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INTRODUCTION

The last decade has witnessed the emergence of the so-
called ab initio calculations for molecules other than hydro-
gen1. This somewhat weighty label refers to the fact that, by
overcoming a series of mathematical difficulties (4, 5, 6, 7
and 8), it has been possible to solve the electronic
Schroedinger equation of such systems by sequences of succes-
sive approximations which are completely and unambiguously
characterized as regards 1) the mathematical nature of the
process of solution, 2) the mathematical validity of all ap-
proximations involved, and 3) the mathematical accuracy of the
resulting wave functions and energies.

This emphasis contrasts with the majority of previous ap-
proaches in which physical and chemical arguments were exten-
sively used to postulate and substitute simple over-all re-
sults for the more complicated parts of the quantum mechanical
calculations?., While it might be intriguing to speculate over
the psychological reasons for this shift in attitude, it can-

not be denied that the advent of high-speed computers has been

a conditio sine qua non for the success of the more mathemati-

cally oriented work. For this reason, it can be expected to

1See, for example, papers presented at the Conference on
Molecular Quantum Mechanics held at the University of Colorado
in June, 1959 (1). See also the biblicgraphies (2) and (3).
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proaches are reflected in some remarks by Coulson (9).



grow in quantity as well as quality.

It would be a mistake to draw from this development the
ccenclusion that intuitive concepts must be sacrificed. But
the progress does make it likely that previously available in-
tuitive interpretations may not have been adequate to cope
with the full complexity of the problem. Starting from this
premise, Ruedenberg (10) has recently suggested that a suit-
able analysis of the more mathematically reliable solutions
may lead to an improved and more complete set of interpreta-
tive concepts which, in fact, may be closer to molecular real-
ity. As a first step towards the implementation of such a
program, he has proposed an analysis based upon a partitioning
of the molecular binding energy which is derived from a parti-
tioning of the electronic density and pairdensity.

Execution of the proposed analysis for specific molecules
and, preferably, series of molecules, is required in order to
assess the efficacy of the scheme. It is hoped that, at least
in part, such applications will be successful in crystallizing
conceptual interpretations which correctly reflect those fea-
tures of the actual electronic distributions which are perti-
nent to the binding process. On the other hand, it is expect-
ed that they will also expose deficiencies and indicate neces-
sary improvements in the formulation of the method.

An analysis of the hydrogen molecule ion (11) has led to
the sanecinainn that chamical hindine de the wmeenlt of o 13t

tle-noticed interplay between the kinetic and potential energy



which can be formulated in terms of inter-atomic constructive
interference and intra-atomic contractive promotion.

The same energetic interpretation appears in an investi-
gation of the hydrogen molecule (10). Here it was found,
moreover, that in an electron-pair bond, interference result-
ing from the sharing of electrons between atoms is partially
offset by an increase in electron repulsion associated with
electron sharing, an effect which was called sharing penetra-
tion,

An application to the water molecule (12) yielded addi-
tional information as regards the relation between destructive
interference and anti-binding and non-bonded repulsions, as
well as the effects of charge transfer.

The usefulness of the analysis, for the comparison within
a series of similarly treated molecules, was tested (13) on a
set of diatomic hydride calculations (14). In contrast to the
water case, they also included the effect of contractive pro-
motion which was found to be as important here as it had been
for the hydrogen molecule and the hydrogen molecule ion. The
increase in electronegativity was found to be reflected in
charge transfer as well as in the interference energy, the
latter accounting for the increase in binding energy.

The present investigation applies the analysis to the ho-

monuclear diatomic systems Li,, Bez, €,y Ny and Fjp. These
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charge transfer, but more complicated in having two heavy at-
oms generating a more diverse variety of orbital interactions.
For this reason, the members of the group show greater indi-
vidualities which the analysis does, in fact, bring out. The
calculations analyzed (14) are similar in kind to those for
the hydrides and, in particular, also include contraction pro-
motion. As in the case of the hydrides, the advantage of ana-
lyzing such a set of analogous wave functions was ccnsidered
to outweigh the limitations inherent in the approximations.

The observations made in the preceding investigations are
largely confirmed in the present study. The major complica-
tions arise from having the possibility of hybridization on
both centers. Classifications and trends are found, but it
may be that improvements in the sharing penetration part would
clarify the analysis. The present approach shows that the
wave functions for the homonuclear molecules leave much more
to be desired than those for the hydrides and it pin-points
hidden deficiencies in these wave functions.

In conclusion, it is felt that the present sequence of
investigations, in answering some questions and raising oth-
ers, indicates the merit of further efforts towards reconcil-
ing intuitive thinking with the information embodied in bona

fide molecular wave functions.



SUMMARY OF THEORY

Basis of Analysis

The present summary of the analysis is given in order to
facilitate the understanding of the discussion and interpreta-
tion of the results in the subsequent sections. The detailed
theory of the analysis can be found in the original article by
K. Ruedenberg (10). Further discussions and qualitative in-
terpretations of the theory as well as the results obtained
from the application to some molecular systems have been given
in other reports (11, 12 and 13). The present investigation
adds further interpretative details for discussing the results
obtained from the analysis. In this summary, all formulas,
definitions, and derivations are restricted to those which are
pertinent to a SCF wave function for a homonuclear diatomic
system. (See also the terminology used in Reference 15.)

The basis of the analysis is a partitioning of the elec-
tron-density-operator,f), and of the electron-pairdensity-
operator, 7 , for the molecular system under consideration.
Botth and T are calculable functions of the molecular wave
function., Definitions, properties, and methods of calculation
of O and T have been discussed in numerous articles (16, 17
and 18). In general,f3 and Tr are mathematical constructs
found to be helpful in extracting useful information from com-
plicated wave functions which are assumed to be suitably well

defined. Methods for calculating F)and 17 by an iteration
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procedure rather than by first determining the wave function
have also been given (19, 20 and 21) and the results are en-
tirely equivalent.

All physically observable quantities, including the total
molecular energy, are completely determined by F)and m .
Naturally, approximate wave functions can only give approxi-
mate functions for f)and T and thus an approximate value for
any calculated quantity. In the present context we are mainly
concerned with the energy effects associated with the various
components of F)and T , since our objective is the analysis
of the calculated molecular binding energy. This binding en-
ergy is defined to be the difference between the computed to-
tal molecular energy and the computed ground state energies of
the separated atoms.

In the basis of a set of atomic orbitals Aa(x), the elec-
tron density,fD, and the electron pairdensity, 17, can be rep-
resented by the expansion

P(x,x') = T pl{Aa,Bb) Aa(x)Bb(x')
Aa,Bb

T(xq,%,) = Aazh_ BE,_BBp(AaKé[BbEB) Aa(x4)E3(x)Bb(x,)Bb(x,)

The coefficient matrices, p(Aa,Bb) and p(AaﬁaleﬁB), are term-

ed the bond-order matrix and the pair-bond-order matrix re-

spectively. The total molecular energy E, which is defined by
E = Z,Zg/R + [dV h(x)P(x,x') + 3fdVy fdV, 1/r15 T(xq,%,),



E— J— 2 - - . == -
hix) = -3¢~(x) - Z,/r, - Zg/rp 5 T\ ’xA x[ ,
can therefore be expressed in the matrix form
E = 2,Z,/R + Aaz p(4a,Bb) [4a|n|Bo]

4 ,l S‘ wl Aol
. 2 ak

) A

Aa,Aa Bb Bb

bl
[~}

Bb85) [4a|BbER)

where, [_AthIBb] are the one-electron energy integrals and
[Aaﬁ.éle]_BB_] are the electron interaction integrals.

P and qr are now partitioned into the various components
which are specifically defined and discussed in the theoreti-
cal derivation of the analysis (10). They are

P(x,x') = PQc(x,x') + PI(x,x')

VS(x

= I
m(xy,x,) = T 1,x2) + T (x1,x2)

SI:’(x

= TI'PS(x1,x2) + T 1,xz) + 'ITI(x1,x2)

In the homonuclear case, the quasi-classical density (pQC) is
identical with the valence state density ( PVS) and the pro-
moted state density (pPS), and is expressible in terms of
separate atomic contributions. The valence state pairdensity
(1VS) consists of a promoted state part (TTFS) and a sharing
penetration part (175F).

From this partitioning of P and 97 , the following decom-

position of the total molecular energy is obtained

ﬁ‘::r?g-&'E‘P.L'B‘g.L‘E'P wa—‘.x.r‘DSP,LvSPJhSﬂ.hI

A R AH! ’ l A ’ ’ "‘ARI ©*AR



The energy terms in the first bracket are obtained from f)PS

and 'ﬂ‘PS. They include the ground state energies of the at-

P
B

the quasi-classical interaction energy between the two atoms

oms (E% and E%), the promotion energy effects (Ei and E_), and
when in their promcted states (Eﬁg). The remaining terms a-
rise from the sharing of electrons between the atoms A and B.
The energy terms in the second bracket are obtained from TTSP.
They include the intra-atomic sharing penetration energies
(EiP and E%P) and the inter-atomic sharing penetration energy
(Eﬁg). The last term (E%B) is the interference energy which
is obtained from f)I and TTI. For a homonuclear diatomic
molecule, all intra-atomic terms are identical for the two at-

oms A and B. From the preceding equation results the follow-

ing decomposition for the molecular binding energy

AE = E - 2E§ = gP + gQC 4 gSP 4 gI

with iF = ZEi

QC . pQC
E EAB

SP _ ,oSP , oSP
E 2B} + Eo

I_ oI
Bl = £l



Promotion Energy

Since the detailed breakdown of the promotion energy was
left open in the original exposition, we give here the specif-
ic method adopted in the present analysis for this purpose.

Because it is of interest to compare atomic promotion ef-
fects occurring in different molecules, it appears desirable
to carry out the interpretative partitioning of the promotion
energy in terms of orthogonal spherical atomic orbitals, i.e.,
in the present case, orthogonalized Slater-type orbitals. On
the other hand, the promotion state density and pairdensity,
as extracted from the molecule, are expressed in terms of va-
lence atomic orbitals, i.e., certain hybrid orbitals which are
determined by the requirement that the promotion state density
matrix have a diagonal intra-atomic structure. It is there-
fore necessary to transform the promotion state matrices into
the basis of spherical orbitals and, thereby, the density ma-
trix acquires off-diagonal terms. Hence, promotion state den-

sity and pairdensity are of the form

P
PP(X,X') = E_p (Aa,Aq) Ag(x) Ag(x')

a,a
P P P P P P
T (1,2) = 2_ bZ p (AaA5|AbAb) Aa(1) Aa(1) Ab(2) Ab(2)
a,a b,

The ground state comes naturally expressed in terms of

the spherical atomic orbitals, viz.,
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Pg(x,x') = z__pg(Aa,Aé') Ag(x) A«%’(x')
a,a

’7Tg(1,2) = 2 bz%pg(AaAalAbAE) A§(1) A§(1) Alg)(z) A%(Z).
a,a b,

Promotion, i.e., the passage from /Og’ T € to pP, ’n"P
consists of two changes: first, the change in the coefficients
from p&(Aa,Ad), p&(Aakd|AbAb) to pP(Aa,4d), pF(4aAz [AbAB) and
second, the change in the spherical atomic orbitals from Ag(x)
to Ag.(x) because the orbital exponents change from gg to gp'
Consequently, the promotion energy is divided into two parts.
The first corresponds to the change in the coefficients p,

while leaving the orbital exponents at their ground state val-

ues, and this is called hybridization promotion. The second

corresponds to the changes in the orbital exponents g , While

leaving the coefficients in their promotion state values pP.

It is called contraction promotion, expansion being considered

as a negative contraction. The hybridization promotion energy
(EPRH) and the contraction promotion energy (EFRC) are defined

by the following equations:
EPRH = S Sp(aa,4d) @a,hAIA’a]
a,a
+ 2 2 Op(Aahd|ApAb) [Aasz|AvAb]
a,a b,b
with Opl(Aa,Ad) = pF(Aa,As) - p8(Aa,AT)
pF(Aa4d[4bAB) - pB(Aadd|AbAb)

Op(Aaa|AbAB)

- _4ATTK 7 [
o SR AVARRR I VA
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and
iRC az,apP(Aa,.AE) S [Aa[hAl A3]

+ 3 2 pP(AaAalAbA'B) S[AaAalAbAB]
a,a b,b

with  Saln |4 - [A§|h 8] - [s5]n,] o]

5[AaA§| AbAD] = AaAa bAb] [AaAalAbA%]
where [f[g] = /dV1de2 £(1)g(2)/ry,.

There remains the problem of apportioning the promotion
energy to the individual orbitals. Such a prorating is neces-
sarily arbitrary but, if carried out with reason, it can
nevertheless be instructive,

The first step is the reduction of the quadruple elec-
tronic interaction sum to a double sum. This was achieved ac-

cording to the formulas:

S S_Op(hahv|azab) [aaav|azay) = £ €PRH(4q 47)
a,b a,b a,a

with  €PR(4a,43) = Z Splaarb|aasb) [sab|azaf]
b,b

The second step consists in apportioning the orbital pair
contributions to the individual orbitals. This was done dif-
ferently for the electron interaction terms than for the
first-order terms. For the hybridization promotion, the fol-

lowing prorating was used:
EI:RH =3 EPRH(Aa)
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where

gPRH(1.) =S 2 dplha,da) ] (4a,43) [ha b, 43
(ha) a [SP(Aa,Aa) + Op(Ad, A7) Oplia, k2 [al Al aﬂ

EY 2 Splha,Aa)p, (A7) ] PRE G 4g)
LSp(Aa Aa)pp(A2) +8p(Aa A3)p,(Aa)

with 2 p,(ha) = pFlAa,ha) + pB(ha,ha).

For the contraction promotion, the following prorating was

used:

EXRC = z EPRC(Aa)

a
where
EPRC(4a) = { 2 8 [4alny] s pF(4a,A8) Shan,| 3]
O [Aa|ny| Aa) +S[a3|n,|ad]
.S 2 O(NAj;Aa)(NA;AZ), ¢FRC(4a, A7)
Z | O(Na;Aa) (NA;43) + O(NA;AT) (NA;Aa) ’

with

Stnazha) = [aa]1/r,[42] - EVAR
and

2(NA;Aa)_ [Aa 1/r lAa [A§|1/rA| A§]

Quasi-classical Interactions
The quasi-classical energy terms are the purely electro-
static coulombic interactions between the two atoms A and B.
That is, they are interactions between charge distributions

where one also considers the nuclei as point charge distribu-
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tions. This includes the nuclear repulsion, the attraction of
the quasi-classical electronic charge on B to the nucleus A,
the attraction of the quasi-classical electronic charge on A
to the nucleus B, and the repulsive interaction of these two
electronic charge clouds. There are no charge transfer terms
involved in the homonuclear diatomic systems.

In terms of the VAO's, Aa, the quasi-classical density is

expressed as

PR =3 P(a) = T qlaa) 4a?,
A Aa

where fD(A) is the quasi-classical density attributable to at-
om A and q(Aa), the orbital population, is the amount of elec-
tronic charge contained in the charge distribution represented
by Aa®. The expressions for the quasi-classical energy terms
now follow directly from the density formalism presented ear-
lier. The attraction of the electronic charge on B to the nu-
cleus A is given by:

fi-2,/r,) P(B)AV = [(-Z,/r,) [S q(Bb)BbZ] av
a/ra) P /T L2
= g,bq(Bb) [Bb|-2,/r,| Bb] .

Likewise, the attraction of the electronic charge on A to the

nucleus B is given by:

f(-z /r )P(A)dV = 2 q(4a) Lﬁ.a'-z /r Aa] .
B/TB z |-%p/Tp

The interaction of the electronic charge on A with the one on

B i given hie
5 18 given D
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fav,fav, (1/r;,) p(A) P(B) = $ S alkalq(sd) (22| Bb2] .
The total quasi-classical energy contribution to the binding

energy of the molecule is thus given by:

EC = 2,2./R + éq(sb) [Bb|-z,/r,| Bb)
+ AZaq(m)[Aa,-zB/rBl Aa] + Aza Bqu(Aa)q(Bb)[Aa‘?labz:l .

The total quasi-classical energy is now divided into or-
bital pair contributions, (Aa,Bb)RC. ERC which is usually
quite small and negative, is the sum of relatively large con-
tributions of opposite sign. That is, the nuclear repulsion
(and the smaller electronic repulsion) is balanced off by the
nuclear attraction terms. It seems desirable that the orbital
pair contributions should exhibit this same effect. This is
achieved by dividing the large nuclear repulsion term into or-
bital pair contributions. These contributions, furthermore,
are of about the same magnitude as the corresponding electron-
nuclear attraction contribution. Thus, we define

z(a) = qf(4a) = q(4a)
as that part of the nuclear charge Z, on nucleus A which is to
be associated with orbital Aa. Upon introducing this parti-

tioning of the nuclear charge Z,, one obtains:

EQC = $ 2 (Aa,Bb)RC ; (4 #B) ,
Aa Bb

where the pair contributions are defined by:
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(Aa,Bb)RC = q(Aa)q(Bb)/ZAZB{ZAZB/R + zB[Bb[-zA/rA,Bb]
+ 2, [Aa|-zg/ry| aa] + 2,2, [4a?[B07]} .

The orbital pair contributions, (Aa,Bb)QC, are called shielded

........ 118 us-

nuclear attraction (SNA) energy terms. (Note that in thi
age of the term, we have included nuclear repulsions.)

In order to facilitate the discussion of the orbital pair
contributions in the various molecular systems, it is conven-
ient to express (Aa,Bb)Qc in the form:

(Aa,Bb)3C = q(4a)a(Bb) {1/R + [Bb|-1/r,| BY]
+ f_Aal—1/rBl Aa] + [AalebZJ} .

The expression in the curly brackets represents the quasi-
classical interaction between two unit nuclear point charges
at an internuclear distance of R and two unit electronic
charge clouds represented by the charge distributions, Aa? and
Bb2. The orbital populations act simply as proportionality
factors as far as the interpretation of the results are con-
cerned. The expression in the bracket is called the normal-
ized quasi-classical energy between the orbitals (Aa) and

(Bb).

Sharing Interference Interactions
The interference energy terms arise because, as a conse-
ouence of electron sharing. the actual densitv Dl(x) differs
- ]

from the quasi-classical density fDQC(x) by the inter-atomic
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interference density f)I(X)' The latter can be decomposed in-
to orbital pair contributions as follows:

Hx) = ¥ Z pl4a,Bb) {4a(x) Bb(x)
Aa Bb

- 4 S(aa,Bb) [Aa?(x) + Bbz(xﬂ_}

where the p(Aa,Bb) are the aforementioned bond-orders. Each
orbital pair contribution represents a shift of electronic
charge from one part of the molecule to another. The basic
shifts are from the atoms into the bond region or vice versa.
But in the sequel, more intricate redistributions will be
found. For the pairdensity a similar interference effect ex-
ists.

Similar to the quasi-classical interactions, the sharing
interference can therefore be written as a sum of orbital pair

contributions:

Bl = § T (Aa,Bb)l ; (4 #B) ,
Aa Bb

and each pair consists of a kinetic and a potential part. The
kinetic interference energy arises since addition of the in-
terference density {JI to f)QC modifies the gradient of the
electronic distribution. The potential part can again be sub-
divided into two parts. The major term describes the interac-
tion between the density term fDI and the two shielded nuclei,
i.e., the attraction by the two nuclei and the repulsion by
the respective shielding electrons. The minor part arises

Irom aaailitlonali otTner ejecironic inveracuions.
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If the bond-order p(Aa,Bb) is non-vanishing, the orbital
pair contribution can be written as the product,

(Aa,Bb)! = p(4a,Bb) {4a,Bb)
where <Aa,Bb> is the resonance integral between the two or-
bitals. It represents the interference energy between the two
orbitals for unit bond-order. If the bond-order vanishes, the
interference energy has no kinetic part and the potential

parts are both relatively small.

Sharing Penetration Interactions

The sharing penetration energies arise from the exchange
part of the pairdensity and hence contain only electronic in-
teraction terms. They describe the changes in the electronic
interaction resulting from the fact that, in the molecule, the
electrons are shared between the atoms.

Electron sharing materially changes the probability of
finding two electrons on the same atom, as well as the proba-
bility of finding simultaneously one electron on A and the
other on B. The latter change is essentially described by the

inter-atomic sharing penetration pairdensity,

Trig e ;Zb qS(Aa,Bb) Aaz(x1) Bb2(x2);
b

the former by the intra-atomic sharing penetration pairdensity,

TTiP 2 ¥ q5(ha,ss) Aag(x1) Aéz(xz)-
a,a

In these formulas, the
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q°(4a,Bb) = -qy(Aa,Bb),
are the negative inter-atomic exchange pairpopulations derived

from

Ty (xxp) = Plx,) Plx,) - Tr(x1,x2).

The intra-atomic coefficients are derived from these inter-
atomic coefficients by:

q5(4a,43) = q5(4a)oS(43)/ T oS(4a)
a
with
q°(4a) =% q (Aa,Bb), (B # 4).

SP
AB

as well as TTiP

Actually, T contain additional smaller
terms.

In view of the foregoing, the corresponding electronic
interaction energies, i.e., the sharing penetration energies,

can be decomposed by orbital pairs:

SP - SP . SP )
ESC = fav,fav, 1/r ., ror ;%b (4a,Bb)SP, (4 # B);

SP _ SP _ =\SP
E} % /av1[av2 1/r12 T ;25 (Aa,A7)or,
b

If the intra-atomic cross terms (a # a) are attributed equally

to both partners, one obtains the decomposition into orbitals:

ESP = z (Aa)SP
A a

with

=
[t]
>
(3F}
U
|

®Ifvi
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OUTLINE OF CALCULATIONS

General Remarks

The starting data for the analyses were the wave func-
tions described above which were obtained from Dr. B. J.
Ransil at Chicago. This data was given in the form of the co-
efficients which determined the occupied MO's as LCAO-MO's and
all of the corresponding one- and two-center, one- and two-
electron integrals. These integrals included all of the over-
lap, kinetic, nuclear attraction, and electron interaction in-
tegrals. All data was obtained in terms of the nonorthogonal
STO basis set of atomic orbitals and atomic units (a.u.) were
used throughout1.

