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ABSTRACT 

The. Ut.le. st.udy w .... unde.r-t.ake.n t.o an 

e.lablJr-at.e.d clust.e.» mode.l of' silica ge.l and t.o inve.sUgat.e. 

adso»pt.ion comple.xe.s of pr-ope.ne. wit.h silica using INDO me.t.hod 

and opt.imizat.ion of geomet.»y. The. basic idea of clust.er-

mode.ling ent.ails sub .. Ut.ut.ion of t.he. bUlk of sUica by 

t.e.r-minal is-at.oms t.he quant.um-che.mical INDO 

of which ar-e st.r-ict.ly opt.imized t.o give adequat.e 

de.scr-ipt.ion of t.he. dist.r-ibut.ions in silica. 

The.or-et.ical r·esuIt.s par-ame.t.e.r-s, e.lect.l'onic 

t.he. mode.l st.udie.d 

found t.o be. in fab'ly good agr-ee.me.nt. wit.h 

e.xist.tng expe.r-ime.nt.al dat.a. Thl'ee st.ages of clusr-t.el' mode.ling 

conside.l'ed. The. simple.st. mode.l hiy®oxylat.ed 

adsor-be.nt.s is: t.he. hydr-oxide. anion. In t.he. second st.age. 

o:r-t.hosUicic acid is: use.d as a mode.l of silica but. t.he. model 

has a basic dl'awback be.cause. t.he.r-e. ar-e. no sUoxane br-idges in 

it.. The. t.hl:r-d st.age. of modeling p:r-esupposes t.he. blco»po:r-at.ion 

of t.he. siloxane in t.he clust.el's. The clust.el' 

is char-act.e:r-ize.d by non-unffo:r-m e.lect.:r-onio 

diSt.l'ibut.ion in t.he bulk phase of s11ica and also gives 

inadequat.e de.scl'ipt.ion of t.he band St.l'UCt.U1'e. of sUioa whUe 

t.he ClUSt.e.l' 8i(08iH:) 4 leads t.o mOl'e aC<lul'at.e and I'eliable 

desa:r-ipt.ion of t.he. eleat.l'onic and band stl'uct.ul'e of sUi Ca. 

ill The. clust.el' mode.l S1(OSiH9 ) 4 is found t.o be opUmum. 
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1. INTRODUCTION 

The main objecUve t'Ol- under-t.aldng t.his st.udy is t.o model 

t.he bulk and sUl.'t'ace phases at' sUica using a quasi-at.om 

clust.er- appr-oach and t.o explol'e t.he mel.'it.s at' t.his appr.aach 

over- t.he exisUng models by st.udying t.he elect.r-onic and band 

st.r-uct.Ul.'es (syst.em at' MO leve.lt~) at' adsol'bent.s and by 

compar-ing t.he l'esult.s wit.h exper-iment.al dat.a. 

The INDO met.hod [1] gives a l'eliable descl'ipUan at' 

open-shell syst.ems .&lid t.l>.&n6liUon met.al cont.aining solids [2] 

cor·r-esponding 

et. al [1]. 

is employed in 

comput.e1' pr·ogl.'am 

t.he pl'esent. 

wz.i t. t.en by 

wor-k. The 

J.A. Pople 

The quasi-at.om c:lust.ez. appr-oach event.ually leads to a 

pl'oper- model ot' silica which allows calculat.ion ot' mONo exaot. 

eleot.r-onic densit.ies .and pl'ediot.ion ot' t'ai1'ly accur-at.e 

geomet.1'ic st.1'uct.uz.es ot' sUJ:·t'ace oomplexes ot' pl'apene wit.h 

silioa. Such modeling t.echnique p1'ovides moz.e 

elaboz.at.ed appl>oach t'01' t.heo1'eUoal oonsidel'at.ion at' t.he 

pr-oblem at' adso1'pUon .and is applicable t.o suz.t'ace oomplexes 

ot' pz.opene wit.h hydl.'oxyl cont.aining adsor-bent.s wit.h possible 

extensions t.o st.udy SUl't'ace oomplexes at' pl'opene with 

silioas ohemically modiHed by met.al salt.s. 

The olust.el' models [9] used in t.he pl>esent. st.udy ;&l'e ohosen 

because at' t.heil' simplioit.y .and illust.r-at.ive ohal'ct.el>. Thel'e 

al'e t.hl'ee st.ages at' modeling. In. t.he lni Ual st.age hydl.'oxyl 

oont.aining adsol'bent.s al'e l'epl'esent.ed by hydl'oxyl anions. 



- 3 -

In t.he second st.age or modeling ol't.hos:ilicic acid [4] is used 

as: a mole.cui&:t' model 1'01' t.he adsol'be.nt.s. Finally, much mOl'e 

l'igol'oUS models: aN" applied. The gl'eat. mel'it. of' t.he t.hil'd 

s:t.age is: t.hat. it. t.akes int.o accolHlt. t.he bOl'del'line ef'f'eot.s: 

bet.ween t.he :fl'agment. chosen and t.he solid [61. The clust.el' 

models &i'e usef'ul t.o get. a be.t.t.el' insight. int.o t.he pl'ocess o:f 

adsol'pt.ion and :fOl' t.he dee.pel' undel'st.anding o:f sUl'f'ace 

complexes. The int.el'pr·et.at.ion of' l'esult.s also . beoomes 

l'el&Uvely easy. 

