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ABSTRACT

The title study Was undertaken to dezign an
elaborated cluster model of aillca gel and to investipate
adsorption complexes of propene with =ilica using INDD method
and optimization of geometry. The bagia idea of cluster
madeling entalls substitution of the bulk of zillaa by

terminal quasi-hydrogen is-atoms the quantum-chemical INDO

parameters of which are =strictly optimized to glve adequate
deaaription of the electronia dizt.nibutions in zilioa.
Theorstical resulta for geomatric parameters, electronic
characteratics and band =structure of the madel studied
wersa found to ba in fairly good agreement with

exiating experdmental data. Thiree =stages of caclusnten madeling
were conzsidered. The gimplest. mosdel for hivdroxylated
adeorbents 1g the hydroxide andon. In the =econd stage
orthosillicle acld 1a used as & madel of =asillaa but the model
haz a basic drawback becauase there aive no ziloxane bhrldges in
it. The third ztage of modeling preauppomes the indorporation
of the alloxane network in  the chistera. The clustenr
SKOSH{S} 4 iz chaparterized by non-urdfopm elactronic
digtrlbutionr in the bulk phage of zillca and alzo gives
inadequate deaardption of the band astructure of sillaa while
thae clusten S!COSiH;) 4 leade to more accurate and reHable

degcription of the electronle and band structure of ailica.

The ocluster model SiCOSIHY>

324 iz found to bhe optimum,



1. INTROBUCTION

The maln objective for wndertaking ithis study iz to model
the bulk and surface phazsez of glllca uzing a gquasi-atom
clust.er appl;aac:h and to explore the mexits of thise approach
aver the é:da:ting madels by satudying the electronic and band
structures ({(aystem of MO level:zd of adzorbente and by
comparing the resulta with experimental data.

The INDO methoad [11 givea a reldable deasoription of
open-ghell aystems and transition metal contalning asolids (2]
and therefore i=z employed 1in the present work. The
corresponding computer program was wrltten by  J.A.  FPople
et al 1l

The quasi-atom ! cluster approach eventually leads tn a
proper model of siHca which allowa calculation of more exact
aleatronic den=zltiez and prediction of fsirly. acaurat.e
geometric structures of surface complexes of propene with
=zllica. Such a modeling technique pravides a more
alaborated approach for theoratical consideration of the
problem of adsorption and is applicable to =zurface complexes
of propene with hydroxyl containing adzorbents with possible
extenzions to atudy surface complexes of propene with
siliaas chemically modified by metal salta,

The cluster models [3] uzed in the present study are chogen
because of their simplicity and iluztrative charcter. There
are three stages of modeldng. In the Inltial =stage hydroxyl

containing adsorbents are rpapresented by hydroxyl aniona.



In the gecond stagse of modeling orthosilicle acid [4] i used
asz a wmolecular model for the adsorbents. Finally, much more
rigorous madels are applied The great. merit of the third
stage im that it takes into account the borderline effectsz
hetween the fragment. chosen and the =zolid [Bl. The cluster
modalz are useful to get a batter inasight into the procesz of
adgorption and for the deeper underastanding of surface
complexas. The interpretation of regults alzo  bhecomes:
relatively eagy.

The bhasic atructural undt of sildea iz the S1, O-

4...

t.etrvahedron [810 4] [68]. The Interatomic ddstances Z1-0 are

in the range 0161 - 0142 nm and the nearaset aoxygen atoms are
saparated by a distance of 0248 nm. dondensation of saveral
tetrahedra into the complicated 51, O-ztructural netwarks
inevitahly leads to diztortion of the hbhasic 51, O-tetrahedral
unit and thdg results in zsubztantial deviationz of the S51-0
bondlengthse from the average wvalue and subhstantial variations
of int.zl-a— and intertetrahedral anglez 0510 and S10S81 (71
Amaorphous =aillgas aconsizt of several tens of 510

4

tatrahedra ond contain [f-cristobolite Inclusions in reglons of

dimenzion 185 - 2.0 mm [BL Such quagi-cryatallic
3-eristobolite Inclusions anre found even at, elavat.ed
temperaturez. The £S1-0 distance 1a 0458 - 0462 nm and the
angle  Si081 i 140 - 180° whereaz the average statistical

angle 1s 168° fol.
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The surface of' digperzed =ilicas contalns various macro-
and micro-defects, the contacta of the globules, cavities,
cracks and pores. OH-groups on the aploes of the 5, 0O-
tetrahedral surfaces form the hydroxyl carpet. [10, 11l

The ﬂux-f‘ace. OH~-groups of =ilica may entern aubat.it.ut.ian,
izotoplic exchange reactlons and form hydrogen honds with
adzorbate moleculez. The avebage distance betwesn the sunface
OCH-groups 1a eatimated as 048 nwm [12], though the aurface
hydvranyls are arranged non-uniformly. Thiz is deduced from
IR- 13 - 1B and NMR- [16 - 18] meazsurementz. The
eatimated distance corregponds Lo the =stastical average.
Howaver, 1t zhould he noted that depending on the conditions
of pretreatment, of sillca {temperature and pressure of
evaauation? some groups may be at a diatance of 03 nm and
Interact by weak hydroagen bonds. In  addition to allandiol

28

groupa >1(0832 101, The 51 NMR =apectrpa claanly raveal

the presence of
51 |0BiI—0— HOS!? 081—4* (OH}ESi OSi<G

No— 4. O— I3, O—la
surface groupz {17, 191, From the previous digcuszion the
difference hetween the Ilzolated and bonded ES10H groups [13]
and the distinction batwen the surface and internal silanol
(201 should be clear. Not only hydroxyl groups but also
glllcon atoms [21] and OXYEEn atoms of the =siloxane
bridge [221 gnuld bhe the active altea for adsorption

of amall nualeophllea,
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The various types of sillca surface sites are generalized
in the conventional s=scheme ({fig, 1>

I ailicas are evacuated at. elevated temperatures:,
mpolecular water is evolved [23] Adjacent. OH-grocups condense
followaed by the formation of the =iloxane (81051 bridges and
gome of the physiaally adsorbed water i desorbed fig. 25

This view followa from gravimetric 23] and molecular
dynamicse [24] gtudiea.
The rate of adsorption or dezorption of water az a function of
pratreatment conditions of amorphou=z stllcas aould he

monitored by gravimetxdoe {231 and 2951 NMR [28]1 gtudies.
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2. MOLECULAR OREITAL THEORY
2.1 SCHROEDINGER EQUATION ARD

VARIATIONAL PRINCIPLE

In principle all characterstia properties of a molecular
aystem may be determined hy aolving the Schrddinger equation
for the system. The resulting wavefunction 1z a function of

the coordinates of all the particles (nuclel and electronzd in

the gystem and time but moast of the guantum-chemdcal
calaculations ara bazasd upon the time-independant.
Schrddinger equation. The =soclution of the time-independant,
Schrddinger equation ia of grzat, practical import.ance
for the deseoription of the motion of aleatrons in a given

potential fileld <{usually the field created by huclel and
eleatrons  themgelveal. For a system of N nuclel and n
electrons interacting with each other the time-independent
Schrédinger equation is wrditten as:

Hed,2,.0N; 1,20 wed,2,.,N5 1,2,..,m

w Ewdi,2,.,N; 1,2,...,00 245

where ﬁ iz the hamiitonian aoperator, yw iz the acomplete
wavefunction of all the particleg and E la total energy of the
syatemy 1,2,.,N; 1,2, ..n are spatial qgoordinates of the
nuclel and electrona, respectively.

A ~

e
HeoH,+H +H and
o aN
e
H d

Y
H are expressed In atomic unitse a=
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-
where bh{p) 1ig the one-electron hamiltontan for the p-th

elect.ron
> 2 -1 -1 -1
hip> -1-2Y - ; -R
pa = p Az “AAp } Tap Irp "Ry |
A
and gip,qd 1=z thea potential eneygy operat.on for

interelactronic repulsive interaation betweean the p-th

electron and all other elegtrans.
~1

.
14 3
gip,ar = I‘pq

. NN
Hoy ® 172 ZZEA aFan

All. for mags, length, chapge, anergy and action are definedl
ag m,, a , e,eg/ao, T regpectively,

whexe

m_ 1z maza of the glectron,

a, iz the Bohr radius,

e lg the electronic charge and

h m h/2r where h ia Planck constant. ¢h iz alzo known asz Diraa
constant. [2610.

In the preceding equations, 2, ia charge on nucleus A}

A

154 " and r-p are nuclaanr and eleatronia coeordinates,

rezpectively, HAp iz the diatance bhetween nucleus A and

electron p, R AR iz the Internuclear distance bhetweean nuclel A

and B, rpq la the interelectronic distance hetween elactronz p
and 4. Vz iz called the Laplacian operator which in ocantesian

coardinates iz expresmed asz:

2 2
? a g L v €2.2>

PN B
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The variouz terms In  the expresaion for the total
hamilt.onian reprasaent operators for kinetic enargy,
electronic repulsion o attraction potentiala, Az was
mentioned earllew the complete wavefunction depends upon the
anordinates of all the electron=s arnd nuclei but.
Born-Oppenheimer approxdmation allowse the geparation of the
electronle and nuclear motions Iin which case the total
wavefunction may be written as a product of two functions
which are functions only of the eleatronic and nuclear
coordinatez, respeatively, ie,

W' m pir,gd X{gd {233
where  and X are electronic and nuclear wavefunctions,
regpeatively and r and q are generalized coordinates for the
alectrons and nuclel, respectively.

Thus, the problem of finding electronic wavefunctionaz for a

glven molecule reducea to =olving ita Schrddinger equation:
N n

S 2 -1 -1
[—1,@.2% + pz:pq -ZZZAI'AP]W = B, v C2.43

wherpea Ee iz the electronie energy.

1
Under the Born-Oppenheimer approximation the total energy of
the =syztem iz given az the sum of the electronic energy and

total internuclear repulzion snergy.

|
E = B + AZ' Z,2; R, o <285
Equation (243 iz a fundamental equation of quantum chemistoy
and variouz approachez {approximationsl that are used to solve
it led to the emergence of an emehse variety of guantum

chemical methods,
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There are two general approacheas to obtain approximate
solutions of (2.43

The approach known as orhital approdmation in which
ona-elactron  ovbitals are uzed to consmtruct the nmolecular
wavefunction, it 1z assumed that the motion of a single
electron ia governed by the average fleld created by the
nuclel and the other eglectyona. Thus, for eagh electron it im

poeseible to write a cne-electron Schrddinger equation aa:

-1 - -1
[ 1/2V2¢1> + PN ]v?i . Ep, 283
n el
whera ;i 9 i= average interelectronic digt.ance hetwean

eleatrona 1 and §, vy & one-electron wavefunotion fou
electron 1. One-electron wavefunctions are called orbitals.

The total electronic wavefunction of the many-electron =syztem
iz then written az the product of one-electron wavefunctions
or orbitals a procedure known as Hartree method. Beszides, the
electronic wavetfunation must, satisely the antisymmetyy
condition. Tha antisymmetry principle atates that, the
eleatronic wavefunction muzt be antisynmetric with »pespaat. to
mutual permutation of a palr of electrons Jdnterchange of
thelr apatial and apin coordinatead in accordance with Paull
prineciple. Galaulation of moleculan orhitals by S5CR
one-electron  approximations has computational simplicity but
involvea erude approximations as compared to LCGCAO J0F method.
Therafore, ¥ iz not a aingie product but should be represented
by a Slater determinant. taking into acaount all the possible
electron permutations of the different spin orbltals. Thiz i=
raeferred to asg Hartrea~Fock method. For a ayatem

containing n ® NA2 apatial orhitalz (N 2pin oxbitalad ¢ the



- 41 ~
normalized wavefundtlon yw for a clogmed-zhell syztem iz written
as a zingle Slater determinant:

gt-i(i)m(i) e;bic-l)(?{i) q#;z(i}a:{i}....cpnﬂ}ﬁ(i)

‘ ' tﬁ)i(Z)a}Cﬁ) ¢1(2)ﬂ(:2} ¢2(2)£i€:2)....¢n{2)[3€2>
1 L
- ! |
w m {NI> 172 } '

1
] ! !
| { !
! : 1 *
¢1Cn3a(n3 "bi (n)tj(n} ¢z€n)a(n)....¢nC1\).ﬁCn)

PR

e ——p— + ——— . 1 A 4 i 1=

or in compact form (using diagonal elementz onlyd

-1/2
Py

w = CND 1> @ C23p, (WP, L4D..p (N

or even more compactly ag
p = €N!3—V2]wi;1p2}32-.-wn$n
where the apln componenta a and 3 are defined az 112 in unit=z
of h, respectively and p = p o, p m p f3
In general it iz neceasary to conslder the wavefunction a=s
a Hnear comblnation of a findte Jdugually amalld number of
Slater determinants [27) This 1a partioularly true for MO=
of syztems contalning unpalred electronz (open-shell ayatemsd.
The multi-determinantal dezcription of the wavefunation may
be written as:

v m 2 oD, 2.8
1

where the zum la taken over =all possible caonfiguration= and a
iz a variational parameter {cpefficient).

Slater determinantse give only the meanz to express the
total wavefunotion as a product of saspin-orbitalz. To obtaln
the heat approximate solution of (243 hy thig method,
variational principle iz uzed. The variational princlple iz
hased on the variational thesrem which gtatez that the average

energy, B, of a syztem calculated uzing a well-behaved trxial

2.7

. .
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wavefunation, y, ix alwayz greater than or equal to the true
enargy Eo obtained from the exact wavelfunction ¥,
Ntatrle)}1aticaiiy_. the vardation theorem i expressiad as:
_r wﬁ H g dr
R = ™ > B
Jw v dar

where edquality holds when the trdal function iz the zame as=s

o {2.93

the exact wavefunction (ground stated.

The expression (28> 1z subztituted for yw Into the
variational eguation <(2.9) which {8 minimized with re=spect to
the aoefficlenta of Bi and the pavrametera of the saspatial

orbhitals, pn( 3>, However, practical implementation of such

minimization 1a very complicated hegauze D, depends on the

i
shape of L which In turn {5 determined by Di' Such
minimization iz  called multi~configurational SOF method but
mogt SGF methods are baged upon more simplified achemes
(elther @, or Di iz wvaried> than the multi-configurational
approach. In particular, if D, = 0, B, = 0, 1, the whole
calogulation will he bazed on optimization of orbltalzs ¢ 1n
thia mere configuration.

The second approach Involvez approsimation of p as & Hnear

combination of atomic orbitala (zo-called LUAD MO3.

o, = Zduiqbp €240

where ¢ -is a cgoefTiclent and ¢ 12 an atomla orbital {(AO2,
Intuitively, the nature of chemical problema makes it
profitable to rpelate molacular orbltals to the corresponding
atomic orbltals of the constituent atoms. Howevern, to carry
out. sguch M0 calculationz & convenlent analytical form for the

AD of each type of atom in the nmolegule 1= required.
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2.2 HARTREE-FOCK METHOD FOR CLOSED AND OPEN SHELL BYSTEMS

Roothaan’s work (28] was the outstanding ztage Iin  the
devalopment. of computational guantum chemistoy.
A=z was mentionad the moat widely used approximate
calculations of the electronic structure of o-ayastems are LOAO
SCF MO procedures. Such procedurea lead to the Roothaan
equation [2¢]:
¢F ——eighci m 0, Det(F - 58 = 0 241>

where F and 5 are matrices of the Hartree-Fock and overnlap

operators, respectively. The matrdx elementas are pgiven as

follows:
o m H + g 242>
[RE H [HE
where

LY
Hw = | ¢“c1_s H ¢ < dry | €249
6, = KZ ProTne = MK, 00 €2.443

where H,uu and Guvave matrix elements of the core eanergy and

intereleactronic repulsion energy, respectively

P, = ):cmc o4 <248
i

P}\ry are the elements of the denzity matrix In A0 basis =zet.

J

pre = J I 2,0, —:_- ¢, 22¢_2> dr dr, €216
12

1 )
w [T @, (A, 1> =, B,C2d¢  Ddr dr (247>

K.up)w' 172

J

LA are galled coulomb and exchange integrals of

and l{[_m)..a

the intereleatronic interactions, respectively,

W
s'w = _rq&p(i)eppa) dr | 218>
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The =olutions off the Roothaan equation <2413 are the
elgenvectonrs, a ] Qg0 gt 1t ed Sy

corvesponding  elgenvalues which ave referred to as orbital

a a and the
enenglem, 2. In the wunrestricted wversion of the Hartree-Fock
method the wavefunction for the molecular aystem ls written as
& mingle determinant and different. spatial MOz are uged for
dif ferent, apinsg.

The pr-'ocedutve for =olving the Roothaan eguation iz as=
follows. Determination of the roots of the sgecular equation

{2415 demands computation of the dorrvesponding Foekian matrix

alements, F

L’ which in turn depend upon the coefficient= e’yi

off A0 through P,uu and may ba computed only by solution of the
eecular equations. Tharpafore, it iz necegzary to make certain
asaumptiensg ahout the Indtial shapes of MO’z {(Zero—-ordrar
approyimationd and the corrasponding valuas of Pzp. The
latter are subztituted to 2110 and then 2141) 1= =solved,
which lgives matrix of electronic populations in the firat
approximation, zay, P;p. This 1a again substituted into the
initial equations. Buch an iterative procedure of
aelf-consiatenay is repeated unless the definite wavefunction
iz achieved which remalnz unchanged in esubsequent iterations.

Salf-consiastency iz finished when

<nd <n~1)

AR} w Eel - Eel < & $2.105
where E:T)and E;’;—i) are the values of electronic enerngliea

obtained at n-th and {(n-i>-th =steps of Iteration procedure, &
iz a pre-defined very =zmall quantity called accuraay of

gelf-consiatency. Sometimes, another ariterdion of the accuracy
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of gelf-conslatency is applled:

<nd {n-12
A w |Eal Eel 220>

<nd
Ee 1

Open-ghell systems appear In zystems with tha odd ﬁu.mber- of
electrons and alzos with even number of electronz when one or
several eleatrona are exclted to virtual MOs

In general open-shell =systems must be desoribed by
multi-determinant wavefunctionz. However, sgsuch a dezecription
leads: to subatantial comploat.ion of the aomput.ational
procedure which makez 1t impo=sesibhle to treat complicated
molecular ayatems=, eag., fres padicals, low-lyilng triplets,
ete. For mome ayatems the altuation becomes easgier becaume
quite accurate one-determinant dJdesoription becomea posaible.
Uorresponding subdivizions of SCF approaches are!

{13 rpvestricted Hartrea-Fock (FHF) method in which all the
occupied MOs except the higher onea oontaining unpairved
glestronz  are ocoupled hy two electrons with anti-paxaliel
spin=}

di> unrestricted and supanded Hantree-Fock (UHF and EHF)
methods in which variational procedure is fulfilled with the
zeparate apin orbitalz contalning one electron each,

Generally the wavefunction of a syatem of N electronsz ia

ay
w (1,2,.,N» a8 ¢ 1,2, ,N> X 1,2, ,N> 2215
>
where d iz the operator of symmetry transformation; ¢, X are

functions of apatial and =rin soordinates:
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¢ A,2,.,N ® g KD p e (D (R $2.22)>
X €14,2,.,N> = adid. . okndpintid. . . KNEmD

where {piat } and { 4 a } are two orthonormalized s=sets of

one-electron orbitals; add and B3> are epin functions with
gpin projections of the i-th electron equal to +1{/2 and -1/2,
respeatively in units of h/2n.

Suvbatituting (22173 into (222> and replacing of 8 by

oy
the antisymmetydzation operator A tha wavefunctin of UHF, WUHF‘

HF

ig obtalned. Impo=zing on yuu the condition L2 one

piﬂ

arrives at the wavefunation of REF. Finally, the wavefunction
o~ N

of EHF iz obtained if @ = AA iz =substituted into (2.213,

oo

where projection oparatopn 0"51 subtract=s camponent, of
multipieotty (25+13 from wUHF.

RHF 1z the dixect generalization of standard SCF theory.
However, rezultant equations arve somewhat more complicated

than equations for cloged ghells. Rocthasn 301 proposed a

scheme according to which total energy is

E = ZZ H, + Zlczjm - Kot f[ 221{ R Zimjm +bK >+

zzmczjkm + Kkm)] <2.28>

where iIndices k,J and m,n refer to the orbitals of closmed and
open shells, respectively, and
1 = oylulee

Ty = <Ay leo NSEIRALDS

H

Ky = <Aliglo = <yl Pe
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% — 1
JipCi) = [ f piCZ)piCZ)";;szz]pfi)

- - 1
K pdid = [ _]’ g)i(Z)qoi(Z)—;;szz]p(ib

are acoulomb and exchange operators, respectively.

The first two s=suma 1In (2232 define energy of clo=zed
ghells, the latter two -~ energy of open shells; £ ia equal to
the number of occupled orbitalse with open shell divided by the
number of all the posszsible apin orbitals. Values of a and b
are different for different states of one configuration, ez,
forr the ground atate of a radical £ & 12, a &« 1, b 2.
Procedure of finding of the wavefunction ig to find combined

solution of =eparate system of equations for open and closed

shells:
P
w = i, P
ok k Tk 224>
F'me = Tm Pm
where
M Y e o~ -~ o >~ Fa
Fﬂ -] H + ZJG— Kﬂ + 2}0— Kn + 20‘1-',3" ﬁMﬁ,
FQ ] H + ZJG- KG + Zajn— b[{o + 2::&1_.6 - ﬁMc,

o m (1~ads/C-T3, R om A-bXAU-1D
G = S G, = 5.
K= Zﬁk , K = ka:m,
Lp = p|5 |y + <p|#d] @1 -
M= e | ek
Ec ] Zﬁk » ED u fzf"m’

Mc. “ZMk’ MDEZMIH'
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The difficulty of s=zuch an approach iz the cholee of the
off~-dlagonal Lagrangian multipliers connecting open and cdlozed
shells, The raole of these multipliers 1s that they make open
and eclosed shells mutually orthogonal. However, hamiltonian of
the ayatem is too ocomplicated and it becomes difficult to
ascribe physical deacription to its :aepar-}at.e congtituents.

For the definite types of electronic configurations
{non-excitad doublets and lowest triplets) Roothaan [303
proposed a more realiztic approach, in which unified system of

equations ia solved for open and closed shells:

e

Fp = o ¢ €2.25)
s . o~ . e Fa e o9

F om Ha+J +K +2@ - - pM - KD,

. a 9 i o~ ~
Jtch+‘}o’Kt=Kc+Ko’

.9 o~ Fa o~ Y F.Y

Moms M_+M , L o= L +L_ .

In the caze of doubleta (one electron on non-degenerate «pﬂ)

equation (2233 reduces to

E = zz H + Zlcz_fm - K > H_+ Zaczjko - K0 (2265

where the firat two terms describe clozed-ghell energy. They
may be rewritten am
E, = z &R, + 1/421 @, - K 8 227>
where g, = 2 - occupation number of closed-ghell MOa.

Formal generalization of (2272 on the radical having
g, = 1 leads to the expression which besides a small number

1/4,]°° coincides with (2.26):

Ep = zz H, + Zxcz']“ - KD+ H;Z 2l - K, Hra) 228

Thus, caloulated approximate value of ER may be associated

with the accurate {(Roothaan? value:
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E = By - 1/4] _ €2.20)

Enargy of the excited triplet state is

E = Ep - 1/4] =1/4], , - 174K, (230

The last terms 1n (2292 and (2303 may be visualized as the
rezult of the repulsion of two ”halves” of electrons with
different. spins occupying orbhitals @, (radical), L and
L {in txiplet).

The basic assumption of UHF method I[311 is that electrons
having o sapin oocoupy spatial MOg different. from MOs of

electrons with (3 spin. In this case two comhined elgenvalue

probhlems are solved:
[(H+ZJJ- Z R o9, = 2 54 4P o

€2.31)
i « 273 Z “Pip 2" P

or in the matrix form

o0l (o J |
Fici = sisci

3.3 3
Fici = .e:.'iSGi

where F™ and Fﬁ may be represented az the sum of one- and
two-electron contributions, ie.,

s H+6® F? s ou+d® (232

Matrix elements of Ga and G'G matiricez are!

ol o
C Za[Pm{palvp) PWva|p¢r}],

; [ pov1e2]
G = P <Cueluvpd - P (up >
Zﬁ pgulp mulw

£2.33>

pe
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where
ol (s TR IE] _ #n
Ppcy £ Gpico*i ' F apico-i’
i i
P paepl
faled oty po
From (2813 - (233 it is =seen that Fackians for electrons

with different. sping are connected by exchange terms and
differ from each other because exchange interaction of
electrona with equal and opposite =pins is different.

In this thesis the program version based on UHF metheod i=

naead.
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2.3 NON-EMPIRICAL SCF MO LCAO METHODS AND

SEMI~EMPIRICAL.  APPRONIMATIONS.

Calaculation of electyronic structure of a molecule or a
molecular system reduces to =solution of Hartree-Fock~Roothaan
equatlions, Integrals entering these equations are determined
in the basia of one~electron functionz - AOs, x}u. Calculation
of yw demands a proper choice of AOs, ;zp, which must gilve a
gond approdmation to the true atomic wave functions, should
ensure gatisfactory convergence of iteration procedure and
must have analytical (=implad expreasions for the
correaponding integrals.

Analytical approximations of the basis funations,
parameters of which are optimized by =solution of variational
problem forr atoms and small molecules, are well known.

Among =uch functions the mozt popular ave STO:

Xy = 28 2™ 1 Y, (9, @ 234>

where

21+1 {1-imj>! 172 Im| caamg m > O
P 1 Caamdd £2.35>

Y (5ol m '
Im [ 2"6111 Cltfmpal Zinme (m < 03

are hormalized apherical  havmoniaz; P 1 pm| Q- agaociated

Legendre polynomials; cSm B 2 if m=a 0 and 1 in all the other
cages.

Orbital parameters (233> are quantum numbera n, 1 ,m and
Slater exponents F selected according to the well-known
Slater rules.

Therefore, the great majority of non-empirical calculations

of polyatomic moleculez is based upon Gauss-type functions:
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172

c4d)n+ix‘2 I _mﬁz

Their basic difference from STO (234> is their quadratic

dependence on »r in the exponential part. Owing to these
products of functions g nim centered at different points which
are met in computations of molecular \int.egrais may be
praganted as LG of GF centered in a general case at. any other
point. of Bpace. This circumat.ance and possibility of
factorization of the exponent relative to the three ocartesian
coordinates allowa to calculate all the neceasary Integrals
cﬁmparat.ively very eaglly and meore seffectively.

The most perspective in this s=senge iz application of
extended Gauss =smets. Degomposgition of STO to GF may be

reprezented as

N
x = Zicigi C2.373

i .
where &y iz decomposition coefficient.,, N defines the number of
GF by which ST0O function is approxmated and iz aalled
parameter of the function STO-NG [32,331 Practically basig
zets are used after grouping of several GF entering the basis
zet., which gives economy of computer time. The recoﬁmendat.ion
along this line iz to group GF and to vary not all the
caefficienta of MO LCOAO decompo=zition but only those which
refer to the given group of functions [34, 35l This allows
to decrease the number of Hartee - Fock Roothaan equations
aubstantially.

The mogt popular schemes are STO - 30, 5T0-40. To improve

the results each orbital of the inner shella is represented by
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STO-NG but orhitals of the valence shell are subdivided into
several {u=sually two-three groups) each of them iz described
hy the corresponding number of GF: E7T0~-4-314 (34,371
(orbitals of wvalence shell are subdivided into two groups,
orbitala of the first group are described by three and the
gecond - by one 0OF) Bamis gets STO0-6-316, STO-4-3118 are also
known,

The other way of improvement of results ig inclusion of
polarization functions to +the hasis set (4 for the second
period atoms, p for hydrogen atomd). Basias seta of thla type
are degignated by one or two zstars, respectively. This allows
to obtain the more uniform electronie distribution, increases
the relative contribution of  the gtabilizing non-valent
interactions. For example, extended basls sget, of the type
STO-6-511G" 1z widely uzed.

Application of naon-empirical calculations of the electronic
atructure of molecules comes across serious computational
difficult.ies: connected with the nedessity of computation of
various integrals the number of which abruptly increases with
molecular =ize.

