.9267840 

0.2211000 

0.0887280 

0.0197940 
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ETCGAO basis for oxygen in hydrogen peroxide 

a(s)=0.0733730 B(s)=3.2270940 

s s ' s" 

0.4676040 0.3271170 0.8130580 

0.6711700 0.4571110 -0.5782460 

0.0211140 0.1435800 0.0648080 

-0.4620280 0.5739050 -0.0008770 

-0.3230880 0.5423740 -0.0147600 

-0.1078430 0.1916310 -0.0118700 

-0.0300700 0.0550450 -0.0028210 

-0.0060170 0.0109730 -0.0007610 

-0.0024320 0.0044810 -0.0002580 

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

P P' 

0.3853470 0.9203380 

0.7276870 -0.3458710 

0.5257570 -0.1754550 

0.2081410 -0.0474840 

0.0459540 -0.0173230 

0.0111230 -0.0033650 
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Table 35. ETCGAO basis for hydrogen in nitrosyl hydride 

a(s)=0.0500366 3(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 3(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 6(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 S(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 g(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 
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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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ETCGAO basis for oxygen in ozone 

a(s)=0.0731993 3(s)=3.2281750 

s s ' s" 

0.4361870 

0.7168680 

0.0231180 

-0.4385050 

-0.3034350 

-0.1006190 

-0.0280570 

-0.0055990 

-0.0022650 

0.2820060 

0.4501760 

0.1384850 

0.5918240 

0.5539230 

0.1956010 

0.0560840 

0.0111890 

0.0045620 

0.8488880 

-0.5257340 

0.0519210 

-0.0004860 

-0.0133700 

-0.0105570 

-0.0025280 

-0.0006730 

-0.0002260 

a(p)=0.0592139 3(p)=3.0634773 

P P' 

0.2433170 

0.7827070 

0.5294690 

0.2134040 

0.0464530 

0.0114320 

0.969 3970 

-0.2140310 

-0.1156670 

-0.0306150 

-0.0117930 

-0.0020380 
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APPENDIX C: MOLECULAR ORBITALS FOR THE RADICAL-DIMER 

SYSTEMS 
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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. 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 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 IV. 
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Table 41. Hartree-Fock orbitals for formyl radical 

( l a )  ( 2 a )  ( 3 a )  ( 4 a )  ( 5 a )  ( f . . i )  ( 7 d )  ( 1 b )  

E T C G A O  2 . 0 0 0 0 0 0  2 . 0 0 0 0 0 0  2 . 0 0 0 0 0 0  2 . 3 0 0 0 0 0  2 . 0 0 0 0 0 0  2 . 0 0 0 0 0 0  1 . O 0 0 O J O  2 . 0 C O O O O  