The basic st.l'uct.ul'al 

t.et.l'ahedl'on [SiO 4]4- [61. 

unit. of' silica is t.he Si, 0-

The int.er·at.omic dist.ances SI-0 

In t.he l'ange 0.161 - 0.162 nm ... nd t.he ne&l's:et. oxygen atoms al'e 

sepal'at.ed by a dis:tance of' 0.266 nm. Condensat.ion of' s:evel'al 

t.et.r-ahedl'a into t.he complicated Si, O-st.l'uctUl'al net.wor-ks 

ineVitably leads: 

unit. and t.his l'esults in s:ubs:tant.ial deviaUons: o:f the S1-0 

bondlengt.hs nom t.he avel'age value and substant.ial v&l'iat.ions: 

o:f int.l'a- and int.el't.et.r-ahedl'al angles OSiO and SiOSi [7]. 

Amol'phous silicas: consist. of' sevel'al t.ens of' SiO 4 

tet.r-ahedl'.a and contain. /1-cl'istobolite inclusions in l'egions: o:f 

dimension 1.6 2.0 nm [81. Such 

,,-cl'ist.oboUt.e inclusions: ar.e :found 

tempel'at.U1'es. The Si-O distance is 0.158 

angle SiOSi is: 140 1800 whel'eas t.he 

angle is 1630 [9]. 

even at. elevat.ed 

0.162 nm and t.he 

aver-age st.atistical 
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The sur-t'ace 01' I disper-sed silicas cont.&ins v&1'ious macr-o­

and micr-o-det'ect.s, t.he cont.act.s ot' t.he globules, cavit.ies, 

cr-acks and por-es. OH-gr-oups on t.he apices ot' t.he S1, 0-

t.et.r-ahed%>.al sur-I'aces t'or-m t.he hydl>O:llyl car.pet. [10, 11]. 

The sUX't'ace OH-gl;OUpS ot' silica may ent.er- subst.it.ut.ion, 

isot.opic e:llchange r-eacUons and t'ol'm hydr-ogen bonds wit.h 

adsor-bat.e molecules. The ave!oage dist.ance bet.ween t.he sur-f"ace 

OH-gr-oups is esUmat.ed as 0.66 run [12], t.hough t.he sur-f"ace 

ar-e ar-r-anged non-unif"ol"·mly. This is deduoed 

IR- £13 161 and NMR- £16 fSl measur·ement.s. The 

est.tmat.ed dist.ance oor-r-esponds: t.o t.he st.agt.ic&i aver-age. 

Howeve:r>, it. should be I~ot.ed t.hat. depending on t.he oondit.ions 

of" p:r>et.:r>eat.mel~t. ot' silioa (t.empe:r>at.u:r>e and p:r>essUl"'e of" 

evaouat.ion) some gl'OUpS may be at. a disUmce ot' 0.$ nm and 

lnt.e:r>act. by weak hydr-ogen bonds:. In addiUon t.o silandiol 

:r>eve.al 

t.he p:r>esenoe of" 

sUl"'t'ace gl;oUpS [17, 19]. Fl;om t.he pr-evioUB discussion t.he 

dit'f"er-enoe bet.ween t.he isolat.ed and bonded StOH ll;r-ouPS [1$] 

and t.he disUnoUon bet.wen t.he SU:r>t'ace and int.e:r>n.al silanol 

[20] should be clear-. Not. only hyd%>o:llyl 1l;1;OUpS but. .also 

sUlcon at.oms [21] and o:llygen at. oms of" t.he silo:llane 

b:r>idll;e [22J could be t.he aoUve slt.es t:o:r> adsor-pt.lon 

ot: sm.all nucleophiles. 
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'-S1 

/~ ',-
o \ 

._- 0 \ j.-.OH 

\ S1 \ 

-.S1 .... 0/ \ 

\ 0 
OH, (c) I 

'0 -S1 -'--- OH 

./ / / 
o / 

/ 
S1 

"'. 0/ --'OH 
"" ............ S1-

~-- "'... -~ ... / .. "' .... 
HO (b) OH 

Fill:. i. Class1f'icat.icm of" Slll'f"ace hydl'oxyl 

(a) isolat.ed OH- !l:l'OUPi 

(b) hem-disilanol; 

(0) int.el'nal H- bonded OH Il:l'oup. 

2. Condensat.ion ot' sur-f"ace silanols 

in t.he l'ehydl'at.ion pl'ocess. 
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The var-iotls types 01' silica sUI't'ace sites ar-e @;ener-alized 

in the convenUonal scheme (t'i@;. n. 

It' silicas evacuated at elevated temper'atUI"es, 

moleculEa' water- is evolved [233. Adjacent OH-@;l'OUPS condense 

t'ollowed by the t'or-maUon ot' the siloxane (SiOS1) br-id@;es and 

some at' the physically adsor-bed wat.er- is desor-bed (t'i@;. :n. 

This view 1'ollows t'Y'om !l;r-avimetr-ic [233 and molecular­

dynamics [24] st.udies. 

