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Adistances, or podr heats of formatlon and good bond

. distances. ce. Its solutlon, if it can be found,

f

"formation and g od bono dlstances. Keeping this goal in

ABSTRACT i e -

! ) ' i ‘ \ ! N o

s 7‘ ' 1;‘%‘3
In a Teceht review artrcle on the semf~emp1r1cal

[ ‘\ﬂ;\\
all- valence~electron method, Klopman wrote of ".... the

painful dllemma of havxng tb choose betWeen a method o .

that - glves good heats of formation and poor 'bond

'

would probably be the most important . contrlbutlon in

4 { [N \

the fleld of semi-enpirical calculatioh of large “ SR N
molecules " ‘ ' . o ;%f '
'Q, We have set out to meet the. challenge ) In, the g?/ ‘
. 4] - L

present the51s, the flrst stage of our effort will beatfﬂ*h ;

described and moderately successful numerlcal resultsf /'
g /:
will be reported. We start with a critical'réview of . /*

the,past develoPments of the subject and the fundamental/ -

theoretlcal background and then proceed on to the’ y

.ﬁ .
descrlptlon of a new approach to the subject P“‘:' P

A careful analy515 of the total energy of molecula;
systems has led us to the p01nt of vaew that a proper

balanc1ng mechanlsm between contrlbutlons from the one-

4 »

electron and two-electron parts of the total energy 1s

]

v1ta11y meortant in, order to obtaln good heats of

¢

’mlnd, we have introduced.a'method.atﬁthe CNDO-leyelgwhich“‘

i B i
" . \ E . B ! M S
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s

.
~
4
/
.

P
T e .



. ) S R . s A ™ Vo . ' v T.r‘«‘\'.s‘.‘ . AL ; H ¥ ' "\
T R R A R . CLTEr ot S
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. . ‘ E % i ‘ : - ' \ \ " . n‘l'<u . [ . ‘ ’ s ST . ‘. K
L f- ‘ : \ ‘\J - ) o . ...‘:; . . " o ¢ .:}.‘.'
N S . , \ l:‘ ) N » Sl ) .' s . ‘ “.“\,;.‘.\‘
. ~ ) R s ) X . ;I:"‘El‘f
. has some new geatur 2S .. A new formula for estlmating o ;y”
! ' - ' ) ."“_
coulomb rntegrals hda beon prOposed here ThlS formula, (AR
» K .‘ ) .‘,v ‘T"
int roducos two, new parameters which haVe SufflClent ','”V~ g,
. L ‘ ' C A T
R '
‘ flGXlUlllty totconqlnuously GOVer the rlgorous formul@s oot S
. of Roothaan or thc approx1mate formulas of Ohno and .t T 'ﬁ&\
; v v

Mataga- lehlmoto

i

Another new feature is the way in RV

4

- previous CNDO methods. i R

v

whlch ‘the oneé~electron part of thé Hartree Fock operator-~

is\parametrlzed -The potentlal of these new parameters

for achlev1ng the flexlblllty needed to aCCOmpllSh the

requlred uellcate balance rs greater than - that  in,

.

L ' \
)

Our computer prOgram is, constructed at the level

B

0
a

of so- called CNDO (Complete Neglect of leferentlal - T
. \
Overlap) level but it is much more flex1ble 1n many

.o
-

reSpects than the Wldely dlstrlbuted CNDO/2 computer o -

program R C ‘ ‘ o . .
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. ,“ , . ‘. . Vi . * ’!v . N ‘ ‘,‘ )
O T -;‘fN'I‘RODUCTION» C
T : t ST S S

e Although for nearly flfty years the pr1n01ples o
| of quantum mechanics, whrch are necessary for the 5

.understandlng oﬁ the electronlc structure of molec es,

[N

o

i * !

have'been known, Stlll lt has been only ln recent years_

\ .. that great advances 1n‘ab 1n1tlo calculatlonS~of'

,molecular electronlc structure(l) hav een achleved

In splte of these recent achlevements, ab initio ~ S

| calculatlons are of llmlted use 51nce they are very

b

|

, expen51ve and requlre large computatlon tlme. Even rf we

\n‘- f.‘. VL
4 " . .\

e

spend hundreds of hours on a large computer, we can
S\"f perhaps perform an energyecalculatlon of a molecule'

not very much larger than benzene and the accuracy 1s \*“’.
‘ ‘ Yo R S
. not necessarllyisatisfactory. The ground state Y .
, " dlssoc1at10n energles 0\ many dlatomlc molecules S ,?

~calculated'b% the Hartree Fock method have been shown RRBRY

i

‘*'r.fto be one qUarter to one‘half of thelr experlmental ®
wf‘l values. For the‘fluorlnelmolecule the Hartree Fockhf'pf;M;t
ivnihfcélculatlons ‘do not predlct any blndlng.energy :‘tohmgfl
H} l 37 ev) whereas the experlmental blndlng energy is

(2 )

'til 68 ev.(z) Wahl p01nted:out that there mlght be two

ol ;‘

.5,7reasons éor not*gettlng blndlng 1n fludrlne.. Flrst,,,,;,




C !
+ 3 A .
for mhhy molocﬂ]dr nyﬁt$mn tha molecular orbital wavao

function docs not exhibit the propor diuﬂouiﬁfgon bohavior

-

(1%o. it goes into neutral and ionice atomiq statuon),
Sccond, when bonding ocaours thoe correlation onarqgy of
tho moleculv incroasas, and this incroaso tonds to ralso

tha electronie cnergy of the moleoulo, Usinl\nn optimisad
B ~ ™ N, [}

S Lo (20)
confiquration function, Das and Wahl

4

some binding energy (0.5 ov) for the £luorine molecula,

have obtained

As ab initjo calculations arg not possible for very
' 0 -
large molecules organic and inorganic chemists use semi-

: empiricnl quantum chemical methods to i&;;rprot and_gor-

[

relate experimental results. The basic merit of the

semi~empirical approach lies in its practical applicability .

to large molecular systems. Generally speaking the semj-

empirical methods have bgpn'feasonably successful. A

.
L}

review of their developmonﬁ will be presented in order

.to sct the stage for a new formulation of an all-valence-
.~ I ' +
electron semi~empinfcal method to be described in the

]
prasent work.’

[

AR Hund and Mulliken introduced the molecular orbital

KM.Oi) fheory as ecarly as 1928. 1In 1931 Hﬁckel(3).

" applied the theory in its simple form to conjﬁgaﬂed

hydrocarbons. Later the theory was 'developed by Lennard-

“(4) (5)°

Jones, Coulson and Longuet-Higgins and others, and

it has been sugcessfully;uéed to study the propertiés of

?

.



. "

] » '
y confudutod moleculan, olefins anddaromatic compounds.,
) , Voo ' ‘ .
: /
In Huckel n-alectron theoory the first basic

\ \ . ‘
agaunption is that intaractions between n-alectron and
v ' ‘
other (\1(\.c't:rons arae comparativoely small. n-olactrons
. " \ »
.znx\a“qmmultolx\woll.mpnquxlfxom othar. electrons.

: : Tha ﬁucond assumption is thnﬂ‘the onc~electron

e

iy 1 N r
Hamiltonian is represaonted by

u(l,z2, ...},n) 2: “ofr (i) NG ES Y
N . ’ . N : .

-
1 ) * . -
T

which means that the ¢leotrons are supposc to move
] Y -
o independently in a potential’field in which clectron
‘ 51» ' interactions 'arc accounted for in an averaged form. Here

« the core is formed by all the nuclei and all the clectrons
N . o other than the n—~clectrons. _Eaoh n—clcctrqp is treated
as though it were in the averaged potential fiecld due to

-
N Voo

the core and other n-electrons.;;\ _
ty -

4 ‘ ' {
According to the assumed Hamiltonian-'(I-1)

the many-body Schrodinger equation can be separated into

. , .
. a set of one-electron equations and the total wave function

-~

. can begpexpressed as a simple product of MO's vy

’

n

v(l,2,....,n) = 1[I by (1) (1-2)
7 i=1 .

Each molecular orbital is an eigenfunction of heff'

.

hogr ¥3 = €49y _ (1-3)



whoere n,
i
be equal to 0, 1, or 2.

whereo

jfolving the secular equation

n=eleetron energy is givon by
. A N

. Tha
expressed as linecar combinations of atomjc orbitals, i.c.

.

o s
- f. :

R L
oo

' CoV (1*4)

)

is thao occupntioﬁ number of orbital wi and ‘can
‘ .
sampt fon is that the MO'ssard

3F

third basic ar

4

), = C_'..
l‘l E: ulAK 7

M

the x“'s are tho 2pn atomic orbitals. The orbital

cnergics'and the coefficients C;i can be obtained by
|

- = (I-6 ,

%: (h,y= €S, ) Cpy =0 (1-6)
" where the matrix components are
hpu = <xu'heff'xp-> - a“ . (1-7)
huv f <xp|heffl§y> ﬁuv (1-8)
and . )
§ *

S = <x lxv> . ’ (1”9‘)

Hy, M
The secular equations are simplified by means 6f

'
the following approximations:



v

(1) All the coulomb integrals, @ o are assumed tO ba

cqual, i.o. M) oA, T oaa. Foa. .

(2) The resonancc integrals B, axe assumed ’to bae non-
zero if atom j is bondeg to atom v, represented by
ooV ‘B“v is set equal to zero whaf atom p is not

bonded to atom v. This approximation is known as the’ '

neglect of non-neighbour interactions.

(3)° All the resonance integrals for bonded carbonfatoms

have the same magnitude and arc represented by th& symbol

B, i.e., ﬁuv = B # 0 4if n » wv.

(4) All the overlap integrals S“v’for W # v are neglected.
For normalized atomig éﬁbitals Smn: 1, i.e., it is aSS%Ped

that'S“v =8 where &“v is the Kronecker delta.” This

- /

+

approximation is known as the neglfj;}bf overlap integrals
or the zero overlap approximation.

(5a)

Coulson and Longuet-Higgins +have shown that

[N

(the total n-energy is related to n~electron charge ' /

~density and bond order and may be expr§ssed by //

L3

E = 2 : -— ',“‘
= q“a + 2§%puvﬁ | (I 10}

where-qp and puv are respectively charge density and bond

‘order defined by

B ()



X

‘ )
ppv = .Z.Z:C Cy s : ‘ - (1“12)

\

* The Huckel procedure is very simple and ground state
properties for conjugated mélecules, cspeci;lly aléernant
hydrocarbons, can be predicted well. But it does pot
giv¢ good results for ionization potanpiais, electron
‘affinities and excitation énerdics. The defect in: this
simple th;oryAis that‘it does not éive a precise dgfinition
of the one~électfon'Hamiltonian. Electron interaction B
is also not ékpliCitly taken into account. As airesult -
there is no énergy difference‘between évéinglet and a
triplet state.

??he next’ attempt to develdp gne n~electr§n
ﬁheo£§;was made by Goeppert-Mayer égd Sklar.(e) Electron
interaction was taken inéd acbéunt Aﬂd the'LCAO!approximg—
btlon lequation (I-~5)] was emplo&ed., The wave funéﬁions.Qere‘
made antisymmetrical with respect to exchange of electrbns'
by multiplying them by appropriate spin\functiogs, The -
ﬁamilfonian‘is represented by the_equaﬁion
‘ 2
(u? + ‘i

H(l,z,...,ri)%Z <I"13)v

H
core

H F o u<v "pv
where e . is the repulsion between n electrons p and v’
' . v - . )
and Hcoré(u) is the kinetic energy operator for electron u
' . A R

N

and its potential energy operatof in’ the field of the core.

Thus

]



Hoope () = 1) +'Ucore (p) | (I~l4q‘

or

H (W) = T(n) + U_(y) + :E:  (n) +:z:(1 A (n) " .

core '’ . P q " ,
S ’ tal TR 1 4
S | , : (I-15),
~Wwhere T is the kinetic enexgy operators, Ub is the potential

, L
energy oparator- due to the pth carbon center in the core
and U, is the potential enerﬁy operator due to the'r?h
.

hydrogen atom in the coxe, * 51gn1f1es a. poLentlal due to

a *heutral atom. The atomlc orbltals Xp are now taken to .

“be atomic eigenfunctlons of the operator (T + Up)

[ ' -

such that L :
f, | 7}’ : : S ¢
(P00 + VG0 xg () = 1 x () . (I-16) *
‘
where %)1sban approprlate valence state 1onlzatlon ..
potentlal. The potential energy operators Uq may be (
expressed as - !
- 2 o ‘
Uq(li) = Ua(l_i) "/xq(v) xq(v)' = v (v) (Ih‘l?)

o A b . BV

According to the "Goeppert-Mayer and‘SklarﬂformulatioQ

a_is given b
p -9 Y

%5 i/;p(u) Hoore (#) Xp (1) dv.,,l . .
=1 - Z [(pp|qq) + (q:pp);] + Z (r:pp)
P arp ' Ny

o | | (1-18),
‘where (ppqu) is the coulomb repulsion 1ntegral between

.
' P
| 7 S



atdmic orbitals‘xé and Xq' (q:pp), and (
ﬂ.'l '

penetratlon lntegrals between xp and neutral atom q .

. ‘ . .

and r. Thus ‘ ;' .

A

\

In this method complicated atomic‘two cent%r integrals

:pp) are coulpmb

l .‘ o " ( | f -
(q:pp) J(hs () xp(u) xp(u) dv \\ “ (I~19)

‘were calculated ‘and eva]uated expllc1tly\ Only the lntegrals

1nvolv1ng overlap densltles between non-~ nearest neigh-

bours were neglected. They applled their method to

. benzene. The method does not work very well. The 31nglet—

trlplet spllttlngs/appeaf/ﬁﬁt are too blg The 1ntegrals

are very dlfflcult to compute. Moreover, the results

e}

’of a calculation on the oxygen molecule using thls method

(7)

are. in remarkable dlscord with experlment. Thus in
order to develop a workable and useful n-electron

theory the follow1hg p01nts shﬁhld be consxdered

(L) == electrons should be treated separately from other

electrons. o o v
N v

'(2) The orbltal wave functlons should be made up from’

Y

,n—electron orbitals on the 1nd1v1dual atoms.

f(3). m- -electron repulslons should be con51dered

¢

(4) The treatment of n—electron repulslons should be

»91mp11f1ed.

