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ABSTRACT

The advent of high speed computers allows the quahtum chemist
to obtain very precise energy calculations by using "good"
approximate wavefunctions, These wavefunctions become very come=
plicated which makes the abstraction of much physical information
from these wavefunctions quite difficult,

Kigus Ruedenberg has devised a method using two functions:
the first and second order density matrices, which gives a physical
interpretation of atemic interactions based on "good" mathematical
wavefunction approximations, In this analysis, the density matrices
are partitioned into various fragments which help one to understand
atoms and bonds within a molecule, long range coulombic forces,
short range overlap forces, van der Waals fofces, and others,

The density matrices have parts containing "atomic" densities
and terms containing the interactions between these "atomic"
densities.

The density matrices are partitionediinto four major fragments,
The first fragment is promotion energy which causes a rearrangement
inside of the separated atom due to these factors: 1) the value of
the orbital parameter obtains the same value in the promoted atom
sfate as in the molecule, 2) a hybridization of the atomic orbitals,
The ﬁuasi-classical energy is the second major fragment., It arises
from the electrostatic coulombic 1n£eractions between the atoms

when they are moved from their separated positions to the intere
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nuclear distances being considered, The third major fragment 1is
called the shafing penetration energy and arises from the sharing
of electrons between the atoms in the molecule. Interference energy
is the fourth major fragment and is ﬁhe most important part of the
partitioning., The interference energy is caused by an interference
among the atomic¢c orbitals which causes a rearrangement in the total
density without changing its total population,

This partitioning scheme has been applied to the helium~helium
interaction for several different wavefunction approximations and
at many different internuclear distances. The He-He interaction
is an interesting system to study because although it does not
have a strong attractive force as in a chemical bond, there is an
attractive force between the two atoms due to the van der Waals
forces,

Another aspect that makes this an interesting interaction is
the calculations with the 15-25-2P> and 1S-1S' basis sets. The
calculations using these basis sets were the most accurate cal-
cuiations performed over a wide range of internuclear distances,
until quite recently, and have a spurious minimum ;n the van der Waals
region as has been shpwn by the new calculatiohs; It is interesting
to study the comparison of the results of the 15-2S-2P> and 1S-1S*
basis sets and the results of the more accurate calculations by the
use of the partitioning method.

The application of the partitioning to the heliume~helium

interaction has given new insight into the theoretical treatment of



the interaction and in the applicability of Ruedenberg's theory,
This theory is useful in giving a good>phys1ca1 interpretation of
the He«He interaction and also seems to be able to predict errors
that may be occurring in the wavefunction approximations, The
partitioning on this interaction has again shown that the kinetic
interference energy is the term which determines if bonding or
antibonding occurs and also showa the strong relationship between

this and the sharing of electrons,



CHAPTER I
THEORETICAL BACKGROUND

The modern day picture of a typical quantum chemist is a person
surrounded by hundreds of pages of computer output and punched cards,
This picture is quite accurate., In fact, one of the problems con=
fronting quantum chemists is the vast amount of computer output
which must be turned into physical Qdeas for all chemists to under=-
stand,

The simple valence bond and molecular orbital models are two
well known examples of physical interpretations of the chemical bond,
Both of these methods do give nice physical pictures but they are
poor approximations to the actual energy. In both of these methods:
chemical and physical intuition have allowed mathematically un=-
justified approximations to enter in the calculation,

| The recent trend has been to obtain very precise energy calcu-
lations by using "“good" approximate wavefunctions, but these wave-
functions are so complicated that it is not easy to obtain much
physical information from them.

Wavefunctions themselves are not physically observable and
hence it may be best to base molecular interpretations on quantities
which qualify, at lease in principle, as being observable. All
observable quantities, including the energy, are completely determined
by two functions, which are the first and second order density
matrices, This statement is restricted only by the future cone-

struction of useful three body operators, in which case the third



order density matrix would be required,

Ruedenberg has devised a method using these first and second
order density matrices which gives a physical interpretation of
atomic interactions based on "good" mathematical wavefunction
approximations. In this analysis, the density matrices are pare
titioned into various fragments that help one to understand atoms
and bonds within a molecule, long range coulombic forces, short
range overlap forces, van der Waals forces, etc;l

An important aspect of this partitioning is the understanding
of molecules in terms of atoms and bonds from which molecules are
formed, This is achieved by partitioning the density matrices as
much as possible into parts containing "atomic" densities and terms
containing the interactions between these "atomic" densities.

It has been reported informallf that some quantum chemists are
critical of Ruedehberg'svpartitioning for several reasons, One of
these reasons is that the partitioning yields some quantitieé which
are not "physical" since they have no direct relationship to
specific experimental observations, In a broader sense of the word
they are "physical" as these quantitieé aid in giving a complete
understanding of what happens when atoms interact with each other,

A second area in which there has been criticism is due to the

arbitrary definitions that must be made at certain times. This

k. Ruedenberg, Rev. Mod. Phys., 34, 326 (1962)



should not be a difficult problem when one considers that all mathe-
matics are based on arbitrary definitions., The usefulness of any
mathematics is how well it fﬁnctions in the system in which one is
working, The usefulness of Ruedenberg's analysis should be in how
é;ccessfully it describes the partitioned fragments in different
molecules, If the molecules are similar, the partitioned parts
should also be similar and exhibit regular and illuminating behavior,

A third area in which there has been disagreement is that
Ruedenberg has based his analysis on a model. This model is based
on the principle that molecules can be explained in terms of atoms,
and the bonds between these atoms. Although it is a model, it is
accepted by most theoretical chemists. Ruedenberg has further
refined this model in terms of an orbital subdivision which is
appropriate for examining atomic interactions, It should also be
realized that Quantum Mechanics itself is based on a model and has
certain.definitions inherent within it which have an arbitrary
character,

The product W*Y is identified with the concept of a proba-
bility density., That it is a probability density can be disputed
through the measure theory language of the general theory of

probability.?

Nevertheless the traditional dogma centered on \P*\y/
contains a useful picture of the particlé distribution in a given
system. We accept the traditional interpretation of W*Y in

this study,

2B, Rankin, J. Math., Phys. 6, 1657 (1965)



An important point that makes Ruedenberg's analysis very useful
is that it 1s based on density matrices rather than wavefunctions.
This fact makes the analysis much more general and is not restricted
to certain classes of wavefunctions, It is to be expected that as
the wavefunction approximation becomes better, the partitioned
fragments will have definite trends while they still retain their
character,

A general physical picture emerges from the partitioning which
gives an idea of the effects which go into the formation of bonds,
This picture is only a conceptual "taking-apart" of the interactions
and has nothing to do with the variation of the first and second
order density matrices at various internuclear distances.,

The first step is promotion which causes a rearrangement inside
of each s;paratéd atom and causes a rise in the total energy. In
the second step the atoms are brought from thelr separated positions
to their actual positions in the molecule causing a quasi-classipal
electrostatic interaction which causes a slight energy lowering
with respect to the promotion energy. The electrons are now shared
between the atoms causing two effects. One of these is an increased
penetration of the electrons from the different atoms, which will
raise the electronic repulsion energy moderately. The other effect
is the interference of atomic orbitals which causes the large
energy lowering which is crucial for the formation.of covalent bonds,

The first and second order spin density matrices are defined



as
r(¥3xs)= N j YRS, XSy IS, K, S )

(X, 55%.5.%, S, X2 S =N(N-1) [ .S, X, Sy JUK S 5 X, Sy Yo

Xi Si=x€ ye 26 s £=42, -+ . N

J ?

denotes the space-spin coordinates of the N electrons in a molecule,
AN =dxi dye die, dTe= oS, Vo
AdT= odT] dTy AT = A TN
denotes the corresponding volume elements.
WX, S, %S XN SN)
denotes the exact electronic wavefunction of the molecular system

in question,

i

g indicates the integration over all volume elements
except o7, .
;ﬁ%ﬂ}; indicates the integration over all volume elements

except LT, and LT, .

There are higher order density matrices, but the molecular hamil-
tonian of quantum chemistry depends only upon, at the most, two
electron interactions, so that the first and second order density
matrices are all that are needed, The hamiltonian does not depend
" on spin, thus one is able to integrate out the séin to get spinless

density matrices,



F(x’{x){dsf‘(%lxs)
X XX XD =[S, St 5. TR S XS, X, S X, S.)
The diagonal elements of the density matrices have the follow=
ing physical significance

P(XIX) = fo (X) =  total probable density of electrons at the
space point X =( Xy Yy z)

WJ(X.XJXI)(:F?/’J(X,XZ) = total pair density of the electrons,
i.e., the probable number of electron pairs which have one partner
at the space point X,= (x, s Yiy z_,) and the other at space point

Xzz(Xz, 2 Zz) .

In terms of atomic orbitals, the first and second order density
matrices are expanded as follows:f’(X«lX;.):f ZEF (Aa)(’)(Bf)wP (AalBY)
The P(Aﬂ,bg) are the expansion coefficients which form a Hermitian
matrix called the bond-order matrix.

TN EE5E 5 54E(AD (6050 “PlhuhzlBL BE)

me,P(AaAE-I B4 B»Z) elements form a super matrix called the
pair bond order matrix,

A, B, C, ... denote atoms
a, b, ¢y ... are indicies numbering the orbitalls, in the atoms A, B, C
respectively,

Xf\m (X)= (A A—) denotes the a th orbital in atom A

also, XAa.(l) = (Aa.)(')
(Aahz)” =(Aa) (A2)



The nonrelativistic energy, assuming the nuclei are held in

fixed positions, is given by
E_-_.<\P|HlLP> =A§?B Zalg RA_B’ + 0(\/%. F(X)
+i‘j‘é{V1f0[V2 W(anz)//l- ‘2

where A, B denote atoms, ZA, ZB denote the respective nuclear
charges, XA, XB denote the respective nuclear positions, RAB= the

various internuclear distances and

A= T+ -k v \/:;% Zy/2A

The requirement in this partitioning scheme is made that all
atomic orbitals are normalized and those located on the same atom
are mutually orthogonal., The overlap matrix is then A=T+ S

S(Aa,B4) =(1-Sas) fL V(A) (BE)
so it can be seen that the matrix S has nonvanishing elements
only if the two orbitals belong to different atoms.3

Ruedenberg decided on the partit;oning of the first oxder
density matrix by comparing classical electrostatics and wave
mechanics, In classical electrostatics, densities are superposed to
form new densities, By comparison, in wave mechanics, wavefunctions
are superposed to form new wavefunctions which in turn are squared
to obtain the new densities. These new densities are different
from the sﬁm of the densities of the constituent wavefunctions.

A simple example of this reasoning is obtained by studying the

3, Ruedenberg, op. cit.



Ho+ molecule with the wavefunction taken as¥=N(ISat+lS&) where the
- normalization constant is I\L=(2(|+<‘S°~/'S£»)—'& « The densities
for the separate constituent atoms are given byloA(X) =IS'12, e (X)=1S¢*,
In this case the classical electrostatic approach would give a
new density P®=3CA + % PB (% originates from the fact that
FPA,C8, C must all be normalized).

The wave mechanics yields ¥ *¥ =N2(ISalSa HSalSE+SL1Sat!stSE)
C=N2(15alSa t [5alSt +1S41Sa + (S41S4)

P LeTodt .2 +5 1542+ (1
C=C € =2

Therefore from (°- cY = C’ z it follows that

CT=(215al8¢ -5 (ISa?+(32?)) /20+S)
=2N} (19184 -2(1Sa%+18¢?))

where P T is the modification of the quasi-classical density
due to interference.

By expanding this type oﬁ reasoning to the general case one gets
C¥) = £ Ca00= % {2z (A)(A2) P (Aa |AZ)
+ £ (Ad®) g (As))

/
3 denotes the sum over both quantities but (A #A)
AR

PN = e Cas (X

A%B CAB(X) :/-\2,5 f g <Aa,B»&> P(Aa,BZ)

<A a,B,&>=(Aa)(B‘ﬂ).“*Jz‘S(Aa,Bzf)[(Aa2)+(5{;9]6‘%#5)



Where for the Hp+ case the a.%; (Az) (Az) P(Az/Aa) =0

%.(Aa) :—’}:

P(Aa,Bt) N2
CB,(Aa):. P(Aa) + \/(Aa)

%(Aa) is the populations of the orbitals (Aa) in the quasi-

classical density (0&’: P(Aa.)—“—P(Aa//-\a.)—: valence=inactive population of
(Aa), V(Aal= g{ S(Aa, B?) P(82¢;A‘1)=valence-active population of (Aa).

It would be advantageous to extract hybrid atomic orbitals from
the original orbitals which are either valence active or valence
inactive, The atomic hybrid orbitals derived from the postulate of
maximum or minimum valence activity are called valence atomic
orbitals, This postulate requires all intra-atomic parts of the
bond-order matrix to be diagonal., This means that theaf;(7kJ6Aé)F?”aﬂﬁa‘
term vanishes., .

In order to partition the second order density matrix, the
interference partitioning, in terms of atomic orbitals, for the
first order densiéy matrix is substituted into the general expansion
for the second order density matrix. As a result of this partitioning

three major fragments are obtained:

O X2)= 7EVE06 Xa) + T (X, o) + 70 (X, K )

VS 1s an interference-free pair density,
ﬂ’Iis a primary interference pair density,
7™ is a secondary interference pair density.

T7Y® is the pair density due to the atoms themselves and is of the
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samé nature as thef’ez term in our first order partitioning. It
contains the intra-atomic electronic repulsions and also the shield-
ing repulsions between the quasi=-classical electron densities on
different atoms.

77’1()(1 »X2)  and 7?'II(X,,X1) are interactions between
the atoms caused by mutual orbital overlap, In previous studies on
molecules the energy associated with the 77"zand P‘I which con=-
stitute ET have always been considerably larger than the energy
associated with the 77’11 term EIL -, Ruedenberg considers the
interference energy as the major source for covalent binding and
antibinding. E:II is the only term which contains interactions
between different bonds.

The following definitions can be constructed:

7= £ % (AR

= £ 2 {T(A, BT (A, BYT(AR) )

wr= & Sw(aA B)

:Aé- é-(‘ﬁ“’(AA", B) + W“"(A?\,B)}(A ZA)

Tz A & 7 (AA,BB)  (A#A,B#B)
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T°(AB) = £ 2 9(AxlBE) (a2 (BEY)

' (AB)= ,ﬁ/f 2P(AaAalBt) (AaAa) (BL>)
z

~

% 44 P(AaAE/BZ—’ BZ) (Aahz) (BEBE)

AR, B)= 2 2P(hadzlBE) {Aa Azp(R1Y (A#A)
AR B)= .5 g 2P(AcAzlBe BE)

{AeAz) (BEIBZ) (A#A)

" (AA, BB)"aa ,44 P(AaAalBELRL)
(PaBzy {B4BL> (A#A,B#B)

g_(/—\a,B@ ; b#A(Aa, Az)
P(AaAi|B4LBE) A(BZ%B/{J

P(Aaha |8%)= fz P(AaAzlBLBL) A (B4, BZ)

A(Aa,BL) ':ja’\/(Aa)(B%) ¢

4K. Ruedenberg, op. cit.



12

The ensemble of atoms characterized by the density(ovs:‘- € & =
f €(A) and pair density?f\/sz %\ % ad (A,B) is called the

valence state molecules

The valence state is only a model to separate the interference
free parts of the density and pair density from the interference
parts. The valence state is a molecular, rather than an atomic
quantity. This is true because it has quantities associated with it
that are not purely atomic in nature as will be subsequently shown.
The next step in the analysis is to separate tﬁe valence state into
three quantities: 1) those concerned with the sharing of electrons
between atoms called sharing penetration,?7'sp(>(,;X;) 2) those
quantities which are purely atomic called promoted state??’F(X,,Xz)
and (DF’()() s 3) and the quasi-classical interactions
between the promoted atoms,?'?"Glc and (°%¢ .

One can now look into the nature of each of these fragments in

greater depth.,

Promoted State

The promotion state is considered to be the closest state an
atom can get to being a molecule while still remaining as an atom.
The density for the promoted state is given by (°P(A)= %3 P(A)AL
and for the pair density

RN = o& E3FA)gFAG)- 2L (Aalha) AL (1D AG*(2)
+aéa’ 2, P(AaAz]|Aa AG)Aa () Az (DA 2 (2)A%Z(2)
{

/
=/
Y3



13

where fP(Aa) is the orbital population of the orbital (Aﬂ) for
the promoted atom A
PP(A) = & (A) $7(Aa) g (Aa)

It would be desirable to have the4 (Aa[AZ) term derivable
directly from the second order density matrix. Unfortunately, this
algorithm has not been discovered,

Since the g (Aa ' Aa ) is the only term without a
. suitable direct definition, the following procedure is sufficient

for the construction of £ x ( Aa | Az ) .

l)gx(Aa.lAa.)="gsp(/°\a.lA&’.): Th;anature of
this term will be discussed under sharing penetration. _
2)gx(A¢fA&):7(Aa.)g(Ac€)—§ (AalA a). This

is simply part of the valence state term.
3)gxp(/\a)/\0-) =§#x (Aa|Aa) - gx (AafA“>
gx"(AalAd) is defined as that part of the valence
state termg‘x (Aa.[Ai) » which remains after ixsp(A@/AZ_) has
been subtracted from it.

Substituting these results into 77/(/\) one obtains

i) =2 Z;P(Aa_) 5 Az) -4 (Aa)gz(/qa) t2(Aa |Az)+g (Aa | A 4_)}
A 220 AZ%(2) t o5 For P(AaA] Aa’ Az)AcDAG(AL(AZ (2)

In simplest form:- 7]~ P(A)’-‘ 2,3 /%(Aa. Aﬁ)"f P[Aa/A&)}
A DAG*(2) *a,%z f;;—/F(Ao,Aa/Aa’ Z)AaIAa (DA’ (2)AE"(2)

3C. Edmiston and K. Ruedenberg, J. Phys., Chem. 68, 1628 (1964)
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The promotion effects are calculated from the density functions
defined by taking the differences between the promoted state densities
and the densities of the ground state,

The atoms are considered to be in their ground state at infinite
internuclear separation, Under tﬂe Hartree-Fock approximation this
usually presents a problem, as it tends to preserve electron pairs
in the limit of large internuclear separations., This means that the
choosing of a proper ground state often can cause difficulties, 1In
the case of the He-He interaction however, He is a closed shell atom
and so the wavefunction goes smoothly into a natural separated atom
~ wavefunction.

The density and pair density of the ground state for an atom
A is given by PG(A) = ‘%ge(Aa.)Aa.z
md T (A) = PE(A) CS(A) = %€ (A)

= aé’z (/5_6(,0\4) jZG(Aa’)"a,éa %XGMQ)A&)}Aai(/>AZ1(Z)

where }6 (Aa) is the number of electrons in the orbital Aa for
6 =) 7
the ground state atom A, and 5)( (Aa_lAa) 5 are the exchange pair

density elements for the ground state., The promotional .energy is

then gi.ven by E.P(A) :j&/\/f}‘— Z(A)/Z AJ[(-OP(A)"(OG(A)J
+ é: /fjﬂf\c _/f;{ V; Z:%7,Fi(}\’/\) "‘77~‘G(>q; /X2;]//L1 1z

Promotion 1s just a special type of orbital distortion. It seems
physically meaningful to partition this orbital distoxrtion into two
types, hybridization promotion and contraction promotion,

Hybridization promotion occurs as a result of the hybridization



of the original Slater type orbitals into valence atomic orbitals,
which are the orbitals used in the partitioning. This is calculated
as the change in the coefficients of FG(AG-;Aa) to PP(AQ)AE-)
and @C(AaPalALAL) o T (AAz/ALAL) :
Contraction promotion arises from changes in the orbital
exponents dy in going from the ground state to the promoted state,
It arises from the differences of the energy integrals between the
ground state and promoted st:at:e.6
Although at first glance this appears to be a complete/
separation, unfortunately it is not, Because of the nature of
F P(Aa, A‘;) and ZTP(AQAJ/AJ-/‘\/Z) the overlap integral
‘S(Aa,&-) is inherent in them., The value of this integral will
depend on the value of a° and thus a complete separation cannot
result, Despite the difficulty, the separation remains worthwhile,
The hybridization promotional energy (E PRH) for atom A is

PRH PRH -
defined by E =f,'zi E (A a, Aa.)

EP™"(Aa,Ad) =8 P(Aa,Az)[Aal AAlAZ ]
+% £y 5 P(AaALlAg AL PaAdlAZAL]
weh 5 P(Aa,Aa) =P (Aa, Az)- P%(Aa, Aa)
SP(AaALIAG AL = PP AL AL)-PY AN Az AZ)
An=F T ~Za/rn

6R. R. Rue and K, Ruedenberg, J. Phys. Chem., 68, 1676 (1964)
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The contraction promotional energy (e RC) for atom A is obtained

from EPRC = f: E PRe (Aé, Az)

a,a

E™ (AaA)=PTAapa) S[Aal 44| Az]1 5P A dhid)
SaAt|az AL~
with  S[AclhalNaT =LA Aal Az PI-LASAn | aST

SIAAYAZAL]=[AALA) A AL TP A LA ]

P_ P -
Therefore the total promotional energy is E'= f‘ E 6®'A£(( E PRH+EFRC} .