In apite of rapid advancements _ of non-émpirical
quantum-chemical methods approximate semi-empirical =schemes
=till continue to play a vital role in the aaleculation of
molecular properties. Therefore, =semi-empirical methods are
widely used. Semi-empirical MO approximations are one of the
most intensively used and highly developed methods of guantum
chemistry. Semi-empiriaal MO methonds bazed upon

Paxrison-Parr-Pople approximations for m-electron saystems are
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degcribed and analyzed In every detail [38]. Semi-empirical
methods are also used to calculate the electronia structure of
saturated organic compounds and thus take into account not
only n— but. also ohelectrc;ns 1, 2¥, 391, In recent vyears
such methods were guccessfully employed to =study wvarious
physico-chemical properties of compounds containing atoms up
to the fourth periad.

The impossibilty of gei—:.’t,ing exact solutlons to the
Schrédinger equation for many-electron =systems eventually
neceasitates the introduction of approximations, Thu=s, MO
method inveolves approximate quantum-mechanical treatment of a
ayatem containing a filnite number of electrons and nuclei
interacting with each other. The effects of appraximations on
the results of calculations  were analyzed and
disgua=sed [1, 27, A8, 391

Characterstic features of all the semi-empirical methods
ara:

(i Several groups of electrons are not explicitly treated.
For example, only valence Cvalent. approximationd or
m-elactrons {(m~electron approximationl are sonsidered;

(i1> Several terms of hamiltonian (212> are ignored or
exprezged througzh empirical parameters;

Ciiid A =erles of Iintegrals necessary for calculation of
the electronic energy are either accepted to have zero values
or expreszed through other integralz or empirical parameters.

Approximations howavex cannot. be arbitrary. The baslc
features , interaction and effects, acaurately taken into

conaideration in semi-empirical schemes, should be kept iIn
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aemi-empirical MO LUAO methods. One of the features of such a
contidnuity 1z preservation of the invariancy of calculations
undexy different. transformations of basie stet.o and
Hartree-Fock-Roothaan equations. From this point of view a
series of levels of approximations are possible:

1. Approximations leadinzg to violation of invarianay of the
results relative Lo both rotation of coordinate axes and
hybridization of AOs;

2. Approximations preserving invarianacy relative to
rotation of goordinate axes but violating invariancy relative
to hybridization of AOs;

3. Approxdmations invardant to both rotation of coordinate
axes and hybridization of AO=.

Gomputational methods corresponding t.o any type ot
approMimation are possihle but pre=zervation of invariancy of
the =zecond or third lavel 1=z practically essential. A the
aemi-empirical computational methods desoribed below satisfy
these conditions.

All the existing semi-empirical methods may be subdivided
into two large groups. The first group includes methods taking
into account overlap or methods of complete overlap. Equation
of theme methods g Tformally analogous to the acourate

Roothasan equation:

H ¢, = ES ey €2.383

F o

but  the expression for H depends on the leval of
approxdmation. The most known among these approaches ia EHT
method [40, 411 Electron-electron interaction is not

explicitly taken into account, diagonal elements of H matrix
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are approximated by iocnization potentials with reverse w=ign
and for off-diagonal term= one of the expressions is applied:
k

GO H = = C(H +H 258 C2.39>
M 2 L (53] pv

(Wolfsberg-Helmholt.z version) [42];

¢did> H = kS €2.400
[2i 5 e
{Longuet~Higgins~Roberts version) [431;

€iiid H = k<{H H 31/2 s €2.41>
[ald L e

{Ballhaugen-Gray version) [44]1;

Gvd> H = 1/2CH  + H OS2 = |S _|> €2.42)
LUy Hu vl T e oL

CCuzachs’ version> [44L

The total energy in EHT is tha sum of one-electron energies
which is egquivalent to proposal on mutual compensation of
contributions from electron-electron and nuclear repulsion.

This method appears to be matisfactory for the systems with
relatively uniform charge distribution, #=.g., hydrocarbons,
For the systems containing hetercatoms IEHT (iterative
version? ig more adequate [451L Dependence of HM# on the
charge of the given center iz taken into comsideration and is
acgepted to be linear. For transition-metal containing
substances MWH method iz more adjustable [44l It i=
characterized by seolf-consistency relative to charge and
elegt.ronic configuration of transition metal

ZDO=approach [461 gives a  wvariety of semi~empirical
methods, It is based upon the assumption that, S,uv = 0 at
urp, ise,, Syv= 6;4!—" This reduces equations (211> to the form
Eci = &c €2.43>

and substantially decreazes the number of integrals of




- a7 -
intevelectronic Interaction subjected to computation. Al the
varaions of Zh0-achema follow FPople’s
clasgification [47 - 4¢] in acaordance te which three levels
of approximation may be noted, prezerving invartancy at least.
to rotation of coordinate axwes;

1. GNDO when all the products x_uxv are et Zers. Only

integrals of the type

2
\v
u . |—-— - v I v H
iy <x“A 2 A x.UA>’ <pr! le!JA y Mgt
CHAMA[PAPAD ™ Yaa » SHala|HpHE> = Y4 €244
are non-Zero, wWhare VA and VB ~ cora potential of atomz A and

B not contalndng valence electrons.

2. INDO differs from GNDO only by non-zero integrals of the
type (pAvA}vAo'A).
3. NDDO when the products xyx,u are eadqual to Zero only for
A0 referin to different atom=z=. Integrals U
& x & u* (xpdvgfxp?

u

. Cpyv Alraoad e AP"BQ‘B) ara kept in this scheme.

“AIJA.I

INDO =zcheme la equivalent to NDDO in one-center partz, to
GNDO - in two-gentexr parta.

For- all the 2D0O methods total energy of the molegule iz

E = ZEA + ZBE"B ¢2.45>
A

where E A are one—centar constituents containing only

interatomic terms; E AR 2ve two—center constituents which in

turn may be aubdivided into covalent and elactrogtatic

aonatituents.

Semi-empirical theoxdes reproduce correctly the behaviour

of one-center constituents of energy with the ald of such
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values of one-center parametera which are determined from
atomic  gpectra. The sitvation 1 worse with two—-center
Interactions.

The difficulty iz condition of rotational invariancy which
necessitates t.o conslder electroztatia congtituent of
two—center Interaction to be {zotraopic

el .
EAB = [(ZA - qA)qB + CZB - qB)qA];wAB + ZAZBVAB C2.4465

wherea qAand qp are gross gelectronic densities on A and B
A
atoms (g A = ‘uz F,up »y 2 A and Z_ are core charges, VAB im

nomrmalizaed per unit. of chavge poatential of agore-core

B

Interaction.
This leads to zerdous congsequencea: {13 the achame doea not
reproduce energy apltting in the crystal Tiald;

{i13 character aof steric interaction iz vielated.

el el aov
The value of E AR and the whole balance betwesen B AR and E AE

iz determined a=s

e N 17" DD R

where {}AB iz emplrical bond parameter dependinz on the nature
of A and B atoma. They depend on the wvaluea of the coulomb
integrals » AR They may be aevaluated by two methods:

(i3 purely theoratical computation on the baszsia of ETO leading

to the overestimation of Eigv at large dlat.ances;

(it emplvical edgquationz  fon allowing to overcome this

YAR
difficulty.
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The expraegaion for the electronic energy in the

Hatiree-Fock~-Roothaan approximation is given (1]

|}
B, = zZ‘Hﬂ + zcz,]uuxiyju) or

1w
aac
B, = in + zpypnm <2.480
1
AppHoation of the Mulliken-Ruldenberg
approximation [zn, 501 subatantially 2lgndfies the

computation of multi-center Integrals of {the type (244, 2473
exprezased In the faollowing way:

¢ 4> ¢ €13 = 12 S [qs 1> ¢ 1> + ¢ 1D & Cﬂ] €2.49)
Mo THg po Tt Ty Hg Mg

Then the most complicated euprezsionz for the three- and
four-center integrals in the comput.ation of electronic
Iinteractions Aara repreaent.ed by much moyre aimplified
expreasions, which gontaln only one-genter and two-center

integrals:

; i
CHp | hod = J‘ _[‘tppci_:cpvu)-;—

¢, £23 g €25 dr
iz A o

% 444 S Cup|ARD + Cupood + (o |hnd + {vplc'm')] C2HOD

M g.\o- [

Since the wvalence and imner core electronzs abruptly differ
in thelr orbltal energles and zpatial localization and since
the basgsilac contribution te the formation of = chemigal bond
originstea from the bighest, filled and vacant orbitals,
caloulations of MOz for many-electron aystems may be
gimplified by approximate SCF equationz for valence electronsa.
The immer core elegtrong of atoma are cohnsidered as

non-polardzable eoresx  and thelr mutual  intervactionse are

degaribed In approximate waya.
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Moreover, solution of SCF equations even in the valence
approximation iz a rather acompHcated task due mainly to the
computational difficultieas of a large number of integrals. One
of the most widely used techniques to overcome this difficulty
iz  the applcation of 2ZD0 approximation, which neglects
integrals having small values from SOF matrix elements,

For m- and o-systems ZDO approximation was formulated by
Pople, Santry and Segal [11. In genexral ZDO approximation may
be characterizaed by the following simplifying assumptions:

{13 neglect of the overlap integrals in SOF equations. Then
equation (218> beacomes
Spv = épv 251>
where 6;.11: iz the Kronecker delta.

(i3> neglect. of all the integrals containing two-center
distributionz in the matrix elements of alectron-electron
Interactions. Then equation <(2.50) becomes
(;.;A:-\B]}\.Go-n} cSAB ‘5{1!} CpAvB[hc:rD) {28525

Besides, in the various versions of ZDO approximation
special rules for the evaluation of the core energy matrix
element= {2.135 are introduced. For inatance, Pople [11
introduced the acheme according to which H'ml values
are accepted to be different from zera for qﬁuqt;p and for q&y#c}bv
only for orbitalz belonging to the same atom or to the nearest
{honded? neighbours. Then in the Pople approxdmation the
Hartree-Fock-Roothaan equations (241 - 2.14) ape:

ZP‘“” ay m o osa ¢2.83)

in which
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Foo = H,, - 172P Gujpd + z <P, Cup|AND 2545
Fpp - Hw -~ 1/2 F’w €t} a3 (2.58>
Theoraetical aubatantiation of such ar approaach and
discussion of various kinds of non-invariancy of the results
of calculations im different 2ZD0 approximations are gliven in
detail 27, 38, 30L
In the following part =some of the most widely used and
thoroughly diazcusmed verziona of ZEDO approddmation are
conslidered, which algo makes it poasible teo analyze the main
differences between the versions.
NDDO approximatiocon fully employs ZD0 method. In this version

o

of ZD0 no =upplementary asimplifying conditions are introduced
to (2533 Thu=, NDDO approximation invelvez a large number of
Int.egralz to ke computed, though the number 1z less than that
of the Initial SCF equations by an order of magnitude,

INDO approximation introducea simplificationz to (252> in
sguch a way that two-center Integrals of the type (u APBM Aaﬁ.)
are rpretalned only 1if they have large wvalusa in the matrix of
tha interelectronic interaction,

C,uA_uA[.XB}\BZ\ L '5;1»'5);0'{”AHAMH)"B} {2.862

Fople, Beverddge and Dobosh [4] propoagaed the computation of

two-center integrals by using a-funatlons, 1ie,
g-opbitala with the correasponding quantum numhbers:
yo o oy < =) -
{‘UA“A I)‘B)\B} % ¥.ap = {nbA nE [mB mB} (2873

In the INDO version proposad by Brown and Robhy 51, B21

the valuss of two-center aoulomb integralz are used Such
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integrals are averaged separately relative to AQ of each type
are calaulated using the correaponding A0 of the valence
shells of A and B atoms, epg.,

[a ]

ol
A
B mk B > (2.88>

- 3
sp -
Yaph ™ 1;:3“;::“ 4 DS, [mP

where o @ H, ¥, =.

UNDO 1 the mosgt, Ffamildar version of ZDO approximation.
Bezidea condition (2.563, CNDO intraduces additional
Imitationz to (282> Thua, in ONDO approximation only the
following one-center Integralz of the mat,rix of
interelectronic¢ interaction are taken into account.

TR RETCA TN TAIN R (250>

Bquationz {2543 and (2883 are alzo »ewritten as follows:

F w H - 172 F {2600

B Havp ,uyFAB

where PP m P C2.61)

X

A

Bolution of SCF equations by ZD0 approxdmationz leads to
considerable reduction of computational work Beszidesm, there
are additional semi~-empirical techniques for the evaluation of
the terms in the S0P equations.

In the most wldely accepted version of CONDD which was
propesad by  Fople, Santry and Segal [1], the following
parameterization is used.

2
v
My, <alm 3 7 al > T <l D

A
= o - Fv <2623
MH BZA AB

where U:y iz the diagonal matrix element of the core

hamiltonlan of stem A for AD e,b“ and Uf:‘u iz evaluated from the
A
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ionization potential of atom A corrscted foxr the charge it

posHeRERE in the molecule {d.e., CNDOA/1  vanslon:
A
UN!J = I.U (ZA 13-,vAA).

In CNDOA2 approxdmation Lﬁ,u iz determined from the

lonization potential Iy and the electron affinity AH y Le,
A A

as the orbital electronegativity according to the Mulliken

acale.

UA = -172C + A 5 - <2, - 1423 (2.68>

Hy My Ha A YAA

Vv AR valuea characterize averaged intervactions of any AO rf.l# of
A

atom A with potential V_ created by atom B in the molegule.

B
VAB iz eatimated =
- _ 3
VAB = EB YAB {2843

The off-diagonal elementz of the dore matrx ape:

2
H - _u‘_&?_“‘ _ﬂlv —Z TR €2.68)
Hal- 7 -6, -9, PR, A,B< alv_|He>

Ha¥m A

Atomic bonding parametera ﬁ:H are  introduced and are
gupposed to be dependent. only on the properties of A and B
atoms. Thum, the exprezlon for the off-dlagonal elements
hecomesa!

H“A”B ﬁ:B S“AI’B ; ﬁiB e 12 c,-*;i + (3; ) €2.66
Besidez, direact. computations on s-functions as in GNDOA2

methoed, the Parizer-Parr relation [83] iz applied for the

evaluation of the one-centar Integrala enetring the matrix of

interelactronic repulzion in (2145

Vapr ® IA - AA L2673

and fon two-centen integmalz empiriaal relation=s of
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Mataga-Nighimotp [84] are used:

5 -1
> = 1 4 + - ] {24883
AR [ AB At
aor Ohno relation (881 i3 used.
~1.72
2 2

¥ e [R + [ ————— ] ] C2.60)
AB AB }’AFWB

The higher =enzitivity of calculations te a =selected asyztem
of atomic parameters caused the development o»f the whole
series of different parameterizations which differ in the way
the atomlce parameters are =selected and in the computation of
ﬁ:B to correatly reproduce the definiie characteraitics of
the syatem under study: binding ensrgy, CNDOAEW [54]1, CGNDOBW
871, electyonde gpectra, CGNDOAS [BB] and zo on

The various approximations of LUGAD MO SOF eguations within
the framework of the UNDD version led to the devalopment. of a
variety of computational schemez that engure the accurata
reproducibility of the definlte characteriztica of molecular
eyatems.

However application of asuch technlqueas forr the evaluation
of other characteristica whick are takan into asccount in the
method may lead to abhaolutely digtorted predictions, ie,
complete discrepancy with experiment. Hence, to calculate new
characteriatics it 18 necegsary to apply & new computational
scheme with its own parameterizationz. Such an  approach
egzentiailly meanz the uze of the whole =et of different
computational schemes to give a complete dezoviption of the
myat.em, Ezch of the schemes Taloly degcrdbes only

charactevigtice and clags of parameters Incorporated 1in  the
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method. It i= evident that such a trend leads to
apeclalization of zemi-empirical methods: of quantum chemistry.

Ho jer and Meza made an enormously interesting approach
to conatruct. such schemes to obtaln reazonsbhle results for
various properties of melecular =syzstems contalning atom= up to
bromine. Such a broad acale of atudies required the
development of sufticiently =simple computational =aschemes with
the lsast pogsible number of parameterz. Bond energles, dipole
moment.=, lomlzation pat;r;tials s molecular geometriex and
barrlera to internal rotatlons of =everal molecules predicted
by such schemem ara in s:at.iafac:t.oi-y azreament, with
exparimental data  However, asuch =chemea have not been

developed further.
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3. QUANTUM-CHEMICAL DESCRIFTION OF CLUSTERS

3.9, INVESTIOATION OF BULK AND SURFACE PROFPERTIES OF SOLIDS

Theoretiaal astudy of any elactron-nuclear =zystem 1z based
upon the solution of the Schyédinger egquation which glvea the
pogsibility to degeoribe the syatem by itz waverunctions.
However, for many electron ayztems exact =olution of the
Schrddinzen edquation le impoasible. Thus, rfox practical
appliaations aeveral simplificatione muat be introduced in
order to get approximate =zolutionz to the problem. In the case
of" aolids a posaible =ilmplification 1a made by consldering a
golld ag a syatem conzaizting of many electrons in the field of
the atomic nuclei of the =solid. Such calculations are
important for the most exact slucidations of the alectronic
(hand? structure of a =solld, the nature of itg bonding,
electrical conductivity, work function and optical adsorption,
In an alternative approach .. a =olild 1z congldered as =a
ayatem consisting of atoms and the propertiez and Interantion
modes of the constituent. atoms govern the eleatronic atructure
of the aystem.

Quantum chemistry of s=solids iz baged upon variousz
methods (4, 8¢ - 421 Such guantum chemical methods are used
for adequate deacription of the bulk propertiess of aolids, the
influence of local surface defects on  the Eand stracture,
dengities of electronilc states and other properties of =ollids.
Quantum theory 1ia very important not only to astudy the
electronia mtructure of the cryvatalline and amorphous
aurfaces of different nature but alsp to galn a better ingight

into adsorption proces=zez [4, 831 However, quantum-chemical
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calculations of adsorption have been fulfilled only for very
simple adsorbents.

Methods of molecular gquant.um chemiatry [5¢0] are
applied to molecular models: to atudy complicated
complexes on coryaetal and amorphous surfaces and asystems
cont.alning defects of variouz kinds, OQuantum-chemical study
of golids requires ahstaration of fragments or clusters
containing the =structural elements of the maodeled =molid from
the solid matrix 641 The cluster presentation of solids
simplifies not only modeling but alsgs interpretatinn of
theoretical resulta. Consideration of adsorption processes
demands that. Lthe factors governing the surface statezx must be
taken iInto account. In the Hmiting case of one-point
adsorption the surface =ite is modeled by one atom [851 and
the two-point- by twe atoms [66). Quantum-chemical parameters
of =zuch atonis are sele._-ct,ed as atomic parameters or may contaln
corrections on the atomie =state in the bulk or at the surface
of the solid. However, the interactions of adsorbate-adsorbent
iz extremely deformed in this case because atom interacts not
only with the nearest surface atoms but alze with the
more remote ones I[87 - 40 Heanwf:ile from the local character
of adsorbate-adsorbent Interaction it can he inferred that
the model of quasi-isolated molecule may contain relatively
amall number of atoms and simultaneocusly reproduces the
peculiarities of the adzorption process quite
satisfactorily [41

Generally the choice of the cluster as a model for a =solid

i& rather ambiguocus., Most importantly, the model =should take

~
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into =aacount, both the peculiarities of the object and the
borderline conditions that arige when the honds are
artificially cut.. Abstarction of the cluster from the
condensed system leads to the problem of bordaerline effects
which cauzse +Lhe appearance of localzed energy atates on
bordexrline atoms and dizposed in the forbidden band [701.
Besides, borderline effacts cause artificial heterogenity of
electron distribution on spatially equivalent, atoms in  the
macrosystem [F1 - 7381, Omiaszsion of - the bhorderline effectzs or
their rough compensation leads to the dizcrepancy between the
model and the object studied. It is natural that 1f rather
large clusters are considered, the influence of the lattice
termination effects onm the local properties of a definite =ilte
diapo=sed fanr from the horderlines of the cluster will be
small [Y2] However, as= the cluster aize I= increased
the computational difficulties become gqulte enormous,

One of the possible ways for at least partial compesation
of the borderline effects involves termination of the broken
bonds by hydrogen atoms, leadingz to subzstitution of +the
nearest. neighbours outside the cluster [74]. However, even in
thi=s case heterogenity of electron distribution 1a preserved
and thiz inevitably leads to non—adequate deseoription of the
properties of the =olid.

If the broken bhonds apre not terminated at all the
desaription is very r»rough except for some narrow pange of
properties to giye qualitative description of ad=sorption

complexes [74].
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Models of condensed systems and adsarpt,ioﬁ complesdes bazed
upon separate surface sites only and with the neareat
neighhbours ignored [75]1 =zseem to he overzimplified and thus
bear no information on the role of solHd matrix in adsorption
phenomena.

The set of recommendations for the constiuction of a
model may be clagsified as follows [64]1.

1. Parameterization t.a engura aquivalence of the
definite properties of the cluster and the modeled
solid [76,77]1;

2. Imposition of borderline conditions to ensgure
equivalence of all the phyvaically similar clugtér
atoms [67, 68, 78I1;

3. Ensuring the convergence of the results as the cluster

slze increases [79L
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32 QUASIFISOLATED MOLECULAR MODEL OF SILICA

It has been pointed out that one of the basic surface
gitem of =illca 1= the hydvoxyl group. Likewise, the first
cluster for =sillca conslated of only two atoms - hydrogen and
oxygen, so that the model represented hydroxide anion, acation
or radical. dertainly thiz model zgives the minimum amount of
information concerning the influence of the bulk phage and
iz considered to be nalve. Nonetheless, it =still has practical
significance because it. givea the most general trends of
eleatronic and spectral behaviour of adsorbed organiac
substances.

The adsorption prodeas for oxygen, nitrogen and nitric
oxdde on silica gels was modeled by surface complexea of 02,
N, and NO with OH, OH or oH' frameworks [80). Their
configurations were found to he linear or T-shaped. The CNDO/2
method predicts the Hlnear conflguration to be more stable,
Nitriec osxdde {= coordinated via nitrogpen atom. OH-group
poEgeages very weak proton-donor ability. The linear
configuration iz the most stable for carbon monoxide and
coordination is via carbon atom [74L

The CNDO.2 method was alzo applied to study the interaction
of benzene and toluene molecules with hydroxide anlons [811
For henzene the OH—gr-oupa lie vertically under the ¢~¢ bond
of benzene at a distance of 0187 mm with the stabilzation

energy of -227 kJ. For toluene the OH anion ia vertically

under the methyl group bhearing carbon atom of the benzene ring
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att a distance of 0160 pm with the =stabllization ez2nergy of
399 LJ.

Model GONDOCS calculations were performed to dezcribe the
elegtronic spectra of the complexesz of p-aminobenzene with
hydroxide anions [821 Both weak-basic and weak-acidic OH
groups cgcause bathochromie ghift. of absorption bands. Thus,
electranic spectra are not able to differentiate protic from
aprotic groupa. These three examples were extracted from
numersus sources to ahow Et;at. :t.he overaimplified clusters give

only a Ilimited wvolume of information about the behaviour of

surface complexes.
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3.3 CHARGED CLUSTERS AND CLUSTERS WITH

TERMINAL HYDROGEMN ATOMS

The preceding discussions revealed that the hazlce task in
cluater modeling lig to formulate a molecular model of the
solid phase [83L

Molecular models facilitate guantum~chemical desoription of
catalytic asystems and the processes occuring at. the eleatronic
level (o, f1—, covalent., ionic and donor-acceptor Iinteractions)
[B4). Applications of gquantum- chemical methoda to catalysi=s
gpecifically demands the =study of the elementary act of a
reaction stage including chemisorption J{(coordination =staged.
Structural problems in chemisorption may be subdivided into
the following three groups [85]

(1> ecalculation of the electronle structure of the active
sites - structural defects and admixtures, surface functional
groups, and trends of their electronic structure under
chemical modification of the catalyst surface;

{i1> esmtimation of the location of chemisorption of atoms
and molecules, the geometry and energetice of chemisorption,
comparison of chemisorbed states, estimation of the
energy barriers of the transitions between these surface
states, ehicidation of the features of chemisorption
{molecular or digsociative, activational! or non-activationall,
determination of the degree of covalenay oxr londeity in
chemizorbed atates, analysis of modification of these
parameters as a function of surface coverage and study of the
poszibility of formation of ion~transfer structures or charged

molecular fragments {aarbonium iornsd [B6]1;
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Ciiid divrect analysis of different. pathways in the
reactions of adsorbed molecules at the surface or in the
reactions of the adsorbed molecules with the surface
atructures, comparison of Eley-Rideal- ard
Langmuir-Hinshelwood mechanisms of adsorptions, consideration
of the stepwize and deformation mechanisms and study of the
dependence of the reaction pathways on various cataly=st,
modifications [871

Az mentioned before the basic drawback of +the cluster
approach iz the existence of the broken <{cut) chemical bonds
at the borderline between the terminal cluster atoms and the
reat, of the lattice.

Calcaulat.ed éhanacterist,ics and collective praopertiea of the
senlid asuch as electronic structure Fermli energy levels,
jonization potential, electron affinity, atomization energy
converge too slowly with the cluster size. Cluster approach s
quite gatisfactory in chemisorption calculations when local

interactions are the determining factors.
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34 CLUSTERS CONTAINING QUASI— (PSEUDO-) ATOMS

A methoad of cluster modeling was propos:e.-‘d [88, 891 that usmes
pseudo atom A instead of terminal cluster atoms to compensate
for borderline effects. The quantum-chemical parameters of
the p=eudo-atoms can be wvaried in a wide range. Thus, the
parametera are chosen in such a way that a malecular cluster
description will be compatible with the actual =olid =atate.
Begidez, it 1is possible to discuss trends of the electronic
structure of the cluster and the adsorbate In the process of
such variation of pavameters. Hence within the framework of
the proposed approach different pozsibilities of the cluster
environment exs=ating In real systems can he digcus=zed and also
the influence of different. factors on the =zstate of adsorbed
moelecules can be analyzed.

From the methodological point of view it is of interest to
study the stabllity of gquantum-chemical solutions of different
propepties as a function of the cluster =ize and the
parameters chosen for borderline pseudo~atom=z. The first =et
of properties includes electronic density distribution, energy
diagzram, the composzition of occupied and vacant MOs and the
energy differnce bhetween HOMO and LUMO while the second =et. of
properties caonstitutes the characterstice of surface acidity.
The solutiona appeared to be =stable relative to the first set
of properties 1901 whereas the varlation of the cluster size
and the nature of the pseudo-atoms leads to substantial
dizorepancy in surface acidity parametera [911. This 18 a
bagic drawback of the proposed approach. The approach seems to

he adequate only for comparigon of results obLtalned for
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optimal structures of glusters of the =same type or gluster
with optimal parameters.

CNDO/BW method was used to study the interaction of water
molecule with surface hydroxyl group of =silica pgel represented
as cluster HOSi{OA)3 [(88]. It was shown that. proton exchange
reaction ocours throx_;gh the intermediate that has two
equivalent. protons (sz aymmetryd. The rezaction does not
involve the intermediate with three equivalent,
protons {dSv symmetryd.

The c¢luster model HOSi(OA)S appeared to bhe quite effective

for the discussion of the properties of terminal

hydroxryls 1921

A group of calculations generalized in 1931 were
baged upon firm theoretical principles. The borderline atoms
are called gquasi-hydrogen atoems and thelr parameters were

thoroughly optimized to pglve equal electronlc densities on the

central and peripheral atom= in the cgluster=s (H;SID)aﬂiOH,
* = it
{HssiOJZSiCOH}z, HQSiaoiﬂCOHhs, where H ia the guasi-ia-atom

with a nonstandard =set of quantum-chemdcal parameters.
Adsorption of s=everal electron-donors was studied. Such
atudiea led to the conclusion that formation of weak surface
hydrogen bonda 1is of low probability. The mode of electronic
distribution in the plane passing through the hydroxylated
silicon atoms of the cyclie framework suggests the possibility
of non-activation or penetration of the amaller electron-donox
moleculies into the hexagonal cavities followed by thelr
localization in the proximity of the least shielded =ilcon

atoms. Unfortunately, these caloulations were mostly based on
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the application of CONDO. - &8pd bagls =met and are not
suitable for rigorous comparizen of the results of thig
thesils. Under the preceding conditions the coordination
number of =ilicon atom 1= increased to five or six as is known
from =ome ab Initie calculations [941 but zametimes  the
results cause a&ome doubts especially when theoretical and
experimental data are analyzed together. In the quasi-hydrogen
approach adsorption complexes are usually considered by
the method of atom-atom potentials and SOF perturbation
theory. Six  kinds of water adeorption complexes were
considered E[95]1. The conclusion is that. H-bonded ad=sorption

complexess are weak but the atability of donor-acceptor

comi&léxés increases-'by a f#Eétor of 3 « 5.
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35 A FORTRAN-IV COMPUTER PROGRAM FOR

CHNDO AND  INDO  cALCULATIONS [11.