- (5) The theory must have sope prov151on to use atomic data.

4
&



gl

Y

. . P L | |
- (6) Enpirical elements should be included as adjustable
parameters.
The Huckel method satisfies 1, 2, and 6 and

’GoeppertLMayer and Sklar method fails in 4,5, and 6. In
L(8,9) |

1953 a theory was put forward in which all,of thesc

characteristics are presents; The theory presented by

4 " W, \
. 8 ’
Parlser~Parr( ) lncorporates gmplrlcal elements in

. :
'the<antisymmetrlc.molecular'orbltal configuration inter- .f g
¢ ‘ A | . . . ; . f‘.
3§ption (ASMOCI) method. Pople(g) has introduced a set - .

.
e .,

of 51mpllfy1ng approx1matlons closely related to the
Parlser—Parr.approglmatlon. Sometlmes the Parlper Parr
method and the Pople method are cambined as the Pariser-
Parr—Pople (P-P-P) method. ‘The mainAfeatures Qf”the~

- original theory are'similarvto thoee of the Goeppert;
Mayer and Sklar method w1th.the exceptlon of the way
some types of 1ntegrals are evaluated The Qne-center
core integrals are calculated in the same way as in the
Goeppert Mayer and Sklar method [equatlon (I-18)]1. The
1nteg§als Spq and qu are tteated in the‘same way.

A}

jaslin the Huckel method, i.e.

=6 b Lo - (I—%O)
SPq paq - s " . - -
+ and - | L
LCore _ )a parameter when atoms p and q are bonded

pq 0 otherwise o 7 (TI-21)
Sy _ .



In order to reduce the number of electronic repulsion  -f
integrals the zero differential overlap (2DO) approxima-

(10)

tion was made, 1.e.

}p(l) xq(l) av(l) = 0 for ? %‘q C (I~22)

This eliminafes all electron repulsion integraié except
those of the type (pplqq) or (ppl|pp) whera the notation

jéﬂlrs) ﬁéaﬁs
| ,"A : 2
| (L?qlrS) é/xp(l)‘ xq(l> E:E“ Xp{2) xg(2) dvydv,
- : P (1~23)
Here the integrals are formulated in terms of ,real functions.
In -other words, in the ZDO appféximation, the hybrid
(pp|pPg), exchénge (pq|pq) and many-center (pq|rs) integrals,
&l vanish. . : |

The coulonb iﬁtéérals, qu’ are combuﬁeq‘theoretica%ly',

or gemr»empiricallyqubject'to'the condition:

pq ~

|

,(1-24)
) )
, : - > : o »
for large R (= jrp ~ rql). When p = g one can use.the
formuia of Périser(ll)

‘~" = I - A 4 , ' L ‘ S ‘ (I—25)
Ypp T ; o - ‘
‘where I is the‘ionization'pqtential and A is the orbital
electron affinity.

Muliikehs;z? has‘estimatedTI'a?d.A to be 11.22

.
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!‘ , \‘

ev and 0.69 ev respectively for: carbon atom, ©Thus
‘(pplpp) = 10.53 ev. U51ng Slater orbitals Wwith the

. orbitaI exponent % = 3.18; an expll¢lt theoretlcal Ty
formula*3) gives = . oo
. ' - ] ' Y . . R ',

(pp|pp) = 16.93 ev | ©(1-26)
| a N ‘ ( 't "

The applicability‘of the ZDO approiimation can
be justlﬁled by assumlng that orthogonalized atomic éﬁ@
orbltals (OAO) are used as the basls functions Anstead

Yy @1“\?
of overlapping atomxc orbxtals.

The'orthogonalization of a non¥orthogona1 complete _—
. set of functions can be done in many ways. One of them

' was proposed by" Lowd:m(l ) and according to him OAOQOS

a

can be represented by. *
= ~-1/2 . C :
A,-,..x g~/2 . & Rt ) .
}‘fi ; ' N . ' . é

‘where A and X are row matrices and S is the sﬁuare magrlx.

»

;erlap 1ntegrals in the nonorthogonal bas&s{ Whe?
3

.e orbltal basis is transformed accordlng to. eq‘atlon
d ﬁ‘ .
. (I 27) "the matrix representatron of any one—electroﬂ

\ PR

operator M w1ll also be transformed accordlng to the

L c -
. ' R

~ equatlon

Ny =g WV2y s7/2 ~ (1-28)



"” ‘ ! y A ln ' ‘ ‘ ' » ) . ! . ‘ . ' ‘ v
where M ‘refers. to the‘matrlx representation of the

operator in the orthogonalized‘atomic‘orbital basis, {A}
and matrices without Superscripts refer to the matrix
representatlon of the operator in the atomlc orbltal

Y
basis, {x}. It has béen shown by Inga Flscher— F . .
5) )

. (1 i
Hjalmars( that transformatlon (I~27) to (I 28) wills . ¥

be approx1mately equal to 2D0 approx;matlon
; - There are many choxces whlch can be made for
.expandlng molecular orbltals These are . (a) Slater—type

A

orbltal (b) dlstorted atomlc orbltal (c) comblnatlons
of (a) and_ ®). |

In the Parlser ~Parr~Pople methpd one assumes the
A

4 . -

! second ChOlCe of the orbltal where the exp11Clt form o&‘
the distorted atomlc orbltals does not need to be
specified. Here all,the paraheterslare used as :ﬁ r
'empirical qUantities'except coulomb;repufsion integrals.
‘Thls procedure is ]ustlfled because the operator 1nvolved

is slmple and the asymptotlc form of ‘the 1nteractlon is .

well understood,

k 'ih,the PariserePafr—Pople’method”both”the ZDO

' appromeatlon and the determlnatlon of certaln 1ntegrals 1n‘f\
isan emplrlcal way haVe been lncluded It has been shown | et
. that the ZDO approx1mat10n can only be appllcable to . |
'fvorthonormallzed bases. As a result the local character

; \ :
‘ .of varlous 1ntegrals w111 be destroyed ' Hence the trans— \

..’



jprohlblted ) However, Inga Flscher Hjalmars( Ekt ‘

vn thdt the pertlnent 1ntegrals are 1ndependent

1

Although the reflned form of T~ electron theqry o

explalns many of the properties of conjugated and aromatlc

i systems it stlll cannoﬁ‘explaln many chemlcal propertles

»sugh as tran51tlonrstate mechanlsms 1n chemical reactlons

,

sterlc hindrance and rlng strarn, etc.. Moreover, the

fﬂHﬁO and ‘P= P P methods were developed tovstudy only “71 V‘ S
élanar conjugated molecules Attempts have been made . .yl
%P use theSe methods to study non~planar molecules with |

! ' electrons but they are of llmlted success An

k) improded theory is needed An, Whlch calculatlons should

K - X
! beﬁbased Qprall valence electrons., One of the flrst

N toa
"

1/\1

sudcessful attempts was made by Hoffmann(16) who attacked

the pr?blem of treatlng all valence electrons in'a"

\ \

qdantltatlve manner W1th the appllcatlon of the HMO o bw"; -

s

hl '
method‘t In hlS method known as Ext ' Huckel Theory

v
5
)

'Q o (EHT),}all valence eléctrdns are tre expllc1tly,/

\

K%‘ | all\overlap 1ntegrals are calculated o/fy 1s electrons

v
LIS

of &arbon and hetergatoms are 1n the core and llke the HMO

\\\ '
method the Hamlltonlan remalns undeflned The secular

!,‘ ! ‘ \f . R
- equatlohs and equatlons for orbltal coefflqients are DR
't Pt e Z

fgf'g ve? bykthe folIOW1ng equatlons- i fe]i.

, . . H . . ' . : C
. . .. i ' . . L ) ot S

..,.:_,\..



| - mgl=0 o g
Z(H ~ EN) ) C .\i—?o‘ L . (I~30$
gD HV vl o L o
nﬂ’ | | | ‘
The summatlon is over all valence shell, atomlc orbltals
11\ . .

The matrlx elements H Ly are deflned bb

.‘?‘.u‘\, =/;(u‘ ;i‘i\‘ X, 4v - \ ] (113.1‘) |

i

The Hamiltonian 'H represents the energy of eleotronS‘

" in the fleld of a core made up of nuclel, ‘inner shell
|

electrons and the valence electrons The dlagonal ele-~

ments are determlned seml emplrlcally and off dlagonal
!

elements are estimated by the Mulllken‘l‘) formulaawt

Thus ' ,
- s : -
W o, o o (2-32)
HH . H o T ‘ ‘ .
and 4v“ S .
n‘:ff - %».m“ L ¢ S

twhere K’is taken to- be l 75 Off dlagonal e ements
. ’ y
1nclude/all palrs of atomlc orbltals. The otal energy

"of the moleculk 1s glven by <;‘.f3f- 1“-Vj

PR
: occ . N LT o
= | + - N ' =P Yo (1234):
total 2 Z N K =) (1N T RIe, (@30
' e ' (12)
where N 2: is the gro?s atomlc populatlon.,
. I V. o t ) LT, .: S P ! ..l,
‘ . R . r';-.v‘lév“é,})‘;l . ‘. ,7‘

Wy,

14,



P

l'heat of atomlzatl n and in many ‘casés’ the charge dens'ty

~ is far from reallty‘ The fallure of EHT led to the'

“ dlfferentlal overlap) is the: flrst theory proposed

[
by Pople a?‘al
Dewar and Klopman S

ch01ce of parameters or method of parametrlzatlon 1s 4 .

2 valence electrons, we shall dlscuss ‘the methods 1nA

' deta11.;n~Chapter Ill.g

At

o Vﬁj EHT is. not free from cr1t1c1sms whlcheare
‘ \
i l

appllcable to ‘ O theory. It does not predlct the c rrect

o

I

development of other sophlstlcated all valence electr n.

. v
\ '

N@thods 1n Wthh n-o 1nteractlon has. been taken into

i !

account. Among these methods CNDO (complete neglect of

(17) In 1967\Pople and coworkers(lg) ‘ .

also 1ntroduced the INDO (Intermedlate npn*nnteeff————“‘ff'*ff

ll"‘

dlfferentlal overlap) method and”thlS‘Was“foliowed-bvau«uuuﬂw
(19)

partlal negl\ct of dlfferentlal
TR

e

overlap (PNDO) approach. In quxck'successkﬁﬁzmanx\other' 0

| . \_,_\-;_- 20

* methods have been developed in this. llne in Wthh the \1Ap4,-s

! ' D

/Adlfferent from each other.' As our work deals w1th all

[+

" N i ' B ! o
T
. A R
, .
! 4



. o K ‘Chapter 1

" . SCF THLOR¥ AND ITS DhVLLOPMBNT bOR
u.~
Vi
' ~MOLECULAR SYSTEM

In order to discuss Lhe all valence~elcctron
. t “')
somlacmpirical SCF thcory,nlt appﬂ&rs most profitable
~’.i(
to first outline the fOrmulatlon qf the SCF MO method

ol
by Roothaan$2 ) and 1ts appllcation by ParlsQEHParr( )

(9)

and by Pqple usxng various approx1mations which are

in the areapéf s§m1~§mpxrlc§;‘choices for the integrals.

\
Hartree~Fock~Roothaar ‘Method: '

uﬁ)' », .

The central problem in the elucidation qf the elec~

~

tronic structure of N electron systems in, a stationary state
by nge~mechanical means is the solution of Schrddinger

equation . C )
- LY :

. ' . , .

MYy =Y - ﬂ o ar-)

where H is the total Hamiltonian opdlator of the systen,

t

¥ is the wave function and E. the energy elgenvalue.‘ The

‘s e
"4y, »

wave function depends oﬂ %heaélectronlc coordlnates each
* n ' Y .‘{, N

consisting of a space conrdanate and a spin coordxnate.

'
I r .

It is well known that the solution of equatlon (I1-1)

.-




involves considorablo difficulties. In order to obtain
.2 good approximate ‘solytion of equation (II-1) the
variation principle is to ba used. Expfossing the total

wave function for N clectrons as an antisymmetrized

.

product(AP) i
‘1 . ’ | o I “
B LA ARy
v o= (N)TZ | S 1B (11-2)
, ' . .
l’)l(N)- < .. ‘PN (N)

!

For closcd shell systems the molecular spin orbitals

(MSO) are given by | ‘ T
b330 = 50 bay = 38 ' (11~3)

With's2n clectrons the antisymmetrized product may then be

wrltten as

| ,N*z \ N
@ (n- l)a(Zn I) ¢ (2n)\72n)' (11-~4)

1

The MSO's are assumed to be orthonorm%l,
Nt ,

= : & ' -5
/w'ilpjdr 6ij-- . , (I1-5) ‘



*

An impoxtaﬁﬁ; 77: tlow of the abova gquatlon is thdt

g e
I T AL Vs

(II 2) xs\normalizcd i.a.

' (11-6)

Tho clectronid encrgy for an electronic state represented

by the normalized wave function is given by

E =/:I, Hy dr (11~7)
: o : —
where tha total Hamiltoniah, defined carlier by equation
, "
(x~13), is in a.u. N
=i +3 :
H AR AV
. N |
with  H(p) = -1 v2-2 2~ . (II~8)
2 a Tayu

»

Substituting the wave functian equation (II-4) into the
energy expression (II~7) and berforming the necessary | |
algebra, we find the enexgy of a cloéed shell AP to be

1

E = 22H + Z:(zJ K, 5) | , (II-9)
i

where the nuclear fleld orbital energles Hy coulomb

integrals Jij and exchange 1qtegrals Kij are deflned by



S i f$ W B ) oy (wav, L (11-10)
. r 5 ‘
Y PN SR T
Jij”-in"‘Jij"in”ffﬂ(“,)‘bjW’(T) by ey (vrdv,dv,

1 WY (1I-11)
KijéKjl K' "K i f¢i Ny (\’)< ‘T’ (H)‘P (V)d‘/ dv, .

P . \
From equation (II-11) it is clear that

It is useful to define a coulomb operator Ji and an

" exchange operator K; by the following equations.