Quasi=Classical Interactions

The quasi-classical energy terms arise from the electrostatic
coulombic interactions between the atoms when they are moved f£rom
their separated positions to the internuclear distances being cone-
sidered. It consists of four terms: 1) the nuclear repulsions,

2) interaction of the quasi-classical charge distribution on atom B,
Bilv 3(5,&) Ber witﬁ nucleus A, 3) interaction of the quasi-
classical charge distribution on atom A, ;Lajz (Aa) Aa™ s with

nucleus B, 4) and the repulsive interaction between these two

charge distributions,.
Esc =ZAZe/<A5 + £ ;(5,4)[6#/— ZA /A /8{]
+ £ g (Aal[Aa/- Zoke|BA]+E G g (Aalp(B8)ATBE]

whereaz (Aa) is the population of the orbitals (Aa) .
The energy contribution of E ®C to the total energy is usually
small and negative, even though it is made up of large individual

contributions, Obviously the nuclear and electron repulsion terms
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are balanced out by the nuclear attraction terms,

As the quasi-classical energy is partitioned into orbital
contributions, it is appropriate to have the orbital pair contribu-
tions exhibit the effect of smallness and negativity normally found
in the total quasi-classical energy. In order to do this, the
nuclear repulsion term ZAZB/RAB must be broken down into orbital
pair contributions, Since their magnitude is approximately the
same as the electron-nuclear attraction terms, the following
definition can be made: Z (Aa) ‘:‘bP(Aa) :?(Aa)
is that part of the nuclear charge ZA on the nucleus A which is to

be associated with orbital Aa,

Then E2C = ,4%1 524 (Aa,Bﬁ)éc <A-7£ B)

(A 2,B4)% = 2(Aa) # (BL){ )R +[B4/- YRalB4]

t[Aa/-Ire| Aad +[Aa?/BL7])

It is seen that the orbital energy consists of a population
factor which is the product of two orbital populations and a
normalized quasi-classical energy between the orbitals (Aa) and (Bb).
This population factor will vary from zero to four., It will be zero
when both orbitals are unoccupied and four when both orbitals are

. doubly occupied, It will be in between these two extremes for all

other cases;7

/R, R, Rue, Chemical Binding in Homonuclear Diatomic Molecules.
(Unpublished thesis in ILowa State University Library)



The normalized quasi-classical energy represents the electro-
static interaction between the nuclear point charges and the
electronic charge clouds, In each of these orbital energies the
electronic cloud will shield the nucleus to a certain extent, and
for this reason (A a, 3/5—) Qc are called shielded nuclear attraction

energy terms.
Sharing Penetration Interactions

The sharing penetration portion arises from the sharing of
electrons between the atoms in the molecule, Before the molecule
is formed, one charge cloud on one atom repels the charge cloud on
the other atom. After electron sharing, part of the charge clouds
are now due to the same electron, causing a decrease in the inter-
action between the charge clouds,

Although there is a decrease in the interatomic electronic
repulsion, there is a larger increase in the intra-atomic electronié
repulsion because the electrons are much closer to each other and
will cause a greater repulsion. The overall effect of sharing
penetration is thus a raising of the total energy which is unfavor-
able for bond formation. Since interference cannot occur without
electron sharing, it is evident that it is an important effect in
the total energy lowering associated with bond formation.

Since this effect is purely electronic in nature, the sharing

penetration energies arise only from the second order density matrix,

18
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In mathematical terms, the part that describes the decrease in

interatomic pair density due to interatomic electron sharing is

TAB) =% 2 (A, BE) [Ba?| B£2T
t B 5 P Az IBEBE[A aAz)BEBLT
t £ 2P (Aaha/BE)[AaAa)BL*T
T f} aé_ PS?B#BZ/Aa)LB‘ZBZ/AaZJ (AZB)

where the first term is the major term,

sP
% (AalBt) = —fX(Ad/Bf):?(Aa/Bzﬂ)”f(Aa)}(Bf)
P*"(AaAzIBE) = P (AaAz|BL)
P*(B4BE|Aa)= P(B4BE/Aa)
P**(AaAz/BbBL)= P(A2Aa|BLBE)
The part that describes the increase in intra-atomic pair density
is given by 70" (A)=, % 2°F(Aq,Az) [A?]A 2*]
'f'a_éa”.' fx P (AarzlAa)[Aarz](Aa)™]
the first term is the predominant one and is derived from

gsp(Aa) AZ)ZfSP(Aa)g SP(A&)/G?;SP(A&/)
FlAa) = F gx (Aa, BZ) (B£A)

P57 (A Az)Aa’)= PZA aAi/;AZ) 8

8. Ruedenberg, op. cit.
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‘Interference

The most important part of the pértitioning is the interference
among the atomic orbitals., It is this interférence which causes
the stabilization energy required for a.chemical b§nd. Thé inter-
ference density causes a rearrangement in ﬁhe total density without
changing its total population. — |

Constructive interference rearranges the density so thatvdehsgiy
is taken from atoms and put in the bond region. Destructive inter-
ference does the opposite by‘taking density out of the bond region
and‘putting it close to the atom.

Most workers up to the time of the publication of Ruedenberg's
work felt that ﬁhe energy lowering required to form a chemical bond
came from a lowering of the potential energy. They based this
belief on the following reasoning, The.virial theorem is known to
be true for both the free atom case and also for the mole;ule inv
the equilibrium position. The change in the energy in. going from
the free atom to the molecule will gi‘ve a binding .énergy E B=

AV+A + (O withn AV<SO and A+ >O  with|AV[=2AT.
This shows the energy ‘lowering comes from the drop in potential
energy with the kinetic energy increasing.

Ruedenberg however, shows the energy lowering is in fact
caused by the large decrease in the kinetic energy when interference

occurs and there is usually a slight increase in the potential
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energy caused by interference.?

There are two types of interference energy, E T and E *
EII is the only term which contains interactions between different
bonds, The integrals that make up this term are large, but ﬁhere
is a considerable amount of internal cancellation within each
orbital pair causing each orbital pair and the total E T to be
small in comparison to ET in normal molecules. Ruedenberg feels
that since the E** term is small, this gives some theoretical
basis for the experimentally established additivity of bond energies.

The interference energy E* is broken down into orbital

contributions via EX= Z; EX(A,A)
EX(AAN) =24 P(AalAz)E<LAa,AcY (A#£A)
E<Aa,Aa»=T<{Aa,Azy + U{ Aa s Aa)
U Aa,Azd = 5 Us {An Az
Us {(Aa Azd =[{Aaha)/NuB]
+,é,2j; jI(Aa. /:\ctlBﬁ)RAaZ\a? /BJ—BZ)]
g T (AalalBAs)=P(AaAzlBL)/PAJAZ)
47(AaAa |B2Z)=P(AaAilB4BE)/PhalAz)d=E)

T<{Aa,hay=T(A ct,/’TZL)— 7S (A a,Aa)

TAa.,Aa)”‘T(Acsza)J -
L A £A )

9K. Ruedenberg, op. cit.
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The contribution to each orbital pair is made up of two parts;
the bond order P(Aa‘;\i) and the "resonance integral® E <Aa., Az >
This illustrates that the bond order concept does have an important
place in rigorous calculations and that the resonance integral is

more complicated than is considered in semi-empirical approaches.lo

10y, Ruedenberg, op. cit.



CHAPTER II
THE APPLICATION OF RUEDENBERG'S PARTITIONING ON THE HE-HE

INTERACTION

Ruedenberg and his co-workers have applied the Ruedenberg
partitioning method to several cases and have obtained good results,
The cases studied thus far have been the water molecule,1 the

2 some diatomic homonuclear systems3 and

hydrogen molecule ion,
some diatomic hydride molecule systems.4 In all of this work the
partitioning was done at only one internuclear distance, and mainly
as a compérison between different molecules of the same'family.

In the present investigation of the helium-helium interaction,
only one "molecule" will be investigated, but it will be studied
thoroughly within the'LCAO-MO-ééf model. The partitioning will be
done with several different wavefunctions and at several different
internuclear distances. The He-He interaction is an interesting |
system to study because although it does not have a strong

attractive force as in a chemical bond, there is an attractive force

between the two atoms due to van der Waals forces, Ruedenberg's

1C. Edmiston and K, Ruedenberg, J. Phys, Chem., 68, 1628 (1964)
E. Mehler and K, Ruedenberg, (to be published)
3R, R. Rue and K, Ruedenberg, J. Phys. Chem., 68, 1676 (1964)

. M. Layton and K. Ruedenberg, J., Phys. Chem., 68, 1654 (1964)
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method of partitioning would also be expected to be successful on
this type of interaction.

Van der Waals forces can be thought of as that force which
gives rise to the pressure correction constant, "a", in van der Waals
equation., The forces arising in the case of two interacting nonpolar
helium atoms were first derived by London and called dispersion
forces, Dispersion forces arise from.the attraction between the
molecules by means of a temporary dipole. Since the electrons in the
atom are moving, each atom can have a temporary dipole which is
capable of indueing a dipole in another atom parallel to itself,
Thus, although the overall dipole may be éero, the tendency for
alignment still exists and caﬁses attractive forces.5

The calculations of the repulsive energy and van der Waals
energy in two helium atoms have been done by a considerable number
of persons, Page,6 Slater and Kirkwood,7.and Karplﬁs and Kolker8
have done calculations on van der Waals forces only, Page performed
his calculations for helium atoms only, while the other two groups
concerned themselves with other atoms and molecules in addition to

their calculations on helium atoms. The remaining calculations

54, Margenau, Rev. Mod. Phys., 11, 1 (1939)
®c. H. Page, Phys. Rev., 53, 426 (1938)
3. €. Slater and John Kirkwood, Phys. Rev., 37, 682 (1931)

8. Karplus and J. Kolker, J. Chem, Phys., 41, 3955 (1964)
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- o

were performed for the interaction of two helium atoms at both the

repulsive region and the van der Waals region,

9-26 e early

calculations, which were performed by Slater and Rosen, were done

by the wvalence-bond method. Since then, however, the calculations

have been of the molecular orbital type.

91. c. Slater, Phys. Rev., 32, 349 (1928)

10p,
11y,

12M.

Rosen, J, Chem. Phys,, 18, 1182 (1950)
Griffing and J, F. Wehner, J. Chem. Phys., 23, 1024 (1955)

Sakamoto and E, Ishiguro, Progr. Theoret. Phys. (Kyoto),

15, 37 (1956)

13g,

l4s,

Huzinaga, Progr. Theoret. Phys. (Kyoto) 18, 131 (1957)

Huzinaga, Progr. Theoret. Phys. (Kyoto) 28, 15 (1958)

157, Hasino and S. Huzinaga, Progr. Theoret. Phys. (Kyoto),
20, 631 (1958)

16y,
173,
18N.

19p

20p

215

22g,

Moore, J. Chem., Phys.,vgé. 471 (1960)

J. Ransil, J. Chem, Phys., 34, 2109 (1961)

Lynn, Proc. Phys. Soc. (London), 72, 201 (1958)

E. Phillipson, Phys. Rev., 125, 1981 (1962)

Y. Kim, Zeitschrif£ fur Physik, 166, 359 (1961)

S. Dooling and P. Piper, Bull. Am. Phys, Soc., 5, 339 (1960)

Gasper and I. Tamassylentei, Acta Univ. Debrecen, Ludovico

Kossuth Nom., Ser. Phys, Chim., 8(4), 103 (1962)

23c. A. Coulson, Rev, Mod. Phys., 32, 170 (1960)

24y, s, Taylor and F. E. Harris, Molecular Physics, 7, 287
(1963-1964) ‘ .

255, C. Wahl (to be published)

26N, Kestner (to be published)
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The most accurate calculation using just 1S electron orbitals
was performed by Phillipson,27 in which the energy was minimized at
each internuclear distance by varing the orbital exponents of
1S and 1S*'. For this reason 1S,1S' basis set was one of the three
chosen on which to do the partitioning. The other two basis sets
were fhe 1S-2S~2Psperformed by Ransil?® and the recent 1S-1S'-2Ps
calculation by Wahl, 29

The potent{afhenergy curves of both Ransil and Phillipson-
showed a small minimum which appeared to be representing van der Waals
forces. The recent results of Wahl and Kestner,30 working indepen-
dently of each other, have shown that these minimums are merely
spurious and not true minimums. In fact, without doing a very
accurate calculation, one cannot obtain any true minimum in the
potential energy curve because the very small van der Waals forces
are part of the electron correlation "forces." Due to the large
amount of computer time involved, no one‘has performed such a
calculation to date. |

The first step in the actual calculations was to attempt to
duplicate the energy values obtained by Phillipson, Ransil and Wahl
for their respective basis sets, The values of the internuclear

'distanceé, weight factors and orbital parameters used were those

27p, E, Phillipson, op. cit.

288, J. Ransil, op. cit.

29A. C. Wahl, op. cit,

30N, Kestner, op. cit.
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published in their papers, The integrals needed to perform the
caiéulation were obtained from a program adapted from the IBM 7090
to the IBM 7040 by Matule,3! The calculated energy values using
these integrals were quite close to the published results, but not
so accurate as would be expected, The problem seemed to be caused
by the fact that enough significant figures could not be attained
from the integral program as it then ran on'the IBM 7040, yet these
were the only integrals available to our group at the time, The
partitioning was almost completed using these integrals until new
and better integrals were obtained from programs written by

32 The

Ruedenberg and his students at Iowa State University.
calculations were redone using these new integrals for the 15-1S',
1S=15*«2P> and 1S-2S~2P-, basis sets,

In order to calculate the energy, a vast amount of tedious and
lengthy algebra is involved., Therefore, a general program was
written to handle the algebra involved in the expansion of the first
and second order density matrices, The output from the General
Algebra program has been put on tape and can be used in conjunction
with the integrals to calculate the total energy. The General
Algebfa Program will handle all three basis sets reported here,

larger basis sets, as well as other diatomic molecules,

This program is based on f£inding the first order density matrix

3¢, Matule, (private communication)

32p, si1ver, (private communication)



28

in terms of the expansion P(X/X’) = :f_o G (X1X7)

Co (XIX') = Now P (X) (X))

/N are the number of orbitals involved and /\/M are the orbital
occupation numbers which vary from zero to two,

For the Hartree~Fock closed shell state the occupation numbers

are restricted to Nm: 2 M=/ 2. (N/Z)
Oy n? N/2
The pair density is then calculated from the first order density

matrix via 7 (¥, X2) = P(X,) P(X:L)“JZ' (O(Xl/Xz)z
The firsﬁ step in the actual partitioning is to set up the bond
order matrix P(AaJB(-) and the pair bond order matrix F 644/4;'/ 51'547 ’
which are obtained from the coefficients of the first and second
order density matric'es.33
For example, to illustrate what the bond order matrix looks

like for a specific case, the 1S-15' set may be considered. The

first order density matrix is

CONLNG 15alSa D No 1Sa /5L 1 2N /54 K5ar 2N SE/S 4 N2 15 ”
~ON_215a" 1S4’ ~2N_21SL /S’ +2N_* IS4 154’

The bond order matrix will have the form
1Sa /1S /1S4 /IS4’
1Sa [P(ISa]152) P(1salise?)  P(ISe]Is4) P{/Sa.//SJ- )

152" | P(154]ISa P(1S.71s2)  P(15a]1S4 P (15a71547)
154 |P(IS4fise)  PUIS4)isa)  Plstlis4) PUISE]ISE’)
152 \PUstise)  PUSEsar)  PUSHiss) PUSEJISE’)

33k, Ruedenberg, Rev. Mod. Fhys., 34, 326 (1962)



using the coefficients of the first oxrder density expansion the

bond order matrix will appear as follows:

/5a /Sa’ IS4 IS4’
I1Sa 2N, ® O 2N,* o
)Sa’ O 2N.2 O -2N-2
/S,d-l 2 N4? O 2N+* O
[54' O -2 N2 O 2N-

The pair bond matrix can then be attained in a similar way
from the coefficients of the second order density matrix, however,
it was found that there is an easier way to do this for SCF-MO
calculations on closed shell structures, In this special but
frequently occurring case the pair bond order matrix can be

obtained from )
P(AaAz|BABT) =P (AaAi|B4BL) —Px (AaAz|B4EE)

PclAAzIR4BE) =P (AaAz) P(B4|BL)
P (AaBalBEEL) =HfP(AalBt) P(Aa)BE)
*P(AxlBZ) P(AalB4))

"The total energy can now be expressed in the form

E:2aZe/R + £ 5%4 PlAa, BZ) [Aa/£/BL]

+5 £ £ 2, 5rP(hahzlBe BL)paldi | e8]
wherema/'{/gﬁ_‘] are the one~electron energy integrals and
qu_,zla_ }BZB—ZJ are the electron interaction integrals. A It can
nov be easily seen that the total energy for the system under the

SCF-MO closed shell case can be obtained in a more simplified way

29
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than that which uses the General Algebra Program.

The original basis sets are non-orthogonal, but in order to
use Ruedenberg's method of partitioning it is necessary to have an
orthogonal basis set., This can be accémplished by first obtaining
the transformation matrix via the Gram-Schmidt Orthogonalization
"procedure. This transformation matrix is then used to transform
the bond order matrix, the pair bond order matrix and the energy
integral matrices associated with them into an orthogonal basis set,

The first order density matrix can be written in the form

P= XY P X

where [P is the bond order matrix. The energy associated with this

is EI ::ﬂjﬂa{ X 75 fp

o =f(Xasl k] Xa)) (XaclhlXAg)
(Xac[AIX47) (X4s LA/ x/;/ )

The first and second order density matricics are invariant to

certain transformations on the basis set so that one can write

_
&( /:T X  Therefcre X:T X/ putting this into (o we get

CAT) PT ¥ fm o
~ )(IQf(’”ﬂ 4)1?’ IP r”w-l X’ O Tas

Maa =
P o= ()T P " =Toe

hnce (°= YT P’ Y



It can be seen from above that the matrix is expressed in the new
basis set by transforming the bond order matrix r into/yp/

by the transformation m s where 571A of CWW is the matrix that
is obtained from the Gram-Schmidt Orthogonalization,

In order to transform the one-electron energy integrals, it is

observed that E/:J;{X/{/O:/% .s2 P(/?-/S) (X/L,/i/xsl)
= (Xl 1Xs) = (( £ Tax X[ 4] 2 T X7)

:(é é Tas (XA//{/X/,/TSZ,)
= (%, w7s%) = hTT

>
where Zk and /s are rows of Z . For the second order

density matrix and the energy associated with it, this can be written

D70 %a) = % Zrha),(Ba), Plha AalBLBL) (B4).(BE)
A=A A= § Aighy
A:T~’Al Ag /Z(;x_ AX
therefore
T¥2)25% 4 & & Tam Tim
PlAaBi |BLBE) Thle T3k Al Alm Boi B5
2 L PN Al )Bin B Ao Al Bin Bt

'—/ntﬂﬂ— o

£ 2 727 7u3 PiAadalst)Tin Tix

Eimmi ez 44
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The ?7' energy contribution to E, Eo- is
Er=of % P(heAilBs82) [Aaha |BsBZ]
£ % PlAtn AmlBin B)Bon Al B B ]

/é\:d = ;é /Z}i?‘ /%gg
(A ALz 5&3&]:‘3_ A% Toma Ta;@aﬁi/B%@é]&;g‘j

I

A second transformation matrix is needed to transform these
orthogonal atomic orbitals into valence atomic orbitals (VAO's),
the orbitals used in the partitioning. This transformation matrix
-is obtained by finding the eigenvectors of the intra-atomic terms
of the new bond order matrix. In a way similar to obtaining the
orthogonal basis set, this new transformation matrix transforms the
orthogonal basis set into the basis set consisting of valence atomic
orbitals,

At this stage another check on the total energy should be made
to find out if the transformation has been performed correctly.
These new matricies and energy integrals are used as input to the

various partitioning programs,



CHAPTER 111

RESULTS AND CONCLUSIONS

The wavefunctions that were used for the different basis sets

~ were as follows:

1S-18"*

d + = Ny (1Sa +154)
4- = N- (1Sa’= 13 47)

1S=2S=2P
Pr =N[(1Sa+ 194 C+(2Sa+254) €1, H(2Psar 2R 4)(s |
Q. =N_[(I19a719)Ca+(25a-254) C2at(2 Pra-2FofCa]

1S=1S' 2P~
& =[(15a+154)Cy + (19a”+ 195.47) Crot(2 Poa + 2P 4)@},_—

cQ_ _—_—BlSa‘)Sﬁ)Cz,f(JSaLISﬂ )Caxt (2Pro. 2R.£) Cz_;j/\/z—

The 15~15' basis set generates the two molecular orbitals
qe.and ¥_ in quite a different manner than the 1S«1S'.2P-
basis set and the 1S=2S«2Ps basis set, If the 1S«1S5' basis set

was set up like the other two basis sets it would look like:
y.(_ = N+C(l$a+/§{)c“+ ( "Sa'/ + 13’6/) Clzj
& =N_ EUSa-/_Sﬁ)f“—l—( 1Sa - /Sﬂ’)c"ﬂ
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The ground state for both the 1S-1S' and 1S-2S<2Pr basis sets

is merely a c/: /Sa wavefunction with zeta = 1,6875, In this case
2. (X) = 219alSa T (X, X)=218a (1)/82(1)18a(2)/Sa (2)

E P :j/{ P(X) X =  -3.90234375 a. u.

E1ra =’i"f05 x,jo(x 2 77”6@ Xz)//L/z = 1,05468750 a, u.