The r-ate 01' adsor-ption or- desor-ption 01' W&te1' as a 1'unct.ion 01' 

pr-etr-eat.ment conditions at' amor-photlS siUcas could be 

monit.or·ed by @;r-avimetr'ic [233 and 29Si NMR [26] studie ... 
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2. MOLECULAR ORBITAL THEORV 

2.1. SCHROEDINOER EOUA TION AND 

VARIATIONAL PRINCIPLE 

In pl'inciple all ch.&1'act.el'sUc pl'oper·Ues of' a moleculaJ:. 

syst.em may be det.el'mined by solving t.he Schl'l:!!dingel' equat.ion 

f'01' t.he syst.em. The r·esulUng wavef'unct.ion is a f'unct.ion of' 

t.he cool'dinat.es of' all t.he p&l'Ucies (nuclei and elect.l'ons> in 

t.he syst.em and t.ime but. most. of' t.he quant.um-chemical 

calculat.ions: .&1'e based upon t.he t.ime-independent. 

Schl'l:!!dingel' equaUon. The soluUon ot' t.he t.ime-independent. 

Schl'l:!!dingel' equat.ion is of' pr·act.ical 

f'01' t.he descl'ipUon of' t.he moUon of' elect.l'ons in a given 

pot.enUal Held (usually t.he f'ield cr·eat.ed by i'lllcle! and 

elect.l'ons t.hemselves>. For· a syst.em of' N nuclei and n 

elect.N)ns int.el'act.ing wit.h each ot.hel' t.he Ume-independent. 

Schl'l:!!dingel' equaUon is wl'it.t.el~ as: 

"-
H(1,2, ... ,N; 1,2 .... ,n) 1p(i,2 .... N; i,2, ... ,n) 

III E!1p(1.2, ... ,N; 1,2, ... ,n) (2.1> 
"-

wher·e H is t.he hamilt.onian opel'at.ol'. 1p is t.he complet.e 

wavef'uncUon of' all t.he pal't.1cles and E is t.ot.al enel'gy of' t.he 

syst.em; 1,2, ... ,N; 1,2 ..... n al'e spat.ial aool'dinat.es of' t.he 

nualei and eleat.l'ons. N~R:pect.ively. 

A A .... 

HN ' He and HeN &1'e expl'essed in at.omic unit.s as 

.A N 
/11-1 " 2 HN iii -1/2 ~ A A 

.... n 
~. ... 

H '" l h(l') + ~<q g(p,q) e 
p 
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;. 

wheZ'e h(p) is t.he one-elect.l"'on hamilt.oniar. :foZ' t.he p-t.h 
eleat.r.an 
J-. 

h(p) :2 -1 
.. -1/2'7 - \' 2: I' 

P A" A Ap 
"-

and g(p,q) is t.he pot.ential ener·gy 

1'epulsive int.er·action bet.ween t.he p-t.h 

elect.Z'on and all ot.heZ' elect.l"'oru;:. 

"- -:1 
g(p,q)" Z' pq 

A.U. :f01"' mass, lengt.h, chal"'ge, enel'gy and act.ion al'e det'ined 

1'espect.ively, 

wher·e 

m is mass ot' t.he elect.1'on, e 

a is t.he Bow Z'adius, o 

e is t.he elect.Z'onic chal'ge and 

to. .. h/2rr wheZ'e h is Planck const.ant. (h is also known as: Dh'ac 

const.ant. [;116]). 

In t.he pZ'eceding equat.ions, 2:A is chal'ge on nucleus Ai 

and nucleaZ' coor.dinat.es, 

Z'espectively, RAp is t.he dis:t.ance bet.ween nucleus A and 

elect.Z'ora p, RAB is t.he int.eZ'l"Iuclear. dist.ance bet.ween nuclei A 

and B, Z' is t.he int.e.r·elect.l'oluC dis:t.ance be.t.ween elect.Z'oru;: p pq 

and q. ..;. is called t.he Laplacian opeZ'at.oZ' which in caz.t.esian 

~ + --
82

2 
(2.2) 
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The vaI'ious t.e1'ms in t.he exp1'ession f'01' t.he t.ot.al 

hamilt.onian oper·at.or·s IdneUc 

el",ct.1'onic 1'epulsion 01' was 

ment.iol~ed 0.&1'11"", t.he complet.e wavet'unct.ion depends upon t.he 

coo1'dinat.es ot' all t.he and nuclei but. 

B01'n-Oppenheime1' app1'ommaUon allows t.he sepaI'aUon of' t.he 

elect.1'onic and nuclea1' mot.ions in which case t.h", t.ot.al 

wavef'unct.ion may be wroit.t.en as a pl'oduct. of t.wo f'unct.ions 

which 31'0. f'unct.ioru;: only 6r t.he elect.1'onic and nucle,ar. 

cooI'dinat.es, r.espect.ively, 1.E>., 

(:1:.3) 

wheroe 'P and X .&roE> E>1E>ct.1'onic and nUClE>31' wavE>f'unct.ions, 

... espect.ivE>ly and ... and q 31'E> gene ... a1izE>d coo1'dinat.es f'01' t.he 

E>1E>ct.roons and nuclE>i, roespect.i VE>ly. 

Thus, t.hE> pI'oblE>m of finding E>lect.1'onic wavE>f'w~cUons f'o... a 

givE>n molE>culE> ... E>dUCE>S t.o solving it.s Sch1'Bdingel' equat.ion: 

",:1: + .. (:1:.4) 
P 

whE>I'e Eel Is t.he elect. ... onic enel'gy. 