- N ERURAS -
S e = f L2 e

v

(I1-13) -

R . (v) ¢(v) ‘
K;(w) ¢o(u)= . 2 . dyv. ¢ (n)

v

These operators are hermitian‘and linear. Jﬁ ;Q the
operator expressxng the potentlal due to 'an qlectron

Al

dlstrlbuted in space wlth the den31ty |¢ | ,ﬁ However Ki'

has no classical analog.,



20.

lIn order. to obtain tﬁe AP‘for which ﬁhe energy ‘
of the system reaches a minimum, the expression (II-9)
is to be minimized by vérying}éhé MO's within the limits
that they férm én orthonormal'set‘sﬁch that !
! ' " c)

/}Ti‘(t’jd" = GTj (II*l’J).

When each MO ¢; varied by‘an.ihfinitesimal ayqunﬁ 8¢,

.the energy is alsd varied by an amount‘SE, fhe

condition for E to reach a minimum is th;t 8E = O for any '

infinitesimal v§riation of the ¢i's.' This‘éqnditioh is

given by | | |
;;H‘+ g(ZJj_Kj&¢i - _g 05 51 a

|  (1I-15)

JH+ 22T.-K. . = & . e
h; j( j J%?l x> 13

where €1 are Lagrangian multipliers."lt'can be shown
that Lagrangian multipliers are the elements of a

hermitian matrix. As a result the (two eduatibns'(II:LS)

are-equivalent. The equations are’rknown.as Hartree-Fock

equations proposed simultaneously and independeﬁfly.by

Foék(ZI) and Slater(zz).

!

L : . ‘ [



) ‘(' » .
We now defiine the uartfee;Fock operator
F = H '+3.(23,-K.) ‘ (II-16)
7 o33 R

i

’ . " 0
For the best MO's to satisfy the equation (II~15) we

_:can write

ge’

‘Hartree-Fock equation.

_energy value of the calculated and assumeé:5 's agree.

=20 e o : (II-17)
s I | o

It is known that wi thout changing the physical content

X '
of the total wave function (II-2) we may cast the equation

\

(II~17) into the following form -

F¢i = e, ! o B . (II-18)
The set 6f equations (II-18) is, most commonly known as

The general procedure for solution of the Hartree=
Fock equations is to choose a set of trial solutions,
from which coulomb and exchangefoperatore are formed and
the Hartree-Fock Hamiltonian operator is calculated. Then

the equation.(II-18) is solved for n 16West‘eigenvalues

"and -the resulting ¢4 fs"are eompared with the‘aSSumed"Ones

and a new set of ¢ 's is chosen frgﬁ\the knowledge of thls

comparlson. Thls process 1s then repeated untll the

4

b
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[}
"

This method for;soiving thé‘uartfee~Fock éaﬁation is
f known as the Hartree-Fock éelﬁ‘consistent‘field (SCF) >L
method. ‘ . T T
| Although ﬁhe Hartree-Fock method éives a uséfﬁl

l,appréleate solutlon to th@ Schrodlngcr equatlon, it has ;
been used in 1tb orxglnal foxm of integro- dlfferentlal \
equations almost excluslvely for atoms. For molecular
' systems whlch.lack spherical symmetry, it is almosﬁ, B
1mp0551ble t& soive ‘the equation effectively In order
to overcome this dlgfmculty Roothaan(zo) has develoPed
.a method to obtain solqtlons to Hartree-Fock €eguations
avoiding numerical integrations. '

Let {x } iépresent a completé‘basis"set of
’functlons which are normalized although they may not be ’j
' orthogonal'ln general.’ Each Hartree Fock orbital Can

be expanded in terms of their basis set S

=‘§pr“1 = x S ennnn (IT-19)

. !
where Ci is the column matrix of m rows such as

*
o -

Ci=y ‘ ‘and X. = (Xi X3 "'-’-_Xm)‘:‘
Czi K .l N . , ‘ i . .

.

“mi ’ S
b J ! ' ' :

#e



?ﬁ fx“} censtiFute \e complete ba51s set then {¢ }
laré‘given eXactly' However ln practice’ ‘the expan51on is
truncated tom flnltq members of the basis set. The'
conditlon for Constructlng n 11nearly 1ndependent
solutlons is that m 2 n. ‘ ‘ | ‘ .
If {¢ } form an orthogonal set then 1t requlres |

tha t ’ f N . . ‘ " ) ' Ay
x al : - ‘
,23 Cui Sy “vi T 815 (11~20)

M,V ) T . . v } *

‘where Gu is the Krofecker delta and § 4 1s the overlap

1ntegral for atomlc functions defined by . oo

' N ' % ' ‘
TIfum ey oy )

]
0
- m -
0
h
(=]

(II—21).

’Where

x, = (C _',
Ci (Cli c2i .o-...acml)

. and S is’ a hermltlan matrlx the elements of whlch are
!

overlap integrals represented by the equatlon (11~ 21) and

.dlagonal elements are unity.



\

» . ’ . ' ,

" Let us define the followiné‘matrix elements and

”f) . '
matrices . ‘ \
.= CK | . s ‘ L -22)"
Hy=crHoy | o (1T 22) .

i B
(11-23)

'In order to obtain the beSt‘LCAOMp‘s a variational “
treatment 'is to be carried out. When the vector C; is-
varied by an infinitesimal amount GCi, the coefficients

, n - N
.. The condition:
. , Hi '
for the energy to be a minimum is' 6E = O.  The Euler.

C,i are also varied by a small amount éc

equation for, this variational‘treqthent assumes the

B

following form ' - ' ‘.‘ | ’ “l S
Fc = %s Cy &1 - - ‘(1;724) L

L}

or in a'more compact notation,
{ : . . - .

L I

Fe=s¢ce "' o . (11-25)

24"



The equation is known as- Roothaan s equatlon. 'If e
represents a dlagonal matrix wlth real dlagonal elements Co

ei the equation (II -25) takes the form B
. ,‘\\

F c; = §s¢ R ,;§31i~26).»7g .
. ﬁ, . " ' . .

The non—trisial solutions‘ofgeghation (II-ZSf ere obtained.
by solving for m roots of the;seoﬁler‘determinant"v 3‘

det [F~¢ s | = 0 g (11-27)

.
Since the matrlx F depends on {C } the secular equatlons
are non—llnear and- should be solved by 1terat1ve
technlques.‘ ThlS can be done as follows. As a first

(1)

approx1matlon some matrlx C 1s assumed and

utilized to construct F( ), then equation‘(lI—Z?).ls
solved to ohbtain a first improved metrix c(z);“This"'
process is‘continued until' the ﬁetrices‘between two L
successive‘iterations agree within‘a speoified limit
when the solutions arersald to be self-con51stent with

respect to elements of matrlx C. . Since the ba51s
. \‘ ‘ ~
orbltals {x } are not varled this method does not glve

true Hartree—Fock solutlons unless the ba31s used ‘is
large. The lowest n roots correspond to those occupled

by 2n electrons deSCIlblng the ground state of the atom. .



Y

. o .
y‘mThe .xest of the solutlons are knowh aé VLrtual orbltals
‘=and may be used to construct exolted state confrguratlonS*.,
t'The energy can be 1mproved by the conflguratron’lnter~
action method b ‘ o \(|' . \u!hlk ﬁ':
Ab 1n1t10IHartree~Fock'Roothaan molecular ﬁh y‘7"“\13
‘ calculatlons are llmlted at present to moderately large
'molecular systems. The dlfflculty 1s 1n the evaluatlon
I'of the 1ntegrals of the type (13|kl) because the number :
~of such 1ntegrals is’ very large and increases roughly as
the fourth power of the number of functlons of the basrs‘
set, Moreover, the determlnatlon of these 1ntegrals
’lpresentsatechnrcal difflculties'for functions which‘aré
orbitals»of three or four,different‘atomsf In addltion)
it isrseen that the results of such caléulations are S
frequentli'nOtrin‘good agreement withvexperiment; Hence‘
it seems lthat it is desizable to have methods which give
betterwgéreemént with experiment and whlch are siméle‘
| enough tovpermiﬁ exﬁéhsibh’af our calculations fo larger
. ! . ' " : ) cf !
‘md?ecules;; |

i "Pariser-parr-Pople. Method:

- - ‘

The essence of the Parlser-Parr-POple (P—P P)
-amethod ‘for’ obtalnlng the wave functlons and energles of a

: glven n system lS as f0110ws' ‘vl'bfk“,i' ol o .7

\

P



(a) The Hamlltonlan operator for “the m ele'

U glven molecule may be represented by equatxon (I-13).

L (b) ?he molecular orbltals may be expressed as . llnear
o )
” \Comblnatlons of atomlc orbltals as in equatlom (I S)

[}

i 7\‘ 5 mhe enexgy ‘of the system contalnlng M~ electrons

can be determlncd by using the Hartree-Fock~ Roothaan SCF

A ‘ \ :
‘{method.. For thlS purpose we - need to know the value of the

electrom lnteraCtlon 1ntegrals., The application of the '~

”"w Iraa

ZDO assqmptlonJredutes ﬁhe number of lntegrals from the
X , 4 M"“AA.

‘order#of'n to n2 where n is the number of w—electrons

of the system. The matrlx'elements are represented by

- the formula '
. =a + 1P e, v 11-2
\}\x Fo aH é‘uu Yo Zv:PW‘YW . (11~28)
\\‘, - . ¢ ! | IM{}J-::E | T \\
Lo _ -l ‘ . . ‘ y |
Fuy = pr? ) Pv Yave (ufv) f'j' $IHI—29)V
,wherea = <X (l)chore(l)[k (1J> : . . (II—30)‘ C
| Bﬁ@?=,r‘Xu(;)lﬂeoie(l)lko(l))J. o

Uy 3
o repu151on 1ntegral

,/h:, - . N . . . P - . 5

P lS the b&h&—order matrlx and. y iszthefcoulomb



. ' ’ ) ' ’ ‘ \‘ \ .
Now au<1s the energy (klnetlc and p&tentlal) of an
electron ln bhe orbltal XP 1n the framework'fleld If

A

- we wrlte the,potentlal energy term as v=vl+v2...... we;

“havé ‘IJLT !
. \,', ",.‘ } \'
q_u<=(xul 3 Vi Ix >+}+3 (x lV Ixu |
",’J‘? v . ! o i . .. ! - N
= oo+ Y vilx) o @I-32)
~1'UH ‘-(éii (Xu'mle“‘ . o (> ‘ )
~and e = (x| -4 ‘v2+\}f +v"| D3 (x |v |‘ (II-33) »‘
I, v ‘xu Z ' Tu v,Xv : n' xv .
I , C } . I';T\’lhd p u' o N
co o S ‘ f”' . 5 -
Thus - = A ‘ )
Pt U 2“ RV 2P T E%:(X |v u’ (1I-34)

‘Uu, Wthh is regarded ‘as an emplrlcal parameter, ‘can be

taken as constant for a glven atom.; If Xﬂ 1s an elgen—

'functlon of the 1solated atom then U 1s the energy‘,

-

I

taken to be equal to the valence state 1onlzatlon

. S / : '
potentlal I of the atom 1 e; the 1onlzatlon potentlal of--

“ an‘atom in 1ts proper hybrldlsed stateoln the molecule. )

et

For a‘glven palr of atome and glven bond length the flrst
\ Y

i'-'}term 4in B can be taken .as constant Slnce the potentlal

-l

Y

N :’,. . .',‘. . o R S Y e ’l:

"of an electron 1n the orbltal x and thlS may be : iyl“ .
‘ 1\ ’ ‘

'!fﬂ'due to a dlstant nucleus hav1ng unlt charge lS equal and f";

1"]



‘
i
|

'

loppOSlte 1n slgn togthe potentlal due to a Q*stant

j_‘electron densxty Xp , At follows thit

HVPIX‘) = -Zp_(u\v)lpp‘>ﬁ - AI(I;:f3aA)

4

where Zé,ls the charge on the core at: atom B

Accordlng to the zero overlap approx1matlon twof

' electron lntegrals of the type ln equatlon ( I~35)-are‘

)

equal t0'zero. Hence the sum- over dlstant cores ln S
can. be neglected Thus 6 can\be taken as an'emplrlcal
’parameter and lS constant in'a glven type of bond,

- B 5 lS assumed to be zero for non- bonded atoms as . 1n

Huckelltheory. But’ lt should be noted that \the B8 value

used 1n Huckrl theory for a partlcular type of bond 1s

<}

"not the same-as" that needed in P—P -F method because in

'HuckeL theory B‘compensates the neglect ‘of all'electron'

' ]
ﬂrepulsion terms. S '

Adoptlng the: approx1mat10n (Ii—35) for the casef

i

gg=9;rﬁe have‘7ggf- ‘ﬂa'["‘j ';»'»?'j Lo .
O T A
B \f‘§,w(k?*.».' ch '”,‘;il, rﬁy_fwa'}, | L -
v~~d‘If we ‘use the value of au“inlequatione(I;—36); Fﬁuktaggsr‘_,
the form ‘d g x“ ‘“",‘d, “y;paa7v"fqu 'Lt;#f y'h,;

L 29,
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F = 14lp +2. (P, =400y 11-37
HH o » ,Iu bR quuu %;( vV v)“pv ( )‘ |

‘ [

In the ZDO approximation Pople usad cxprcgsion (I1-29) and

(II~372‘for the construction of SCF molecular orbitals.

‘ : .
The ZDO assumptions suggested by Pariser and Pdrr(e)

(9)

—
. S

and by Pople may be summarized® below!

(nlslv) = 8 ‘ (11-38)

(Wltcora W) 30, (11-39)

4

(p[Hcore]v) %.0 (where u and viare
neighbors) | (I1-40) !
. (lecorelv) = 0 when p and v are non- P
//X ' neighbors (II—41)
k = 8. ‘ A —4

(uvlkn) = 6,60 Yy | K ‘EB 2)

. where v
J/}X (l)l lx (2)| dv, dv,

l The ZDO relation of equation (II- 42) was suggested by

‘Parr prev1ous to the assumption (II 38) to (II- 41)

‘ ' . )



.