All arithmetical calculations and manipulations used in
the analysis were done on the Cyclone computer. This computer
is a high-speed digital computer with a random-access static
core memory and paper tape input-output. It was built by the
Electrical Engineering department at ISU and is a modified
version of the Illiac at the University of Illinois. The pro-
graming of the analysis was done in basic machine language and
was generalized for any diatomic molecule, including the het-

eronuclear cases. DMost of the arithmetical operations used in

o}
1The a.u, are: length, 1 a,u., = 0.52934
energy, 1 a.u. = 1 Hartree = 27.2052eV
Atomic units were used throughout the analysis except for the
reporting of the final results. The energv decomposition vre-
sented by the figures and tables contained in this report are

in units of eV's unless specifically noted as being otherwise.
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the analysis were standard matrix operations and much of the
programing consisted of writing subroutines for these opera-
tions.

Because of limited memory capacity of the computer, all
matrix manipulations were executed with the submatrices rather
than with the total matrices. This also allowed one to take
advantage of the symmetry properties of these matrices. As a
means of checking for computational errors, the total molecular
electronic energy was recalculated after each major step in
the analysis. Although not foolproof, it is believed that all
computational errors have been detected and corrected by this
procedure. One reason for believing so is the high consist-
ency in the numerical accuracy of the results which was main-
tained throughout the analysis. Another is the highly improb-
able occurrence of two or more simultaneous errors which would

tend to exactly cancel themselves.

Transformation to Valence Atomic Orbitals

The first step in the analysis was the calculation of the
bond-order matrix, p(Aa,Bb), and the pair-bond-order matrix,
p(AaAaleBb), for which the definitions have been given in an
earlier report (10). These matrices, calculated in terms of
the nonorthogonal atomic orbital basis set, and the corre-
sponding energy integral matrices were then transformed into
ar orthogonal atomic orbital set. after the transformation ma-

trix had been determined by Schmidt's orthogonalization pro-
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cedure.

The next step involved the calculation of a basis set of
hybrid ®valence atomic orbitals, VAO®". These were determined
by locally diagonalizing the intra-atomic submatrices of the
bond-order matrix (10). The eigenvectors thus obtained were
used to construct a second orthogonal transformation matrix
which was used for transforming all matrices into this new ba-
sis set of VAO's. It was in terms of these VAO's that the
partitioning of the densities (and molecular energy) was per-
formed. Only the promotion effects, which are reported in
terms of the orthogonal STO basis set, do not involve the

VAO's,

Partitioning into Interference Terms
and Interference-Free Terms

The separation of the interference effects was the next
step in the analysis and the first step in the actual parti-
tioning of the densities and the corresponding energies. It
involved the calculation of the interference energy integrals
and new coefficient matrices, as well as the corresponding in-
terference energy terms. Also obtained at this time were the
"orbital population numbers®™, q(Aa), which correspond to
Mulliken's Tgross atomic populations®, and the division of
q(Aa) into a valence-inactive part, p(Aa), and a valence-
active part, v(Aa). At this stage of the analysis, the first-

and second-order densities (and corresponding energies) have
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been divided into an interference part and an interference

free ("valence state™) part.

Sharing Penetration and Quasi-classical Terms

After the isolation of the interference effects, the
sharing penetration effects were next separated out according
to the formulas prescribed in the theoretical derivation of
the analysis (10). Since sharing penetration involves only
the electron-pairdensity, this corresponds to the separation
of the valence state pairdensity into a sharing penetration
part and a promoted state part. For the first-order density,
the promoted state is equivalent to the valence state and no
distinction exists between the two. The calculation of the
sharing penetration effects was accomplished by calculating
new coefficient matrices, i.e., by separating the valence
state pairdensity coefficient matrix into the two parts men-
tioned. Following this, the quasi-classical energy effect a-
rising from the interactions between the atoms in their pro-
moted state densities was calculated. This, as well as all of
the other energy effects mentioned previously, was calculated
in terms of orbital pair contributions which, when summed to-

gether, give the total.

Promotional Terms

The next step in the analysis was the calculation of the

E oA L B 2 - 4l mh v mmmames AL b e mmm A Al A LA L2 AL
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the differences between the ground state and the promoted
state densities of the separated atoms. The ground state den-
sities and energies of the atoms were first calculated as well
as the promoted state energies. In the SAO cases, the Slater
orbital exponents were also used in the ground state wave
functions. In the BAO and BMAO cases, the ground state wave
functions were assumed to have the BAO orbital exponents,
since they give the lowest ground state energies. The only
promotion effect in the SAO and BAO calculations is that due
to the hybridization of the orbitals, i.e., "hybridization
promotion®™. It is calculated as the difference between the
ground state and promoted state energies in these cases. In
the BMAO calculations, there are, in addition to hybridization
promotion, promotion effects arising from the changes in the
orbital exponents, i.e., "contractive promotion™. They result
from the differences in the energy integrals used in calculat-

ing the ground and promoted state energies,

Preparation of Tables
The final step of the analysis was the accumulation and
sorting of the final energetic results in a more suitable tab-
ular form similar to that used in the figures contained in
this report. At this time the results were also converted in-
to the units of electron volts, eV. All of the final and in-
termediate results of the analysis have been punched out on

paper tape and most of them have also been printed. Some
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plots of the interference densities were made and were found
to be quite useful in the interpretation and understanding of
the interference energy effects. Figures which show the over-
all general trends of the various energy components in the

different molecules and for the different approximations were

also made.
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DESCRIPTION OF MOLECULAR SYSTEMS AND WAVE FUNCTIONS

The molecular systems analysed are the homonuclear dia-
tomic molecules, lLi,, Be,, C,, Ny and Fp. All of the molecu-
lar ground state wave functions, as well as the corresponding
integrals needed for computing the molecular energy, for these
systems were obtained from Dr. B. J. Ransil at the Laboratory
of Molecular Stru:ziure and Spectra, University of Chicago,
Chicago, Illinois (14). This data formed the starting point
for the present investigation, The wave functions were calcu-
lated as a single-determinant limited SCF LCAO-MO approxima-
tion to the accurate ground state wave functions, based on a
minimal set of Slater AO's. The terminology used here follows
that of Mulliken (15) and Ransil (14). That is, on both atoms
there were used at most the 1S, 2S, 2R7J, 2PqT and 2P orbit-
als.

For each molecular system, three different wave functions
were computed which differed only in the manner in which the
orbital exponents of the basis atomic orbitals are determined
(14). In the first case, the g's are determined by Slater's
rules ("Slater orbitals™). This wave function and the analy-
sis associated with it will be referred to as the "SAO case".
In the second case, the é's are determined by minimizing the
separate atomic ground state energies ("best atom atomic or-
bitals (BAO)"). This case will be referred to as the "BAO

case™, In the third case, the é;'s are determined by minimiz-
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ing the total molecular energy ("best molecular orbital atomic
orbitals (BMAO)"). This case will be referred to as the "BMAO
case™. Thus, three analyses are carried out for each molecular
system, and the results are given in the appendix. Since it
was found, however, that in general there is little difference
between the SAO and the BAO cases, the discussion will be con-
cerned mainly with the SAO and the BMAO cases.

The calculations for each molecule were not made at the
theoretically determined equilibrium distance, but at the ex-
perimentally observed equilibrium internuclear distance. 1In
the unknown Be2, this distance was chosen arbitrarily. Con-
sequently, the results obtained do not satisfy the virial the-
orem. In all cases, the absolute error in the total molecular
energy was greater than the computed dissociation energy. In
spite of these limitations, it is believed that the following
discussion will exhibit some significant physical aspects of
chemical binding in these molecular systems and will allow a

certain amount of comparison between then.
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GROSS ENERGY BALANCE

The basis for the analysis is a decomposition of the mo-
lecular binding energy into four parts ascribed to promotion-
al, quasi-classical, sharing pere tration and sharing interfer-
ence interactions. Each of these parts is further examined
according to intra- and inter-atomic contributions from orbit-
als and orbital pairs and also according to their energetic
origin, i.e., kinetic, nuclear-electronic or inter-electronic.
This complete breakdown is given in the appendix for all mo-
lecular calculations. Thus, there are three analyses for each
molecule corresponding to the SAO, BAO and BMAO approxima-
tions.

Before discussing these molecular analyses in detail, it
is of interest to consider the over-all behavior of the four
basic interactions mentioned above. A comparative graphical
representation is given in Figure 1, which information is ex-
tracted from the first table of each of the analyses in the
appendix. Since the BAO results closely parallel the SAO re-
sults, they are omitted from the plot. Each curve represents
a running total.

The curves show a satisfying similarity to each other and
to similar plots obtained in the previous investigations (i1,
12 and 13). In spite of this apparent similarity, a profound

difference exists, however, between the systems Li,, N, and

F2 on one hand and Be2 and 02 on the other hand. For this
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reason these groups are distinguished in the figure. The
former group has an odd number of electrons per atom while
the latter has an even number. The experimental molecular
ground state is a singlet for the members of the former group,
a triplet for C2 and unobserved for Be2 (if existing, a tri-
plet would be expected). The present singlet wave functions
for the latter two molecules must be regarded with caution.
It is not clear whether, or how close, they approach an actu-
al physical situation. The theoretically predicted equilib-
rium distance may be far from that used for 02 and it may be
non-existent for Bez. Note also that binding is not obtained

for either of them. It is rather surprising that the Be, and

2
02 plots in Figure 1 do conform to the general pattern, since
the detailed examination will indeed reveal considerable pe-
culiarities in their wave functions.

In each curve, the first two points correspond to the
combined promotion effects of the atoms. Hybridization pro-
motion is labelled H and contraction promotion is labelled C.

The former is quite large in 02 and N2 and small in Li,, Be

2 TT2?
and F2. The explanation of these values are given in a sub-
sequent section. In all cases, the contraction promotion
appears to be very small but it is consistently the result of
a considerable drop in potential energy and a compensating in-

crease in kinetic energy indicating an average contraction in

agreemenT. W1Ttn previous conciusions (11, 1Z ana 13).
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The next point on the curve represents the quasi-classical
interactions, i.e., the electrostatic potential energy aris-
ing when the atomic charge clouds, including the nuclei, are
moved from infinity to their equilibrium positions. 1In all
cases it is attractive and less than 5 eV.

The last three points describe the energy contributions
from electron sharing. The first two show the characteristic
increase in electron repulsion due to sharing penetration.

The positive intra-atomic contributions (first point) always
outweigh the negative inter-atomic contribution (second
point). The final point furnishes the energy effects arising
from the interference between the orbitals of the two atoms.
According to all previous experience, this interaction is the
crucial element in chemical binding. In the present study,
two types of anomalous behavior are found. First, the afore-
mentioned peculiarity of the Be2 and 02 molecules finds ex-
pression in the fact that the kinetic part of the interference
energy is positive and the potential part is larger and nega-
tive, in complete contradiction to all other cases so far ana-
lyzed. In view of the uncertainty connected with these wave
functions, it is difficult to assess the meaning of this as
well as the other aberrations in Be2 and 02. Second, the
present L12 calculations yield the unique examples of a posi-

tive total interference effect, although the signs of the
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of this deviation is also uncertain since the violation of the
virial theorem appears to indicate that the calculation has
been performed at a distance markedly shorter than the theo-

retically predicted equilibrium position.



32
ELECTRONIC DISTRIBUTION

The five molecules studied separate into two categories
with quite different characteristics. The first group is
formed by Liz, N2 and F2, where each atom contributes an odd
number of electrons to the MO's. The second group, Be2 and
C2, is characterized by each atom contributing an even number
of J electrons.

Within the first group, there is a notable difference in
the composition of the bonding and lone-pair valence hybrids
depending upon the occupation of the lone-pair orbital. Ex-
actly the same observation was made and explained in the study
of the hydride molecules. For Li,, with no lone-pair elec-
trons, the bonding orbital is predominantly 2S and the lone-
pair is predominantly 2PO. The actual weighting of the 2S
contribution to the bonding orbital is smaller in LiH (60%)
than it is in Li, (94%), but the latter fraction may not be
too reliable because there is some question with regard to the
present Li2 calculation since it has not been executed at the
theoretically determined equilibrium distance. This leads to
a rather large relative deviation from the virial theorem and
also is suspected of producing unreasonable interference en-
ergy values. In N2 and F2, the lone-pair orbital is doubly
occupied and therefore preempts the available 28 orbital so
that the dominant part of the bonding orbital becomes 2PU, 1In

this respect, the N2 molecule differs from the particular
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state of the NH molecule treated in the hydride series. Rath-
er, the g valence orbitals in N2 are similar in character to
those of the boron atom found in the BH calculation. For both
cases, the 2PJ character of the bonding orbital is about 83%.
The 28 character is 17% in BH and 16% in N,. The O )
orbitals in F_ are very similar to those in HF, about 90% 2P0

2
character in the bonding orbital. ({In HF it is 88%.)

The systems of the second group, Be2 and C2’ have doubly
filled ZOé and 2J, MO's. Since S-P hybridization appears to
be too costly, both MO's have only a minor 2P0 admixture. If
this mixture were zero, then one would have the situation of
two doubly filled lone-pair orbitals with non-bonded repul-
sions. Actually, the lone-pair valence orbital, possessing
more than 96% 28 character, is found to have the approximate
population of 1.7 whereas the bonding vrbital, with more than
98% 2Pg character, is populated by approximately 0.3 to 0.4
electrons. The exact values are given in Table 1,

Table 1. Populations of lone-pair orbital and bonding
orbital in Be2 and 02

SAQ BMAO
Orbital Be2 02 Be2 C2

o

0,323 0.411 0.253 0.323
1 1.686 1.586 1.761 1.699
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PROMOTION

Hybridization

In order to find the effect of hybridization promotion,
suitable ground state wave functions must be chosen.

For lithium, this function is the determinant for the
(18%28) 2s configuration. Promotion therefore consists in
changing the 2S5 orbital into a bonding hybrid involving a
shift of charge of about 0.05 electron from the 2S to the 2P0
orbital.

The nitrogen ground state is a (1322322H32PTTZP%F) ks
determinant. The fluorine ground state is a (1822822PU2PWT2
2P772) 2P determinant. In both of these, promotion consists
in adulterating the 2S lone-pair by some 2PJ admixture and
transforming the singly occupied 2RJ orbital into a bonding
hybrid by adding some 2S character. The net effect is the
loss of 2S and the gain of 2Pg character by one electron.
Thus, in nitrogen, with the aforementioned strong hybridiza-
tion, there is a considerable charge shift (0.20 electrons in
the SAO approximation, 0.13 electrons in the BMAO approxima-
tion) from the 2S to the 2P0 orbitals. In fluorine, the
charge shift is only 0.03 electrons because of the minute hy-
bridization.

The ground state of beryllium is the (182282) 1s deter-
minant. For carbon it is a (18%2S22P7T2P7T) 3P determinant.

In both cases, promotion consists in removing part of an
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electron from the 2S (which essentially remains a lone-pair
orbital) and placing this charge into the 2P orbital, the
bonding orbital. The amounts of charge shifted are identical
with those given in Figure 2.

The promotion energies resulting from these hybridiza-
tions in the SAO and BMAO approximations are summarized, by
orbitals, in the first two sections of Figure 2. Also in-
cluded, as the first column for each atom, are the correspond-
ing population changes (Ap) which have just been discussed.
They are the changes of the diagonal elements of the bond-
order matrix. While it is true that the listed energy values
also contain contributions from off-diagonal elements, espe-
cially from electronic interaction, these are generally minor.
Only in Be2 and 02 do the 1S-2S cross terms gain some influ-
ence on the total.

In all cases, removal of charge from an orbital decreases
the kinetic and increases the potential energy of that orbit-
al. Addition of charge generates opposite changes. Nearly
always the change in potential energy dominates. In view of
the foregoing, the over-all energy increase due to hybridiza-
tion, is basically due to the decrease in nuclear attraction
in moving charge from the 2S to the 2P0 orbital. 1In Li2 and
NZ’ this effect also dominates over the not negligible drop in
energy associated with the slight charge shift into the 1S or-

hital., 8Since the pregent detinition of promotion densgitieg is

~o—— - =
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not derived from atomic wave functions, the 1S population can
increase beyond two, a fact which accounts for the slightly
negative promotion energy in the SAO calculation of Li,. 1In
Be2 and C2, the 1S promotion has the opposite sign and,; in the

BMAO case, is quite substantial.

Contraction and Expansion

The third section of Figure 2 gives the promotion energies
arising from the contraction and expansion of the AO's in the
BMAO calculation, with reference to the BAO calculation. The
energy differences are the results of the changes in the vari-
ous orbital exponents calculated for the hybridized promotion
state. The orbital exponent modifications ([}g), in going
from the BAO to the BMAQ case, are also listed in the first
column for each molecule.

The magnitude of the energy values can be understood
from the changes in orbital exponents and the population of
the orbitals in the promoted state. For example, the kinetic
contribution to the contractive promotion is approximately re-
produced by:

tp [{2(mm0) -L2(Br0)) = p(LAL) 2 p({ AL)N27.2) ev,
where p is the orbital population. Thus, for example, the
very large effect in N, is the result of the large population
(1.20) and the large[lg. F, has a large population (1.03)
but a smallAC, while C, has a large ACbut a smaller popula-

tion (0.43), both factors are even smaller in Be, and very
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small in Liz. The really large changes in the orbital expo-
nents are the increases in the 2P0 orbitals. This is in agree-
ment with the repeatedly expressed idea that contractive pro-
motion is linked to constructive interference. The changes in
the other orbital exponents seem to be determined by a more
complicated chain of cross influences. We consider it, how-
ever, very significant that in all cases the total molecular
contractive promotion shows the following characteristics:

the kinetic energy increases, the potential energy decreases,
and the total energy change is positive, but small compared to
its kinetic or potential parts. In short, contractive promo-
tion essentially shifts energy from the potential to the ki-
netic category and this shift is at least of the order of
magnitude of the calculated binding energy. Except for Cz,
this behavior of the contractive promotion also determines the
signs of the kinetic and potential parts of the total BMAO

molecular promotion energy.
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QUASI-CLASSICAL INTERACTION

Factors Influencing Quasi-classical Energies
A great variety is observed in the orbital pair contribu-
tions to the quasi-classical energy in the various molecular
systems. It indicates that many factors are involved.

First, there is the weighting factor for each orbital

pair, which indicates how many times the orbital interaction
occurs in the total. Thus, a pair involving two analogous or-
bitals, such as (b,b'), has a weighting factor of one, where-
as, pairs involving two different orbitals (cross terms) have
a weighting factor of two since either orbital can be on ei-
ther atom, e.g., one has (£,b') and (b,L'). Finally, all
pairs involving a qr orbital are subject to an additional
doubling to account for the equivalent 4F contribution. Thus,
for examples, the (£,b') and (qr,qr') terms have a weighting
factor of two, and so has the (1T,qr') term, but the (L,71"')
term has a weighting factor of four.

Secondly, there is the population factor, i.e., the prod-

uct of the two orbital populations. Each orbital pair contri-
bution is the product of the population factor and a "normal-
igzed" quasi-classical interaction energy between the two
orbitals. The latter is the sum of the quasi-classical inter-
actions arising between two unit nuclear point charges and the
two unit electronic charge distributions represented by the

densities of the specific orbitals involved. The population



40

factors vary from zero, when one or both of the orbitals are
unoccupied, to about four which is common between doubly oc-
cupied i or £ orbitals.

The normalized quasi-classical energy ("Coulomb Inte-
gral") of an orbital pair represents the electrostatic inter-
action between two neutral units. In each unit, the elec-
tronic cloud can be considered as "shielding™ the nucleus.

The effectiveness of this shielding depends upon the relative
diffuseness of the electron cloud as well as its polarization.
By "relative diffuseness" is meant the average diameter of the

orbital cloud as compared to the internuclear distance. A

relatively diffuse distribution tends to have a poorer shield-
ing effect and a larger interaction energy than a contracted
distribution which, otherwise, has the same polarization char-
acteristics. Thus, the inner orbitals generally exhibit a
high shielding effect. The overlap integral, S, gives a rough
indication of shielding for fixed polarization. A large S
indicates little shielding, while a very small S indicates al-~
most complete shielding.

On the other hand, the polarization of the orbital cloud
is of paramount importance. For example, a cloud will have a
larger interaction with the other atom, if it is concentrated
between that atom and its own nucleus. One can say that its
nucleus is better shielded by such a polarized cloud. But the

picture becomes legs apt at The polint where K as Irequently

< == il Py —
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occurs, the interaction of the polarized electron cloud with
the other atom, in particular its nucleus, becomes the dom-
inant effect. It stands to reason that the electron-nuclear
attraction terms are much more sensitive to the polarization
effects than to variations in the diffuseness of the electron
cloud. But for the electron-electron repulsion terms, both
effects are consequential. The influence of polarization in
simple interactions is shown in the comparative calculations
by Fraga and Mulliken for various charge distributions in some
valence bond structures, especially for H, (22). (They used
the term "coulomb energy™ for the interaction effects which,
here, are referred to as quasi-classical.) Their results form
a good introductory review to the quasi-classical effects
associated with various spatial arrangements of charge distri-
butions.

A given charge distribution can be contracted by an in-
crease in the orbital exponent, C , but also by.a change in
hybridization, such as 1S and 2S mixing, and frequently both
changes occur together. The polarization of the orbitals is
largely due to hybridization, as given by the VAO decomposi-
tion in the appendix. But polarization of hybrid orbitals can
also be influenced by changes in the g values, especially the
2FT g value,

The final factor to be considered is the internuclear

distance. AL very small distances
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actions are always repulsive since the nuclear-nuclear term is
overwhelming. In the case of the 1T-qr interaction, this re-
mains so for all distances. The ¢ interaction terms become
attractive in the range of actual interest. At very large
distances, i.e., for small overlap values, the S-S interaction
remains attractive, whereas the Fg-Pg interactions become re-
pulsive due to quadrupole interactions. As a general rule,
the smaller the internuclear distance, the larger the quasi-
classical interaction will be and vice versa. This is so,
since the electronic repulsion (shielding) increases less than
the nuclear-electronic attractions as charge clouds approach

and interpenetrate each other.