UndeI' t.he Boron-0I>I>enheimel' aI>p1'oxim.aUon t.he 

t.he syst.em is given as t.he sum of t.hE> elE>ct.roonic E>neI'gy and 

E .. (:1:.6) 

EquaUon (:1:.4) is a fundament.al equat.ion of' quant.wn chE>misb.'y 

and v.&rolous app1'oaches (appr·ommat.iC>l~) t.hat. aroe used t.o solve 

I t. led t.o t.he eme1'gence of' an emE>I)sE> var.IE>t.y of' quant.um 

chemical met.hods. 
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Thel'e "'N;; t.WO gener· ... l ... ppr·o ... ches t.o obt.ain ",ppl'om.m ... t.e 

soluUons: of' (2.4). 

known as ol'blt.al appl'om.maUoli In whioh 

one-eleat.r·on ol'blt.aIs: &l'e used t.o cons:t.r·uct. t.he molE!!aulal' 

waVE!!f'uncUon, it. is: a;;:sumed t.hat. t.he mot.ion of' a singh~ 

E!!1E!!ct.l'on Is govel'ned by t.hE!! aVel'agE!! field cl'eat.ed by t.he 

nualE!!i and t.he ot.hE!!l' E!!lect.l'ons. Thus, :f'01' eaah elect.r·on it. is 

[ -1/2~(D + Z l' 1: -1 
n in 

.. (2.6) 

n 

whel'e l'ij int.el··elect.l'onlc dist.anae bet.ween 

E!!lect.l'ons f and j, !Oi is one-elE!!at.I'on wavef'unct.ion f'01' 

elect.l'on i. One-eleat.r·on w ... vef·unct.ions "'l'e called ol'bit.a!s. 

The t.ot.a! elE!!ct.l'onic WaVE!!l'UnCUon of' t.hE!! many-elect.l'on syst.em 

is t.hen wl'it.t.en as t.he pl'oduct. of' one-eleat.l'on w ... vef'unct.ions: 

01' ol'bit.aIs: ... p,'ocedUl'E!! known as Hal't.l'ee met.hod. Besides, t.he 

eleat.l'onia w ... vef'uract.ion must. t.he anUsymmet.r.y 

condi t.ion. The anUsymmet.l'Y pr·fnc1ple st. ... t.es t.OOt. t.he 

elect.l'onic w ... vef'unct.ion must. be ant.isynunet.l'ic wit.h l'espect. t.o 

mut.ual pel'lnut.at.fon of' ... pail' of' elect.l'ons: (fnt.el'change of' 

t.hefl' spaUal and spin cool'dinat.E!!s) in aaaol'ciance wit.h Pauli 

pl'inciple. CalculaUon of' Illoleculal' ol'bi t.aw by saF 

one-elect.l'on appr.om.maUons: has: comput. ... t.ional simplioit.y but. 

il'l.volves cl'ude ... ppr.oxim ... t.ions: as: compar.ed t.o LaAO sap met.hod. 
, 

Thel'ef'ol'e, 1p is not. a single pl'oduct. but. should be 1'4',pl'esent.ed 

by ... Slat.el' det.el'minant. t.aklng hit.O aacount. .aU t.he possiblE!! 

E!!lect.l'on pel'mut.aLions of' t.he dif'f'el'E!!nt. spin ol'bl t.aw. This is 

Hal't.l'ee-Pock met.hod. POI' a syst.em 

cont.aining n .. N/2 sp ... Ual or·blt.aIs: eN spin ol'bit.aw) 'P t.hE!! 
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nOJ:'rnalized wavet'unction l/J t'aJ:' a closed-shell system is w"itten 

as a single Slater- detel'nunant: 

li\(1)D«D 4>/Di1(1) ¢2(1)c~(f) .... 4> (f)(~(1) 
• n 

j 4>1 (2),,!(2) 4>1 (2)i1(2) ¢2(2)D«2) .... 4> (2)(U2) 
n , 

I 
I 

I -1/2 
V' '" (NI) (2.7) 

I .. I 
I 4>1 Cn)D«n) 4>i(n)~(n) 4>2(n)D«n) .... 4>n (l~)~(n) , , 

OJ:' in compact t'or-m (using diagonal elmnents only) 

l/J .. (NI) -:1/21 lOt (1) ;'/2)10
2 

(3);.2(4) .... ;>n (N) 1 

01' even mOl'e compactly .as 

l/J .. (N!> -t/21 101;'1102;'2 .. ·<Pn;'n 1 

whel'e the spin components ll( and i1 ar-e det'ined .as ±i/2 in units 

ot' h, r-especUvely and 'P III 'P D(, <p .. <P i1 

In geneJ:'al it is necessar-y to constde" the wavet'unctton .as 

a lineal:' combination ot' a :finite (usually small) numbel' ot' 

SlateI' detel'nUnants [2'7]. This is pal'ticulal:'ly tl'ue t'o" MOs 

ot' systems containing unpail'ed electI'ons (open-shell systems). 