‘These equations (II~34) to (II-41) were introducod by

» 8 '
Pariser and Parr(.) and Poplo(g) as usaful simplifications.

. 5y
But Fischor~njdlmars(l)) has shown that thesa approxima-
tions were largely justificd if the basic atomic orbitals

are taken to be Ldwdin orthogonalized atpmic orbital
£y

(0A0) instead of slater orbitals. RN

In m-clectron theory the core regonance integral, B,

P
R .

is treated as an empirical parameter and is determined to

{it an txperimental probertyh For example in recent

years tﬁerc are two gfoﬁps of B values for a C-C boné'(l.40
A°) found in the literature. One, higher value ~2.39 ev(e)
"is uscd for:thc pfediction of spectral trénsitions and the

other lowetr value (~1.75 ev)(23)

utilized to predict the
ground state properties Such as hcat of atomization,.
resonance energy and b%pd enargy, etc.

There are scvgral mcthods for evaluation of

resonance integrals

.(a) To fit the lowest singlé%~singlet transition
‘. ( o -

energy.

(b) - Chung and Dewar(23) and Lo and Whitehead(24)

evaluated the integral using a hypothetical thermocycle.
(c) In the B variable method as proposed by Yamaguchi et
EA(ZS) two center core integrals Buv’ the bond length

Loy and- the two-center repulsion integrals Yoy between’
A : . £

31.
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£

neighboring atoms are adjusted at each iteration .
according to the following equations until\\he self~
consistency was achicved.

t

R,y (A®) = 1.520-0.186P

’

(II%43)
uv
N

X, is the C-C distance for benzene, a=l.7 A°

B = B exp [a *”b“rpv)]

-1 and Bo is

~.

the resonance integral for C-Cbond in beffzene.
(a) Resonance integrals may be related to overlap

integrals by .the equation
B = -kS | (11-44)

where S is the overlap integral evaluated using Slater-

Zener orbitals (Z=3.18} and k is a proportionality
. ! . .
constant; for carbon-carbon the valye is taken to be

6.927(%6),

Two center two electron 1ntegrals (uulvv) are -

i

calculated in the following ways:

(a) By'the charged sphere approximation(a). .

(b) Pople method:

i . . v\
' (uulwv) = ~14.3968 ‘where r is in A° ‘
rabh : ‘ ‘s (I1-45)
- 1 where r is in a.u

.- Tab

32.
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(c) Method due to Mataga and Nishimoto(zj)
‘ '
\ (Ru|vv) =.%ﬁi—:§%—§§l‘ where r is in A°
Al ' A | (L1~46)
\ ‘
‘ = Y . uhere r is in a.u.
! , ‘at r :
‘ My
\
\\
wPere a =,1.41:.39t38' ~ in A°® or.

1 1 . SN
\\ V3 (Iv"A\?) + Vi (IH-AN) “ ‘ ‘
}

L o (11-47) o
\ 1 . o
L - ina.u.
\ : i . . ‘
1 _ 1 _n o
& 7 (I,-A,) + 5 (L-A) B
(d)  Ohno's methoa (28,
\ ' ; :q‘
Auplvv) = 14‘3968;1/2 where r in A°
\ (rﬁv+é?i ] ' (I11-48)
A = 1 77 whére r in a.u
\ 2,2 .
\ (x’ +a”) . \
uv ,

where a is defined as in equatipn‘YIf-47). There are

Pl /

many other fé@ﬁulas for’the’evaluafion of vy inéégrals
" but Mataga anq Nishimoto's method(27X and Ohno's method(zs)

N

are most coﬁmqliy used. It is seen that:for the study of

ground state’ prgperties of molecules Ohno's method is
- N . . K Al ., ' hadl .



- better. than Mataba—lehlmoto s method whereas Mataga-

Nishimoto's formula is superlor in the context of CI

{

studies.’

It would be an interesting invention if we could

*

construct a simple formula which would repréduce both
~Ohno's and Mataga-Nishimofo's values and also Roothaan's
theoretlcal values of coulomb 1ntegrals as special cases.

In the follow1ng we 1ntroduce such a formula whlch will
z1k )
be dlscussed in more detall 1n Chapter Iv.

(uulvv) = -lﬂ;i&éﬁ - when R is in A°

R+A (II-49)

=_¢————%— when R is in a.u
R+A

where |

R = R and A = in a.u.

34.



Chaptei IIT \\
* ALL~VALENCE-ELECTRON METHODS ‘

The importance of molecular orbital calculationé*/

would be.much increased if the methods which have been

described in Chapter II were extended to all valence

electrons instead of being’ restrlcted to the level of

L]

 m-electrons only. Such an advance would permlt not only
i \

a full,treatment of ¢ and T electrons in planar molecules
but would also 'allow the calculation of a large number
of molecules where og-7 separatlon is not. poss1ble.
Slnce EHT is not free from dlsadvantages 51mllar
///’the Huckel theory, a theory concerfing all valence

Qelectrons is needed in which electron repu151ons have

been taken into account. 'In the follow1ng we would 1like

to discuss some of the methods in which all valence
eleCtrons are included.

The CNDO Method: o,

A
l

The CNDO (complete neglect of differential overlap)

L (A7)

method prOposed by ‘Pople et a ‘ assumes that 'the

v’

product of orbitals Xuxv 1s always zero provided that

35,



Xy

’

1y 4

and X, are different. Accoxding to this approkimation\

orbitals: is

(pv|Ao)

(HuAn)

are

are

the atoms A

. the type of

atoms .

. the overlap integrals Spv'betwecn any pair of different

zero except in H . (I1-6) ghd all integrals

uv

zero unless ji=v and A=g. The integrals

written as vy A and arae’ aueumed to depend ‘'on

and B to whlch Xy and xA btlong and not on

o;bltals. Thuu all .the barlous YHX between<

A and B are approximated by PAB‘. The P are

‘approximated in the original CNDO cdlculatlon by ‘the

purely theoretlcal values of the lntegral (s,S lsBsB)

elements become

. the valence shell s orbltals "

i !
' LA

With these approx1matlons the Hartree~Pock matrlx

F
HH

F

]

uv .

+ (P ( l :E:(P

Yun T a2ty (“I b

BB AB AB

L

l ’ : , .FI.' -
Huv 5 Puv'PAB (u+v) . (III-2)

. Loy :
+ X | i .
L C
' . ' ot ) '
N !

where the ‘atomic orbltals Xn’ls connected ‘on’ atom A and

x on atom B

-JA

In deerlng these equatlons Pople separated

i

the core matrlx elements Huu. fThus»

”

-

36.
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The diagoﬁal elements‘ﬂp“'mAy be split up into two pafts:

the first term’Uhﬁ:is thatnpant‘ofbphe diagonal matrix

elements involving the one-electron Hamiltonian

\

~ containing only the core of its own atom and terms; Vg’

containing the interaction of the electron in Xy, on atom

A with the cores of other atoms B and is approximated by

: 2z
the relation ./fSA B av.' 1The value of UHH is
" B n v '
AB

]
Y

approxxmated from atomic spectroscopy The P v are thé

!
components of the charge density and bond order matrlx

¢
occ L

p Zc 'C (I11~-4)

v e Y

4

and Puﬁ' the total>¢harge density on atom A is given by

‘ _ A : - o

P = P ’ - (ITT-5

‘ AQ 2:- .UM S ( ),
uo

r"'

i

37,



Finally the off dlagonal elemgnts Hpv are taken as zero if
Xy and x are on the same atom. But iﬁx}1 and x  are on

different atoms A and B, then

A

- 1 ° lo ‘ ‘ -6
RV U A | (I11~6)

wheré‘ﬁg and By aﬁe tréated as adjustable parameters.
Under the CNDO approximation the total enérgy of the

i ) \
molecule can be writtén as a sum of one- and°two-atom

' terms.

Total, a P ap DB (111-7)

' where »
A ,
.. 1 \
Ep = Z Pan Pup v 2 ZE LY Pw 2 uv)rAA (111-8)
K , ‘
\\M | :
. {
and’ A B ’ |
DI 1,
Exp ~ 45 (ZpuvHuv TPWPAB) *
.vz‘ z ‘
A“B o v . _
= PanVap ~¥meVBa *
AB )
- P__T . 7 (111-9)



v ' ' ‘ : '
S ! A !

The rnteractlon energy of the cores oﬁ atoms A and B is

‘approx1mated by ZA B AB—. where ZA and, Z, are the charges
of the cores in units of te. ‘ o
One of the principal defects of CNDQ/l is that
'~for dlatomlc morssules the calculated bond lengthSpare -
too'.shoxrt and blndlng energles are too large. Th !
due to the penetratlon effeqt of 'electrons 1 e.,

electrons in an orbltal on One atom penetrate the shell

of another glv1ng rise to net attractlon. ertlng the

/
t

equatlon (I1I-1) in the form

Il

Fon = St ®aa 280! FAA4+ g;; ‘PBB B)FAB
v 20

rio-v..) -  (I1I-10)
1A | B ABAB |

the last term may be'taken to be the contribution.of

penetratlon ‘integrals to F ' . In order to. eliminate the _

up '’ .
- above: mentlonedrdlfflcultles Pople and Segal(l7) in a’ o

“r

later paper modified the CNDO method known' as CNDO/2 In

thlS method the penetratlon terms ‘in equatlon (III 9) are

"y

_neglected by puttlnq

v, ‘=3, T

» AB.- “B 'AB - ”{f": C(III-11)"



Yo

.Although there is no complete Justlfldatlon for thls,

P0p1e and Segal(l7) have suggested that neglect of Lo

.

overlap causes errors which ar

e oppos;te in sign to the

errors ‘due to the neg}ect of penetratxon

Thus equatlon

(III ll) cor

rects the ONDO/l,procedurd in-the rlght
\direction.‘ -

. Another modification m@ﬁe in CNDO/2 is: the method

VoW

of estlmatlng the -local core matrlx element UNH'-
- this was done by the relatlon .
-I 2= U + (ZA~1)I‘AA (I11~-12)

. ‘ Mv MM

where,I is the ionization potentlal in the approprlate
average . atomic state and orbltal Xy belongs to atom A
An alternatlve procedure ls tod use atomlc electron

afflnlt;es,

(II7~13)

In the CNDO/2 metﬁyd the integral Upufls taken as the
average of the 1onlzatlon potentlal (I) and electron

afflnlty (A)

In CNDO/1

N
3
3
4
o
3

40.




' ‘! - » K |
i l l! ) ' ’ ' ' “
-5 (]! ":i*A ) = U “+ (‘ZA'A% ) Tan (I11-14)
aﬁa 7 : |
| R z.-br. .
” = 77 (A =z, Tan (I11-15)
"‘ N . ~ .
P i

' : f . .‘ E ‘ " A
Using equation (III-11)' and
for the,Hartree—chk matrix in.the'CNDO/2 formalism‘may

'be written as

g e
L \ o |
F' = - (I + ~z7.) ~k¢ .
" 5 " AP) + [(PAA ZA),. 2-(PH, 1)] EA}T ¥
Z (Pon~2.) Ty. (111-16)
nfa BB B 'AB (I1I-16)
. . [ X

. 'l‘ . .

T Hv R
P SRR |

(III;15).thevbasié‘eqdations.

IR B s
F =- S o ° Yy ﬁ o =1 .
S 7 Suv (BA+BB) -5 Pw M‘ABA (111 ,17), .

41,
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.
o ' ‘ ' ' I . . S
. .

Invariance Problem:

. .
. , .
! ! S o - o > '
B "“ o W \\ R 5 ' - son V. ,
; .

\Rople\and‘co-workers(l7) poxnted out that 1n e

v‘a full Roothaan—SCF-MQ treatment the two—center lntegrals‘
are lndependent of the ch01ce of axis but thls is not . ‘J; L
so. in; Slmpllfled verSLOns because these lntegrals are' ;N“ﬁ‘r
‘ dependent on the. cholce of coordlnate system and .
vhybrldlzatlon of the orbltals.' Hence 1n the zerov
: dlfferentlal/overlap methods the results.of thesel
1nte§rals are requlred to be lnvarlant to'tvo types of
“:transformatlons":t '\\§‘-i”$,~ S el o
‘~(ll, h Coordlnate lnvarlance )\1nvar1ance under rotatlon
| of the coordlnate axls ;_ . - "7d P
(2) - Hybrldlzatlon Invarlanpe = 1n§ar1anoe Lnderi' ‘“‘dFV L
Ce rotatlon of the hybrld\orbltalsi | |
We shall dlscuss thls 1nvar1ance\probleh 1n more detall .
l Ain Chapter V ‘ v;fm ' "fi -\ “fﬂ .h“.d-f ? '~1 .
“ o L N ‘
. Evaluation of Integrals:. ' @ . R
‘ In the CNDO/l method the overlap 1ntegrais are e{h.f'tf”ﬁf
,calculated theoretlcally The electron repu151on ' ‘ 1%

.",intEQIalS AB are calcula€$§;

as the two—center coulomb .nfﬁ.toﬁ

g

'f'lntegral involv1ng valence s functlons whlch heve_alsom, Py

.

been evaluated theoretlcally. T'ﬁ*




f:experlmental results.v As a result several authors trled

ﬂf,He also used a 11near relatlonshlp between calculated

r"“
N 1

RS hg‘“ JDefectS”of CNDO LeveIfMethods:‘

,1‘ Although the CNDO methods pr0posed by Pople et

"17) have been used‘successfully to calculate the
propertles of many spe01es,,they are not free from

' n
'

shortcomlngs One of the serious defects of the paramet—‘

“rlzatlon of the theory 1s that the total energles of the

OCCUPleq Orbltals are unlformly too negatlve and“the . ’*"

I3

energles of the v1rtual orbltals are s1m11arly dlsplaced

s

, downwards As a result the 1onlzat10n potentlal and

I8

electron afflnlty‘are too large by several electron volts .

for all SpeCleS studled Moreover these methods do not
' : 24
glVe the correct energy or' correct bond length relatxon

i

although they are good for bond angles and charge

denS1t1es( 7), The heats of formatlon calculated by

CNDO in 1ts orlglnal form were not in’ agreement w1th
Bl

‘ RN 1

o 453 |
calculated and observed propertles.l Wlberg q vby;‘,‘

.....