Discussion of Principal Contributions
Many of the orbital pairs, such as those involving an in-

ner orbital, make an insignificant contribution to the total
quasi-classical energy. On the other hand, a relatively few
of the orbital pairs invariably contribute most of the total
energy. In Table 2 the principal orbital pair contributions
are summarized for the various molecular systems. Only the

results of the BMAO and the SAO calculations are given since
the BAO calculation shows only minor variations from the SAO
case. In order to facilitate the discussion, the table con-

tains the following pertinent information: the internuclear

Aiatancreca the weichtine fartnar far earh ecAantribntinan {oiwan

~

in parenthesis under the orbital pair designation), the



Tab .e 2. Comparison of main quasi-classical contributions

SAO . BMAO
L12 N2 F2 Be2 02 Ll2 N2 F2 Be2 02
Ra. u.) 5.05 2,07 2,68 3.78 2.35 5.05 2.07 2,68 3.78 2.35

Binding Orbital Pairs

Norm E -1.02 =2.,60 0.35 -1.83 -2.84 -0.94 -1.27 0.33 -1.09 -1.24
b,b" Popul. 0.99 0.91 0.99 0.10 0.17 0.99 0.92 0.99 0.06 0.10
(1, Ov'lap 0.77 0.72 0.22 0.37 0.42 0.75 0.62 0.25 0.37 0.39

Norm E - -2.43 -0.29 -1.08 -1.75 - -2.19 ~0.32 =0.90 -=1,26
1,b" Popul. 0.00 1.95 1.99 0.54 0.65 0.00 1.95 1.99 O.45  0.55
(27 Ov'lap 0.36 0.30 0.12 O.45 0.46 0.32 0.30 O0.14 O.41 0.34
b,  Norm E - -1.98 -=0.20 - -1.43 - -1.72 =0.22 - ~-1.08
(l&) Popul. - 0095 1099 hadind OoLP1 - 0096 1.99 - 0032

Antibinding Orbital Pairs

Norm E - T.42 0.11 =0.12 0.02 - 1.18 O.11 -0.,22 -0.25
,0.' Popul. 0.00 4.18 4.02 2.84 2.51 0.00 L.18 4,03 3.10 2.88
(1) Ov'lap 0.03 0.05 0.06 0.40 0.37 0.15 0.17 0.06 0447 0.38
L7 Norm E - 0.73 0.06 - 0.24 - 0.68 0.07 - 0.09
(4)  Popul. - 2.04  4.01 -— 1.58 - 2.04  4.01 - 1.70

Norm E - 0.62 0.08 -— 0.63 - 0.65 0.09 - 0.64
T, Tt Popul. - 1.00 4,00 - 1.00 - 1.00 4.00 - 1.00
(2) Ov'lap - 0.28 0.05 - 0.32 - 0.29 0.05 - 0.32
T77* Norm E - 0.28 0.03 - 0.30 - 0.30 0.03 - 0.31
(2) Popul. -= 1.00 4 .00 - 1.00 — 1.00 4,00 - 1.00

e
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normalized energy effects (Norm E), the population product
factors (Popul.), and the overlap integrals (Ov'lap) when dif-
ferent from zero.

Binding are, in general, the (b,b'), (L,b') and (b,TT ')
contributions. (See first secticn of Table 2

The usual attraction of the (b,b') term is associated with
the localization of the electrons between the two nuclei
whereby the electronic nuclear attraction becomes the over-
whelming effect. This is accomplished by b orbitals which are
mainly 2P0 character or are strongly polarized S orbitals.

The former usually has a more favorable effect, although this
depends upon the diffuseness of the orbitals and the inter-
nuclear distance. A strongly polarized S orbital, while very
favorable, is somewhat handicapped by the increase in the
electronic repulsion arising from having the majority of its
charge in the bond region. The population factor, which is
always one or less, as well as the weighting factor of unity
place a definite limit on the total affect of the (b,b') con-
tribution.

In many .instances the (£,b') interaction becomes the pre-
dominant attractive contribution, because it has the weighting
factor two and a larger population factor which, in some
cases, gets as large as three. Moreover, its normalized en-
ergy, too, is relatively large and attractive because of the
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28 character, somewhat polarized away from the other nucleus
and quite diffuse. The interpenetration of the orbitals, as
indicated by the relatively large (£,b') overlap, does not in-
crease the electronic repulsion too much since it arises from
rather diffuse distributions. Thus they counteract little the
large nuclear attraction for the b orbital distribution
(largely located in the bond region) which is the predominant
effect. The more strongly polarized both orbitals are, the
larger the normalized energy is.

The total (b,1r') contribution is quite large because of
the large weighting factor of four. The reasons for the
large attractive nature of the (b,7r') interaction are much
the same as those noted for (£,b') interaction. Again, the
normalized energy effect increases with increased polarization
of the b orbitals.

The remaining interactions, namely (£, 2'), (£,17'),
{1r,77') and (17,7 ), are usually repulsive. The (£,f') in-
teraction is repulsive when the lone-pair orbital is suffi-
ciently polarized away from its nucleus since, thus, the
nuclear-nuclear repulsion is domineering. This is the more
common case and the repulsion can be substantial. If, on the
other hand, the lone-pair becomes close to being pure 2S, then
the (£, 2') interaction can become somewhat attractive, e.g.,
in Be, and C,. In any case, this contribution is important

> 2 - P, I . oA - . ! . o
since it usually has a large population factor (between three
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and four, unless it is zero).

The ({,qr') interaction is similar to the (b,TT') inter-
action except that it is now repulsive since the £ orbital is
always at least somewhat polarized away from the other nucleus.
Here, the nuclear attractions for the £ and 47 charge distri-
butions are not enough to overcome the nuclear repulsion,

i. 2., the shielding is not great enough, mainly because of the
polarization. The normalized energy for the (E,Tr') inter-
action is much smaller than that of the (b,qr') interaction,
but the larger population factor tends to reduce this differ-
ence somewhat. The large weighting factor of four also makes
the ({,Tr') interaction of considerable importance.

The (17,1 ') interaction is repulsive because of weak
shielding, and also because of the strong electronic repulsion
for two similar qr distributions. For geometric reasons, this
repulsion is much weaker for the (77,7T') interactions which,
therefore, are only about half as large. There is a weighting
factor of two in both cases. The effects of the internuclear
distance and the orbital exponent values (diffuseness) on
these interactions can be easily seen from the results in the
table.

From the preceding discussion, it can be seen that polar-
ization is the most influential and the most predominant fac-
tor in the quasi-classical interactions. It occurs to some

-
4

-
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the (b,7r') and ({,b') interactions. However, because of
orthogonalization, polarization of the b orbitals induces some
complementary polarization of the { orbitals and the resulting
(2,77') and (2,4') interactions will usually be repulsive.
nitudes of these two opposing effects. It must be remembered,
of course, that the other energetic interactions, such as in-
terference and promotion, are essential factors in the deter-
mination of the electronic distributions from which the quasi-
classical effects are calculated.

It is of interest to note that the net effect of the 1T
electrons, i.e., the sum of the (b,r'), (£,77"), (i,T"'),
(70 ,1') and (1,77 ') contributions, is always repulsive. 1In
C,(SA0), this effect is 1.02 eV, about twice as large as it is
in Nz(SAO).

Comparison of Different Approximations

The differences between the SAO and the BMAO calculations
show a great regularity for all systems. In all, except F2,
there is a general decrease in the polarization of the orbitals
in going from the SAO to the BMAO case. This decrease almost
invariably gives a decrease in the individual orbital pair
contributions, and thus also the total. The only exception to
this in Table 2 is the attractive (£, f') interaction in Be,
and C. which. in aereement with the forecoing discussion of

<

this case, is enhanced by the decrease in polarization of the
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L orbital. There is very little change in the 1T orbitals,
only a slight expansion due to a slight decrease in the é;
values. Usually, the decrease in polarization of the b or-
bital is due partly to a change in hybridization and partly
to an increase in the 2P0 g value., The latter also causes
a contraction which further reduces the energy contributions,

in particular for the (b,b') interactions.
Examination of Specific Contributions

Interactions in F,

The results for F2 are sufficiently different from those
of the other molecular systems to warrant special considera-
tion. The total quasi-classical interaction for FZ(SAO) is
zero and it is only slightly attractive for F2(BMA0). The
smallness of these interactions, as compared to the other sys-
tems, is due to the large internuclear distance in comparison
with the diameter of the atomic orbitals, as indicated by the
large values of (QIU and the correspondingly small overlap
integrals. This situation is caused by non-bonded repulsion
of the qr electrons, which are essentially lone-pair elec-
trons. The distance is, in fact, so large that the (b,b')
interaction is now repulsive, in agreement with the earlier
discussion. The unique increase of the interactions in the
BMAO case, as compared to the SAO case, is due to an increase
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caused by the decrease in the 2P0 g value since the hybrid-
ization remains essentially the same. Most of the differ-
ences between the SAO and the BMAO calculations are however,

very small compared to those in the other systems.

(b,b') interactions

The normalized (b,b') interaction in Be, and C, is quite
high because of the 2P0 character of the b orbital. Be, is
the lower of the two because of the larger internuclear dis-
tance. It is also quite high in NZ' Here, the strong polar-
ization of the b orbital is less helpful, but the shorter
internuclear distance makes the result for 02 and N2 quite
similar. It is smaller in Liz, because the b orbital has only
slightly polarized 2S character. However, since it is quite
diffuse (as noted by the large overlap), the electronic repul-
sion is small, and hence the total interaction is quite re-
markable considering the large internuclear distance. The
(b,b') contribution is almost the entire quasi-classical ef-
fect in Li, since the L orbitals are unoccupied. For Be, and
C,, however, the small population factors make the (b,b*) con-

tribution quite unimportant.

(£,b') interactions

The normalized (£,b') interaction is very large in N, be-

cause of the strong polarization of both the b and L orbitals.
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polarization as well as larger internuclear distances. The
lack of polarization of the £ orbitals is especially effective.
Be2 is the smaller of the two for the same reasons. The de-
crease in the BMAO case for 02 is also larger than usual be-
cause of the contraction of the £ orbital as well as the
decreased polarization of the b and £ orbitals. The decrease
for Be,(BMAO) is somewhat reduced by the expansion of the L
orbital. Again, the population factors for Be2 and 02 are
quite small. The ({,b') interaction in F, is small for the

reasons discussed previously.

(2,.0') interactions

The (£,2') interaction obeys the general behavior in N,
and F2. Be2 and 02, however, are exceptions which have al-
ready been discussed. The increased attraction in Cz(BMAO)
is much larger than in Bez(BMAO) because of the changes in the

L orbitals as mentioned above.

Interactions involving 1T orbitals

The (b, ') interaction is much larger in N, than in G,
because of the increased polarization. Jt is much smaller in
Fr. The (£,17'), (M, ") and (1T, 77') interactions follow
the discussion given above in all cases. In spite of a popu-
lation product which is four times larger, the results for F2

are only about half as large as for N, and C,. The (£2,1")

interaction shows a quite large decrease in the Cz(BMAO) case
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which is due to the changes in the £ orbital as already indi-
cated. The (f£,1T') interaction is also much larger in N, be-

cause of the strong polarigation of the L orbvital.

Inner orbital interactions

Almost all contributions involving the inner orbitals are
practically zero as is expected, with a few exceptions to be
considered. There is an exception in the N2(SAO) case where
the L orbital is so strongly polarized away from the nucleus
that there is a substantial repulsive energy (0.26 eV) with
the inner orbital of the other atom. This interaction be-
comes almost negligible in the BMAO case because of the de-
creased polarization. However, the (i,ﬁ') contribution in the
BMAO cases of C, and Be, is slightly attractive (-0.07 eV and
-0.10 eV respectively) since the £ orbital is almost pure 2S5
character. Note the similarity to the behavior of the (ﬁ,ﬂ')
contributions. Another surprisingly large contribution is the
attractive (i,b') interaction in N, (-C.34 eV in the SAQ case
and -0.17 eV in the BMAO case). This is due mainly to the

polarized nature of the b orbital.
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INTERFERENCE

Factors Affecting the Interference Energies

As has been discussed elsewhere, the interference energy
arises from the fact that the actual density differs from the
quasi-classical density by certain orbital pair contributions
which represent either constructive or destructive interfer-
ence effects. For atomic orbitals which have somewhat compli-
cated contours the difference between the two types may not
always be immediately obvious from the geometry. Constructive
interference exists if there is an over-all smoothing of the
density, destructive interference takes place if the opposite
occurs. More specifically, we speak of constructive inter-
ference if the kinetic interference energy is negative and of
destructive interference if the kinetic interference energy is
positive.

In general, constructive interference is also associated
with a positive potential interference energy, and destructive
interference with a negative potential contribution. To this,
there are, however, quite a few exceptions, in particular if
the interference affects only little the electron density near
the nuclei. The total interference energy is almost always
determined by the kinetic part, so that constructive inter-
ference implies a binding effect, whereas destructive inter-
ference implies an antibinding effect.

Each orbital pair interaction is the product of two
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factors, bond-order and resonance integral. This is similar
to the quasi-classical energies, being products of populations
and normalized orbital interactions (coulomb integrals). In
fact the relative size of a given bond-order appears to be
closely related to the populations of the orbitals involved.
Note the smallness of p(b,b') in Be2 and 02, Also, the var-
ious pair contributions have the same weighting factors which
were discussed for the quasi-classical effects; two for cross
terms, an additional two for 1T contributions except
(mm,T').

The situation is somewhat different if the bond-order
vanishes, e.g., for the g-qr and T -qT cross terms. Al-
though here the kinetic interference energy vanishes, there
is in general a small potential contribution from the electron
interaction terms. Such cases will be discussed further be-
low. Their influence on the total interference effect is,
however, small.

A notable difference to the quasi-classical interaction
is the fact, that an arbitrary change of sign (or a more gen-
eral phase change) in the definition of one of the atomic
orbitals in a pair will simultaneously change the sign of the
bond-order and of the resonance integral while leaving the to-
tal interference energy invariant. However, in almost all

cases at hand it was found that the resonance integral between

two valence atomic OrbiTals corresponded TO constructive
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interference, i.e., had a negative kinetic resonance inte-
gral. Consequently, a positive bond-order usually corresponds
to constructive interference and a binding effect in the
interference energy, whereas a negative bond-order goes hand
in hand with destructive interference and an antibinding ef-
fect.

For a given orbital pair, a large positive bond-order
implies that the orbitals are mainly involved only in a bond-
ing MO [see p(r,1r'} in N, and C, and p(b,b') in F,]. Simi-
larly, a large negative bond-order implies that the orbitals
are mainly involved only in antibonding MO's [see p(ﬂ,ﬁ') in
02 and Be2]. When one or both of the orbitals are involved in
both types, the bond-order will be smaller and most often

negative [see p(r,qr') in F, as well as the bond-orders in-

2
volving the inner orbitals]} These results are quite similar
to those which occur in valence bond structures where the
individual antibonding effects are larger than the bonding

effect,

Discussion of Principal Types
Similar to the quasi-classical effects, the interference
energies are functions of many variables, such as; the inter-
nuclear distance, shielding (by all electrons), the orbital
exponents (relative contraction or expansion), and the spatial
orientation of the interacting orbitals (includes type of

orbital as well as degree of polarization). Thus,
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considerable variations occur in the results. They are best
understood by considering the interference densities from
which they originate. (These densities are meant to contain
the bond-orders as well as the orbital densities in the reso-
nance integrals.) It emerges that, in practically all cases,
the interference density belongs to one of a small number of
general basic types. In discussing them, the following termi-
nology will be used. Since the interference density is a
density modification, it can be regarded as a "shift" of elec-
tronic charge from one region of space into another, due to
the interference between two orbitals. The "recipient region"
for the orbital pair, (Aa,Bb), will be that region where there
is an increase in the electronic charge as compared with the
quasi~-classical density. The "dative region"™ is that region
where there is a decrease in the electronic charge. The
change in the electronic interaction part of the shielded
nuclear attraction terms, due to the charge shift, is referred
to as a change in the shielding effect.

The type I+ interference density is the "normal" con-
structive type, such as found in H2. The recipient region is
the bond region while the dative regions lie more or less
symmetrically about the nuclei, There is a large drop in
kinetic energy and a smaller rise in the shielded nuclear

attraction, the total being quite favorable for binding. Usu-
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which aids in keeping the rise in the shielded nuclear attrac-
tion small. Analogously, the type I- represents the "normal"
destructive interference and is just the reverse of type I+.
There is now a rise in kinetic energy and a smaller drop in
shielded nuclear attraction, the total being unfavorable for
binding. There are cases where types I+ and I- differ mainly
in the sign of the bond-order, but little in the resonance
integrals.

Type II+ is a less frequent constructive type which dif-
fers from type I+ in that the dative regions lie strictly on
the far sides of the nuclei (away from the other nucleus),
while the recipient region still lies in the bond region. The
consequence is that the drop in kinetic energy is not nearly as
great as in the first case (type I+) and the rise in the
shielded nuclear attraction is very small (the decrease in the
shielding effect is also very small). In some more extreme
cases, there is actually a decrease in the shielded nuclear
attraction since the potential attraction is greater in the
recipient region, where it arises from two shielded nuclei,
than in the dative region where it comes from one shielded
nucleus. This peculiar case is rather close to what used to
be considered by earlier workers as the essential effect of
overlap in chemical bonding. In fact, it corresponds, how-

ever, to rather untypical special situations. The destructive

counterpart of type II+ is type II-. The recipient regions
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lie rather toward the far sides of the nuclei, and the dative
region lies in the bond region. This shift of charge is ac-
companied by a smaller than normal rise in kinetic energy, but
only a minor drop in shielded nuclear attraction. In extreme
cases, there will actually be a considerable rise in the
shielded nuclear attraction [}ee the (i,b') interaction in sze

Another constructive type which, however, occurs rather
rarely, may be called type III+. In this case, the charge is
shifted from the bond region side near the nuclei, i.e., the
side closest to the opposite nucleus, into the center bond
region in a quite diffuse, spread out manner. The drop in
kinetic energy is smaller than in the normal case (type I+),
and the rise in shielded nuclear attraction is much larger so
that the two effects tend to cancel each other [gee the (£,b")
interactions in BeZ(SAO) and C2(BMAO)]. The destructive
counterpart, type III-, occurs mainly with the inner orbitals.
The recipient regions are small, centrally located regions
about the nuclei while the dative regions are a little farther
away from the nuclei on the bond side. There is now a consid-
erable rise in kinetic energy and, in general, a smaller but
quite large drop in shielded nuclear attraction, leaving a
slightly repulsive net effect. In an extreme form of this
case, the potential energy may actually overcome the kinetic,
leading to a binding effect [see (i,[') in N;.

1ne variations withln these Types are the result of dit-
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ferences in internuclear distances, bond-orders and orbital
hybridization. The latter largely determines how the recip-
ient and dative regions are distributed in space and to which

basic type a given interaction will belong.

Comparison of Different Approximations

In going from the SAO to the BAO calculations, there is a
general expansion of the orbitals and very little change in
the hybridization. The changes which occur are quite small
but they follow a general pattern. Because of the expansion,
there is a decrease in the attractive contributions and an in-
crease in the repulsive ones. This is usually so for the
separate parts of each contribution as well as the net result.
These changes are largely caused by an increase in the anti-
bonding bond-orders, due to the increase in overlap. The in-
ner orbital contributions and the results of Be, and C, show
the largest deviations from these general trends, since here
hybridization changes are no longer insignificant.

Much stronger hybridization changes occur in the BMAO
calculation and result in much larger and more erratic
changes. In general, however, all contributions are increased
by the decrease in polarization. The changes in the bonding
orbital contributions are usually more predominant because of
the 2P0 contraction and thus the total interference result be-
comes more binding. On the whole, the modifications are due

to the fact that the interference interactions occur closer to
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the nuclei.

These differences can be seen in Table 3, which summar-
izes the principal orbital pair contributions for all mole-
cules in the SAO and BMAO approximations. For each orbital
pair, there is given the kinetic and potential fand total)

energy effect as well as the bond-order (p).
Examination of Specific Contributions

1T contributions

We consider the (17,17 ') contributions first, since their
interference effects are simplest. In N2 and C2 they are of
type I+ and are very similar to the constructive interference
found in H2. In F2 this contribution is of type I- and corre-
sponds to a closed shell repulsion. It is mainly this repul-
sive (non-bonded) interaction of the 1qT electrons that is the
reason for the relatively large internuclear distance and,

thus, the small overlapping in Fz.

J contributions in L12J N2 and F2

The contributions from the @ electrons show a basic dif-
ference between the molecular systems of Liz, N2 and F2, where
there is an odd number of electrons per atom, and Be, and C,,
where there is an even number of electrons per atom. This
difference is most obvious in the (£,b') contributions, being
repulsive in N3 and F2 and attractive in C2 and Be2°

The (b,b') contribution is ™normal™, type I+, in both Li,



Table 3. Comparison of main sharing interference contributions

SAO

L12 N2 F2 B62 C2 L12 N2

KIN -3 061 "20073 -30066 -0.0h -OQLS -2 097 -28086

b,b' POT .68 8.32 16.23 -0.28 -0.58 1.98 10.99
(1) TOT -0.93 -12.41 -14.43 -0.32 -1.03 -0.99 -17.87
P 0.56 0.59 0.82 0.05 0.08 0.57 0.63

KIN -- 0.70 1.60 20.72 21.62 - 3.80

e, POT - -0.32 -0.82 -20.42 -16,08 - -0.73
(1 ) 'I'OT - 0038 0078 0.30 505"’ - 3007
p 0.00 =-0.16 =0.14 =-0.84 =0.75 0.00 =0.43

KIN -- 8.40 4,29 -6.68 -12.34 - 8.88

2,b" POT -- -0.57 -3.07 6.00 737 -- -2.30
(2) TOT - 7.84 1.22 =0.69 -4.96 - 6.58
P 0.00 =0.35 =0.19 0.40 O.47 0,00 =0.34

KIN -- =15.61 0.84 -~ =11.24 -- =15,19

7' POT -~  6.80 -0.49 -=  4.96 -—  6.61
(2) TOT -- -8.80 0.35 -- -6.28 -- -8.58
p - 0078 -0009 - 0076 - 0077

KIN 0.95 0.02 0.00 =1,00 1.86 0.70 0.23

i,b' POT -0.34 1.12 0.01 0.49 -0.62 -0.14 1.21
(2) TOT 0.61 1.15 0.01 -0.51 1.24 0.56 1ol
p -0.10 -0.01 -0.00 0.03 -0.04 -0.09 -0.02

KIN 0.07 0.51 0.00 5.83 2.20 0.00 0.55

i,a' POT -0.02 -0.82 -0.02 -5.14 -0.68 0.00 -1.38
(2) TOT 0,05 =0.31 =0.02 0.69 1.52 0.00 -0.83

p "0001 OQOL‘- Oooo -0025 -0010 —0.00 0.0l}
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and F2, and of type II+ in N2 (because of the extreme polari-
zation). It is fairly large in F, and N2 but is quite small
in L12 because of the relatively small g values and large
internuclear distance.