" The total energy for the helium atom is equal to EPA + E ™n
which 1s -2,84765625 a. u, The ground state for the 15-15'=2P»
basis set is more complicated, The ground state wavefunction is

& = (C,, 1Sa + Ciz ]SQ/>/\/T

{O/-\(stz-[/+1 :Z(CHI ’SO. 1341*(“ C(Z ’Sa. l%a/
+Ci12C 1827 1Sa +Ci2* 1Sa’ !Sa,'>

Ta (X, X2)=Ca (X1) Ba (Xa) %] Ba (X 1X2) ] =
Ch= .18159
- — Ci2= ,g4289

E e 5-4? Ca(X) A x=  .s.s87033

a. U,

E7a :é‘foZX.f&éxzm(x,X%,f 1.02578755 8+ Ye

The total energy for the helium atom for this approximation is

-2,86164555 a., u, The exact energy is =2,90372 a. u. so that one
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can see the gfound state used in the 1S~1S'«2P, basis set is a
better approximation than the ground state used for the 1S-1S'
and 1S-2S<2Pr basis sets,

The He-He interaction presents a very interesting system to
study., One of the reasons for the interest in this system was the
large discrepancy in the theoretical energy calculations and the
experimentally determined energy in the repulsive region for an
intermucleay distance of 1,0 to 2,0 atomic units. Phillipsen
performed an extended configuration interaction calculation in this
region, but there remained a large discrepancy between the calculated
energy and the experimental energy. An exténded configuration
interaction calculation like Phillipson's should get quite close to
the experimental energy, therefore he postulated that the experi-
mental energy.was incorrect and that his calculation at the inter-
nuclear distances from 1,0 to 2,0 atomic units was much closer to
the true energy.1 This was a unique statement for Phillipson to
make since up to this time the acecuracy of a;calculation was based
on how close it came to the experimental energy. The result was
that new experimental work has been done on this 1nteractién and it
was found that the old experimental results were wrong and the new
eﬁperimental results were quite close to the calculated results

of Phillipson.

1Phill:lpson, op, cit,
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On the other hand, the calculations of Phillipson with a 1S-1S'
basis set (different from his confighration interaction calculation)?
and that of Ransil with a 1S=25-2P> basis set3 apparently came
quite close to the experimental values in the van der Waals region.
This is especlally true of Ransil's calculation in which the energy
minimum and the internuclear distance were very close to the experi-
mental results, These were the most accurate calculations that had
been done when this work was started, It was not'until quite
recently that more extensive calculations were completed on the
interaction. These new calculations of Wahl% and Kestner5 have
shown that the calculations of Ransil and Phill!pson-gave spurious
minimum in the van der Waals region. For this reason the 1S-1S'-2B,
basis set calculation of Wahl was chosen for Ruedenberg's pare-
titioning along with the 1S-1S' of Phillipson and the 1S«25-2Pc of
Ransil, It was felt that it would form an interesting comparison
to look ét these different calculations to see how Ruedenberg's
partitioning would expése_these problems in the wavefunction
approximations, if it did at all.

Before 1 begin a discussion of the partitioned fragments,

I will discuss the reasons Kestner believes the 1S-1S' and

1S=2S<2Po calculations are incorrect.,” In Ransil's calculation,

2Phillipson, op. cit.
3Ransil. op. cit,
4Wah1, op. cit.

SKeBtner s OP. cit,
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using a 1S«2S<2P; basis set, he forced Js = Sas = Lor = S

and he then varied this orbital parameter. If one compares the
energy obtained for the helium atom with a 15 orbital basis set
with the enexrgy obtained for the helium atom with a IS;ZS orbital.
basis set in which Cfls = dzs ,.j’, the energy obtained for these
two basis sets is exactly the same to fourteen significént figures,
Therefore this particular 1S«2S orbital basis set is not a better
approximation than just the simple 1S basis set which is a poor
approximation to the energy for the helium atom, Thus, the
1S«25-2Py basis set, using the same orbital parameter values for
all three orbitals, describes the atom very poorly but it describes
the molecule fairly accurately, In order to have a good description
of what is happening; the wavefunction must describe both cases to
the same order of error. When one subtracts out the separated atom
energies from the total energy a spurious minimum occurs which

can be traced back ﬁo error accumulation in this poor approximation
to the ground state, This ground state is like a "“standard state"
and if one has a bad "standard state" it can cause all of the
results to be inaccurate. The only reason Kestner gives for the
spurious minimum in Phillipson's 1S-1S' calculation is that by
using very simple wavefunctions, the energy is subject to considerable
error.6 One thus sees that a complete shift has taken place, since

originally the calculations of Ransil and Phillipson were thought

6Kestner, op. cit,



to be quite good in the van der Waals region'but quite poor in

the repulsive region. Now it is felt that just the opposite is
true. The wavefunctions are fairly accurate in the repulsive region
but not very accurate in the van der Waals region.

In performing the transformations from Slater atomic orbitals
into valence atomic orbitals, the transformations progressed very
smoothly for the 1S«2S<2Py and the 1S-1S'=2Ps basis sets, The
1S-1S' basis set gave some problems beyond 2.8 a. u., for which
the values of Fis and tfl$' become very close to each other
causing the transformation matrices to become unstable. In fact,
at the internuclear distances of 3.071834, 10.0 and 20.0 a. u.,

Fis=Fs" and the transformation could not be performed at all,
Although the total energy was correct after the transformation,
some of the individual fragments of the partitioning gave results
that were as much as a factor 107 away from the expeéted results,
-For this reason, where the 1S-1S* basis set is not discussed in a
particular partitioned fragment, assume that meaningful results
were not obtained for that particular fragment. Of course, this

—makes one question whether anf of the fragments for the 1S-1S!
basis set. are correét. One doés not know for sure, but the
fragments that do not givequmpletely unmeaningful results do show
definite trends that are interesting to trace.

Another problem occurs in interpreting the results in the van
der Waals regions, in that the total energy and the partitioned

fragment energies are so small that the values obtained are right

38
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on the edge of the accuracy of the calculations, For this reason
the trends in that region have been considered and not just one
isolated internuclear distance,

In calculation of the promoted state energies, Ruedenberg and
his students decided to transform from valence atomic orbitals back
into tthSIater Esggic orbitals, The reason they stated for doing
so were that since the promoted state was still atomiec in nature
it was more meaningful to use Slater atomic orbitals.7

I have a differing opinion in that the promoted state is still
one of the necessary steps in conceptually building up a molecule,
The orbital parameters have the same values in the promoted state
as in the molecule, The hybridization which occurs in the promoted
state for the orbitals is molecular in nature and should be#t be
described in terms of valence atomic orbitals, For these reasons
I felt it was more meaningful to perform the partitioning for the
promoted state in terms of valence atomic orbitals,

It is now apparent that Ruedenberg and his students had other
reasons for transforming the basis sets back to Slater atomic orbitals,
The transformation into valence atomic orbitals causes the promoted
state partitioning separation into contraction promotion and
hybridization promotion to be incorrect, This can easily be seen

by looking at the 1S«15'«2P> basis set for which there should be

7Rue and Ruedenberg, op. cit.



no contraction promotion because the values of the orbital parameters
for all three orbitals do not change their value from the ground
state to the promoted state, but the tables do definitely give

the contraction promotion energy a large value,

In this case it can easily be resolved, since there is no "real”
contraction promotion, by adding together the values given for
contraction promotion and hybridization promotion., One can obtain
from this the true values of hybridization promotion. In the 15-1S?
and 15-2S-2Pr cases where there is a change in the orbital
parameters from the ground state to the promoted state one cannot
obtain contraction promotion or hybridization promotion as completely
independent quantities,

It is interesting to speculate on the importance of contracﬁion
promotion, Ruedenberg has placed strong emphasis on the connection
between contraction promotion and interference,® There may be a
strong relationship between the two for a normal chemical bond but
this does not seem to be true for the He-He interaction.

The difference between the values obtained by Wahl for the
partitioned calculaﬁion I have which use the atomic values for the
orbital parameters and the calculation in which the orbital
parameters are optimized shows a maximum of 67 difference in the
energy calculation at 1.0 a., u. and a decreasing difference with

increasing internuclear distance. Beyond 4.7 a. u. there is no

8Ruedenberg, op., cit,



difference in the energy to the number of significant figures that
Wahl calculated.

For the 1S5-15' and 1S-2S5-2Ps basis sets no one has calculated
the He«He interaction energy curve using the atomic values of the
orbital parameters., Therefore one cannot compare the energies
resulting from optimized orbital parameters with the energies
obtained by using atomic orbital parameters, Howéver, the difference
in the values of the orbital parameters in the separated atom case
and for two atoms at large internuclear distances is quite small,
For the 15-25-2P+ basis set at 5.102325 a. u. the Js = Jas = Jarr
= J = 1.6870 and for the separated atom case S = 1,6875, For the
1S-1St basis set the values at 6,238185 a. u. are Fis = 1.6862,

Jis” = 1,6888, and for the separated atom case Yis = Jis/ =
1.6875,

Due to the previously mentioned problems and the apparent
smallness of contractive promotion in this particular case, the
breakdown of the promotion energy into contraction promotion and
hybridization promotion has been abandoned in favor of simply
looking at the total promotion energies, |

The internuclear distance of appfoxima;ely 5.12 atomic units
is the internuclear distance at which Ransil obtained his minimum -
energy for the 1S=~2S<2Pr basis set and is approximately the
experimentally determined point at which the van der Waals minimum
occurs, It is therefore interesting to investigate at internuclear

distances in the neighborhood of this point what the partitioning
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scheme tells us, This will be done in terms of the total energy
of each part and also an orbital subdivision of each part, Table 1
will be of great help in following what is to be said. The specific

In promotion there are two possible effects that may occur.
There is a changehin the values of the orbital parameters, which
will usually increase from the values they had in the atom. This
will cause the valence electrons to contract toward the nucleus
and a drop in the potential energy will occur, The electrons will
have less room in which to move and this will cause the kinetie
energy to increase, The increase in the kinetic energy is greater
than the drop in potential energy and thus the total energy will
be positive,

Normally, opposed to this effect is the hybridization of the
orbitals which will cause an expansion of the orbitals, This
expansion will cause the potential energy to increase, the kinetic
energy to decrease and usually the total effecﬁ is dominated by the
potential energy so that the total energy will increase,

In a normal moleéule at the equilibrium position the energy
associated with a change in the values of the orbital parameters
;s much greater than the energy due to hybridization._;From what
was stated préviously, this may not be the case.for the He«He
interaction,

For the 1S-15'«2Ps basis set, as stated before, there is no

change in the values of the orbital parameters, and so one is left
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TABLE I = GENERAL VALUES OF THE PARTITIONED FRAGMENTS IN THE

Kinetic Promotion
Enexgy

Potential Promotion
Energy

Total Promotion
Enexrgy

Quasi-~Classical
Energy

Interatomic Sharing
Penetration Energy

Intra-atomic Sharing
Penetration Energy

Kinetic Interference
Energy

Potential Interference
Energy

Total Interference
Energy

VAN DER WAALS REGION

15-25-280"
+
+*
+*
+*

15-15"

Pt

S-1S5* -_gg_a'

—

[
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to consider only hybridization promotion. The 1S=1S'«2P> basis set
gives a positive kinetic promotional energy and a negative potential
promotional energy with the kineticvbQEE being greater to give a
positive total promotional energy. This is interesting because it
is opposite of what is expected and indicates that instead of
expansion occurring there is actually contraction occurring due to
hybridization,

The 1S«2S<-2Pc basis set is more complicated because one has
both contraction promotion and hybridizgtion promotion involved,
In this case the potential promotional energy is positive, the kinetic
promotional enexgy is negative and the total promotional energy is
positive. ihis expansion is due to two factors: 1) There is an
expansion 6ccurr1ng due to the hybridization of the orbitals,
2) 1In contrast to the situation in most molecules there is an
expansion due to the change in the value of the orbital parameter,
In this case the value of the orbital parameter in the van der Waals
region is less than the value of the orbital parameter in the
separated atom case for this 1S-2S=-2Pc calculation., Kestner
claimed that the problem with the 1S-2S<2Pc basis set was the
separated atom case, This séparated atom factor occurs in the
promotion energy, so it is here that one would expect the problems
to occur, It does seem apparent that this problem is due to the
fact that there is an expansion instead of a contraction as would
be expected. It must also be said that the 1S«1S'=2K basis set

does not give normal results because it gives contraction for



hybridization and not the expected expansion. This contraction may
be due to the fact that the 1S-1S'=2P; basis set is nonbonding.
This nonbonding causes the results in most of the fragments to be
just the opposite of the results found in a bonding situation.

At very small internuclear distances, the quasi-classical
interactions are also repulsive since the nuclear-nuclear term,
which is repulsive, becomes much greater than the attractive terms,
At larger internuclear distances the quasi-classical energy becomes
attractive, It can be seen in Tables III through V that this is
precisely what occurs in all three basis sets,

In a typical molecule interatomic electronic repulsion is
replaced by additional intra-atomic electronic repulsion as the
atoms proceed to share thelr electrons in forming a molecule., Since
the intra-atomic repulsion is much larger than the interatomic
repulsion (the electrons being closer to each other) it is evident
that this sharing penetration of the pair density will raiselthe
total energy and thus be unfavorable to bond formation, For further
discussion on the sharing penetration fragment refer back to
Chapter I.

For the case in which no electron sharing occurs as the atoms
are brought closer together, the interatomic electronic repulsion
will increase and this will cause a compénsating decrease in the
intrae-atomic repulsion,

The 1S=25-2Ps basis set gives a negative interatomic sharing

penetration energy and a positive intra-atomic sharing penetration



energy with the total energy being positive, This shows that
sharing of electrons is occurring which is a good indication that
constructive interference is also occurring. One does not know
what the intra-atomic energy of the 1S«1S' basis set is but the
interatomic energy is negative, indicating that constructive intere
ference is also going to occur for this basis set.

The 15«15'«2Po~ basis set on the other hand, gives a positive
interatomic sharing penetration energy and a negative intraeatomlc
sharing penetration energy contribution, showing that no sharing of
electrons is occurring and implying that there will be destructive
interference,

The most important part of interference is the kinetic part.
Ruedenberg showed that the reason a chemical bond forms is due to
the large decrease in kinetic interference energy for constructive
interference. The potential energy will usually increase somewhat
although this is not always true, The total interference energy
for constructive interference will be negative., Destructive
interference will show opposite effects with thé kinetic inter-
ference energy being positive and the potential interference energy
will generally be negative and the kinetic part will again dominate.
It is the sign of the kinetic interference energy which shows
vhether constructive or destructive interference will occur.

The lowering of the kinetic energy for constructive inter-
ference is similar to the energy lowering of the electron~-in-a=box

vwhen the contalning box is increased in size. The raising of the
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a1
potential energy is due to the fact that the interference effect
cannot create new charge between the atoms, but merely transfers
cﬁarge from the atomic regions into the bond region., Since the
electrostatic potential is much lower near the nuclei than at the
bond midpoint, the interference process is unfavorable with regards
to the potential energy,’

The 1S=2S=2Po- and the 1S-1S' basis sets both have a negative
ki;étic interference energy, a positive potential interference
energy, with the total interference energy being negative. This
shows that both of these basis sets are giving constructive inter-
ference which is consistent with the sharing of electrons that
occurred in the sharing penetration part.

Ihe 1S=15'«2P>- basis set glves a positive kinetic interference
energy, a negative potential interference energy and the total
interference potential enexrgy is slightly negative., Thus the
1S«15'=2Pc basis set gives destructive interference in accordance
with the fact that no sharing of electrons occurred and may also be
the explanation of why contraction hybridization occurred instead of
expansion hybridization,

One can now look at these various partitioned fragments at
these large internuclear distances in terms of an orbital subdivision,
The orbital paif energy consists of the energy associated with just

the interaction between the two orbitals in that particular orbital

9Ruedenberg, op, cit,



pair, For example, the (1Ss,2Sb) orbital pair gives the energy
associated with the interaction of the 1Sa orbital with the 2Sb
orbital in the fragment being considered, For the case in which
the orbitals are exactly the same and on the same atoms, for
example the (1Sa,lSa) this orbital pair is just the energy for the
1S3 orbital alone, In all cases the contribution from all orbital
pair interactions involving the 2Ps orbital are negligible, for
example (1Sa,2Pcb), and (2Pca,2Pra). Table II will be of great help
in the following discussion. More explicit values can be found in
Tables XV to XLI,

The promotion energy for the 15«25«2P> basis set has the
(1Sa,1Sa) orbital pair having a negative kinetic energy, a positive
potential energy and a total energy being positive. Therefore,
this orbital is undergoing expansion, The (1Sa, 2Sa)and (2Sa, 1Sa)
orbital pairs have a positive potential energy, and no contribution
from the kinetic part., This indicates that these orbital pairs are
also undergoing expansion. The (2Sa, 2Sa) orbital pair has a positive
kinetic part, a negative potential part and the total is negative,
For this reason this orbital pair is undergoing contraction, These
results all seem quite logical when one considers that the grouhd
state is only.a 1S atomic orbital with a Cﬁs = 1,6875.,

The 1S-1S'«2Pc basis set gives some interesting results in
comparison to thé 15-28-2P> basis set, The (1lSa, 1Sa) orbital pair
has a positive promotion kinetic energy, a negative promotion

potential energy, and the total promotion energy is negative,



TABLE II GENERAL VALUES OF THE ORBITAL PAIRS FOR THE PARTITIONED
FRAGMENTS IN THE VAN DER WAALS REGION

15=25-28¢-
(1Sa,1Sa) (15a,25a) (25a,25a)
or or or
(1Sa,15b)  (1Sa,25b) (25a,25b)
Kinetic Promotion - 0.0 +
Energy '

Potential Promotion + + -
Energy '
Total Promotion + + ‘ -

Energy

Quasi-Classical - 0.0 0.0
Energy

Interatomic Sharing + - 0.0
Penetration Energy

Intra~atomic Sharing + + 0.0
Penetration Energy

Kinetic Interference + - 0.0
Energy

Potential Interference
Energy

Total Interference * - 0.0

Energy
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TABLE II (Continued) GENERAL VALUES OF THE ORBITAL PAIRS FOR THE

PARTITIONED FRAGMENTS IN THE VAN DER WAALS REGION

Kinetic Promotion
Energy

Potential Promotion
Energy

Total Promotion
Energy

Quasi~Classical
Energy

Interatomic Sharing
Penetration Energy

Intra-atomic Sharing
Penetration Energy

Kinetic Interference
Energy

Potential Interference
Energy

Total Interference
Energy

15-15'-2Pc

(18a,152)
or
(15a,15b)

+

(15a,15a')
“or
(1Sa,15b*)

0.0

(15a*,15a")
or
(150 ,15b")

0.0

0.0

0.0

0.0

0.0

0.0
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There is now a hybridization contraction occurring, The (1Sa,1Sa')
and (1Sa',1Sa) orbital pairs have a negative kinetic part, a
positive potential part and a positive total energy. In this case,
expansion hybridization promotion is occurring, The (1lSa', 1Sa')
orbital pair has a negative kinetic energy, a positive potential
energy and the total is positive. Again, expansive hybridization
promotion is occurring. At first glance these results sé?m to be
the opposite of what one would expect, but 1f one considers the
small weight factor associated with the ground state of the 1S
orbital, it seems logical that it would contract and the 1St
orbitél would expand due to its larger weight factor.

The quasi-classical energy will be discussed in terms of an
orbital subdivision. The (1Sa, 1Sb) orbital pair is negative for
all three basis sets, The other orbital pairs are equal to zero
for all three basis sets. As in the total quasi=classical energy,
the orbital pairs for all three basis sets follow the expected
results,

For the 1S=2S5-2P- basis set the sharing penetration energies
have the following values: the interatomic sharing penetration
energy is positive for the (1Sa, 1Sb) orbital pair, and negative for
the (1Sa, 2Sb) and (2Sa, 1Sb) orbital pairs. This tends to indicate
that the (1Sa, 1Sb) orbital pair has no sharing of electrons and
destructive interference, whereas the (lSa, 2Sb) and (2Sa, 1Sb)
orbital pair allow sharing of electrons and constructive interference

can occur. The intra-atomic sharing penetration energy is positive
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for the (1Sa, 1Sa) orbital pair, which is just the opposite of the
expected results since a positive result was obtained for the
interatomic part of the (1Sa, 1Sb) orbital pair.r This unexpected
result may be due to the fact that the results obtained at these
large internuclear distances are close to the accuracy of the
calculation, This is felt to be especially important here since
for the intra-atomic sharing penetration energies for all three
basis sets and for all the orbital pairs, the energies change signs
at internuclear distances a little less than 5,0 atomic units,

The (1Sa, 2Sa) orbital pair has a positive sign which in this case is
the expected result,

The 1S«15'«2Pc basis set for the interatomic sharing
penetration energiés has for the (1Sa, 1Sb) orbital pair a positive
value and the (1Sa, 1Sb') and (1Sa', 1Sb) orbital pairs are negative
so that like orbitals have the same signs, as they did in the
15-25-2P> basis set., The difference is then seen to be that in the
15-25«2P> basis set the (1Sa, 2Sb) and (2Sa, 1Sb) orbital pairs
have ; greater value than the (1Sa, 1Sb) orbital pair. In the case
of the 1S-15'«2P> basis set the opposite occurs with the (1Sa, 1Sb)
orbital pair having the larger value and thus’predominating over the

(1Sa, 1Sb') and (lSa', 1Sb) orbital pairs, The intra-atomic sharing
| penetration energy for the 1S-1S'~2Pc basis set glves a positive
value for the (1Sa, 1Sa) orbital pair and negative values for the
(1Sa, 1Sa') and (1Sa', 1Sa) orbital pairs, which in all cases is

the opposite results of what one would expect by looking at the



interatomic sharing penetration energies, Once again the reason for
this is probably that the smallness of the values puts one close to
the accuracy of the calculation as discussed under the 1S«2S5-2Po
basis set.