- ‘4.
modifylng Pople s parameters, was able to cal uIa

?7!structure (bond lengths and bond angles) and heats of

A}

:g‘eto reparametrlze CNDO methods 1n order to g%frelate the -

hhatomlzatlon. He reduced the 6 proportlonallty constdgia“

‘n}'and changed the 1onlzatlon potentlal of the carbon atom{ff}

,‘ -|.>‘,1.3‘¢‘-"




R s
B : -

and oxperimental heats of atomization i.o. in order to

' ' )

rgaot good agreemvnt betwoeon calculated apergy and obsexvod
energy of molacules ha multiplicd the theoretical value

of encrgy by a scale factor. It is pot clcear how

(30)

reasonable this procedura is. Althouqgh bavidson ot al

" i "

used Wiberg's paramaters in theoil CNDO calculation they
did not use his lingar adjustment of cnergy valuas;

instead they used the'calculated energles which are

.

obtained frxom the usual CNDO procedure.- Fischer and

(31)

Kollmar reparametrized the CNDO mcthod and obtained

good hecats of atomization, equilibrium gcometries and
’ ' 7

force constahts. TFor penctfation they have used the

formula

1

g Ty i 2 ooy
v \z, . (1~a) T,, taRE 4 1/ (111-20)
where a=0.22 and Ha is the orbital exponent. Klthough
the cquation (III~20) works wall when R'is small it is

doubtful How far this equation will be successful when R

»

15 large as in large moleculos. Thcoretlcally, the

equation (III 20) is not sound because when R + o, Vap ©

« whereas in reallty when R » =, VAB + 0. Inwmorder to

obtain good results, they have changed thébfunctional

' ’ . . TRjA
forms for resonance integrals and certain nuclear V

& .

a4,



! . .- : |
attraction integrals ﬁﬁom those in CNDO/2. They hava

adjusted a total of cight paramcters and the reguirement

of hybridization invariapce was relaxed.

l . 9 : Q¢
Dawar and Klopman(l') and Dewar ot al1{t?)

[

calculated heats of formation of a large numbér of'
hydrocarbons by using PNDO (Partidl Neglect of

. bifferential Overlap) and MINDO (Modified intermodiato\
Neglect of piffofcntial Overlap) methods by introducing
 xather artificial nuclear-puclear encrgy repulsion tu;ms.
Although the results were in good agreemont with |

! .
experiment, how such'.an ad Toc approximation is

[4

/

justified in order to get good hecats of formation is far
_from obvious. 1t is also scen that such an approximation
yiélds unrealistically short valucs for bond length.

Thus the nct result is to sacrifice 6ne a£ the cost of the

'

other.

The choice of parameters or .mode of evaluation of

S N

certain integrals discussed so‘far is useful onl§ fof the
study of ground state prdperties of molecules and canhot
be utilized im predictiﬁg tﬂe spectral transitions.

Thué the conflict befween ground’ state pfoperties and-
.8pectroscopic pfope;tics also‘exists in all-valence=

electron methods as well as in the MO theory for =« systems.

Thus it would not be good to transfer certain parameters

5-‘



»

for the study of cértain properties to the study of
others because they account for‘differontpphysical
properties.

] Del Bene and Jaffé(32) using limited configuration
lnteractlon studied the spectra of bbnzene, yridinecand
some related molecules. They also used different B s
for ¢ and‘n*&‘Although they are successful in predicting
the Spectrq of some conjugated systems, the method fails
to:predict correct heats of formation and molecular
geometries. They adopted the CNDOrmethod for the
calculation of the @nergy levels of those molecules and
thelr aim was to gain 1nformatlon on the effect of the o
electrons on the 7 energy levels.

So far in al;:)hegg methods a minimum basis set
of valencé shell A.0. has been used. Hence these methods
could not account for transitions involving a change in
principal quantum number. SalahubAand Sandorfy$33)‘used
higher orbitals of H (HZSf sz) and C (C3p. ..... ) in the
CNDO method for some. paraffins and obtained reasonable

: s

interpretations of the main characteristics of the

observed electronic spectra.

A

Hence we can sayﬁthat CNDO calculations which give

good results in molecular geometry, do not give good
results in heats of formation and Spectra; again when it

gives good results in spectra it does not predlct ground

state properties cerrectly

46.



Chapter 1V

KLONDIKE FORMULA

There are several different formulas commonly
used for the computation of coulomb lntegrals in semiﬂ
empirical molecular orbital calculatlons.

ot

As descrlbed earlier, people have more ox less

(28)

\
settled for Ohno's formula or Mataga~Nishimoto's:

formula(27) in the case of the m-electron approximation

‘(P—P—P theory). In the develoPment of the_all~§olence—

' electron approximations the situation has been far from
settled; some prefer using Roothaam's explicit theoretical -
formula(l3), while others carry ovéf tﬁeir habit acquired
in the n-electron method to the'new stage and use either

Ohno' 5(28) or Mataga'Nishimoto's(27) formula. Now thaﬁ

it has become clear that the choice of the formula for

the computatlon of coulomb lntegrals constitutes an

important part of the semi—emplrxca1«adjustment of the

individual‘method it would be convenient if we could have

a su1tab1y parametrized formula which would cover contl—

nuously the results of Roothaan' 8(13?, Ohno s(2 ), apd

Mataga4Nishimoto's(27) formulas. We have succeeded in

devising such a new arfifici;l formula fof coulomb integrals

‘in‘our present work. Thls we call the Klondlke formula,

which has the follow1ng“form,
A

FO N

ot J

: . ,
\ U 47. .
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P

+

(pu]vv) = in a.u. _ (IV-1)

R + A

- Iy " . . )
where R is"Rﬁv, the distance between two centers p and v,

.and

/K, 20

>
1
J

K
M
H
a e + ave
{

where KH and K, are the klondike parameters for p and v
centers respectively. In the present work we have

restricted our considerations to the case Ku=Kv=K'

|
]

When k=0, the above ‘coulomb integral formuléjequatioh

(IV-1) is identical to Mataga-Nishimoto's formula.

The value of au can be determined in the

following way:

when R =\Ok

£
A

= a + 'a

(up|vv) = ' v

@

~when the two functions are identical i.e. when p=v

]

A(uuluy) 2a - \

For Roothaan's method the value of (up|wp) is determined
. ' r . R
. explicitly. For Mataga-Nishimoto's method or Ohno's
method (pu|uu) is equal to‘quAﬁ.

Thus S N

48.




’ l | '
a = ~A ) = . O,
" 7 (IH “) ! (up | i)

le are designating: the method using the Klondike formula
as CNDOK and the meathod usiné Roothaan's formula as
CNDOR.

In our parxamctrization we hava féund that when
k=0.4, the Klondike formula corrasponds to Ohno;s ﬁormulq
and when k= 0.8, it corresponds to Roéthaan's formula.

| Table (1) compares the values of P%sls thzs, and
Fosis calculated by thc Klondike formula and Ohno s
formula. Figures 1, 3, 5 represent the varidtion of I
values with R. From these figures it is'seen that in all
cases the curvc«of the Klondlke formula agrees well with
that of Ohno. 1In the cgse of Fis1s dev;atlon between the
_Klondike and Ohno curves is apprec1able at small inter-
nuclear distanées. This 1s not significant because
molec@lés'do not exist witﬁ such small internuclear | )
distances at equilibrium. | .

‘Table (2) contains’the v§lues of Flsls' F2szsﬁ

and r2sls calculated by the Klondike forhula anleoothaan;s

formula and figures 2, 4, 6 are also drawn for comparison.
It is seen that for. Plél the two methods agree well at

all’ 1nternuclear dlﬁtances. But for PZSlS PZSZS' large

.

‘deVlatlons are observed at small values of R As stated
earller thls has little effect in'the calculatlons because
o

no molecule exists w1th such small 1nternuclear dlstances
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FIn the m&in'bédy of the:p%esent wSrk, Roothaan's
formulas axe used in aécordanca with the widely accepted
CNDd/Z meth&A: HOWGvéi,'we'shall also descxibe our
pre{imiﬁariléttempt to use the Klondike férmulq in

conjuncgion with the CNDO approximation.



Chaptef \%

A NEW PI\R]\ME'PR]‘.ZI\'[‘IOI\IJ or AI.I;—-VALENCI%lu‘LEC'l‘RON THEORY
1 ) ; . \ , .

In all-valence-eloctron methods at the levael of
CNDO approximation, tha paramatrization and choice of
paramaters are of  central impOIEGnCO. A particulax
Choico‘of parameters can predict certain éroPQrtias of

!
¥

"a molccule which ard in good agrcement with éxperimontél 
resulﬁs. However, use of éhe same paramctors may caus;::=
other predicted pﬁgpcrties to disagree with e#pcrimcntal
values.‘ One of the most serioﬁs examples is the gilemma
between good bond iengths‘and good heats of fbrmation as
méntioned in'Chépter'III.' In this'worﬁvwe‘have ﬁade an
attqmpt to parametrize the theory in a way to obtain
good correlation between energies and bond lengths of

some hydrocarbons such as methane, ethane, propane,

butane, ethylene, allene, acetylene and benzena.

Description of the Method:

The present method is similar to the CNDO/Z method

whlch has been descrlbed earller. Here we are golng to

.

discuss the essentlal features of the present method.
In the SCF-LCAO-MO theory ghe molecular orbitals

are determined by solving the Hartree-Fock-Roothaan SCF

1Y



1equation

)

(V-1)

whare € is the matxix of the coaefficients Cip'

eigenvaluce matrix of oxbital emergies and 8 is the overlap

integral matrix.

The elements of the Fock matrix FH“ may, ba split

Tk

up into two parts

F . = H _ 4+ ©
Hv YY) TRY
where .
‘ [ 1oz Y |
LN ,-ﬁ(l) -5V LVA v(l) av
A
! (one-electron part)
and

1
G = E:p ;N|M%me1v9
MV Ao AC ( -2 .

(two«electfon part)

~Here , ‘

PAU = 2

occe
c.. C_.
T Al_ o1

1

(Vv-2)

(v-3)

(V-4)

- and

o wvhe) = //u(l) A(2)<;L>v<1)c"(2)ivldv2 (v-5).
- o 12/ . .

E is the

63.
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The diagonal elements Hﬁﬁ may be divided into two pafkts.
One is an atomic term and the other is the interaction

df the electrons in XH\Nith the cores of al)l other atoms,

HH

~

v

The off~diagonal elements HH¢ are given by

=g (BB, ) (v-7)

Hav e

'

We have approximate& the second term 'in HHH by the

. relation’ ' | ,
, ‘ o . _
~wR ’ ‘
o AB
(lvglw) = 25 (1-2e  ©7) T,y (V-8)

" where 2z is the core charge on atom B equal to the

B

nuclear charge minus the number of inner shell electrongs,

AB

global parameters which we introduce in the present work.

The justification of the formula in (V-8) will be

discussed shortly. ‘Since

Ax)

s = 6 except in H'

»

G  takes the form °
HU :

Hoo o= (uIF%V?~VAIH)-§£AKu[VBIp) A w-e)

I'.q is’the electron,répulsion integral and A and w are

¢

-

/



(Wi (v=9) -

G =]
HH

. 1
TEPAA (MHIAA)~EPH“

where the summation is over all basis functions and
I | | '

G};\) = E‘ P-H\)(]lHl\)\)) . (V,_,lo)

o

' Here g refers to thc dlagonal clements of the bond
order matrlh i.e. the eLectron dens;ty in a given
-orbital.

In'order to justify the modifibations in the.CNDO
‘.méthod introduced in,tﬁig work and to evaluate certaiﬁ
parameters andyintegrals;we woﬁld like to make the
following comments:

(1) ° In principle, the one—electron part can be
computed within a reasonable tlme, with the posslble

exception of three- center 1ntegra}

1 |
Hyo = W[=V*-1 valw
: A
1.3 (3
= =gV valw) = 1 fvglw (V 11)

| ‘ , B+A
1 \ .

Hiv = (hl’%VZ"ZVA|“) A (V-12)

A

65,



i
=

If w and v are on the same atom and p or v represents one
| o

Y
tion). Thus

of S, Pyr Py P, then HHV = 0 (this is not an approxima-

Hyy = Qg VRVgv) = T wlvly) (v-13)
A

'
1

@ (4 on A, Vv on B)-

]

1f gpprqpéiate expressions are giveﬁ to {v, }, Hu“‘end Hy

[ L

may be computed expllcltly, but we 1ntroduce a series of
approx1matlons.‘ A prlmary reason for this is that we |
'attempt necessary adjustments to the drastic approx1mat10ns

. in the two_electron parts ' Essentially, the one~electron
1\

part of the total energy is negatlve and the two—electron
g

|pqrt 1s necessarily p051§1ve becauselthey correspond to-
the'repulsive electroﬁ—electron interaceion energy.
Thus any change in thisipositive chtribufion mus t
definitely be coenterbelanéed by the’negative'
contribution from the one-electron part. In order to

incorporate this feature into the formulasiwe have
' intfoduced the approximation ’
! ’~‘ o . o _L\)R . . )

, AB » ,
(u|vglw) = Zg (1-Ae ) Tpg -+ . .‘

»



integral,'say‘(pAvBlcCoC)! is also dropped by the ZDO

approximation.

‘-and Ragle

. C g
Where in the present investigation A ‘and w are . treated
as global parameters. While this explicit formula is
aomething to be debated, the logic behind it ‘as

described above is straightforward and seems to be

,diff;oﬁlt,to reject. = Another obvious compensation we

may make, would be to drop \ .

"

<’ Z ( vV
C4A, B ‘ul eI e .

\

in an because the corresponding three.center two-electron

hY

[
5

1

(2) In the P~P-P method, various approximations have

been used for Kpulup) andj(uu]AA)L It may be said that
“ ) f . . ! . . '
reduced values for (pp|pu) arise ﬁrom the empirical
=2 y

.

evaluation and for (upIAA) conv ent approxlmate formulas

are used _the 'most popular oné€s beln Mataga—lehlmoto s(27)

and Ohno 5(28).