Several years have already elapsed gince the computer has
become a universal and highly vergatile tool of »remearch. The
computer plays a very =spaecial role in computationsl chemiztry,
particularly In quantum chemigstry which exclusively involves
enornous computational tasks that are virtually imposgible
without the intervention of modern high =peed computers.

Accordingly, most of the data reported in thiz thesls were
generated by computers. In thi= part, a qualitative
dezcription and brief assessment. of the computer program
originally developed by Fople and co-workens [1] for
approximate moleculan orhital caloulations within the
framework of CNDO and INBO will he given. For the present
study thia program and 1itae extended ver=sion INDOBE were
adopted and rewritten for execution on the NCR syatem V-8855
mainframe digital computer at AAU. The programs ave alsn saved
on the auxillary storage device (magnetic diakd of the
mainframe computerat the Syztemz Dezign and Dbata Processing
tenter (SDDPJ) of AAL

The program UNINDD was wrltten for the IBM syét.em 360765
digital computer and ia capable of computing molecula_r-
wavefunctionsg for open and cloged ghell molacules containing

atoms from H to ¢l {GNDOY and from H to F QNDOD.
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Allowed AO basis functionz are: one for hydragen s),
four eath to the elements Li through P (2g, 2px’ Zpy, sz) and
nine each to the elements Na through dl s, sz, Zpy, 2pz,

3d ,, 8d_, Sd_,» 84, 8d

= (xz—yz)'

The operation of the program requires input of molecular
data with proper formats for identification and comments:;
apaecification of method COGNDO on INDOG and open or
closed options depending upon the type of calculation
degired); number of atoms, charge and multiplicity; and atomic
number and cartesian coordinates of each atom. Then the MAIN
calls the subroutines (COEFFT and INTGRL) which evaluate the
integrals needed fc’:r MO calculation and the subroutines which
perform MO calculation CHUCKCGL, SCFCLO, CPRINT for a
closad-ghell molecule; HUCKOP, SCFOPN, OPRINT for an
open~-shell molecule).

The qualitative desaription of the function of each
subroutine iz ocutlined as follows:

COEFFT assigna the coefficients used in the evaluation of
overlap and coulomb iIntegrals of the type expressed by
pravious equations ¢2.13.

In subroutine INTGRL the overlap matrix and coulomb
interaction matrix are computed and =stored in labelled common
arrays.

The =subroutine HARMTR generates the rotation matrix which
iz used to transform the overlap integrals from a logal

diatomic coordinate system to the molecular coordinate system.
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Subroutine HUCOKCL first forms a ZDO EHT-type approximation
to the Fock matrix and after diagonalization of this matrix an
initial den=zity matrix iz constructed which in turn iz taken
as an Input by the subroutine SCOFCLO. The iteration continues
until the electronla energy converges to 10“‘6. A lmdt of 2B
iterations is allowed.

Subroutine CFRINT computes dipole moment=s, atem densitie=
and nuclear repulsion energlies.

HUCKOP iz imilar to HUGKCL except that a and 3 density
matrices are formed from the initial Huckel eigenvectors. All
computed molecular properties are stored in their respective
predefined storage locations (labelled common arrayal.

SCFOPN haz the same baslic structure as SCFCLO except that
it. makes allowance for Pm, Pﬁ, FY and Fﬁ.

Subroutine OPRINT calculates the same properties as CPRINT.
Begides, it forms a spin denzity matrix from which it computes
isotropic hyperfine coupling conatants.

The subroutines S5, HARMTR, RELVEG. FACT, BINTAES, AINTAES
and MATOUT are called only by INTORL.

EIGIN, SCOFPOUT and EIGOUT are needed in the subroutines
HUGKCL through OPRINT.

For further detalls, a complete Hating of the program
iz given 1In Appendix E .

A - careful - . " survey of the program lat with a
cloger lonk at each =segment will cgertainly indicate the role
and ouft puts of the subroutines. A generalized flow chart of
the MAIN program, OCNINDO, is given below.The flow chart i=s

meraly a summary of the forepoing discussions using
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programming symbaolism to show the hierarchy of the
subroutines and flow of information in  the program. Flow
charting ls usualyy required at the initial stages of program
development.. Therefore, a detailed and more sophisticated flow
chart is ommited as it givea no additional information in Heu

of the complete program list in Appendix E.
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GENERALIZED FLLOW CHART OF PRGRAM CNINDO [11.
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CALL HUCKEL
CALL SCFCLO
CALL CPRINT

CALL HUCKOP
CALL SCFOPN
CALL OPRINT
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4. RESULTS AND DISCUSSIONS

41 CLUSTER MODEL OF SILICA GEL

Ax was pointed out before the majority of articles on
silica have certain Hmitations. The treatment.s are
inaccurate and do not correctly reproduce the electronic
distribution on the atoms because they do not fully take into
account. the Influence of the =olid environment. on the fragment
chasen az the cluster model. Thia defficiency 1s also
intrinsic for pseudo-atom appreach [88), in =spite of the
tlustrative character and simplicity of the model which gave
it wide popularity in gquantum chemical research. The way the
influence of the =solid lenvironment on the cluster  fragment. is
treated has a serleaz of drawbacks. In the firzt. place, the
quantum chemical parameters of pzeudo atoms are varled in a
rather wlde range. There 1z a HImitation on the equality of
the electron densities of the phyasically equivalent atoms. No
other lHmitations are imposed on the parameters.

Consequently, the parameters of pséudn—atoms‘. substantially
depend on the geometry and =size of the cluaster, which in the
authors’ opinion (20, ©¢1] limits +the construction of the
cluster model.

Termination of the unzaturated bonds of the Si, 0- fragment
by hydrogen atoms [74]1 dispozed 1n the szites of the nearest
bonded neighbours could compensate the unsaturation but this
iz an oversimplification and such simple approaches should
lead to a predetermined wrong electron density distribution
partly due +to the abzence of aurface slloxane groups.

The problem is prezervation of itz simplicity and illustrative
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character along with minimization of its principal drawbacks.

In the case of s=ilica gel =uch an approach may imply
substitulon of one of the sillcon or oxygen atoms by a
hydrogen atom.

In the case of Si{OH) fig. 3ad ailicon im smubatituted

4
for hydrogen atom producing & molecule that differs from
orthoaillcle acid essentially by the eatimated O-H bond
Iength. In other worxrds, +the resulting molecule is the
analogue of the sillcon cont.aindng molecule, SicoH 4
Naturally, this cluster describes the propertiea of s=ilica gel
very roughly . In the firast place the model does not contain
the s=iloxane group whereas the geometry of the slloxane group,
ile, the 5i- 0 bond length and +the £Si0OSi bond angle, iz
known to be responsible for a variety of structural
modifications of sillca [23].

It is Poseible to extend this cluster by adding one <(fig.
3b> or more coordination spheres. The resulting cluster
contains the S1081 groups and thus, it gives a better
deseription of +the ayatem. Charge edquivalence of SiI and SiII
atoms may be achleved by increasing the cluster size through
the addition of oxygen and silicon atoms iIn the outer
coordination =spheres 791 However, in this case the
cluster =ize of the system will he too extended leading to
enormous computational difficulties.

Thease difficulties may be overcome if pseudo-atoms [946]
with arbitrary hasiz get and atomic parametersz [97] are used

ingstead of hydrogens fig. 3b) with INDO parametera [11l. The

parameters nenessary for INDO calculations may be chozen in
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such a way that the mozt characteratic features of the syztem
studied: electron distribution, width of the forbidden band,
lonization potential, cohezion energy, eto, are correctly
raproduced. There is a more or lesg simllar approach te study
the adsorption of hydrogen on tungsten [981 This i=s
eapecially the case when parameters of the horderline atoms in
a cluster are modified to produce a uniform charge
digt.ribution over the whole fragment.

Glugter <(fig. 3b2 was gelected for theoretical study of
the properties of =ilica. The hydrogen atoms in fig-.- 3b were
replaced by quasi-hydrogens <>®. Az was indicated earler
quasi-hydrogzens have parameteters mubstantially different from
the INDO standard sets. Directed variaton of the parameterz i=
designed to reproduce the influence of the outer part of the
modeled solid (this was not taken into acaount. before> on the

mode of electron distrxibution in the 51, 0- fragment. ‘SiI and

Sin atoms are equivalent in the macrosyatem., Hence, by
varying the aset of parameters for H’al it is poasible to

achlaeve yn{fornm elect.ron diatribution on SiI and Siu

“
atoms. This cluster may be uzed aszs a theoretical model for a
stationary state description of the electroniac characterstics
of the =system.

Suhgtitution of the DSiH; group by other groups or atoma
keeplng the parameterz of H!li constant, givea the pos=ibility to
studv thea influence of the aunface on the electron
distribution in the modeled =solid. The cluster conhtalning a

functional group allows to study the role of the surface

active siteg in adsorption and heterogeneous catalysis.
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The proposed cluster model (Ffig. 3cd of =sllica may easily
be uzed to =ztudy the processies of chemlcal modifications of
highly dizperzad aillcas. Thiz hasm A great practical
importanae..

The quality of the guoantum-chemical desardiption of @ a
moleculayr syatem dependz to a large extent on the adouracy of
the MO construction Thia process should ensure not only the
minimum total energy of the syatem but alzo calculation of the
electronlc =structure us=sing optimum geometriea at the glven
level of approximation [0 This 1z easpecially important ik
reactlon mechanlam gstudies and activation energy estimations
for different processes.

Optimization of geometry fon Si(OSiH;) 4 Was fulfilled uv=sing
parametars obtalnsed from the equilibrium geometrde atructurs
of F-eriatobeolite 71 The procedure aemploys the algordthm of
divect minimization of the energy functional over all the
independant. coordinatea by thse method of configurations {(100].
To reduce the computational labour techniques hazed on  the
decreaze of the acouracy of self-gongiatent aycle were umed.

The bordeprllne effects which maa@if‘est themgelves 1in the
non~urdform electron diztribution of the S‘}.I and Sin atoms of
the cluzten g, 3h2 AT eliminated by raplacing
quazi-hydrogens for hydeogen at.omea. Determination of
parameters for quasl hydrogens iz an independent. task.

The variation of paramesters of gquasi-atoms for the clustoer

Si(OSiﬂz} 4 aontaining 48 A0'a ia & rather complicated problem

ag it. involves three independent. variahles:
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43 the average (ardithmetic mean) of the oxbital londzation

potential and electron affinity: 1.2 O % + AH*Bj

H

{113 the resonance atomlc parameters and

<i1i> the Zlaten expanent,'

For such a cluster a azingle computation alone reguires
about. 15 minntes of computer time. Self-conzistency 1=
achleved only zfter 18 - 20 iterations. Hence, after four
tterations the Hartreea procedurea of acceleration of
agelf-conalatency was applied. Thiz remarkably raducesz the
computer time. Tho da2pendence of the electronic densitiex of
atom= in the oclusten Si(ﬁﬁlH;) 4 OB the independent variabhlem
or parameters, ie, ygﬁx, i.f’ZCIHt-l- AH*} and [Bi_o[lh can  readily
he =seen from equations 234 or 234, equationag 2462 or 263
and equation 268, respectively, which together with othern
equationz dscussed In =section 23 allow the savaluation of the
deglred propertie=s. More apecifically, the =secuiar equations
arizing from the Hartes-Fack-Roothaasn method= contaln
variation coefficientsz which depend on the matrix elements of
the Foolkian {Fpu = Hyu + Gyv(eqn. 2423 and the Elater
exponent. appesara 1in the basiae functions {eqgns. 284 or 2.363
nged for the evaluation of the matrix elements pr and Gpv.

In particular, 1/’2(IH$+AH¢) iz encountersd as a parameter in

HPH lagqne. 262 and 24882 and ﬁg* iz incorporated into

pr (aqm.2.663 whereaz yg#enters: all the matrin elementsa.
Thu=, the wvarlation coefflcients s=ve =solved In terme of the
matrix elements contalnlng the parameteras for quasi-hydrogens

and are usmed to form a density matrix {egn. 2158 the elements

of which are functions of the parameters described above.
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In other words, the parameters for quasi-hydrogens must be

optimized in contrast to the standard =met of INDO paramet.era
eatimated semi-empinically for hydrogen atoms.

Therefore, the search for optimum parameters of H* reduces

to mindmization of the following functional:

2 Py, —»E P c4.1)
1

[a)
f[if:z [IHm + AHm], ﬁH*' Hyp® ] = . 13
[155 B |

where 2 Pii iz the electronla density on Sil atom and
I
b ¥ |

2 P i3 iz the elactrondie denaity on Sin at.on.

je?SiII

The energles of the cluster before and after optimization
of the parameters were found to bhe -95.3814 and 97.0446 au,
reapectively, which on comparizon with experimantal data led
to the jumstification of the need for optimization of the
parametens,

The method applied to salve conformationsal problems
{geometry oaptimizationd s not applicable for finding - the
parametaras of l-l'el atoms beaaus:e' the diagonal elementa of the
dengity matrix depend on the vardiation of parametars in
different ways. This clrcumstance makes it. quite difficult. to
chooge the iteration atep, Moreovear, ir the initial
approximation {a not good the method will lead to low
convergence. Hence, minimization of the functional {41 wasz
fulfilied | using the method of vardabla metriez [100),
(Appendix €3 which iz based upon direct gcaloulation of

derivatives using difference zmcheme (Appendix R).
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Table 1. Galculated optimum parametenst foxn H' and standard

parameters for H for notatlons amee the textd

Atom | 1./2¢1 + A, aVd B Pev g, au.
H 74751 -9.0 ; 1.200
T
,. |
H £.3050 -79 ! 0.876
e . |
H B.2704 ~7.9 ] oB26 ;
¢ GNDO =pd [041.
Table 2. Chargez on atoms (g2 In
zilica gel clusters
No. Clustex Bazi= q o9 | | -
oy 1 ay 11 o HCH
1 SICOHD ap 1.604 - ~0.628 0.204
2 suam; apd’ 0.084 - ~-0.496 0.250
3 S1COSIHD ap 1.348 0944 -0.6904 -0.241
4 suosmgaz apd’ 0.388 08580 -0.340 -0.403
u 07803 £0.56B83(-0.3873¢-0.140>
8 Eiccsm;) 4 &p 1.901 1301 -0.843 -0.3%4
COROBY (0BOBIC-0.83743¢(-0.210>
6 SIOSICOWd 1, ap 1.424 1.644 -0.681 0.204
? Experimental 1.300 1.800 -0.680 -0.328° |

“ The data in brackets refer to CGNDO spd results [99)

® Phe axtimate for the oxygen atoms in the coordination

aphere of the deepest layers in the bulk.
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The wvaluea of the optimized pavametera for Jquaasi-hydrogens

in Si(OSng}4, bamed on F-erlatobollte atructurs, ave glven in

table 1 together with standard guantum-~chemical parameterz fon

hydrogen atoms.

W

Az can be geen from table 1, the Slater exponents forn H

are leas than for the normal! hydrogen atoms. The more

Hy
diffuse character of y}D{# from 931 i1s due to CONDO =pd
agaloulations whereaein the influence of the diffuse d-orbitals
iz iIncorporated 1In the hasle set. Orbltal electronegativity in
the INDO =p calculations approach that of the axygen atom much
better than iIin the CNDO apd appraach. {93}, Thiz 1= an
indlaative of the more adequate description of the bulk phase
in the pre=ent work, =ince guasi-hyvdrogens =tand for oxygens
of the real sillca

The decreaze In the orbital exponent of gquasl-hydroagen to
08786 au leads to Increaged diffuse character of 15-A0 af
the quagi-hydrogen 1in comparizon with that of the normal
hydrogen atom. Thiz leads to the formation of & more effective
bond with & bond distance =shorter than that formed by a
hydrogen atom. Meanwhlle, the ilnarease 1in the half-sum of the
lonization potential and electron affinity 1la the meagure of
the increame In ite electronegativity. It should be noted that
thiz wvalue iz even higher than that for the p-orbitalz of
oxygen <9411 V). The oxygen atoms take direat part Iin the
formation of Athe chamical bonds. Bafore prodeeding to the
donslderation of the numerdcal vesultzs a brlef dizcuzssion ol
the »ole of the outer vacant 3B3d-orbltals of s=ilicon in the

formation of a chemical bond will be given apd and spd’ hazis

*




aets may be used I to account for the intervactions arizing
from the 3d-orbitalz. In a&pd bamla =et equal values of the
orbhital exponenta of the 3s-,3p~ and 3d-orbitals of =ilicon
are used as 1f the 3d-onbital directly takes parti in bonding
[48, 491, In the a&pd? bazia =set the orbltal sx¥ponent =elected
Tfor the 3d-orbital iz much lezz than that of the 3=- and
Sp—oxbltals of giHaon 101l This iz more reallgtic and may
be gqualified =inece it has a zstabilizing effect on the chemical
syatem as a polarizing addition. Analyzia of the Hterature
_dat,a shows that apd* calculations for =illca =ystems have
never been fulfilled. On the other hand spd -  galoculations
£1021 give highly overeatimated resulte comprable with that. of
the forbldden band and thus, calculations employing the apd -
bagiaz get. are usually inadeqguat.e.

All In all, the following cluzstera were studled in the
indicatd ha=miz gat=z:

3 OH : &p - basia set

<itd> SiCOH)4 r ap — bazizs zet waz used
iid S1COH> 4 apd’? - bas=sia =zet was used to study the
influenice of the 3d - functlons 1In the bas=sis =et on ths

‘electrondc and band structures.

v - vl SiCGSiHS) 4’ both bazls sgeta were used to
elaborate the non-uniform chavaat.en af the electronin
distyribution and t.d;’i iNMlugtrate that thiz aystem i a reliable
and good precursor for a more refined model as well as to
study the influsnce of 8d - polanizmation functions.

Cwvis E:I.(()SiH;i) 4 BP - basila =zet wasz applied to obtaln =a

referenae uaed in subzequent. dalaulations.
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<viid SI{GSKOH)E‘]‘}: s&p - baslz =et was ugsed +to dete.-l"-mine
whether termination of the borderline by 0 guazl-atoms iz
reasonable or not.

Gonaldering chavgea on atoms (t.—able 2> the dizcuzsslion of
the charge distributdon is baxzed uvpon the experimental data
for the effective chargez on =zillcon and oxygen atoms obtained
by the method of anndhllation of positrona for =a=illaa 1031
The initial geometriac atructures of S1<OHD 4 in the ap - hazsis
functions  weve taken from N-ray estructural data for
fi-ariatobolite {RSiO m (400 rm, ROHH 0450 rm, < OSI0 =
16087, <HOS1 w 180> [71.  Optimization of geometry over tha
whole sget of apatial wvarlables led to ESiO = 0.200nm, ROH"
01402 nm while the bond angles remalned unchanged. Caloulated
char@ges are 130 for the sillcon atom and -0468 for the oxygen
atom. Begides +the uge of the more sophisticated )Ca U
calculationz give a charge of 1329 on the =illicon atom As
may be s=seen the charge on the sgillcon atom in the medel,
E1<OHS 4 iz an oversatimation. Thuz, thia model iz rejected am
it has no potential uge in the dizcuzs=sion of the electronia
properties of =illga. The trapde in the oaptimized geometries
aprs: RGI0> m 0496 mm, R(OH) m 0103 nm, and the bond angles
remaln unchanged.

Fox SiCOSiHBb 4 cluaters the following f-orlatobolite data
were umed: ROSIO> = 02000, (RCSIHY = 0442 nm, <0510 =
100.5°, <SioSt = 1809, <OSiHE ® 1005°. deometry optimization
in the ap - caloulatlona leads to RS> = 02058 rnm, O51H =

107 57,
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Table 3. Bond characterstics of clusten models of =ilica:

bond orders (B3, two-center covalent {Eaav) and

londg <E ion.) conaitituents for 5i-0 bond,

contribution of dn_{—— b, back-donation effact. to

5i-0 bond.

No Cluster  Basts By, Bg. .« E_70Y Esig“ 4 <— p_
&, A, acontribution
to 510 bond
i SiCOH)q_ =15 0.724 - ~0.840 -0.114 -
2 Si(ﬂH)d apd! 1,085 - -Q.pad 0.02358 31
3 ‘31(05:[}!3}4 ap 0.708 0.9002 -0.513 -0.048 -
e Si(OSiHS}‘; apd’ 1.088 0.807 -G.877 0,150 36
8 Si(OSiHQ*}d_ =53] G708 0.830 -0Q.486 ~0.077 -
6 SIIOSiCOHY ) ap 0.700 - ~0.820 -0.040 -

34
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Apparently, thls model leads +to non-uniform electron
distyibutions on aillcon atome which are equivalent in the
real system but. the central silicon atom and the oxygen atom
attain charges that are clozer» to the experimentally ezstimated
valuez [103]. Hence, the cluster g conzsidered as a precurso
for a more adequate model of sillaa.

INBO vezulte for geometry optimization in the apd' - bazia
get arer REID = 04688 om, RSIHY = 0468 pm, <0510 w®

®  ¢ostH =  1031°. The  resulting

10057 <81081 = 180
hypersurface contalne underestimated charges on sildocon and
oxygen atoms and overestimated wvalues of the Pn——-—-} dn
contributdon to the © - &1 bondae. Thus, it appearas that
application of apd’® bagla aet within the firamework of INDO
approxmation 1z unreasonable for solid atat.e modeling

In the prodeeding dizcussionsz the baslc model, Si{OEiH3*34,
uzed in thiz work will be considered. The aoptimized geaometria
paramaterg were: RISIO) = 0208 nm, ECSiH*) a 0142 nm, <0510
m 1005°, <1081 = 180°, <OSiHe = 1078° and generally weflect
the trends ohaerved in A~criatobolite. Lubatitution af
hydrogenz by quasl - hydrogens equalizes the effective charges
onn the aentral and perdpherdal sillcon atomz In good agreement
with experimental data. Thiz glvea the firat justification fon
the zucceszs of the model.

Finally, the folowing optimized geometric parameters were
obtained for the clusten Si[OSi(OH)S) 4 in the =sp - baszls azet:
RCS10> = 0204 nm, R{OHZ = D102 nm, <0510 = 100° <=ios1 @
1800, <S10H = 180°. Non-uniform  electron distrdbution WaR

.

obzerved. Evidently, thies Iz one of the congequences of
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inaccurate treatment of the borderiine eaffects.

The general trends of bond charactevistics, especially that
of the 5i- O bond, are given in table 3 Analysia of thim
table wpeveals that only calculations in the zp - Lhasis et
reproduce the londeity of the bonds in sillca Resultae derdved
from other basia sets are unmatisfactory. ‘Even the spd' basls
aet glves eronecus results because the tabulated data indloate
that. there ig a substantial pﬂ-——m—)r dﬂ s acter In the O - 51
bond with naon-lonie atructures (the londe contribution to the
total energy 1z pozmitived In other wordzs, the 3d - orbitals
of allcon in the cluster are consldered az the real honding
orbltals. However, such azszumptions are unrealiastic.

Funther dizcussione and argumentsa in favour of the clusten,
SiCOSiHB!H) 4 Thay be ohtalned from a comparative analysis of the
band structure of zillga and the expenimental data [181

But before prezenting theoretical data obtained in  thim
work it =eems reasonable to make some genervallzations of the
edating data with formulation of emplrical =zchemes fon
electranic levels. Such an approach may serve am a refereance
tont Fforr comparative analyzls of the culster model elaborated
in thiz wonrk,

Most. of the Iinformatlion about the sequence of enepgy levels
in amorphous gilcas was obtalned by apectroacoplic methods.

The positilonas of the peaka In the wvalence band were
determined by vacuum UV-, UV-, photoelectronla and x-ray
photoelectronie spectrozcopy. o Vacuum UV - peflectance
measurement.s [104 - 1071 produced the following peaks:

-10.2, ~-11.7, -147, ~-47.0 and -20.5 aV.
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Both kinds of photoslectronle spectroscopy vevealad that
the wviolet banc has: o . width of 11 eV [10B]. Several pesks
were ohtainsed below the lower edge of the valence bhand. The
moet interezsting peaka for the present discussion are: -24.0
and -408 eV [[HOB] and -308 eV [HL0B,100]. The top of the
valence hand was eat.ima't,ed te he at -102 oV [110] or -104 eV
[111). There 1a a =shoulder located at -~-11.7 &V [108,100]1 below
the top of the valence band and the prominent peakl:ls: at

~12.0 oV [108,111].

Photo conductivity data are uzually emploved to locate the
bottom of the conduction band. The glven data [110] reveal a

band width (energy gapd equal to 2.0 aV.

X-ray emlazion data glve totally independent. estimates of
the band structure within the valence band and alsa of the (.')2g
atatez [112], In good agreement. with the presented data.

The very top of the valence band of sllica s characteriged
hy a higher density of non-bonding oxygen 2p ~ orbitals. Some
aunthora 1131, however, criticize the position of the top of
the wvalence band and aszeart that. it ghould be lower by 1 eV,
According to wvarious eatimatezs the true band width J(energy
gap> In amorphous silica should ba in the range 8.3-100 &V
while the true posgition of the top of the valsnce band s
found in the range -104 -~ - 118 &V and that of the bottom of
the conduction band iz in the Tange -33 - 14 eV 71 The

level preceeding the bottom of the conduction band (-33 =V

iz usually attributed to the sillcon atom [1141
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Thisz brief review of the spectroscople data on sgiliea
allowa to deduce a generalized =amystem of energy levels
CFig.4ad, which serwves az & reference tool for analyzla of
rexult:s obtained in this work.

These pesults for the gluster, SI1COH) 4 in the =sp - basiz
aet are szhown in g, 4b. The a.alc.ule_ntione qualltatively
pradict. the satence of the following levels:

{i3 a narrow 025: band, di3 thsae valance band which 1=
represfn%-nt.ed hy the contributionz from the GEP and Sizp AO's
{diid the lone energy level corresponding to 3133 contribution
divy the conduction band preprezentad by MO with predominant
5133 and H i contributions, Evidently, thia cluster camot be
ugsd as an adequate model for zillca duse mainly to the
pres’enc;e of =maveral inherent de ficleéenciea in the olumter. In
the firat place, the band width <(energy gapd, 147 eV i=
sutzide the experimental range. Secondly, the widthae of the
filled banda are underestimated Thirdly, although the width
of the conduction band geems reasonable, the stiucture of the
levela and their digtribution de not. agrze with sexperiment.

Inclusion of 3d - ovbitalz in the basia aet for SiCOH) 4
cluater leads as usually to the stabilization of all the energy

levela (Fig. 4ad but. aimultanecuzly the energy gap Increases

to 183 eV. The O band becomes narrow and the 51

2 3=

electronlce states appear 1in the conduction hand Al these
clrocumstances uncover not only the inadeguacy of the model but
alzo the defictency of 3d - contalning bazsiz zetsa.

The decaription baged upon the clust.er SiCOSiHS} 4

(Flg 4dd  seems much more successiul. Deaplte overeztimation
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4 | { Pt { i | 1
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Fig. 5. Theoretical density of states (---) and
photoemission spectrum () of silica:
a. theoretical quantities obtained for cluster
b. theoretical quantities obtained for cluster

Si(os:ui"g‘) 4o SP
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of the 023 - band width the dezcription of the valence band
aeems yeazonable. The hbottom of the conduction band =
overegtimated leading to slightly overestimated eanevrgy gap
(40.2ev> but thise value a&eems quite reaszonable for such
quantum - chemical methods az INDO.

Inclusion of 3d - wvalence orbitale of =illcon to the basils
aet locds to ‘stabilization of all the energy levels, with
major r»reductionz of the energy of the wvalence band and minonr
reduction of that of the gonduction band g 423,
Consegquently, the energy gap, 121 eV becomes overeatimated
which i= nat.ur-élly the ocage for exiating apd -~ caloculations
(93, 99,i102]. Thiz makes the apd - basis =et hardly applicable
for practical aaloulationa. Al the other drawbacke of apd'-
basizs zet were dizcuzszsed for the SiCOH> 4 clugter (fig. 40,

The analyzsie of the band sastructure for the clugten
Si(OSiH;) 4 (g, 412 ghows that the agalaulated resultae fairly
fit. experimental data Jfig.dad. Firat of all, it 1z the best
model among the modelz ztudied in term= of the most accurate
raproduction of the 023 - band. The energy levela of both the
bottom and top of the band fall within the energy »ange
predicted by expeniment. Mozt importantly, the wvalence band is
reproduced with great. acauracy. Apparently, it would =s=uffice
to compare the pas:itians. of the dagorresponding energy levels
ingfide the band. The top of the wvalence band iz just within
the »range of the correzponding energy levela degaribed by
different. experimental groups. The same iz true for the bottom
of the conduction band. The energy gap s equal tn 100 ev, in

agreement. with experimental data. The asuccess of this cluster

.
VY
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Table 4. Chargea on atoms (g7, bond orders (B, the ensygy
gap < AE, &V in the clust.er madels
SICOSIH™>,  and HCEDO0CaIS1Cad(OE1H, 5"

The experimental values astimated for dgyr 9 and

AE wera 1300, -0.46850 and 9.0, raespectively.