The 1S-1S' basis set, for all .orbital pairs and for both parts
of the sharing penetration energies, gives the same results as the
1S-2S-2Pc basis set, Again, the close parellism between these two
basis sets is seen, |

The orbital partitioning for the interference energy on the
1S=2S-2Pc  basis set has the (1Sa, 1Sb) orbital pair having a
positive kinetic interference energy, a negative potential inter=
ference energy and the total is positive, This orbital pair is
undergoing destructive interference as was expected from the
sharing penetration energies, The (1Sa, 2Sb) and (2Sa, 1Sb)
orbital pairs have a negative kinetic interference energy, a
positive potential interference energy and the total interference
energy for this orbital pair is negative., Therefore, these orbitals
are undergoing constructive 1n£erference, as expected,

The 15-15'«2P>- basis set has the (1lSa, 1Sb) orbital pair
having a positive kinetic interference energy, a negative potential

interference energy and a positive total interference energy. This
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orbital pair, as in the 1S-25-2Po basis set, is showing destructive )

interference. The (1Sa, 1Sb') and (1Sa', 1Sb) orbital pairs have a
negative kinetic interference energy, a positive potential inter-
ference energy with the total interference energy being negative for

this orbital pair, These orbitals show constructive interference



just as they did in the 15-25-2Pr basis set, The difference
between the two orbital basis sets for interference is again the
same factor as in the interatomic sharing penetration energies, In
the 1S-25-2Ps basis set the (1Sa, 2Sb) and (2Sa, 1Sb) orbital pairs
predominate over the (1Sa, l§2) orbital pairs to give constructive
interference for the total interaction., In the 15«15'«2Po basis
set the (1Sa, 1Sb) orbital pair dominates over the (1Sa, 1Sb') and
(1521, 15Sb) orbital pairs to give a total destructive interference,

The 1S-1S' basis set again parallels the 1S«2S<2P> basis set
in all interference parts and for all orbital pairs,

Another interesting aspect of this problem is that for all of
the molecules that Ruedenberg and his students have studied the
kinetic interference energy was negative exéept for Bez and Cj,
in which cases a positive kinetic interference energy was found,
These are the only two molecules studied in which the total energy
was nonbonding.lo This indicates that the kinetic interference
energy term may be significant in determining whether a bonding
energy will be obtained for a particular wavefunction. In other
words, this fragment may be a simpler way of determining which
wavefunction approximation will give a lower energy calculation,

It also appears that the Ruedenberg partitioning method may be
useful in determining where a wavefunction approximation is in

.error as it appears as it did for the 1S<25-2Po0- basis set in

10pye and Ruedenberg, op. cit,
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indicating that it occurred in the promoted state.

Now that the partitioned fragments have been examined in the
van der Waals region an investigation into the nature of these
fragments at the close internuclear distances will be undertaken.,
The results talked about here can be seen in Tables III to XIV,

The promotion energy for the 1S-2S<2P> basis set shows the
potential promotion energy has a positive value in the van der Waals
region, which changes to a negative value at 3,7795 atomic units
and then changes back to a positive value near 2.0 atomic units,
The kinetic promotion energy which has a negative value at laxge
internuclear distances becomes positive at 4,15745 atomic units and
reverses to a negative value in the area of 2,0 atomic units,

These changes in the neighborhood of 4.0 atomic units are due
to the contraction of the orbitals as the atoms approﬁch each other,
At this internuclear distance the value of the orbital parameter
is still less than the value for the separated atom, This could
cause an expansion, but the contraction hybridization has a greater
value so that the total effect is contraction,

The value of the orbital parameter for the promoted atom does
become greater than the value for the grouqd state, but this does
not happen'until the internuclear distance of 3.307063 atomic units
is reached, This contraction reinforces the contraction due to
hybridization, The change from a contraction to an expansion
near 2,0 atomic units correlates with the change in the orbital

parameter back to a value that is less than the separated atom
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value, At these close¢ internuclear distances the orbital parameter
varies significantly from the ground state and will cause a con-
siderable expansion that will be greater than the further contraction
that is expected from hybridization,.

The potential promotion energy for the 1S-15'«2Pc basis set,
which has a negative value in the van der Waals region, shows a
gradually increasing value that becomes positive at 3.0 atomic
" units, increases to a maximum at 1,75 atomic units and then
decreases to attain a negative value at 1,0 atomic units, The
kinetic promotion energy which is positive at large internuclear
distances remains positive and gradually increases., As in the van
der_Waals region, the orbital parameter has the same value in the
promoted state as in the ground state, Therefore one n;;d;—to be
concerned with hybridization only., The increasing positive value
of the kinetic promotion energy is caused by the electrons having
less and less room in which to move as the atoms are brought closer
together, The effects talked about under sharing penetration and
interference will help to explain the behavior of the potential
promotion energy,

The quasieclassical energy which is negative at large intere
nuclear distan;eg for al; three basis sets goes through a minimum
at 1,36 to 1,70 atomic units and becomes positive from 1,0 to 1,39
atomic units, depending on the basis set, It is interesting that
only the quasi-classical energy fragment shows any uniformity in

the values for all three basis sets, At close internuclear



distances the nuclear repulsion term becomes very large and causes
the increasing positive value for the energy,

The interatomic electron sharing penetration enexgy is
negative for the 1S-2S<2P0 basis set at large internuclear
distances, but it increases and becomes positive at an internuclear
distance slightly greater than 2.0 atomic units and increases
rapidly thereafter, The 1S-1S' basis set shows the same trends in
the interatomic electron sﬁaring penetration energy but the numbers
become positive at'an internuclear distance of approximately 3.75
atomic units, The 1S«1S'-2Po basis set ylelds an 1nterat9m1c
electron sharing penetration energy, which is positive at large
internuclear distances, increases until it reaches 1.5 atomic units
where it decreases and at 1,25 atomic units it is negative,

The sharing of electrons which occurred for the LS-IS' and
15«25-2Pc basis sets as has been discussed previously in the van
der Waals region caused a decrease in the interatomic electron
sharing penetration energy, which is due to the decrease in the
1nieratomic repulsion. As the atoms approach each other at inter-
nuclear diétances closer than the van der Waals separation, the
electrons are forced closer and closer together and will repulse
each other to a larger and larger extent, and thus cause the
interatomic electron sharing penetration energy to iﬁcrease. The -
1S=15'«2Pc- bésis set'which had no electron sharing for large
internuclear distances also shows the increase in interatomic

electron sharing penetration energy which is caused by a Eurtﬁer
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interatomic repulsion increase as the atoms are brought closer
together. The decrease in the interatomic electron sharing
penetration energy that occurs within 1,25 to 1.50 atomic units is
due to electron sharing that is forced to occur at these close
intemuclear distances, and this will thus cause a decrease in the
interatomic electron repulsion,

The intrae-atomic sharing penetration energy for all three basis
sets acts just as is expected, That is to say the curves have the
opposite sign of what they have in the interatomic sﬁaring penetration
part and increase or decrease at the same points as the interatomic
sharing penetration energy.

The kinetic interference energy for the 15«25«2P> basis set
is negative in the van der Waals region and reaches a minimum at
3,7715 atomic units, It becomes positive near 2,83 atomic units
and increases rapidly thereafter, For the 1S-1S' basis set the
kinetic interference energy shows a similar behavior. It is negative
in the van der Waals iegion, has its minimum at 4.725898 atomic units,
becomes positive at 3,780718 atomic units and increases rapidly after
this, except at the very last poiﬁf where it has a slight decrease
in value,

The 1S«2S«2P> and 1S=1S' basis sets both show minimums in the
kinetic intexference energy which occurs at the point where the
electrons, affer having been shared, have the greatest rocom in
vhich to move. As the atoms get closer together the kinetic
interference energy increases and becomes positive showing the elec-

trons then have less room in which to move than they had in the



separated atom. The decrease that occurs for the last point of the
1S-1S' basis set is probably due to the effect of the united atom
case, The 1S-1S' basis set has an unusual united atom limit of a
1521P2 basis set. Kestner also states that calculations below 1.0
atomic units are open to several problems.11

At close internuclear distances, the 1S-1S'<2Po- basis set
gives quite different results from the other two basis sets, The
kinetic intgrference energy, which is positive in the van der Waals
region, increaséé slowly as the nuclear centers get closer together
until 1.25 atomic units, at which point a decrease in the energy
occurs, and at the closest point 1,0 atomic units the energy
becomes negative,

The 1S«1S'«2Po basis set has shown destructive interference
in the van der Waals region and continues to show a gradually
increasing kinetic interference energy until the region of 1,00 to
1.50 atomic units is encountered. In this region the sharing of
electrons allows constructive interferencg to occur and tﬁus allows
the electrons more room for movement and causes tﬁe kinetic intere

ference to decrease and become negative,

The potential and total interference energies in all three cases

back up the results we have just discussed, The increase in the

potential interference energy for the 1S«2S<2Pc and 1S-1S* basis

11Kestner, op. cit,
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sets 1s due to the fact that the transfer of charge to bond midpoint
becomes less and the electrostatic potential decreases, ‘

An investigation -into the nature of the fragments at close
internuclear distances will now be undertaken for the orbital péir
subdivision. The explicit numbers can be found in Tables XV to XLI.

The promotion energy for the 1S<2S.2Po- basis set shows that
the contraction hybridization that occurs around 4.0 atomic units is
due to the (1Sa, 1Sa) orbital pair. Both the kinetic and potential
energles change their sign in this region, but for the other orbital
pairs no change of sign occurs, At these closer internuclear
distances hybridization 1s causing a transfer from the outer orbitals
to:the 1S orbital. The expansion that occurs around 2.0 atomic units
is again caused by the change in the (1Sa, 1Sa) orbital pair, The
1Sa orbital is affected by the considerable chénge in the orbital
parameter with respect to the ground state, |

For the 15-1S*'«2Po- basis set the decrease that occurs in the
promotion potential energy around 1.75 atomic units is not directly
traceable to any specific orbital pair but is caused by the come
bination of all orbital pairs.

The orbital pair subdivision of the quasi~classical energy
shows nothing new. All orbital pairs for all three basis sets are
negative until they reach the close internuclear distances where
they all become positive,

An examination of the interatomic sharing penetration energy

for the 1S-25-2Pc basis set reveals the (1Sa, 1Sb) orbital pair is
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positive and the (1Sa, 2Sb) orbital pair is negative for all inters
nuclear distances, While at large internuclear distances the
(1Sa, 2Sb) orbital pair predominates, at close internuclear distances
the (1sa, 152) orbital pair energy becomes larger. In the 1S<1S?
basis set the overall positive value for the interatomic sharing
penetration energy is obtained by the (1Sa, 1Sb') orbital pair
becoming positive at close internuclear distances. This behavior
of the (1Sa, 1Sb') orbital pair is the expected results since the
electrons have been shared in the van der Waals region, at close
internuclear distances the interatomic repulsion should increase.
The negative increasing behavior of the (1Sa, 2Sb) orbital pair in
the 1S=2S<2P> basis sgt is wnexpected and so far unexplainable.
The 1S=1S'«2Po basis set shows similar results to the
15-25-2P>- basis set, The (1Sa, 1Sb) orbital pair is positive and
the (1Sa, 1Sb') orbital pair is negative at all intemuclear
distances, The decrease that occurs in the total interatomic
sharing penetration energyvat 1.25 atomic units is in fact due to
the large decrease in the (1Sa, 1Sb') orbital pair at this point.
This decreasing nature of the (lSa, 1Sb') orbital pair as in the
case of the (1Sa, 2Sb) orbital pair in the 15-2S-2Ps basis set is
so far unexplainable. Both of these érbital pairs, at large
intermuclear distances, had sharing of electrons, At very close
intemuclear distances these orbital pairs would be expected to
become positive because the interatomic repulsion should become

greater as these atoms are brought closer together.



In general, the intra-atomic sharing penetration enexgy for
both the 1S=2S«2Ps bna 1S-1S'«2Pc basis sets give the opposite
sign of the interatomic sharing penetration energy for all of the
orbital pairs. These are the expected results and although at a
few internuclear distances there are some exceptions, they are not
thought to be significant,

For the interference enexgy of the 15S-25-2Pr and 1S=1S' basis
sets both give similar results. The (1Sa, 1Sb) orbital pair has a
positive kinetic interference energy in the van der Waals region,
which remains positive even at close internuclear distances. The
potential interference energy is negative in the van der Waals
region and continues to remain negative for close internuclear
distances. The (1Sa, 2Sb) and (1lSa, 1Sb') orbital pairs have 2
negative kinetic interference energy for large internuclear
distances which at close inte:nuci;ar distances eventually become
positive. The potential interference energy has just tﬁé»ééposite
valués, as it is posit;ve at large internuclear distances but
becomes'negative at close internuclear distances, Orbital pairs
that have a negative interference energy at large internuclear
distances are showing that they have "overlapped" and that the
electrons have more room in which to move than they did in the atom,
As the atoms get closer together ;he room they have in which to
move will eventually become smaller and soon the room for movement
will become less than in the atom. At this point the kinetic

interference energy will become positive, As can be seen this is
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exactly vhat happens in the (1Sa, 1Sb') and (1Sa, 2Sb) orbital pair
situations,

fhe 1S=1S'w2Po- basis set has the (1lSa, l§2)_6rb1tal pair
showing the same behavior as the (1Sa, 1Sb) orbital pair in the
1S=25-2Po- and 1S-1S' basis sets, The (lgg, 1Sb') orbital pair
which has a negative kinetic interference energy in the van der
Waals region has a decreasing negative value even at very close
internuclear distances., The potential interference energy which is
positive at iarge intermuclear distances changes to a negative
value at closer internuclear distances. These results are quite
. unusual for two reasons. The kinetic interference energy should
become positive at close internuclear distances, which it does not.
Also, at close internuclear distances both the kinetic aqd potential
lﬁterference energies are negative and usually these two quantities
have opposite signs, These results are unusual, I submit the
following possible explanation.

It appears that as the atoms are brought closer together the
(1Sa, 1Sb') orbital pair is becoming distorted, Overlap between
these two orbitals is still occurring, but part of the orbitals are
being enlarged away ffom the bond region, causing the electrons
to have more room 1n’which to move, This distortion of the orbitals
away from the bond region would also explain fhe reason the potential
energy is negative. The electrostatic potential will be lower at
points near the nuclel and away from the bond region and therefore

the charge transferred away from the bond region and near the nuclei



will cause the potential enexgy to become lower. This hypothesis
can be chécked by the use of plotting programs now available in our
group,

In conclusion it can be said that Ruedenberg®’s partitioning
scheme worked very well, It has been shown that this algorithm
will work not only for an&lfgis of the chemical bond in molecules
in their equilibrium configurations, but it works equally well for
other types of interactions betwesen atoms. It gives consistent
results over a wide range of internuclear distances, This partition-
ing method also appears to be able to show where an incorrect
wavefunction is in error.

This work has also shown areas in which further research is
needed to clarify the partitioning. The gemeral partitioning into
a promoted state gives reasonable results, but the further partitione
ing of this fragment as outlined by Rue and Rnedenberg12 into
contraction promotion and hybridization promotion has certain
inherent problems associated with it, The need to transform the
valence atomic orbitals back to Slater atomic orbitals for the
promoted'state makes the partitioning restricted to a specific -
type of orbital basis set., Even after this transformation has been
performed the contraction promotion and hybridization promotion
parts are not completely separated, The overlap integrals which

should only occur in the contraction promotion part also occur in

12Rye and Ruedenberg, op. cit.
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the hybridization promotion part,

It is also questionable whether the orbital subdivision is
worth all of the extra time involved, After a careful investigation
into the nature of the major fragments, an insignificant amount
of new information was learned by looking at the orbital subdivision,
A future area for work is in the investigation of a series of
molecules at many different internuclear distances, For such an
investigation the orbital subdivision would be even less valuable
in that one would have simply too many numbers to interpret, This
has been found to be true in this 1nvestigatioh when one molecule
was examined for several different basis sets and at many various
internuclear distances,

There are two areas in which the He-He interaction investigation
can be extended, The first extension would be to take Wahl's
calculation, in which the orbital parameters have been optimized,
and apply Ruedenberg's partitioning scheme to it, By doing this
one will have available a useful way of looking at the promotion
fragment.' One can compare the results obtained for this new
calculation with the results reported here on the 1S«1S'-2Po
basis set in which the orbital parameters have not been optimized.

The other investigation on the He-He interaction would involve
the application of Ruedenberg!s partitioning method to an extended
calculation beyond the Hartree-Fock Self Consistent Field method,

In such a calculation correlation would be taken into consideration,
At this time no such investigatidn can be performed because no one

has done the Hartree~Fock method over a wide range of internuclear



discancés. In fact; no one has done even such a calculation in
the van der Waals region,

Another area for future investigation is the kinetic inter=-
ference energy fragment, This fragment has consistently shown
to be the most 1mportaﬁt part of the whole partitioning scheme,

It has bee; able to predict in all cases whether constructive or
destructive interference will occur, It also appears that it may
be able to predict, between a series of wavefunction approximations
to a molecule, which wavefunction will give the lowest binding
energj curve, This fragment is much easier to calculate than the
total energy and it therefore seems like a worthwhile investigation
to study this fragment more thoroughly for a series of various
approximate wavefunctions for several different molecules,

This project'has shown that at least for the He=-He interaction
the contraction promotion energy and the kinetic interferenpe
energy are not significantly related.} It has shown that a close
connectiﬁn between the sharing of electrons and constructive interxrs
ference exists as illustrated by the interatomic sharing penetration
energy and the kinetic interference energy respectively,

This research has proven Ruedenberg's analysis is able to
handle nonbonding interactions correctly as in the 1S-15'=2Pc
basis set, In this case the nonbonding is due to the fact that the

wavefunction approximation is not accurate enough to obtain the

small van der Waals force, In terms of the total energy no minimum _

is obtained due to the lack of sufficient orbital overlap and the
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sharing of electrons, The orbital subdivision shows that a slight
overlap and sharing of electrons does occur for one orbital pair
but this is small with regards to the strong antibonding occurring
in the other orbital pairs,

It is interesting that both the 15-25-2Pc and 15-15' basis sets
in all the fragments except promotion perform precisely as expected
of a correct wavefunction that is giving a bonding energy. This
makes it appear as if these poorer approximation wavefunctions give
a better calculation in the van der Waals region than the 1S«15'«2P--
basis set, This cannot be true, While the ground state and the
values of the orbital parameters affect the promotion part directly,
they will affect the other fragmenté in an indirect way. The
values of the orbital parameters will- affect all of the integrals,
An important factor is that Ruedenberg's analysis was able to show
that there was an error in the 15S«2S-2Pc basis set and the point

at which it occurred,
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R
+47559000

+.9448750

+.1133850

+41417313E+1
+,2362188E+1
+,2834625E+1
+43307063E+1
+43779500E+1
+44157450E+1
+44535400E+1
+44724375E+1
+.4913350E+1
+,5102325E+1
+.5291300E+1
+45669250E+1
+,6425150E+1
+,7181050E+1
+.7559000E+1
+48503875E+1

+.9448750E+1

For definitions of terms used

Graphs of the major fragments

TABLE IIIL
CLP

E
+.4038439
+.8945894E-1
=42053628E~1
=+5060885E=~1
~e9546794E-2
~s2917163E-2
~+8122874E-3
+¢5371214E-2
~.6984481E~4
=¢2268510E-4
=+ 1285648E-4
=e7243249E5
«.4091413E-5
-42161427E=5
«s7177187E-6
-« 4768917E-6

0.0

0.0

0.0

0.0

Appendix C.

ENERGI%? OF THE 1S-2S5-2Pr PARTITIONED FRAGMENTS
SP SP

E
+,4188674

+.3244209

+,2533709

+.1802702

+,4424482E-1
+,2750978E-1
+41452580E-1
+,6874800E-2
+.3679000E-2
+41814300E~2
+.1257200E-2
+,8559000E-3
+,5757200E-3
+.3835600E-3
+,1679800E~3
+,2274000E-4

=4 2444000E-4

~ =+6700000E~5

~+1680000E-4

=+ 1340000E-4

E A,B
+.9089391

+,4656497

+,2503939

+,1005815

~+1690600E~2
~43735500E-2
=e2476540E-2
=.1213100E-2
~e6264500E-3
«+2970500E=-3
«+1999600E-3
=¢1329900E~-3
«.8769000E-4
=.5715000E=4
=+2309000E-4
=+3570000E-5
=+ 7400000E-6
-+ 3600000E=6
-+ 1000000E~6

=+ 1000000E=6

E A
=.1083110E+1

~.6104637

-.3636213

-.1752807

+.5963420E=2
+.6461250E-2
+.5404464E=2
+.3164460E=2
+.1827180E-2
+,9603000E~3
+,6782900E-3
+,4726300E-3
+,3258900E-3
+,2217000E-3
+,9669000E~4
+,1716000E-4
+.4518000E=5
+43010000E-5
+,1100000E=5

+, 1000000E~5

I
E

+41225210E+1
+.9312010
+.6796028
+,3888587
+,1996389E-1
~e7655970E-2
=.1044480E=-1
=4 7017490E=2
~s4267610E~2
-+2326510E~2
~¢1669840E-2
«¢1175930E-2
-+8183300E-3
=e5613400E=3
=02549100E-3
«+4631000E~4
=+ 7740000E=5
~¢3120000E~5
-+2800000E-6

=+2000000E-7

I1

E
+.3913719E-1
+41299234E-1
=+1522630E-2
=0 9424295E-2
=¢6212259E~2
~4¢30764382-2
=41311262E=2
=s4764112E-3
~+2148020E-3
-+8830818E-4
=s5575877E=4
=¢3492298E-4
«.2169260E=-4
«¢1339400E-4

=+3002300E-5

=+6563000E=6 .