The multi-detel'minantal descl'lption at' the wavet'unct.ion may 

be wl'itt.en .as: 

(2.8) 

whel'e t.he sum is taken ovel' all possible cord'igur-at.ions and c i 

is a var-iatianai paNlIJllet.el' (coet't'lcient). 

Slat.el' det.el'nUnant.s give only t.he means t.o e~l'ess t.he 

total wavet'unct.!on as a pl'oduct ot' spin-ol'blt.ais. To obt.ain 

t.he best app"oximat.e solution ot' (2.4) by t.his met.hod, 

vax-iat.ionai p"inciple is used. The val'iat.ionai pl'inctple is 

based on the val:'iat.ional t.heoI'em which st.ates t.hat the avel'age 

enel'gy, E, ot' a syst.em calculat.ed using a well-behaved t.l'tal 
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wavei'unat.ion. 'h is: always g,,-.eat.e,,-. t.han or> equal t.o t.he t.,,-.ue 

ene,,-.gy E obt.ained :f,,-.om t.he exaat. wave:funat.ion VJ . 
o 0 

.. > E 
o (2.9) 

wh .. r·e equallt.y holds whEtn t.he t.,,-.ial :funat.ion is t.he same as 

t.he eKaat. wavei'unat.ion (g1'ound st.at. .. ). 

va,,-.lat.iona! equat.ion (2.9) whiah 1... mtnimi2ed wit.h 1'espeat. t.o 

t.he aoei':fiaient.s oi' D1 and t.he paN>met.e1's oi' t.he spat.tal 

or·bit.als. ,,(j). Howeve1'. p,,-.aat.1aal implement.at.ion oi' such 
Ii 

minimi2at.ion is ve,,-.y compllcat.ed because Di d .. p .. nds on t.he 

shape oi' "n whiah in t.U1'li is det.e,,-.mined by 1)i' Suah 

minimi2at.ion is aalled mulU-con:figuroat.ional SOP met.hod but. 

mos:t. SOP met.hods aroe based upon moroe slmpll:ft .. d sahemes: 

(eit.hero 01' is val.'ied) t.he mult.i-aon:figuroat.ior1.&l 

aPP1'oaah. In paroUaulal.'. i:f D1 '" O. D1 .. O. i>1, the Whole 

aalculaUoli will be based on opUmi2at.ioli oi' orobttals tp in 

this me"-'e aon:flgur·at.ioli. 

The seaond app1'oach involves approoximation o:f tp as a lineal' 

aontbination o:f at.omlc o,,-.blt.als (so-aalled LCAO MO). 

(2.10) 

whe,,-. .. 0 is a coet"i'icient and rp is &Ii at.omic orobit.al (AO). 

Int.uttively. the natlll'e o:f ahemiaal pl"oblems makes it 

pr-o:fitable to 1'elate moleaularo orobit.als to the aor-r-espoliding 

atomia or-bltals 01' t.he aons:tituent at.ollls. Howeve1'. t.o caror-y 

out. Sluch MO aalculations a convenient. analyt.ical :fo,,-.m :fo,,-. t.he 

AO of eaah t.ype ot' at.om in t.he molecule is ,,-.equi,,-.ed. 
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2.2 HARTREE-FOCK METHOD FOR CLOSED AND OPEN SHELL SYSTEMS 

Roothaan's wOl'k [21l] '~as: t.he Qut.st.fdlnding st.age in t.he 

development ot' comput.at.ional qu;a,ntum ahemist.l'Y. 

As was: mentiOl~ed t.he most. widely used appl'oximat.e 

aalculat.ions of' t.he eleat.l'onic st.l'uct.Ul'e of' <Y-syst.ems al'e LOAO 

equation [29]: 

III 0, .. o Gun 

opel'at.ol's, l'espect.ively. The mat.l'ix element.s al'e given as: 

f'ollows: 

G 
I-'v 

H + G 
I-'v I-'v (2.12) 

(2.19) 

(2.14) 

whel'e H and G a1'e matl'!>< element.s of' t.he COl'e enel'gy and 
I-'v I-'v 

int.el'electr·onic ,'epulsion enel'gy, r.espeatively 

.. (2.1ED 

PAO' al'e t.he element.s of' t.he densit.y mat.l'ix in AO basis set . 

.. I I "'1-'(1)"'v(1) 

... I I "'1-'(n"'A (1) 

(2.16) 

(2.1'7) 

J and I{, .&l.'e called coulomb al~d exchange int.egl'al.s: of' I-'VAO' I-'V,,-O' 

t.he int.el'elect.I'OlllC int.el'act.ions, N"spect.ively. 

s .. rq/" (1)", (1) dT 
I-'v J' I-' v (2.19) 
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The solutions: ot' t.he Root.Man equation (2.11) .&:r>e t.he 

et~envect.ol's, '" ... , and t.he 

cOl'l'espond!n~ ei~envalues whioh a ... e l'ef'el'l'ed t.o as o ... bit.al 

enel'~les, £1' In t.he unl'est.l'ict.ed vel'sion of' t.he H.&:r>t.l'ee-Fock 

met.hod t.he wavef'unct.ion f'01' t.he molecuJar. syst.em is wl'It.t.en as 

a sin~le det.el'minant. and dU'f'el'ent. spat.tal MOs .&:r>e used f"01' 

dtf"t'el'ent. spins. 