3  0 .  0 0 0 0 1 8  - 0 .  0 0 0 3 0 2  0 .  0 0 0 2  1 C  - 0 .  3 2 6 2 4 5  0 .  2 1 9 7 4 7  - 0 .  1 9 1 5D6  C .  3 5 9 9 4 9  0 .  0  
s  '  c .  0 0 0 0 5 8  - 0 .  0 0 0 5 4 7  C .  0 1 5 2 7 9  0 .  0 4 3 7 6 2  - 0 .  0 1 4 1 6 9  - 0 .  0 1 6  0 6 7  0 .  0 2 8 1 4 5  0 .  3  
S "  0 .  0 0 0 6 3 9  - 0 .  3 2 3 8 1 6  - 0 .  2 3  3 6  1 7  - 0 .  6 2 0 3 0 7  - 0 .  1 1 3 9 6 2  - 0 .  1 7 9 5 8 1  - V. 4  3 5 7  6 3  0 .  0  
X  0 .  0 0 0 1 8 2  0 .  9 4 3 9 3 3  -  G .  0 0 9 2 7 6  - C .  1 9 2 4 9 5  - 0 .  0 1 5 6 2 7  - 0 .  0 5 3 6 9 6  - 0 .  2 0 8 8 1 7  0 .  0  
X '  - 0 .  0 0 0 0 8 2  0 .  0 1 2 3 2 9  - 0 .  0 6 0 6 7 8  - 0 .  0 1 3 3 7 6  - 0 .  0 3 0 5 5 1  C .  0 0  3 3  5  3  0 .  0 2 6 9 3 9  0. c  
y  0 .  0 0 0 2 6 0  0 .  0 C 3 1 9 Ô  - C .  1 3 9 2 8 7  0 .  1 2 3 5 8 2  - 0 .  3 6 8 7 4 8  0 .  2 4 1 2 3 3  0 .  3 6 0 7 5 2  0 .  0  
Y "  0 .  0 0 0 2 1 3  0 .  0 0 0 3 9 0  0 .  0 4 3 4 8 1  - 0 .  0 2 0 3 0 4  0 .  0 1 5 8 6 2  - 0 .  C 1 3 3 6 3  0 .  0 6 4 8 7 2  0 .  0  
z  0 .  0  0 .  0  0 .  0  0. 0  0 .  0  0 .  0  0 .  0  c .  4 4  6 5 3 6  
z »  0 .  0  0 .  0  U .  0  0 .  0  0 .  C  0 .  0  0 .  0  0 .  0 3 9 2 7 7  
s  - 0 .  0 0 0 0 3 8  0 .  0 0 1 4 1 %  - 0 .  0 2 3 2 5 2  - 0 .  2 5 3 0 6 8  0 .  2 3 3 4 5 3  0 .  2 5 2 4 6 3  0 .  7 1 4 2 9 3  0 .  C  
S '  - 0 .  0 0 0 0 2 5  0 .  0 0 0 0 6 9  - 0 .  0 0 3 0  1  4  - 0 .  0 1 5 2 7 8  0 .  0 0 7 9 2 1  0 .  0 2 1 5 2 3  0 .  1 0 6 9 9 1  0 .  C  
S "  - 0 .  4 3 1 7 6 4  - 0 .  0 0 0 9 3 1  - 0 .  7 0 5 6 5 7  0 .  4 1 3 9 7 2  0 .  3 7 8 3 2 2  - 0 .  0 5 7 2 9 O  0 .  0 2 6 9 7 9  0 .  0  
X 0 .  9 0 3 8 1 4  - 0 .  0 0 2 2  1 0  - 0 .  2 8 8 9 9 9  0. 2 4 4 4 1 0  0 .  2 3 8 2 4 4  - 0 .  C 4 0 1 3 9  - 0 .  O û» o 2 2  0 .  0  
X • - 0 .  0 1 3 1 4 0  - 0 .  0 0 2 8 1 0  0 .  0 3 8 0 7 4  0 .  0 7 1 2 2 0  0. 1 0 2 9 7 3  -  0 .  0 2 9 9 6 3  - 0 .  0 5 9 5 9 7  0 .  0  
Y  - 0 .  0 0 1 2 0 6  0 .  0 0 0 7 4 %  0. 2 0 2 5 7 2  0 .  2 1 2 1 9 0  0 .  6 1 0 2 3 1  - 0 .  2 3 4 6 8 0  -  G ,  1  1 0 4  3 0  0 .  0  
Y  '  0 .  0 0 1 2 7 5  0 .  0 0 2 1 8 9  - 0 .  0 5 0 5 6 3  - 0 .  0 4 8 9 1  1  -0.  0 3 8 0  1 9  0 .  0 0 3 7 7 5  0 .  0 1 6 1 9 4  0 .  0  
Z  0 .  0  0 .  0  0. 0 0. 0 0 .  0 0 .  0  0 .  0  c .  7 6 4 9 4 7  
Z  '  0 .  0  0 .  0  0. 0 0 .  0  u .  0 u .  C  0 ,  0  0 .  O u y S O O  
3  0 .  0 0 0 0 3 2  - 0 .  0 0 0 3 3 7  - 0 .  0 0  4 0 2 8  - 0 .  0 3 7 8 7 3  0. 2 5 8 3 4 4  0. 7 8 1 9 4 6  -  0 .  5 7 1 3 9 7  0 .  0  
S' - 0 .  0 0 0 0 0 0  - 0 .  0 0 0 2 0 5  0 .  0 0 3 2 0 6  0. 0 1 8 2 8 0  0. 0 0 2 0 8 4  0 .  0 4 7 3 9 7  - 0 .  1 1 0 3 0 3  0 .  0  
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APPENDIX D: MOLECULAR ORBITALS FOR THE CYCLIC 