Elactronic
characterstics| S1COSiHd,  |HOSLCOSIH,">, ' sW X
l;
Ig1cas - 1.264 " 1.20°
Tocad - 7 -0 . 482 ~0.88"
M - 0.130 -
ot 1.802 1.308 1.98°
i P -0.634 ~0.827 -a.73%
oy -0.334 —0.380 -
Boicadocad - 0.700 0.62°
Bocadncad - 0.672 0.04°
Bgicaro - 0.608 0.756°
Bgi0 0.708 0.721 a.80°
Boiu® 0.83¢ 0.840 -
AR 10.0 0.0 o.8"

a

Héad, Odx>, =ids> imply +the acorresponding surface

aitea, all the other atomz are in the bulk phase.

b HOS!.O:? (4441,

e 2-
51203 {1181,
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may be justified by the fact that the valence band enevngy

levels corresponding to S"Sp bear admixtural charaocter
aontaining algnificant contributions from 1 -~ orbitals of

quasi - atom though major contributions =still come from Siap.
Quazi-atoms seem to be partners in bonding, apparently having
equal =status with oxygen atomsz in the =soclHd The optimizmed

bond length R iz equal to 0162 nm, a value typlcal for

<s1HY>

Ecsm; bondz in the correzponding organosilicon ecompounds
[118]. Some Iinacauraciez oconcerning the apacinga between
energy levelzs and thelr digtributions within the conduction
band may easily be ascribed to the well-known de flalencies of
the INDC methad, Nevertheleas, such de ficlencles wvere
prezumed to have Httle iInfluence on  the dquality of
calculations performed In this work becauze the decizive role
was played by boundayy orbitals with correct electronic
distributions in SICOSIH™, cluster model.

The gluzster SIIOSICOH SJ 4 gives a proper dezecription of the
boundary orbltals which fall within the experimental range and
the energy gap, BB ev, 1 gquite good, but all the other
azpects are not @o appealing. For instande, it was found that
the Ozg and valence bandz are too narrow whereas the
conduction band iz too wide. However, thse maln argnement.
againgt this model comes from its inadequate pradiction of the
elect.ronic distrdbution.

The last polnt to bhe congidered is the analysiz of partial

densitiez of statezs. Here, the digcuss=ions will focus on two

clust.ers: 81{051H3)4 in the apd’ basia set and 51(051!{:}4 in
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the ap - basis =zet (The latter cluster was found to be optimum’
in this work) domparing the densitiem of =astates of the model
of amorphous f-cristobolite Si(OSiHSD 4 in =pd*® baszsis =et and
the correspondlng result obtained from photoemission zpectrum
1081 (fig. Bad 1t may be noted that the widthz of the
zeparate bands and the total width of the valence bhand am well
az  the shapea of 1aocenergetic surfacez are peproduced
aatiafactordly while the denaities of the higheat ocoupied
sub-band and the =sub-band of the 0O-510 bhonda overlap.
Experimental apectral data raveal a band width of 283 aV
betwean the filled sub-bandz. Thus, the descripancy of the
former model may be explained in termz of the inherent
deficlencies of the apd' - basiz set. On the other hand the
Si{OSiH;) 4 iz characterized by non-overlaplng filled sub-bands
in agreement with photoemis=ion spectra.

The present. resulta of INDO calculationz of the models of
sillca show that the Si(OSi}i;) 4 employing iz - quazsl - atoms
tn account for boundary effefts may be =zuccessfully used tao
dezcribe a =meriez of golid-atate features of gillga, which
from a practical point of view ia a very important adsorbent.
In the forepgning dizcussions posszible appleiations of this
model to gtudy electronic structure, surface properties and

the nature of active gltes of =ilica will he consgsidexred.
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4.2 ELECTRONIC STRUCTURE OF THE SURFACE OF SILICA WITHIN

THE FRAMEWORK OF THE CLUSTER APPROACH

As was mentioned before (445, the proposed cluster model
of the bhulk of 5102 may be easlly tranzsformed to the modell
readlly applicable to study the properties of sillilca surface.
Substitution of the group OSIHB# fig. 3hd by an atom or a
group of atoms leads to a model of a hydroxyl framework (R =
CH>Y and chemically maodified surface of sildca, In the
proceeding part the electronle characterdgtice of the model
fragmenta of zsilica suwrface will be considered.

The fully optimized geometry of the surface =atructure
HOS!(DS:[H;‘)S contains the asurface hydroxnyl groupe with the
followlng geometric parameters: ROS1Y & 0207 nm, R(OH> =
0104 nm, <HOEl = 1045° in agreement. with the eudsting
aexperimental aztimat.em {2531

Table 4 contalns caloulated electronic structural data of
the model fragmentz of the zillca surface which beara active
hydroxyl groups In contragt with the bulk model. It was=
ohzerved that, when one of the silicon atoms transforms from
the bulk to the =urface sgite 1tz charge decreases. However,
guch changes do not practically extend beyvond the firat
coordination aphere of ailicon hecause the electronlc
denaitiea on the bulk =silicon atoma, the bulk oxygen atoms and
quazl -~ hydrogen atomz remsin practically unchanged in the
bulk and surface cluzsters. Thes.'e. data indicate the local
charact.er of the adsorption procezs in =zillca gel

But certainly the idea of modeling of =illca surfaces by

congldering only zeparable active sltes or amall fragments
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without. taiking into :;c:com-ut. the influence of the bulk phase is
a rather weak avgusment..

When quasl - hydrogens are used In the cluster to account
for the influence of the =olld atate environment on the
fragment +the elestronic charges on the guasl - hydrogens
remain cgonstant {(Table 4. Thiz sghowa the adequacy of the
applicatien of agquasi -  Thydrogens to study the asurface
properties of 5102. Thae band structure of the model surface

clugten Hagicosm;: 15 shown In Fli. 6.

3

Ar;alyﬂis of MO of the madel fragment of gilca flg. 6>
gZhows that the general band strvcture iz not changed but many
levelzs ave spllt and ave reprszented mainly by the bulk o
sgurface =illcon and oxygen atom=.  There 1a the whole =et of
the vacant MO's diapomad 1In the conduction band and mainly
localized on the suwface =ildeon and hydrogen atoms.The lattern
is presumsbhly reasponzible for physigopption which regults in
the formationn of weak H -~ complexe=. The gilicon atom iz
congidersd to be a potential active aite for chemigorption
relative to electron dornox molscules, ezapecially emall
micleophiles [&11.

It should be noted that the surface OH groupa are
charaacterdzed by substantlal lonilcity which 12 the basla for
thejr defindte H -~ beonding ability with the sllanel group.
However, it 1is conslderablyY weak but more realistic than
followe from [75]. Thia dJdigcrepancy may be attributed to the
negleat of the influence of the =solld matrix on the hydroxyl
group. The enerpgy gaps in the hulk and aurface cluaters were

found to bhe practically ths same.
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4.3. ADSORPTION COMPLEXES OF PROPENE WITH SILICA

A eerles of adzorption compleras of propene
with siHoa were congidered, among which only the two glusternsa
which appeared to ba energetically atable and therefore are
dizcunssed in detail heres.

The most atable adgorption complex of propene s the
w-complex which iz alao the caze with +the free hydrosxide
anion [119). The surface hydroxyl group interacts with the
propene in = direction perpendicular to the plane of the
molecula from the saide of the methylene gnoup\ (g, 73 The
optimized geometrla parameters and the stablilization energy
indicate that the =urface complex 1s weaker than the complex
of propene with the hydroxide anlon. Thia iz inferpread from the
longer distance between propense and OH-group as well ag from
the lower atabllization an2pgy -50.%7 kY mal” 1 . Thi=z
corregponds to the H-bonding energy from the INDO method which
iz characterized by overegtimation of interaction energles.

The npext adsorption complex in -order of stabliity - is the
clagaical nm-complex of the Dewasw +fype fig. 8. The
comparizon between thia complex and the related complex with
the hydroxide-anion =showa that the surface sastructure iz more
atable, though the atability 1{a lesa than that of the
corrasponding o-gurface complex shown in flg. 7. The diatance

between the double bond and the surface hydroxyl group shown
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in fig. 8 and the value of the Iinteraction energy <207
!uc‘]'.rm::.l._1 alearly indlaate the formation of a weaskly H-bonded
complesx,

By and large, the surface complexes are more =table than
the corresponding complexes with the hydraxide anion and there
are no principal differsnceg in the electrondc distribution
upon complex formation. Thus, it may be concluded that the
construction of elaborated models accounting for the =olid
matoeix ~ may not be neceszary. Neverthelesz, even the first
rezultaz mentioned before =show that propern consideration of
the =solid matrix leads to more reallgtic ezstimatea of the
energy and geometry of the system.

Analy=sis of the electronic structure shows that there ig a
remarkabla elaectronia redistribution in propene after
adeorption and complex formation. The direction of elegtron
tranafer and the changez of electronla chavacterigtice of OH
group are of fundamental importance. The aopregponding values
are given in table B. Analygls of charges on atoms and bond
orders c¢leanly indloates that the direction of electron
transfexr 1z from sillca to the proﬁene molecule. However, the
trendz of electron redigtribution are not =o uniform in
hydroxylated and surface acomplexes. It ahould be noted that
the formation of the o-O0H complex leads to a decrease Iin the
charge of the hydrogen atom while upon propene ad=sorption the
opposite trend 1=z observed. For the n-complexea szimilar
trendz of electronic charge disztribution are found whereaz the
bond ordera show the surface a-complex to be atronger than the

o-complex with OH-andon.
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In order to elucidate these differences more explicity
table B iz given in a generalized form and it includes all the
quantum~-chemical re=sulte on propesne and its complexez with the
OH-2rpup and =ilica surtace.

Finally, the o-complex of propene through the methylene
group with the minimum cluster, BiCOH) 4 {(fig.9), will be
briefly dizcussed. Eventhough the intermolecular distance is
quite the same as in the HOSICOSIHL), complex (flg. 7>  the
Interaction energy in the forner aname iz overegstimated (—47.4
kJ malﬁi) and iz intermediate bhetween that of the hydroxylated
complex <£-100.6 kJ mol }3  and  the surface complex with
HOSICOSIHE), ¢-BO7 kJ mol 15, In most cases the electronic
characteristice (chargez on atomg and bond ordersd are
intermediate bet.wéen that of the hyderoxylated and surface
complexes given in table 5. For ingtance the gcharge on the
uG(H)GHa - carbon atom in the complex of propene with Si<OHD 4
ie practically the mame as that in propens itzelf €0.045>
while the charge on the =same oarbon atom 1is 0148 in the
o-hydr-oxylated eomplax and 0.002 in the complex of
propens with HOSiCOSiH;)3. Arsd all the other characteratics
follow the =ame trend. Thus, the cluster model, SIiI(OH} 4*
geems to be ingufficlent. to give a detalled account of the
propertiea of sildca matrds.

Evidently, the gluster model HOSKDS;IH;DB appears to be

succeaaful in the dezcoription of the weak adsoption complex of

the zilica aurface.
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Table B. Charges on atoms 412 and bond orders (B)Y  in

&

— =

M L

]

'1“\
H”

B
o

LY
4

propene and itz complexes with the hydroxyl and
with the sunface of silica.

€ad Charges on atoms

- X
No Structure qG Iy Ay a, A s

1 Propene ~-0.013 I—O.OO’F 0.042 0073 -0023 0017 1
2 o—OH complex -0.081 0.449 0182 G144 -0.080 -0.044

3 n-OH complex ~0.020 0.059 0.047 0.001 -0.038 -0.028

4 o-Surface complex -0.001 0.041 0.002 06.078 -0.024 -0.022

] a-Surface complex -0.009 0.009 0.049 0.066 -0.018 -0 .00241

{b> Bond orders

No Byz Baa Baa Bag Bag

1 0.061 1.082 1.076 0.942 0.934

2 0045 1.718 1.102 0.947 0.933

3 ' 0.0Be 1974 1.076 0.940 0.082

4 0.9456 1872 1.0838 0.980 09358

8 0.940 1.033 1.072 0.943 0.933
{ad EBElectronic characteriatice of OH group in

hydroxylated complexea and surface OH-group in

adgorption complex of propene.

No Type of OH droup q s | B
O H OH
1 Free OH -0.883 -0.147 0.978
2 o—-0H complex -0.74¢ -0.228 .763
3 n-0H caomplex -0.B46 -0.039 0974
4 Surface OH -0.453 0431 Q0.972
B Surface »~0H complex ~-0.428 0188 a.869
& Surface n-0H complex -0.451 0.173 0.924
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5. coMCLUSION

1. Quantum-chemical modellng of bulk phases of &illca ham
been proposed, The propogsed approach is appli;‘:;a‘ble to a
wide range of golldze in general. Computer programs were
developed for  practical implementation of  the modelng
techniques. The new modeling approach presupposes:
termination of the fragment izolated from the =olld
maty»ix by quasi-hydregen atoms. Determination of =zemil-

-

empirical quantum chemlcal pareametera of quazi-hydrogens
wag made on the basis of adequate descoription of the
elect.ronic dizt.ribution and othern peculanities for the

optimum geometrieg of the model Iragments,

2. Parameters of quagi hydrogens for the optimum structure

of slllca model have been  calculated by INDO methad
within the framework of' the proposed cluster
approach. Thiz allowed not only to pregent. correct
dezoription of X-pay and photoelectronia gpeatra aof
gililca but alze to obtaln good agreement, betwean
caloulated valuss and experimental data for energy gaps,

peometrlc sastructures and electronle distributions.

3. The inveztigated cluster approach has been found to be

applicable for the analysia of proceszges acouring in the
surface layer of the modeled zmolid. The geometric and
aeleatronic strusturez of the hydroxyvilated stliox surface

were studisd.
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PERSPECTIVES FOR FURTHER STUDY-

The comput.ex program CGNINDO wreitten by JA. Pople
at, al [1], was used as a bagia for the present calculations.
Howeveaer, most of the dats in this thesia were gonerated by a
substantizlly modified program called INDOBE. Thae modified
proEam i= aupplemaentad by Bargent-Murntagh [1171
double gelf'-conziatency gebmetl‘-y optindzation procedure. The
capability of the program iz ineressed by introeducing the
poasibility of working in  cartesian, polar and natural
coordinates, addition of subroutines for the mapping of the
electronlc denzity and electroztatic potential, the densities
of electronic atateas In =ollde, decomposition of the total
energy  into one-center and two--center constituents [118] ax
well as some otheyr szervice aubroutines and finally the
parametrization for transition metala bzgzed upon a =eries of
papars by Bohm [2, 11%9],

The programming Job 1z =till in progress +to write the
modified program In a form compatible with the NOR century
Full Fortran compiler at SDDPC of AAU and then to uze it for
the Invegtigation of the catalytic behaviour of transition
metal galte supported on the surface gillca towarda propene
oxddation (zelective and complete pathwayad or other reactions
and surface complexes,

Thuz, the maln per spectiveas for future atudy are
aummarized aa followa.

1. To obtaln cluat.er madels of transition metal oxdes
by quazi-atom approach and ¢to take Inte account the

borderline effeate and the eleagtrozstatie envirvonment of the
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cluster in point charge approximation. To establish a =eries
of aatalytis activity foxr aimple tranzition metsl osxddes
relative to propens oxldation in comparizon with the
experimental interaction energiesm of CUPTGUS and
aobaltic-cobaltous oxdes as a reference.

Z To desizn clust.er modsls of surface immobilized
sllicaz madified by chemlaorbed tranaition metal apecies
and te analyze the trends of electronic and energy level
redistribution in Heght. of various experimantal
eatimatesg. Te use elahorated modals for thenrvetical
studlea of adsorption complexes of propense [120] and to
make prediction of the reaction paths of pPropens
oxidation and to &aet cpiteria for the saelectivity of propens
oidation by agtudying the electronic characteratice 1in the

Hmiting and adsorbed structures.
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APPENDIX A. THE SCHROEDINGER EQUATION AND APPROXIMATION
METHODS FOR MANY ELECTRON SYSTEMS

For a syatem consilgting of N nuclel and n electronzs the
Sohrddinger equation 18 a function of the doordinates of the
N+n pawnticles [11.

Hy = Ew {A.1D
where
H = H{i,z;...,Nii,z,.-.,n)
W o wii,2,. . ,N1,2,.  nd
E = Conztant.
The total hamiltonian could be broken down into three
component.a:
r.9 oy . .
H ] HN + He + HeN CA.Z2>

The explicit. expreszion in au for each of the terma on the
rlght, hand slde of {A.2) are given by
N In
oy oy a > 2 o, £
Hy = 2‘ heA> , H_ = z hep> + qu::,q), H = E £CA, RS
A plq A<H
wherea

i oM. 1o 2 geac z -
heAs m 1M, 79,7, geacmd = 2,7 R, D

- 2
hep) m -1/29 - Z ra
2

1

-— e ) _i
ADAP s gcp?q B rpq
V wm (S, S8y, 8409=D; V m VY a {-32/8:;2, dzlﬁyz, 62J62)
The exiatence of the internuclear distance R AR in H makegs
it difficult to obtain the exact aolution of (A1 by the

meparation of variabhles technique but a reduction in the total
hamdlt.onlan 1 made by the uze of the Born-Oppenheimen
approximation [2], under which (A.2) vields

>, r Fad

H w H + H CARY
e eN
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Thisa givea the poaxibility teo =eparate the totsl wave function
inte the nuclear and electronic functions. Accordingly, the

total energy iz given by

E = B + AZEZAZB R, CA.43

The Bbr-n—()ppe:ﬂaeimex- approximation statez that the motion
of the electrona i =0 rapld that they can ingteanteneou=zly
adjust thelr positions tn the slow nuclear motion which
aventually leads to the neglect of the term contaslning the
kinetia energy operator of the nuclel from the total
hamiltorian thereby giving the possibllity to write the total
wave function as the praduct of the nuclear and eleatronia
wave functions. Therefore, a Scheidinger equation analogous to
A,-’j cars be amet up fon electronic motion wherein the
enargy of Lhe ayatem will be expreossed by (A4,

Evenan, the golution of the regulting equation requirves the
introduction of =some =ont of approximations due to  the
presence of the intereslectronla zeparations r'pq

Bome of the best approximations are obtained by the
ao~aallad SGF procedurez or Hartree-Fock methods which are
broadly subdivided inte two. In the ovbital -approxdmation an
antiaymmetrized total electronic wave funection is approximated
by the Hnear combination of one-elactron wave functlons
{Hartree product? which for a clomed shell syastem i wroitten

in a gompact form as the Slater determinant.

Py PPy o PP CABD

w = (NpTE

where e | o oo P B o 3

In a more general approach nulti-configurational SOF or
configuration interaction <{CI3 iz appled where the wave
funation 18 wroltten az a linear aombination of the Slater

determinants.

y = 23131 A CA.6)
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Evaluation ol the enerasy ard optimum parametenrs
{avafficlantsd iz based upon thies variation thaoram

mathematically stated as

_rw* H g dr
E = - = Ey (AT
Jwvw ar

In amn alternative approach SUOF LOAD zcheme iz uzed to

construct molecular wave funaotlons.

@ = Z c:.u iqb'u <ABD

AppHeoatlon of the varlation mathod o LUOEAC  leads to
Hartree-Fock-Roothasn equations walch emerge as a rezult. of
certain =impidfying sssumptionae in the gacular determinant
obtalned from th= secular agquations, The hartrea-Fock

aquations sre elgenylue aquations
e
Fp =@ Eyp A9

whereazs the Roothssr ecuations constitute algebrale equations.

<F - a2,5 3 m Y DetdF - 255 =& 0 CA.105
L 1w

where the matiy elsmos* - ave gliven by

r.
F m H + @ , H - J‘cﬁp(‘i)Hg&vCi)d*r )

H M e 7
G.Ul-‘ = ZﬁPha{‘Ipw\ﬂ - i ':;.m)\.o')

Tne = J[#,0008 > -—f—g @, (@ (2)dr dr,
Koo = [ 008 -;_-_J-zxpvcz)%cz;dq- A,

J aned K are aallad coulomb and exchange integrals,
rezpectively, and P iz th: lensity matrix,
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Solution of the Roothaan equation requirea an inltial guesas
at. the form of the nolegular orhbitals leading to the following
S0F sacheme.
1

> va — ata,

o ! * ! ' L
pyu > Fw > oD va > F > =]
In the solution of d{A10) by non-empirical methods, the basis

functlone <({AD> are given 1In convenlent analytical forms in
term=s of STOa.

2F

" Gno T capy™ 1 AT Y, (S CAA1>
nlm
2141 (1-[mj>! 12 [m] aoamp mz0
31
Yiy ™ Fnd ~ CI+[m |51 piMicaosod 3, L o A1

‘ [z m=s 0
ém = { i m#220
where n 1la the effective principal guantum number, ¥ ia the
Slater awxponent. evalauted by the well known Slater pules and
Pllml iz the assoclated Legendre polynomial L1l
The maln featurez of &ETOz are that they lead to
non-degenerate zetae of energy atatea and are not orthogonal at
all but they can readily be orthogonalized by variouas methods.
Other clasgea of daonvenlent analytical functions include GFs
which have eagmenetially the same form as 5T0s except. that the
axponential part 18 a quadratie function of . GPFs ara

characterized by fast convergence and many of the integrala

involvong GFs are eas=mily evaluated.

/_2— caes™t 12 o ,
- 1 nd -
. [ = Ton—151 ] 2Ty oy cadsd

Sometimes, a group of STOz are approximated by LUOGF az

gnlm

n
X = Z a8y <A 44>
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The fellowing notatlons are widely used in the literature [31
5T0-NG (STO-30 oy STO-443
STO~-NG~-KLY (ETO-4-31d5
STO-NE-KLMA (STO-46-3116>
STO-NG-KLME® (STo-6-8116") sta.
where 5TO in & given group s approximated by the indicated
GF=.

The acomputational difficultiea Impoze savere limitations on
the range of applicability of non-empirical methoda to large
moleculay: syat.ems. On the ather hand, zeml-emplrical
approxdimations uze simple computational schemesz and yet
produce fair-ly acourate results and glve good correlationzs
batween theoretical and experimental results.

In the =olution of the Roothasn equationa written in the
matrix form az HO m=w SC0E, the matrix elemantse are obtained in
the rfollowing ways by a semi-empirical zcheme known as method
of complete overlap. H.UJJ are eatimated from Iy'

Exupreassions Tor the off-diagonal elements are given by

> H m ks2¢H  + H 38 CA.15)
Hv pp (R TI

{Wolfabheprz-Helmhaoltz verasiond
Cii> H m kS CA.15)
L Ly

(Longuet-Hlggzins-Robarta veraiond

Gtts K, = ke H 3124 CAATS

HH v Ly
{Ballhaunsen-ray vera&ion

vd H w e+ 3% <z~ |8 |3 CAABD
pw Ht v pe Y

{Ouzachz? veraliond

ZD0 ia another widely uzed zmemimemplrical zcheme based upon

the approximations:

Spp & r5ppj (“APBI)\G#D) ™ cSABéaD(pu])\cy}

where & 1a the Kronecker delta.
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Various versions of 2DO0 are koown In  GNDO the.: mat.rix

elements of the Roothaan equations are estimated by

Gl Tl = 5, ol o o>

- v
Hi BZA AB

H
TITN

fle

CA10)

Then to achieve computational simplcity the following

parameters were intioduced.

~~ - f, -— ]

i ) Iy ? 47 A 13 AA {ONDO.A1D CA.200
o m -1/2{0 + A 3 - {2 - 425 CGNDOL/2) CA.21)
py H [y A YAA

0 0 ¢ (4]
H 2 = 1 3 m 172405 + 35 CA.223
HoVg AB Tu AYn AB A B
and furthermore, in GNDO-Z V AR iz parametrized as
v a -z, CA.23)
AB A YaAp :

Evaluastion of one-center and two-center integrals are bazed on

Yar ™ IA - AA CA.24)
(Parlsor-Parr approximstiond
2 1
" - [12 . 2 ] CA.25>
AB AB ¥a + Yy

(Mataga—Nizhomoteo relationd

o

5 o 1/2
Yap ™ [EAB + [ma ]] CA.265

£Ohno relation’

In INDO all one-center integrala ares retalned, ie,
Cuyv, I kAo'A} # 0. Hence INDO 1 =superior to CGNDO in many
respacts. A varglion ZDO0 ao-acallad  NDDO i= even leas

approximate and ratains all one-cneten and two-centen




- 102 -
overlapsz, ie., CPAPAP‘BGB) # 0. INDO is identical to CGNDO
in two-center parta and NDDO in one-center partsz.
ZD0 approximation makes it possible to decompose the total

energy into one-center and two-center contributions.

E m ZEA + AZB B, CA.27D

and the two-center part 1a further broken down Into two

aomponentes,

_ cov el
EAE EAB + EAB . <A 28D

where the electrostatic and covalent. terms are given by

el
EAB = [(EA - qA}qB + CZB - qB}qA]yAB + ZAZBVAB CA.20)
A B
G " z Fpur 9 = Z iy
AR A B
SOV 2 CA.B0
EAB = 2{?‘&3 2 z P I'EHEI‘S - 12 yAB 2 2 Pra

The Hartree-Fock-Roothaan equations are greatly =implified in

the ONDO-Z ver=zion of the Pople approximation. Thus, the

matrin elementa in the equation 2 F,uv ST bacome
F = H - 1/2P 3+ | S ¢ 203 CAB1S
Y H pp S b Z anSHH |
F s H -1/2F  Cuplowd CA.32>
ML o v
n
E, = 22 H, + Z By = Kyp? CA.a3)>
1Fns
o

B, = E + }:FkuMp CAB4D
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Mulliken-Ruldenberz approximation is used to make further

reducstion of two-center Integrals as Ffollows.

P Cidp 4> 129 [¢> €13 <13+ @ (A <1>] CABED
Ha Ty L NN My g

For inastance,

s P hed 1#4SH1JS}¥a[(pp]>\h)+Cpp!aw)+(pv|kh>+(up|aa}] A 88>
Pople-Beveridge-Dobosh approximation 1z used to estimate y AR
from &-functions, e, =z-orbitals and the corresponding

quanttum numbers.

‘:‘UA“AI)"BKB} = y.p = (nSAlmAImSBm&agb CAB7>

Therafore, AR for & and p orbitalzs could be evaluated as

yig P 1/:32 NS, s A[mpg mpg}, & = w5y, = CA.38)
o=y
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APPENDIX B. DIFFERENCE EQUATIONS

Numerical solution of a differential equation 1z usuaily
obtained by the difference zchemy which iz based upon the
transformation of the differantial equation into the
approximating difference eqmuation i1l Eventually, the
computer plays a very wvital role In the =olution of the
difference adquation by an lterative procesas. The difference
zchame 1a particulacly Important for the det.ermination of
optimum values of a Ffunction Detalled dizcuszion of
difference eguationz Iz glven elgevwherea [2 - 41 :

A differsnce edquation [6] 1z an equation which Involves an
independent. variable, depandent. variable and suacegsive
differencea of the dependent vanriable. A difference equation

of order n s written as:
F[x, £Cxd, ALCxY, ..., Anf‘(x}] @ 0 (B4

whare F 18 a known function and f{x) iz an unknown funchtion
ard Af{x) m x+id - %) The difference edquation [6] for

a fivet order differential equation could be dexrdved a=
follows. For a given flrat order differential equation

y! = F(x,vd ¢B.23

where v¢ = dy~dx and y zhall have the value Yo when = LA

We zseek a =zolution

y = £Ix) B35
aurh that, Vo = rcxab. Leat X Ry Hyp o ba equally
apaaed values of n =o that g X, ™ h, a constant
for n = 0, 1,2, .. Hence, in place of +the glven

differential equation <B1), we deal with +the differance
equation (B.43.




Viri = ¥y m  Pdxyd
b
83 )
. - s ’
Ve = ¥, v hFOG,y 3 =y o+ ylh <B.4)

One faixrly cobvious way to proceed would be to chaose a
sn:all value of h and with n = O g ® Y, + hF‘CxQ,yO) iz
csomputed; with n = 1 Vs " vy + hF‘Cxi,yib iz computed;
and =0 on until the approximation YN for the wvalue of y
corraesponding to x = XN 1 obtalned.