The pl'ocedul'e f'01' solvtn~ t.he Root.ha&n equat.ion is as 

f'oUows. Det.el'minatiol\ of' t.he l'oot.s of' t.he s.",;uJar. equat.1on 

(2.11) demands comput.at.1on of' t.he cOl'l'espond1n~ Fobkian mat.I'ix 

element.s, F f.J
V

' which in t.uron depend upon t.he coefficient.s Cf.Ji 

of" AO t.hI'ou~h P f.Jv and may be comput.ed only by solution of' t.he 

secul.&:r> equat.1ons:. TheI'ef'oI'e, It. is necessaroy t.o make ceI't.ain 

assumpt.ions about. t.he init.1al shapes of' MO's (zeI'o-oI'®eI' 

lat.t.el' .&:r>e subst.it.ut.ed t.o (2.11) and 

o values ot' P . The 
f.Jv 

t.hen (2.11) is solved, 

which ~ives nl&t.x-ix of' elect.l'onic populat.tons in t.he fix-st. 
, 

appI'ox1m.e.t.ion, say, P f.Jv· This is a~ain subst.it.ut.ed int.o t.he 

init.1al equat.ions . Such pI'oceduroe ot' 

G:elt'-consist.enay is x-epeat.ed unless t.he def'init.e wavet'unct.ion 

is achieved which x-emains unchan~ed in subsequent. it.eI'at.ion.s:. 

Selt'-conslst.ency is f'inished when 

JARJ ... < e (2.10) 

wh&l'e E~~) and E~~-1) ax-e t.he values of' elect.I'onia enel'gies 

obt.ained at. n-t.h and (n-1)-t.h st.&PS of' it.&l'at.ion px-oceduroe, e 

is a px-&-def'ined vex-y small quant.it.y called aacuroaoy of' 

selt'-consist.&ncy. Somet.:\mes" &not.hex- cx-tt.ex-ion of' t.h& accUJ'aay 
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of" self"-consist.ency is applied: 

A ... (2.20) 

Open-shell sysLems appea~ in sysLems wiLh Lhe odd numbe~ of" 

elecLl'ons and also wiLh even number- of" eleaLl'ons when one or-

sever-a! elect.~ons .&1'e exciLed Lo v!r·t.uat MOs 

In gene~al open-shell sysLems musL be desar-ibed by 

muILi-deLe1'minanL wavef"uncUons. However-, such a desa~ipLiota 

leads subst.anUal compllcat,ion Lhe compuLaLional 

p~ocedUI'e which makes iL impossible Lo Lr-eat. cQmpUcat.ed 

molecular- sysLems, e.g., f"r-ee ~adicals, low-lying t.l'iplet.s, 

eLc. Fol' some sysLems Lhe sH.uaLion becomes easier- because 

quit.e accU1'aLe one-deLer-minant. desc~ipt.ion becomes possible. 

Cor-r-esponding subdivisions of" SCF aPPl'oaches ar-e: 

(I) ~esL~ict.ed Ha~L~ee-Fock (RHF) met.hod in which all Lhe 

occupied MOs excepL Lhe higher- ones conLaining W'apai~ed 

elecLr·ons m'e occupied by Lwo elect.~ons wlt.h ant.l-pa~allel 

(Ii) llIU'est.~icLed and expanded Har-L~ee-Fock (UHF and EHF) 

meLhods in which v.&1'iaUonal pl'ocedUI'e is f"ulf"illed wlt.>l]. Lhe 

separ-aLe spin or-blt.als cont.aining one elecLr-on each. 

('/ener-ally Lhe wavef'unct.ion of" a sysLem of' N elecL~ons is 

" 'P (i,2, ... ,N) .. G r/> (i,2, ... ,N) X (1,2, ... ,N) (2.21) 

" wher-e G is t.he oper-at.01' of' symmet.l'Y t.~ansf"or-maLion~ r/>, X a~e 
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4> (1,2, ... ,N) 

X <1,2, .. ,N> 

'" 'Pia (D .. ·'PnDl(n)'P1(1(n+D .. ·'Pm(3(N) } 

.. a(i) ... a(n)(3(n+1) ... (1(N+m) 

(2.22) 

wbeX'e { 'Pia } and { 'Pi (3} aX'e t.wo oX't.honoX'malized set.s of' 

one-eleot.I'on oX'bit.als, aCD and (1(l) aI'e spin f'unoUons wit.h 

spin pX'ojeotions of' the i-t.h eleat.I'on equal t.o +1/2 and -1/2, 

X'espeoUvely in units of' h/21I. 

'" SubsUtuUng (2.21·':) into (2.22> a~d X'eplaoing of' G by 

" UHF t.he ant.isymmet.1'izat.1on op",X'at.oI' A th", wav",f'unot.in of' UHF, l{J 

is obt.ained. Imposing on UHF 
YJ t.he condit.ion .. one 

aI'I'iv",s at. t.he wavef'unot.ion of' Rl-IF. Finally, t.he wav",f'unct.ion 
A A A 

of' EHF is: obt.ained if' G .. A.A 

pI'oject.ion op",X'at.oI' 

UHF mult.1plicit.y (2S+1) f'X'om '/' 

A 

o 
s 

is subsUt.ut.ed int.o (2.21>, 

subt.I'aot.s oomponent. of' 

RHF is the diI'eot. geneX'aUzation of' st.andaX'd SCF t.heoI'Y. 