DIMER SYSTEMS 
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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. 
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Table 51. SPIP MO's and occupation numbers for formaldehyde 

(lai) (2a1) (3î1) (Uil) (5î11 (1b2) (2b2) (1b1) (2b1) 

ETC3A0 2.000000 2.000000 2.000300 2.00)033 2.333333 2.033300 2.333003 1.9001U2 0.0998S8 

S  0 .  0 0 0 2 5 8  0 .  y 5 u u 8 a  - 0 .  0 9 3 5 5 3  0 .  2 2 1 3 2 6  0 .  0 2 7 9 2 5  0 .  0  0 .  3  0 .  3  3 .  0  
S "  - 0 .  0 0 0 4 0 2  0 .  1 5 5 9 7 1  0 .  3 3 6 3 6 0  - 0 .  6 3 5 2 7 2  - 0 .  3  7  1 2 7 1  0 .  0  3 .  3  0 .  3  3 .  0  
S "  - 0 .  0 0 0 1 3 0  0 .  0 0 6 5 6 3  - 0 .  0 1 3 0 3 1  0 .  0 0 3 1 6 7  0. 3 1 6  4  9  2  0 .  0  3 .  3  0 .  0  0 .  0  
X  0 .  0  0 .  0  0 .  0  0 .  C  0 .  n  0 .  c 0 .  0  0 .  5 3 7 2 1 9  3 .  8 3 7 3 5 2  
X '  0 .  0  0 .  0  0 .  0  0 .  0  0 .  3  0 .  0  0 .  0  - 0 .  0 1 6 1 1 5  - 0 .  0 8 7 0 2 2  
Y  0 .  0  0 .  u  0 .  0  C .  0  0 .  0  - 0 .  5 1 2 0 2 2  0 .  2 5 0 5 7 0  0 .  3  3 .  0  
Y  '  0 .  0  0 .  0  0 .  0  0 .  0  0 .  0 0 .  0 1 2 2 5 5  0 .  0 3 9 9  1 2  0 .  0  0 .  0  
z - 0 .  0 0 0 0 6 2  0 ,  0 0 1 1 6 7  - 0 .  1 7 2 5 6 7  - 0  .  2 1 8 2 0 8  0 .  1 2 7 3 0 3  0 .  0  0 .  0  0 .  3  0 .  C  
z  •  - 0 .  0 0 0 0 1 6  0 .  0 0 0 6 U 2  - 0 .  0 5 2 0 9 1  - 0 .  O O S 1 0 2  0 .  0 5 9 S 4 6  0 .  0  0 .  0  0 .  0  0 .  0  
s  - 0 .  « 5 0 2 5 2  - 0 .  0 0 0 2 5 2  - 0 .  6 9 7 2 5 9  - 0 .  3 7 3 9 2 3  - 0 .  3 5 1 0 2 3  0 .  0  0 .  3  0 .  0  0 .  0  