=+8300000E=7
=+3000000E-7
0.0

0.0

in these Tables refer to Appendix B,

found in these Tables appear in
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R
+.9451800
+.1181474E+]
+41417769E+1
+41654064E+1
+.1890360E+1
+.2041588E+]
+.2126654E+1
+02362949E+1
+.2599244E+1
+.2835538E+1
+43071834E+1

+.3038129E+1

+.3544423E+1

+43780718E+1
+44253308E+1
+,4725898E+1
+.5103970E+1
+¢5482042E+1
+,5860113E+1
+,6238185E+1
+,6616257E+1
+¢7561437E+1

+.1000000E+2
+.2000000E+2

TABLE IV

CLP

E
+,4229384
-.5833730E-1
-.1082145
-.7058358E-1
- 3879719E-1
«o2604605E~1
- . 2078484E-1
-.1098584E-1
- 5824164E-2
- 3050406E-2
- 1582145E-2
- 8069451E~3
-.5257092E-3
- 2104477E-3
-.5797598E-4
-.1779100E-4
. 4312772E-5
-.1428757E-5
+,3919858E-5
+.6825528E-5
+.3367488E=3

0.0

0.0

0.0

ENERGIES OF THE
P

E
+.8549207
+.1668770
-.1151576
21469254
-+1098312
-48596610E-1
-46502180E~1
«.3870390E-1
-+ 4127200E-3
+,1339042
-+ 1053827E+1
+,2851332E+41
-+3188989E+1
+.2323209E43
-4 2495636
+.1155008E+1

~¢1070339E+1

. = 2683012E+1

-¢2153262

-+ 1569288E+]
~e2295427E+2
=+3392576E+2
-.1054689E+1
=+ 1054691E+1

15-15"
sP

E A,B
+,1873674E+,
+,8702229
+,4107227
+,2010003
+,9964904E-1
+46561342E-1
+,4978588E-1
+42562520E-1
+,1220689E-1
+.5943500E-2
+,2334180E-2
+49456000E-3
+.2453000E~3
+.6600000E-5
~.9953000E-4
-4 6379000E -4
-.3825000E-4
=4 1476000E-4
- LL64O00E-4
-.3020000E-5
- 6300000E~6
0.0
0.0
0.0

PARTITLONED FRAGMENTS

Sp
E A
-e2314486
=2 1319666E+1
~.7228351
=43968498
-2166823
-e1505623
-. 1176674
~¢6358380E=1
=e4977692E-1
5.1577869
+41056248E+1
-.2848911E+1
+.3188987E+1
«42323175E43
+.25128&9
«o1154272E+1
+,1070414E+1
+,2683365E+1
+,2155186
+.1569369E+1
+42295433E+2
+,3392577E+2
+, 10546858+1
+,1054688E+1

1

E
+41167670
+,9590805
+,9403446
+46727087
+.4294695
+.,3180858
+42557316
+41505105
+,8135139E-1
+,4220600E~1
+,1991960E~1
+.59735800E-3
+.5940690E~2
~e2327830E~2
-+9562400E-3
~¢3541300E-3
-+5761100E=3
o 4484500E-3
-.1881800E-3
-4 1036600E-3
=¢1238400E~3
~+3345000E-4

0.0

0.0

1L
E

+,1701855

+46745024E=1
+,1585815E-1
=e2234985E=2
~47771296E=2
-.8227306E-2
=48120640E=2
~26679941E-2
-+ 4633258E-2
-+ 2144B60E-2
«+2203009E-2
+,2937251E-2
~.2276189E-2
+,9248755E-3

-«.1328734E-3

«¢2134610E=3

+,5584700E=-3

+,8606570E-4

" +45247600E=5

+.1649350E=4
+,5322218E~4
+.9654143E-5
0.0
0.0
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+.1oogoooa+1
+.1250000E+1
+.1500000E+1
+,1750000E+1
+42000000E+1
+.2250000E+1
+.2500000E+1
+,3000000E+1
+.3500000E+1
+.4000000E+1
+,4700000E+1
+,5000000E+1
+,5500000E+1
+,6000000E+1
+46560000E+1
+,7000000E+1

+,9000000E+1

TABLE V
cLp

E
+.1855594
+.1812057E-1
-+3033390E-1
+23305221E-1
- 2646563E-1
- 1579475E-1
~.9522550E-2
~e3113265E-2
-.9428023E-3
-+2737849E-3
~e4571276E4
-<2128226E-4
-.5019057E-5
-+ T167068E-6

0.0

0.0

0.0

ENERGIES OF THE 1S-15'=2P» PARTI
P 533

E
+¢1129945E+1

+.5648516

+.2717854

+.2209908

+.1188860

+,6978144E-1
+.4173270E-1
+.1537412E-1
+.5100050E=2
+,2202600E~2
+.6234000E-3
;.6509800E-3
+,5203000E-4
+,6393000E~4
+.1263000E~4
+.7630000E=5

+.3000000E-5

E A,B
-.2768803

«+3645554E-1
+42626869E~1
+.3032653E-1
+.2210697E~1
+¢1405411E-1
+.8375240E-2
+.2666944E-2
+. 76 L4490E-3
+41896500E~3
+,1670000E-4
+42990000E-5

0.0

0.0

0.0

0.0

SP

E A
+.,3467279
+.5987836E-1
=¢1905498E-2
=+9789163E-1
=¢5947390E-1
=43947620E-1
~e2540220E~1
~+9642900E~2
=+2631000E=-2
=+1080500E~2
=¢3125300E-3
++.8275800E=3
+,2700000E-6
+43820000E-5
=+1670000E~4
=+1950000E~4

«+2350000E=4

TIONED FRAGMENTS -

-1

E
~.3770626
+,9911891E-2
+,1082969
+,1056787
+,7918390E~1
+.5334734E-1
+,3385830E-1
+,1204717E-1
+,3688530E-2
+,9434300E~3
+4 5200000E~4
=.2752000E-4
=+ 2449000E-4
~.6533000E=4
=+ 1048200E~4
-+5939000E-5

=+ 1000000E-6

11
E

-.2110099E-1
=.1459026E-1
«.1269533E-1
~.1181925E-1
«.1049015E~1
=.8687433E-2
=¢6755450E=2
-.3522844E-2
=.1591820E.2
«+6509455E-3
«.1653654E=3
=.8899809E-4
=43064374E-4
=+ 1018358E~4
-.2875083E=5
«+1028111E-5

~+2029193E-7
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TABLE VI

P

EP (A)—

Potential
+.5701620
+.4712805
+.3552005
+,2068350
-.2870500E-2
-+9295000E~2
= 4669500E-2
-.6315000E-3
+,9620000E-3
+,1348000E-2
+.1319500E-2
+,1247500E-2
+.9020000E-3
+.7575000E-3
+43645000E-3
-+1250000E-4
~+2550000E-4

0.0
0.0

0.0

ENERGIES OF 1S-25-2By PROMOTED STATE PARTS

P
E (4)
Kinetic
-.2283280

-,2120005

- =41600072

-.7957250E~-1
+.3140790E-1
+.2357235E-1
+,1205745E-1
+.4348300E-2
+,1223100E-2
-.1301500E-3
-.4155000E-3
-+.5761500E-3
-.4379500E=3
- .4221000E-3
-.2122000E-3
+,2540000E -4
+.2230000E-4
-.1350000E-5
-+ 1800000E-5

-+ 1850000E-5

P
2ETT (A)
-.2648006
-.1941391
-.1370158
-.7425475E-1
-.1282999E-1
-+ 1044920E-2
-.2501000E-3
- .5588000E-3
-.6912000E-3
-.6214000E-3
-.5508400E-3
- . 4868000E~3
-.3523500E-3
-.2872500E-3
-.1366300E-3
-.3060000E-5
- .1805000E~4
- .4100000E-5
- . 6600000E~5

-+ 4800000E-5

P

E (4)

Potential
+,4377617
+,3742110
+.2866927
+,1697076
-.9285495E-2
-.9817460E~2
-.4794550E-2
-.9109000E-3
+,6164000E-3

+.1037300E-2

+.1044100E-2

+.1004100E=-2

+,7258300E-3

+.6138600E=3

+,2961900E -3
- . 1403000E -4
- . 3452000E-4
-+ 2050000E=-5
-+ 3300000E-5

-.2400000E-5
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TABLE VII ENERGIES OF THE 1S-1S' PROMOTED STATE PARTS

P

Ep (A)

Potential
+4 2040736E+1
+41427463E+1
+,7967740
+,4099185
+,1804170
+,1071845
+,7698200E-1
+.2117300E-1
+,1822000E-2
-.5525000E-2
-+ 1000000E~1
-+« 1074800E~1
=+9042500E~2
-.6845500E~2
-+ 2464000E-2
-+2206500E-2
~+4935000E-3
-+ 2400000E-3
+,3775500E=-2
-+6500000E=5
-+ 1000000E~5

0.0

0.0

0.0

P
E (A)
Kinetic
= 1041742E+1
-.1059432E+1
-.7190080
- 4215476
2112768
-.1368689
-. 1006420
-+ 3847745E-1
-.1084395E-1
+.5932500E=3
+,8441950E-2
+.9900050E-2
+.8960100E-2
+.6938750E~2
+.2835500E~2
+.2240350E=2
+.6212500E~3
+.2977000E-3
-.3115900E-2
+,2715000E -4
+.7250000E=5
+.1750000E-5
-.1900000E-5

-.1900000E~-5

P
2R (A)

- 1143066E+1
-«5691843
-.2706857
-.1236672
-.4811166E-1
~.2659736E-1
-.1770177E-1
=+ 4094765E-2
+,1763119E-1
+.1437677
-.1060711E+1
+,2853029E+1
-.3188825E+1
+.2323207E+3
-.2503066
+,1154940E+1

+.1070084E+1

. =¢2683127E+1

-.2166454

-.1569330E+1
-.2295428E+2
~+3392575E+2
-.1054685E+1

-.1054688E+1

P

E (A)

Potential
+41469203E+1
+,1142870E+1
+,6614312
+4 3480849
+.1563612
+,9388580E-1
+.,6813110E-1
+,1912560E=-1

+,1063759E~1

- +,6635890E~1

-+5403550
+.1415766E+1
-.1602455E+1
+,1161535E+3
-.1276173
+,5752635
+.5345484
-.1341804E+1
-+ 1045472
-. 7846714
= 1147714E+2
-.1696288E+2
-45273424

-.5273438
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TABLE VIII ENERGIES OF 1S~1S'-2P» PROMOTED STATE FRAGMENTS

P

Ee (A)

Potential
+.2787380E-1
+,7706030E-1
+,6839880E~-1
+.4678030E-1
+,2836980E-1
+.1598130E-1
+.8412800E-2
+,1866800E~-2
+,1858000E~3
=4 1432000E-3
=+2072000E=-3
-+.9620000E-4
=+ 7720000E-4
~+3970000E-4
-+6720000E=4
-.6670000E~4

-.1087000E-3

P

E (A)

Kinetic
+,6321003
+,2679777
+.1247935
+,6522570E-1
+,3768793E-1
+,2335040E~1
+.1507730E-1
+,6625600E=-2
++2917900E-2
+.1240850E-2
+,4008000E-3
+,2245500E-3
+,8975000E~4
+,6965000E-4

+,3985000E-4

- +,3670000E-4

++,5760000E~4

2E&*P(A)

-+1900030

-+1252243

1145992

~+3021170E=2
=,1322950E~1
-.83881960E~2
=e5245710E-2
-,1610690E-2
-.1107350E-2
+,7200000E=5
+,2381300E-3
-.9076700E~3
+,2693000E4
- .1597000E-4
+,6733000E-4
+,6763000E-4

+.1052000E-3

P

- E (&)

Potential
=e6712769E-1
+e1444814E-1
+,1109923E-1
+,4526972E-1
+42175505E=-1
+.1154032E~1
+.5789050E=-2
+,1061460E=-2
~.3678740E-3
-.1396000E=-3
-+8814000E~4
~+3300400E-3
-.6373500E~-4
«.4768500E~4
-+3353500E-4
-+3288500E~4

-.5610000E-4
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R
+.7559000
+,9448750
+,1133850E+1
+,1417313E+1
+.2362188E+1
+,2834625E+1
+.3307063E+1
+.3779500E+1
+,4157450E+1
+.4535400E+1
+,4724375E+1
+.4913350E+1
+.5102325E+1
+,5291300E+1
+,5669250E+1
+,6425150E+1
+,7181050E+1
+,7559000E+1
+.8503875E+1

+,9448750E+]

TABLE IX
SAa\Br)
Aa* lEﬁJ;f]
+,6647935

+:3476105

+,1895749

+,7611110E-1
-.3462000E-2
-+ 4276400E-2
-+2643900E-2
-.1261900E-2
=+6471400E-3
=+ 3040100E-3
~+«2041400E-3
=.1354800E=-3
-.8917000E-4
=.5803000E-4
-.2543000E-4
=+3570000E~5
-+ 7400000E~6
-.3900000E56
-+ 1000000E=6

-+ 1000000E-6

ENERGIES OF TIHE
2P by £17°Bsthe) £ OZL%AA&SZ) _‘g’%PSFAQAa
[(aAi 18] BE82AGYT BahalBiBl] ReAalAa]

+.1192127
+.5998323E-1
+,3158336E-1
+.,1285838E~1
+.9370957E-3
+,2831800E-3
+.9005516E-4
+,2659913E-4
+.1043753E-4
+.3853500E-5
+,2322600E-5
+,1390200E-5
+,8306000E~6
+.,4933300E-6
+,1717000E-6
+41964000E-7

0.0

0.0

0.0

0.(.)

+.1192127
+,5998323E-1
+.3158336E-~1
+,1285888E-1
+.9370957E-3
+,2881800E-3
+,9005516E=4
+,2659913E=4
+,1043753E-4
+.3853500E-5
+,2322600E-5
+,1390200E-5
+,8306000E-G
+,4933300E-6
+,1717000E-0
+,1964000E-7

0.0

0.0

0.0

0.0

+.5720248E-2
-.1927317E-2
=~e2347717E-2
-.1247381E-2
-.1028109E-3
-.3544081E-4
~41273947E-4
-.4405670E-5
-.18A3700E-5
-.7482500E-5
-, 4AB4LO00E-6
~.2899000E-6
-.1793000E-6
-+ 1098000E-6
~+ 403600087

0.0

15-25-2P5 SHARING PENETRATION PART

42632431
~.1377203
- 7464620E-1
-.3052200E-1
-.1365380E-2
-.1227520E-3
+,8412400E-3
+.6886000E-4
+,4208000E 4
+42162000E~4
+.1504000E -4
+,1024000E-4
+,6860000E~5
+44540000E=5
+,1920000E-5
+,3000000E-6
+,4000000E~7

0.0

0.0

0.0

14a) £ " tha,AR)

ﬁa‘/Aa’]

~.8198670

= 4727434

-,2889751

-.1447587

+,7328800E=-2
+,6854000E-2
+,5320340E-2
+,3095600E-2
+,7785096E=-2
+,9386800E-3
+,6632500E-3
+,4623900E-3
+,3190300E-3
+,2171600E-3
+,9477000E-4
+,1686000E~4
+.4478000E=-5
+43010000E=5
+.2100000E~5

+4 1000000E~5
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R
+,0945180E+1

+.1181474E41
+.1417769E+1
+,1654064E+1
+.1890360E+1
+.2041588E+1
+.2126654E+1
+.2362949E+1
+.2599244E+1
+.2835538E+1
+.3071834E+1
+.3388129E+1
+,3544423E+1
" +,3780718E+1
+.4253308E+1

+.4725898E+1
+.5103970E+1
+45482042E+1
+,5860113E+1
+.6238185E+1
+,6616257E+1
+.7561437E+1
+41000000E+2
+,2000000E+2

TABLE X

$i
‘§*$.7k.|%f)
BatlBt]
+,1233429E+1

+.7177188
+.3748757

+,1922633

+.9752460E-1
+,6468710E-1
+,4927660E=-1
+.2523150E~1
+.1218030E-1
+,5938100E~2
-.3250173

+,9453000E-3
+.2453000E-3
+.1688700E-3
~+9953000E=4

-.6379000E-4
«.32B5000E=4
~+1476000E=4
«+1164000E-~4
-.3020000E=5
-+ 6300000E~6
0.0

-.9999973E~1
-.0500000

ENERGIES OF THE

i:i p"’é\qA:lsﬂ)

aad
RBaAz|BLY]
+.2745545

+,7553363E-1
+.1814492E-1
+,4336709E-2
+.1028444E-2
+e4420747E-3
+,2427685E=-3
+,6078086E-4
+,1263527E-4
+.2598400E-5

0.0
+,1289960E-6

0.0

0.0.

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

 Splonling) _§' £ platabisly s
(,é E:?\E'B“Bij E\a.AE,Aa'ﬂ

[BeBL /A1

+.2745545
+,7553363E-1
+.1814492E-1
+,4336709E-2
+.,1028444E-2
+.4420747E3
+,2427685E-3
+,6078086E-4
+.1263527E-4
+.2598400E-5

0.0
+,1289960E-6

0.0

0.0

0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

+.9113570E-1
+,1436844E-2
-+ 4428275E-3
+.6389790E~4
+,6764318E-4
+.4218222E-4
+,2374222E-4
+,7210220E-5
+.1308045E-5
+.2361700E-6
+,3273515

0.0

0.0

0.0

0.0

0.0
~0.0

0.0

0.0

0.0

0.0

0.0
+.9999996E-1
+.4999999E-1

15-15' SHARING PEMETRATION PART

-.9253935

-.3802744

-, 1524556

-.6351078E-1
«e2697340E~1
-.1675290E-1
-<1132912E-1
-+5099020E~2
-, 1893990E-2
-.7089000E-3

0.0

+.1226000E-3
+,1626600E-3
+.1320500E-3
+. 722400084
+.3240000E-4

+,1480000E-4
+,6400000E-5
+,4100000E~5
+, 1000000E~5
+.4100000E-6

0.0

0,0

0.0

i) 4 gsp('\a,f\i)

LFEQF}IA\Ef:]
=+1389092E+1
~.9393918
-¢5703795
-.3333390
-.1897089
-.1338094
-.1063383
-4 5848480E~1
«e4788293E~1
-.1570780
+,1056248E+1
=¢2849034E+1
+,3188825E+1
-.2323177E+3
+,2512126
-.1154288E+1

+,1070399E+1
+.2683389E+1
+,2155145

+,1569368E+1
+42295433E42
+.3392577E+2

+.,1054685E+1
+.1054688E+1
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R
+,1000000E+1
+.1250000E+1
+.1500000E+1
+.1750000E+1
+.2000000E+1
+42250000E+1
+.2500000E+1
+.3000000E+1
+.3500000E+1
+.4000000E+1
*.b706000E+1
+, 5000000E+1
+,5500000E+1
+,6000000E+1
+,6560000E+1
+,7000000E+1

+,9000000E+1

TABLE XI

Z, b0 6% Thunaln) 75 Gsiia)

b
(Be*1BL*]
=.3150756
-+.7702990E-1
+.2391800E-2
+,1833080E-1
+,1639200E~1
+.1138240E-1
+,7131900E-2
+,2394200E-2
+,6991000E-3
+,1745000E-3
+.1432000E-4
+,1830000E~5
0.0
0.0
0.0
0.0

0.0

ENERGIES OF THE

BaAz|Bs*]
+,2484116E-1

+.2240721E-1
+.1280067E~1
+.6352229E~2
+.3000979E-2
+,1393210E-2
+,6444951E-3
+,1400691E~3
+,3182378E-4
+,7706170E-5
+,1190335E-5
+.5551900E-6
+,1586500E~7
+,5831400E-7
+,1357900E-7
0.0

0.0

15-18"=2P>* SHARING PENETRATLION PART

B8BEIAG]
+,2484116E-1

+,2240721E-1
+.1280067E-1
+.6352229E-2
+.3000979E-2
+.1393210E-2
+.6444951E-3
+.1400691E~3
+.3182378E-4
+,7706170E~5
+.1190335E-5
+,5551900E~6
+.158AS00E=7
+.5831400E~7
+.1357900E~7
0.0

0.0

£ g@mdenal) £ hatilnc)

RaAslBLBZ] Bahz/aa™d

~o 1148704E-1
-«4240053E-2
=4 1724448E-2
-,7087258E~3
-+2869886E~3
~.1147142E-3
-.4564950E-4
=4 7393603E-5
-+1299150E-5
~.2601265E-6
-+3504100E-7
-.1600900E-7

0.0

0.0

0.0

0.0

0.0

=+5175089E~1
~.5172675E=1
=+3541094E~1

=+2150785E~1

~e1251047E~1

-.7137282E-2
~+4021679E=2
=-.1236912E-2
«¢3645480E-3
=.1021504E-3
-+1622880E-4
-+ 1623000E-5
=+ 1650000E-5
~+9300000E~5
-+ 5000000E~7
0.0

0.0

aé Z,SP(AU-,AE)
[As* |nat]
+.3984788

+,1116051

+,3350544E~1
-.7638378E-1
-« 4696340E-1
-.3233890E~1
=.2138100E-1
=.8406000E~2
=0 2266450E~2
=.9784000E-3
-.2963000E~3
+,8350000E-3
+,1920000E5
+44750000E-5
-+ 1670000E=4
«.1950000E-4