Howevel', X'esultant. equat.ions a.I'e somewhat. moX'e oomplicated 

than equat.ions f'01' closed shells. Root.haan [30] pl'oposed a 

soheme aacol'ding to whioh t.otal enel'gy is 

E .. 2 ~ "k + ~ (2Jkl - "kl) 

2 t (2Jkm + "kn?] 
+ f' ~(aJmn + b"mn> + 

(2.23) 

whe:roe indices k,l. and m,n :roef'e:ro t.o t.he o:robit.a1s: of' olosed and 

open shells, :roespeotively, and 

.. 
.. 

III .. 
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.. [f "i(2)"i(2)-~;2 dT 2],,(1) 

.. [f "1 (2)"i (2)-~;2 dr 2] ,,(1) 

&l'e coulomb and exchange opel'at.ol's, l'espect.ively. 

The :fil'st. t.wo sums in (2.23) de:fine enel'gy of closed 

she11s:, t.he lat.t.el' t.wo - enel'gy of open shells; f is equal t.o 

t.he numbel' of occupied ol'bit.als wit.h open shell divided by t.he 

numbel' of all t.he possible spin orbit.als. Values of a and b 

al'e diffel'ent. fol' diffel'ent. st.at.es: of one coni'igul'at.ion, e.g., 

fol' t.he gl'ot.tnd st.at.e of a l'adie1l1 f .. 1/2, a .. 1, b .. 2. 

Pl'ocedul'e of :finding of t.he waV(,f·unct.ion is t.o :find combined 

solut.ion of sepal'at.e syst.em of equat.ions: fol' open and closed 

she11s:: 

whel'e 

A 

r<: 
c 

A 

L 
c 

A 

M 
c 

.. 

.. 
III 

... 

... 

.. 
... 

.. 

.. 

.. 

.. 

.A AA A A A .A. 

H + 2Jc- r<:c + 2aJo- bKo + 2~c - ~Mc' 

(1-a)/(1-f), ~ .. (1-b)/(1-f) 

J ., 
° 
r<: .. 

o 

A 

L 
o 

A 

M 
° 

.. 

, 

f) r<: hi )11" 

A 

M 
In 

(2.24) 
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The dit't'icult.y ot' such an app ... oach is t.he choice of" t.he 

ot't'-diagonal Lag ... angian mult.iplie ... s: connect.ing open and closed 

shells. The l'ole ot' t.hese mult.iplie ... s is t.hat. t.hey make open 

and closed shells mut.ually O ... t.hOgOlW. Howeve ... , hamilt.onian of" 

t.he syst.em j s too complicat.ed and it. becomes dit'f"icult to 

asc ... ibe physical desc ... ipt.ion t.o it.s ~ep8I'ate consUtuents. 

For the def"init.e t.ypes ot' conf"igurat.ions 

(non-excited doublets and lowest. Root.haan [30] 

p ... oposed a mo ... e ... ealisUc app ... oach, in which unif"ied system ot: 

equations is solved t:o... open and closed shells: 

.. £l rp (2.25) 
A .A.A A A ~ A.A. 

F .. H + Jt. + Kt. + 20t (Lt. - J o ) - (3(Mt. - Ko )' 
A A A A A A 

Jt. .. J c + J o 
, Kt. .. K + K , 

c 0 
A A A A A A 

Mt. .. M + M , Lt. ... L + L 
c 0 c 0 

In t.he case ot: doublet.s (one elect. ... on on non-degene:r-at.e If> ) 
0 

equat.ion (2.23) ... educes t.o 

E .. 2f Hk + f/2Jkl - Kkl) + Ho + fo (2Jko - Kko) (2.26) 

wher-e the f"i ... st. t.wo t.e ... ms desc:r-ibe closed-shell ener-gy. They 

n~y be r-ew:r-it.ten as 

... (2.27) 

whe:r-e gk III 2 - occupaUon number- ot: closed-shell MOs. 

Fo:r-mal gene:r-alizaUon ot: (2.27) on the :r-adical having 

go COl 1 leads t.o t.he exp:r-ession which besides a small number-

1/4J coincides with (2.26): 
00 

ER .. 2f Hk + b <2Jkl - ~l) + H +\ (2J
k 

- K. )+1/4J 
o i 0 ·~o 00 

(2.28) 

Thus, calculat.ed app ... oximat.e value ot' ER may be associated 

wit.h t.he accurat.e (Root.haan) value: 
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E .. ER - 1/4J 
00 

(2.29) 

Enel'gy of' t.he excit.ed t.l'iplet. st.at.e is 

E .. ER - 1/4Jo;1/4Jo '0' - 1/4Koo' (2.30) 

The 1as:t. t.el'ms: in (2.29) and (2.30) may be visualized as t.he 

11 " l'esult. of' t.he l'epulsion of' t.wo halves of' elect.l'ons wit.h 

dif'f'el'ent. spins 

If> , (in t.l'iplet.). 
a 

occupying ol'bIt..als 'Po 

The basic assumption of' UHF met.hod [31] 

(l'adicaD, and 

is t.hat. elect.l'ons 

having QI spIn occupy spatial MOs dif'f'el'ent. f'l'om MOs of' 

elect.l'ons wit.h " spin. In t.his case t.wo 

pl'oblems ar-e solved: 

I'u ~ 
A 

~ 
01 .... 