s «  0 .  « 8 5 5 5 2  - 0 .  0 0 1 2 0 6  - 0 .  3 2 0 6 8 8  - 0 .  2 1 6 5 0 0  - 0 .  2 2 7 5 6 9  0 .  c 0 .  0  0 .  0  3 .  C  
s  •  '  - 0 .  0 0 0 6 2 1  - 0 .  0 0 2 1 8 3  0 .  0 6 8 5 0 6  - 0 .  0 2 5 2 8 5  - 0 .  3 9 5 3 3 7  0 .  0  0. 3  0 .  0  0 .  0  •  
X  0 .  0  0 .  0  0 .  0  0 .  0  0 .  0  0 .  0  0 .  0  0 .  7 0 5 1 7 1  - 0. 7 6 6 0 7 5  
X' 0 .  0  0 .  0  0 .  0  0 .  0  0 .  0  0 .  0  0 .  0  - 0 .  3 3 2 7 7 1  3 .  1 3 3 1 1 8  
Y  0 .  0  0 .  0  0 .  0  0 .  0  0 .  3  - 3 .  1 9 2 3 2 1  - 0 .  « 5 2 8 6 8  0 .  0  0 .  0  
Y '  0 .  0  0 .  C  0 .  0  0 .  0  0 .  0  0 .  0 3 2 2 1 6  - 0 .  0 5 2 1 1 1  0 .  0  3 .  0  
Z  - 0 .  0 0 1 3 0 5  0 .  0 0 0 1 2 0  0 .  1 7 0 9 9 1  - 0 .  1 7 7 0 1 6  - 0 .  6  7 8 7 7 7  0 .  0  0 .  3  0 .  0  0 .  0  
Z '  0 .  0 0 1 1 2 U  u .  0 0 1 9 8 3  - 0 .  0 6 7 0 6 9  0  .  0 2 1 7 2 6  n. C 6 3 9 3 2  0 .  0  0 .  0  3 .  3  3 .  0  
S  - 0 .  O O O O U 1  - 0 .  0 0 1 6 1 2  - 0 .  0 3 3 8 2 1  0 .  2 2 6 1 1 8  - 0 .  1 6 8 1 9 1  0 .  2 3 1 6 8 1  - 0 .  1 3  2  2  1 1  3  . 0  3 .  0  
s  '  0 .  0 0 0 0 2 6  - 0 .  0 0 1 2 7 8  0 .  0 1  7 0 2 7  - 0  .  0 1 3 6 3 7  0 .  3 0 3 3 3 5  - 0 .  0 1 1 3 5 3  - 0 .  3 2 7 7 2 0  0 .  0  0 .  0  
s - 0 .  0 0 3 0 0 1  - 0 .  0 0 1 6 1 2  - 0 .  0 3 0 8 2 1  0 .  2 2 6 1 1 8  - n. 1 6 8 1 9 1  - 0 .  2 3 1 6 8 1  p. 1 3  2  2  1 1  0 .  0  3 .  0  
5' 0 .  0 0 0 0 2 6  - 0 .  0 0 1 2 7 8  0 .  0 1 / 0 2 7  - 0 .  0 1 3 6 3 7  u. 3 0  3 3 0 5  0 .  o n  3 5 3  0. 0 2 7 7 2 3  0 .  0  3 .  0  
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Table 55. Hartree-Fock orbitals for nitrosyl hydride 