The Taylor seriea expanzion for the unknown function £{xd

is powers of x - X iz written am:

i ®m £ > + £ 3n-x 3 + £ dn 3lu-x }2 + oL (BB
n n n n n
21
Let. x = ! ntl n
Ve ® f'(xn:i for convenliendge, we then have

a&a  that x—xn " X

2
Pl 4+ wi? + g
+ erh yv!th Yy {B.&>
21 31

Yn+1 “ Yn

Comparing (B.4> and (B.6> we sgee that the error introduced by
the difference aquation (B.4> g due to dropping of the term=
involving hz and highexr powera of h. We s=say that the erroxn
involved 1a of the onder of hz.

The efficiency of the method could be improved by letting

X | xn in {(B5) g0 that.

-4
X~ % = N - X B -h
n n—1 1
Then
- ¥ L8 ] - FER }
Yot 2 Yy Ve h + Y v {B.6*3
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y + Eyl{‘h + y;_l” + .. (B.75

51

Accordingzly, we may use, Inatead of (B4 the relation

¥

}
net Y + 2y'h ¢B.8>

n-1

Then, the evror wili be of the order hs, which, for h
gufficlently amall may he expescted to he lezms than when the h2
term fa neglected. Since V,_q Aabpears in <¢BRB> thia foarmula
firat. glves for n = 1 Vo = Yo * 2y£h. Accordingly, yiand
yi muzst. he computed by other means to get started by the
iteration process. To be consistent with the wigh to neglect
only terms involving third and hgher powerse of bk, the first
three termzs of (B43 may be uzed in the computation of Vyi
that. iz,

=

v ™ Yo * yjh + 1/2y4h ¢B.O>

iz calculat.ed.

The values of Xy and Yo being given, Yo = F‘{xa,yob i
evaluated rfrom the given differential equation (B2 and then
y&’ from the result of differentiating (B.23.

v’ om aF ) {B.10)

—_— _..Y?

Ix ay

wherein we putt x = RKar ¥ B Vo y = YS-

The method therefore involvea the following succeszive stepsa.

1. Uaea the given differential equation {B.2> o et

yé - FCxa,yO} and {B1G6) te compute yé’.

Z. Using Yo? yé ard y(-‘)’ together with a chosen value of h,
find Yy from (B93> WVith , = R, + h and Vg calaulate yi
from (B.2).

3. From formula (B.B> get Yy = ¥y + :.’-Zyih 3  with ¥, = x1+h,

find yé from (BH.23.
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4. Repeat =ztep 3 for Vg and yé, Y and Y:L and =0 on, through

ast many stages as r-equir-ei:l.

in  dealing with functions of sevaral wvardahles, the
funation Wx,y,2> will have optimum values Mmaxina orx minimad
with respect to all the three vardables x vy, 2 1f +the

following conditions are fulfilled,

Uix,v,2z> w Fox,y,z> = 0 <B4

Wx,y,z3 w8 Flgy,=> = 0 {B.12>

UG, v,z w Fdx,y,2d & {B.133

where Uﬁ a4y Lo ® %, v, 23 and U zhall have the
) o

\-va?xh.lel.i‘..’l when X = RKyp ¥ = Vogp Z B Z,. Then by the =zame

arguaments, equations analogous to equations (B4 and (BB
can be derived for sach of the partial derivatives Ux’ Uy’ Uz
to anlve for the optimum (extremumd valuea Udx,y,=z> [6]

In the optimization of the INDO parameters for
dguagi-hydrogen atoms by the difference =cheme, the wvariables
N, Vy = in ftBi1i> - <(BA3D are replaced by
172¢1 et A s> Cagna. 2462 and 2483, {240*{&.:111. 288>  and

H H H
”:* {faqna. 234 or 238342, respectively, in equation {410,
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APPENDIX C. POTENTIAL ENERGY SURFACES AND QPTIMAL GEOMETRIC
STRUCTURES OF MOLECULAR SYRTEMS.
Gl GENERAL  CHARACTERISTICS  OF

MINIMIZATION METHODS.

Potential energy of a azyatem iz a function of ({3N-43
internal coardinates, Uqu by Minimization problema ares
generally acalled optimdzation problema UL

The problam of minimization involves aconstruction of
a sequence of points {qi} such that qi—-> qmir:’ whare qmin i=
the point, 1in  which mdodmum of  the gliven function i=
achieved. The majority of alpordthma for the construction of
the mlnimizing surface are subdivided into two groups: direct
gearach methods and methods uming dexivativesm. Subzatantial part
of methods ia baged on subseugent determination of the
direction ;} and the =step X of deascent =6 that the 1-th
iteration step may be presented azm

e Y o M <C.1>

wherea ;)i iz normallzmed veatorn, }‘i > 0.

The M value i= often determined by condition of
mindmization of the function along the direaction of ;s:}.
Theraefore eazentlal part of many algovithms s one-dimensional
minimization of the function.

Effictency of algorithms of minimization ia often estimated

by the rate of convergence. The =gequance q>i iz =ald to

converge to a)min lingarly 1f the gequence of distances
-»1 =>min

g -q || decreazes asa geometric progression, lLe.
=i+ =»min -2 =>min .

I la - q P S dllg - a P00 <3< 4 a2

If' the sequence .ci}i decreases faster o that the eatimate

lia}i+‘i _ &)l’hi!‘l ]l ‘_: "31 Ia)‘i . o by 0, E s 1 cCan

iz true, then thia impleg hyperlinear convergence {quadratic

-»min, k
;| I

convergehae in the cazme k = 23,
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If a funaction U isg differentiable and 1f ite gradient. i
known
S0

d = : y o4 = S5 G4

d 9q
then at leazt in a proximity of a point function U decrecases

along the direction .e‘:.‘), if

=. & <o COLED
In particulay a function decreages In the direction

a> = -Ea’x; |«_j)| | and in general in any direction

2 m -AZ S| AT .65

whers A la an arbltrary positively detoermined matrix

The problem of mearch of stationary pointz 1a connected
with the problem of molution of the asyatem of non-linear
equations

4, ¢F> = 0 ¢G>

Lett in proximity of a point a}a function U{E{:’) be

approximated quadratically.

> > =30, O ~¥ ~» -3 ->

g > m U° + g - g o3d” + 1/2¢q - 9 a™g - 93 e

Gonditions of extremum <G73 reduse to Hnearizad equations=:

8% - T +d° = a G0

If matrix 6% iz known and its inverse (Gc’}ui aould be found,
extremum §°X ¢G.93 may be determined for one step:

* om L7 om e €CL103

Since equént.iona <G8 and are approximate, G402 glvea only
approximate value of extremum. The iteration proceaa for which
one step 1 determined by (G103 iz called Newton-Raftaon
methoad. If function U{ahrb aatizfies definite conditions,

convargenae to mindmum of Newton-Raftzon method ia quadratic.
This method ia chavactarized by faztest. convergence but
neceasity of caloulation of beoth gradient and Hesgslan matrix

mabkea lta applaation in quantum chemistry difficult.,
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C-2-  ONF-DIMENSIONMAL OFTIMIZATION

Primarily it iz useful to localize a wminlmum over some
segment 0 < X < 1. The =impleat procedure useas division of the
saegment. into partz. If two pointa are glven 0 < J\.i 43\2 < 1,
r'{ox < 1), then comparing the valuas of the function at the

pointae A, and sz it. 1= poseible to decresse the interval in
min

which A 1z localizad:

0 < )\.mj'“ £ }'2 ifr f‘(?xz) > f(hib £G.145
radn .

7\.1 £ X €1 if I‘szi) > f()\.;a)

The most eeffective procedure 1a division of a aegment

according to *gold saction’ »ule, le.,

3 - /8 372
- au >

)\.2 = e, g /52 1342 & 0462

Sinas vy 8w, Py vy i, in subsequent division »of

fie

0.35 L0120

fl

ApoB ey

ki

a segment., one of the polntz for which the wvaluse of the
function wasz calculated at preceding lteration, sgatiafiez
condition {8123, so that at each =step of the next iteration
calculation of the function In one new point iz neaded.

The number of caloulation of the function is connected with
the accuracy of kmin_

In quantum-chemical problemse 1t i{a preferable to uze
methods hased on interpolation by polynomial of low degres,
particularly on gquadratie or gubls interpolation [2 - 41 If
only the valuez of +the function are known, quadrat.ia
interpolation over three polntz g uzed. If three points,
a,b,e are given and the wvaluez of the function in these polnts

are fa,fh,fa thenn the minimum of a parabola paassing through

three points ig determined according to the formula

omin b a 2:’:‘;(.:2-—;’ )f‘b+(az-h? >F_
x = 1.2 CCASD

Lb-a3f + {c-adf, + (a-hif
a c

b
If derivatives ave known it 1a possible ta construct a
tangent. parvahola. In this caze 1t 12 necezsary to know the

value of the function at two points and itz derdivative at one
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point, but it iz posaible to use cuble interpolation over the
values of the function and ita derivative at. twoe polnts. Then

if fa’ga’ andl are respectively the values of the

IR
function and itz derivative at the polnte a and b {a < b,
then approximate value of the mindmum of the function iz

determined sccording to

- g, vtz G140
)&mi“n[i—-ab ]Cb—a)

. — A
; g+ 2w
where

2 3(1“3-1‘)
W e {Z - g g2.31/2, Z @ + g+
& Zh
h - a

C.3 FANY-DIMENSIONAL OPTIMIZATION
The =zimplest. methads of mearch are bazed on the definite

setrategy of subsaquent, aorting out, of pointa in
multidimenzional =space. Thus, in Hook-Jeaves method finite
Inorement, ig given In turn to each coordinate at each =eparate
iteration and if the function decreases a new value of the
coordinate iz uzed instead of the old one. alternatively, the
atep over the glven oaoordinate 1is made i the opposite
direction. Then funther treatment of other coordinates ia
made. After zorting out all the coordinates the next iteration
i fulfiilled wunlesa all the old wvalues are kept uvnchanged.
This method appears to he quite simple ffor programming but
convergence iz quite slow,

The azimplast. method of movement. along directions is cyclic
aoordinate desaent. Saquence of one-dinensional minimdzations
iz fulfilled along each of the ooordinates Iin turn. The
process 1 repeated cycllcally unlesz the minimum is  achieved
ovar all the coordinates simultanecusly. This method has =low
convergenae but may hbe effegtive If generallzed coordinates

are guaaessfully chomen,
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Conslder a serles of methods based on derivatives.

In the method of fastest descent 1t s aszsumed that

el B GBS

e, tn (G4 A =m I Thestep alonz the directlon mass hbe
chosen in different. WAYH. it iez posslibla to use

min,i
' Howaveaern even the

one—-dimengional minimization, e }\in)\
congtant step guaranteea convergence I inequality QA€£2-M iz
gatizfiad, where M iz the preatest eigenvalue of Hezaian.

If the distance bhetween two intervalz A = {ai,azl,

B &= {bi ,132] in the real interval ICRY lg defined by
g{A,B> = ma:'{{|.e;1 - az[, ]h1 = b2|} (G185

then the map g Introduces a metrlg in IR [6). I other
words, a metric ia a distance function which fulfills cexrtain
requirementz 7l The moat a&affective  progedurez used for
funation minimization conzstitute a group of =0 called variablae
metriac methods [B, 9?1 which are iterative methodzs us=sing the
gtespaat. deacent in the fivat step.

Nowadays the method of vardable metrics proposed by
Davidon~Fletcher-Powell 1g the moast popular approach. Although
thiz method demands more computer memory it la more effective.
It is not necegsary to determine the step from condition of
the minimim of a function along a given dirvection and it may
b2 even chozen as constant wvalue. The direction of descent. &
determined according to (6.63, the A matrix heing specified
at  each itteration astep. In the beginndng of +the process
Initial approximation is given, (&}G,Aa?}. The matnix Aomus:t be
positively determined, u=sually Ao s I. At the k-th =step

o N N
1
Al w AR [Aqk - AkTIaAgR ] [ma"f caq<-a¥ 144 ] [Aqk-
+
Ak 1age ] CCA7Y

where Aqk = qk-- qk_i, Adk = dk*dk*i,
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aa+ ia direct vector product,
a'a le scalan praoduct,.,

The =zequence of directions appears to be conjugate in the
case of pomitively determined quadratic function and method of
convergea during k iterations, In the end of iterations it
appears that A = Gui, le. method ensures automatic
aonatruction of the inverze of the Hegsian matnis,

Methoadse of varlable metrica, penetrated into the flelds of
quantum chemiatry during the last +two decades. It s wverny
agonverndent. that. o the basls of the known wave function o
some  configuration of muclei it 1a pozgible to calaulate not

only the anergy at the given point but itz devivatives, if

derivativea of molecular integrals are known.

2w sPR +123 -tasPEP cc.183
a, p dq, q, p a,

where E la the total energy, D iz density matyix, H and ¢ are
one— andtwo-electron parta of Fooklan, P 1 Fockian {Fock
hamiltonian?, 2 iz overlap matnix

tUalculation of derivatives is a very laborous proceduors,
particuiarly of derdvativea of integrals of electron-electron
repulsion. Computation of ope component of gradient vector
demands computation of the =zame guantity of additional
integralas az aaloculation of the energy at. one polnt. Moreover
in the process of differentiation over aoordinates the degrae
of polynomial 1z increazed by 1, le computation of integralz
of derdvativez 1a eaqulvalent to acomputation of integrals of
funotions with a bhigher (by one? orbhital quantum number. In
aami-empirical methods computation of intepgrals takea anly a
Emall pant, aof thea whole computationsl time. Thereforea
application of gradient methods is especlally effeative. Thus,
in the progedure of variable metriceg In Murtagh-Sargent
version the k-th itenation looks lke:

o _— ot Ak 4 Q.10

k k-1 k k

A w ARl 4 2K KK
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where Z¥ & - AK1 [ ek 1], K m kbt 2K
The =atep o, iz aszumed to he constant, ol = i, but. if thisstep

leads: to energy incresse It s decreased in two times. Since
the methoad preserves symmetry automatically and excludes pure
tranzlations and rotations, carvtesmian buft not internal
coordinates may he used.

Refined version of Muntagh-Sargent method was proposed ‘by
Pancixr [Bl. deometry optimlzation iz fulfilled together with
gelf-congiztent, procedure, la. after each S0F-cycle geometrpy
corraection iz fulfilled according to 192 {(methods of douhble
lterations [81

To calculate derivatives it ia anough t.o oonsidar

two-center components of energy, E z=ince overlap matrix in

¥
this case 1z constant and equaf N to unitairy matrix and
one—-genter tarmz do not depend on geometry.

In the optimization procedure bhased on variahle metrdes [8]
the Heaszlan matrix arizes in the course of d'c:bmput.gf,ion and
makes tha computation quadratically convergent [103. The

varation step la perfomed according to the following formula,

-1 -
oom X T aHi-iéi—i G200
where a 1l a =scalar &0 chosen that the tepdm li‘.(xi_i - mH;f i)

iz minimal,

The way the Heszslan matrix is constructed depends on the
individusl methods.
Davidon made uzse of (G215,

H a H 1 + qTq/c:

T
) o4 - 2 2/a, €C.24>

1

where ¢ = By T oM ¥Yomog T8y o Z = cHi_i}Yr

a - qu ] = yTZ
1 P T2
Murtagh and Sargent. auggested (G223,

H:‘ - H;f Lt alq - 42 - Zlq + z'rzwcci - &) <622




Broyden and Goldfaxh umed

-1 -1 ! . o7, T T , .
Hi Hi—-i -+ [(1 l-ag/ai.ﬁq q q = g b Z]/{ai + c..z} {8233

and Hozshino used (G233

-1 -1 - T T, T T N
Hi = Hl—i + [(1 + z!c:zx“-_.i}q o q 2 A | =z 2]/«31 §L.24)

The atarting I-i_1 matrix iz chosen amz the unit matreiw, the
cholee of o iz done by guadratic or cuble mindmization in a

given directdon {vide infrad The value of a was chosen by

T T, . .T ;
o B X gi-i/(n €] 4 I gi—i) | CO.ZBD
* — ¥ ] ¥
wheye o @ H 4 H_y and x 11 Hea in the vicinity of
X in the direction given b (H_i )T
1-1 1 glven by 1-17 &4-q

Searching the wvalue of a by minimizmation of a cubla
funation iz equivalent to mindmization by meana of gradients
H_y in the
{double iteration

gomputed at. two points of the mame diatance from
-1 )'I‘ .

1-1" 84—y
techniqual, On the other hand, the Mutagh-Savgent method is

-1 T
directions {Hi-d) B4y and -~ (H

quadpatically convergent. [101 for any a. For a m 1 the number

of variable metric iterationz increazsed insignificantly.

Algorithm:

a) Procesed in the S5GF ilterative procedure at point X, _4 unt.il
the convergenay oritexrdon Ia lesa than an a priorl given
value, aay 2.

b3 Perform a atep according to egn. {OG1D.

a) Parform the stability test J{vide Infrad If the tests are
not. satiafied reaet the Hi-— i matrix and continue with a)d.

d> Update the H;i matydx according to any of
aqns. (G213 - G245, _

ed If the norm of gradiaent iz higher than a prescribed value,
gay &, gzo back to al If necesmary, lowar &£ In the next

calculation step.
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APPENDIX D. DENBITY OF STATES IN THE FORBIDDEN
AND ALLOWED BANDS

Some generalized approsches for theoretical derivation of
the dengity of atatez are given elzewhere [1, 2I. The dengity
of ztatems, (£}, 1z the number of szlectron atatez in a unit
interval of energy. Thus, the number of electron atates with
an enargy in the Interval betwesn & and £ + de la equal to
Gleide [3)

From the =study of the electyonic propertlies of amorphous
aolids u=ing a =imple hamiltonian of the tight-binding type,
rizorous bounds were d/ér-ived for the density of =zatates of a
tetrahedrally bonded =olild [4 - 6] In the derivationz only
perfeact coordination of nearest neighbourae waz assumed.
Varioua other w»eaults were obtained for the fraction =—- and
p-like character of wave functions, the attainment of bounds
and other features of the denmity of states.

The two-band hamiitonlan for the determination of the hand

atructure of a topologlaally disordered syatem [4]1 1g glven by

H = Vil¢ij> <¢1J‘! + Z v2|¢1j> <¢1’JI (D.1>

N i=1%,1

where Vi And Vz are defined to he real and gtai 4 are localized
functilons thalt, form an orthornormal get and may be visuallzed
as  the familizar. spﬁ hybridized orbltala of tight-binding
theory, 1 12 the index for the atomz and | for the honda.

As can be zeen from eqgri (D13 for Vz @ (O the hamiltonian
describes completely decoupled atoms, each with a aingly

degenerate elgenstate at energy E w 3V, and triply degenerate

1
eigenstates att E = -V.. On the othar hand, for V, ® 0 the

i 1
hamiltonlan descorlbes decoupled bonds each of which iz
asgsncliated with elgenstates at B = :WZ' Thus, the two matrin
elementa Vi and Vz might. be galled “banding” and "bonding'

parameters, rezpectively.
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Then the Schrddinger equation gives
My o —vgiT:’cw <D.8>

where

The matrix M has the elgpenvalues

7\.1 m -~E + avi aingly regenoerate)d (D45
and
)‘2 s -BE - Vi Lriply degencerated D7y

Tkaing the =zacalar product of both =sldes of (D43 with theirn
respective conjugate vectors one obtains
T T e V)P <n.8>

By expanding E> in elgenveatorm of M s the following
inequalities were readily obtained from (D.B3.

maxcy S w1 = V3 P12 oz omnody )2 <D.0>
2] 2 n

It gan be shown that if the energy E is =such that

maxcn >y < V2 <DADD
n 2

O

mn%y » Ve <D A1d
n .

{hod implles a =zero bulk density of atateaz at that energy.
OGne should first note that either of the inequalltiea (D403
or {0113 together with (D93 impHeas that

|- 7 |2I{ > ol W[ ¢D.425

where & > 0 and further | G}IZ = L—\>§2 hasg the same =ign for
all atom=. Then consldering the range of energy EQ 2 BE = Ei
for which such relationz hold and latting & to denote it=
mayxdimum value in that rmage ¢ = 03, an integrated density of

states, I, wag defined by

I = J dE n{E> ¢D.135
EO '
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Vealre and Thorpe express the density of atates in terms of
the Green’s functiona for the race-centered cuble lattice

I {23 as followse [41.
foa

1
1 .3 dudydz
If‘t::c:(:"g:!b ¢ 2n 3 J-_”- £ — {Coamxcosy+cosyoosZ+toogzZcosd) .22
~-n

and the denglty of statez i1 related to the imasginary part of
the Green?® functionz by the relation

L B - v 32 - 4Vf - vg 1 :cE—vinz—a;vf—v?‘;Jz
ntsd =\ -~ = I"‘It‘cc 0.3
2

1
3 3
Vi Yy

Exprezzionz are known fon Ifc.c. in terma of the complate
eliptic Integrals of the fipet kind and an elegant discussaion
of dreen’s functions and thelr role in the galculation of the
denzity of states 1= given elzewhere [F, 81

By projecting out, that part of the Scréddinger equation
(H-E>w = 0 which Hes in the subspace =panned by q*.»i 3 fon

sgome given 1 and @l - 4, the coefficientas a

1]

w = Zjaijﬁj <D.4)

ave defined by

ard a i for j = 1 - 4 are considered as the aomponentae of a

vaector 'ﬁ'}{i). The aomponenta sasociated with other

a
14§
orbltala <{fig. DI% associated with theze bonds may be

conalderad az a =econd vecton 3)(13.

Fig. Di. Coefficlents of the basis functions 1 - 4 aasociated
with a given atom in the expanzsion of a glven wave function
are elements of the vector f?and the coefficlenta of 1* - 4!

farm the vector -J>.
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where nE> is the normalized density of states, that iz,

o
4 = IdE niE> D4

>

CGonslderdrng a particular sztate with wave function ¥
cdorresponding to an anerzy hetween E and Ei the guantity
—} 2_ ) 2
l [ ] was aummed over all atoms forr much =a wave
function which with the cancellation of terma in the interdion
Interior of the sgtrugture asnd the aszumption of '"free"

boundary condltion reduces to

Zq was|? - | Tas|®H = Z | w”cen)? ¢DASD
r{ace
at.om 1
componaent. m

A surface atom 18 defined as an atom with at least one
surface bond, fle., one not connescted to another atom in the
atruat.ure., For large N the number N of atoms in the surface
layer =matigfie=z Ng < sz'ﬁ? D163

where » 1a & constant independent. of N Then eqn=. {D.12) and

(D.16> (uming the aconstancy of the =ign of | d>[2 | ‘7>|2)
glve Ffor any wave function
N5 2 P, o2 .2
9Z|ucu[ <2||u{1)| -|vc1>;| 2|u&i)i ¢D.AT>
yeurtacea
Iayer only
N
2111 W |? - $’<1>[2l - Zq Teas)® - G"{i}ﬁ)‘ ¢D 18>
1 i1
N o s 2 > 2 2|2
1 Zq W | - | x|« z (D193
1@ au}:f‘aae
layer only
Combitrdng edqns. <D.A7> - {D.19) togethen with t-he

normalization condition for the wave function
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N
Z | end|? = 1 <D.20)
14 |

one obtains

> et > o D21
iTaurface
layer only

Then it. can be rveadlly shown that

NI& <« 41’41g Ch.225
where NI is the number of wave functionas with energlea hetween
EO and E "

Therafore, it follows that
I < 49’ich/N:> ¢D.233
Sinoce & > 0 and iz independent. of N
IimI = @ €D. 24>
i-»m

Simllar procedures were used to derdve certain properties
of the allowed bands. In particular, it haz been =shown that
the average fractional s- and p-character and the average
honding ardd anti-bonding chavacter of a wave function ares
funagtions only of the energy E. UGonsldering a particular

normalized wave function over the whole avatem and expanding

the elgenvectors of M the elgen vector -‘;}Ca) with elgenvalue
eqn. (D63 iz callad as~lke and any eigenvecton 'G:'CP) with
elgenvalue eqn. <B.73 ig called p-like.
G) - G{s) E)(E) + c(p) H)(p) (D253
Then egn. (D.B) may be written a=

A €= 2 <pd 2 —_ 2
}\.i |e |“ + )"2 le | a Vg | ¥ ED.26D
or

e R 2 L2 L= 0 T 2 pa 2
| P17 - | @12 = of v - 015+ ol V- 0] wam
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For quasiperiodic conditions and as N —> @ the quantity

N
h = Zc| V- | Tas|® <D 28>
164

vanishes and

R T R
F Py a2 - o2 - v (D.29>
where

N
F = z |52 1.303
&

1@

N .
F = 21|a{p:’ 1% (D31
Py

Fs and Fp may be called the fractional =& and p-lke
charactera of the wave function.
Uging F_ + F m 1 we obtaln
= P
2 2 2
F,oo= o2 - abhroZ - v D82
The fractional bonding character was obtalned by taking the

goalar produact, of agqn. (D43 with 1_1—)*.