The (£,0') and ({,b') contributions, which are absent in
Liz, are antibinding due to destructive interference in both

2
(£,b') contribution in F,, are normal, type I-, and quite

F, and N,. The (L, ') contribution in both, as well as the

small, compared to the {b,b') contributions. They are typical
non-bonded repulsions. The (£,b') contribution in N2 is, how-
ever, of type II- and shows an unusually large repulsion be-
cause of the polarized nature of the L and b orbitals. In the
NZ(BMAO) case, polarization is less pronounced and the repul-
sion decreases accordingly.

Because of small overlapping, there are no significant
contributions in F2 arising from the inner shells. 1In Li2
and N2, however, there exists a comparatively large antibind-

ing (i,b') contribution. It is normal, type I-, in Li,, but

29
in N2 the polarization of the b orbital leads to an extreme
case of type II-, with a surprisingly large rise in the
shielded nuclear attraction. In N, there is also a smaller,
but quite significant, binding (i,ﬁ') contribution which is an
extreme case of type III- (here, the dative regions lie also

on the far sides of the nuclei and there is a large drop in

Tthne snlelaea nuclear aciraciion.
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The total O contribution to the interference energy in
L12 and N2 is antibinding in all cases except one [Liz(SAO),
0.39 eV; Liz(BMAO), 0.13 eV; N2(SAO), 5.32 eV; NZ(BMAO),
-0.37 eV]. In Li,, this is due to the strong imner shell in-
teraction, (i,b'); in N2, it arises largely from the non-
bonded repulsion of the ({,b!) interaction.

Since there are no other interference terms in Li the

2?
result is that here the binding energy is entirely furnished
by the quasi-classical effects, a consequence which is in

complete contradiction to previous qualitative understanding

and was already noted by Mulliken and Fraga. In N,, the sim-

29
ilar behavior of the (g contribution is concealed by the
strongly binding 1T interference.

Whether or not this result for Li2 is characteristic for
the actual molecular situation is, however, rather question-
able. It may be an artifact since the deviations of Ransil's
calculations from the virial theorem are larger than the
interference energies in the case of Liz. It may well be that
a more accurate calculation will find a negative interference
contribution in Li2. The same may be true in N2' In fact,
the BMAO approximation gives here a slightly attractive inter-
ference energy as well as a better approximation to the virial

theorem. It may also be noted that, in Liz, the negative

kinetic interference energy is clearly responsible for the
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the potential energy drop.

On the other hand, it may be that in N, the strong 17
bonds pull the nuclei so close together that the O orbitals
are forced into non-binding or antibinding. In F,, where the
antibinding repulsion of 4T lone pair contributions prevent

a too close approach, the total (¢ contribution is binding.

J contributions in Be2 and 02

The results for Be2 and C2 are quite different because of
the large and peculiar influence of the £ and i orbitals.
Also, the variations between the SAO and BMAO calculations are
much greater. Due to the small population of the b orbitals,
the negative p(ﬂ,ﬂ}) bond-orders are larger than all others.
Furthermore, the p({,b') bond-orders are now positive, in con-
trast to the situation in N, and F,, so that the (£,b') inter-
ference is binding; except in CZ(BMAO), where it is almost
zero,

The total  interference energy is binding in all cases
except one [Bez(SAO), -1.01 eV; Be

(BMAO), -4.54 eV; C,(840),

2 2
+0.11 eV; C,(BMAO), -14.10 eV ]. This binding effect is now
due to the negative shielded nuclear attraction contributions
being larger than the positive kinetic energy terms. This un-
usual situation is related to the 1S-2S hybridization and is
paid for by opposing promotion effects associated with the ex-
pansion of the 1S orbital by hybridization.

The (b,b') contribution in both Be, and C; is an extreme
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case of type II+ in which there is a decrease in shielded nu-
clear attraction as well as in kinetic energy. The energies
are very small, however, because of the small bond-orders.

The (£,8') contribution in Be, and the SAO case of C, is
normal (type I-), but because of the contracted nature of the
yi orbitals, due to 15 admixture, the rise in kinetic energy
and drop in shielded nuclear attraction are very large ef-
fects. In the BMAO case of Be,, where the £ orbitals are
somewhat expanded, these effects are much smaller. In the
BMAO calculation of C,, the (£,£') contribution is an extreme
case of type III- and is strongly binding.

The (£,b') contribution, for the SAO calculations, is of
type III+ (binding) in Be, and of type I+ in C,. For the BMAO
calculations, it is an extreme case of type II+ in Be, [simi-
lar to the (b,b!) contribution] and is close to type III+ in
C>. For the latter, the drop in kinetic energy and rise in
shielded nuclear attraction are large effects while the total
effect is only slightly antibinding.

The (i,b') contribution, for the SAO calculations, is of
type I+ in Be, and of type I- in C,. For the BMAO calcula-
tions, it is similar to type III+ in Be, (and antibinding)
while in 02 it is of type I+,

The (i,4') contribution is an extreme case of type III-
(and therefore is binding) in Be,(SA0), Be,(BMAO) and in

UALBMAULY,. IT 18 O Tvne L= 1n U.(SA0),
4 . = ¢« © et v 4‘ [
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These peculiar energy relationships in Be2 and C2 are
very different from those obtained in the cases where the cal-
culated wave function yilelds binding and describes a molecule
near the equilibrium position. This is certainly not at all
the case for the present Be2 and 02 calculations, and it is
questionable whether the calculated wave functions could cor-

respond to any stable physical situation.

Second-order contributions

For orbital pairs of different symmetry species, the
bond-orders vanish and the interference energies arise solely
from the exchange part of the electronic interactions. Such
energy contributions are found for (i,1r'), (£,1'), (b,1T")

and (1T,qT') and occur only in C,, Ny and F,. 1In all cases,

2
they are negative, i.e., binding, in agreement with similar
findings in other molecular analyses (12 and 13). [The only
exception is the (£, ') contribution in F,, but this term,
like the others in F2, is insignificantly small.] In 02 and
N,, the combined effect of these terms is far from insignifi-

29
cant (-6.90 eV for C, and -7.48 eV for N, in the SAO approxi-
mation and only slightly smaller in the BMAO approximation).
These interactions appear to be similar to the inter-atomic
sharing penetration terms which will be discussed in the sub-
sequent section. The specific nature of this decrease in

electronic interaction is difficult to ascertain without a

detailed study.
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SHARING PENETRATION

The most striking feature of the sharing penetration
energies is the parallelism existing between them and the in-
terference effects. It confirms the idea that this part of
the electronic repulsion energy is intimately related to the
sharing of electrons. Also confirmed is the view that the
over-all effect of these contributions is, in general, bond-
opposing.

The parallelism mentioned arises from the fact that the
exchange contributions to the inter-atomic pairpopulations re-
flect, to some degree, the behavior of the bond-orders for the
various orbital pairs. For, each inter-atomic sharing pene-
tration energy is essentially the negative product of such an
exchange pairpopulation and the corresponding inter-orbital
coulomb integral.

Table 4 collects the significant orbital and orbital-pair
sharing penetration energies for all molecules in the SAO and
BMAO approximations., For the inter-atomic terms there are also
listed the corresponding exchange pairpopulations and bond-
orders.

In every instance, the exchange pairpopulation has the
same sign as the corresponding bond-order. Thus, the con-
structive interference of all (b,b!) pairs is associated with
a negative sharing penetration energy; much weaker for Beq and

02 where these orbitals are poorly populated than in Liz, F2



Table 4. Comparison of main sharing penetration contributions
SAO BMAO
L12 N2 F2 Be2 02 L12 N2 F2 Be2 02
Inter-atomic Contributions
E =2,89 =10.70 -6.48 -0.14 =-0.43 -2.81 -10.56 ~6.55 =0.12 =0.34
b,b! Ay 0.501 0.514, 0.502 0.003 0.010 0.501 0.512 0,503 0.002 0.006
(1) p 0.564, 0.587 0.817 0.054 0.075 0.570 0.627 0.799 0.046 0.065
E - 0.04 0.04 1.13 1.69 ——— 0.40 0.04 1.74 1.96
L' gy -=-~ =0,004 -0,005 -0,138 -0.095 == =0.037 =-0.004 -0,228 =0.120
(1) p --= «~0.160 -0.138 -0.838 -0.751 -== =0.430 -0.135 =-1.099 -0.827
E - 0096 0.20 "1.78 -3.66 - 0090 0.22 -1ol+3 -2.8h’
6,0 Qe -—- =0,062 -0.,010 0.272 0.326 == =0,059 =0.092 0.222 0.254
(2) p -—= =0.352 ~0.194 0.405 0.469 == =0.,337 =0.,206 0.351 0.437
, E -—— =5.72 0.02 ——— =594 -—— =5.64 0.02 ——— =14 ,86
rar Qy —_—— 0.500 -0,002 —— 0.500 - 0.500 -0.002 - 0.500
(2) p —— 0.780 -0.094 —-—— 0.760 -—— 0.772 -0.,100 _— 0.756
Intra-atomic Contributions
b E 1.67 L.74 7.07 1.46 2.69 1.63 5.03 6.78 1.45 2.51
9 E --=- =0,30 -~-0.04 O.43 1.94 -—= =0.,56 -0,05 =0.26 0.35
i E —-—— 4L.83 -0,03 - 4 .02 —-——— L.83 <=0.03 —— 4 .08
i E 0.09 -0,02 0.00 =0.35 0.06 0.07 -0,02 0.00 =0.55 -1.,18

L9
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and N2, with filled bonding orbitals. The destructive inter-

ference of the (£,4') pairs is associated with a positive

sharing penetration energy, very weak in F_, and N,, having

2 2?7
small bond-orders, but rather substantial in Be, and 02, with
large negative bond-orders. Most striking is the correlation
for the (£,b') pair. The F, and N, molecules, with a moderate
destructive interference, have a moderate positive sharing
penetration contribution while, on the contrary, Be2 and C2
have substantial negative sharing penetration terms corres-
ponding to marked constructive interference (the different be-
havior of Be2 and 02 has been discussed in the preceding sec-
tion). Tinally, the (17,7T') orbital pair shows large nega-
tive sharing penetration energies for N2 and 02 where there
exists a strong constructive interference, but only a very
slight positive sharing penetration energy for F2 where de-
structive interference generates non-bonded 1r repulsions.

As a general rule, the sharing penetration terms are larger in
magnitude in the case of constructive interference than for a
comparable case of destructive interference,

These features of the inter-atomic sharing penetration
energies also provide the key for understanding the intra-
atomic sharing penetration energies. For, a change in the
amount of inter-atomic sharing is always accompanied by com-

pensating intra-atomic effects of opposite sign. Thus, the

intra-atomic Jf CONTrinputlilons are large ana positnive 1n NZ
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and 02 while small and negative in F2. The positive sharing
penetration energies for the bonding orbiﬁals become intelli-
gible if one appreciates that they compensate the inter-atomic
contributions of the (b,b') pair and one of the two (£,b')
pairs. This explains their positive sign and correlates with
their magnitudes. Similarly, the intra-atomic sharing pene-
tration energies for the £ orbitals must be considered as com-
pensation for the inter-atomic (£, £') pair and the remaining
(£,b') term. In this way, one can see why F, and N, have neg-
ative contributions whereas 02 and Be2 have positive contribu-
tions, all relatively weak.

These arguments gloss over the inner shell and the other
cross term contributions. While they are generally unimpor-
tant, they are not altogether negligible as can be seen by the
intra-atomic contributions included in the summary table.

There is a remarkable consistency between the results
derived from the SAO and BMAO approximations so that the dif-
ferences hardly merit elaboration except maybe for the change
in sign of the intra-atomic lone-pair contribution in Bez.
This value is, however, consistent in that it compensates for
the corresponding inter-atomic effects.

In general, but not always, the sum of compensating
intra- and inter-atomic contributions will be positive. The

molecular sums of all sharing penetration terms are always

m~AAS S sea <
e~y =

-~ hanmd A maa? - U U P I ~
~ey mmesnn VTN e g W LMV AVMIITU UTL VL T
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CONCLUSIONS

There exists a significant difference between the present
study and that of the hydrides. All members of the latter
series exhibited qualitative similarities, the differences in
their energy partitionings were of a quantitative nature and
conformed to simple trends. In contrast, the members of the
homonuclear series have far greater individualities so that
the energy partitioning yields not only differences in degree
but also in kind. The pattern of individual terms is much
more varied, cross-interactions more complicated, occasional
erratic behavior more common,

The execution of the analysis has yielded new information
regarding the behavior of the various energy terms, such as
the quasi-classical and interference interactions, under more
complicated conditions. It has shed light on the deepef dif-
ferences between the five molecules treated, particularly as
regards the differences between the group of Be2 and 02 and
the rest of the molecules. The difficulties encountered in
the analysis may in part suggest a need for improvements in
the method but they reveal, at least to an equal degree, ser-
ious deficiencies in the wave functions analyzed. A similar
analysis of analogous, but better, wave functions would there-
fore be very instructive, in particular if carried out as a
function of the internuclear distance.

Even under the present handicaps, many general ground
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rules are always obeyed by the individual energy fragments de-
fined in the present partitioning; such as, for example the
instrumental role of contractive promotion in the lowering of

the potential energy upon molecular formatiomn.
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APPENDIX: PRESENTATION OF NUMERICAL RESULTS

Each of the figures, 3 through 17, represents the com-
plete molecular analysis for one of the fifteen calculations.
The molecules are arranged in order of increasing molecular
weight. For each molecule, the approximations are listed in
the order: SAQ, BAO, BMAO.

Within each molecular analysis, the first section, la-
belled "Binding Energy Partitioning®, gives a summary of the
binding energy totals for the various energetic effects: pro-
motion (both hybridization and contraction), quasi-classical,
sharing penetration, sharing interference and the total. It
lists the binding energy fragments by atom and bond (and for
the molecule), decomposed in terms of kinetic interactions
(KIN) and potential interactions. For the intra-atomic pro-
motion contributions, the latter are subdivided into nuclear
attraction (NA) and other electronic interactions (OEI). For
all other intra- and inter-atomic contributions, the potential
contributions are decomposed into shielded nuclear attraction
(SNA) and other electronic interactions (OEI). Non-zero con-
traction promotion occurs for the BMAO cases only.

The second section, labelled "Valence Atomic Orbitals",
gives the VAO decompositions in terms of orthogonal Slater-

type-orbital basis functions. It also lists the inter-atomic

nrverlan inteosrale nf the VAN1a Tn thie certinn 2e woll ae

in the following sections, the 7T terms are not included
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since they are identical to the 1T terms.

The third section, labelled "Density Contributions",
gives the populations and inter-atomic bond-orders of the
VAO's. The valence inactive (p), the valence active (v), and

the

ct

otal (g} electronic populations are given for each or-
bital.

The fourth section, entitled "Exchange Contributions to
Pairpopulations", gives the decomposition of the interference-
free intra- and inter-atomic orbital pair coefficients of the
exchange pair-density, TTx(x1,x2), in terms of promotion
state and sharing penetration contributions. The latter is
subdivided into intra- and inter-atomic orbital pair frag-
ments.

The last two tables give the detailed partitioning, ac-
cording to orbitals and orbital pairs, of the intra- and inter-
atomic summary presented in the first table ("Binding Energy
Partitioning") discussed above. The intra-atomic promotion
effects are given in terms of the orthogonal spherical atomic
orbitals while the intra-atomic sharing penetration as well as
all inter-atomic effects are given in terms of the VAO's. 1In
the SNA rows of the inter-atomic sharing interference column,
the left entry gives the potential interaction of the inter-
ference density, arising from the orbital pair (Aa,Bb), with
the neutral atom A while the right entry gives that inter-

action with the neutral atom B. Equivalent orvival pair con-
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tributions to the inter-atomic energies are given only once,
e.g., the (b,i') contribution is not included since it is
equivalent to the (i,b') contribution which is given. (See
the discussion about the weighting factor in the chapter on
the quasi-classical interactions.) All energy terms in these

tables are in units of electron volts.
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SINUING EsEioY rasTilICNING

Prorotion——— uasl- Sharing —— Jotal
PRI PRC Classical Penetration Intcrference

Kil 0.53 0.00 0.23
Li LA -0.32 0.00 -Ce 22
C=I 0.31 0.00 1.76 2.07

ToL -0.07 0,00 1.76 1.0%
KIN o =1.57 -1.57
308D ShA -1.0 0.9 0.2 (.30
80D Tt ~2,82 -C.02 -2.8L
TUT -1.0€ -2.82 0,33 -3.51
KIN 1.00 0.C0 -1.37 -C.51
r1 SEA 1.0 ¢.00 -1.08 ) 0.9 0.6 -C.9h
T2 ol 0.62 0.C0 C.0% -¢.02 1.2
ToT -0.1h .00 -1,08 0.6% Ge3% ~0.1lh

VALENCE ATOMIC CRRBITALS
VAC Expanslion Cverlap Integrals
Orbital 13 25 2% i b 1

i 0.992°37  -0,001960 0.021150 0.000086 0.030536 0.09%319

b 0.001652 0.97527 0.224262 0.03053» 0.773882 0.3560E53

1 -0,021560 -0.,2°L260 0.974528 0.094319 0.350853 0.030649

DENSITY CONTRIBUTIONS
VAC Populations Inter-Atomic Bond-Crders
Orbital p v _ q e i b I 1

i 2.014623 -0.009€62 2.,004761 -0.00k380 -0.109996 -0.007513

b 0.56E354 0.k27112 0.796066 -0.100396 0.563302 -0.,0003¢c1

1 0.070923  -0,000856 -0.000826 -0.007613 -0.0203E1 7.027700

EXCrAnNGE CONTRIBUTIONS TO PAIRPCPULATICHS

Promotion 3State Sharing Penetration
(Intra-Atomic) (Intra-Atomic) (Inter-Atomic)
Orbital 1 b i b 1 i 1
i 2.012 -0,007 0.000 -3.,000 G.006 -0.000 0.000 -C,005 -3.001
b -0.007 1.004 -0.001 0.006 -0.933 0.001 -0.035 0.521 -2.000
1 0.20° =0.001 0.00C -2.000 0.201 -0,002 -2.021 -0.20% 0,000
Figure 3. Binding energy decomposition and description of
electron distribution tor Li SAQ approximation

Bl ol el T
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INTRA-ATOMIC CuLTRISUTIUN T0 BINDING ENERCY

Promotion Shearing
Penetration
Orbital 1S 25 2P Total Orbital
KIN 04447 0.05 0.00 0.46 KIN
15 NA o -1.05 -0.,05 0.00 ~1.04 , Sha
0EI 0.21 -0.38 0.l 0.2 OEI 0.03
TOT  -0.37 -0.39 0.4k -0.23 TOT 0.09
KIN 0.05 -0.31 0,00 -0.21 KIN
53 NA  -0,05 1.53 0.00 1.42 b SHA
OEI  -0.38 0.01 -0.00 -0.79 0EI  1.67
TOT  -0.39 1.23 -0,00 0.42 TOT 1.07
KIN 0.00 0,00 0,28 0,28 KIN
opy NA 0.00 0.00 -1.31 -1.31 1 SNA
OEI 0.4k -0.00 -0.00 0.8 OEI -0.00
TOT 0.4l -C.00 -1.03 -0.1 T0? -0.00
KIN 0,53 KIN
NA -0.92 SNa
L1 o1 0.31 Li 5p1 1.76
ToT -0.07 TOT 1.76

INTER-ATOMIC CONTRIBUTIUNS TU BINDING ENSRSY

Qasi- ————_Sharing Total

Li Li Classical Penetration Interference
KIN e e
SHA e -.ee Xl LS
11 0Bl - Y .2
TOT e .ol e s
KIN .95 .55
SNA -.24 -. 22 -. ¢4 -, 36
to O0EI K3 -.le e
TOT -.74 L2 U1 N9
KIN 7 LT
SNA s -.ee - L€ -l
i1 CEL lr s lx A
TOT N4 .e¢ e d L6
KIiN -2.€1 ~l.81
b b SNa -1.21 1,34 1,34 l.6¢
JEI ~2.85 vl ~c. 883
TOT -1,71 -2.99 ~.93 ~4.83
KIN LR ee
SHA A2 s -k oY
b1 OEI e el A
TOT Y L2 ! st
KIN el "
SHA e LEl sl < e
i1 OEI L8 % ki
TOT e e vex srLe
KIN -1.57 -1.27
Li SNA -1.03 .59 R W52
2 OEI -2.%2 -2 -z.34
TOT -1.7%3 -Z2.82 ] -3.51

¥4 onre 2 { Continned)
irgure 2. ~onvinued)
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CanJiig wwanadY ran i lonlls
NP Tnest- —e- =~ - -Sharing ————— Totul
S 3¢ Classical  Fenetr=ztion Interrerence
0.0 : 1)
s -1 Cy -1.04
32 1.72 2.0k
-2, 7 G 1,72 1.05
Ai Rt -1.30L
s ok 1.1 : o3 Cold
-z -2.:1 -O 3 -2.8
i -1.15 -2.01 (=4 -3e45
-l - .02
R -1.13 . (ORI -1.35
2oLl S -L.23 1.2,
. -1.15 G003 L.32 -0.1k
’ or A pemee s
VAL Expansion Cverlap Intezrals
Crbital 13 .2 o iP i b 1 .
1 0.99993% =N, 005602 -3.270127 -3.202697 0.090031 C.093992
b J.725855% 2.9722% T.23390% 8.099091 5.793147 0.352563
1 -N.3051255 0 .0, 0.372263 ©.291332 0.152569 7.310164
DELSIT R
VaC ‘Forulaticns Inter-itomic Bond-Crders
Crbital o v ——__a i o b 1
i 2.01%1E6 -2.20%577 2.708610 -0.002762 -0.099758 -0,005262
b 0, 502744 D.*13124 2.,99506% -0.0937%8 0.557:06 0.550310
1 0.907329 -0.7229297 -3.000677 -2,206252 -0.0N3310 2, 250000
BACHALZE CLAnTRIBUTIONG TU PAIRTIPULATIONS
“remctien State ——— — Sraring Penetration
(Intra-Atomic) (Intra-itomic) (Inter-Atcmiz
Crbital i b 1 i b 1 i b 1
i 2.012 -G.,0%7 0,077 =2.000 0,006 -0.0070 0.000 -0,205 -0.001
b -0,207 1.00%  -D,301 7.0%6  =0.532 0.001 -2.205 0.501 -0.000
1 0.070 -2.001 0,002 -2,020 0,201 -0.000 -0.001 -0.000  0.000