(la) (2a) (3î) (la) (5al (6î) (7a) (1b) 

ET~3A0 2.000000 2.000000 2.030300 2.003000 2.333330 2.003330 2.300003 2.000000 

S o . o o o m  1 0 . 8 5 1 3 1 3  - 0 .  1 9 8 9 1 8  - C . 3 5 7 3 6 3  0 . 0 9 8 5 9 6  0 .  1 6 7 6 9 1  - 0 .  2  5  1 1 1 4  3 .  3  
N J  s  •  - 0 . 0 0 0 3 b U  0 . 5 0 6 8 1 1  0 . 3  ? 1 0 2 7  0 . 5 7 1 7 1 1  - 0 .  1 5 8 : 4 6 5  - 0 .  2 5 3 1 2 6  0 .  3 7 1 6 1 0  0 .  0  N J  

S '  •  0 . 0 0 0 1 9 0  - 0 . 0 0 5 1 0 3  0 .  0 6  1 6 5 5  0 . 0 2 5 9 0 6  - 0 . 0 3 7 8 0 0  0 .  0 1 6 7 1 9  - 0 .  3 3 3 7 3 0  3 .  3  U 1  

X  0 . 0  0 . 0  0 . 0  0 . 0  0 .  3  3 .  0  3 .  3  0 .  5 6 0 9 9 3  
s *  0 . 0  0 . 0  0 . 0  0 . 0  o . n  0 .  C  0 .  0  - 0 .  3 3 5 6 9 1  
Y - 0 . 0 0 0 0 2 2  0 . 0 0 1 1 8 5  - 0 . 0 5 1 3 6 7  - 0 . 2 1 3 8 8 9  - 0 . 1 3 7 3 1 2  - 0 .  2 5 1 5 3 6  0 .  5 6 0 9 5 1  0 .  0  
ï '  0 . 0 0 0 0 2 6  0 . 0 0 0 3  1 5  0 . 0 3 1 2 5 2  - 0 . 0 2 0 1 0 8  - 0 . 0 1 1 7 0 6  0 .  0 0 9 2 7 9  - 0 .  0 1  9 9 8 3  0 .  3  
Z 0 . 0 0 0 0 1 0  0 . 0 0 2 8 0 9  - 0 . 1 3 5 1 0 9  0 .  1 5 9 5 1 9  0 . 2 3 1 1 9 2  - 0 ,  1 6 9 9 1 8  3 .  2 6 1 8  3 1  0 .  0  
z «  - 0 . 3 0 0 0 5 5  - 0 . 0 0 0 0 5 2  - 0 . 0 5 0 7 6 9  0 . 0 2 7 9 8 5  0 . 0 5 2 1 2 8  - 0 .  0 2 9 0 2 0  - 0 .  0 3 5 7 9 2  3 .  0  
s  0 . 8 3 7 7 6 7  - 0 . 0 0 2 1 1 b  - 0 . 3 2 8 7 1 8  0 . 3 6 1 2 7 6  - 0 . 1 9 8 4 7 6  0 .  1 5 1 2 1 6  - 0 .  3 3 5 9 3 5  0 .  0  
S '  0 . 5 5 R U 6 1  0 . 0 0 1 9 7 0  0 . 5 3 7 1 0 1  - 0 . 5 2 1 7 6 1  0 . 2 7 9 1 8 1  - 0 .  2 0 5 1 1 0  0 .  3 3 2 9 1 5  3 .  0  
s  '  '  0 .  0 0 2 1 4 0 3  0 . 0 0 1 1 7 9  - 0 . 0 5 7 1 0 0  - 0 . 0 2 3 3 8 3  0 . 3 2 5 2 9 8  - 0 .  0 3 5 3 1 3  0 .  3 1 7 7 5 6  0 .  0  
X 0 . 0  0 . 0  0 . 0  0 .  0  0 . 0  0 .  0  0 .  3  0 .  5 9 3 3 1 6  
X • 0 . 0  0 . 0  0 . 0  0 . 0  0 . 3  0 .  0  0 .  3  - 0 .  0 1 8 9 2 1  
ï 0 .  3 0 0 0 9 3  - 0 . 0 0 0 3 2 7  - 0 . 0 1 3 3 3 1  - 0 . 0 5 6 1 0 7  - 0 . 1 3 1 1 8 0  - 0 .  5 0 1 2 2 2  - 0 .  7 7 7 3 7 3  0 .  3  
Y • 0 . 0 0 0 0 7 2  - 0 . 0 0 0 0 6 7  - 0 . 0 0 2 0 1 8  - 3 . 0 1 1 2 7 0  - 0 . 3 1 7 5 7 7  - 0 .  0 0 1 1 1 1  3 .  319113 0 .  0  
Z - 0 . 0 0 1 1 2 5  0 . 0 0 1 7 9 5  0 .  1 3 1 6 3 8  0 .  1 3 1 1 6 8  - 0 . 1 2 7 6 0 5  0 .  1 7 2 0 5 5  - 0 .  3 7 6 1 2 3  3 .  3  
z ' - 0  . 0 0 1 2 3 2  - 0 . 0 0 1 8 1 3  0 . 0 5 6 9 3 3  0 . 0 2 t » 9 6 8  - 0 . 3 3 1 3 7 9  0 .  0 3 2 3 1 2  - 0 .  0 1 6 1 5 7  0 .  0  
s  O . O C O C 5 2  - 0 . 0 0 0 1 6 7  - 0 . 0 3 5 0 0 0  - 0 . 2 5 8 3 2 1  - 0 . 2 2 8 5 9 1  0 .  0 9 2 1 5 5  0 .  3 9 4 5 3 5  0 .  3  
s  •  - 0 . 0 0 0 0 2 9  - 0 . 0 0 0 2 1 5  - 0 . 0 1 6 2 6 1  - 0 . 0 3 3 8 9 1  - 0 . 3 1 5 1 9 5  - 0 .  0 0 3  3 2 0  - 3 .  337977 0 .  3  
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Table 56. SPIP MO's and occupation numbers for nitrosyl hydride 