TEM T e P ¢D.38)
which may be written a=z

Cad 2 p3 2 o] T
hiic = + )\.zla | m -V, u v <D.34>
Then the fractional bonding character ls defined By

| N e >

F, = 172 + 1.2 Zu" LT . (D.95>
b 164

in which caze eqns. (D343 and (D355 yleld

-1 .
F‘b s 1.2 - 172 Vz C?\iFg + KZFP) D385
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The results D30 and (DB6» entall suwum rules on the
dengsity of atates n(E) The appropriate operator In the case
of agqn. D3O 1=

- N
£ = 2 |a¥<a | <D.373
164

where =2 Ia the s-Hke combination of basis functions ¢»1 y

ageonclated with atom 1. The regultant. sum nule iz

o
j dE ndE> F‘S(E.‘) m 1 <D.385
-

while eqn. <D.36> vields

o DO
dE n¢E> F (B> m 2
hll 4

The @reen function 51 for the six-ring Hu=zimi cactus
lattice [4] iz defined by

€ = <¢‘1 [€o - H»>|¢1,> <D.403

where H’ iz an effective hamiltonlan of & hexagon Including an
eefective field h.

ad
H = 124 ) | $5<h,, |+ b)Y (@<, (D413
i,1*'neighbours leed
and £ are reduced energlieas of one-band hamlltonlan H{i} [41.
€13 4N
H @ 174 ) | ><h, | ¢D.423

i,1* netghbours

The relation between E and £ ia pgeven by the =special caze

of the so-called one~band-two-band transformation [BL

BCod m V, - <4V>  + vi + 4v1v2.g>1"2 <D.43>
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From eqns. (40> and (D.4d1), the Green function €00 for a

aite ia evaluated a=m

and the Green function for the complete asyastem is given by

GOD s 1/¢z - 2h) (D485
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APPENDIX E. PROGRAM LIST OF CNINDO
PROGRAM CNINDO

IMPLIGIT DOUBLE PRECISION €A = H, O = 22
COMMON/ARRAYS/ABCC192002
COMMON/INFO/NATOMS ,CHARGE ,MULTIP,AN(35),0(35,3),N
C{OMMON/PERTBL./EL<18>

COMMON/ORB.ORB(9D

COMMON/GAB/XYZ{2000)
COMMON/INF0O1./CZ¢35>,U¢80>, ULIMC35), LLIMC3BONELECS,0CCA,00CE
COMMON/OPTION-OPTION,OPNCLO,HUCKEL,CNDO,INDO,CLSED,OPEN
COMMON-AUNINT/AC17,BC17Y

INTEGER OPTION,OPNCLO,HUCKEL,ONDC,INDO,CLOSED,OPEN

INTEGER ORB,E,AN,CHARGE,CZ,U,ULIM,0CCA,O0CCE

INPUT I35 READ IN THE FOLLOWING ORDER N
AN IDENTIFICATION CARD WHICH IS PRINTED AT THE BEGINNING OF THE
OPTION C(WVAE FUNCTION OPTION> AND OPNCLO (OPEN OR CLOSED SHEL]
THE FORMAT A4,1X,A4 AND THE KEY WORDS ARE
FOR THE WAVE FUNCGTION <¢4> CGNDO INDO

FOR THE OPEN-CLOSED OPTION ¢A&6> OPEN CLSD
NATOMS,CHARGE,MULTIP, FORMAT(314>

ATOMIC NUMBER, X COORDINATE,Y COORDINATE,Z COORDINATE=1 CARD/A
READC2,20) CANCIY, I = 1,200

WRITEC3,30) €ANCIY, I = 1,200

READC2,40> OPTION,OPNCLO

WRITE(3,45> OPTION,OPNCLO

READ(Z2,50> NATOMS,CHARGE,MULTIP

WRITE(3,60> NATOMS,CHARGE,MULTIP

DO 10 T = 1,NATOMS

READC2,70> ANCI>,GCI,1,0¢1,2>,0(,3D

CONVERSION OF COORDINATES FROM ANGSTROMS TO ATOMIC UNITS

DO ¢ J = 1,3

LY = GCLLI>/.529167D0

CONTINUE

IFCOPTION.EQ.CNDO> GO TO &

PO 5 1 = 1,NATOMS

IFCANCID.LES> GO TO 4

WRITE<3,3>

FORMAT(BX,46HTHIS PROGRAM DOES NOT DO INDO CALCULATIONS FOR,

S5TOP
CONTINUE
CONTINUE
CONTINUE
CALL COEFFT
CALL INTGRL
IFCOPNCLO.EQ.OPEN> G0 TO %Q
CALL HUCKCL
CALL SCFCLO
CALL CFRINT
GO TO 100
CALL HUCKOFP
CALL SFCOPN
CALL OPRINT




100
20
30
40
45
50
60

CONTINUE

FORMATCZ0A4)

FORMAT(1H1,5X,20A4)

FORMATCA4,1X,A4)

FORMAT(SX,Ad,1X,A45

FORMAT C3I4)

FORMAT(./5X,14,18H ATOMS CHARGE = 14,18 MULTIPLICITY m 145

70 PORMATI4,3(3X, F12.735

GALL EXIT
STOF
END

SUBROUTINE CGOEFFT

IMPLIGIT DOUBLE PRECISIONCA-H,0-2)
CGOMMON./ARRA YS./5480,803 V<0135, 27653, XX 29005
DO 1 I m 1,0135

V(> = 0.0D0

DO 2 I m 1,768

Z¢I3 = 0.0D0

LOAD NON-ZERO Y COEFFICIENTS

YPaaes
YL70405
Y(FO49)
YT0R20
Y{70415
Y{70O33)

YC7G42)

Y{7025)
YC70345
Y7026
Y7P0555
Y7027
Y6901
Y8015
Yaunod
Y{a008)
V60065
Y6918
Y8889
Y6007
Y6800D)
Y{58903
Ysu01)
Yaonad
Y6822
Y6901
Yzatdd
Y{2B63)
Y28475
Y2886
Y(2865)
Y2840
Y2840
Ya2BE82

64,00
64.b0
64 D0
128.D0
-44.DO
—-128.00
128.p0
&4.D0
128.D0
G400
~64.10
~&44. DO
-94.D4
32.D0
—192.D0O
192.D0
2B8.D0O
-24.DO
192.D0
~192 D0
246.DO
-2BB.DOD
-192.D0
192 D0
-32.D0
246.D0O
-14.Db0
14.DO
32.D0
-146.0
-i4.D0
-16.10
~16.00
32.D0

Yianda2d
Y2851
Y2705
YL2719)
Y{27T115

Y{27205
Y{E729)
Y2703
YL27T125
Y{27210
Y2704
YC27183
Y2722
Y2731
Y(2708>
Y27145
YC27235
Y{2T063
Y{2715)
Y2724
Y2707
Y{27163
YE3295
Y{8322)
Y(E53405
Y5315
Y{RA333)
Y{8326>
V{51883
Y51945
Y5184
Y{51953
Y5204
Y5178

16.D0
-14.D0
48.D0
~48.D0
48.D0
-94.D0
48.D0
-48.D0
—-48.D0
26.D0O
-48.D0
45.D0
45.D0
—-48.B0
26.00
-48.D0
—48.D0
4B.D0
-06.D0
48.D0
~48.D0
45.DO
&4.Do
-128.D0O
-&4.D0
64.D0
1Z8.D0
~&4.D0
-24.D0
B32.D0
26.D0
64.D0
32.D0
94.D0




Y5187
Y(51045
YB1793
Y{5188%
Y1972
Y{5206)
Y{51805
Y{5189>
Y{5198>
Y({5181>

Y{5190>
Y(5199>
Y{5182)5
Y{5191>

YC43755
Y{4384>
Y{4393)
Y{43683
Y4386
Y4395
Y4370
Y{4379>
Y4307
Y{43722
Y{43815
V{43903
Y1900

Y{1909)>

Y1693

Y10200

Y{18955 .

Y9223
Y{19043
Y{1915)>
YC O85>
Y{ Q445
Y 973>
Y 9483
YC 086>
Y 9780
Y{ 950>
YO 9593
Y{ 94613
YO 970
Y{8155)>
Ya154>
Y8145
Y{8145)
Y{B187>
Y{a1493
Y{gi583
Y{81505
Yaaozad
Y{8029>

mu 8B pe2H gy pe 2R RER Ry 28 ey 208 EopoEEpEEEES

32.D0
64.D0
2&8.D0D
-32.D0
32.D0
-94.D0
~64.D0
~-32.D0
~-946.b0
~32.D0
-654.D0
26.D0
-32.DG
24.D0
-144.D0
96.DO
-16.D0
144 DO
-48.D0
946.60
-04.D0
48.D4O
-144.DO
16.D0
-94.DO
144.D0O
144.D0
~144 D0
-144 D0
144.D0
144 DG
-144 D0
-144.D0
144 D0
-14.D0
32.D0
~-16.D0O
16.D0
-48 DO
32.Dh0
-3z2.Do
48.D0
~-32.D0
15.D0
64.D0
-64.bD
-64.DO
-64.D0
44.D0
64.D0
64.D0
-64.D0
~04.00
32.50
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YC8021>
Y(80133
Y(B031>
YCB0143
YC8018>
Y¢8024)
Y7084
Y(7076)
Y7085
YC7086)
VC70693
Y(70703
Y(70793
YC7071>
V(32053
Y3214
Y(32063
YCa215)
Y(3198)
Y€a216)
Y¢3100>
Y{32173
Y(3200)
Y¢32093
Y€8201>
Y<32103
YC7E79)
Y (7580
Y(7B72)
YCTE73>
YC7568)
Y(TEE6)
V(EER0)
Y5661
YCS673)
Y(5691)
Y(HA74)
Y(B692)
Y(E684)
Y5685
Y(7435)
Y<7444)>
V(74363
Y7445
Y(7428)
Y(7487>
Y7446
Y(7429)
V(74385
Y7447
V(74303
YC7439)
Y(7431)
V(74403

s P08 2o EBENRES B8Ry neR RRpeYRRYBEY AR HNBE YR RREOERS

128.00
96.b0
~06.D0
~128.D0
-82.D0
96.D0
~64.D0
-128.D0
64.D0
128.D0
128.D0
84.00
-128.D0
-64.D0
-16.D0
16.D0
14.D0
~16.D0
16.D0
-16.D0
-16.00
16.D0
~18.D0
16.D0
16.00
16.D0
64.00
~64.D0
~128.D0
128.00
64.D0
-64.D0
64.00
~64.D0
~44.D0
~64.D0
64.D0
64.00
64.D0
-64.D0
-96.D0
32.D0
-96.D0
160.D0
96.D0
128.D0
~96.D0
96.00
-128.00
-96.D0
-160.D0
96.D0
-32.D0
96.D0




YE5483 = -96.D0
YBE54) = 3200
Y(E546> . 82.D0
Y(E555) = 32.D0
Y(B538) = Q6.0
Y{B6556) = 32.00
Y(B830) = ~-32.D0
Y{6557> = ~924.D0
Y(ER40> = -32.D0
Y(6540) = -32.D0
Y(5541> = -32.p0
Y(B350) = 96.D0D
YC30703 = 48.D0
Y{3079) = ~-48.D0
Y3071 = -48.D0
Y3080 = 48.D0
Y(30432 = -48.D0
Y3081 = 4B.D0
Y{30642 = 48.0D0
Y{3082) ~48.D0
Y(3065> = 48.DO
Y3074 = ~48.b0
Y{(30668) = -4B8.D0
Y{3075> 48.D0)
Y(B200) = -64.D0
Y{8201> 54.D0O
Y(8193> = 64.D0
Y1943 = ~64.D0
Y{76156) = -64.D0
Y(7616) ~-64.D0
Y7628 = 44.D0
Y7608) = 64.D0
Y(76847) w 64.D0
Y(7609) = 64.D0
Y{7418B> = —64 bl
Y(768103 = -464.B0
Y(3250) = 16.D0
Y(3250) = -16.D0
Y{3243> = -16.30
Y(3201) = 146.D0
¥(3245) = 14.D0
Y{3254) = ~14.D0
Y5725 ~&64.D0
Y{5718) = &64.D0
YE7356) = 64.D0
Y(5729) = ~-84.00
LOAD NORK-ZERO Z COEFFICIENTS
Z(341> == -1.D0O
Z(343) = 3.D0
Z{345) = -3.D0
2(347) = 1.D0
ZC664) = ~1.D0
ZL668Y = 5D0
26663 = -10.D0
ZCAETY = 10.b0
Z(468) = ~5.DO
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Z2L6692
Z{154)
ZB6)
188>
ZC1a0)

Z{162>

21645
(2223
22285
PAYF-E D]
Z{2282
ZL2263
ZL227
242285
L2290
242303
ZC231

2Z¢3073
Z43083
23092
ZC3105

2312

Z{313)

Z2{314>
ZE3183

244092
Z¢4400
ZC4110

2412
244135
24145
ZC4183
Z44165
Z528d
Z(B29
Z{8305
ZCB323
Z(833>
EAGKE 3]
Z{B623
Z{8633>
Z¢8682
Z{E663
27320
27335
Z(5485)>

Z(546>
2847
Z<848>
Z(549>
Z{8500
Z(5T0
ZCBRO>
Z(581>
28820

En R e deREREERRE ARG g %R RN R R DR EREERRERY

B2 EREREND

iD0
-1.b0
5.DO
10.DO
1G.D0O
-5.00
1.DO
=1.D0
1.D0
4.D0O
~4.DQ
-6.D0
&6.D0
4.DO
-4.0¥0
~1.DG
1.DO
-1.30
2.D0
2.D0
-6.D0
a.bo
-2.D0
-2.D0
1.D0
~1.DD
3.D0
~-1.b0
-B.DO
5.DG
1.D0
-3.Dbo
1.D0
~-1.D0
4.D0
~B.D0
5.00
~-4.D0
1.D0
-1.D0
2.D0
~2.D0
1.DO
~1.D0
1.D0O
1.DG

-3.D0
2D0
2.D0

-3.D0
1.D0
1.D4O

-1.D0

-1.D0
1.D0O
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Z(896> = =100
Z(598> = 1.DG
2¢4433 = ~1.DD
24443 = 1.D0
(448> = 2.D0
Z{446) = ~2.D0
Z(447) = ~1.b0
2¢448) = 1.bo
ZC698) = ~-1.p0
26993 = 3.D0
27002 = ~3.D0
Z701) = 1.D0O
Z(324) = 1.D0
2(328) = -1.DO
23260 = -3.00
23272 = 3.Do
23283 = 3.bo
{3293 -3.D0
Z(3300 == -1.D0
ZC331) = 1.D0
Z{460) = 1.D0
Z(462) = -2.D0
Zi464) = 1.b0
RETURN

END

SUBROUTINE INTGRL
IMPLICIT DOUBLE PRECISIONCA-H,0-Z>

¢ ATOMICG INTEGRALS FOR GNDO CALGULATIONS
GOMMON-ARRAYS./S¢80,80),Y¢9,5,203>,7<¢17,453, XX (29000
COMMON/INFO/NATOMS,GHARGE MULTIP,ANC353,0(35,3),N
COMMON/INFO1./GZ<{355,UCR0,ULIMC35), LLIM(35> NELECS,0CCA,OCCR
COMMON/GAB/ XXX (4000 ,GAMMA 35,352, T¢(9,93,PAIRS(9,93, TEMP(9,9>
1,C1€8)>,02¢3), YYY(126>
GOMMONZAUNINT /A<17),BC17)
COMMON-OPTION/OPTION,OPNGL O, HUGKEL ,CNDO,INDO,CLOSED,OPEN
DIMENSION MUCI83,NGC1RY,LGC9> MO(9) EC])
DIMENSION P<RG,80>
EQUIVALENCE (P<13,Y¢1>3
DOUBLE PRECISION MU,NUM,K1,K2
INTEGER AN,ULIM,ULK,ULL,CZ,U,GHARGE,ANL,ANK,OCCA,OCCH
INTEGER OPTION,OPNCLO, HUGKEL,GNDO,INDO ,CLOSED ,OPEN

G DETERMINATION OF SIZE OF AOC BASIS IN AND CORE CHARGE 2
N=2o0
DO 60 I = 1,NATOMS
LELIMCID = N+
Keai
IFCANCID.LT 11> G0 TO 20

10 N = N+©Q
GZCI> = ANCID - 10
GO TO 50

20 IFCANCIDLT.3> GO TO 40

30 N = N+gd
GZC¢I2 = ANCID - 2




40

80O

50

70

BO

Q0

100
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G0 TO BO

N = N+i
CZCI)Y = ANCID
CONTINUE
ULIMCI> N
CONTINUE
FILL U ARRAY --- UC]> IDENTIFIES THE ATOM TO WHICH ORBITAL J IS
ATTACHED E.d. ORBITAL 32 ATTACHED TO ATOM 7,ETC.

DO 70 K = i NATOMS

LLK = LLIMCK>

ULK = ULIMCKD

LIM = ULK + 1 - LLK

PO 70 I = 1,LIM

J = LLK +I - 1

UcI> K

ALSTEGNMENT OF CORBITAL EXPONENTS TO ATOMS BY SLATER RULES
MUCZD a 1.7D0

MUC1> = 1.2D0

NCCE> = 1
NGCLD 1
DO BO I = 3,10
NGCIY =@ 2

MUCI> = 325DOFLOATCI-1>
DO ¢0 I = 11,18

NCICID B 3 _ |

MUCI) = C.650DOXFLOATKI>-4.08D0>/8.D0
ASSIGNMENT OF ANGULAR MOMENTUM QUANTUM NOS. TO ATOMIG ORBITALS
LGC1> m
LGC2)
LCC3D
LGC4)
LGS
LGCAD
LCC7D
LECR)
LCKO)
MG
MGC2)
MOC3)
MGC4d
MCKCED
MCCED
MGCT>
MCKE)
MGCE) -2

STEPS THRU PAIRS OF ATOMS

DO 326 K =w 1,NATOMS

DO 320 L m K,NATOMS

DO 100 1 = 1,3

CACID m GCK,ID

c2¢I> & CCL,K

CALCULATE UNIT VECTOR ALONG INTERATOM AXIS, E
CALL RELVECGCR,E,G1,62)

LLK =  LLIMCKD

LLL = LLIMCL)

ULK = ULIMCKD

B R DD RS DN KRG

i




110
120
130

140

150

160
180

170
120
200

210

220

230

240

280

260

13413 /CFACT 26 NCCANKD DRF AGT C2NCCANL 33 3%~ 1. DO ek LOC JO+NGC D
2¥SSCNCCANKD, LG, MG, NGCANLY LOC TS MUCANK 3%R ,MUCANL Y %R >

CGONTINUE

-~ 480 -

ULL = ULIMCLY

NORBK = ULK -~ LLK + 1

NORBL = ULL - LLL + 1

ANK =  ANCKO

ANL. & AN<L)

LOOP THRU PAIRS OF BASIS PUNCTIONS, ONE ON EACGH ATOM

DO 200 I = 1,NORBK

DO 200 J = 1,NORBL

IFCKEQ.L> 60 TO 160

IFCMGCID NE.MGC DY GO TO 150 :
IFCMGCIILT.0> GO TO 140 J
PAIRSKI, > m DSQRTCCMUCANKIRR Ik C24NGCANK >+ CMUCANL %R 25k C2UNCCA

o TO 190

PAIRSKI,J> = PAIRSCI-1,J-13
@O TO 190

PAIRSKL,I> = 0.DO

GO TO 190

IFCEEQ.J> 4O TO 170
PAIRS(I,]> = 0.DO

GO TO 190

PAIRSCE, > = 1.0D0
CONTINUE

LCULK = LGCNORBKD

LOULL = LG¢NORBL)

MAXL = MAXOCLGULK,LGULL>

IFCR.GT.0.00000100Y GO TO 220

go TO 250

ROTATE INTEGRALS FROM DIATOMIC BASIS TO MOLEGULAR BASIS
GALL HARMTR(T,MAXL,E>

DO 230 I = 1,NORBK

DO 230 J = 1,NORBL

TEMPCI, ] = Q.DO

DO 230 KK = 1,NORBL

TEMPCI, > = TEMPCI, 2+T¢ ], KKIPAIRSCI, KK

CONTINUE

DO 240 I = 1,NORBK

DO 240 J = 1,NORBL

PAIRSCILJ> = 0.DO

DO 240 KK = 1,NORBK

PAIRSCI,J> = PAIRSCI, >+T<I,KKI*TEMPCKK, I

CONTINUE

FILL & MATRIX

CONTINUE

DO 260 I = 1,NORBK

LLKP w LLK + I - 1

DO 260 J = 1,NORBL

LLLP w LLL + J - 1

SCLLKP,LLLP> = PAIRSCL, >

GOMPUTATION OF 4-CENTER COULOMB INTEGRALS OVER SLATER S FUNCTIO
Nt = NOCANKD
N2 = NCCANLD
K1 = MUCANKD
K2 = MUCANL)
IFCKK.NE.L> G0 TO 290




270

280

290

300

310
320

330

350

340

370

10
20
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TERMi = FAGT(2¥N1-1)/¢C2 DORK2Z e 2uN1d>

TERMZ = 0.DO

LIM = 2%N1

DO 280 ] = 1,LIM

NUM & FLOATCJ2%C2 DORKA e 2%N1~ DUFACT(4uNi- J~1)

DEN = FAGTC<ZaNi- D2 DD«FLOATCNI 2 DO&CKI+K2D I8k C4uNi- >
TERMZ = TERM1i+NUM~DEN

CONTINUE

4o TO 310

COMPUTATION OF 2-CENTER GOULOMB INTEGRALS OVER SLATER S FUNCGTI
TERMi = (R 2.D0d9u(IaNZI4SSC0,0,0,24N2-1,0,0 D0,2. DORKZwR>
TERMZ m 0.D0

LIM = 2#Ni

DO 800 J =1,LIM

TERM2 m TERM2%(PLOATCJD#(2 DORKL M4 20N1- JI#CRA2. D004 2%
IN1- JH28N20)ACFACT 26N~ I 352 DORFLOAT(NI »SSC2eN1~ 1,0,0,26N2-1,0
2,2 DOUK1%R,2 DORK2¥R)

GAMMACK,L) m ¢(Z.DO%K22uC2uN2+13 FACTRN2Z) Y% CTERM1-TERM2)
CONTINUE

SYMMETRIZATION OF OVERLAP AND GOULOMB INTEGRAL MATRICGES
DG 330 J = 1,N

SCI,I> = SCLID

DO 340 GAMMACT,I> = GAMMACL, >

WRITE(S,350)

FORMAT{1H1,1X,23HOVERLAP INTEGRAL MATRIX)>

CALL MATOUTKN,1>

TRANSFER GAMMA TO B0X80 MATRIX P FOR PRINTING

DO 360 I = 1,NATOMS

DO 360 ] = 1,NATOMS

PCLIY m GAMMACL ]

WRITE(S,3703

FORMAT(1X,253HCOULOMB INTEGRAL MATRIXD

CALL MATOUT(NATOMS,2>

RETURN

END

FUNCGTION SS<NNi,LLi,MMNNZ,LL2,ALPHA,BETAD

IMPLICIT DOUBLE PRECISIONCA-H,0-2Z)
COMMON-/ARRAYS.~/5(80,805,Y(9,5,203),217 455 XX(29003
CGOMMONA~AUXNINT/ALL72,BI7S

INTEGER ULIM

Ni = NNi

L1 LL1

M = MM
N2 = NN2
L2 = LLZ
P = (ALPHA+BETA) 2.DD

PT = (ALPHA-BETA).”2.D0O

X = 0DO

M = TABS(MD

REVERSE QUANTUM NUMBERS IF NECESSARY

IFCCLZ LT LAY OR L2 EQ LI AND (N2 LT.N123> GO0 TO 20
GO TO 30

K = Ni

N = N2




30

40

80

a0

70

80

10

T 20
30

40

50
60
70

80
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N2 = K
K = Li
11 = L2
L2 = K
PT m -PT
GONTINIE
K = MODC(N{+N2~Li-1.23,2
FIND A AND B INTEGRALS
CGALL AINTGSCP,NI+HNZD
CALL BINTASCPT,Ni+N2>
IFCCL1.GT.O02.0R.CL2ET.00> GO TO 60 .
BEGIN SECGTION USED FOR OVERLAFP INTEGRALS INVOLVING & FUNCTIONS
FIND Z TABLE NUMRBRER
L CON-17uN1-+N1ww2—2uN2>./2
ULIM = NiI+N2
LLIM = O
DO 50 I = LLIM,ULIM
NNI1 = Ni+N2-I+1
X = X+ZTAH, LyeA I+ 53%BONNI1>./2.D0O
g8 X
80 TO 60 _ i
BEJAIN SECGTION USED FOR OVERLAP INVOLVING NON-S FUNCTIONS
FIND Y TABLE NIBMER L
L = (5-MIe{24-10:M+Muw2d% (83— 30&M+3uMee2d 120+
1<30- 99l 1+ L4 0u -~ 2N D (2R~ Ok 1-+L 1k 2- Z%Ni 18+
2C30-PULZH+L 22— 20N2 >/ 2
LLIM = 0O
PO 70 I = LLIM,8
I = 2% J+MODCKHT,23+1
X w NAYIH, AL LOwA (I+H1aBCIITIS
55 = X*CF‘AGT(M*—‘DK&DO)*#2*DSQHT(FLOATC2tL1+l}$FAGT{Li—M)t
1FLOAT(2ul 2+ 3 FACT(L2-M2 04 DORFACT(LA+MORFACT C(L2+MD 3D
CONTINUE
RETURN
END

SUBROUTINE HARMTRCT,MAXL,E>
IMPLIGIT DOUBLE PRECISIONCA-H,0-Z)
DIMENSION T<9,93,E¢3)

COST = EC3D

IF<<1.DO-COSTwe2) BT.0.0000000001> GO TO 20
SINT = 0.D0

g0 TO 30

SINT = DSQRT¢1.D0O-COSTHe2)
CONTINUE

IFCSINT GT.0.000001D0> GO TO 50
COSP = 1.D0

SINP =0.00

go To 70

COSP = EC1)./SINT

SINP = E<2)~SINT

CONTINUE

DO BO I = 1,9

DO 80 J = 1,9

T¢I = 0.5
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T¢1,1> = 1.D0
IFCMAXNL.GT.1> GO TO 100

90  IFCMAXL.GT.0> o TO 100
o TO 120

100  COS2T = COSTaR2- SINTww2
SIN2T = 2.D0#SINT®COST
COSZP m GOSP##2~SINPR¥2
SINZP = 2z.DO%SINP#COSP
TRANSFER MATRIX ELEMENTS FOR D FUNCTIONS
SQRT3 = DSQRT3.DOD

TK5,5% = <3 DOCOSTR42-1.D0/2.D0
T¢5,6) = ~SORTIHSIN2T./2.D0

P¢5,8> = SQRTI#SINT#%2.-2.D0
T<¢6,5% = SORT3%SIN2T#COSP.#2.D0
146,63 = COS2T4COSP -
T¢6,7> = ~COST&SINP

TCS,8) u -T(5,53/SORTS

TCE,02 = SINTRSINP

TC7,53 = SQRT34SIN2ZT%SINP-2D0
TC(7,6> = GOS2T#SINP

TCT, 72 1 COSTROGOSP

T¢7, 8> m ~T(7,5)/SQRTS

TC7,0> m -SINTAQOSP

T/8,5% = SQRTIESINTx2%COSZP. 2.D0
T<8,43 m SINZTHCOS2P./2.D0

T¢B,7) m ~SINTHSINZP

TC8,8) m (1.D0+COSTH¥2ICOS2P. 2 D0
TC8,0> = -COSTHSINZP

T¢9,5) = SQRT3#SINT##2¢SINZP./2.D0
T€9,8> & SIN2T#SIN2P./2.D0

T¢9,7> m SINT#COSZP

T€¢9,8> m (1 DO+COSTeR2IASN2P 200

T(G,95 COSTHCOSZP
1106  CONTINUE

TRANSFORMATION MATRIX ELEMENTS FOR P PUNGTIONS
T¢2,2> = COSTeCOSP
T€2,3> = ~SINP ‘
TC(2,4> m SINT%COSP
TC¢2,23 = COSTHSINE
T<2,3> = CGOSP
T(2,4> = SINT%SINP
T¢4,2> = -SINT
T<4,4> = CGOST

120 CONTINUE
RETURN
END

SUBROUTINE RELVEC(R,E,Ci,02>
IMPLICGIT DOUBLE PRECISIONCA-H,0-25
DIMENSION E€3),01(3),06203)
X = 600
DO 10 1 = 1,8
ECId m G2CI3-CICTD
X = MH+EIOun2
10 CONTINUE
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R = DSQRTCXD
DO 40 I = 1,3
IFCR.OT..000001D0Y GO TO 30
go TO 40
E¢I> = ECIDVR
CONTINUE
RETURN
END

FUNGTION FAGTCND

IMPLIGIT DOUBLE PRECISIONCA-H,0-Z)
PRODT = 1.D0

PO 80 I = 1,N

PRODT = PRODT#FLOATCI)

FACT = FRODT

RETURN

END

SUBRROUTINE BINTOSCOX,KD

IMPLIGIT DOUBLE PREGISIONCA-H,0-23

FILLS ARRAY OF B-INTEGRALS. NOTE THAT B¢<I> IS B(I-1> IN THE
USUAL NOTATION '

FOR X.GT.3 EXPONENTIAL FORMULA IS USED
FOR 2 LT.X.LT.3 AND KLE10 EXPONENTIAL FORMULA IS USED

FOR 2.LT.X.LES3 AND K.GT.10 15 TERM SERIES IS USED

FOR 1LTE.2 'AND KLEY? EXPONENTIAL FORMULA IS USED

FOR 1LT.E2 AND x.GT.7 12 TERM SERIES IS USED

FOR  S.LTXLE1 AND KLES EXPONENTIAL FORMULA IS USED

FOR XLES 46 TERM SERIES IS USED

COMMONAAUXINT~ACI73,BC172
I0 = 0O

IFCARSX.GT.3.D0Y GO TO 120
IFCABSX.GT.2.D0O> G0 TO 20
IFCABSX GTA1.D0O> ¢O TO 50
IFCABSX.GT 500> GO TO -80
IFCABSX.OT. DOOOQ‘IDO} GO TO 110
GG PO 170 -

LAST = 4.