N

In the all-valenceQelectron method, the'situation

.

is somewhat dlfferent Pople and hlS school make use of
exp11c1t Roothaan formulas for coulomb 1ntegrals. Clark

4
(3 ) contend thaq.one should not use Mataga— |

lehlmoto type ébproxlmatlons because they would 1ntro—

"duce some 1ngonsistency11n the GQNDO methold¥f quever,



'

. to_calculate'Uuu from the experlmental data, 1t is ‘,ﬂ

Othel workexrs such as Del Bene and Jaffé(32), Dewar and

(19) use th0ae-approx1mate formulas for coulomb

"

KlOPman
integrals rather freely.

| In the prasent woxk we have attempted to unlfy
these two d%stlnct apploaches by lntrOduClng a new

approximaté/coulomb integral formula which we oall the

Klondlke formula, as we discussed earlier.

- (3) 'UHH afevthe atomic matrix elements of the_one~,

A

electron Hamiltonian It includes the core potentlal of
the atom to which Xy belongs. 1t can. be oalculpted from
approxxmate atomlc orbltals or it can be estimated semi -

emplrlcally from expor;mental data on atomic energy

n

levels. It oan also be used as an empirical parameter

Pople(l ) approx1ma€ed it from atomic sPectroscopy
)

Accordlng to the dlfferentlal overlap approxlmatlon all

electronlc status of a g;ven conf;guratxon have the same

vy

energy. Thus . P . s oo

/

. " m, n, _- ' 1 . _ ' C v
E (X, 2s2p ) —rnU28+nUZP+5(m+n)(mfn 1) Lk tC (V-14)
. f L4 ‘ ‘ \

)
1

, ‘ . ' 'i - [fe
' where term C comes from the 1nner electrons. In @kderv

O - . ' . O

e b
3

i
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~‘the states of the conflguratlon.

considered. o, Lo

..'.:‘ T +
I (x, 2s"2p™) = B (X

As‘a result in CNDO/2 .the following equations ' ﬁ.}

|

,therefore requlred to consider an aVerage energy of all

In order to calculate

the single U}1 the proer.ronlzatlon process shouid-be

¥
¢

R
2sm~12pn)»-‘E‘(x, 2sm2pn)'

)]

0 = e (V-15)
UZS ﬁ(m+a 1) Fxx - Y :
T

An atomic orbital'has the teﬁdenpy to acqtire and

"lose electrons and this tendency of the atomic orbital

can be accounted for by the molecular>orbitai theory.

I , , | .)

. are less negatlve than CNDO/2

T T NV P e
--A]“l = " + Zx FXX, (V"l?)
-,h ‘ . ° : = . | ‘ : "'('
have been averaged to calculate Up . Thus
i l a | - 4@? ® '
‘= (I +A ) - (2 ——)r (v-18) |

u - .
IV A TR XX

W

It is quES'Clear that e core parameters of CNDO/2 are

unlformly too negatlve whereas the parameters of CNQQ/l

emplrlcal parameter 1n}our”calculatlons.‘

We have used Uu

1

’.as an
pas a

)



-

iy

[

7

e

(4} ‘ If we can erte molecular orbltal W as a’

llnear Comblnatlon of atomic orpitals 1.e.

) * n

. =y C : | . : | ; (V=
Vi g e (v-19)

[
Y

and‘if\wl can be written as a linearrcombination of

another dels set x then thele are also 11ne;% combination )

of . the orbltal X ( b o , . !

\ g
. L]

: ‘ |
\ i
(V-20) f

>< -
3=

ud d g Xy

'* v oy ! ) ey
vhere t is a non-singular matrix.
v A l '

There are three typés of transformation:

(e) Transfofmationsvwhich only mix atomiC’orbitalsvon
" the same atom with same n and 1. An important transforma-

+

tion is the coordinate transformation.
(b) Transformatlons whlch only mlx atomlc Oxbltals on

" the sSame atom w1th dlfferent l The resultlng orbitals

are known as atomlc hybrid orbltals. A 7

v,

c) Transformatlons whlch mix atomlc orbltals on |

0
;%f*ﬁlfferent atoms leadlng to a hon-atomic ba51s set.
q

>(A . ¢ . . L /

For molecules of low symmetry coordlnate 1nvar1ance

lS an essentlal feature., HoweVer, 1nvar1ance tb hybrldl-

A

.zation is. less 1mportant.~

. - « .
b v . . : !

.

Al

[



N e
& L. s
N ‘
5 . { | '
. T
. . ‘ L : . ' ‘ .‘
\ | 051ng the ZDO approxmmatlon in one frame, in |
x‘another frdmé usxng the condltlon of equatlon(v 20)“l._ﬂ
invariance can be proved as follows: |
‘I _\" B 'l - St ) " . "{ ' . ¥
i ';(QB{IYG):E ) ; ) twtv.ﬁtwtw.”(plea) (v-21) ,
: ' X Ay

If thé zero differeﬁfial‘condition is applicable to thq.Ar“.
old basls set, the lntegral pleo) w1ll QF pr Ac
Therefore, ' T C
(aB[v8) = bt ot e ) wee2), .
A\(as‘lx) E; ety Eas (AN v=22) 0
. o - ’ﬁaw . B ;
"{If we d&lbw-pure Eoordiﬁate rotation only, then S'does

not change and only P Py,.P£ rotate inside the sub-.

group . Therefore, ‘ '
X o = / -
R 0 s
y P
a .
0 ot : 'Py .
R & g
. L a ' 8 , ‘ .
- L// A ( .
/ : 2



1L Qc asmuMc'pnﬂh, Anss tﬁpn
; {yﬁ .

X t‘_ - . R . b S “‘ -

tua 6““, Hﬂrduﬁ' LAY'GAY’ tkd ’GAG and i,nxl%y |

a

Claplys) o~ (55,8

8
'

S : .
B 11) '

Of oourse, this was cvident from tha beginning. For the

{
noxt stop ‘ \\\\\ : !

. . -~
. yr= SR' A= PB o? B (3 compo?ents) ‘
+ \ ‘ - . ‘
then. ! A ' ‘
# ] N . '
= . . )
NALY ; tay B (SaSalar) |
] _ .
1f we' put ' . ) »
Fs(r @ (SASAlPxBPKB? = (SASEIPyBPyB)
. ' ™
a;}SASAngBPzB) \ o .
+ Then in the above cqyation .
. (,’ “': - ‘ P

(SASalY8) = Ts(a1p(B) It e

Y A{ AS . ‘
f
! : _ _
.= " 6 . - v-23

. 's (e () Oy B
0 "

so that inVariapbévis proved. ¢

v . ,“ ‘ . “ 9 -~



13,
. - ‘ '&\ " {

IL u=P,, A=Py and if wa put

Poomarm) ™ CxaPxm) |Pxm) Pxm) |

3

Px(n)Px (a) [Py (3) Ty ()

Cx@)"x ) [Pa Pz o) |

3 x 3 manifold

o
"thcn (ﬂBIYd) = Z{; tua tuB tA‘Y tAG FP(A)P(B) |
H :
v .
. I 8 8 (v-24)

Mnvariance 1is proved agéin.

In the two ‘center terms (prBJp) and (ﬁlVB|v),
monatomic differential overlap xu,x; (ufv) on atom A
suggests that (plvﬁfv)'is équal to zoero. According to
the invariancde condition for all Xy in A, te diagéﬁal
elements (pIVBIp) are the same. For the same reason

as in PAB wae can write

(V=25)




——t

Inf the CNDO mothod the resonanco intograls,[\“,,

are ovaluated semi-ompivically. Here also tha invariance

condition has been satinfiad by assuming that g is
: bV

propartional to tha ovarlap intoegral,

‘ 1 :
= " {0 R o :‘\ . -2
Moo ™ o (BT A7) 8 (V~26)
N ‘ ,
. As overlap incereasces, tho bohding capacity of the

ovaerlap also incroases. To satisfy thc‘invarlanco
condition it is requirced that for all atomic orbitals
the proportionality factor botwaeon H“v and S“v is the
sama. -The constants arc denoted hylﬁﬂ ,B: and depend
’ S p d .

on the naturc of atom p and wv; A7, 8% , £ may be propared
for ¢ach atom. In the present work we parametrize the
theory in such a way that it encompasses these

"

possibilities.

o

[ '

oy

\Computhtional Mathod and Parametrization:

. i R . B {
We have developed an all-valence-electropn computer

program at’ the CNDO level.of approximation. Our program

can handle the following atomic prbitals and atomit

parameters: v ‘ : K .

*



Y Lt ' \

Atomic Orbitals:

H 2D ls, 2px,»2py, 2pz : ‘.Nl
'Lir Be, B, ¢, N, 0, F 28, szl ZPYI 292
Na, Mg, Al, si, P, §, c1 38, 3p,, 3p . 3p,
. . A
*Atomic Parameters:
. Z (effective charga) , ' o
LU, U, Ul |
5 Py ‘Py P,
Bé' Bp [ ﬁp( Bpé
. X Y 1
~ For Roothaan's formula,a=7(I+A)
as,_ap_& ap , ap _
X . Y 2 For Klondike formula a=(I-A)
N
P S SO " (Orbital -Exponent)
8% Py Py P, | .
\
K ' (for Klondike formula)
A, w )

LY \
The above 20 parameters can be assigned to each
N : : ‘ : . o
atom but k, A, w are.used-as global parametexs in.the

&

present work..” A : - - -

| ‘Mostly Qe,have used 1ls ofbiFals:for-H and 2%, 2px,'
2pyland7§pé' orbitals fpr_éarboﬁ.; We‘hgve alsoiteéﬁgd
theiéffect of 1ﬁclgsioﬁvof ?igﬁer‘orbitals sﬁbh_as‘pr,

Zgyf and ng,orbitals.oq hyarogén in the case of benzene

and we have compared the coefficients with those reported’

(35)

s .
[ 4

by Kern

-



-
-

Although agfeement between these two sets is not
S0 gooi still we hope that lnclusion of higher oxbitals

of’ olectronlc

wxll give good results in the predictij?
transltlonSlcadlng to an excited state~w1th considerable
Rydberg character as Salahub and Sandorfy(33) did in the
case of saturated pa;affin.

| It should be obvious that the pérametrization of
the present computational program is a very flexible_’
one. For a general molecular geometry the constraints

placed upon the barameters due to invariance requirements
\

may be classified as follows:

¢

(1), Both space {coordinate) invariance and hybridization
iﬁé;riance

Y z '
s 1‘ ‘3

B = = B = B 3

T s . ¢

. <€« 0\

a = a = a = a .

s Py Py P,

.= ¢ = §_ =7

S N

76.
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‘ '
(2} space invariance only

L
Kxo

(3) Relaxation of hybridization invariance }ef¢h§%§p§en
conly "' . SR o _ B :
For. hydrogen ‘case (2) N
For all bthers . case (1)
There are, however, a vast number: of‘chemlcally lmportant

molecules whlch are of planar foxm with the g- m ‘distinction.

. These have,bben.the subject of applications of the

immensely popular'?qriser—Parr~P0ple method. There is
"no reason for us suddenly to abandon advantages due to ,

the planarlty in the all—valence électron approx1matlon.'

When the o-7m distinction 1s.ppsslble, the constraints *

upon the parameters are

(4) ,Both4Space and hybridization invariance;fqr-cipard.;h

77.
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u U, oEgeyty ~
s' : ’
. X by Pz :
B B B B &
= = ' ,
a =a_ =a_ , a
L. = =T, T
s Px Py Py
(5) Space invariance only \
. U, U =U ,uU
s Py Py Py
B r 8 =8 ¢ B .
a a ;':l » "/" '
4 :..:» --a 3 i
Pk TRy By
: Cor 8 =L, L 3
i . LY
- i
(6) Relaxation of‘. hybridization invariance for o. oxbitals Sy,
- of hydrogen only o ‘ ‘
'For hydrogen case (5) . ‘ . ‘ . '
For all others case (4) IR . ’\
' In’ t;hé’ present work these ppss‘ible flexibiliti\es‘ have been. -'.".,TA__"
- ‘explored only to a limited extent.: L L A

78.

.

. - .
Y , ' .. - o +



r

LY

Table (3)' contains the valucs of CﬁDOR parameﬁers
along'witthNDO/Z pdrameters.fdr Cghparison; Asida from iﬁ
the 'additional global parametérs;‘x and Q, and the use ‘
of differénp B's for 2s énd épf tﬁore are no g%astic>
changes in oux papamdtrizatién froﬁ that of CNDO/2.

 Téb1e (4) conta;hs the values of CNDOR paramcters.

N [y

A preliminary .attempt has been made to parametrize CNDOK

using x=0.4 which gives the Ohno's coulomb 'formfla. .

. The results of both methods have been preseﬁted.
» . .

in the next Chapter.

A

Ve
o\
')'
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! ) Vot
ot ,
: l
7
N, - Table (3).
r‘4 ' i ‘\v , . | ' o
! . (Parameters in CNDO/2 and CNDOR)
- | .Lf ' CNDO/2
Bonding Paramatexr in ev (f) '
By ds) * 9.0
BC(ZS) 21A0‘
B (2P, )=, (20, ) =8, (2p,) 21,0
Core P%rémeéer in ev‘(U)
: | L _ :
y (18) 17.38
. i -
o Up(2s) 70.2713
B‘.UC(2P )7V (2p ) =U.(2p,) 61,7923

. Average Ionization Potential-and Electron Affipity in ev (a)

aH(ls)
' .ac(2$) - R o
aC(ZP) . -
, " B
Orbital Equnén£ (¢) |
. CH(lsl”l

o (2s) =z, (2p)

" Core Chérge (Z)
e .
RECOENCIES

o
o

IR J : o .
" . Global Parameter: e \

|, |
b X =n= 0.
I : AC _)\H ‘- 0.136 |
= 0.75 a.u.”t
. N, -

*

.
Eir

7.176
14.051

5.572

i -

" N

1.16"

.CNDOR

o

9.0

.~ 21.0 ¢
' 17A50 ’

\

17.06 .
70.8399

62.5203

7.176

14.051 -

'5.572

1.8

‘e .