Figure L. Binding energy decomposition and descriptlon of
electron distributicon fer Tiz, BAO approximation
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INTRA-ATOMIC CONTRIBUTIUN TO BINDING ENERGY

Promotion Sharing
renetration
Orbital 1S 23 2P Total Orbital
KIN 0.45 0.11 0.00 0.43 KIN
1s Ja -1.00 -0.13 0.00 -0.98 . SKa
OEI Q.21 0.1 0.47 0.2l ' OEI 0.08
TOT =0.35 -0.43 0.7 -0.31 TOT 0.05
KIN 0.11 -o.gz 0.00 -0.07 KIN
»s NA  -0.13 1.62 0.00 1.34 L Ska ,
0EI  -0.41 0.01 -0.00 -C.85 ° Q=I 1.6k
TOT  =0.43 1.31 ~0.00 Ouy2 TOT 1.6L
KIN 0.00 0.00 0.30 0.30 HIN
op, N4 0.00 0.00 -1.40 -1.40 1 SHa
“ 0BI 0.7 -0.00 -0.00 0.93 CEI  -0.00
TOT 047 -0,00 -1.10 -0.18 TUT -0.00
XIN 0.66 KIL
NA -1.04 SNA
L1 opr 0.32 MoEr  1.72
TOT -C.C7 TOT 1.72
INTER-ATOMIC CONTRIBUTIONS TO BINDING ENERGY
Qasi- Sharing Total
LiI1i Classical Penetration Interference
KIN -. K -l
SNA W3¢ il o 3 Ll
11 Er .22 . -
0T .22 22 -.2 -
KIN . .Se e
SNA -.24 -.23 ~.24 -.3
1b oEr .2 - iz
TOT -. 24 .23 €3 L2
KIN wé el
g7 SNA .ee - 2l - -.2l
OEI ) L
TOT .ce .22 .2 .25
KIN -3.25% ~2.29
b b SNA -1.27 1.23 1.3 1.35
QEI -2.88 <l -2.37
TOT -1.27 -2,88 -. -4.78
KIN N4 JEE
b1 SNA .ee .ee - bi L2
0EX .2C i 2
TOT .22 .20 .E¢ .22
KiN Lo Lo
11 SMA .2e .ie .ce T
0BT .2¢ WL Lo
TOT .02 .ee Jol W26
KIN -1.34 -1.34
L1 SNA =115 .94 .54 .73
2 O0EI -2.81 -.22 -2.84
70T -1.15 -2.81 .52 -3.45
i ocure ({Continued]
L S > T N A K LLE o} ’
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SINDILG ZaELUY rasdilIulNIhe

Promotion Cuasi- —~—~—————3haring-~ _——— fotal
PRH PRC Classical Penetretion interference
XIN .76 0.3 1.19
i A -1.01 -C.52 ) -1.32
- CEI 0.27 N.10 1.97 2.07
TUT 0.03 0.02 1.6 1.7k
HIN -1.5% -1.50
3.np SNA -1.71 0.8% 5.86 Co7
YT 0EL -2.76 -C.02 -2.72
TUT -1.01 -2.76 0.13 =3.00
KIN 1.52 .86 -1.36 0.82
Li. Shh -2.02 -1.04 -1.01 ) c.80 0.80 -2.%;
2 (2l ¢Sk S.20 0.63 -0.02 1.35
TCT 0.06 C.0L -1.01 C.03 0.13 -0.15
VALENCE ATCMIC TRBITALS
VAC Expansion Cverlar Integrals
Crbital 13 25 2P i b 1
i 0.999€93  -0.013662  -0.00515% -0.00262% 0.C76846 2.075849
b 0.01LLL7  0.976B5&  0.213L01 0.076846  0.75439%  0.315428
1 0.002119  -0.213k52 0.975951 0.0758%93 0.315:28 0.14£53¢E
DENSITY COnTEIBUTIONS
VAC Porulations Inter~Atomnic Bond-Crders
Orbital o] v q i b 1
b 2.C09760  -0.006810 2.002950 0.00235%  -0.0€8041  -0.000505
b G.573862 0.L23232 0.997095 ~0.C8E0%1 0.570001  -0.000022
1 0.000000  -0.0020%5  -C.000045 ~0.000505  -0.000022 0.C00000
EXCHALGE CCNTRIBUTIONI TO PAIRPOPULATICHS
Proaction State Snaring Penetration—mm8m
(Intra-Atemic) (Intra~Atomic) (Inter-Atomic)
Orbital 4 b i b b b
i 2.C08 -0.005 0.000 -0.C00  Q.CO% 0,000 0.000 -0.00% -0.000
b -0.005 1.002 -0.000 0.00% -0.301  0.C00 ~0.00%  0.501 0.000
1 0.000 -0.000 0.000 0.C00 0.000 0.C00 -0.000 0.002 0.000
Figure 5. Binding energv decomvosition and descrintion of
electron distribution for L

2 MAN  m o cmma S e e
4oy DAV approxXimavion
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INTRA-ATOMIC CONTRIBUTION TO BINDING ENERGY

Promotion Shering
1s 2S 2P Total Penetration
Orbital PRH _ PRC PRH  PRC PRH _ PRC PRH  PRC TOT Orbital

KIN 0,27 0.h2 0.25 -0.00 0.00 0.00 0.2l 0.2  0.55 KIN

1s V& ~0.60 -0.7 -0.28 0.00 0,00 C.00 -0.57 0.4y -1.01 4 SNa
OEI 0.15 0.05 =0.34 -0.05 0.39 0,07 0.17 0.07 0.24 OEI 0.07
TOT ~0.18 0.00 =-0.37 -0.05 0.39 0.07 -0.16 0.04 -0.12 TOT 0.07

KIN 0425 -0.00 =-0.26 -0.09 0,00 0,00 0.27 -0.0 0.18 KIN

by NA -0.28 0,00 1.3} 0.18 0.00 0,00 o.Z% 0.1 0.90 b SHA
OEI ~0.3l =0.05 0.02 0.00 -0.00 -0.,00 -0.68 -0.11 -0.79 OEI 1.63
TOT -0.37 -C.05 1.09 €.,09 -0,00 -0.00 0.33 -0.0f4 0.29 TOT 1.563

KIN 0,00 0.00 0,00 0.00 0.25 0,11 0.25 0.11 0.36 KIN

NA 0,00 0.00 0.00 0,00 -1.18 -0.23 -1.,18 -0.23 -l.l1 1 S¥a
2% 0E1 0.39 0.07 =0.00 -0,00 -0.00 -0.00 0.78 0,15 0.93 OEI -0.00
TOT 0,39 0.07 =0.00 -0.00 -0.93 -0,12 -0.15 0.02 =0.12 TOoT -0.00

KIN 0.76 o.%3 i°§2 KIN

NA -1.01 -0.52 -l. SNA
L1 orr 0.27 0.10 0.38 Li 0gr  1.69
TOT 0.03 0.02 0,0 TOT 1.59

INTER-ATOMIC CONTRISUTIONS TO BINDING ENERGY

Quasi- Sharing Total

Li L1 Classical Penetration Interference
KIN .22 20
11 SMA -.22 -.2 -.Ege -. 20
0EI ke -2 -.0e
TOT -.e2 .2e -.e -.0e
KIN 72 .7€
ib SNA -.24 -.29 =83 =.16
OEI .22 -.e2 .01
TOT -.24 .22 .56 .24
KIN .2e .ee
i1 SNA .C2 -.ee -.8C -.22
OEI .CC € .62
TOT .22 .22 .22 L8
KIN -2.97 =2.97
b b SNA ~.94 .98 .98 1.23
0EI -2.31 .01 -2.89
TOT -.94 -2.31 -.99 -4.74
KIN .2 .22
b1 SNA .2 ) .0e -.ee .0C
OEI %4 .02 .00
T0T .ee .22 .ee .20
KIN LU .20
11 SNA .ee .ee . 22 .22
OEI .20 N4 .28
T0T .22 .22 .2¢ .6l
KIN -1.56 -1.56
Li SNA -1.¢21 .B8€ .86 .71
2 OEI -2.7¢ -. 22 -2.79
mam ~1_01 -2_1K 1z -2 &a

Figure 5. (Continued)
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. vrae =
zoal radIlIchio

s PUTOTION - - e Quasi- ———eSnuring —m———— Total
TRE RC Cleossicel TFeretration Interference
<7 ~7.LE
e 11.:C 11.50C
e . -2.55 1.50 -1.01
A 1. -C 1,50 3oul
wIu 17.35 17.55
S D Sea -1.87 -..03 -..03 -12.93
: el -2 ~G.30 -2.58
ToY “1.07 2.4 -1.C1 -3.30
CIn -15.92 17.55 2.03
re.  Sua 23.°C -1..7 -<.03 -2.03 3.7
TT2 LEI -5.10 C.LC -C.5C -3.00
Tul 3.:0 G.o0 =1.07 el ~1.¢1 1.32
VALENCE ATC-IC CFEITALS
V~C Exransicn Cverlar Integrals
Crbital 13 23 2% i 1 b
i n.2%€51 0.1527%2 -3.017°%k0 0.025635¢€ 2.1158€6 0.177%52
1 ~7.153521 0.37215% -C.081L45 2.115865 0.L02%67 2.%50900
° JL.00REQY 0.0F1R7 0.335527 7.177%52 0.433970 2.3162159
DE:#oITY CUNTHIZUTICHS
VAC Populaticns Inter-atcmic Bend-Crders
Crbital D v g i 1 b
i 2.016319  -5.02528k 1.33125% =3.06%077 -0.2526332 ©.C32190
1 1.869701 -0.1B3E7% 1.6E5826 -2.252653 -0.838%21 LosHED
b 0.11465¢8 0.208LA2 2.223120 3.0%2190 2.LoSkEq 0.05392¢8
EXCrANGE CCaTRIEUTICN: TC PAIRPCFULATICSNS
Promotion Stzte — Snaring Penetration
{Intra-itomic) (Intra-itcmic) {Inter-Atcmic)
{roitsl i 1 i b i 1 b
i 1.997 -9.201 -0.00% -0.000  0.CC2  0.20% -0.C01 -0.C13 2.C08
1 -0.001 1.51 0,072 0.C02 -0.03¥% -0.088 -0.313 -0.138 0.272
b -7.005  0.772 7,256 0,00 D.0E6 -0.201 0,008 0.272 0.003

Figure 6,

l-‘(D
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INTRA-ATOMIC CONTRIBUTION TO BINDING ENERGY

Promotion Sharing
Penetration
Orbital 1S 2S 2P Total Orbital
KIN  -3.19 -2.07 0.00 -3.40 KIN
15 FA 6.50 2.2, 0.00 7.13 ; SNA
OEI  -2.24 -L.51 L.37 -2.71 OEI -0.35
TOT 1.47 =l o3l 437 1.02 70T -0.35
KIN  -2.07 -4.l3 0.00 -8.35 KIN
55 NA 2.2, 18.17 0.00 22.42 1 SWNa
OEI  -L4.51 -3.67 2.23 -12.67 OEI 0443
TOT -3k 10.07 2.23 1.35 TOT 0.43
KIN 0.00 0.00 1430 430 KIN
ope A 0.00 0.00 -17.65 -17.65 p SNA
¢ OEI L.37 2.23 -0.81 12.8L OEI 1.46
TOT 4.37 2.23 -14.16 -0.51 TOT 1.46
KIN -7.%6 KIN
Na 11.90 SNA
Be  opI -2.55 3¢ g1 1.54
TOT 1.50 T0T  1.54
INTER-ATOMIC CONTRIBUTIONS TO BINDING ENERGY
Quasi- Shering Total
Be Be Clasgical Penetration Interference
KIN .57 W57
;4 SNa -.22 -.28 - gd -.55
OEI .2l -.il - Ll
TUT -.2¢ .2l Lol .2l
KIN 5.83 $.83
41 SHA -.e3 -4,17 -.817 -5.¢7
UEI o - le L€l
TOT -.23 B €5 S
KIN os -1.€¢ -loci
Shia - .48 w3 .4
iv VEI N -2l -.e7
TuT -.25 -.26 -.51 -.€l
KIN 22,72 22,72
11 SNa -. 34 -1C.¢8 -1l g -éE. 49
OEI 1.13 -.26 .36
TOT -.34 1.13 . 3€ loéy
KI 5 -6.€E -6,63
SNA ) 5.47 52 5.4¢
1b UEr -1.78 el -1.72
TUT -.5% -1.73 -89 -3.C€
KIN . 2
SNA .19 -.12 -, 13 - 45
P uEL Tl -2 - 17
TOT -.13 -. 14 -3¢ -6t
Ky 17.55 17.53
Be  SiiA -1.37 o S50l BN -19.93
®s> 051 -2.43 -5 -2.58
20T -1,47 RPN -l.0l -2. 3¢
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3Z0DLNG ELEZ0SY ranlITIVNING

— —rrouition —eem - wasi- — --dharing ——————— Total
384 -3C Classicel Fenctruotion Interference
-11.14 C¢.CO -11. 14
38 1048 0.00 13.405
=519 0.00 1.01 -3.18
3.1c 0.2C 1.01 1e17
K1 25.56 25.50
.p Sta -2.02 -13. 064 ~13.0L -26.30
- CEI -2.37 -0.70 ~3.07
TJ7 -2.02 -2.37 -2.40 ~6.79
KIN  -22.28 .00 23.5¢% 3.30
3a SHA 36 26 C.0C -2,02 -13.00 -13.54 7.6
2 =1 -5.3» .00 =0.30 -0.70 ~2.4
T 5.32 0.00 -2.02 -0.3t -2.40 1.55
VALEWCE ATCMIC CEPITALS
VAC Expansion Cverlap Integrals
rrita 13 28 2re i 1 b
i 7.374L32 0.273%560  -7.022222 0.C+362% 0.143376 2.208619
1 -0.22L621 2.97168k  .0.272320 5.143376 0.402856 0.44L780
b 5.0%5200 0.076-36 C.997061 0.20£419 0. LLLTED 0.355059
DENSITY CCATRIEUTICNS
VAC Pepulations Inter-Atcmic Bena-Crders
Crriral D v g i 1 b
i 2.016503  -0,C3718% 1.98131%9 -0.102796 -0.21%162 6.059165
1 1.990€13 -0.207365 1.69285% -0.314162 -0.8L7936 C.k0173%
b 0.114€71 C.21295% 0.325£27 0.03916% 0.LC179% C.C56055
EXCrnanGE CONTRIZUTICNS TC FAIRFCPULATIONS
Premotion State Sharing Fenetration
(Intra-atcmic) ‘Intra-Aatomic) {Inter-Atcmic)
Crbiczl 1 b i 1 b i 1 b
i 1.987  ".C00 -D.C06 ~C.CO0  2.001  0.CO3 ~0,002 -0.220 0.C1l7
1 0.000 1.62¢ 0.,06b 0.C01 -0.02% -0.079 -2.020 -0.140 0.267
b -2.C06 0.06% 5.267 5.C03 -0.079 -0.212 0.017 0.2567 0.003

Figure 7. Binding energy decomposition and description of

electron distribution ior Deh- BAO approx1matlon
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INTRA-ATOMIC CONTRIBUTION TO BINDING ENERGY

Promotion Sharing
Penetration
Orbital 1s 2s 2P Total Orbital
KIH -6015 -2.;7 0.00 -6‘86 KIN
¥A  13.3 2.79 0,00 13.90 SNA
18 oEr  -3.99 <Ly L.26 -3.89 1 omr  -0.62
TOT 3.21 ~l.22 Le26 2.35 TOT -0.62
KIN =2.57 =4.01 0,00 -8.6 KIn
bs NA 2.79 16.94 0.00 21.9 ; SHA
OEI  =h.hl =3.53 2.27 -11.98 OEI  0.18
70T =4.22 SJi 2.27 1.35 TOT 0.18
KIN 0.00 0.00 L.15 .15 KIN
opy JA 0.00 0.00 -17.38 ~17.38 p SHA
¢ 0EI L.25 2,27 -0.85 12.58 VEI 1.5
TOT L.26 2.27 -14.07 -0.54 T 1.45
KIN _lé'i’ KIT
NA 18, _ SNa
Be oE1 =419 3¢ s  1.01
TOT 3.10 TUT 1.01

INTER-ATOMIC CONTRIBUTIONS TO BINDING ENERGY

Quasi- Sharing Total

Be Be Classical Penetration Interference
KIN 1.42 1,42
i1 SNA -.00 - 12 =72 -1.45
0EI .22 il -.e2
TOT -, 00 .02 -, 1 -,£5
KIN 8.84 8.84
11 SNA -.85 -€.61 -1.78 -8.43
OEI .16 -.15 A
TOT -.05 .16 .3 .4l
KIN -2.23 -2.€3
1 b SNA -.07 1.30 <66 1.29
OEI -.12 -l -.13
TOT -.07 -.12 -. 65 -.87
KIN 26.14 €14
SNA -.39 -13.74 -13.74 -27.86
11 omr 1.14 -.21 L87
TOT -.39 1.14 ~1.61 -.35
KIN =7.7% -7.7%
SNA -.682 7.51 45 7.39
1P Ger -1.73 -2 -1.75
TOT -,6¢ -1.73 .10 -z, 15
KIN el okl
SNA -,21 -. 14 .14 =49
bb OEI ~.14 -, 62 -, 17
TOT -.21 ~.14 -.32 -.87
KIN 25.58 25.528
Be SN&A -2.02 -13.64 ~13.64 -25. 3¢
2 Okl -2.,37 -.7€ -3.e7
TOT -2.82 -2.317 -a bl -6.73

igure 7. (Continued)
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BILIILG E6zhaY PaxlITIUNING
-Promotion —— Quasi- ——————Sharing——— — Total
ORY FRC Classiczl Penetration Interference
~0.069 1.33 0.65
re 6.75 -2.50 4418
-2,22 1.35 0.63 -0.2%
3.80 ¢.12 0.63 N
I 119 , .13
STIA -1.78 -3.51 -3.01 -0
" 0OEI -1.28 -1.50C -2.78
TOT -1.88 -1.23 =G 3l -7.70
RIW -1.3% 2.66 Leld ) S7
LA 13.50 -t.12 -1.58 -3.91 -3.h1 -0.72
2 0iI “lality 2.7C _ -0.01 -1.50 -3.25
20s 7408 .2l -1.%8 -0.01 =450 1.50
VALELCE ATCAIC CRBITALS
7AC  Zxrarnsicn Cverlap Integrals
Croital 13 23 2re 1 1 b
i 2.2388675  -5.2fLL%u 0.005251L 0.008697  -0.0€719%  -0.03573%
1 0.28LL00 0.357572 -0.0--513 ~0.0E719% 0.L7%305% 0.L26030
t 2.027433 0.0LL1567 C.3253%5 -3.03573k C.L06232 0.35%64EQ
DENSITY CONTRIZUTICONS
VAC Porulations Inter-Atemic Zond-Crders
Orbital D v q b 1 b
i 1.295169  <0.012324 1,3E58LS -0.019%20 9.19120%  -0.126391
1 2.156202  -0.395455 1.760748 0.19120%  -1.099352 0.351316
b 0.0E3h1k 5.163993 0.253408 -0.126391 0.351316 0.04592¢
EXCHANGEZ CCNTRIBUTICNS TC PAIRFCPULATICNS
Premction  State ~———eeee—Sraring Penetration
(Intra-Atomic) (Intra-Atomic) (Inter-Atemic)
Crbital 1 1 b b 1 b i 1
i 1.280  0.001 0.00% -0.000 0.000 -0.005 -0.000 -0.007 0.012
1 0.201 1.78% -0.02% C.000 -0.001 0.013 -0.007 -0.228 0.222
b 2.005 -0.029 0.27%8 -0.005 0.013 -0.2uk 0.012 0.222 0.002

Figure 8. Binding energy decomposmlon and descrlptlon of
1€CTron aistribution Ifor Dcz. BiwAG approximation
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INTRA-ATOMIC CONTRIBUTION TO BINDING ENERGY

Promotion Sharing
18 2S 2Py Total Penetration
Orbital PRH  PRC PRH  PRC PRH  PRC PRE _ PRC TOT Orbital
KIN -6.00 -0.04 2,55 0.01 0,00 0,00 -5.35 =0,05 =5..0 KIN
1s NA 13.02 0.0 =-2.77 -0.01 0.00 0,00 12.32 0,05 12.36 , Swa _
OEI ~3.h4ly -0.01 -2.65 0.03 3.25 0.57 -4.13 -0.01 =4.1lh OEI  -0.55
TOT 3.59 -0.00 =2,87 0,03 3.25 0.57 2.83 -0.01 2.83 POT -0.55
KIN 2.55 0.01 -2.28 0.11 0,00 0,00 1.47 0.13  1.60 KIN
bs NA -2.77 =0.01 12.62 -0.19  0.00 0.00 7.78 -0.20 7.58 ] SNA
OEI -2.65 0.03 -3.22 0,01 2.19 0,17 -8.16 0,08 -8.08 OEI -0.26
TOT -2.87 0.03 Jil -0.07 2,19 0.17 1,09 0.00 1.10 70T  -0.26
KIN 0,00 0.00 0.00 0.00 3.19 1.25 3.19 1.25 L.k KIN
2P FA 0,00 0.00 0,00 0.00 -13.34 -2.41  -13.34 -2.41 -15.75 p SNa
OBI 3.25 0.57 2.19 0,17 -1.13 -0.20 10,07 1.28 11.35 0EI 1.45
TOT 3.25 0.57 2.19 0,17 -11.28 -1.35 -0.09 0.13 0.04 TOT 1.45
KIN <0.69 1.3 0.65 KIN
Be NA 6,75 -2.5 4.19 5o SNA
OEI -2.22 1.35 =-0.8 0EI 0.63
TOT 3.8 0.12 3.9 TOT 0.53
INTER-ATOMIC CONTRIBUTIONS TO BINDING EWERGY
Quasi-~ Sharing Total
Be Be Classical Penetration Interference
KIN k6 oot
{4 SNA -.e1 -.¢7 -7 -.15
OEI .02 -. 04 -3
TOT -.21 T -1 -.le
KIN KPP Jee¥
41 SNA -.10 -5,21 e -S.zl
OEI .26 -.57 -.5e
TOT -.12 A “leul -ZJ52
KIN -8l -.31
4 p SNA -.25 3.2% S 3.2
OEI -.€3 -z - le
TOT -.25 -.e8 2,42 208
KIN .22 3.2z
11 SNA -.7¢ -1.23 -1.23 -3.15
OEI 1.74 -.2€¢ 1.49
TOT -.70 1.74 .Sl 1.55
KIN -1.86 -1.86
1p SVA -.4¢ -1.12 Jiz -
OEI -1.43 e -1.43
TOT -.42 -1.43 -2.26 -4.29
KIN ; -.17 ) - 17
SNA -.e7 - -2 -2
bP opr -.12 -z 2a
TOT -.27 - 12 -.32 Y
KIN 4,15 5,15
B, SHA -1.383 -3.61 -3.51 -9. 12
2 OEI -1.2 -1.50 -2.73
TOT -1.88 -1.2% -4.34 -7.7v
Figure 8. (Continued)
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3IMNOING ELELST PaalllIUKING

rromotion Quasi- Sharing fota
PR £HC Classical Penetretion interiecrence
KIN  -1.31 0400 -1.31
c na 3.8 0.00 3.5
UEI 3.8 0,00 12.73 16,3
TCT 6.12 0400 12.73 16.85
KIN =17e:0 _ -*7.35
son Grt S -12,76 T i3
TOT -1.85 -15.78 -19.37 ~37.00
KIN -2.62 0.00 -17.88 -2C.5¢
c. SEa 7422 0,00 -1.85 -C.05  =C.C3 5427
2 OEL 7.62 0400 9,69 -1,26 12,93
T0T  12.23 0400 -1.85 9.69 -1¢.27 3470
VALENCE ATCMIC CRBITALS
VAO Expansion Cverlap Intezrals
Crbital 13 23 2% i 1 b T
i 0.999953 0.002605 -5.008241 -0.00122% 0.0k5482 0.106141 o}
1 -0.003638  0.991772  -C.12796E 0.045482 0.368105 C.L5E548 0
b 0.007839  0.127993 0.99174~ 0.1061%1 0.45€5L8 0.423028 0
s (Unhybridized) ) 0 0 0.315034
DENSITY COnTRIBUTIONS
VAO Populations Inter-Atomic Bond-Crders
Orbital 1) v q 1 1 b i
1 2.011353 -0.008422 2.002931 -0.001270  -0.09€251 -0.037259 0
1 1.651463 -0.263011 1.585653 -0.09€251 -0.751039 0.458596 0
b 0.168€513 0.242903 0.411415 -0.037259 0.158696 0.075%99 0
kg 0.759658  0.2401L1  1.500000 0 0 0 0.759€586
EXCHANGE CCNTRIBUTICN3 TC PAIRPCPULATICAS
Promotion State Snaring Penetration
(Intra-Atomic) (Intra-Atomic) (Inter-Atomic)
Orbital b 1 b i 1 b i 1 b i1
i 2.008 -0.001 -0.002 -0.002 0.000 0.001 0.001 0.002 0.000 -0.002 -0.003 0
1 -0.001 1.398 0.0%1 0.07%- 0299} -0.03k~-0.0h9 -0.07% -0.002 -C.095 0.32% 0
b -0.002 0.041 0,158 0©.107 0.001 -0.049 -0.071 -0.107 -0.003 0.326 0,010 0
T -0.002 0.07% 0.107 0.660 0.002 -0.07% -0,107 -0.160 0 0 0 2.500
T -0.002 0.07% 0.107 0.160 0.002 -0.07% -0,107 -0.160 0 0 0 0
Figure 9.