GG TO 140

IFCKLESY g0 TO 120

LAST = 7

G0 TO 140

IFCK.LE.?> @0 TO 120

LAST = 12

g0 TO 140

IFCKLE.10> GO TO 120
LAST = iR

GO TO 140

EXPX = DEXPCOD

EXPMX = 1.DO-EXPX
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B(1) = (EXPX-EXPMX).-X

DO 130 1 & 1,K

BCI+1) = (FLOATCSEI (-1 D024k (M3 /CFAGTCMIBFLOATCMAIHDD
GO TO 190

DO 160 1 = 10,K

Y = 0.D0

DO 150 M = 10,LAST

Y m V(- kMudd DO~ ¢~ 1. DO MK MAT+13 3./ CFACTCMMRFLOAT CM+T4+13 )
BC(I+> m Y

GO TO 190

DO 180 I = 10,K

BCI4+1> m <1.D0~{~1.DOdwklI+10d/FLOATCI+1D

CONTINUE

RETURN

END

SUBROUTINE AINTGSCX,KD

IMPLICIT DOUBLE PRECISIONCA-H,0-ZD
COMMON/AUXINT.~A<172,B172

AdLD DEXP(-X5X

DO 10 1 =lK

Ad+LY = CACDDYRFLOAT(IMDENPC-X3)-X
RETURN

END

SUBROUTINE MATOUTC(N MATOPD
IMPLICIT DOUBLE PRECISIONCA-H,0-Z)
COMMON/ARRAYS.ZAC80,80,3)

DO 80 M = 1,N,d4

K = M+10

IFCKK.LEN> GO TO a0

K= N

GONTINUE -

WRITECS,402 (],] = M,KD>

FORMAT A/, 7 X 414X, 12,3X3,77>

DO 60 I = 1,N

WRITE(3,503 I,{ACL,J,MATOP2,J = MKD
FORMA'T1X,12,4X,50¢(F9.43>

CONTINUE

WRITEC(S,70>

FORMAT{/ 7>

CONTINUE

RETURN

END
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SUBROUTINE HUCKEL

IMPLICIT DOUBLE PRECISIONCA~H,0-2)
EXTENDED HUCGKEL THEORY FOR GLOSED SHELLS
OVERLAPS ARE IN MATRIX A,COULOMB INTEGRALSCGAMMA> ARE IN MATE
GOMMON/ARRAYS.ZA 80,5802, 5C80,803,D¢80,80)
COMMON/INFO/NATOMS,GCHARGE, MULTIP, ANC352,0¢35,32,N
COMMON/INFO1/0Z4352, <803, ULIMC35 3, LLIMC3SONELECS,0CGA ,0GCB
COMMON/GAB/KXNC4003,0¢35,35),GC80), YYY(R0), ENERGY, XN V(214>
COMMON./OP TION-OPTION, OPNGLO,HUGKEL ,GNDO,INDO,GLOSED, OPEN
DIMENSION ENEGC¢18,33,BETA0C18)

DIMENSION G1¢183,F2¢183

INTEGER CHARGE OCCA,0GGE,UL,AN,G2,U,ULIM,ANT

INTEGER OPTION,OPNGLO,HUGKEL,CGNDO,INDO,CLOSED,OPEN

61¢3> = 092012 DO
G1¢4) = 1407 Do
GICE) = 100265 DO
G1C6> = 267708 DO
G1CTY = 346029 Do
G1¢8> = 48423 Do
G1¢9) = 532308 DO
F2¢3) = 049865 DO
F2¢4) = 089125 Do
F2¢5) m 13041 DO
F2C6) u A7372 Do
F2¢7) = 210055 DO
F2¢8> w 266415 DO
F2¢9> m 31580 DO
ENEGCL, 1) = 74761 DO
ENE@(3,1> = 3.1085 DO
ENEG(3,2> = 1.258 DO
ENEGC4 1> = 594557 DO

ENEG(4,2> = 2563 Do
ENEG(S,1) = 9.95407 DO
ENEG(5,2> = 4.001 Do
ENEGC6,1) = 14.051 Do
ENEG(6,2> = 5572 Do
ENEGCT, 1) = 10.31637 DO
ENEG(T,2> B 7.275 Do
ENEG(S,1> = 2530017 Do
ENEG(8,2> = 9111 DD
ENEGCO,1> = 32.2724 Do
ENEG(2,2) = 11.08 Do
ENEGC11,1> = 2.504 DO
ENEGC11,2> = 1.302 Do
ENEG¢11,3> = 0150 DO
ENEG¢12,1> = B.1254 DO
ENEG(12,2> = 2.0516 DO
ENEG<12,3) = 016198 Do
ENEGC18,1> = 7.7706 Do
ENEG(13,2> = 2.0051 DO
ENEG(13,3> = 0.22425 DO
ENEGC14,1> = 10,0927 DO
ENEGCI4, 2> = 41325 Do
ENEQ(i4,3) = 0337 DO
ENEGC1S,13 = 14.0827 DO
ENEGC15,2) = 5.4638 DO
ENEG(15,3> = 0500 Do
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ENEG(16,1 = 17.6496 DO
ENEGC16,2> = 6.989 DO
ENEGC16,32 = 0.71325 Do
ENEGC17,1> = 21.5906 DO
ENEGUT,2) = 87081 DO
ENEG(17,3) = 0.97695 po
BETAOC(1> = -9 DO
BETAO(3) = -9 DO
BETAOC4) m -13. Do
BETAG(E) = ~17. DO
BETAOCA) = -21. DO
BETAOC7Y m —25. DO
BETAQCS) = -31. Do
BETAQCO) = —30. DO
BETAOC11) & -7.7203 Do
BETAOZ) = -0.4471 DO
BETAOC13> = -11.3014 DO
BETAOC14) & ~13.065 DO
BETAO(18> = ~-15.070 DO
BETAOCIS) = ~1R.150 DO
BETAOCI7> = -22.330 DO

FIND NELECS AND FILL H GORE(DIAGONALDY WITH JI+A>.72
NELE(CS = 0

DO 40 Y = 1,NATOMS

NELE(US = NELEUSHOUZS

LL = LLIMCIS

UL = ULIM(I>

ANI = ANCID

L 4]

DO 50 J = LL,IJL

L = L+1

IFCLLEQ1> g0 TO 10

IFLLTSY dO TO 40

AL, > = ~ENEGCANI,B3/27.21D0

GO TO 50 _

AL, J> = -ENEGCANL 227 21D0

G0 TO 50

ACT,J? = —-ENEGCANI,1).727.21D0

CONTINUE

GONTINUE

NELECS = NELEGS-CHARGE

OGGCA = NELECS/2

FORM HUCKEL HAMILTONIAN IN A ¢OFF DIAGONAL TWO CENTER TERMS)
DO 90 1 = 2,N

K = U

L o= ANCKD

UL = I-1

DO 90 J = 1,UL

KK = U{]>

LL = ANCKKD

IF{KL.GT.932.0RLL.GT. 233 GO TO 70

AT, T2 = AL, J>&BETAOCLI+BETAOCLLY-B4.42D0
ACTLI>» = ACT, T2

G0 TO @0

ACLTY a O75D0uACT, Jou(BETAQCLI*BETAOCLL)/54.42D0
ACLID = AL
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CONTINUE

DO 100 I = 1,N

QLI> a ACLID

RHO = 1D~6

GALL ETGNCN,RHO>

EIGENVEGTORS <IN B> ARE CONVERTED INTO DENSITY MATRIX
DG 140 I = 1,N

DO 120 J = 1,N

XXHCT> m XXXCII+2 DOMBCI, KRB ,KD
GONTINUE

DO 130 J = IN

BCL Y = XUXCT)

CONTINUE

PO 150 I = 1,N

PO 150 J = 1,N

BCT,I> = BA,

ADD VCAE> TO HCORE---CGNDO

Do 170 I = 1,N

I = UKD

QCI> = QCIDD.SDOXEC], I

DO 160 K = 1,NATOMS

Q> = QCII-FLOATCGZ K »d< ],K>
GONTINUE

EXIT SEGMENT IF ONLY CGNDQ APPROXIMATIONS ARE DESIRED
IFCOPTION.EQ.GNDOY 60 TO 290

INDG MODIFICATIONCGORRECGTION TG UCLIdN
DO 280 I = 1,NATOMS

K = ANC

J = LLIMCI>
IFCCK.GT.A2.AND.CK.LT 103> 60 TO 190
4o TO 280

IFCK.LE.3> GO0 TO 210

QLI = QCJ3+(FLOAT(CCZCI-1.5D0%GE1CK Y. 5.D0
IFCKEQ.3> GO TO 220

IFCK.EQ.4) 60 TO 240

TEMP = G1(K>/3.D0+(FLOATCCZ -2 500542 D0sF2CK)/25.D0
GO TO 260

TEMP & G1¢K3.-4.D0

4o TO 260

TEMP = G1¢K)12.DD

CIONTINUE

DO 270 L = 1,3

QCJ+L> = QCJ+LI+TEMP

CONTINUE

GONTINUE

DO 310 1 w 1,N

DO 300 J = 1,N

A<D m ACLID

ACLI = OKID

WRITE(3,320

FORMAT(1¥X,18H CORE HAMILTONIAN/>
RETURN

END

{IN B)
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20 CONTINUE
DO 100 I i,N
100 QUI> = ALLID
RHO 1.D-6
CALL EIONC(N,EHO)>
¢ EIGENVEUTORS <{IN B> ARE CONVERTED INTO DENSITY MATRIX <IN B
DO 140 I 1,N
DO 120 J = 1,N
110 OO = XHKCD+2.DOsBCL KRB I,KD
120  CONTINUE
DO 130 J = I,N
130 BAILJ» = XXXI]D
140 CONTINUE
Do 4650 1 = I,N
Do 180 J 1i,N
180 BCJ,I> w BIIL O
¢ ADD V(ARB> TO HCORE---CNDO
DO 470 1 = 1,N
J = UI
QLI> = QLIDHO.BDORGEL], I3
DO 140 K = 1,NATOMS
160 Q> = QUD-FLOAT{CZK» A J,K)
170  CONTINUE
o EXIT SEGMENT IF ONLY CNDO APPROXIMATIONS ARE DESIRED
IFCOPTION.EQ.CGNDOY dO TO 200
INDO MODIFICATIONCCORRECTION TO UIIN
i80 DO 280 1 1,NATOMS
K ANCID
J = LLIMCID
IFCCK.ET A2 AND CK LT 100> GO TO 190
g0 TO 280
190 IFKLE.S> G0 TO 210
200 QII3 = QI3 FLOATCZID 31 8DO»»E1CKDY.~5.D0
210 IFCKEQ.3> GO TO 220
280 IFCKEQ.4> GO TO 240
2580 TEMP o giK3-3.DO+(FLOATCAZ5-2.5000%2.DOF2(K>/25.D0
GO TO 260
240 TEMP = GicK3/4.00
g0 TO 2480
220 TEMP = d{{K>-12.D0
260 CONTINUE
PO 270 1. mw 1,3
270 Q{JHLI = QCJ+LI+HTEMP
280 CONTINUE
200 CONTINUE
DO 30 1T = 4,N
DO 300 J i,N
300 A(L,Id = AL, ]>
310  ALIY m QKO0
WRITE{3,320)
320 FORMATdIX,i8Hd CORE HAMILTONIAN/D
RETRN
END
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SUBROUTINE SCFCLO

IMPLICGIT DOUBLE PRECISIONCA-H,0-Z)
CNDOINDO GLOSED SHELL SGF SEGMENT
GAMMA MATRIX CGONTAINED IN ¢, CORF HAMILTONIAN CGONTAINED IN @ AND
UPPER TRIANGLE OF A, AND INITIAL DENSITY MATRIX GONTAINED IN B
OPTIONS ¢NDO OR INDO

COMMON/ARRAYS./A(80,B03,B<80,605,D{80,805
COMMON/GARAXXNC4003,6¢35,35)Q<¢802, YYYC(R0DENERGY, XX Y(214)
COMMON/INFO-NATOMS,CHARGE, , MULTIF , ANCHS),0¢35,35,N
COMMON/INFO1-/CZC35),U¢803, ULIMC35 L LIMCSEINELEGS, 0CGA , 0CGCR
CGOMMON./OPTION/GPTION,0FNCLO HUGKEL,(NDO,INDO,CLOSED ,0PEN
INTEGER OPTION,OPNCLO,HUCKEL,CNDO,INDO,CLOSED,OPEN

INTEGER CHARGE,QGGA,0CCR, UL, ULIM,U,AN,GZ,Z

DIMENSION 6G1<183,F2¢183

Gid3D = .092012D0
G1¢(4> = 1407 DO
G1¢B> = .199265D0
G182 = .Z87708BDO
O1C7> =  A346029D0
Gidn> 43423 DO
19> = S532305D0
F2(3> = .(Q498458D0
F2(4> = .089125D0
F2¢52 = 13041 Do
F2(6> w 17372 1)
F2(7> = 2190858D0
Fz2(8> m 256418D0
Fz2(Q5 = 31580 DO
Z a0

IT = 28

RHO = 1.b-4
CONTINUE

7 oa Z4+

ENERGY = 0.DO

TRANSFER CORE HAMILTONIAN TO LOWER TRIANGLE OF A
bOo 20 I = 1,N

ACLID & QCID

DO 20 J = 1,N

ACLIY = AL

Do 30 I = 4,N

Il = US>

ACLI} ACLID-BC,DDeECIIL IR0 DO
DO 30 K = 1,N

JI UKD

ACLIY = ALLINBOK KRG, T2

NM = N-1

DO 40 I = 1,NM

II s UCID

LL & I+

DO 40 J = LL,N

JJ = U

ACT,I> = AC],I3-B{J,ImGCILL JI»%0.5D0O
INDO MODIFICATION
IFCOPTION.EQ.CNDO> GO TO 90

DO B0 II = 1,NATOMS

K = ANCI>
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I = LLIMCII)
IFKK.EDQ.1> g0 TO 80
PAA = B IR IH0+BO042, 142 4B C04+3,143D
ACLID = ACLIOD-(PAA-BCLIN>aGiC(K>A6 D0
Do 70 Je 1,3
ACIHT,I+]> = ACH+],T+]>-BCLIME1 (KD #6 D0~ (PAA-BCI, I . DO®
1F2<KI/B0.DO+BI+ T, I+ onil . DORF2<K>/60.D0
ACEH+1,ID = A+ I,I04BCI, I+ De@iCKO2.D0
1 = 141
12 = I+2
I3 I+3
ACIZ,J10 = ALL2,J154B<I2, T12%11 DOSF2CK)B0.DO
ACIS,I1> = AJIS,I153+BdI3,I13%11.DO%F2¢K>.750.D0
ALI8, 12> = ACIZ,IZ234+BCI3,I2311.DOXF2CKY/50.D0
CONTINUE
CONTINUE
DO 100 I = 1,N
ENERGY = ENERGY+0.5DOwBCIIdRALT, I4QCIDD
DO 105 1 = 1,NM
LI == I+4+1
DO 105 J = LL,N
ENERGY = ENERGY+BCI, D#{AL I3+ACT, I
WRITE(3,110> ENERGEY
FORMATC(-7,10¥,22H ELEGTRONIC ENERGY , Fi16.102
IF<DARS(ENERGY-OLDENEY.GE..000C01D0Y GO TO 150
Z = 26
WRITEC(S,1403
FORMAT(SX,i8H ENERQJY SATISFIED 3
G0 TO 170
GONTINUE
OLNDENG = ENERGY
CONTINUE
IFCZLEIT) GO TO 210
SYMMETRIZE F FOR PRINTING (MATRIX A>3
DO 190 I = 1,N
DO 100 J @ 1,N
ACLI> = ACJID
WERITECS, 200>
FORMAT(1X,27H HARTREE-FOCK ENERGY MATRIX)
CGALL SCFOUTO,1>
CONTINUE
CALL EIGNC(N,RHO>
IFCZLE.ITY GO TO 240
WRITE(S, 230
FORMATIX,ZBHEIGENVALUES AND EIGENVECTORS)
GALL SCFOUT(1,2)
CONTINUE
EIGENVEGTORS <IN B)> ARE CONVERTED INTO DENSITY MATRIX <IN B>
bO 280 I = 1,N '
DO 260 J = 1,N
XHHC]> = 0.0DO
DO 250 K = 1,0CC0A
NHHLCTY = XHHC B KB L K3%2 DO
CONTINUE
Do 270 J = I,N
BCLTY = XXXC
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CONTINUE

DO 200 I = 1,N

DO 290 J = 1,N
BCJ,I> = BCLD
IFCZ.LEITY GO TO 10
CONTINUE

RETURN

END

SUBROUTINE CPRINT

IMPLIGIT DOUBLE PREGISIONCA-H,0-Z3

GNDO~INDO SCF CLOSED SHELL - PRINTOUT SEGMENT
CGOMMON/ARRAVS./A<60,80,B¢80,80),D<80,80)
COMMON.GAB./XXX<400,0¢35,355,G<80, YY V(B0 3, ENERGY, XX V(214D
COMMON~INFO.“NATOMS,CHARGE, MULTIP,ANCEE),01¢35,3),N
COMMONAINFO1./GZ<35),U¢80), ULIMC35), LLIMCSE ), NELEGS,06CA,0CCB
COMMONPERTBL /EL<18>
COMMON.OPTION./OPTION,OFNGLO, HUGKEL ,CNDO,INDO,CLOSED, ,OPEN
INTEGER OPTION,OPNCLO,HUGKEL,CNDO,INDO,GLOSED,OPEN
INTEGER CGHARGE,AN,U,ULIM,EL,0CCA,0€CE,UL,GZ,ANI

DIMENSION DPM<3),DMC3),DMSPCS),DMPDL(S)

DIMENSION ATENG(18)

IFCOPTION.EQ.CNDO> GO TO 20

ATENGC(LY ® —0.63687302462 DO

ATENG(S) = ~.2321072405 Do
ATENG(4> = -11219620354 DO
ATENES) = —28725750048 DO
ATENGCAY = ~5.9349546261 DO
ATENG(TY = -10.6731741281 DO
ATENG(8> = -17.2020850650 DO
ATENGKOY = —26.2874377875 DO
o TO 30

CONTINUE

ATENG(1> = -0.6387302462 )
ATENG(3) = ~.02321972405 DO
ATENGC4) & -11454120355 DO
ATENG(S> = -2.9774230048 DO
ATENGCSY = -6.1649036261 )
ATENGC(T> = -11.0768B746252 DO
ATENG(BY = -18.0B19658651 DO
ATENGCO) -27 5491302880 DO
ATENGC11Y = - 1077000568 )
ATENGCI2) = -. 8671013833 DO
ATENG(ISY & -2.0864557744 DO
ATENG(14> = -3.8970034686 DO
ATENG(IS) ® -6.7966009163 DO
ATENGCS) = -10.7658174841 DO
ATENGC(17> = -16.0467017940 DO
CONTINUE

K = NATOMS-1

WRITE(S,40>

FORMAT(1X,15H DENSITY MATRIX>
CALL SOFOUT<0,2)
DO 50 I & 1,K
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L & I#+1
DO 80 J = L,NATOMS
RAD DEORT LG, 10-0C J,1 32024+ COCTL 23 -G T, 20 w2
i +COCT,E-GC T, B3 2uk 2D
B0 ENERGY = ENRRGY+(FLOATCCZIIAPLOATZC JO)3-RAD
WRITE(3,80> ENERGY
460 FORMAT( 7, 10X,16H TOTAL ENERGY = F15.10)
DO 70 I = 1,NATOMS
ANI = ANCI>
7a ENERJY = ENERGY-TENGCANI>
WRITEC3,B0> ENERGY
8O FORMAT( -/~ 10X, 16HBINDING ENERQ@GY= ,F16.10,BH AU
DO 110 I = 1,NATOMS
TCHA = 0.D0
LL = LLIM<CD
UL = HLIMCID
bo 20 J LL,UL
on TCHGE = TCGHG+B(J, >
ANI = AN(I»
WRITE{(3,100> I,EL{ANI>,TCHd
100 FORMATCIR A4,BX,F7.4)
XXX(I» = TOHAY
110 CONTINUE
DO 126 1 =m 1,3
DMCIY = 0.0DO
DMSPCI> e 0.0D0
120 DMPDI> = 0.0DO
DO 200 J = 1i,NATOMS
IFCANC IO LT.3> dO TO 18O
130  IFCANCIDLT.A12 dO TO 140
160 SLTR1 CEBDORFLOATCANC J23-498D05./3.D0
FACGTOR = 25414DOD0OADSQRT(E.DOXESLTRIS
INDEX = LLIM{I2
DO 170 K = 1,3
170 DMSP(E)> = DMSP{K>-BCINDEX,INDEX+K2¢10.27i75D0/SLTR1
DMPD{1> = DMPD{13-FACTOR%{B(INDEX+2,INDEX+8)+B(INDEX+3,INDEX+5)
; | +BCINDEX-+1, INDEX+7 2-1. DO/DESQRT (3.0 BCINDEX+1 , INDEX +42)
DMPD(2) = DMPD{ZI-FACTORK(B{(INDEX+1, INDEX+83+B{INDEX+,INDEX+43
1 +BNDEXAZ,INDEXA7 -1 DOA/DSORTC3.DUDRBINDEX+2,INDEX+43)
DMED(32 = DMPDC33-FAGTOR-#(B{INDEX+,INDEX+5+E(INDEX+2,INDEX+4)
;| +2.D0/DEQRT(I.DOXBJINDEX+3,INDEX+42)
g0 TG 18D
140 INDEX = LLIMCT>
DG 150 K =» 1,3
150 DMSP(K)> m DMSP{KI-B{INDEX,INDEX+K)%7 336490700/
1C.328D0FLOATCANC -1
iB0C DD 190 I = 1,3
120 DM(ID = DMICIDHCFLOATCGZEC 2O-MXXC DRG] ], 1092 5416D0
200 CONTINUE
Do 210 I 1,3
210 DPMCE2 = DMCIDADMSPCID
WRITE(S,2202
220 FORMATC/ 720K, 106H DIPOLE MOMENTS, >
WRITE{3,2302
230 FORMAT(SX,i1H COMPONENTS,3X,2H X ,8X,2H Y,8X,2H Z>5
WRITECR 24000015, DMCG2,DMC3
240 FORMATC(SX,10H DENESITIES,3X,FO5H
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WRITECS, 260 3DMSE ¢1>, DMSP <23, DMSP(3)
FORMAT(SX 4 S,P,6X,3¢1X,F2 530
WRITEC3,260DMPD13, DMPD (2, DMPDLS)
FORMAT(EX,4H P,D,6X,3¢1X,F9 5>
WRITE(S,2703DPM(1>,DPMC25,DPMCE)
FORMAT(SX,6H TOTAL,4X,3C1X,F9 83,3

DP 1 DSQRTCDPMC D424 DPMCZ 20 2+ DEMC3 D2
WRITE(S,2805DF

FORMAT(3X,15H DIPOLE MOMENT=,F95,7H DEBYES,//)
RETURN

END

SUBROUTINE HUGKOP

IMPLIGIT DOUBLE PRECGISIONCA~H,0-Z)

EXTENDED HUCKEL THEORY O FOR OPEN SHELLS

OVERLAP IN A, GAMMA MATRIX IS IN @

AN INTIAL F MATRIX IS FORMED FROM (I+A>~2 AND SCU,Vdu(1/2d%
¢BETAOA+BETAOBY. THIS F MATRIX IS USED TO GENERATE AN INITIAL.
DENSITY MATRIX. AT THIS POINT, ADDITIONAL INTEGRALS AND COR-
REGTIONS ARE ADDED TO THE F MATRIX TO FORM EITHER THE CNDO OR
COR HAMILTONIAN. THESE ADDITIONS ARE THE INTEGRALS VCAB> FOR ONI
AND CORRECTIONS TO UKI,I> FOR INDO.

COMMON/ARRAYS /A <B0,803,BC80,80,0¢80,80
COMMON/GAB/XXN<4003,6C35,353, FOIAGL(B0), PDIAG(E03, ENERGY, YY V(214D
CIOMMON/INFO/NATOMS, CHARGE, MUL TIP, ANC353,6¢a5,3), N
COMMON/INFO1/GZ(S5 >, UCA0), ULIMCAES LLIMCAE S, NELEGS, 0CCA , 0GCE
COMMON.-OFTTON./OPTION,OFNCLO, HUCKEL ,NDQ,INDO,GLOSED ,0PEN
DIMENSION ENEG(18,3),BETADC18)

DIMENSION @1¢183,F2¢18)

INTEGER OPTION,OPNGLO,HUCKEL,GNDO,INDO,GLOSED, OPEN

INTEGER CHARGE,OCGCA,0CGEE,UL,AN,GZ,U,ULIM, ANI

G143 = 092012 bo
Gid43 = 1407 bo
G1<5> = 199245 Do
Gida> = 247708 DO
G147> = 346029 hly
Gi1<8) = 43423 Do
Gi¢9> = HB32305 DO
F2<3> = 040865 DO
F2¢{4> = 089125 Do
F2{8> = 13041 Do
F2¢6) = 17372 DO
F2075 219085 Do
F2¢(8> = 266415 DO
F2¢92 = 31580 Do
ENEGC1, 1D = 74764 4]
ENEG(3,1> = 31055 DO
ENEG(3,23 = 1.288 DO
ENEG{4,1) = 524557 DO
ENEG(4,2> = 28563 34
ENEG(H,12> u 989407 b
ENEG(S,2> = 4.001 b0
ENEGL{6,12 = 14054 bD
ENEG(6,22 5572 LMY
ENEGC7,12> = 19.31637D0
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ENEG(7,2> = 7.275 DO
ENEGCS,1> = 25.30017D0

ENEG(R,2> = 0111 Do
ENEGCS,1> = 32.2724 DO
ENEG(2,2> = 11.08 DO
ENEGCI1,1) = 2.6804 Do
ENEG<14,2) = 1.302 DO
ENEG¢11,3) = 0150 DO
ENEGC12,1> = 54254 Do
ENEGC12,2> = 20816 DO
ENEG(12,3> = (0.15195D0

ENEGC13,1> = 7.7708 DO
ENEG(13,2> = 20051 DO
ENEGC1i3,3> = 0.22455D0

ENEG(14,1> = 10.0327D0

ENEGCi4,2> = 44325 DO
ENEG(14,3) = 0.337 DO
ENEQC15,1> = 14.0327D0

ENEGC15,2) = 54538 DD
ENEGCLS,3> = 0.500 DO
ENEGCL6,1> = 17.6406D0

ENEG(16,2> = &.9B80 DO
ENEG(16,3> = 0.71325D0

ENEGC17,1> m 21.5006D0

ENEGC17,2> = 87081 DO
ENEGC17,3> = 0.97495D0

BETAGKL) = -9 DO
BETAO(SY = -9. Do
BETAOC4) = -13 DO
BETAOCEY = -17. DO
BETAOCGY w -21. DO
BETAOC?Y = -28. DO
BETAOCEY = ~3i. DO
BETAGCOD = -39 DO
BETAOCI1Y = -77208 DO
BETAOCI2? m -0.4471 DO
BETAOC13Y = —11.3011D0

BETADCI4> m -13.068 DO
BETAOCS) = —-15.070 DO
BETAQC16> = 18150 DO
BETAOCI7Y = -22.330 DO

FIND NELEGS AND FILL H CORE(DIAGONALY WITH <I+A>2
NELECGS = O

DO 40 I = % ,NATOMS

NELLECGS = NELEGSHGZLI)

LL = LLIM{I>

UL =& ULIM{I>

ANI & ANCID

L =0

PO B0 J = LL,UL

L = [+1

IFCLLEQ.1> G0 TO 10
IFCLLT.S5Y 60 TO 40

A<T,J> = —~ENEGC(ANLS3>-27.21D0
H0 TO 50

AC],J>» = ~ENEGCANIZ)-27.21D0




- 145 -
B0 TO 50
10 ACJ,]> = -ENEGCANI,1./27.21D0
50 CONTINUR
60 CONTINUE
NELECGS = NELRECS-CHARGE
OCCGA = (NELEGS+MULTIP-1).2
QOGUB = (NELECGS-MULTIP+1).72
FORM HUCKEL HAMILTONIAN IN ACOFF DIAGONAL TWO CGENTER TERMS)
DO 90 I = 2,N
K = U
L= ANCKD
UL = 1-1
DO 90 J = 1,UL
KK = U]
LL = ANCKEKD
IFCL.GT.93.0R (LL.GT.2> GO TO 70
80 AL, 1) = AL, IDa(BETAG{(L>+BETAONCLL)>/54.42D0
ACTLID = AL T>
80 TO 90
20 CONTINUE
DO 1060 T = 1,N
DO 400 J = 1,N
00 QUL = ACLD
EHO = 1D-6
CALL EIGNCN,RHO)
po 110 1 1,N
PDIAGCID 8 G.0ODO
DO 140 J = 1,N
ACL, > = BCIL]>
110 B, J> = 0.0DO
DO 150 I = 1,N
DO 120 K = 1,00CA
120 B/LII> = BO,IDHACKIRACT,KD
DO 130 K = 1,0CCB
130 PDIAGCID w FDIAGUI AL KDIWALLKD
LL = I+1
DO 160 J = LL,N
DO 140 K = 1,00CB
140 B(,I» = B, DHACLKD
DO 150 K = 1,0CCA
150  BCJI> = BCJID+ACKO®ACT,KD
160 CONTINUE
C ADD VC(AB)Y TO H CORE--CGNDO
DO 480 I = 1N
J = I
QCLIY = Q4L IN0.SDORAECT, I>
DO 170 K = 1,NATOMS
170 QU Id QL ID~-FLOATCCZCK ) DG T, K
180 CONTINUE
a EXIT SEGMENT IF ONLY CNDO APPROXIMATIONS ARE DESIRED
IFCOPTION.EQ.CGNDO)> G0 TO 300
INDO MODIFICGATION (CORREGTION TO UKI, I
190 DO 2900 I = 1,NATOMS
K ANCID
J LLIMCIS
IPFCK AT AX.AND (K LTAG3D dO TO 260
GO TO 290




ocoooooooooonoo

200
210
220
240
260

280

230
270

ZB0
290
300

310

IFKK.LT.S> g0 TO 220

QLI ® QET, IPHCPLOATCCZCTII-1 500 3G (K3 .76.D0
IFCK.EQ.3> GO TO 230

IFCK.EQ.45> G0 TO 250

TEMP & G1¢K>./3DO+CPLOATCOZCEI -2 80002 DO#F 2K ~25.D0
go TO 270

TEMF = G1¢K>./4.D0

go TO 270

TEMP = G1<K>.~12.D0

CONTINUE

DO 280 L = 1,5

QCJ+L, J4LY a QCJ+L, J+LO+TEMP

CONTINUE

GONTINUE
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WRITE(S,310>

FPORMATIX,189H CORE HAMILTONIAN. /)
CALL SCFOUT<0,33

RETUGRN

END

SUBROUTINE SCOFOPN

IMPLICIT DOUBLE PRECISTIONCA-H,0-25

CNDO-INDC OPEN SHELL SEGMENT

JAMMA MATRIX CGONTAINED IN ¢, GORE HAMILTONIAN CGONTAINED IN ¢,
INITIAL DENSITY MATRICES IN B

OPTION CNDO OR INDO

AND
ARE
ARE
THE
THE
THE

THE AFPROPRIATE CGORE HAMILTONIAN, THE TWO ELECGTRON INTEGRA
ADDED TO THE F MATRIX (A> IN TWO PARTS-FIRST THE CNDO GAMNM
ADDEP AND THEN THE ID0O CORRECTIONS TO THE ONE-UENTER INTEdQ
PROUEDURE IS THAT FCALPHA) AND F{(BETA> ARE FORMED, THEN

ELEGTRONIC ENERGY IS COMPUTED. EIGN IS CALLED TO DIAGONALIZ!
TWO F MATRICES AND THE ALFPHA AND BETA BONDORDERES ARE FORM

THESE ARE USED TO FORM NEW F MATRICES AND THE CYGLE IS REPEATE
UNTIL THE ENERGY CONVERGES TO THE DESIRED VALUECN.000001 IN THIS
PROGRAMS.