(la) (2a) (3a) (Ha) (5a( (6Î) (7al (1b) (2b, 

ETCGAO 2.000000 2.000303 2.030000 2.000000 2.000000 2.003000 2.330303 1.963617 3.136353 

S 0 .000U11 0. 851313 -0. 192577 -0. 353911 0. 083130 C. 171705 -0. 273100 0. 0 0. 0 
S' -0 .000351» 0. 5063 01 0. 361710 0. 578031 -0. 135723 -0. 260321 0. 388763 0. 0 0. n 
s • • 0 .000190 -0. 005103 0. 061131 0. 023635 -0. 338598 3. C13380 -0. 393522 0. 0 0. 0 
X 0 .0 0. 0 0. 0 0. 0 0. 3 0. 0 0. 3 0. 592257 0. 817012 
X' 0 .0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 -0. 025290 -0. 023175 
Y -0 .000022 0. 001185 -0. 019329 -0. 205357 -0. 123335 -0. 235667 3. 576956 0, 0 0. 0 
Y' 0 .000026 0. 0003 15 0. 031330 -0. 013903 -0. 010763 0. 013178 -0. 025879 0. 0 0. 0 
Z 0 .OOOOUO U. 002889 -0. 133202 C. 111981 0. 208123 -0. 152563 0. 270187 0. 0 0. 0 
2» -0 .000055 -0. 000052 -0. 050956 0. 026150 0. 053015 -0. 029183 -0. 037157 0. 0 0. 0 
S 0 .B37767 -0. 0021 16 -0. 331659 0. 363722 -0. 138935 0. 135388 -0. 033033 0. 0 0. 0 
S' 0 .558W61 0. 001973 0. 515163 -0. 528020 0. 266187 -0. 185073 -0. 000538 0. 0 0. 0 
S" 0 .002103 0. 001179 -0. 056516 -0. 023205 0. 025907 -0. 032010 0. 016955 0. 3 3. 0 
X 0 .0 0. 0 0. 0 0. 0 0. 3 0. 0 0. 0 0. 672350 -0. 767731 
X' 0 .0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 331316 -3. 033232 
Y 0 .000093 -0. 000027 -0. 013227 -0. 057178 -0. 116252 -0. 523317 -0. 751089 0. 0 0. 0 
Y' 0 .300072 -0. 03036J -0. 031311 -0. 010890 -0. 015813 -0. 001731 0. 051527 0. 3 0. 0 
Z -V .001 12'D 0. 001795 0. 132560 0. 119219 -0. 137479 0. 171610 -0. 086181 0. 0 0. 0 
Z' -0 .001232 -0. 001313 0. 056357 0. 026159 -0. 032399 0. 023391 -0. 015211 0. 0 3. 0 
S 0 .0000b2 -0. 000167 -0. 031712 -3. 251712 -0. 231515 0. 135000 3. 397751 0. 0 0. 0 
S ' -0 .000028 -0. 0002Ub -0. 015162 -0. 036139 -0. 315027 -0. 000118 -0. 038917 0. 0 0. 0 
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Table 57. (Continued) 

(lb) (2b) (3b) (i»b) (5b) (6b) (7b) 

ETCGAO 2.000000 2.000000 2.000000 2.000000 2.000000 2.003000 2.000000 

HI S -0.000748 0.6458U1 0.137882 0.194631 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 -0.000377 -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 
Z -0.000178 0.000659 0.108187 -0.045202 -0.041129 -0.173693 -0.410084 
2' 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 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 M 
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 
Z 0.000178 -0.000659 -0.108187 0.045202 0.041129 0.173693 0.410084 
Z» -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 
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 -0.0C0598 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 
Z -0.000691 0.000386 -0.102660 -0.060061 -0.214081 0.262078 0.4 144 94 
Z' 0.000312 0.000235 0.023969 0.005714 0.003302 -0.009646 -0.007298 

02 S 0.306452 0.000233 -0.542723 0.349572 0.150868 -0.134155 -0.031743 
S' -0.640124 0.)00260 -0.257496 0.176869 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 
y 0.000168 0.000658 -0.024342 0.003043 0.006294 0.016353 0.024883 
Z 0.000691 -0.000386 0.102660 0.060061 0.214081 -0.262078 -0.414494 
Z' -0.000312 -0.000235 -0.023969 -0.005714 -0.003802 0.009646 0.007298 

HI S 0.000158 0.000899 0.048276 0.217780 -0.026331 0.179406 0.020049 
S' 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 -0.020049 
S* -0.000085 -0.000809 0.009827 0.003926 -0.015233 -0.016197 -0.015926 
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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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