Binding energy decomposition and description of
1

electron distribution for Css

SAQ approximstion



INTRA-ATOMIC CONTRIBUTION TO BINDING ENERGY

Promotion Sharing
Penetration
Oorbital 1S 2S 2P 2Prr 2P7F Total Orbital

KIN 1.25 0.01 0.00 0.00 0.00 1.25 KIN

1e  NA -2.63 -0.01 0.00 0.00 0.00 -2.63 . SNA
" OEI 0.29 -9,38 Q17 0,08 0.08 o.gz OEI 0.06
TOT "1009 -9.38 90’-'-7 0008 0.0B =Ue 6 TOT 0006

KIN 0.01 -18.05 0.00 0,00 0,00 -18.03 KIN

»e NA  =0,01  63.40 0.00 0.00 0.00 63.37 . SNA
Y OEI -9.38 -6.43 Le75 =3.69 -3.69 -41.39 1 oEI 1.94
TOT -9.38 38.91  L.75 -3.69 =3.69 3.95 TOT 1.94

KIN 0,00 0,00 I5.47 0.00 0.00 15.4.7 KIN

opy NA 0400 0,00 =57.1 0.00 0,00 ~57413 , SNA
7 0BT 9.47  L.75 0.0 2.49  2.49 39.75 OEI  2.09
TOT  9.47  L.75 -41.60  2.49  2.49 -1.91 TOT 2,69

KIN 0.00 0.00 0.00 0.00 0,00 0.00 KIN

op,y NA 0,00 0.00 0.00 0.00 0.00 0,00 4r SNA
" OEI 0,08 =3.69 2.)19 3.4 -1.07 2.37 OEI l.02
TOT 0,08 -3.69 2.49 3 -1.07 2.37 TOT k.02

KIN 0,00 0.00 0.00 0.00 0.00 0,00 KIN

opm NA 0400 0,00 0.00 0.00 0.00 0.00 7+ SNA
ORI 0,08 -~3.69 2.49 -1.07 3y 2.37 OEI .02
TOT 0.08 -3.69 2.9  -1.07 3.4 2437 TOT .02

KIN -1.21 KIN

C NA 3.61 c SNA
OEI 3.81 OEI 12.73
TOT 6.12 TOT 12.73

Figure 9.

(Continued)

26
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INTER-ATOMIC CONTRIBUTIONS TO BINDING ENERGY

Quasi- Shering

c¢ Classical Penetration Interference
KIN - 58 -, 00
44 SHA .08 .02 JeL .08
OEI -.20 -.2e -. 8¢
TOT .00 -.20 -.20 -.00
KIN 2.2¢ 2.20
« -~ SNA -.23 -.48 -. 16 -.67
++ QEI .23 -.24 -.2l
TOT -.03 .23 1.52 1.51
KIN 1.86 1,86
4 p SNA -.05 .53 -.28 -.66
OEI .04 -.el .23
TOT -.05 .24 1.24 1,23
KIN KB LB
4 SNA .00 -.04 .2 -.83
OEI .02 -.2e .62
T0T .20 .20 -4 -3
KIN 21,62 21,62
17 SEA .86 -7.73 -7.73 -15.40
OEI 1.69 -.61 1.¢3
TOT .26 1,69 5.54 7.29
KIN -12.34 -12.34
1 p SNA -1.14 4,35 2.26 5.98
OEI -3.66 .26 -3.4¢
TOT -1.14 -3,66 -4,96 -9, 76
KIN s LG8
SNA .38 -.94 .41 -.15
1T oy .8 -.23 -.14
TOT .38 .08 -.75 -.25
KIN - 45 -. 45
b b SVA -.48% -.32 -3¢ ~l.¢7
OEI -.43 Ll - 42
TOT -.48% -.43 -1.¢3 -1.54
KIN 2L LU
SNA -.59 -.27 -.58 -1.24
T opr -.e7 - 17 -.23
TOT -.59% -.07 -.81 -1.47
KIN -11,24 -1l.24
SKNA .63 2.37 2,37 5.36
o OEI -4.94 W23 -5,72
TOT .63 -4,94 -6.206 -12,.62
KIN .2 Ll
== SNa .32 - 12 -1k .£9
L OEI -.22 -.E4 - 07
TOT .30 -.22 -.25 W2
Kld 17.88 -17.48
c SKNA -1.85 -.£5 -.25 -1.95
2 OEI -15,78 -1.3%8 -17.17
mom -1 o8 -15_ 79 -18, 37 -37.v0

Figure 9.

(Continued)
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3INJING ERENSY PanlilIURIiG

-—ﬁPromotion Clgiiigl Penetratioiha“n%nterference fotal
. o3& o &
OEI 3.25 0.C0 12.50 15.75
TCT .21 0.00 12.50 18,
KiN -17.12 -17.12
N R R
TOT -1.99 -15,.86 -18.31 -36.16
KIN ~1,684 0,00 -17. -18.96
SN 7.7 0.00 -1.99 Oslly 0llly 6.05
€2 ar 6.50 0.00 9.1k -1.47 a1
TOT 12, 0.C0 -1.59 9.1L -18.31 1.2
VALENCE ATCMIC CRBITALS
VAC Expansion _ Cverlap Integrals
Orbital 18 25 2Fe i 1 b s
1 0.99993%  _1.007727  -0.008443 ~0.002516  0.%k136k  0.1057w2 0
1 0.006582  0.991756  -0.127973 0.0%136k  0.371707  0.476079 0
b 0.009368  0.127999  0.9917%2 0.105742 0.478079  0.412981 0
™ (Unnybridized) o 0 0 0.338306
DENSITY CCNTRIBUTICHS
VA0 Populations Inter-Atomic Bona-Orders
Orbital D v ol i 1 b i
i 2.C11271  -0.008CB0  2.C03190 0.001457  -0.090255  -0.0+1078 0
1 1.629865  -0.05%478  1.570387 -0.090255  -0.7531%2 0.470938 0
b 0.173896  0.252526  0.k26L22 -0.041078  0.470936 0.07%098 0
™ 0.7+7213  0.2527€7  1.COCCO0 0 ) o 0.7%7213
EXCaANGE CCNTRISUTICH3 TO PAIRPCPULATICNS
Promction State — Sharing Penetration
(Intra-Atomic) (Intra-Atomic) (Inter-Atomic)
Orbital 1 1 b i 1 b 1 1 b g
1 2.009 -0.,001 -0.001 ~0.002 0.000 ©.COl 0.001l 0.002  0.C00 -0.002 -0.003 O
1 -0.001 1.377 C.0%3 0.076 0.001 -0.036 -0.052 -0.076 -0.002 -0.095 0.335 0O
b -0.001 0.043 0.168 0.109 0.001 -0.052 -0.07% -0.10% -0.003 0.335 0.010 0
T _0.002 0.076 0.109 0.659 0.002 -0.076 -0.109 -0.159 0 0 0  0.500
N -0.002 0.076 0.109 0.159 0.002 -0.076 -0.109 -0.159 0 ) 0 0
Figure 10. Binding energy decomposition and description of
electron distribution for C;, BAQ approximation



INTRA-ATOMIC CONTRIBUTIUN TO BINDING ENERGY

Figure 10.

(Continued)

Promotion Sharing
' Penetration
Orhital 1S 25 2P 2P 2P Total Orbital

KIN 1.33 0.53 0,00 0.00 0.00 1,32 KIN

... NA -2.81 =-0.56 0.00 0.00 0.00 -2.80 SNA
L3 oET  0.37  =9.57 9. hs ~ 0.00  0.08 0.80 1 ogr  0.07
TroT -1.11  -9.60 9.45 0,08 0.08 -0.68 TOT 0.07

KIN 0.53 =18.20 0,00 0.00 0.00 -17.13 KIN

e NA =045 6%.80 0.00 0.00 0.00 63.67 1 SNa
2% oEI -9.57 =6.5 76 -3.72  -3.72 ~42.07 OEL  1.98
o7 =-9.60  10.0 he76  =3.72  -3.72 o7 TOT 1.98

KIN 0.00 0.00 14.89 0.00 0.00 é 89 KIN

sy, NA 0400 0.00 -56,98 0.00 0,00 -56.98 SNA
oI 9.45 u 76 0.08 219  2.49 39.83 b opr  2.68
TOT  9.45 .76 =L2.01 2.49 2.49 -2.26 TOT 2.68

KIN 0,00 0,00 0.00 0.00 0.00 0.00 KIN
o, NA 0400 0,00 0.00 0.00 0.00 0.00 v SNA i
W OOREI 0408  =3.72 2.49 3,36  -1,02 2.3l ORI 3.88
TOT 0.08 =3.72 2.49 3.36  -1.02 2.3h O 3.88

KIN 0.00 0.00 0.00 0.00 0.00 0.00 KIN

opss NA 0400 0.00 0.00 0.00 0.00 0.00 FF SNA
T OEI 0,08 =3.72 2.u9 -1,02 3.36 2.3l OET 3.88
TOT 0,08 =3.72 2.9  -1.02 3.36 2.3l TOT 3.88

KIN -0.92 KLt

C NA 3.88 c SUA
' OEI 3.25 05 12.50
TOT 6.21 TOT  12.50

66
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INTER-ATOMIC CONTRIBUTIONS TO BINDING ENERGY

Quasi- Sharing Total
c¢ Classical Penetration Interference
KIN e vl
g 3 Sha -.00 -. 88 -.26 -. e
OEI -.00 -l - L6
oT -.22 -2 - 2€ -
}S(IIJH 1.82 1.32
311 SHA -.23 -.18 - 13 -.34
OEI .22 -.c4 -.e2
ToT -.03 .62 1.47 1,46
KIN o Z.62
1p SNA -. 26 -.44 -5 -.58
OEI .84 -kl .23
ToT -.06 .04 1,48 1,47
KIN ik el
SNA .ce -.£3 -2 -.23
1T oEr .02 -.ce L6
TOT .2¢ 8¢ - -.23
KIN 20,04 22.¢4
11 Sha .28 -6.86 -5.86 -13.65
OEL 1.71 -6l .12
T0T .28 1.71 5.7¢ 7.49
KIN -11.62 -11.62
SNA 6 5.18
-1.21 4,23 2.1
1 b ogr ! -3.74 .25 -3.43
TOT -1.21 -3.74 -4.97 -9.93
KIN LeB .20
SNA - -.13
.41 .95 .4l .
1T GEr .8 -.23 -.15
T0T .41 .28 -.77 -.28
EIX -3 -3¢
SHA -.57 -.38 -.38 -1.32
bb gt : -.44 .l -.43
T0T -.51 -.44 -1.¢4 -2.85
gﬁN .22 R
t A - .65 - .18 -.59 -1.31
° T eI -.e7 -.18 -.24
TOT -.65 -.e7 - .84 -1,56
gﬁ“ -16.65 -1£.65
A .69 2.25 2.25 5,19
T omr -5.9¢ L2 -4,68
TCT .69 -4.9¢ -5.92 -12.13
KIN A .20
SHA .33 -1 -l .13
T oer -.e2 -. 45 -7
TOT .33 -.22 -.26 )
KIN -17. 12 -17.12
c. SNA -1.99 W4 e -1.71
2 0=l -15.86 R -i7.33
== ~1.99 -i5,8¢ ~i0.0i -38.i8

Figure 10.

(Continued)
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3INDING EMEaGY Za.ulllIVLING
pi e Gidasies1 Temetration . faterforence o
- -1£.35
R L it %75
0EI  -5.11 9.Z> g:gg 2135:‘_4‘,2
TOT 13.32 0.€1
KIN , L0455 40.55
3ond ifnlfi‘ -1.2¢ 1327 -35.3?2.1-39-39 :ig:gz
TI7 -1,28 -13.27 -32.38 .G3
R T 1,28 35,39 235.30 -15235
€2 o= -10.22 15.50 6.28 2,13 13.21
TOT 26,60 1.22 -1.26 6.28 -32. 38 G.58
VALENCE ATCMIC CRBITALS
VAC Expansion — Cverlap Integrals —
Orbital 13 2s 2B i 1 b yd
i 0.971602 0.234768  -0.029554 0.045591 0.143532 0.160455 o
1 -0.236°28 0.959918  -0.0717%6 0.143532 £.37%011 0.34097% 0
b 0.011786 0.076732 0.996962 0.160455 0.340976 0.3839155 o
v (Unhybridized) 0 0 0 0.32257%
DENSITY CCANTRIBUTIONS
VAC Populations Inter-Atomic Bond-Crders
Crbital ___p v q - b 1 > ___ i1
i 2.015397 -0.037306 1.978090 -0.106236  -0.31£238 0.082356 o
1 1.909059  -0.2172€1 1.698778 -0.318238  -0.E272f5  0.L1is82u 0
b 0.135546 0.187586 0.323132 0.082356 0.43562k 0.0565335 o
s 0.75610+  0.2438%% 1.007000 o) 0 0 0.75510%
EXCnANGE CONTRIBUTICNS TO PAIRPOPULATICKS
Promotion State Snaring Penetratien
(Intra-Atomic) (Intra-Atomic) (Inter-atomic)
Crbital 4 1 b i i 1 b W ! 1 b ___.T
i 1.980 0.002 -0.002 -0.000 0.000 0.000 0.000 0.000 -2.002 -0.019 0,019 o
1 0.002 1.500 0.015 O.041 0.000 -0.010 -0.023 -0.041  -0.019 -1.120 0.254 o)
b -0.002 0.015 0.110 0.100 0.000 -0.023 -0.056 -0.100  0.019 0.254% 0,006 0
T 20,000 0.041 0,100 0.679 0.000 -0.041 -0,100 ~0,179 2 o) 0 0,500
T -0.000 0.041 0.100 0.179 0.000 -2.041 -0.100 -0.173 0 o ) 0

Figure 11. Blndlng energy decomposition and descrlptlon of

-.’-A--:L_‘L-_.. O M TREAN L m e
UAD Vi duuvdvii divd V‘ 9 itinag QHLJL VA-LL«HQ U-LUL&

-
C.LC\.. UJ. UJ.L



INTRA-ATOMIC CONTRIBﬁTION TO BINDING

ENERGY

Promotion Sharing
1S 238 2Py 2P 2P Total Penetration

Orbital _ PRH PRC PRH PRC PRH PRC PRH PRC PRH PRC PRH PRC TOT Orbital

KIN- 16 52 0,36  ~7.01 =0.1 0,00 0,00 0,00 0,00 0,00 0.00 -18.11 0,33 -~17.78 KIN

15 NA g.?; ~-0.38 Te ul 0.1 0,00 0,00 0.00 0,00 0.00 0,00 36.63 .0,36 36.27 { SNA
®  OEI 0,06 ~7.40 0,53 6.89 1.72 =040 0,51 -0.40 «51  -=10.05 .0,03 =~10.07 OEI -1.18
TOT 11470 =0,08 =7,00 0,53 6.89 1.72 -0.40 0.51  -0. ho  0.51 8.47 -0.0 8.1 TOT -1,18

KIN =7.01 =0417 =11.93  3.00 0.00 0,00 0.00 0,00 0.00 0,00 =2Lt.35 2,75 21.60 KIN

og NA 7ol 0418 L2048 =L.62 0,00 0.00 0.00 0,00 0.00 0,00 55.62 -}.30 51,32 1 SNA
OEI ~7.40 0.53 -5,09 0.09 .10 048 2,35 0.2 -2,35 0.2} (-28.] 1,%2 ~26.80 OEI 0.35
TOT -7.00 0,53 2547 =1.47 ho10 048  -2.35 0.2} -2.35 0.2 2, 0.08 2.93 TOT 0.35

KIN 0,00 0,00 0.00 0,00 11, o 6.8 0,00 0,00 0,00 0,00 11,09 6,48 17.57 KIN

. NA 0.00 0,00 0,00 0400 =h2.45 -10,98 0,00 0,00 0,00 0,00 - .uﬁ -10.98 -5 .gz b SNA
2P ORI 6.89 1.72 Its10 o.ue -0,1l =0.02 1.71 0.21 1,71 0.21 29.5 5.07 .61 OEL 2,51
TOT 6.89 1.72 a0 018 ~31.50 -h-52 1.71  0.21 1.71 0.21 -1.82 0.5" 1.2 TOT 2.51

KIN 0.00 0,00 0,00 0,00 0.00 0,00 0,00 1.7 0.00 0,00 0.00 1.7 1.7 KIN

opiy NA 0,00 0,00 0,00 0,00 0.00 0,00 0,00 =-3.2 0.00 0,00 0,00 =3.2 342 r SHA
Y OEI -0,10 0.51 =2.35 0.2 1.71 0,21 3.08 ¢.05 -1.18 0,15 1.91 1.t 345 OEX L.08
TOT -0,J0 0,51 -2.35 0.2} 1.71 0,21 3.086 -1.49 -1,18 0.15 1,91 0.C 1.91 TOT k.08

KIN 0,00 0,00 0.00 0,00 0.00 0,00 0.00 0,00 0,00 1.7 0,00 1.7 1.7 KIN

opiz NA 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 =3.2 0,00 =3,2 =342 77 SHA
7 OEI =0,1i0 0,51 =2,35 o.au 1,71 0.21 ~1,18 0,15 3,08 0,05 1.91 1.5k 345 OEX ly.08
TOT -0.,4J0 0.51 -2.35 0.2 1,71 0,21 -1.,18 0,15 3,08 -1.49 1,91 0,01 1.91 TOT L.08

KIN 1.37 13,02 -18,35 KIN

¢ NA 9.80 -22,15 27,65 ¢ SNA
OE1 =5.11 9.Z5 4.63 OEX 9.82
TOT 13.32 0,61 13.93 TOT 9.82

Figure 11.

(Continued)
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INTER-ATOMIC CONTRIBUTIONS TO BINDING ENZRGY

Quasi- Sharing Total
cC¢C Classical Penetration Interference

XIN 3.52 3.52

11 SNA -.22 -1.97 -1.97 -3.95
OEI 3 -.26 -.83

TOT -.C2 23 - 49 -.48

KIN 21,75 21,75

11 SKa -.27 -16.51 -5.58 -22.17
VEI NI -.26 .64

TOT -.27 3 -.61 -.38

KIN -5.39% -5,3%

ib SNa -.28 3.31 .34 4,08
OEI -.22 -.21 -.23

TOT -.28 -.22 -1.24 -l.34

KIN 47 N

SNa 24 -.15 A3 -.g6

1T oET .22 -.¢cl .61
TOT .24 .82 .11 -.25

KIN Te. 43 Té. 48

11 SNa -.73 -39, 32 -39.32 =79, 37
OEI 1.5€ .73 1,17

TOT -.73 1.9€ -2.9¢ =7.73
KIN -21.43 =21.43.