AN UPPER LIMIT OF 285 CYCLES IS INGLUDED <IT>
COMMONAARRAYS.AAC80,803,8¢60,803,0C80,803
COMMONAGABAXXNC4005,d¢35,352, FRIAGCH0), PDIAGCR0, ENERGY, VY Y (214>
COMMON/INFO./NATOMS ,CHARGE , MULTIP,ANC35 3,¢1(35,3),N
COMMON/INFOLA/CGZCSE 3, U0, ULIMCS5 Y, LLIMCAB NELECS,0CGCA,O0GE
COMMON./OPTIONCPTION,OPNGLO, HUCGKEL,CNDO,INDO,CLOSED ,OPEN
DIMENSION G1¢183,F2¢18

INTEGER OPTION,OPNGLO,HUGKEL,GNDO,INDO,GLOSED ,OPEN

INTEGER CHARGE,OCGA,OCCR, UL, AN,GZ,U,ULIM,Z.

G1{33 = .002012DP0
Glc4y = 1407 bo
G183 a 100248DG
G163 = Z67T70RDO
id73 =m .34580290D0
Gi1Car m 43423 DO
gided m B32308D0
F2{35 w .040865D0
F2{4> = 08925 DO
F2¢55 = {3041 RO
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F248) A¥372 Do
F2<{73 m 2100585D0
Fz<8> » 248445D0O

F2€e3 = 31880 Do

INITIALIZIE COUNTER Z AND BEGIN SOF CYJLE AT 10
Z = 0

IT = 25

RHO =m 1D-5

CONTINUE

72 a F4l

ENERGY = G.DO

TRANSFER CGORE HAMILTONIAN TO A

DO 20 I =m {,N

FDIAGCLDY & QKIS

DG 20 J = i,N

ALY = LI, 15

DG 30 1T = 4,N

IT = UCID

ACLIY> & ALLIG-BAII%0(11,II)

FDIAGCIO = FDIAGCI-PDIAG{I » @I, 11D

DO 30 K = 4,N

JJ = UKD

ACLIS ACLI> + (PDIAGCHIMB{K,K)3eEL,IID

FRIAGCIY 8 FDIAGCIDH(FDTAGCKOHBOR, K2 OREIL, T 15

NM a N-1

DO S0 I = {,NM

II = U<ID

LL = I+

DO 40 J = LIL,N

JJ 1< I

ACLL > = ALY, JO-BCE, Joe@dIL I

ACT,I> @ AL Y-BCJ, DI, TID

CONTINUE

INDO MODIFICATION

IFCOPTION.EQ.CGNDBO> GO TO 100

DO 20 II = 1,NATOMS

K = AN(II

I = LLIMCIIS

IFK.EQ .13 d0 TO 90

PAA a BCLIMBOIH, ARSI, T2 5+BIH3,T4+3)

PAB & PDIAGCI+34+PDIAGCI+234+PDIAGCI+AS

ALY m ACLID-{PAA-C(BCI,IB0w@1C(K3-3.D0

FDIAGCIS = FDIAGCIDD-C(PAB-PDIAGCI I 3eGEiCKD A3 10

DO B0 J - 4,3

A+ 1,142 = ACTHT, I+ I04+(BCI+ ]I+ J0-(PAA-BCI, D 30eF2{K>B.D0-B(I,ID
161K /3. D0+ (6. DORPDIAGI [~ 2. DOwCPAB-PDIAGCISD 2P E(K Y 25.00
FDIAG(I+J) = PDTAGCIH J2+(PDIAGCI+ - (PAB-FPDIAGCIN W F2CK35.D0O
1-PDIAGCIORE1ICKD /3. DOHCE. DOSRCI+ ], I+ J3~2, D0~ (PAA-B{I,I33)
2FZ2{KD. /25 D0

ACLI+TY m ALLT+J+CBCIF TLID42 DOwBCI+ T,I000031 <K /3.D0
ACI+],I5 & AT, I3HCBOIH] IDH2 DORBCL I+ I 2@1CK) A3.D0
DO 80 L = 1,3

IF(JEQ.L> GO TO 80

ACIHL, I+ ]2 = ACT+L,I+ J04{S. DOSBI+L T4+ J3+6. DOWBCI+ ], I4L53
1uF2(KH-28.D0

CGONTINUE
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o0 CONTINUE
100  CONTINUE
" DO 10 I m 1,N
110 ENERGY = ENERGY+0.8D0wCCACL I QL IR, ID+{FDIAGCI>+QCI,I3)
1%PDIAGCI>)
DO 118 I = 1,NM
LL & I+i
PO 118 J = LL,N
118  ENERGY = ENERGY+(CALL, J>+QCL, J22uB, J3+<AC T, I0C ], I3 0%R( J,1>
WRITE(S,120> ENERGY .
120 FORMAT(//,10X,22H ELEGTRONIG ENERAY ,JF16.103
IFCDABSCENERGY-OLDENG).GEAD-4> dO TO 1460
i30 Z = 28
140 WRITE<3,1500
180 FORMAT(SX,18H ENERGY SATISFIED.”>
G0 TO 1BO
160 CONTINUE
170 OLDENG = ENERGY
180 CONTINUE
IFCZ.LEITY @O TO 240
¢ TRANSFER FCALPHAY TO Q- FOR FRINTING
190 DO 200 I = 1,N
DO 200 J = LN
QCLJ> = ACTID
200 QCJI>D = ACTID
WRITECS, 2103
210 FORMAT(1X,42H HARTREE-FOGK ENERGY MATRIX FOR ALPHA SFPIN//D
TRANSFER F<BETA> TO ¢ FOR FRINTING
DO 220 I = i,N ‘
QCLID = FDIAGCLD
LEL = I+
DO 220 J = LL,N
220 Q)10 m ACL 3
WRITEC(S,230)
230 FORMAT(1¥,41H HARTREE-FOCK ENERGY MATRIX FOR BETA SPINA/)
GALL SCFOUT<0,33
240 CONTINUE
CALL EIGNCN,RHOD
IFCZLEIT> g0 TO 270
250 WRITE(S,240)
260 FORMATIX,43HEIGENVALUES AND EIGENVEGTORS FOR ALPHA SPINA#)
CALL SCFROUTd,2)
270 CONTINUE
TRANSFER F(BETA> TO LOWER HALF OF A
DO 280 I = 4,N
ACLI> = PDIAGCID
K= Il
DO 280 J = K,N
AL mAKL >
280 ACLI>» = 0.0DO
G FORM ALPHA BONDORDERS IN TOF HALF OF A AND IN FDIAG-TEMPORARY
DO 300 I = 1,N
LL = I+
DO 290 K m 1,0CCA
200 FDIAGCID = FDIAGCIDBCLKOwB, KD
DO 300 J = LL,N
DO 300 K = 1,00CA
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AL D> & ACT, J3+B<I,KOwBC KD

GALL ETGNCN,RHOD

IFCZ.LEITY GO TO 330

WRITE(S, 3205

FORMATC1Y,43HEIGENVALUES AND EIGENVEGTORS FOR BETA SPINAD
CALL SCFOUTC,2d

GONTINUE |

FORM BETA BONDORDERS IN LOWER HALF OF A AND IN PDIAG)
DO 350 I m 1,N

LL = I+

PDIAGCI> = 0.0DO

DO 340 K = 1,0GCB

PDIAGKI> PDIAGCIRCIK3BCIKD

DO 350 J m LL,N

ACLID = 0.0DO

DO 850 K m 1,00CH

ACLLID m ACT,IN4BCLKOSBC KD

TRANSFER BONDORDERS FROM A TO B

DO 870 T = 1,N

DO 360 J & 1,N
BCILJ> = ACT,ID
BCLI> = FDIAGCIS
IFCZ.LEITY 60 TO 10
CONTINUE

RETURN

END

SUBROUTINE OFRINT

IMPLIGIT DOUBLE PRECISIONCA-H,G-Z3

CNDO-INDO GFEN SHELL PRINT OUT SEGMENT
COMMONAARRA VS #ACR0,803,BCE0,80),0C80,80)>
COMMONAGAB./XXX<4003,0¢35,55>, FDIAGCE03, PDIAGCS0), ENERGY, YY V(214
COMMON/INFO./NATOMS, GHARGE, MULTIP, ANCAR ), 055,35, N
COMMON-INFO1/GZE36),UCa03,ULIMS S)LLIMCAES, NELEGS ,0GGA ,000H
GOMMON/OPTION.-OPTION,OFNGLO, HUGKEL,GNDO,INDO,CLOSED,OPEN
GOMMONFERTBL ~EL {183

DIMENSION GIS0L103

DIMENSION DPM(33,DM33,DMSFCE), DMEDCSI)

DIMENSION ATENG(iR)

INTEGER OFTION,OPNCLO,HUGKEL,GNDO,INDG,CLOSED,OPEN
INTEGER OHARGE,AN,U,ULIM,EL,0CCA,0CGCE, UL, GZ,ANI
IFCOPTION.EQ.CNDO3 80 TO 20

ATENG¢LY = ~0.68B7302442 DO

ATENGCEY = - 2321972408 DO
ATENG{4> m -11210420384 DO
ATENG(S: -2 .B728750048 Do
ATENG(EY = -B.o304848261 DO
ATENGL?: = -10.6731741251D0
ATENG{B> -17 . 2920850450D0
ATENG{OY = -26.287483778758D0
gu TO 30

GONTINUE

ATENG{12 ~0.6387302462 DO
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ATENGC(S) wa - 2321072408 Do
ATENG4AS = 114854120388 DO
ATENG(EY = 290774230048 Do
ATENGED w» -6.164003424684 DD
ATENGALYY & —-11.07468746252D0
ATENG(B> =m —-1iB.0810488451DA
ATENG(CO> = -27.85491302880D0
ATENGdi1Y w - 1977000568 Do
ATENGCIZY » - RAT1013033 Do
ATENGUI3) » -2.0364557744 DO
ATENG{i4> = -3 80790034586 Do
ATENG15) -4.7964009163 Do
ATENG{1SY » -10.76568174341D0
ATENG7> = -14.0447017940D0
GONTINUE

K = NATOMS-1

BONDORDER HALF MATRICES ARE NOW BEING STORED IN FULL MATRICES F

PRINTING--ALPHA IN B AND BETA IN A

DO 40 1 = 1,N

ACLI> = PDIAGKID

LL = YT+l

DO 40 J = LL,N

ACL]> & BCI, Y

ACTI> m BCLDD

BCI,J> = BCLID

WRITE(S,503

FORMAT{IX,23H ALPHA BONDORDER MATRIXA A3

GALL SCGROUTCO,25

WRITE(S,603

FORMAT(1X,22H BETA BONDORDER MATRIN/~>

CALL SGFOUT(O,1>

CONTINUE

DO 80 I = 1,N

DO B0 J = 4,N

B> ® ACLJO+BCI T

ACLJ> ® BCI, J>-2.D0%ACE, ]2

WRITE(3,903

FORMATC¢1X,25H SCF TOTAL DENSITY MATRINA/)

CALL SOFOUT(O,2>

WRITE(3,100

FORMAT(1X,24H SCGF SPIN DENSITY MATRIN/

CGALL SCFOUTKO,15

DO 110 I = 1,K

RAD m DEQRTCCCLI, 10~ 10 000k 24+ 0T, 20~ G T, 30002
+COCT,BI-GC ], 800w

ENERGY m ENERUY+(FLOATCOZCII>FLOATGZL JO3-RAD

WRITE(S,120> ENERGY

FORMAT(.//10X,16H TOTAL ENERGY & F14.103

DO 130 I = 1,NATOMS

ANI = ANCID

ENERGY m ENERGY-ATENGCANDD

WRITE(3,140> ENERGY

FORMAT{ ##10X,BINDING ENERGYe ,Fi6.10,5H A.U.>

CISOC1) = 530.8438D0

CIS0CAS = 620.0959D0

CISOCT7Y = 370 88E7DD




- 181 -

CISOE) w BBB.GRESDO
GISO0) = 448292 DO
WRITE(S,1503
150 FORMAT4EX,7HVALENCE,10X,9HS ORBITAL,10X,0HHYPERFINE)
WRITECS, 1603
160 FORMATC0X,55H¢ELEGTRON DENSITY% ©SPIN DENSITVe @CGOUPLING CONSTI
INT#D ‘
WRITEC(S, 1700
170 FPORMATCHOX)D
DO 200 1 = 1,NATOMS
TCHAE = 0.DO
LL = LLIMCID
UL = ULIMCID
ANI m ANCID
HFG = GISOCANID®ACLL,LL)
IFCOPTION.EQ.INDO> GO TO 2
HFC & 0.0
GONTINUE
DO 180 J = LL,UL
180 TCHG = TCGHG+BCI,T>
WRITE(%,1905 I,ELCANI>,TGHE,ACLL,LL> HRC
160 FORMATCIR,A4,BY,F7.4,100X,F7.4,12)X,F9.4)
XXHKI> = TOHAG
200 CONTINUE
DO 210 I = 1,3
DMCID = 0.0DG
DMSP<I> & 0.06D0
DMEDI3 = 0.0D0
DO 200 J = 1,NATOMS
IFCANCIO.LT.3) g0 TO 270
220 IFCANCIS.LT.41> GO TO 250
250 SLTR1 v (6SDO%FLOATCANC J35~4.95D03/3.30
FAGTOR = 2.5414D027.D0-CDEQRTC(E.DOOSLTRIY |
INDEX = LLIMCT?
DO 260 K = 1,3
260 DMSPCK) = DMSPRKI-BCINDEXN,INDEN+KO#10271758D0SLTRA
DMPDC¢15 DMPD{13-FAGTOR%(B(INDEX+2,INDEX+83+B{INDEX+3,INDEXH
1 +B({INDEX+1,INDEX+73-1.D0-DEQRTCA.DO>BCINDEX+1, INDEX+43)
DMPD(23 = DMPDC2)-FACTOR#<{BC(INDEX+ , INDEX+83+BCINDEX+,INDEX+4)
1 +BCINDEX+2, INDEX+7 3-1.D0/DSORTCS DOOBCINDEX+2, INDEX+43)
DMFD{35 s DMPD{3>-FACGTOR-#<B{INDEX+1,INDEX+E>+BCINDEX+2,INDEX+4)
1 +2 DO/DEQRTCI.DOIUBCINDEN+3, INDEX +43)
GO TO 270
230 INDEX = LLIM(J>
DO 240 K m 1,3
240 DMSPCE = DMSPKO-BSINDEX,INDEN+K %7 33607D0.
1¢.328DOWFLOATCANC o103
270 DO 280 I = 1,3
280 DMC2) = DMCIS+CFLOATCCZC IO~ 3XC Tawedd J,I>e2 5416D0
290 CONTINUE
DO 300 I m 1,3
300 DPMCIY = DPMCID+DMSECIN+DMPDCID
. WRITE(S,3103
310 FORMAT(//,20¥,16H DIOLE MOMENTS, />
WRITE(3,320>
320 FORMAT(BX,11H COMPONENTS,3X,2H X,8X,2H Y,8X,2H 2D

B
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WRITECS,3805DM¢ 3, M3, DMCS)
FORMATEX,10H DENSITIES,3¢1X,F0.855
WRITECS,3405DMSP (13, DMSP(2), DMSFC3)
FORMAT(SX,4H S,P,63,3¢1X,FOE>3
WRITE(S,3505DMPDC13, DMPD{2),DMPD )
FORMATSEX,4H F,D,6X,3¢1X,FO.55)
WRITECS,3603DFM1), DPMC23,DPMCS)
FORMAT(SX,6H TOTAL,4X,3¢1X,F9 53,3
DF m DSQRTDPMCID#4Z+DPMCZouZ+DEMCI deu)
WRITECS,3700DP

FORMATC3X,15H DIFOLE MOMENT=,F0 .5,/ />
RETURN

END

SURROUTINE EIGNCNN,RHO>

IMPLICIT DOUBLE PRECISIONCA-H,0-Z)>

FHO = UFPER LIMIT FOR OFF-DIAGONAL ELEMENT

NN = SIZE OF MATRIX

A =m F MATRIXY (ONLY LOWER TRIANGLE IS USED + THIS I£ DESTROYEDS
EI@ = RETURNED REIGENVALUES IN ALGEBRAIC ASGENDING ORDER
VEC¢ & RETURNED EIGENVECGTORS IN COLUMNS
COMMONA/ARRAYS.~A{80,80),VEUCB0,800,X{(B0,R0D
COMMON.“3GAB/GAMMA {803 ,BETA(B03,BETASQCHE0) , BIGCR0>, WCB0), XYZ 16000
THE FOLLOWING DIMENSIONED VARIABLES ARE EQUIVALENCED
DIMENSION PC{803,Q0802>

EQUIVALENGE <(P{13,BETAC133,{0015,BETACL)

DIMENSION IPOSVOBOM,IVPOS{E0,ICRDCBGD

EQUIVALENGE <J{IPOSV{L>,GAMMACLLS, CGAVPOS 1), BETACLS),
1CIORD LS, BETALQCID)

RHSQ = RHO:RHO

N = NN

IFKNEQ.G> 30 TO &40

Ni=m N-1

Nz m N-2

GAMMACLY ® ACL,13

IRCN2> 200,i90,40

DO 180 NR = 1i,N2

B m A{NR+{,NR)>

S w 000

DO S0 1 NE,N2

5 = SwAdJ+Z,NRIwR2

PREFARE FOR POSSIBLE BYPASS OF TRANSFORMATION
ANCNR-HL,NRY> = G.DO

IF{S> 170,470,460

5 = S+R#R

EGN = +1.D0

IF<B> 70,80,80

SGN = ~1.D0

SQRTS DEQRT(ES

I m SONA(SQRTSHSQRTSD

TEMP = DEQRTSDO+BRDS

WENR> = TEME

ACNRH ,NR> a TEMP
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D = Ds-TEMP

B s SONRSQRTS

b IS FRACTORE OF PROBABILITY. NOW COMPUTE AND SAVE W VECGTOR.
EXTRA SINGLY SUBSCGRIPTED W VECGTOR USED FOR SPEED.
DO 20 I = NR,N2

TEMP = D#ACI+2,NRD w . -
W¢l+id> = TEMP

ACI+2,NR> = TEMP

PREMULTIFLY VECGTOR W BY MATRIX A TO OBTAIN P VECTOR.
SIMULTANEOUSLY ACGCUMULATE DOT PRODUCGT WP, (THE SCALAR KD
WTAW = 0.D0

DO 140 I = NE,Nt

SUM 0.D0

DO 100 J = NR,I

EUM w SUM+AIH, JH106W D

It = I+1

IF(Ni-Ti3 130,110,140

DO 1206 J = Ii,Nd

SUM = SUM+ALJH IH WD

PLID = SUM

WTAW = WTAWHSUMWID

P VECUGTOR AND SCGALAR K NOW STORED. NEXT COMPUTE @ VEGTOR
DO 150 I = NR,Ni

QLI> = PAID-WTAWEWID

NOW FORM PAF MATRIX, REQUIRED PART

DO 180 J = HNR,Ni

QF = QLI

W] & W

DO 160 I = J,Ni

AdIH, J443 = ACTH, JH-2. D0a W0 JHW oGS

BETACNRY a B

BETASQCNEDS BB

GAMMACHNR-HD m ACNR41,NR+H1D

B v A{N,N-13

BETA{N-1> = B

BETALQI(N-1> = BwR

GAMMACND = ACN,N3

BETASQNS m 0.DO

ADJOIN AN IDENTITY MATRIX T BE FOSTMULTIFLIED BY ROTATIONS.
DO 220 I = 1,N

PO 210 J = 1,N

VECKI, J> = 000

VEGCIIY = 1.D0

M= N

SUM = 0.DO

NPAS = %

GO TO 3850

SUM = SOM+SHIFT

GOSA = 1.D0

U = JAMMAL-SHIFT

PP = @

FPBS w FParI2OTARQCLD

PPBE = DSQRT(FPRLS3}

DG 230 J 1,M

COSAP = CGOSA

IFCPPRE 3T.1.D-123 GO TO 25D
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SINA = O.DO
SINAZ = 0.DD
CoSA m 1.D0O
GO TO 290
SINA = BETAJCD.-FPBR
SINAZ = RETASQ{T>PPBS
GOSA » FPAPPRR
POSTMULTIPLY BY P-TRANSPOSE MATRIX
NT = J+NPAS
IFCNT.LT.N> 80 TO 270
NT = N
DO 280 I = i,NT
TEMP = COSASVEGC, JMSINARVECKCT, J+15
VECKI, J+13 = SINAVEQGCI, JD+CO0SARVECGCT, J+13
VEGKI,J> = TEMP
DIA = GAMMACJ+i3-SHIFT
U s SINAZu(GHDIAS
GAMMACTD = G4l
G = DIA-U
FP m DIARGOSA-SINARCOSAPEBETAC ]S
IFCI.NEM> 40 TO 310
BETAC]> = SINAwFP
BETASQ{ > = SINAZwPPuPP
G0 TO 330
PPBS w PP#PP4+BETASQL JH+13
PPER = DSEQRT(PPRS)
BETA{ > = SINA%PPBR
BETASGQ{]> = SINAZ#PPRS
GAMMA(M+13 = O
TEST FOR CGCONVERGENCE OF LAST DIAGONAL ELEMENT
NFAS = NPAS+H
IFCBETASQ(M) T RHOSQ> G0 T0O 870
BIGCM+1d = GAMMACM+13+5UM
BETALMD = O.DO
Ma M-1
IFCMEQ.05> GO TO 400
IRCRETASQIM. LE RHOSQ)> G0 TO 340
TAKE ROOT OF CORNER Z BY 2 NEAREST TO LOWER DIAGONAL IN VALUE
AS ESTIMATE EIGENVALUE TO USE FOR SHIRT
A2 = GAMMACMH1Y
S 0.5D0uAZ
Ri = O0BPpOeCAMMACMD
RiZz s Ri+R2
DIF = Ri-R2
TEMP =a DSQRTU(DIF4DIF+BETASQIMM)
R1 a RiZ+TEMP
k2 = RIZ2-TEMP
DIF m DABS({AZ2-RI13-DABSCAZ-RZ)
IFCDIF.LE.C:.DO> GO TO 300
SHIFT = R2
GO TO 230
SHIFT %5 |
GO TGO 230
EIGC(1) & JAMMACLDASUM
INITIALIZ? AMIIWILIARY TABLES REQUIRED FOR REARRANGIMG THE VEGTOHS
BO 416 J = 1,N
IPOSVL]Y = J
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IVPOS(J> m ]
JIORDL{]> = ]
USE A TRANSFOSITION SORT TO ORDER THE EIGENVALUES
Ma N
a0 TO 480
DO 440 J = 1M
IFCEIGC T2 LE BTG J+135 90 TO 440
TEMP = EIG(T)
EIG{]> BIGK J+13
EIG{J+i> u TEMP
ITEMP = IORD{I>
IORDC TS m IORD{ J+13
IORD{ J+1D & ITEMP
CONTINUE
Ma M-1
IFCM.NE.OY 90 TO 420
IF{NI EQ.0> 40 TO Bio
DO Bo0 L = 1,1
NV = TORDCLD
NF m IPOSVINV)
IF<NP.EG.N> 40O TO 540
LV = IVPOGILD
IVPOSCKHNFY = LV
PO 460 1 = 1,N
TEMP - VEGCIL)
VEGCILL: & VEGCINPD
VEGJI,NF> « TEMP
GONTINUE
GONTINUE
BACGK TRANSFORM THE VEGTORS THE TRIPLE DIAGONAL MATRIX
bo 870 NRR = 1,N
K = N1
K = K-{
IFKKLE.OY G0 TO 5460
SUM = OO
DO B40 I = K,Ni
S5UM = SUMHVEUG(IH,NRRI2ACIH,KD
SUM & SUM+SUM
DO S50 I = K,Ni
VEGCI+H ,NER> & VEG{I+ NRR}SUM&AI+,KD
ac TO 520
CUONTINUE
CONTINUE
RETURN
END

SUEROUTINE SCFOUTCOR,MOP)
IMPLICGIT DOUBLE PREGISTONCA-H,0-25
THIS ROUTINE PRINTS THE ARRAY IN COMMON/ARRAYS. WHICH IS DESIG
MOP. IF OF = 1 THE EIGENVALUES CONTAINED IN GOMMON-1i- ARE ALSO
PRINTED. IF OF = O THE EIGENVALUES ARE NOT PRINTED
CGOMMOM A RRAYS ZACR0,80,3)

COMMON/GABAXXX(20003
GOMMON/INFONATOMS, GHARGE, MULTIP,ANCS53,0¢85,5),N
COMMONAINFOL-/TCZ S5, U¢H03,ULIMCIE ), LLIMCSE S NELEGS, OGCA,OCCE
GOMMON./ 23 /0RBCOY
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COMMONAPERTBLAEL{I8)
INTEGER OP,AN,ANII,CZ,U,ORB,ULIM,EL ,CHARGE,OCGCA ,OCGE
DO 120 M & 1,N,41
K = M+HO0
IFCK.LENY G0 TO 30
K=as }
CONTINUE
WRITE{S,100>
IFCOF.EQ.A> d0 TO 40
g0 TO B0
CGALL EIGOUT(M KD
GONTINUR
WRITE(3,60> <I,IeM,K>
FOREMATC18X, 5019
DO 110 I 1,N
II w UKID
ANII = ANCIIS
L = I-LLIM{IDH
WRITE(3,80> IILELCANII>ORBCLY,CALI, I MOP), JaM, K>
FORMAT{'I}E,IJ,IS A4 HAX,A4 BOFR B3
IRCILEQULIMIIY GO TO 90
G0 7O 100
WRITE{(S,1000
FORMAT{1X>
CONTINUE
CONTINUE
WRITE{(S,1000
RETUREN
END

SUBROUTINE EIGOUTM,K3

IMPLIGIT DOUBLE. PREGISIONCA-H,O-Z3
THIS ROUTINE IS GALLED IN SCPOUT TO PRINT THE EIGENVALUES M TO K
COMMONGABAXXXC2403, EPSILNCAOS, YYYC1680D
WRITECS,10> ¢EPSILNCIY,I=M,K>

FORMAT( /450 EIGENVALUES---,20¢F¢ 43,/
RETURN

END

BLOUK DATA

GOMMON AORE/OREC?

GOMMON/FERTBL ~EL 183
COMMON.OPTION.”OF TION,OFNGLO, HUGKEL,GNDO,INDO,GLOSED,OPEN
INTEGER OPTION,OPNCLO,HUCKEL,GNDO,INDO,CLOSED ,OPEN
INTEGER ORB,EL

DATA GNDO.A4HGNDO

DATA INDOD.4HINDO.

DATA OFEN~4HOPEN~

DATA CLOSED.*CLSD?/

DATA ORE .~ 5%, PX’, PV, P2’ DZ2’,' DX2'’ DYE',’DX-Y’,

DATA EL .~ H’,* HE' LI’} BE'," B, (', N, O,

END