«+2350000E-4
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TABLE XII ENERGIES OF THE 1S-2S-2Ps- INTERFERENCE PARTS

I
E Kinetic

+¢2790645E+1
+,2013857E+1
+.1448110E+1
+,8743090

+.1142226

+,2471728E-1
-+2342669E-2
-.6549789E~2
- 4946240E-2
=+3052942E-2
=.2285584E-2
=.1664114E-2
-+1190232E-2
-.8351994E-3
-.3929749E;3
~o T476473E=4
~.1288271E-4
=+5245363E=5
-.4771969E-6

-.3822323E-7

I
E Potential

-+ 1565435E+1
-.1082656E+1
-.7685067

-, 4854503

-.9425872E~1
-.3237325E-1
-.8101810E~1
- 4677000E=3
+.6786200E-3
+,7264300E-3
+,6157400E-3
+,4881900E~3
#,3719000E-3
+,2738600E~3
+,1350600E~3
+,2845000E<4
+.5150000E-5
+,2120000E=-5
+,2000000E=6

+,1500000E~7

I
2ETT

+.8797254

+,5714026

+.3685300

+¢2034303

+,3820815E~1
+,1216318E-1
+.1365693E-~2
-.1660512E-2
-, 1635851E-2
-+1164230E-2
-.9171700E-3
-+6969340E-3
-.5173470E-3
-.3750650E-3
-.1864860E-3
-.3856270E-4
-+ 7068700E~5
=+2957000E~5
-+2802300E=~6

-.2302700E-7

I

Ef* Potential

=+.2005298E+1
-+ 1368357E+1
-.9527717

-.5871655

-.1133628

- 3845484E-1
=.8784652E=2
+.3625524E-3
+,1496546E-2
+,1308537E-2
+,1074324E-2
+,8366479E-3
+46305744E-3
+.4613907E-3
+,2313075E=-3
+.4773347E-4
+,8675768E=-5
+.3602631E=5

+,3399589E-6

+.2818835E-7"
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TABLE XIII
I

E Kinetic
+.2971774E+1
+.2982496E+1
+.,2192688E+1
+. 1443745841
+.9008373
+.6691354
+.5397529
+.3231679
+.1809639
+.1016581
+,4856492E-1
+,2413539E-1
+,9703151E-2
+,3350027E-2
-.1029590E-2
-+1177006E-2
-.7517704E-3
-.3954895E-3
-.3143121E-3
-.9467597E-4
-.3709019E-4
-.7791381E-5
0.0

0.0

1
E Potential

-.2855007E+1
=+ 2023415E+1
«+1252343E+1
-+7710349
-.4713678
-.3510497
-.2840214

=29961246E-1

-.5945212E-1
-.2864532E-1
-.2353781E-1
-.3762460E-2
-.5677860E=2
+.7335000E-4
+.8228800E-3
+.1756600E~3
-.5296000E-4
+.1261300E-3
- .8980000E-5
-.8675000E-4
-+ 2567000E-4
0.0

0.0

I
2ET

+.3006657E+1
+,1702694E+1

+48313945

+.4153647

+.2252899

+,1657769

+,1303986

+,8228592E~1
+.4809454E-1
+.2552215E-~1
+,1582996E-~1
-.8525871E=-2
+,9912648E-2
~.4033264E-2
-.2360840E-3
+,3048584E-3
-.5636030E-23
-.6190540E-3
-.1834600E-3
-.1399750E-3

-, 2246350E=-3

-.5626980E-4

0.0

0.0

ENERGIES OF THE 1S~-1S' INTERFERENCE FRAGMENTS

I
Ef Potential

-.4358335E+1
=.2874762E+1
-.1668041E+1
~,9787173
-.5840127
-.4339381
-.3492207

-.2138004

-.1236597

«.7221319E-1
-.3656031E-1
-.1927488E-1
-.8718785E=-2
«.3661235E~2
+,1913919E-3
+.6704472E-3
+,4574567E-3
+,2565565E-3
+,2178559E-3
+,6100448E-4
+.2555535E=-4
+,2458434E-5
0.0

0.0



TABLE XIV ENERGIES OF THE 1S-1S5'-2Br INTERFERENCE PARIS
I I

E Kinetic
-. 1471566
+. 4003456
+, 4888080
+.4165617
+.3113516
+,2171445
+. 1447784
+.0584248
+,0213247
+,7197465E-2
+,1370512E-2
+,6109690E-3
+,1799746E-3
-.6960118E-4
+.4529904E-56
- .5034578E~5

-+3091668E-6

E Potential
-.2299060
-.3904337
-.3805111
-.3108831
-e2321677
-.1637971
-.1109201

- 4637763E-1

T TI1763619E-1

-.6254040E=-2

-.1318510E-2

-.6384900E-3
-+2044600E-3

+.4270000E=-5

. =+0052700E-4

-.9040000E~6

+,2200000E~-6

LEW
+,6738711E=~1
+.1430784
+,1419020
+,1193638
+,9426286E=1
+,7164346E-1
+,5269658E-1

+.2593002E~1

F¥,TTI35253E-1

+.4502480E-1

+,1056201E-2

+.5293510E-3

+.1668100E-3

+.7334800E=-5

+.6132700E-5
0.0

0.0

I

E® Potential

-.2635995
-.4619729
-.4514621
-+3705650
-.2792992
-.1996188
-.1372684
-.0593426
-.0233125
- .8505282E~2

-+ 1846606E~-2

-.9031638E-3

" «.2878605E~3

+.6090202E-6
-.1359340E-4
-.9041809E-6

+,2175891E-6



TABLE XV ORBITAL ENERGIES: 1S=2S-2Ps TOTAL PROMOTION PART

EA(1Sa,1Sa)
+.1639530
+,1293310
+,1029328
+,7730271E-1
-+ 7201430E-2
+.4112970E-2
+42884620E-2
+41487200E=2
" +,8165700E-3
+44063400E=3
+,2829100E=3
+41928400E=3
+.1291800E-3
+.8536000E-4
+.3716000E-4
+.3270000E-5
- 1351000E-4
- .3160000E-5
- .5100000E-5

=+ 4200000E=-5

Ef(1Sa,2Sa)

+,3380605E~1
+.2442157E~-1
+,1694325E-1
+47782400E-2
+,2521148E-1
+,8082610E=2
+.3629970E-2
+,1598340E-2
+.8306000E-3
+,4041800E-3
+,2779100E-3
+,1886000E~3
+,1271300E-3
+.8485000E-4
+43712000E 4
+.6330000E-5
+,9070000E=6
+,3200000E-6

0.0

0.0

ER(28a,25a)

-.2213143E1
«.1596374Ex1
:;1013362E-1
-.2732260E-2
-+ 2106048E-1
-+6523230E2
-.2881220E~2
- 1246460E=2
- . 6405600E~3
- .3074600E-3
-.2103000E=3
-+ 1420000E~3
- .9528000E=4
- +6334000E =4
-2 2755000E-4
-+ 4620000 -5
-.6300000E=6
=+ 2300000E=-6

0.0

0,0



TABLE XVI
Ef(1Sa,1Sa)
+.5532802
+,1165805

-2 131237481
-+3250818E-1
-2 2574055E~1
«+2005158E-1
- 15409091
-+8833070E=2
=2 4028680E=2
=e1776730E=2
+.8934214
+.4520400E=3
+.,9221300E-3
+41594081E-1
+41530700E=3
+,1055900E-3
+45558000E=4
+,2667000E=4
+.2012000E-4
+43440000E-5
=+ 1100000E=6
=+ 3700000E=6
+.8964854
+,8964854

ORBITAL ENERGIES:

ER(1Sa,15a")
+43296075E-1
-+8488010E=2
-+2735288E-1
-2 2494369E-1
-.1703988E-1
-.1362872E-1
-.9795110E~2
=+5511080E=2
«2407800E=2
-.1021550E=2
+42640621

+,1550600E-3
+.5601000E=4
-.1186743E-1
+.3246300E-3
+41468100E=3
+.6866000E=4
+44024000E-4
+.2482000E-4
+,8950000E-5
=¢9300000E=6
+¢ 1380000E«5
+.2636722

+,2636719

15-1S' TOTAL PROMOTION PART

EX(1Sa’,1Sa')

~+1917418

=¢1616564E~1
+41024462E-1
+,8932950E~-2
+¢4859410E-2
+,3121090E=-2

+42488410E=2

+05034100E=3

+.,8637900E=-2
+,7077199E~1
-.1953847E+1
+¢1424904E+1
«+1595545E+1
+,1161693E+3
-+1255838
+,5770875
~¢5351081
~e1341613E+1
-+ 1077330
- 71846657
=e1147713E+2
«e1696287E+2
=+1951168E+1

=¢1951173E+1
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TABLE XVIL ORBITAL ENERGIES: 1S-1S'-2By TOTAL PROMOTION PART

Ef(1Sa,1Sa)

=e2428456E+1
=¢2687865E+1
=e2872194E+1
~e2640674E+1
-e2741954E+1
=e2768183E+1
-«2779990E+1
-¢2789373E+1
-.2792391E+1
=e2793470E+1
«,2793820E+1
-e2796365E+1
=s2794363E+1
~-e2794329E+1
~¢2794310E+1
«e2794311E+1

-42794321E+1

E(1Sa,15a")
+4,5996971
+.5505363
+¢ 5878844
443661463
+44163472
+.4217442
+,4224200
+,4219742
+,4215986
+e4214238
+,4212338
+44229136
+44214989
+.4214532
+44214362
+44214359

+e4214354

ER(1Sa',1Sa')
+¢1794034E+1
+,1869221E+1
+.1832260E+1
+e 201987 2E+1
+,1968724E+1
+,1959585E+1
+41955992E+1
+,1953109E+]
+41951726E+1
+,19507 26E+1
+,1951666E+1
+,1950211E+1
+,1951392E+1
+.1951443E+1
+,1951438E+1
+,1951485E+1

+41951455E+1
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EL(1Sa,1Sa)
- 6145249

-+ 4759806
-o3476795
-.1984581
+,1818150E=2
+.8083018E-2
+.3972440E-2
#.4442000E3
- .9024000E~3
=~e1202270E=2
-.1163780E-2
-.1091010E-2
-.7891600E-3
- 6589800E-3
-.3169100E3
4471900005
+.1938000E-4

. =s2400000E=5

=+ 1800000E~5

-+ 1800000E~5

TABLE XVIII ORBITAL ENERGIES: 1S-2S-2Py KINETIC PROMOTION PART

EA(25a,25a)
+,3861968
+42639801
+,1876723
+,1188857
+42958984E~-1
+41548941E=-1
+48085015E=2
+.3904086E-2
+62125603E=2
+.1072200E~2
+,7483169E3
+,5149505E-3
+,3512536E=3
+42369196E-3
+,1047300E-3

+41832600E-4

"+42992000E=5

+o 1180000E~5
++9900000E~7

0.0
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ER(1Sa,1Sa)
-.1861998E+1
-+ 1089997E+1
-.5561608

«e 2647572
-.1023394
=¢5332906E-1
-+3700219E-1
=+2217880E=2
+45462680E-2
+,7699040E-2
-.1401728E+1
+48430263E-2
+,6639820E-2
+44896060E=2
+41508570E-2
+,1567100E=2
+42668200E=3
+41314800E=3
-¢3234820E-2
=.9210000E=5
=+5500000E=5
+.6000000E=6
-+ 1423828E+1

-+ 1423828E+1

TABLE XIX ORBITAL ENERGIES: l§~lS' KINETIC PROMOTION PART

ER(1sa’,15a")
+,8202561

+,3056559E=1
-, 1628477

-41567903

-.1089374

».8353973E-1
-+6363970E-1
=¢3625958E=~1
-¢1630668E=-1
-+7105790E=~2
+4 1428049E+1
+¢1469919E=2
+.2320282ﬁ-2
+,2043106E=2
+,1326966E=2
+46733424E=3
+43539090E=3
+,1662760E=3
+,1190490E=3
+43646570E=4

+41285000E-4

+¢3590000E-5

+¢1423827E+1

+41438272E+1
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TABLE XX ORBITAL ENERGIES: 1S-1S'=2B, KINETIC

‘Ef(1Sa,1Sa)
+,2476051E+1
+,2420754E+1
+,2455731E+1
+42497395E+1
+,2529144E+1
+,2550428E+1
+.2563836E+1
+,2576853E+1
+,2581251E+1
+,2582664E+1
+,2583175E41
+,2583178E+1
+,2583207E+1
+,2583177E+1
+.2583211E+1
+,2583211E+1

+.2583234E+1

Ef(1Sa,15a")
-e5416203
-e5416203
=,5416203
-.5416203
-.5416203
-¢5416203
-.5416203
-.5416203
-¢5416203
=-¢5416203
-¢5416203
-+5416203
-¢5416203
=¢5416203
=+5416203
-.5416203

=+5416203

PROMOTION PART

ER(1Sa',15a')
-+ 7607105

-+ 1069535E+1
e L247694E+]
-.1348917E+1
-¢1408211E+1
-, 1443839E+1

-+ 1465534E+1

=e1486999E+1

- 1495098E+1
-« 1498163E+1
- 1499532E+1
-.1499723E+1
-« 1499871E+1
-.1499902E+1
-+ 1499935E+1
-+ 1499932E+1

=+ 1499936E+1



TABLE XXI ORBITAL ENERGIES: 1S~-2S=2Pgr POTENTIAL PROMOTION PART

ER(15a,15a)
+,7784778
+,6053115
+44506123
+.2757608
-.9058230E-1
=+3970050E-2
-.1087810E=2
+.1043000E=2
+,1718960E-2
+,1608610E~2
+,1446690E=2
+.1283850E~2
+.9182300E-3
+.7443400E-3
+.3540700E-3
-.3930000E=5
-.3283000E=4
-+1310000E=5
-« 3300000E~5

-+ 2400000E~5

[ gt

ER(1Sa,2Sa)

+43380605E~1
+¢2442157E=1
+41694325E=1
4 7782400E=2
+,2521148E-1
+.80826 10E=2
+.3629970E=2
+.1598340E=2
+.8312600E~3
+,4041800E=3
+.2779100E-3
+.1886000E~3
+.1271300E-3
+.8485000E =4
+43712000E=~4
+,6330000E=5
+.9070000E=6
-+3200000E=6

0.0

0.0

Ef(25a,2Sa)
-.4083282
«2799438
-.1978060
-.1216180
-.5065032E-1
=e2201264E=1
-.1096637E-1
-.5150550E-2
-.2766160E-2
-+1379660E-2
-+9586200E-3
- +6569500E=3
=+ 4465300E=3
-+3002600E-3
-.1322800E-3
=42295000E =4
- .3620000E=5
-+ 1405500E=5
0.0

0.0



TABLE XXII ORBITAL ENERGIES: 1S-1S' POTENTIAL PROMOTION PART

ER(1Sa,15a)
+,2415278E+1
+41206578E+1
+.5430371
+,2322490
+.7659884E~1
+.3267745E-1
+.2159309E-1
-6615190E-2
-e9491360E-2
947577082
+.2313029E+1
-.7978220E~2

-+5717690E-2

+¢1104476E-1

=+1355500E~2
-.1461610E-2
-+2112800E-3
«+1048200E-3
+e3254940E-2
+.1265000E-4
+45410000E=5
-+ 1000000E=5
+42320313E+1

+.2320313E+1

ER(1Sa,15a")
+¢3296075E=1
-+8488010E-2
~+2735288E~1
~e2484369E-1
-+1703938E~1
-.1302872E-1
=¢9795110E-2
-+5511080E~-2
-+ 2407800E»2
-+1021550E=-2
+42640621

+,1550600E=3
+.5601000E=~4
~e1186743E=1
+¢3246300E=-3
+¢1468100E-3
+6866000E=4
+,4024000E =4
+42482000E-4
+,8950000E=5
- +9300000E=6
+41380000E=5
+42636722

+42636719

Ef(1Sa',1Sa")
-+ 1011998E+1
- 4673123E-1
+41730917
+,1657233
+,1137968
+,8666082E~1
+.6612811E-1
+43676299E-1
+,2494458E-1
+,7987778E=1
-+3381896E+1
+.1423435E+1
-.1597866E+1
+,1161672E+3
-.1269107
+.5764042
«.5354620
-.1341779E+1
-.1078520
- 7847022
- 1147714E+2
-+ 1696288E+2
~+3374995E+1
-+3375000E+1
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TABLE XXIII ORBITAL ENERGIES: 1S-1S'-2P, POTENTIAL PROMOTION PART

EA(1Sa,1Sa)

- 4904507E+1
-5108619E+1
- 5327924E+1
- 5138068E+1
~+5271099E+1
-.5318611E+1
- 5343826E+1
-+ 5366226E+1
-2 5373642E+1
-2 5376134E+1
-+ 5376995E+1

=+3379542E+1

-e5377569E+1

«+5377506E+1
=+5377521E+1
=¢5377522E+1

~+5377556E+1

ER(15a,15a")
+,1141317E+1
+41092157E+1
+,1129505E+1
+.9077666
+49579675
+,9633644
+,9640403
+,9635944
+,9632189
+,9630441

+,9628541

+,9645338

+,9631191
+,9630734
+.9630564
+,9630562
+.9630556

Ex(lsa',1sa')
+42554745E+1
+,2938756E+1
+43079954E+1
+¢3367790E+1
+,3376934E+1
+43403424E+1
+,3421531E+1
4 3440109E+1
+434647197E+1
+¢3449889E+1
+,3451197E+1
+43449934E+1
+¢3451263E+1
+e3451345E+1 .
+43451373E+1
+.3451378E+;

+,3451382E+1
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TABLE XXIV ORBITAL ENERGIES:

(1Sa,1Sb)
+.3532916
+,7626116E-1
~.2131571E-1
-+ 4664087E-1
-+8388285E=2
-<2587980E-2
-.7403950E-3
+,5368311E=2
~6713957E-4
-.2215753E-4
-.1263013E-4
-.7150218E-5
e 4052216E=5
~e214544TE5
-+ 7152089E-6
e 4768314E-6

0.0
0.0
0.0

0.0

o]
(1Sa,2sb)

+.2410647E-1
+.6190091E-2
+.2575542E-3
- 1978904E-2
-.5702772E=3
-.1629728E-3
-.3581851E-4
+.1484913E-5
-<1358831E-5
- 2654796E-6
- 1139763E-6

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

15-25-2Br QUASI~CLASSICAL PART

QC
(23a,25b)

+,2339300E=-2
+,8175727E-3
+¢2643196E=3
«+1018055E-4
«179544TE=4
=+3237126E-5
«.2555087E=6

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0



TABLE XXV ORBITAL ENERGIES: 1S-1S' QUASI-CLASSICAL PART'

QcC
(1Sa,1Sb)

+43480118

=.5937269E-1
-.1088432

-.7329130E-1
- 4079912E-1
-.2742673E-1
-.2175269E-1
-.1138556E-1
-0 5941711E-2

=+.3086445E-2

-.3955362E-3

-.8090586E~3
-+4093172E-3
-.2080103E-3
-.5243107E-4

-.1311031E-4

-.4052688E~5

-.1192032E~5
- 4768198E~6
-+ 2384162E-6
+,3371220E-3
0.0
0.0

0.0

QC
(1sa,1Sb')

+.3556559E-1
+.5149099E-3
+.2738629E-3
+,1349589E-2
+ 1008058 E~2
+.6953355E=3
+,4871443E-3
+.2033467E-3
+.6321301E-4
+.1879943E-4
-.3955362E-3
+.1087962E-5
-.8312443E-6
-.1168228E=5
+.5583435E-6
-.5011588E-6
-+ 1289641E-6
-.1181388E-6
+.3848178E=6

0.0
-.1866218E-6

0.0

0.0

0.0

(1sa',15b')
+,3795381E-2
+,5572999E-5
+.8093086E=4
+,8549497E=5
~.1418215E-4
«.9987477E=5
= ¢ 6445589E=5
«e6977649E=5
=+8881439E.5
-+ 1560390E-5
-.3955360E-3

0.0
-+ 1147296E-3
-.1009182E-6
-.6661592E-5
-.3678382E-5

0.0

0.0
+.3627042E=5
+,7107111E5

0.0

0.0

0.0

0.0
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TABLE XXVI ORBITAL ENERGIES: 1S-1S'=2P> QUASI-CLASSICAL PART
QC

QC QC
(1Sa,15b) (1Sa,1Sb') (1sa',1Sb')
+,1317152 +,2609852E~1 +,1647188E=-2
+,1505654E=1 " +,1220167E=-2 +,6236720E-3

-+2739052E-1
-+3087479E-1
=+2333849E-1
-+1527481E~1
=+ 9294048E~2
-+3070601E-2
-+9346241E-3
-+2721138E-3
~»s4353108E-4
=e2121685E=4
=+5006538E-5
-¢7152221E«6
0.0
+,2384137E-6

+,4768363E-6

=¢1545511E=2
«+1106039E=-2
~+5681429E-3
=+2611915E-3
-+ 1146927E-3
«+2130338E-4
=o4082154E-5
«+8491547E-6

0.0

0.0

0.0

0.0

0.0

0.0

0.0

+.1474701E-3
+.3472864E~4
+.8897354E-5
+.2517054E=5
+,7611708E=6

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0



TABLE XXVII ORBITAL ENERGIES:

SP

Em (1SalSa/1SalSa)