1b SK¥A -.6S 18,99 2,37 2¢.67
OEI -2.84 .21 -2.63

70T -.69 ~2.34 o l4 =3.39

KIN s 1% A

SNA . -1.Q7 .59 -.33

1T oEr .13 -.24 -1z
TOT .15 W13 -.73 - 65

XIN -1.17 -1.17

SKA -.13 ~.23 -3 -. 15

bb OEI ~.34 ool ~e33
TOT ~.13 -.34 “1.23 -1.69

KIN Wi M

SNA -.35 - 4 - 4K -.75

T T .55 -1l -, 16
TOT -.35 .65 -.55 -.95

KIN -11.¢7 -11.%7

SNA .64 237 2.37 : 5,39

mw OEI -4.386 .18 =4,68
TOT 64 4,26 -8.14 - 1. 36

KIN oKl . S8

= SHA .31 -.le - l¢ .19
o OEI -.£2 -.c4 -.27
TOT .31 -. 02 -.25 k3

KIN 42.55 4ee55

c SH. -1.2% -35.39% -35.35 =72.27
2 OEI -13.27 -2.15 -13.41
T -1.29 -1x.07 -2, 1= -44.e2

Figure 11, (Continued)



100

SI00100 BheadY ranliflioNIKNG

—rromotivn ——  — dasi- Sharing Total
PRA PRC Classical Penetration Interference
KIN .62 0.06 0.62
. NA 0.17 0.00 0.17
v uE 7425 0.00 11,08 21.43
TOT 8.1& 0.00 1k.08 22.22
KIN -33.39 -33.39
fond S -5.62 7.61 7.1 9499
rond =y -20.2k -1.98 -22.22
TuT -5.62 -26.2h -19.75 -L5.62
w1 1.2k 5.00 -33.29 =-32.1
n Sua Oelir 0,00 -5.62 7.81 7.8 10'6
> 0ZI 11..76 €.00 7.93 -1.98 20
O 16.29 .00 -3.62 7495 -19.75 -1, 16
VALENCE ATCxIC CREITALS
VAC Expansion Cverlap Integrals
Crbital 13 2s 2P i 1 b i1
i 0.3%52047  -0.251559 0.105749 0.001108  -0.01329% 0.002251 o]
1 05.27146Y% 0.8.2797  -0.46k759 -5.01926% 0.052811 0.302377 o}
b 0.027769 0.175828 0.879099 0.002251 0.302377 0.71689% 0
m (Unaybridized) o 0 0 0.282041
DEASITY CCATRIBUTICHNS
VAC Populations Inter-Atomic Bond-Crders
Orbital o v a i 1 b i
i 2.0007%L  _0.00078k 1.999961 -0.002177 0.0339370  -0.009554% 0
1 L16157% -0.115¢17 2.045759 0.039370  -0.159915  -0.352581 o]
b 0.641336 0.31394% 5.95%280 -0,00955%  -0.3525€1 0.5E6667 0
w 0.7600n% 0.21930k 1.000000 0 0 o} 0.780006
EXCrAnGE CCNTRIBUTICNS TO PAIRPCPULATICNS
Promotion State Snaring Penetration
(Intra-Atomic) (Intra-Atomic) (Inter-Atomic)
Crbital 1 1 b ™ i 1 b i i 1 b 1t
i 2.000 0.202 =0.0350 -0.000 0.000 0.000 0.000 0.00C 0.000 -0.900 0.000 0
1 0.000 2.128 -0.03% -0.024 0.000 -0.003 0.022 0.02% -0.000 -0.004 -0.062 0
b -0.000 -2.03% 0.662 0.163 0.000 0.022 -0.147 -0.163 0.000 -0.062 0.514 0
™ .0.000 -0.92% 0.163 0.681 0.003 0.024% -0.163 -0.181 0 0 0 0.500
Tt -0.000 -0,02% 0.163 0.181 0.000 0.02% -0,163 -0.181 o} 0 0 0

Figure 12. Binding energy decomp031ulon and description of
electron distribution for iy, SAU aprroximation



INYRA-ATOWMIC CONTRIBUTION TO BINDING ENZRGY

Promotion

Sharing
Fenetration

Orbital 13 23 2P 2P 2P7 Total Oroital
KIN  1.54 055 0,00 0.00 0.00 1.53 KIN
o« NA -3.23 =0.57 0,00 0400 0.00 -3.21 , SUA
18 oI -0.2[, =5.00  5.41  0.09  0.09 0.30 L DRI =0.02
TOT =-1.92 =5.02 S.41 0.09 0.09 -1.38 TOT  -0.02
KIN  0.55 =12.45 0.00 0.00 0,00 -11.35 KIN
NA -0.57 L41.99 0,00 0.00 0.00 108l L SNA
25 OEI -S.OO “2007 "OO“-S "1083 ‘1083 -18021 g oBT _0.30
TOT -5,02 27.48 -0.45 -1.83 -1.83 11.28 TOoT  =0.30
KIN 0.00 0,00 1o.ug 0.00 0.00 §$.?g KIN
NA  0.00 0,00 =37.l 0,00 0,00 =370 SNA
TOT 5.1  =0.45 -19.11 0.92 0.92 -6.83 70T bo7l
NA 0,00 0,00 0,00 =0.00 0, . 7y SNA
TOT 0,09 =-1.83 0.92 .01  =1.48 2.54 POT 4.83
KIN 0,00 0.00 0.00 0,00 0,00 8'88 KIN
-— :NA 0.00 O'OO 0.00 0.00 "OQOO . - SNA
2P (at 0.09 ~-1.83 0.92 ~1.48 .01 2.:& T o1 .83
TOT 0.0 =1.83 0.92 -1.48 .. 01 2.50 TOT LL.83
I 0.62 KIN
KIi
.N;\ 0017 ,'I SN[\
¥ omI 7.35 ook 14.08
TOT 3.1h 700 1l.08

Figure 12.

(Continued)
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INTER-ATOMIC CONTRIBUTIONS TO BINDING ENERGY

Quasi- Sharing Total
¥ N Classical Penetration Interference
KIN .22 WEE
4 4 SNA .21l -.21 -.61 -tk
OEI .02 -.e¢ -.0e
TOT .21 .29 -.21 - 00
KIN .51 .ol
; 1 SNA .26 -.79 Lel -.52
1 OEI .01 -3 -.22
POT .26 .01 -.31 -.04
KIN 62 S22
4 p SNA -.34 1,33 -.21 .98
OEI .22 ~.2¢ -.20
TOT -.34 .08 1.15 .8¢
gﬁN .ee .ee
A .06 -.04 Jek .22
T omr .22 -l -.21
ToT .26 .ee -.i5 .21
KIN .1e .12
1 1 SNA 5.96 ‘.14 '.14 5.69
OEI .04 -.25 -.el
TOT 5.96 .04 .33 6.39
KIN 8, 4¢ 8. 4€
1p SNA -4,75 2.9¢ -3.34 -5.19
OEI .56 -.13 .83
TOT -4,75 .96 7.84 4,05
KIN .22 )
1 7t SNA 1.49 -.58 .29 1,66
OEI - .27 -6l .26
TOT 1.49 .27 -.52 1.26
KIN -22.73 -22.73
b b SNA -2.37 3,98 3.98 5,59
OEI -12,79 .36 -12. 34
TOT -2.37 -18.7¢ -12.41 -25.48
KIN .2E .Ce
b SNA -1.89 -,51 -.19 -2.59
OEI -.e7 -.49 -.56
TOT -1.89 -.e17 -1.19 -3.15
KIN -15,61 -15.61
v SNA .62 3.27 3.217 7.16
OEI -5,72 .26 -5,46
TOT .62 -5.,72 -8,8¢ -13,91
KIN N .C0
i SNA .28 -.11 - 11 .06
OEI -.23 -.24 -.07
70T .28 -.e3 -.26 -.81
KIN -33.39 -33,39
5 Sha -5,62 7.81 7.81 9.99
2 OEI -20.24 -1,98

Figure 12.
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(Continued)
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BINDING ENEadY ranlllliuding

Promotion Quasl- Shuring Tctal
PRC Classical JPenotration Interference
KIN 0.97 0,00 0.97
. NA  -0.11 0,00 -0.11
0EI 7.1k 0,00 13.78 2C.92
TOT 8.00 0,00 13.78 21.78
KIN -30.54 -30.&%
Bond SHA =572 7409 7409 8.
"% CEL -13.33 -2.09 -22,02
TOT =5.72 =19.93 =18.L5 ~lle11
XIy 1.94 0,00 -30,5k -28,50
X SNA -0,22 0,00 572 709 7409 8.23
2 OEI 14.28 0,00 7.62 -2.02 19.82
TUT 1@.00 0,00 ~5s72 7.62 -1&,43 ~0.55
VALENCE ATCMIC CRBITALS
VAO Expansion Cverlap Integrals
Orbital 15 25 2Pe 1 1 b v
i 0,954526 -0.2L5545 0.096936 0.00074+4 -0.020722 0.002359 0
1 0.262109 0.84698¢ -0.452507 -0,020722 0.05573¢€ 0.314232 [¢]
b 0.031463 0.471508 0.£81300 0.00235% 0.31k232 0.718822 0
ng (Unnhybridizea) o 0 o] 0.292380
DENSITY CONTRIBUTIONS
VA0 PFopulations Inter-Atomic Bona-Crders
Orbital p v q i 1 b ™
i 2.000854% -0.00090% 1.999951 -0.001439 0.042365 -0.010%E5 0
1 2.175132 -0.125560 2.049573 0.042366 ~0.170810 -0.365484 0
b 0.644000° 0.306477 0.950+77 -0.0104E3 ~0.366LEL 0.5E6502 0
s 0.773766 0.22623% 1.000000 0 0 ! 0.773766
EXCrANGE CONTRIBUTICNS TO PAIRPOPULATIONS
Promotion 3State Snaring Fenetration
(Intra-Atomic) (Intra-Atcmic) (Inter-Atomic)
Orbital 4 1 b i 1 b i 1 b g
i 2.000 0.000 -0.000 -0.000 0.000 0,000 0,000 0.000 0.000 -0.000 0.000 o}
1 0.000 2.139 -0.037 -0.026 0.000 -0.00% 0.02& 0,026 -5.000 -0.00% -5.068& o}
b -«0.000 -0.037 0.662 0.163 0.000 0.024 -0.145 -0,:583 0.000 -0.068 0.515 0
mT  -0.000 -0.026 0.163 0.682 0.000 0.026 -0,163 =0,182 o] 0 0 0.500
T -0.000 -0.026 0.163 0.182 0.00C 0.026 -0.163 -0,182 0 0 0 0
Figure 13. Binding energy decomposition and description of
electron digstribution for N RAD anoroximation
_____ -—— - --2’ —ha Qe b o S



INTRA-ATOMIC CONTRIBUTION TO

BSINDING ENERGY

---- -~Promotion - - = Sharing
Penetration
Orbital 1S 2s 2Py 2P 2PFF Total Orbital

KIN  1.40 0.72 0.00 0,00 0.00 1.39 KIN

o NA  =2,95  -0.76 0,00 0.00 0.00 -2.93 P MY
18 01T -0.26  -L.76  5.15 0.08 0.08 0.25 1 oW -0.02
TOT -1.81 =l.e 79 5.15 0.08 0.08 -1.30 TOT -0.02

e NA =-0.7¢ LO.O| 0.00 0.00 0,00 36.50 , SNA
S OET  ~lie76  =2.00 =044l  -1.71 ~1,71 -17.32 OKI  -0.3L
TOT -Le79 20,38 =0.,41 -1.71 =~1l.71 10.99 Por  -0.3L

KIN 0,00 0400 9.77 0,00 0.00 9.77 KIN

4n, NA 0,00 0.00 =35.68 0,00 0,00 -35.68 , SHA
2 0ET 5,35  -0.l1 7.63 0.85 0,05 12.27 OmT .63
TOT 5415 -0.41 -18.28 0.85 0.85 -€.63 TOT l1. 63

KIN 0,00 0.00 0.00 0.00 0.00 0,00 KIN

. NA  0.00 0.00 0.00 0.00 0,00 0.00 r SNA
2P grT  0.08  -1.71  0.85  3.93  =1.L6 217 OEI  L4.75
TOT 0,08 -1.71 0.85 3,93  ~1l.U6 2.1v7 TOT e 75

KIN 0,00 0.00 0,00 0.00 0,00 0.00 KIN

wr— NA 0,00 0.00 0,00 0.00 0400 0.00 T SNA
28 0BT 0.08 -1.71 0,85 -1l.46  3.93 2.7 OEI  L.75
TOT 0,08 -1.71 0.35  -1.L6 3.93 2.47 TOT L.75

KIN 0.97 KIN

NA -C.11 N SNA
N opr 7.1l OEI  13.78
TOT 8.00 TOoT 13.7C

Figure 13.

(Continued)
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INTER-ATOMIC CONTRIBUTIONS TO BINDING ENERGY

- -~~~

Quasi- Sharing Total

NN Classical Penetration Interference
KIN e 2%
11 SNA .21 14 -l A%
OEI -.2¢ ~e<il -.2¢
TOT 21 -.2¢ —el .0
KIN .93 .58
11 SNA 24 -.91 A -.66
OEI .kl -.ed -.E3
T0T 24 1 -.36 -.11
KIN e 2
1 SNA -.34 1.42 -.Cl l.e7
OEI .26 -.21 -.21
TOT -.34 .20 1.23 .89
KIN o2 .20
SNA .26 -.¢4 ) .22
1T orr .50 -.2l -.0l
TOT .86 .0 -.25 .21
KIN .16 .16
11 SNA 6.12 -.13 -, 13 5.86
OEI 24 -.£5 -0l
TOT €.12 .24 .45 6.61
KIN 8,55 8.55
1b SNA -4,82 3.10 -3.44 -5.15
OEIL 1.23 -.13 .S
TOT -4,82 1.03 8,28 4,32
KIN 5 L2 N7
SNA 1.56 -.61 . l¥ 1.25
1T oEr .27 -2l .26
TOT 1.5€ N -.52 1.11
KIN -19,25 -15.25
b b SNA -2,57 3.31 3.31 3.25
OEI -12,62 .37 -1¢.26
TOT -2.57 -1€,.,62 -lz, L8 -25.26
g%ﬂ .z N4
-1,95 -.52 -. 17 ~2.683
T opr -.27 -.5¢ =57
TOT -1.95 -.27 -1.18 -3.2¢
Iéélz -15,27 -15.27
T .64 3.21 3.21 7.07
OEI -5.€9 .26 =5.43
TOT .64 -5.69 -3.59 -13.64
IS{I:‘[IN 3@ .l .20
= A . -.11 ~.11 . 07
m OEI -.Z23 - L4 =47
TOT .30 -.23 -.z27 -. 22
KIN -32.54 -36.54
N SNA -5.72 7.£9 7.29 Bedd
2 OEI -19.9? -§.29 -22,22

Figure 13.
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SILJIRG ENEASY realIlICLILG
_— rromotion Cuasi~ ~dharing - fotul
1 PRC Clessical Penetration Interfererice
XIN 0.27 20.%0 2¢ o7
LR - A - on 2
TuT 7.34 1.38 1,11 22,80
KIN _ . 03011 -3c.ll
sond gyt Tt 19.55 AT -eiior
TUT -L.15 -15.46 -2l.63 -48.27
TR B T 063 by 503
2 0. 13.0L 29.62 8.72 -2.19 L9.19
TOT 1}, 6€ 2.76 -Ll15 E.72 ~2l1.63 -2.21
VALENCE ATOXIC CRBITALS
VAC Expansion Overlap Integrals
Crbital 18 2s 2P i 1 b s
i 0.9799768  -0.190980 0.055327 -0.002912 -2,000321 ~.N11779 !
1 0.197542 N.827226  -0.334320 -0.020% 1 Goilbont ~ocskel o]
b G.02L206 0.33813% n.31¢085 2.011779 0.7 LEL 0.62072¢F ¢
hig {(Unhybricized) c 2 0 2,2GuQ928
DEMSITY CCATHIBUTICHS
VAC Pecpulations Inter-Atomic Bona-Crcers
Orbital P v a 1 1 b o
i 2.001121  -0.001102 2.000019 0.005809 0.04C516  -0.022196 0
1 2.2214+33  -0.178223 2.0%3210 0.040510  -0.429885  -0.336E70 o
b 0.670319 0.286452 0.956771 -0.02219%  -0.336€70 0.6271L2 0
1 0.77224%  0.227756 1.€00000 0 0 0 0.7722L%
EXCrANGE CONTRIBUTIONs TC PAIFPCPULATIC:S
Promotion State Snaring Penetration
(Intra-Atomic) (Intra-Atomic) (Inter-Atomic)
Crbital 4 1 b 1 i 1 b i
i 2.000 0.000 -0.000 -0.000 5.0C0 -0.000 0.0C0 0.000  0.000 -0.097 -0.300 0
1 2.000 2.159 -0.044 -0.036 -0.000 -0.007 0.032 0.036 -0.000 -0.037 -0.059 0
b -0.000 -C.O0M+ 0.666 0.167 0.000 0.032 -0.151 -0.167 -0.009 -0.05% 0.512 0
M -0.000 -0.C36 0.167 0.6&% 0.000 0.03% -0.167 -0,1E&4 0 0 0  0.500
T -0.000 -0.036 0.167 0.1&% 2.000 0.036 -0.157 -0,1€E 0 0 0 o
Figure 14. Binding energy decomposition and description of
electron distribution for N;, BMAQ approximaticn



INTRA~ATOMIC CONTRIBUTION TO BINDING ENZRGY

Promotion Sharing
18 2S 2Pr 2Pmw 2P Total renetration
Orbital _ PRH PRC PRH PRC PRH PRC PRH PRC PRH PRC PRH PRC TOT Orbital
KIN 0,64 0.83 0.3 =0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.63 0.85 1.48 KIN
1s MA -1.3) -0,88 -0.45 0,00 0.00 0.00 0.00 0,00 0.00 0,00 -1.33 -0.88 2,22 y SNA
OEI -o.aé -0,0 -3.,09 -0.16 341 be9o 0,06 -0,10 0,06 -0.,10 0.07 0,04 0.11 OEI  ~0,02
TOT -0,96 -0,09 -3.,11 -0,16 341 490 0,06 -0.10 0.06 -0,10 -0.63 0,01 ~0.,63 TUT =0,02
KIN 0,43 -0.,00 -g.é9 -1.09 000 0,00 0,00 0,00 0,00 0,00 6,83 -1.,10  ~7.94 KIN
2s NA -0.45  0.00 2 .uf 1.60 0.00 0,00 0,00 0.00 0,00 0,00 25.53 1.6l 27,1k 1 SNa
OEI -3,09 -0,16 -1,5 -0,06 -0,15 1,29 +0.96 -0.06 -0.96 -0.06 ~-11.23 -0,59 -11.82 VEI  =-0.56
TOT -3,11 -0.16 17,20 0.45 -0,15 1.29 -0,96 -0,06 -0,96 -0,06 747 -0,09 7438 TOT  -0,56
KIN 0,00 0,00 0,00 0,00 6.%7 21.49 0,00 0,00 0,00 0,00 6.%7 21.49 27,96 KIN
op, NA 0,00 0,00 0.00 0,00 -28. i -36.07 0.00  0.00 0,00 0,00 -23.6L -36.,07 =59,71 p SHA
OEL 3,41 4.90 -0.15 .29 .30 0.89 0.13 0,67 0.13  0.67 12.93 16,10 29,03 OEI 5.03
TOT 3,41 4.90 -0.15 1,29 -10,87 -13.70 0,13 0,67 0.13  0.67 “h.2 1,51 ~2.73 TOT <03
KIN 0,00 0,00 0,00 0,00 0.00 0.00 0,00 =-0.42 0.00 0,00 000 0,42 -0.42 KIN
opy NA 0,00 0,00 0.00 0,00 0,00 0.00 0.00 0.76 0.00 0,00 0.00 0,76 0.76 ar SHA
OELI 0,06 -0,10 -0.96 -0.06 0.13 0.67 3,86 -0,01 -1.49 -0.03 2¢37 -0,37 2.01 OEI g 83
TOT 0,06 =0.,10 =0.96 -0,06 0.13  0.67 3.86 0,33 -L.49 -0,03 2.37 -0.02 2.35 TOT .83
KIN 0,00 0,00 0.00 0,00 0.00  0.00 0.00 0,00 0.00 -0.,42 0.00 .o,z ~0,42 KIN
2pi7 NA 0,00 0,00 0,00 0,00 0.00 0,00 0.00 0,00 0.00 0,76 0.00 0,76 0.76 =~ SNA
OEI 0,06 -0.,10 -0.,96 -0.,06 0.13 0,67 <149 -0,03 3,86 -0,01 2437  -0.37 2,01 T OEI .83
0T 0,06 =-0,10 -0.,96 -0,06 0.13 0,67 =-1.,49 -0,03 3.86 0.33 2,37 -0.02 2.35 TOT 4483
xéﬁ o.gg 20,40 20,67 gﬁx
O. -33.82 ~33.27
N oEr 6:22 iLi6: 3339 U oomr 1.1
ToT 734 1.38 8.73 TOT  14.11

Figure 14.

(Continued)
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INTER-ATOMIC CONTRIBUTIONS TO BINDING ENERGY

108

Quasi- Sharing Total

NN Classical Penetration Interference .
KIN .22 .02

;1 SNA -.00 .2l .8l .23
OEI .28 -.2¢ -.08

TOT -.e¢ .02 .05 .4

KIN .55 .55

11 SNA .25 -1.29 .23 -1,21
OEI L¢l =11 -.11

TOT .25 .6l -.83 -.78

KIN .23 .23

s p SNA -.17 1.39 - 04 1,18
OEI .2z -.13 -2

TOT -.17 .62 1.44 1,28

KIN 8¢ .00

SKA .el - 24 .22 -.22

1T oEr .2¢ -.¢l - 01
TOT .2l .ee -.24 -.83

KIN 3.8 3.80

11 SNA 4,94 -.24 -.24 4,46
OEI Y -.26 .14

TOT 4,94 .42 3,87 8, 48

KIN 8.88 8.88

1 p SNA ~4,29 .57 -3.29 -6,41
OET .92 -.18 .72

TuT ~4,29 .52 €.58 3.19

KIN .2e .29

1 SNa 1.39 -.85 .29 .82
OEI LI -.e7 .24

T0T 1.39 Lt -.64 .86

KIN -28,86 -28.86

b p SNA -1.16 5.31 5.31 9.47
OEI -12.56 .36 -1e.21

ToT -1.16 -12.56 -17.87 -29, 62

KIN LEC .o¢

SNA -1.65 Sy -.15 -2.25

T g1 -.26 -3 -.43
TOT -1.65 -.26 -.S6 -2,68

KIN -15,19 -15,19

v SNA .65 3.z2¢ 3.28 7.64
TT OEI -5.64 .22 -5.42
TCT .€5 -5,64 -3,58 -13,57

KIN s )

= SNaA .32 -.11 -.11 L7
T oex -.23 -.e5 -.e7
ToT .32 -ed -.27 K0

KIN =36, 11 -36,11

x_ SHA -4.15 €.33 6,83 9.51
2 On.J. -19,49 -2 19 -21.€7
1ol -4,15 -19.,49 ~C4eGD ~45.27

Figure 14.