80,
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Table (4) ' . - .
1 | ) o
' (parameters in CNDOK)

(a) BondingAgarameﬁer‘(B) in_ev

ﬁn : ' ' ‘ \

t

B (28) =0 (2P, ) =B (2p, ) =B ()

(b) Core parameter '(U) in ev

: R |  13.06
UACEV L *

' ' ' ‘ ' | SN o~ BL.774
Un(2s) , | | .
| b )= 1 = : ' '43.295

.

(c) One Center two &lectron integrals in ev . ,@
. ' T ‘ Q | . ‘{". -
, (I-A) for H (1ls) - ‘ . - 12.858‘ .

(1-A) for C (2;)

(14R) for C (2p) o | !

(a) Orbital exponent () , ' | 4

CH(ls)

>
o
>

€
i
€
]

Fal
nw

Vas

i



SCF iteration has been carxied out ip these

" computations, until the difference in electronic energy

. : . . ~4
“between two suwceaessive, itexations is less “thean 10 ~ a.u.

Convexgence to thls degree may be achlovcd wlthln few

- cyclog.‘ Fox, 1mpr0por bond lengths of molecules i.e. too ,

\
'

largc or too small,’ some dlfILcu;ty in convergence has.

bccn.observed MaLr ix, dlagonAlxzatlon has beean performed

Iy
"

uslng the quHdde Jacobi muLhod

a
n

Overlap ihtegrals have been.éalculatcd according

to the formulas Of‘NulliKen etual(3§9

*

usxng the exponent

~values for carbon and liydrogen noted in Tables (3) and (4).

\

" - Two electron integrals' havé been caleulated N

A

accordlng tO,ROOthaan s formula(l )\R‘CWDOR and K

accordlng to the Klondlke formuld in CNDOK,

-

Bond aitgles needed for the calcu ation'dg
géometry have been taken from Wiberg'g(ZQ) paper.
. - . ‘ - ” . R ‘ B bl v .

\ - )

f
. .
' .
+ ° + * M
B H N
D
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. ‘Chapter VI o \ ‘ . |
'Q -‘ , ) . “’ " ' ‘ ) o . ) o | ‘A I .'
o' ) . RESULTS AND DISCUSSION B . o

. A. CNDOR Method: ' “ ., - L

4

} ty
[} . ! . A

Table (5) contalns ‘the calculated total energles

for all»the molecules studled along wlth the correSpondlng

.
i éNDO/Z results It also‘ contalns calculated anzﬁ observed

eats of atomlzatlon. Table (6) contalns the orbltal

energles calculated by CNDOR along wlth CNDO/2 Table (7;

contalns the varlatlon of energy\W1th dlfferent bond (T
“’:.lengths. Flgures'(7 14) . represent the Karlatlon of o .

[

*"energy w1th bond ‘lengths. The bond lengths with minimum .

energy from the flgures are lncluded in Table_(8) and the‘k
e correspondlng energ& is lncluded in Table (5) Table (8)
‘  also contalns the bond lengths of the molecules along |

with the experlmental values for comparlson..u ’ \ R
o ot " ) ) , ' \ ' B Vo ‘
. o o : - . . . W | : \‘ : .[ "

+ . ' . . Coe N \ ’ , l‘., ‘u

Heats. of Atomization:

i . From Table (5) 1t is clear that the energy

v ' "4

calculated by the‘CNDO/Z method 1s much deeper'than that bf"VAfrij

% . found ' Ain the present work v‘vJJ' f e |
’(n - : ) N ) o ey ] A ) ’ \v“‘




Forx comparlson wlth experlmental values we have

Calculated heats of. atomlzatlon 1n ‘the fOllowlng way !
_ , " b4 N .
F(X,2s 2?,>’5 mUpong TR 2p2p + §(m$n) (m+? 1) Esp .
[ . : K ".‘\{r\
’ I ‘ . ‘ : g
psp "‘?(lss * I‘pp) S L o
C93 AT IR
P252s 7 517 (F257025)7 fap2p ™ 5Tz (ap*ipp)
. . ne ' \ . ;
> e, ‘ '
fE(%)\: Uisay - LT wa’)//
- o | \
ERAS N . ‘ L ,
In our calculatlon ’ R ~ \ 8
- E(H) = -17,06 ev = |
A‘) P .' - '
A = o 2.
, E(C) = UZSQS'+ 2 .
oy 10:8399 N G
: 27.21 27.21, 512 \ \'
% "v" “"v ' et | \ \ ~'
B E:' : = -5.8789 a.uv { ' Ly -f
o f“ | R | b'
In, the CNDO/2 method v
E(H) = -17.38 ev = -0.63874 a.u. 7
?(C) 52U 2§23 t2 U2p2p * 6,rsp |
y | 9' ’A R
Lo lia vy 70.2713 §%~%%3§+6 §§741.625+1;625)*
N ) ‘ v » o a ;"f'-
R = -6.1650 a.u. Ty



AT g = AN 1 v._' - 3 Ny Vi b .

_ADatomj‘ Number of 'C'-.atom X E(C)‘+‘Number“of H at?m*““
Cx B R

Mi_, = AE_, /- Total enexgf,, . .

atom “atom

) ' . B
oo ‘ ! ' "
" ) T /
\ ! ' N ) " ' ' .
s . ' i
Nl Il R '
Co ‘
' 4

'The heats of atomlzatxon calculated by the CNDOR

\

method are Ao good agreement w1th the experimental ValueS.

. on the other hand the eg:eement between observed heats of)

"atomazatlon and those calculated by CNDO/2 is exceedlngly .
ﬁ :
poor The dev1at10n of our results from the experlmental

N
.. is Wlthln 6% in all cases whereas the CNDO/2 dev1atlon

varies from 108%~to 1878, AR

¥
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‘Table (6) oontain the occupied orhital energies
n§ P .

of the molecules studied. We have compared our, results
~w1th those o} Kern(3 ) for benzene. It is found that s

the orbital energies calculated by this method ‘are in, -

good agreement with those of kern 3>} wno performed an

gg’initiotﬁartree—Fook calculatiod of'good accuracy.

\

For comparison we have also 1noluded in the tnble the

orbital energles—calculated by the CNDO/2 method Again

our results are more reasonable In partlcular, the

!

ordering of the orbital energies dbta%ned in the CNDO/2

4 1
\

method does not agree with that of Kern wherxeas our

results are in good agreement Similar results are also

found in the/case of ethylene i. e.‘the orbital energles
= }

and the orderlng calculated by the CNDOR are superior

to those from CNDO/2 when - compared to the results of

-

\

.Moskowlti and Harflson(37) who performed SCF calculatlons
with G ssian basis sets of different sizes. They}have_
shown that the ordering‘does-not change with different
basis sets. The orbital energies of their &argest

basis set, for C H

;H, are inclided in Table (6).

.



SR Table (6) in-a.u.

Occupied Orbital Ehefgies for CcH.: iDG; symmetry)
LY . (35) ‘ .
CNDOR Kern's method . CNDO/2
Ay ~1.3996 -1.1487 -1.8728
lu —1.1103} =1.0138 ~l.3876} ~
-1.1093 ' 1-1.3867f
| . .
E,. -0.8486} ~0.8230 ~1.10984
9 -0.8476f : ~1.1100
Alg -0.7571 ~0.7081 -1.0632
By, =0.5975 ~0.6427 ~0.8590
éé -0.5439 - -0.6187 ~0.7896
u ' . . .
E, -0.5214 } -0.5872 -0.6968}f
Y _0,5194 o -0.6964
A, ~0.5056 -0.4979 "20.7193
E, ,—0.3951} -0.4946 -0.5158
9 -0.3946 | . =0.5154( -
TE, © -0.2893 -0.3337 '—0.51oé}
i ;o.zaae}' ot -0.5100f |
Occupied Orbital Energiés'for C,H, (DZH symmetry)
) : 'MOSkQWitZ‘&(37X
CNDOR Harrison CNDO/Z
. - -1.2094" ~1.0581 —1 4061
By, =-0.8540 -0,8063 ~1.0054
B,, =-0.6747 -0.6601 -0.8973
Ay~ =-0.5624 o -0.5829 ~0.7147.
‘Byg T0.4784 ~ =0.5175 \\0 5748
"B, -0.3873 -0,3815 ‘»7-0 5836,,;

-

D s

“’4/‘



C. , Occupied

 D. OcCupied

‘,5&

)

%'

Orbital‘Energie§ for C

Py

‘CNDOR

~1.1871
21,0073
~0.6813

~0.6001
20.6001

~-0.5392

~0.3536
~0.3536

Orbital Energies for
& ' -

CNDOR

'~1.0648
-0.7169
. -0.5593

~0.3781
-0.3781

~

Orbital Enérgies for CH4.(Td symmetry)
IR \ % '

CNDOR
S =1.1357
-0.5976

~-0,5974
-005974

3

+

2
'

e

Ca

H

H

LR

N

B

. f .\.'!:,-‘ ﬁ}é
Y . W v
4.(D2d.symmetry)gg_.

~0.8650
~0.8650

P
.

-0.8929

-0.5109

~0.5109
PENE N oo
symmetry)

]

(C

2 oy

'

 CNDO/2

~1.3538
©-0.9755
~0.7578

-0.6418} .
-0.6418

.CNDO/2
- -1.2402
C-0.7171

‘-;017169}‘
-0.7169)




‘,l‘,

-

AF.,.6ccﬁéied'Orbigal»Energieg

Occupied Orbital Energies for C

CNDOR -

[

-1.2621
-0.9104

‘50.6658} |
) “'0t6658 ﬁ’

-0.5620

. =0.,5044
- =0.5044 /"

~ CNDOR

C-1.3442°7

-1.0666

—o.géz4v~
-0.7038 , .
-0.6707
3 -0.5857
jﬂ-b.5?59'7“.

]

20,4917
;E%Q%4792 PR

v

\  ',f",7

For CZHG,

Y

r ) .

g (Cpy) .

~0.5052

(93dfsym@etIYY

-
§

CNDO/2

~1.5244"

. =1.0579

~0.8870

~-0.6868

| -0.5652}

-0.5652

!

CNDO/2

-1.6163

. ~1.2574
' -T0624

" 1-0.9372

8

. -0.8688
“-d.7519

-0.5903"

-0.5808

- -0.5501.

£

’

\

1

.

"1 -0.7052 .

1
I
X s
/ \
'
K
e
A
)
Iy
T
i
"
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. .-Occu‘ple‘c-i.\OJI:‘bJ.ta‘l Energies for C H), (C,.)

A
»

CNDOR - - CNDO/2
Ayl . ~1.3871 © . -1.6840
By, S =1,1782 . -=1.4075

A e -o§94sé S+ -1.1138
B | ~ -0.8800 . -1.0865
~0.7290 50.9878
~0.6444 ~0.8425

-0.5326 = © 1o, 8118

o Cu ,

E g S ~0.6203)  _.-0.7882.
IR I -0.5395 - -0.6516
T , ;08028

A ~0.5228 -0.6214

Al H':-'l o L ’ : {

Ay RN -0.4925 . =0.5791

B, . -0.4736 , -0.5511,
‘“Ag.” .« -0.4724,° . -0.5383

. N ) ' . . \;“.
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" Bond Lengths:

! ‘ A ‘ R "

& ‘ ' DR
On the other hand the bond lengths Table (8)

s W

. obtalned in thls work are 1n poorer agreement with

) expenlment than those of the CNDO/2 method ; Our

l

. ‘values are'&tlll, in géneral, more reasonable ‘than ,

(29), and. we do not obtaln the very

"'those of ﬂlberg
. deep total energies and the poox heats Qf atomlzatlon

“which result from the CNDO /2 method.
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Varlation of Energy at Dgfferent Bond Lengths
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W n ‘

A
Name of .

S
- ,' ’ 'r

.«
i

., variation

- of Bond,

Molacule

i
W
1

T
.. Methane

Ethane

Ren =

l 128

o ©

. 1.506

¢ fixed)

1 0.928

© 1,706

I

}

n‘ N

ngnaﬁ

R Yoo
. ke | . '
) / )
Y ;
NG . i '
“,\.'1;{ ¢ . \
L We S
\ PN "
v ity yoor

Y‘W ' . '
R " l
¢

b} !‘.

: .;‘ ";“‘ ¢ ' . .
Table ().
, Vo r .‘“ N )

(Bond 1ength in A° andVénergy in- a u.)
' J‘ 4.

T 3‘(
r

. o:}
\.: '

ENERG Y,

Length

1.324

1.224
y

1.174

"1.124

"1.090

o
0.924

1.606

1.506
1.406
1.306
1.328

"1.228

1128

“1.028" ¢

1) CNDOR

Sy g

S B
.

L

- 9.0072

'~.9.0830

|2 78.0674

18,6281

-16.6501

~16.6759
-16.6823
~16.6640

-16.6009 .

| -16.4887

-16.0272

. 9.0749

-16, 6146 

™,
P

16, 7055"
. -16.6823

510.0965

-10.1154

-10.1126

-18.7414 -
- _18.7911

'11) CNDO/2

- 9:9252~

. 210.0555

~18.8191.

©.18.8195

-

| -18.7726 '+

e

~18.5485

-18.7356

~18.8191

218,7429

-18.4147.

94,
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Name of.’
Molecule

~ Variation
of Bond

fable (7) (Comt'd.)

s

' Bqnd‘
'~ Length'

\

i) CNDOR

ENERGY
_ii) CNDO/2

C254
(Rc —H =

l 119

fixed)

. . ;“
C234 o R
(Reoe 7
1. 356

flxed)

Acerlgne‘,,R¢$d;

- (Rely =

1,103 b

fixe@) .

C-H -

L]

.1.556

<4 1,456

11.356

. 1.256

1,156

R
[

1.300

1.250°
1.220

1.180

1.150
1.130

| :;.125("

c1015

{1@10

104390
1,339

. 1.205

l1s. 1929

L. 100 N

»1;13}6478
l2as
| A, 671%
'2”1ﬁ1393f7-13 6634

L

- -15. 1122,
*»—15 la\§
~-15.1893

-15.1682"

~15.0777 "

. -15.1561

-15.1891. .
-15.2014

~15.2077
-15.2032

-15 1952'

~15. 1868f

\—15 1833’

;—13 5352

1e13:55$1 f
. l15.2756
-13.6892 -

.