~.1059100E+1
-,6642561

-+ 4449505

-+2653476

+,1838216E=-1
+,1261416E~4
+.4754548E-3
+,5655707E-3
+,3924591E-3
+,2331072E-3
+,1712709E=-3
+,1239345E-3
+,8821426E-4

+,6159383E=-4

+,2677037E-4

+.5023639E-5
+.2305048E=5
+.2056664E~5
+.1001997E~5

+,1005387E~5

sp

ET (lSalSa/2Sa2Sa)

+,1281599
+.1050152
+,8785522E-1
+,7168627E~1
=e2165555E=~1

| «e2698684E-3

+.1020861E-2
+.7050466E-3
+,4161371E-3
+.2206036E-3
+,1560653E«3
+,1088502E-3
+,7508528E«4
+45107923E-4
+,2230366E=4
+¢3959949E-5
+48773330E-6
+.4175333E«6
+.4412388E-7

0.0

1S-2S-2B> INTRA-ATOMIC PENETRATION -

SP

ET (2Sa2Sa/2Sa2Sa)

«.1708661E~1
-.1851777E-1
-.1973508E-1
=0 2278364E-1
+43225774E~1
+.7381119E-2
+,2803284E-2
+,1119935E-2
+.,5603626E=3
+.2643643E~3
+,1798435E-3
+,1207604E=3
+.8064821E=t
+,5340521E4
+.2339056E-4
+¢3919941E-5
+.4185583E-6
+.1062760E~6
0.0

0.0
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TABLE XXVIII ORBITAL ENERGIES: 1S-1S' INTRA-ATOMIC PENETRATION
Sp SP SP

Er’ (1SalSa/lSalSa) EM (lSalSa/lSa'lSa') ET (lSa'lSa'/lSa'lSa')

-+1385877E+1 =+ 1606575E-2 =s2344211E5
-.8189070 =¢5793513E~1 =+ 4614469E-2
=e 4490297 =¢3674511E=1 =+ 7859629E-2
-+ 2460236 =+4008237E~1 -+ 7150661E-2
-+1355015 ~.2471688E~1 -o4773684E-2
-+9428012E-1 -+1818350E-1 =.3162250E-2
~e7601523E-1 T=41382314E-1 ~e2676789E-2
-+4305928E~1 -+ 7708736E~2 -,8078076E=-5
~e2422556E=1 =e3545343E-2

-.1367865E~1
+,2640626

- 43430464E=2
-.2981776E-2
=+3209989E-1
+.1259845E-5
+.3348452E-4
+.2523336E-4
+,1385654E~4
+.1510904E-4
+.4140667E~5
+.4612869E=6
+.1456576E-6
+,2636718
+,2636719

«+1590018E«2
+,2640621

+,4189103E-3
+.1079840E-2
+,2475343E=-1
+,1779776E=4
+,5670913E~4
+.3é11996E-4
+,2012042E-4
+.1501497E-4
+¢5452450E-5
=.2928233E-6
+,7473512E-6
+.2636712

+.2636719

-e1656669E-1
-.1402193

+.2640616

~.2845529E+1

+,3189647E+1
=e2323351E43
+,2511769

-o L154405E+]
+,1070310E+1
+,2683335E+1
+,2154694

+,1569353E+1
+,2295433E+2
+43392577E+2
+,2636707

+,2636719



.TABLE XXIX ORBITAL ENERGIES:
SP
ET (1SalSa/lSalSa)

+.9304899E-1
+.8005167E=4
+.1810238
-.3309138

-. 1344894

-« 7663524E-1
- 4602665E~1
-.1700689E-1
-.6310254E-2
-« 2447889E-2
-.1145608E-2
+.4061092E=~2
+.6995761E~4
+,4112793E-4
-.2891921E-4
-+ 2210090E-4
-+ 2450589E-4

SP

1S-1S"=2P> INTRA-ATOMIC PENETRATION

SP

94

ET (1SalSa/l1Sa'lSa') ET (lSa'lSa'/1Sa'lSa')

+,9493822E-1
-+ 2836645E-2
-.1887156

+,1936385

+,5884943E1
+,2823410E-1
+,1528905E=1
+.5242378E-2
+42061097E-2
+,9557372E-3
+,6559736E-3
-.2813115E-2
-+ 6954477E=4
-+ 2070445E-4
+,6341071E-5
+,2123356E-5

-+5201936E-6

+,1155534
+,1171984

+,2299128

-, 1327450

-.3017297E-1
-.1217186E-1
-.5932432E-2
-.1883888E-2
=, 7871212E-3
- 4419498E-3
- 4626371E=3
+,2445003E=2
+.8323013E-4
+,1205603E-4
-.1995767E-5
-.2933140E-6

0.0



TABLE XXX ORBITAL ENERGIES:  1S=2S=2Po- INTERATOMIC PENETRATION:

SP SP SP

q (lSa/1Sb) q (1Sa/2Sb) q (2Sa/25b)
(1SalSa/15b1Sb) (1SalSa/25b2Sb) (25a2Sa/2Sb2Sb)
+,8379527 -.8565598E~1 -+ 1847130E=2
+44726642 =46233555E=1 -.3813027E-3
+,2811717 =0 4578521E-1 - 2687800E=4
+.1358630 =+ 2988933E~1 +42769840E=4
+,1282520E-1 =+8143442E-2 +, 6838000E~6
+,3889980E~2 -+ 4082538E=2 +44643000E=7
+41141400E=2 ~¢1892614E2 0.0
+,3041000E-3 -.7825672E~3 0.0
+,1133700E-3 -+3802268E-3 0.0
+,3883000E-4 -+1714109E-3 0.0
+42275000E-4 ~+1134350E-3 0.0
+41295000E~4 = T419247E=4 0.0
+,7320000E-5 §.4822070E-4 0.0
+¢4120000E-5 ~+3105470E-4 0.0 .

++ 1770000E=5 =¢1258540E-4 0.0
+42300000E-6 -+ 1887940E-5 0.0
-.1500000E~6 -.2695920E-6 0.0

-+ 1900000E~6 =+ 1016280E-6 0.0

-« 6000000E~7 =+ 1563000E~7 0.0

-+ 1000000E-6

0.0

0.0



TABLE XXXI ORBLITAL ENERGIES: 1S-1S' INTERATOMIC PENETRATION

SP SP SP

q (1Sa/1Sb) q (1Sa/1Sb') q (lsa'/1Sb')

(1Sa1Sa/1Sb1Sb) (1SalSa/15b'1Sb') (1Sa'1Sa’/1Sb'15b?)
+.1212248E+1 . +.2113935 -.2109583E-1
+.6276430 +.4508360E~1 -.9222618E-4
+.2904434 +.4200402E-1 +,4234487E-3
+.1348532 +,2864611E-1 +,1185216E-3
+,6407180E-1 +.1671523E-1 +,2311819E-4
#.4101350E-1 +.1183267E~1 +,8437530E-5

+¢3194420E-1

+,1630910E-1

+,8664455E-2

+,4461610E-2

+43643710E-5

+.5169200E-6

+,8498800E-2 +.1841345E-2 0.0
+,4461500E-2 +,7379740E-3 0.0
+,16192524 -+ 5833900E-3 -,1619249
+,1221400E-2 -.1380864E-3 0.0
+,6379000E-3 -.1961363E-3 0.0
+,3317000E-3 -.1628250E=-3 0.0
+.8868000E-4 =+ 9408540E-4 0.0
+.2296000E=-4 «+4337000E-4 0.0
+,8140000E-5 -+ 2048300E-4 0.0
+.3130000E-5 - +8908600E~5 0.0
+.9700000E~6 +,6277000E-5 0.0
+,2700000E~6 -+1627200E-5 0.0
+,4500000E~6 -+ 5700000E~5 0.0
+,9000000E-7 0.0 0.0
+.4999992E-1 0.0 -+ 5000000E-1
+,2500000E~1 0.0 «+2500000E-1
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TABLE XXXII ORBITAL ENERGIES: 1S=1S'=2P> INTERATOMIC PENETRATION

+,2720000E-5

0.0

0.0

SP SP SP
q (1Sa/1Sh) : q (1Sa/1sb') q (lSa'/1Sb')’
(1SalSa/1Sb1Sb) (1SalSa/1Sb'1Sb') (1Sa'lSa'/1Sb'1Sb!)
+.6919630E-~1 =+1932707 +.2270688E-2
- +,1135473 «49559276E-1 +,6077960E-3
+.,9740790E~-1 ~e4757163E-1 +,1329745E-3
+.6676030E-1 -+2422869E-1 +,2820940E <4
+,4164340E-1 «e1262939E-1 +.5951000E=5
+.2480680E~1 -.6712401E-2 +.1251000E=5
+,1439860E-1 '=.3633911E-2 +,2636000E=6
__+.4643700E-2 -+1123151E=2 +.1170000E-7 _
+¢ 1446900E=2 -.3732737E-3 0.0
+,4411400E-3 -+ 1344390E-3 0.0
+,8289000E-4 -+ 3446540E -4 0.0
+44113000E-4 -« 1914769E-4 0.0
+,1331000E-4 -+ 7844070E-5 0.0
+, 5900000E-5 -+ 1397920E-5 0.0
+. 3860000E~5 -+1069710E-5 0.0
+.3030000E=5 -.4378800E-6 0.0



TABLE XXXIII ORBITAL ENERGIES 1S-2S~2B, TOTAL INTERFERENCE PARTS:

P(1SalSb)
E(1SalSb)

+.1098991E+1
+,7721669

+,5385287

+.3105197

+.4389201E-1
+.1542800E-1
+45166220E-2
+,1559630E~2
+.6329900E~3
+,2372600E-3
+,1438900E=3
+,8682000E~4
+.5209000E~4
+.3111000E-4
+.1098000E-4
+.1310000E-5
+. 1500000E=6
+,4000000E~7

0.0

0.0

P(1Sa,25b)
E(1Sa,25b)

-. 3474430

-.2122186

-.1397732

-.8226937E-1
e1743075E-1
-.8424830E-2
-.4092030E=2
-.1860420E=2
-.9792900E-3
- 479470083
-.3303000E~3
-+2246200E-3
-.1515100E~3
-.1011600E-3
- .4390000E-4
-+ 7460000E=5
-+ 1190000E~5
-+ 4700000E=6
-+3000000E~7

0.0

P(2SalSb)
E(2SalSb)

-.1082058
-+8003646E~1
-.5300327E-1
-.3238041E-1
-.1643576E~1
-.1081354E-1
- 6290003E-2
-.3206190E=2
=+.1786930E-2
-.9208900E-3
- . 6484300E-3
~=+4501200E-3
-.3097300E-3
-.2106300E-3
-.9453000E~4
-.1701000E=~4
- .2830000E~5
-+ 1150000E-5
-.1000000E=6

0.0

P(2Sa,2Sb)
E(25a,25b)

-+3073792E-1
-.1431135E-1
=+5950810E~2
-+ 1440600E=-2
-+ 4355000E-4
=+ 1767000E-4

-, 6390000E=-5

-.1770000E-5

-.5700000E-6
-+, 1600000E~6
+,2136870E-7
+,1067221E-7
+,5186083E-8

0.0

0.0

0.0

0.0

0.0

0.0

0.0

98



TABLE XXXIV ORBITAL ENERGIES: 1S-1S!'

P(1Sa,1Sb)
E(1Sa,1Sb)

+,7842902

+,6612245

+,4360990

+,2634209

+41544702

+,1098861

+,9005225E-1
+.5247027E-1
+.3038637E-1
+,1754068E-1
-+ 5399804E~1
+45634850E~2
+43148690E-2
+41745700E~2
+,5189400E-3
+41475800E-3
+45300000E -4
+.1866000E~4
+,5930000E-5
+,2210000E=5
+,1300000E-6
- .3000000E -6
- . 4950000E~5

0.0

P(1Sa,15b!)
E(1Sa,15b")

- 4483117

+49566701E-1
+,1659677

+,1228022

+,7482257E~1
+.5472678E-1
+44012965E~1
+,2172773E-1
+49329740E-2
+43939970E-2

0.0
-.7709500E-3
-.1071010E-2
-.1022870E-2
-.6348200E-3
-.3111200E-3
-.1620700E-3
=+ 7507000E~4
=+ 5378000E=4
«+2241000E=4
=+ 4050000E=5
-+1510000E=-5
0.0

0.0

P(1Sa',1Sb)
E(1Sa’ ,15b)

-.2096750

«e2721340

-.1318342

-+ 4984840E-1
-.1448198E-1
-+5508340E-2
-.2274700E=2
+. 1080000E-2
+.9490000E-3
+,6498700E-3

0.0
~e4564210E=2
+48923400E-3
-+1886180E=2
=+3621200E=3
-+ 1353000E=4
-+ 1794500E-3
~.1112900E-3
=+ 4624000E=4
-.3162000E=4
-.5723000E-4
~+1526000E=4
0.0

0.0

TOTAL INTERFERENCE PART

P(1Sa,1Sb)
E(1Sa',1Sb')

=+6791995E-1
-.5217670E-2
=¢3317000E=4 "
-+2038000E-4
«+7399000E-4
-.6178000E=-4
~+4141000E -4
-.1873000E=-4
+.1059000E -4
+,9000000E-7
+,6395786E-1
-+3000000E=7
+42300000E=6
-+ 1500000E-6
-+ 1200000E~6

0.0

0.0

0.0

0.0

0.0

0.0

0.0
+44550000E=5

0.0



TABLE XXXV ORBITAL ENERGIES: 1S-1S'-2Po TOTAL INTERFERENCE PARTS

P(1Sa,1Sb)
B(15a,15b)

+.3130061
+,3291401
+,2503120
+,1707126
+,1106736
+,6970201E-1
+.4306019E-1
+.1577164E~1
+45536960E-2
+,1877680E-2
+,3939200E-3
+,1989100E-3
+46238000E-4
+, 1964000E-4
+¢5050000E=5
+41740000E=~5

0.0

P(1Sa,15b')
E(1Sa,1Sb')

-+2902463

-.2097729

-4 1324078

=+8150996E-1
-+5001898E-1
-+3065723E-1
-+1875553E=-1
-:6961880E=-2
~e2547240E-2
-+9054400E=-3
=+1930400E=3
=+9615000E=4
-.2620000E;4
=+ 1546000E=4
-.1810000E~5
-+ 7100000E~6

0.0

P(1Sa'1Sb)
E(1sa',1Sb)

-.1809562

-,1069015

«+6204625E=-1
-.3595838E-~1
-+2096083E-1
-+1233848E-1
-+ 7366590E~2
«.2776810E=-2
«s1141210E=2
=.5129200E-3
~+1749500E-3
-+.1077600E=3
-+5157000E~&4
-.9580000E~5
-+8990000E-5
~+4030000E-5

0.0

P(1Sa',1Sb')
E(15a',1Sb')

-.3033469E-1
=+ 7509860E~2
«.1710220E-2
-.4029600E-3
=+ 1041900E-3
=+3079000E-4
~+1047000E~4
=+3243000E-4
-,2100000E-6
-.6900000E-7

0.0

0.0

0.0 -

0.0

0.0

0.0

0.0
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TABLE XXXVI ORBITAL ENERGIES:

P(1Salsb)
U(1SalsSb)

-.3855738E-1
-.1235431

=e1617240

-.1623927

-¢5087403E=-1
-+2155011E-1
-+8219830E-2
«e2740448E-2
=+1174952E-2
=+4625750E=3
-.2868238E-3
-.1766231E-3
-+ 1080776E=-3
- 6576709E=4
=+ 2400328E-4
-+3040180E-5
=+3667142E-6
=e1254949E-6
-.8215416E-8

0.0

P(1Sa2sb)
U(1Sa2Sb)

-. 4842151
02697767

-.1513688

-+ 6388663E-1
+.1392916E~2
+,3877101E-2
+,3183067E2
+.1925993E-2
+,1160875E2
+.6335817E3
+,4564005E3
+,3231011E-3
+.2261188E3
+.1560849E-3
+.7183329E-4
+.1340793E-4
+.,2290792E-5
+.9329682E-6
+48554643E~7
+.6696484E-8

P(2SalSb)
U(2SalSh)

-e2449779

-.1375946

=+6459891E~1
-+1399767E-1
+.2387914E-2
+,1488385E=-2
+,9850711E~3
+.5802220E;3
+¢3532441E-3

+,1921625E-3

+,1382709E-3

+49760247E~4
+.6790384E-~4

+,4660884E~4

+42120173E-4

+.385$332E-5
+,6467042E-6
+,2546020E~6
+.2160078E-7

+,2085339E-8

15-2S-2P> POTENTIAL INTERFERENCE PART'

P(25a25b)
U(25a25b)

-e1496764E-1
~+1080221E~1
~+6561598E=~2
~e2448162E-2
-.3615527E-4
=+2049997E-5
+.7901478E-6
+.3816521E-6
+.1433075E-6
+,4155409E-7
+,2136870E=-7
+,1067221E-7
+,5186083E-8

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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TABLE XXXVII ORBITAL ENERGIES: 1S-1S' POTENTIAL INTERFERENCE PART

P(1SalSb)
U(1SalSb)

-.3327151

-.3753238

-.3061408

-+ 2186743

- 1464245

-.1119789

-+9555831E-1
- . 6096889E-1
-.3833407E-1
-0 2364252E-1
+.7765180E~1
-.8508588E-2
=< 4987029E-2
-.2876289E-2
-.9224664E-3
-.2821088E-3
=, 1066219E-3
-.3940691E~4
-+ 1502069E-4
-.5117266E-5
-+ 2419520E-5
-+ 1294500E-6
+,7729959E-5

0.0

P(1SalSb')
U(lSalSb')

-, 7661316

-.1797451

-+2583541E-1
- 1284966E~2
-.1063255E~2
-1 2157259Ex2
-.2277188E-2
-+ 2418146E-2
-.1564131E-2
-.8853061E-3

0.0

+.2668219E-3
+.5708337E-3

+,4504382E-3

+.3432041E-3

+,1979552E-3
+,1056830E-3
+,5282809E-4
+.3527069E-4
+,4917287E-5
+.5103441E-5
+¢5217340E-6
0.0

0.0

P(1Sa'1Sb)
U(1Sa'1Sb)

=,5274950

-e5475461

-3236643

-+1739355

-.9036791E-1
=+6239238E~1
-+ 4468154E-1
-+2306588E-1
=e9944873E-2
«+4175406E-2

0.0

=e3526443E-2
+,2534178E=2
~e4128702E-3
+.,6159042E-3
+,4955529E-3
+.8831321E-4
+,1661129E-4
+.4280864E-4
=e4294901E-5

-=e4667515E=4

=e1323064E-4
0.0

0.0

P(18a'1Sb!)
U(1Sa'1Sb')

+.1988382
+,9090701E-1
+.2946894E-1
+.8377290E-2
+,2173695E-2
+,1003624E-2
+45063524E-3
+.1282475E-3
+,3685116E-4
+.4785860E~5
- 9197444E-1
+,1666855E-6
+,6870293E-6
+42137406E-6

+.3297277E-7

- +43974992E-7

0.0

0.0

0.0

0.0

0.0

0.0
=.8130041E-5

0.0
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TABLE XXXVIII ORBITAL ENERGY 1S-1S'-2Ps POTENTIAL INTERFERENCE PART

P(1SalSh)
U(1SalSh)

+,1377041E-1
-+ 1149985

-.1638527

-.1550118

- 1267564

-.9204977E-1
- 6426526E-1
-.2810965E-1
- 1114622E-1
- 412807 4E-2
- 9452433E-3
-+ 4909269E-3
-, 1604770E-3
- 5074143E-4
 =.1389917E-4
- 4830009E-5

-.3958000E~7

P(1SalSh*)
U(1SalShb*)

~+8386769E~1
-e7914774E-1
-+ 4450116E~1
-+2178905E~1
-+9821465E-2
~+3971020E-2
-+1256072E-2
+,3667875E-3
+,4591972E~3
+.3108782E~3
+41339954E-3
+.8827830E-4
+.4366029E=4
++9053555E<5
+48150668E~5
+¢3732447E-5

+¢5315208E=-8

P(1Sa'1Sb)
U(1Sa'1Sb)

+42542239E~1
+42372364E-1
+,2586036E=1
+,2376254E1
+41923669E-1
+,1434773E-1
+,1013287E-1
+44551864E-2
+,1865229E-2
+,7034072E-3
+,1520879E=3
+,7666738E~4
+.1828881E=-4
+,1491317E~4
+.9674i19E.6
+, 4069594E-6

+41043682E7

P(1Sa'lsb!)
U(1Sa'1Sb')

-+7027808E-1
-+ 2479398E~1
-+ 7760890E~2
-.2403517E~2
-.7424183E-3
-+ 2272573E=3
- 6840336E~4
~.5642539E=4
~+3418531E-6

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0



‘TABLE XXXIX ORBITAL ENERGIES: 15~25-2P; KINETIC INTERFERENCE PARTS

P(1Sa,1Sb)
T(1Sa,1Sb)

+,1137549E+1
+,8953212
+,7002527
+.4729124
+.9476604E~1
+,3697811E-1
| +,1338605E-1
+.430008 2E~2
+,1807941E=~2
+,6998271E-3
+,4307092E-3
+,2634359E-3

+,1601673E-3 .