(Continued)



109

BILDING ELE=GY zZadlIlICNILG

Proumotion Qasli- ————Shuring ctel
PRHE PRC Classical Penetration Interfcrence
KIN -C.l2 0.00 -0,:2
o Ha 0.93 0.00 ) 0.23
i OEL 1.17 0.00 ©.99 8.15
TOT 1.68 0.CC 5.8 .56
KIN -13-79 -1\;'79
sy 0.00 1409 Lo .19
Bond v -5,01 -0.53 =5.54
TUT 0.00 -6.01 -1l -17.3%
KIy -0.0L £.00 o -13.79 -19.93
- S¥A 1.86 0.00 0.C0 502 409 10,05
2 eal 2.3k 0.0C 7.9k -0.33 973
TuT 3.36 0.00 Ca0D 7.94 -11.1% 0.13
VALELCE ATCHIC CRERITALS
VAl Expansion Cverlar 1Integrals
Crbital 13 23 2P i 1 b —_—_—__x
i 0.997552 -2.069237 0.003387 -0.000205 -C.021263 0.02%633 2
1 0.069879 2.37367% -2.18t032 -7.001263 0.064357 0.12LE8Q o}
b 0.09323% 2.18£287 0.382112 2.000553 0.12LE%0 0.22562%% 0
™ (Unhybridized) 0 G ¢} G.0=7024
DENSITY CONTRIBUTICHS
VaC Populations Inter-atomicz Bond-(Crcers
Orbital T v g i 1 b T
i 2.05000% ~0,230000% 2.000220 0.000%10 0.072527 -7.031323 o)
1 2.032565 -0.0331L5 2.005%20 0.202527 -0.137860 -0.123553 o]
b 0.834L0E 0.150172 0.934580 -0.001323  -0.133%%9 0.81717% 0
v 2.004432 -7.o0u432 2.003200 ¢ o) o] -0.03425%
1)“.,7 Ch J
Promctio State Snaring Penetration
(Intra-Atomic) {Intra-aAtomic) (Inter-atomic)
Orbital i 1 i 1 __ b . w™w 4 X ____Db nt
b3 2,000 £.3000 02.002 0.239 0.022 0.099 0.0%° 0.022 0.000 0.000 ©0.000 0
1 0.300 2.022 -0.317 0.0355 0.000 -5.720 0.015 -2.003 0.C00 -6.003 -0.013 0
b 0.00C -C.217 1.01% -2.002 2.077 2,015 -0.512 90.202 .00 -2,010 D.502 o}
ut 0.000 C.222 -0,902 2,202 0.20% -0.,000 0.002 -5,000 0 z 0 -0,002
i 0.002 0.000 -2.3C2 0.000 0.000 -0.202 0.002 -0.002 o] o] 0 0
Figure 15. Binding energy decomposition and description of
electron distribution for F. QA0 arnnrAavimot+ian
- —— ~ - N~ — e - - - - 4’ LA “rlr/.t VJ\.-I-LLAaU-LVLL




INTRA-ATOMIC CONTRIBUTION TO BINDING ENERGY

Promotion

Sharing
Perietration

Orbital 1S 25 2hr 2Py 2P 7 Total Orbital
KIN 0.02 0.07 0.00 0.00 0.00 0.02 KIN
113 NA "OOO -0007 0.00 0.00 0.00 -Ooo i SNA
”  0EI 0.0 -1.05 1.0 -C.00 -0.00 0.0 ORI 0.00
TOT 0002 "1.05 1 .10 -0.00 "‘OOOO 0002 TOT OCOO
IQIN 0007 "3.3’7 0.00 0.00 0.00 "3.23 I{_II\I
sg NA -0.07 10.79 0.00 0.00 0.00 10.65 1 SNA
OEI -1.05 -0.58 0,16 =0.77 =077 ~6.10 OEI -0.0l
TOT -1.,05 6.8l 0.16 -0.77 -0.77 1.31 0T ~-0.04
KIN 0.00 0.00 2.80 0.00 0.00 2.80 KIN
op, NA 0.00 0.00 -9.,68 0.00 0.00 -9.68 L SNA
% OEI 1.10 0.16 1.08 0.82 0.82 7.22 0isT 7.07
TOT  1.10 0.16 -5.01 0.82 0.82 0.34 TOT 7407
K1IN 0400 0+00 0.00 0.00 0.00 0,00 K.Liv
opye NA 0.00 0.00 0,00 0.00 0.00 0.00 o SNA
T OKI =0.00 =0.77 0.82 0.01  =0.00 0.01 OEI  ~0.03
TOT =C.00 -0s77 0.82 0,01 -0.00 0.01 TOT -0,03
sy NA OOOO O.CO 0.00 0.00 OQOO OQOO ﬁ' SI\[A
2P ORI -0.00  =0477 0.2  -0.00 0.01 0.01 OEI  =-0.03
TOT =-0,00 -0, 77 0.82 -0.00 0.01 0.01 TOD -0.03
KIN -0.02 LN
- NA 0.93 p SNA
P omT 1.17 OEI 6.98
TOT 1.68 TOT 6.98

Figure 15.

(Continued)
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INTER-ATOMIC CONTRIBUTIONS TO BINDING ENERGY

Quasi- Sharing Total

FF Classical Penetration Interference
KIN .22 .20
14 SNA .28 .22 .22 20
OEI .20 -.e0 -.00k
TOT .00 .2C .22 .20
KIN 4% .00
i1 SNA -, 0L -.22 .2 -. g2
0EI .00 ~. Lk -%Y
TOT -.zce .20 -.22 -.22
KIN .22 N4
ib SNA -.22 .21 -.2e L1
OEI .00 -.022 ~JLE
TOT -.22 .22 .21 .21
KIN .22 N7
SNA -.22 . 2C .ee -.202
17 oEr Y -.ce - .20
TOT -.2¢ .02 A7 -.%9
KIN 1.6k 1.68
11 SKNA .43 -.338 -.33 -.34
OEI .94 -.26 -.02
TOT .43 24 .78 l.24
KIN 4,29 4,29
10 SNA -.57 -1.75 ~1.23 -3.56
OEI .22 -. 29 .11
TOT -.57 .22 1.22 .84
KIN Ol .20
11 SNA .26 .22 . €8 « 36
OEI -.2e -.23 ‘ -.03
TOT .26 -.0¢ .27 33
KIN -34,66 -30.66
b b SNA 35 8.28 8.28 16.51
OEI -6.48 .68 -6.,40
TQT .35 -6.48 -14,43 -28.56
KIN . 20 . 00
b SKNA -39 .21 -.18 -.57
OEI .20 -.25 -.25
T0T -.39 .02 -.22 -.61
KIN .84 .84
SNA 33 -.23 -.23 -. 13
LS OEI .22 -.23 -. 0!
TOT .33 .22 + 35 .72
KIN 1 .20 .90
JFF SNA . % .ee .12
i ORI -.0e -.20 -. 40
TOT -11 'ozz .@2 .12
KIN -18,79 -18.79
¢ SNA .20 4,09 4.29 8. 19
2 O0EI - -6.01 =453 -6.54
TCT 715 -Oevci “iieis ~iT.14

Figure 15. (Continued)
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ot
Fraddida s daed

Qizsi- Srering Totel
Classical ~Zenetration Interignence
ol -0.32
\ 29 0.33
VoI 6,91 7.91
hS T 0.581 B2
-17.50 -17.50
2,06 3.79 0 3.79 753
2 ~5.95 -0.50 -5439
737 -0.26 ~5475 ~10.53 -16.55
YIn =C.oL C.CC -17.3C -18.1k
= SUA 1.66 0.CC -0,06 3.79 3.79 9.19
Y2 JEI 2.2% 0.93 N ~0450 G423
o7 3.22 2,00 -C.96 7.6l -10,53 0428
JALELCE ATCHIC CREITALS
VAC Expansicn Cverlap 1Integrals
Croital 15 25 2Fr i 1 b m
i 2.9975LE ~0.063k30 0LI0RERC -1.0002%. -5.001L4L2 C.000737 o}
1 7.0A0F5% 0.379920  -3,1887%2 -0.001uL2 0.05E35¢E 0.132658 0
b .03 0,.185012 0.3823€7 N.0%0737 0.13285¢ 2.28521 0
11 Unnybridized) 0 0 0 0.05147¢C
VAG Populaticns Inter-Atcmic Bonz-Crders
Crbital o v g i 1 b v
i 2,.700005 -2.00N00% 2.,020230 2.0706k49 3.002886 -3,0C1500 ¢]
1 2.70R3Zk0 LD.0362R 2.006297 0.C02E86  -2.145988  .0.203217 0
b 2.827731 0.165372 2.323733 -0.C0L500  -n.202217 0.£08856 0
i 2.00812 -2.0C5312 2.000000 o] o] 0 -C.1C3214
EXCrANGE CCuTRIEZUTICHs TC PAIRFCFULATICNS
‘romction state Snaring Penetraticn
(Intra-Atemic) (Intrz-Atomic) (Inter-A%omic)
Crbital i b i 1 b v i 1 b hil
i 2.00% 2,003 0.000 92.230 0.020 0.930 0.709%0 0.000 0.008 0.000 0,000 0
1 0.C07 2.025 -0.C15 0.C0C $5.002 -0.0C1 0.017 -0.0CC 3.000 -0.005 ~0.011 0
b 0.000 -0.013 1.C1f -0.003 2.000 0.C17 -0.51k 0,002 0.002 -0.C11 0.503 0
g 0.C00 0,007 -0.003 2,003 2.000 -3.00C 0.001 2.000 C o] ¢} -0.003
i N,00C 0.000 -0.C03 0.000 0.000 ~0.000 0.003 0,000 0 ] ¢} 0]

Figure 16, Binding energy decomposition and description of

electron distribution Ior F27 BAO approximation



INTRA-ATOMIC CONTRIBUTION TO BINDING ENERGY

Promotion Sharing
Penetration

Orbltal 1S 28 2Ry 2P7r 2P7F Total Orbital

NA "000 "'0011 0.00 0000 L] =Ue SNA
15 G0EI 0.0} =0.99  1.03 =0.00 =0.00 0.03 i opr  0.00
TOT 0,02 =0.99 1,03 =0.00 =0.,00 0.02 TOT 0.00

KIN 0.11 =-3.11 0,00 0.00 0.00 -2.90 KIN

NA -0.11 10416 0.00 0.00 0.00 9.9 L SNA
25 OEI -0.99 -0.57  0.18 =0.73 -0.73 -5.85 OEI  ~-0.05
TOT -0.99 6.8 0.18 -0.,73 =0.73 1.19 TOT -0.05

KIN 0.00 0,00 2.5g 0.00 0.88 2.gg KIN

NA 0.00 0.00 "9.0 0.00 Oe. hady A1 SNA
2R 0T 1.03  0.18  1.00 0.78  0.78 .93 b o1 6.93
TOT 1.03 0.18 =5.51 0.78 0.78 0.42 TOT 6.93

KIN 0,00 0.00 0.00 0.00 0.00 0.00 KIN
2Pt ORI -0.00 -0.73  0.78 -0.00 -0,00 -0.01 OEI  -0.03
TOT -0.00 =0.73 0,78 -0.00 -0.00 -0,01 POT  ~0.03

KIN 0,00 0.00 0.00 0.00 0.00 8.88 KIN

. NA 04,00 0.00 0.00 0.00 0.00 . 3¢ SNA
2P‘)? OEI “O:OO -0, 73 O. 78 "'0000 -OQOO ~0,01 T OEIL —0.03
TOT -0.,00 -0. 73 Oe 78 -0.,00 -0,00 ~-0,01 ToT -0.03

-0.32 KIN

KIN

NA 0.83 p SNA
F o oEI 1.10 OEI 6.81
TOT 1.61 TOT 6.81

Figure 16. (Continued)
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INTER-ATOMIC CONTRIBUTIONS TO BINDING ENZRGY

Quasi- Sharing Total

PF Classical Penetration Interference
KIN N .20
g1 SNA -.22 .2e .20 .22
OEI .20 -.2e -.20
ToT -.00 .02 .22 .28
KIN .02 .22
;7 SNA -.e8 -.22 .22 -.¢3
L oEI .22 -.ee - .00
T0T -.2¢ .02 -.22 -.g2
KIN 1) .20
i p SNA -.00 .21 -.2¢ .21
OEI .00 -.28 -.20
TOT -.20 .02 .21 .21
KIN .20 .22
i ¢ SNA -.2¢ .02 .68 .02
OEI .00 -.22 -.00
TOT -.00 .00 .82 -.20
KIN 1,71 1.71
SNA .43 -.41 -.4l -.39
11 opr .04 -.e7 -.63
TOT .43 .24 .83 1,38
KIN 4,55 4,55
1 p SNA -.68 -1.82 -1.33 -3.75
OEI .21 -.89 .12
TOT -.62 .21 1.31 .92
KIN .20 .20
1 7r SMA .28 .62 .29 .35
OEI -.22 -.63 -.03
TOT .28 -.00 .eg .35
KIN -30.26 -38.26
b b SNA .34 8.2 8,22 16,37
OEI -6.5¢ .07 -6,43
TOoT .34 -6.52 -14,15 -2¢. 31
KIN €0 s
o7 SNA -.42 el -.18 -.59
bl oI .o - 03 -5
POT -.42 9K -,23 -.65
KIN .96 .56
SNA .36 -.27 -.27 -.18
I OEI .23 -.23 -.2e
0T .36 23 .39 W17
KIN .ee .28
7 SNA .12 Jel .01 .13
OEI -.20 -.21 -6l
70T 12 -, 20 L€l .13
KIN -17.5¢ -17.52
@ SNA -.e6 3.79 3.79 7.53
“2 OEI -5.98 -.6¢ -6.59

Figure 16.

(Continued)
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BILJING ELEnSY raalilIVhING
. ;ﬁ;?r_iom ; lonI’R.C_ e _Q].S;iizi:;l ;;-o-;q;zlarm%nterfercn_ce foral
KIn  -0.30 l.50 29
" A 0.33 -5,22 -5.98
" OEI 1.20 2.27 6.63 13.15
TJT 1.73 Seii5 6458 i
AN 5 -17.27 -17.27
Rond 557 et 5,03 387 3T g
TOT -0.15 -5.93 -13.53 -15.71
KLl 0040 .20 . -17.27 -5.6
I 'liiiﬁ w0 7.32 3 i 308
79T 3.ib 7,10 -5.15 7.32 -10.53 0.21
VALELCE ATLAIC (FRITALS
Al Extansicn Cverlap Integrals
(rpitel is 23 __ 2% 41 o1 b i
i 5.897265  3.ATARLT £.073382 22070197 27.001720 0.C00790 0
1 6,073B6 2.376%1 -0 19955k S2.051720 0.0629%%  0,135h9k 0
b 0.29=776 5.19275% 7.3F1828 0.072072% 0.13549% 0.2531t0 0
™ (Unnybridized! 0 0 0 0.04974k
DE.>ITY CONTRIEZUTICKS
VAC Poputraticns Inter-Atomic Bona-Crders ~———3—o
Crbital j v q b 1 b m
1 2.079007  S0,000007 2.7276200 0.670339 0.003446  -0.C0163% 0
1 2.08318L L0, 06LER 2.008561 0.00346 T -0.1393€3  -0.206271 0
b 3.B18887 0176k 2.993219 -0.00163%  -0.206271  0.799355 0
w 2.C0361 -0.C7L9EL 2.270200 o) 2 0 -0.099734
EXCAsGE CCaTRIBUTIONS TC FAIRPCPULATICNS
Premetion State Snaring Penetraticn
(Intra-aAtcmic) (Intra-Atomic) (Inter-Atomic)
Crbital 4 1 1 1 b 1 1 b ™
i 2.000 0.000 0,500 0.C00 0.000 0.C7°0 0.000 0.C00  0.000 0.C00 0.000 O
1 0.C00 2.C25 -0.019 0.000 0.C00 -0.C01 0.C17 -0.CCO0  0.C00 -0.00% -0,012 0
b 0,000 -0.019 1.017 -0.003 0.000 0.017 -0.513 0.C03 0.000 -0.012 0.503 ©
T 0.000 0,000 -0.C0Y 2.002 0.000 -0.000 0.003 -0.000 0 0 0 -0.002
T 0.000 0.000 -0.003 0.000 0.C00 -0.C00 0.003 -0.C00 0 0 0 0

Figure 17.

B;nding energy decomposition and description o
electron distribution Ior Ir,, BMAU appro
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INTRA-ATUMIC CONTRIBUTION TO BINDING ENERQY

Promotion p— Sharing
18 28 2Py 2P 2P Total renetration
Orbj tal _ PRH PRG PRH PRC PRH PRC PRH PRO PRH PRO PRH PRC TOT Orbita)

KIN 0,01 0.1 0.12 0,00 0,00 0,00 0,00 0400 0,00 0,00 0,01 0,1 0,15 KIN

s NA -0,03 «0.1 -0,13 -0,00 0,00 0,00 0,00 0400 0400 0400 ~0,03 .0,1 -0,17 4 SNA
15 0BI 0,0f -0.402 -1.02 0,35  1.07 =0,76 =0,00 o.ug =000 o.ug 0.0 -0,00 0,03 OEI 0,00
TUT 0,03 -0.,02 -1,03 0.35 1.07 <=0.,76 =0,00 0.l 0,00 0.l 0,02 .0,01 0,01 TOT 0,00

KIN 0.2 0,00 -3.23 .15 0,00 0,00 0.00 0,00 0,00 0,00 ~249 215 0.16 KIN

25 NA -0.13 -0,00 10,5 -ﬁ.u 0,00 0,00 0.00 0,00 0,0 0400 10, .ﬁ,u .81 1 SNa
P OBI «1.02 0435 <0.5 0,08 0.17 =0.,20 =0,76 0,29 =0.7 0,29 =5499 1,47 -f.52 OEI -0.05
TOT -1.03 0435 6.75 -1.25 0.17 =0.20 =0,76 0,29 -0,76 0.29 1.32  o,1) 1.45 TOT  ~0.05

KIN 0,00 0,00 0.00  0.00 2,67 -3.99 0,00 0,00 0.00 0,00 2,67 .3,99 1,31 KIN

ope NA 0,00 000 0,00 0,00 -9.ug 7ell 0,00 0400 0,00 0,00  =9.43 7,97 .3,32 p SNA
“ UBL 1.07 -0.76 0.17 =0.20 1.0 0,01 0,81 «0.19 0,81 -0.19 7.15 .3,20 3.9 OEI 6.78
TUT 1.07 =0.76 0417 =0.20 =5,68 3.1l 0,81 -0,19 0,81 -0,19 0.39 _5.07 0.31 TOT 6,78

KIN 0.00 0400 0,00 0,00 0400 0,00 0.00 2.65 0.00 0,00 0.00 5 65 2.65 KIN

op,. NA 0,00 0,00 0,00 0,00 0.00 0.00  0.00 =465 ~ 0,00 0,00 0.00 _) 65 -l,65 1w SHA
"I ORI -0,00 0.19 -0.76  0.29 0,81 -0,19 0,01 0,18 -0.,00 0,36 0.00 3 .00 3.01 OEI ~0.,03
TOT -0,00 0.9 -0.76 0.29 0.81 -0,19 0,01 -1.83 -0.00 0,36 0s00 _g.00 -0.00 TOT -0.03

KIN 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0.00 0,00 2.65 0.00 5 45 2.68 KIN

ops: NA 0,00 0,00 0.00 0,00 0,00 0,00 0,00 000 0,00 -L.65 0,00 _j168 -l.65 37 SNA
T ORI -0.,00 0.9 -0.76 0,29 0.81 -0.19 ~0,00 0,36 0,01 0,18 0.00 3,00 2.01 OEI  -0,03
TOT -0.00 0OJi9 -0.76 0.29 0.81 -0.,19 -0,00 0.36 0.01 -1,83 0.00 _0,00 -0,00 TOT -0,03

KIN -0.30 .60 g.zz KIN

P NA 0.83 flg p SNA
OBI 1,20 2,27 347 OEI 6.68
TOT 1.73 0,05 1.78 TOT 6.68

Figure 17. (Continued)
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INTER-ATOMIC CONTRIBUTIONS TO BINDING ENERGY

Quasl- Sharing Total
FF Classical Penetration Interference

KIN .Be W8
g4 SMA -.2¢ L2 .02 Ll
OEI e -.ze - il
TOT -0 oe JLe .68
KIN ol Ll
s 7 SNA -.co -3 L6e -.E3
- 0EI .oe JiL -kl
TOT -.2¢ .2 2 -, 63
KIN o ik .2k
1 p SNA -.8¢ .82 -, Lol
OEI .22 -.ul -0l
TOT -.02 .2e .2l L6l
§§§ LGe Ll
L1 -.62 L0 N1’ .20
OEL LEY ~ali - €k
ToT -.02 .20 .e¢ -0k
KIN 1,43 1.48
11 SHA .46 -.34 -.34 -.el
OEL .24 -6 -.¢3
TOT .46 .24 .75 1.24
KIN 4,61 4,61
1 b SEA -.63 -1.79 -1.33 -3.75
CEI W22 - LY 13
TOT -.63 .22 1. 40 .95
KIN o .20
SNA .28 P .68 .38
1T oEr e -.e3 -.E3
TOT .28 - 22 W7 35
KIN -29.83 -23.33
b b SNA .33 7.79 7.75 15.32
OEI -5,55 .28 -6.47
TOoT .33 -5,55 -14.16 -ed. 38
KIN €3 A
SNA -.43 1 -.19 -.tl

b ‘rr —— . ¥ . .
OEI R -6 -. 26
ToT -.43 .20 -.23 -, 67
KIN .Sl .51
Ty SNA .35 -.26 -.2€ .17
OEI .22 -.23 -l
TOT .35 .22 .37 .74
KIN G %
Tr7T SN4 .12 .2L . li W13
OEI -.e¢ -8 -8
TOT J12 -.ee L8 Lz
KIN -17,217 -17.27
7 SNA -.15 3,67 3,07 7.12
2 OEI -8.£3 -ty -5,62
o0 -.15 -c_ 7% -1y &3 -5,

Figure 17.

(Continued)
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