~16.9460

1 n=17.0224,
| -17.063¢

' -16.9882

+16.9125 -

'\

£17.0657 N

- T17.0665,
. -17.0675"
~17.0676
i-l?abﬁ?d',j,ﬂf'
©-15,1677
j-15 3377;{;

,-15 3411ﬂjif°“
=15, 3296Tf‘f“ff*;

J”f15;2187?ﬂﬁﬁilﬁﬁ>:ﬁ. :




[ C96.h

ce o . " ,.‘,‘:‘ Jo ' B i
X N Con Tq?;e3(7) f;?
R O Y S PR
S R T
o “r'.‘\b :.w "} S / ' l,l : ".‘ ' '
'Name of *Variation . Bonﬁ, ‘ E.N E'R'g X L
Molecule. ' “of. Bond,. = Legéth* 1) CNDOR " "ii) -'CNDO/2

o ' : R . I

. ' d/ . "_.v g .

A

. ! <' ) ! 7
Acetylene R,  -13,6532 ~15.2394.
\ ) " ER ‘C"'"H e Lot ' ' T PR

(Ryze =

-13.6899° . -15,3066 |
S 1.2390, 5

1,103 -13.6892  .-15.3377

1.059 . -13.6718 - -15,3348

1,003 . -13.6297- ;-15.3116 "

],5-9031“’ -13.4811 %féis;lgsi
‘.145423 Ce21.1754 0 T .

1,442 -21,2767 23,9522
‘ il34é;%"leéiu305§‘; _24.0257
© a2, haliaed7 24,0820
..%11;242§>’?+?¥¥é§7é;f ff?4;§i§6 ‘-~'1”

o Ty o
A

1,320 -21,2763° ¢

”ﬂf(ﬁé;éf? - i 1,220 »«5;2;253213\;4;23;9797q,

1120 eéfgédSS-,j_e24§6é57{.”Ea1pjv?;§*
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v ) Umable (1) (comtray) o

oo L SRR
. T . o o i
.
RN
N
C o

'Name of ' Variation. ' Bond,

G . i

E N

ERGY .7

LB

%

|

[ v
f

L]

i C._C

‘C-H

1.0 L . 1.526 .0
UL oedxed) 0 1.540° 0 -24.2004
ST e L6181 -24,1923

N ] 14 .
RS R

.-

v

Butane' R

Reug =7 D 10813 -31.7655

‘\

1,00 -31.7729

129

olecule of Bbnd ““. " L'engtn 'i). CNDOR"
Propane, R, . 1.413  -24.1478
C(Raly = 1.513 -+ -24.1965

24,2052 .

o b ' s B
10713 0 -24,14927

1,413 =231.1832
1.526  -31.7699 .
1.540 ° =31,7729 -

1.613 . -31.7642
10713 =31.7029

- dd) cNpo/2
A —27,4965-’\
-é?.%qu S
-27.4956°
'1;27.4§osfg';
- —2?.4454“(

- HEN'S

-27.3490 .

o-asieay)

| '236.1139

-36.1805 . .

‘l36.1940 . "

. -36.1884 .

*;”f f;5;§7$s§§fa;;;1

'=35:9702 )\
ey i I.»‘.
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able (7) (Cont!d,): - ¢ %
L S - L
[ . e v . ) o " , -

. ““ \ .

[ . s R o ' :.«* ' N s f ‘ Lo ' "'l
' Name of . Variation ond . - o BNVE RGY ST
. Molecule ., of Bond i Length, 1) CNDOR ' ii) CNDO/2

—

[>] \
EEE . o 'R R
Yo T e o : 4

. . . [
. Benzene . “Rieaaps, o
S . ) C—-—C,‘_ i
L

10523

1.623  =30.8871  -46.4775

41,1229, -46.8653.. -9

) _‘\ ) ‘ (RC—H’ = | o 'lb ‘v ;j'..

i
i

CUL1009 ' o 1,423 4 -41.2036 | -47.0838
4

R

-47.1015 .

1
]
ad

fixed) . . 1.397 - -41.1882

" BT ’

Saan T S SR
ooy o 223 p_—40.46643?"w—46,5940‘ :

e . BN . . . ) .
. . PRI . Lo i . A
) Ce ™

[ . et

PRt
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|

vy
Varjatign(ef Energy with ¢-C bond lengths (Fig.'8, 9, 10,
11, 12, 13, 14) aund C-H bond lengths (Fig. 7, 8N, %R, 10A,

[

11A, 18A) in CNDOR and CNDO/2 Mecthods.

\j;’}"‘ v .

~95

-9€ |- CNDO/2

S ~101
. [}
!
-10.3 B\ y
0.9 1 1.3 15
e,
. RC’-H

Fig. 7 (Methane) -

N
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H

T

S
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©
O
o
3

}

' ~16.64 [
! ) o
e I
v‘ '
NYPYY S T '
N ) :
) | , 12 .
e « .7
(] . ! i
N Fig. 8 (Ethane)
. \» . ‘ .
-

N :
. - L)
0 ' ’
) -18.4 y;
~16,0
-18.5
{
' ~16.2 2
~18.6
-
' 1644
-18.7
» w w n‘
- ~16.6 .
18,3
> . STYR :
E - L T -189
\*J 09 X 13
: . R '

\J‘ - Fig. 8A (Ethane) .
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T, Yt
S ' . }T' h
v , ! N ;-;
~1506 |- 41693
t
p)
=150 |~ ~15.97
1504 w ~i7.on
-15,08 ~m;5
J .
RR| 1.7 1 13 1.5
’ Rc-c —
Fig. 9 (Ethylene)
t
-15.15 - ~17.065
-15.16
© 1517 ~17.066
~15.18
-15.09' w ~17.067
-15.20 |-

~15.21 - . ~17.068
. ot 1.1 1 1 i
.08 - 116 * 124 . . 1.10 [ A1) , 127 113
. . ‘
RC-H ' ‘ RC-H, .
o '

- Fig. 9a (Ethylene)
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. ‘1 -15.4
w

45.6
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-158

T -13.6
w |
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RC"C
-13.4
... 'Fig.10 (Acetylene)
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-2413

-28,7 |

E

To-24N

~2425 |-
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Fig. 12
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.

‘B, CNDOK Méthod:

Table l9) contains the energy\valuee for‘alllthe
‘molecules studied. Table (10) cqnﬁalns the energies
eelculaeed]usingidifferent\Bdna lengfhs. FigUres are
drawn to show the variation'of'energf with bond lengths.
(Figuree‘ls 22) Bond lengths gor whlch ‘the energy is
@jnlmum, are 1ncluded in Table (11) along w1th observed
~bond . lengths, and the correspondlng energy 1s lncludbd

in Table (9) whlch‘also contalns the calculated and . |

observed heats of atomization.

‘Heats of Atomization:

' To compare the heats of atomization with
o N . ' o

experimental valnee;nthey have been calculated,in the

following way: '

\

CE(H). = ~0.5.a.u,
N . “ ) B N v ' i . 1 N
S ‘ .‘g E(C) 20‘282s + 2U2?2?_+‘6Psp v :7"‘,
s 51.774 . 43,205 . 10.778

+6x

+-4,6112 a.u.

L e

© 107,

= 2X 77—-2—1—- 2 2_7._2———. l “ 27_.. o .‘"



s ‘ = ; ' 1y I
-AEapom ,Nrmber.of Q ,atqme X E(C).f

»

Number of 'H' atoms-3fﬁ(ﬂ) e - \

| AHatbm.= AEatom'f Tota}-Energy
('.

Although the heats of atomization calculated by
'the CNDOK method do not agree so well w1th experlme%ﬁg

‘as in the prev1ous method (CNDOR), stlll the CNDOK

T A
By ,)

methOd o v ' ’ ’ '

[

lOés
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" this me,.od 1s still in, the stage of prellmlnary *“

| bbtaineqaiy CNDOK method is not so. good as in. the case

zatloA the predlctlon ‘of bond lengths w111 be 1mproved

o\

‘ of CNDO 5, But we should not be dlscouraged because v

L

~— T

‘ /.V' t . L 'q'l

s
. /\' .

parametrlzatlon.v We hope that after proper parametri--ﬁ
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:\?;“ | | ” v‘ | | ) ) . " )
ﬁ;i Allene Rec 1.542° ~16.9461
. . oo R N == . . ‘ ,1‘ 1*3)!" f
h * o -H' . I — }
SRy = o A na? 16.9585
1.120 .~ Coo T, 3424 ~16.8939
£ixed) g 1. zAz " -16.7453
o N A ) ;
'Allene N R e 1 02 ~16.8086
= o ) u'.‘ ‘ '" .r“Ai\. R.l‘ r :{::’y‘\ . ‘ "x’ ) f‘ .
- Reoo - o S ff?,ﬂkﬁ_l @2 . -16.9585 .
- [ - ’ ‘_’ s .

1.442 ' C e et ;.22 -17.0031
Fixed) T 32 | -16,9833 °
A , 1.42 ~16.9226
v g . |
Propane . Ro_c , 1.413 -~19.3265
(Re_yy = | 1.513 » =19.4650
1.09 o 1.526 -19.4861
{'fixed) . £19.4906
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~19.5549
-19.4982 ‘
Propane -19.5549
(Rc_c = , »-1917117
1.713 -19,7085
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fixed),
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Name o‘f Variation Bond - ,:\
Molecule © + of Bond Length ‘ "“Energy
Butane - \ RC-—C y 1.413 | ‘—-l24,,.8774 |
, SRCAH = | | | h'”1.513 25.6291 "
1.09 _ 1.526 ~25,6478
‘fixed) | o 1.540 ~25,6660
| 1.613 | -25.7299
1.713 ~25.7516
. . 1.813  =25.4632
Benzene ’Ach;;C ' 1.323 ~-3%.3695
Roy = b U 1423 -32.8549
11,09 | - ©1.523 . -33.0489
fixed) = 1.623 ~33.0463
. . Lo w'_ ©1.700 32,9599, -
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- - Table (11) °° | e
. ) l . ' ( 1 ) ‘ ‘ * “" i ‘ “

lcdmparis?n of Cglculqbed and pbserved‘Bond Lengths in'CNbok'

‘ . o | L s (a)
Molecule -  Bond _Bond Length ~.” Observed

\ S o wy b
©1.224' A 1.106 BN

0
1

|
=0 =

foom,
L C,H 1.706 . 1.536

1.232 - 1,107
\ .

('3,()‘

1.50 . . 1.332
1.232 1.084 °

1}

O 1.339 . 1.205
1.203 - .. 1.059

11

PO 00 0o
ZOCmZ0 o omo

1.455 © 1,312
1.24 . l.084 -

N . ’ (C) ‘ i
10685 1.526 “’ [

/ l < i : : . ”: .
1.640 \S‘)‘ 154

-~

0
=+
?
0
A

(@]
josf
0
1
(9]

ceo i

LS

C.H, e 1.565 - 1.397

< (a) interétémic’disﬁances;?Chem..Soc;.Speéial Phbl;'
| 'No, 18 Lpndon”(196 ); |
.(57: From Réf,;(38).":1 | .
“(b),ffam‘Réﬁ. (39);1; i f .
* Bond length in'A®, - - IR ] ".‘f 



. C, ‘Conclusion:’' - R

, conclude that good Lheoretrcal values for heats of

e
! .
]

CN In view of the results presented here we may

A
-

' formation. can'be obtained through the‘prOper parametri-

‘zation of a CNDOelevelqsemi~empiriCal‘theory,‘ The

7approx1mat10n, many terms in. the energy formula are

and ‘the two-electron energy (p081t1ve) Under the ZDO

;ngs”geéﬁ the‘case with most of the methods'thus far

ESsential point we have‘brought forWard is the importance

of the baléﬁbe between thi one- electron energy (negatlve)

ellmlnated If there arlses any apprec1able 1mbalance .‘.

due tQ the effect of these neglected terms between the ‘:,

¢
i

- one- and two-electron parts, then we are bound to.have

a poor;total-energy value," It is our opinion.that this

ed by various authors. we have attempted to ,

"malnt 1n the balance by 1ntroduc1ng two ' parameters,

’A~and w, 1n the one-electron part of the dlagonal

energy matrlx elements.A

| As descrlbed earller, theiyse of the 2DO

‘-}approx1matlon was, to some extent, justlfled by
‘lntrodu01ng the notlon of the orthogonallzed atomlc
'orbrtals (for example LOden s orbltals) 1n the P-P-P

K theory but 1t seems to be dlfflcult to malntaln the

-

"-f“same 10g1c and subsequent Justlflcatlon ‘in the all— o



valence—electron theory However‘we‘keep it asma L
vnecessary‘evll in order to make the calculatrons -
fea51ble for large molecules._' |
. Although the bond lengths calculated by the
.CNDOK method are pot S0 good as those obtalned by
CNDO/2 method ‘the heats of atomization and total— id
'energles are much better than those of the CNDO/2 |
‘method Furthermore, we ‘must empha31ze that the
:CNDOK method does not’ glve "bond: lengtﬂs whlch are so
far afield as to rendegmthe method hopeless. On the"
vcontrary, we believe that the CNDOK method represents_
a SLgnlfrcant step toward solv1ng Klopman S, dllemma.
Although in- thlS method.we can, employ either ‘of the |
three prohosed ways. (Roothaan s, Ohno's, or. Mataga~'
NlShlmOtO s formula) to obtaln coulomb 1ntegrals, we are
. it

' not restrlcted to the use of the partlcular corre3pond1ng
vvalues of Kuvand'rv The flex1b111ty represented by *
these parameters has yet to. be exploxted.. Even moreb‘
hflex1b111ty can be seen when we con51der the\effect of
also varylng A and w along’w1th the K s.» The present |
: work has shown that such a parametrlzatlon leads to

a, useful Seml—emplrlcal method. cOn51der1ng that there

Stlll remalns a considerable amount of the flex1blllty

'-ihin the method we can be optlmlstlc about the usefulness

of the method in the 51multaneous predlction of a varlety RS

',sof molecula; propertles. S0
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