+.9688492E-4

+.3497645E=4

+.4352534E-5

+,5158310E-6

+.1748644E-6
0.0

0.0

P(1Sa,2Sb)
T(1Sa,25b)

+.1367721

+.5755811E-1
+.1159564E-1
-.1838274E-1
-.1882367E-1
-+1230193E-1
-+7275101E-2
-.3786413E-2
-.2140175E=2
-.1113051E-2
-.7867016E-3
-+5477226E-3
-.3776302E-3
-.2572371E-3
-.1157309E-3
-0 2086741E-4
- 3478593E-5
~.1398773E-5
-.1249327E-6

0.0

P(2Sa,2Sb)
T(2Sa,2Sb)

=+1577028E-1
=«3509135E-2
+,6107938E-3
+.1007557E~2
=+ 7389098E~5
~+1561920E=4
-+ 7179957E-5
«,2151387E-5
=, 7105477E-6
=e1954194E-6

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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TABLE XL

P(1Sa,15b)
T(1Sa,15b)

+41117005E+1
o 1036548E+1
+47422398
+,4820952
+43008947
+.2218650
+,1856106
+, 1134392
+46872044E-1
+,4118320E-1
-.1316498
014143441
+48135724E-2
+e 4621994E~2
+.1441408E-2
+,4296939E~3
+41596182E-3
+¢5806547E~4
+42094537E~4
+,7325869E-5
+42549684E-5
=+ 1736501E-6
=+ 1268198E~4

0.0

P(1Sa,15b')
)

Sb?
T(1Sa,1Sb*
+,3178199

+42754121

+,1918031

+,1240871

+,7588583E~1
+,5688404E-1
+44240684E-1
+¢2414588E-1
+,1089387E-1
+44825278E2

0.0

-+1037772E-2
-o1641842E-2
=+ 1473309E-2
=.9780247E=3
-+5090782E-3
-e2677462E-3
-.1279039343
-+8905013E-4

=+2733186E-4

-+ 1054738E=4

=+2034670E-5
0.0
0.0

ORBITAL ENERGIES: 1S-1S' KINETIC INTERFERENCE PARIS

P(1Sa',1Sb')
T(lSa',1Sb')

-+2667582
«+9612468E-1
~+2950211E-1
~+8397670E=2
«¢2247676E=2
-+ 1065401E-2
= s 5477604E=3
-.1469822E-3
-+2626313E-4
- 4696784E~5
+.1559323
-.1980403E-6
-+ 4639074E-6
-.3636204E-6
-.1536599E-6

0.0

0.0

0.0

0.0

0.0

0.0

0.0
+,1268211E-4

0.0



TABLE XLI ORBITAL ENERGIES: 1S-1S'-2R» KINETIC INTERFERENCE PARTS

P(1Sa,1Sb)
7(15a,15b)

+,2992357
+,4441386
+.4141647
+,3257244
+,2354280
+,1617518
+,1073255
+,4388129E-1
+,1668318E-1
+,6005745E-2
‘+.1339162E-2
+,6898361E-3
éj.2228602E-3
+.7037529E;4
+,1895487E~4
+,6569304E-5

0.0

P(1Sa31Sb')
T(1Sa,15b")

-.2063786

-.1306252

«.8790661E-1
“05972914Ex1
-+ 4019752E-1
-+ 2668621E-1
- . 1749946E-1
-.7328666E-2
-+3006438E-2
-0 1216324E-2
-.3270392E-3
-+ 1844257E3
- . 6985980E-4
- 2448670E=4
-.9957230E=5
- o444 4698E5

0.0

P(1Sa’,1Sb')
T(1Sa' ,1Sb')

+.3994339E~1
+,1728412E«1

+,6050673E-2

~—%¢2000560E=2

+,6382333E-3
+,1964738E-3
+¢3792801E~4
+.4004930E-5
+,2707886E~7

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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TABLE XLII
R Jis 2 Fa5= Faper

0.7559 1.6618
0.994875 1,6409
1,13385 1.6356
14173125 1.6465
2,362188 1,6898
2.834625 1.6902
3,307063 1,6881
3.7995 1.6868
4,15745 1.6865
4.5354 1,6866
4.724315 1.6867
4,91335 1.6868
5.102325 1.6870
5.2913 1.6871
5.66925 1.6873
6442515 1,6875
7.18105 1.6875
7.5590 1.6875
8,503875 1.6875
9.44875 1.6875

A
\

POTENTIAL CURVE AND ZETAS FOR 1S=2S-2P

V(R)
1.9128775

1.2122575

0,7976845
«4343935
«0527192
.0168533
«0048825

__ .0067019

.0003177

.0000392
-.0000042
Q.oooozz7
-+0000308
~.0000304
~+0000208
-.0000299
-.0000099
-.0000077
-.0000101
-.0000080

Total Energy

=3,782435
-4,483055
44897628
-5,260919
-5.6425933
=5,6784592
-5.6904300
-5,6886106
546949948
=5,6952733
-5.,6953167
~5,6953352
=5.6953433
=5.6953429
=5.6953333
-5,6953424
-5.6953224
~546953207
:5.69532267
«546953205
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TABLE XLIIT POTENTIAL CURVE AND ZETAS FOR 1S-1S!

NE

2,23
2,04
1,92
1,84
1,79
1477
1,75
1,73
1,71
1,70
1.69
1,687
1,684
1.683
1,682
1,683
1,6838
1.6848
1,6856
1,6862
1,6866
1.6872
1.6875
1,6875

s
0.99

1.22
1,38
1,49
1,57
1,60
1,62
1.65
1.67
1.68
1.69
1.693
1,695
1,695
1.694
1,693
1.6914
1,6903

- 1,6895

1.6888
1.6884
1.6878
1,6875
1,6875

V(R)
1,1239915
6856125
4207035
+2561085
1560355
.1128975
«9391650E=1
+5591650E~1
+3189450E-1
+1906950E-1
+1088650E~1
.6092500E~2
«3344500E-2
«1792800E~2
«4730000E~3
+1029000E3
+2230000E 4
« 2900000E=5
.9000000E=6
=+ 35000005

 =e8500000E=5

=+ 4600000E=5
=+ 4200000E=5
=+ 4000000E=-5

Total Enerxgy

=44571321
«5,009700
»3,274609
«5,439204
=5,539277
=5,582415
=5.,601396
~5,639396
«5,663418
=5,676240
=5,684426
«5,689220
~5.691968
=5.6935197
=5,694840

=54,6952096

=546952902
=546953096
=5,6953116
«3.6953160
-5,6953210
=5,6953181
«5,6953167
=546953165
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TABLE XLIV

1.0
1.25
1.50
1,75
2,0
2,25
2,50
3.0
3.5
4,0
447
5.0
545
6.0
6456
7.0
9.0

(f1s = 2,906

V(R)
987247
601763
361473
214289
+125796
073279
«042337
.013874

T1s' = 1,453

«004443

001369
«000224
000150
000052
000066
,000036
000043
000013

POTENTIAL CURVE AND ZETAS FOR 1S-1S'=2Py
S2p = 1.340)

Total Energy

=4.736099
-5.121583
«5,361873
«54509057
=54597550
=5.650067
=5,681009
«54709472
=5.718903
-5.721977

w54723122

~5,723196
=5.723294
=54723280
«54723310
«5,723303
~54723333
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APPENDIX A

For the calculations performed here the following steps and
programs were used, The flow chart, Figure 1, will be helpful in
understanding the following discussion. The first order density

matrix is determined from the wavefunction by the expansion

€ (X) =°z‘; P (X)

Co () =N Bre (X) L, (X)
/\//,L:(2 m=l, 2, ... (NI2)
O ny (N]2)

The first order density matrix was then set up in terms of a
bond order matrix representation as follows:
PX=f£ & (A)(B4) P(AslBS)

In this representation the second order density matrix looks like
WX E£EG (A aRa) (BLED) xP(AsAalB4E )

The phir bond order matrix was determined from the bond order

matrix by the expansion F(A a.AE./B,# B,Z)
=P (AahilBLBE)-P(ALAalBLBE)
Pe (AuAclBLBE) =P(AlAz) P(B,ﬂ/B_IZ-)
Py (AahzlBLBE)=1 {P(AalBE) P(A2]BE)
+ P(AalBZ) P (Az|B4)

110

This was done automatically by a program called PAIRBOND, In order

to determine the energy the integrals involved had to be calculated.
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Integral 1 Electron PARTION| - | Bond Oxder
Program Integrals (Ep) Matricies
: . Construction .
L ~ -
2 Electxon TRANSLATION ) PAIRBOND
Integrals kf (Eqm) ) (Finds )
SCHMIDT '
Transformation Matrix |
\l: e
ENERTRAN PITRANS UNITENER UNITARY
(Transform (Transform (Transform (Transform
17" Integrals) * o) pIntegrals)| )
\| TRANSLATION ej [_) PART 6J
(E #) (E r)
i
R EIGENVALUE
(Transformation Matrix)[|
i i
ENERTRAN PITRANS UNITENER UNITARY
(Transform (Transform 77} (Transform (Transform
mIntegrals) f Integrals) )
L TRANSLATION, | [ JeART
(EN) (Ep)
INPUT TO
PARTITIONING
PROGRAMS [\
’ . N2
SHAR SRNG PROM
(Paxt of |K<— (Part of (Etr"/ EY
Errse ) En")

Figure 1

« Flow Diagram of Programs Used to Perform

Ruedenberg's Partitioning Analysis.
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Originally thgz_were obtained from the Diatomic Integral Program
~but later they were obtained from Ruedenberg's integral program at
Iowa State University. The values of‘these integrals were used in
conjunction with the bond order and pair bond order matrices to
determine the energy. The energy obtained from the first order
density matrix was calculated from a program called PARTION, The
energy assocliated with the second order density matrix was obtained
from a program called TRANSLATION., The energies obtained from
theseiprograﬁs‘were used to check the total energy.

The next step was to transform the non-orthogonal basis set
into an orthogcnal basis set, In order to accomplish this the
transformation matrix was required. This was obtained with the
Gram-Schmidf Orthogonalization Procedure coded in a program called
SCHMIDT, This transformation matrix was then used to transform the
bond order matrix, the integrals assoclated with the bond oxrder
matrix, the pair bond order matrix, and the integrals associated
with the pair bond order matrix into an orthogonal basis set. Four
different p?ogramé were used to accomplish the transformation. The
program called UNITARY transformed the bond order matrix, UNITENER
transformed the one electron integrals associated with the bond
order matrix, PITRANS transformed the pair bond order matrix, and
ENERTRAN transformed the two electron integrals associated with the
palr bond order matrix. A check was then-made on the total energy
from the first order density matrix and by TRANSLATION for the

second order density matrix,
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The orthogonal basis set wﬁs then transformed into the basis
set of valence atomic orbitals, The transformation matrix for this
was determined by finding the eigenvectors of the intra~-atomic
part of the bond order mat;ix. The program that determined the
elgenvectors was called EIGENVALUE, This transformation matrix
was then used in the same manner as the Schmidt transformation
matrix. I used the same programs as before, which are UNITARY,
UNITENER, PITRANS and ENERTRAN, A check on the total energy was
again performed with the use of the two programs, PART and
TRANSLATION. | |

The program PART besides checking the total energy also obtained
the partitioning needed on the first order density matrix. The |
partitioning on the second order density matrix was obtained from
four programs, The program called TTLL partitioned the second order
density into the valence state part, the first order interference
energy and.the second order interference energy. The other three
programs called SHAR, SRNG and PROM obtained the sharing penetration
fragment and the promoted state fragment, All four of these
partitioning programs operate on exactly the same principle., There-
fore, only TTLL will be discussed, but it will be discussed
thoroughly, |

) The prograﬁ that obtained the orthogonal transformation was

called SCHMIDT. This program was obtained from the Quantum Chemistry

Program Exchange.! The program that obtained the transformation

‘ IL. Schadd and H. Joy "Schmidt Orthogonalization" Program 26,
Quantum Chemistry Program Exchange, Indiana University (1965).
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matrix that transformed the orthogonal basis set into valence atomic
orbitals was called EIGENVALUE, This program along with two sulln-'
routines were-obtained from the Univexrsity of Hawaii Statistical

and Computing Centexr, These subroutines perform a matrix
multiplication and the multiplication of one matrix by the transpose
of another,

The first order density matrix i1s transformed into the new
basis set jF/= (m ")TIPT ' ‘here IP is the bond order matrix
and T is the transformation matrix, After the inverse of ~1°
is determined the cailing of the two subroutines that do matrix
multiplication and multiplication of one matrix by the transpose of

another, the transformation on /@’ is complete, UNITARY simply has

—_

a main program that reads in the necessary data and then calls in -
these two subroutines, The transformation ‘of the one electron
energy 1n.tegrals is given by /{/: m }%rn'\’t’
. where /’€ is the mati'ix of one electron integrals, /£ is the matrix
of new 1ntégrals after transformation and ‘T 1is the transformation
matrix., The program UNITEK_\XER, simply consists of a main pfogram
that reads in the data and calls-'the two subroutines, matrix
multiplication and the multiplication of a matrix by the transpose
of another matrix.
The traﬁsformation on the pair bond order matrix is given by
i = &z So Cam TaialVhalal BEBE)T i Thi
where Pm«.&?m ~ are the elements of the new pair bond order

matrix, P(Aaﬁi/ 54/3_&7 are the elements of the old pair bond



order matrix and the { 5 are the elements of the transformation
matrix rﬂ\" . Thus, all that program PITRANS consists of is a
program that reads in the old pair bond order matrix and the transe
formation matrix, The rest of éhe program is simply a group of Do
loops that do the summatidns and a statement that muitiplies all
these terms together, ENERTRAN works on exactly the same principle,
except it transforms the two electron integrals for which the
algorithm is

BimAnlBABAI =% 5 Tome Tz [PaPalBtBE Tt Thd
where r[_j_‘\/;nlx/é/ BxB%] are elements of the transfoxmed two
electron integrals, and [AaAZ | BABZ] are the elements
of the untransformed two electron integrals and 7 s are the
elements of the transformation matrix ~ /= .

- The partitioning and calculation of the energy for the first
order deng?ty is quite simple in comparison to the calculations
required on the second order density, For this reason, both
programs PART and PARTION were set up individually for each basis
set, This is different from the second order density partitioning
programs which are very general., The progfams fgr the second order
density partitioning must be general because of the tremendous
amount of calculation that must be performed. The programs PART
and PARTION consist of the calculation of numbers after the
expansions of the first order density was performed by hand,
PARTION also takes the one electron integrals as input and puts them

out as outpﬁt in a manner that is more appropriate for input to the

115



116

transformation programs, PART takes the one eIEEEfon integrals
after transformation and pﬁts them in a form suitable for the
general partitioning programs, |

PAIRBOND is an uncomplicated program that has as 1npuﬁ the
bond oxrder matrix, It then does the necessary expansions and
calculations in a series of loops to calculate the pairbond order
matrix and wrllte it out on tape, The TRANSLATION program reads
in the value of the pairbond order matrix and the ihtegral values.
For each element of the pairbond order matrix it searches for the
corresponding two electron integral value. After it has found the
correct integral value it multiplies that element of the pairbond
order matrix by its corresponding integral value, It does this
for every element of the pair bond order matrix and then it adds
up the total value for all the elements and prints this out as the
energy value for the secénd order density, .

In order to illustrate how the partitioning programs work a
discussion of the main partitioning program follows. This program
doesAthe partitioning of the pair density into the valence state

and the first and second order interference parts.
B e
T =70, 6(AB) + T 48 (AB)+ "a,6(A,B)
(e Tais(AAB) + VA%,B(A A, B)
T = i (AA, BB)
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£ Z
A ) B subscript indicates ¢ B
A ADB subseript indicates Af; éé

AA

)

/\/\,ESE5 subseript indicates éi/ f&(_
AR

Part 1 of this program consists of a main program and seven sube
routines, The main program reads in the data and calls the seven
subroutines., The first six subroutines and the fragment with which

it corresponds are as follows:

Subroutine Fragment

P AB » 7as(A,B
PPAB 748 (A,B)
PPPAB Tas (AB
PAAB 7aAs(AA,B)
PFAAB 748 (AA,B)
FAABB

7ak 85 (ALBB)

Each of the first six subroutines will perform the necessary
expansion for the particular fragment with which it is concerned.
Each subroutine will thus consist of a summation of many terms,
Each of these terms consists of two parts, an element of the pair
bond 'order matrix and one or more integfals. For instance, the

PAB subroutine performs the expansion for the term

TwlAB =2 2 2 2 A(Ax, Az)

Aa 8L Ja BZ
P(AaAalB4BE) A (B4 BE)[AaAc) B4 BLT]
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The P (AQAE) B4 BJ) 1is an element of the pair bond order
matrix. A(Aa,Aa), A (B4, BE) a“dEA“ Aa]| B4 Be]
are all integrals, v

For the 1S«1S*' basis set the following notation was used:

ISA =AA , ISA’ =AB, ISB=AC, ISB'=AD
The print out of the first term for this expansion in terms of these
symbols looks like .

(S (%,%) +1.OPAAAAIAAAA)(S (%, x)+1.0) (ARAAIAAAA)

This is simply the program notation for

P(ISa ,Sa.] ISa /SQ)DSQ. lSa_} [Sa ’Sa:]//z, 12
where the overlap integrals for S(/Se;/S.) was equal to 1.0.
One obtains many terms similar to this until all of the summations
have been performed. All of these terms were written out on tape.
After this expansion was completed the progfam called in the second
subroutine, This subroutine w111~obtain another series of terms
that were written out on the same ﬁape,‘after the previous results,
This was done for all six expansions by the six subroutines,

Ohé must realize that these subroutines have done the necessary
summation of these various fragments, but the many terms that are a
obtained for each fragment in symbolic form must be transformed
into numeric results, This can be done ﬁy a series of compafisons'
of the expansion terms with the pair bond order matrix and integrals
which are read into the computer in a symbolic fashion with the

appropriate number,

The subroutine called COMPAR reads in the complete pair bond
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ordeF matrix from a different tape. Each element of the pair bond

order matriiAis read in, in two forms, The first form is the
particular element in a notation similar to that used in the
previous subroutine., The second form is a numexrical value
associated with the element of the pair bond order matrix, The first
expansion term is then read in and a series of Do loops then makes
a comparison of the elements of the pair bond order matrix obtained
from the expansion term with each of the elements of the total pair
bond order matrix. This is done until the pair bond order element
is found that is the same as the pair bond order term of the
expansion. The value associated with the pair bond order matrix
then replaces the pair bond order part of the expansion term and
this number along with the integrals is written out on a third tape,
The second expansion term is then read in and the process repeats
itself until every expansion term from all six subroutines has had
its pair bond order part replaced by the appropriate number. After
this is completed at one intérnuciear AIStance, COMPAR will repeat
this procedure at every internuclear distance., Once this is done,
_Part 1 of the program is finished.
In general, Part 2 of the program substitutes for every integral

in the expansion terms the correct numerical value and them does
the necessary calculations to obtain the ﬁotal values for each
fragment énd also the total energy.

: The main program for Part 2 réads in the input dat#, and also

sends in the integral values obtained from the integral program in
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the notation associated with the integral program, Since the
notation used in the integral program is different frbm that used
in the program, the main program changes the notation to make it
uniform, The program then calls six subroutines, each subroutine
corresponding with one of the six fragments that was calculated
in Part 1,

Each of the subroutines reads in from tape the expansion
elements that were written out on tape from Part 1, The expansion
elements now consist of a number and symbols to indicate specific
integrals, One is concerned with two types of integrals, overlap
integrals and two electron integrals, The subroutine decided which
type of integrals it is searching for and calls in one of two
subroutines, depending on the type of integral which is needed.

These two subroutines then doithe appropriate comparison in
looking for the integral value that corresponds with the integral
in the expansion term, Once the correct integral is found the value
of the integral repiaces the symboiic integral in the expansion. ‘
This is done fdr every integral in every expansion term, After this
is completéd the program does the appropriate numerical calculations
in order to get the energy of each major fragment and also the sum

of the enerxgy of the major fragments,
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APPENDIX B

DEFINITIONS OF TERMS USED IN TABLES

Tables III to XLIV are read vertically as a function of inter-
nuclear distance. The internuclear distances appear on Tables III
to V and IX to XI, but not on the remaining tables, Let it be
understood that the internuclear distances are implied although
they do not appear on all the tables, with the exception of Tables
I and II,

The orbitals are underlined to indicate that these are valence
atom orbitals and not the original non-orthogonal Slater atomic
orbitals,

All numbers in the tables are given in terms of atomic units,

R Internuclear distance

ECLP Quasi-classical energies

gQC Quasi-classicélienergies

EP Promotion energies

ESPA,B Total interatomic sharing penetration energy

ESPA Total intra-atomic sharing penétration enexgy

gl Interference energies ‘

Ell Secondary interference energy -

EP% Z =P, CL, QC or I indicates the contribution to the Z
energy fragment by the first order density matrix.

gr’ Z = P; CL, QC, SP, I or II indicates the contribution

. to the Z energy fragment by the second order density

matrix,

gFA (Aa,Ad) Indicates the promotion energy of the (Aa,Aa) orbital
pair



(Aa,Bb)QC

ET SP(Aana| Azka)
a5P(Aa,Bb) (AaAa| BbBb)
P(Aa,Bb)E(Aa,Bb)
P(Aa,Bb)U(Aa,Bb)

P(Aa,Bb)4(Aa,Bb)
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Indicates the quasi-classical energy of the
(Aa,Bb) orbital pair.

Indicates the intra-atomic sharing penetration
energy for the (Aa,Aa) orbital pair.

Indicates the interatomic sharing penetration
energy to the (Aa,Bb) orbital pair.

Indicates the interference energy of the
(Aa,Bb) orbital pair.

Indicates the potential interference energy
of the (AaBb) orbital pair.

Indicates the kinetic interference energy of
the (Aa,Bb) orbital pair.
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APPENDIX C

This Appendix consists of graphs which illustrate the trends
of the major energy fragments, The exact numerical results can

be found in the Tables in Chapter III,
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