~OI + J j Kj )If>iQl ... 
'" iJtp jOl 

l(u + ~ Jj - ~ (1 

A 

~ fJ "'ijtp jfJ KitpifJ III 

01' in t.he mat.l'ix f'ol'm 

.. 

may be l'epl'esent.ed as: t.he 

t.wo-elect.l'on cont.l'ibut.ions:, i.e., 

.. 

.. 

.. 

Ga [p pa (1110' I vp) - P~ (Ilv I pa) ]. 

~a [p ps: (1110' I vp) - P:!</IlV I pa)] 

combined eigenvalue 

G1:.31> 

sum of' on&- and 

(2.32) 

(2.33) 



whel'e 

... '\'r:lI a a 
1. cpicai 

i 

p = p a + p ~ 
pO' pet pet 
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... 
i 

w ~ ~ 
1.. cpicO'i' 

(2.31) - (2.33) it. is seen t.hat. Fockians f'OI' elect.l'ons: 

with spins: al'e connect.ed by exchan!l:e tel'ms and 

dif'f'el' each ot.hel' because exchan!l:e int.el'action of' 

elect.l'ons with equal and opposit.e spins: is dif'f'el'ent.. 

In t.his: thesis: the pl'ogl'aID vel'sion based on UHF method is: 

used. 
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2.3 NON-EMPIRICAL SCF MO LCAO METHODS AND 

SEMI-EMPIRICAL APPRO)(IMATIONS. 

Calculation of' elect.r-onic St.l'uct.ur-e of' a molecule or- a 

molecuw' system r-educes to solution of' Har-tr-ee-Fock-Root.haan 

equations. enter-ing t.hese equations ar-e det.el'mined 

in the basis of' one-elect.l'on f'unctions - ADs, .::t: • 
J.1 

Calculat.ion 

ot' 1p demands: a pl'opel' choice of" ADs, .::t: , which must give a 
J.1 

good appl'oximat.ion t.o t.he tr-l..le atomic wave f"unctions, should 

ensul'e satisf"act.oI'Y 

must have analytical (simple) expr-essions t.he 

cOl'l'esponding integl'als. 

Analytical appr-oxilnations ot' the basis t'unct.ions, 

pal'amet.el's of" which ar-e optimized by solut.ion of" v.aI·iat.ional 

pI'oblem f"OI' at.oms and small molecules, aI'e well known. 

Among such f'uncUons t.he most. popular- ar-e STD: 

.. 

Y,_ (9,1') 
un 

'" [21+1 (I-1~1~1] 
2116 (I + I m I )! 

m 

nOI'ma1ized spher-ical 

1/2 
I m I {cosmf' (m > 

p 1 (cos9) 
sinmf' (m < 

har-monics; P I m I (x)-
1 

(2.34) 

0) 
(2.35) 

0) 

associat.ed 

Legendl:'e polynomials; 6 OJ 2 if" m" 0 and 1 in all t.he ot.hel' 
III 

cases. 

Ox-bital paI'amet.eI's (2.33) aI'e quantum numbex-s n, 1 ,m and 

Slat.eI' exponent.s ~ selected accor-ding t.o the well-known 

Slat.el' l'ules. 

Thel'ef'ol'e, t.he g'x-eat. majol'ity of' non-empiI'ical calculat.ions 

of' polyat.omlc molecules is based upon Gauss-type f'uncUons: 
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.. [PIT (4 ) n+1/:<l]1/2 1 2 Ol n- -CO," 
1.' e 

(2n-1) ! 
(2.36) 

Theil.' basic diffel.'ence fI'om STO (2.34) is: t.heir- quadr-at.ic 

dependence on l' in t.he exponential pal.'t. Owing to t.hese 

pl'oducts of functions gnlm centel.'ed at. diffel'ent point.s which 

al'e met. in comput.ations: of moleculal' integl'als: may be 

pl'esented as LC of GF centel'ed in a genel'al case at any ot.hel.' 

point. of space. This cil.'cumst.ance and possibili t.y of 

factol.'ization of the exponent. l.'elative t.o t.he t.hl'ee ca1.'t.esian 

coor-dinat.es allows to calculate all the necessar-y int.egl.'als 

compar-atively veI'y easily and mOl.'e ",ffect.Ively. 

The most. pel.'spective in t.hls sense is applicat.ion of 

extended Gauss: sets. Decomposit.ion of STO to GF may be 

N 

X .. i~Cigi (2.37) 

whel.'e c
i 

is decomposit.ion coeft'icient., N defines t.he numbel' of 

GF by which STO function is appl'oximat.ed and is called 

STO-NG [32,33]. basIs 

set.s al'e used aftel.' gl'ouping of sevel'al GF ent.eI'ing t.he basis 

set., which gives economy of comput.el.' t.ime. The l.'ecommendat.ion 

along t.his line is t.o gl.'OUp (IF and t.o var-y not all t.he 

coefficients of MO LeAO decomposition but. only t.hose which 

l'efel.' to the given gl.'OUp of functions: [34, 35]. This allows 

to decl.'ease t.he numbel' of HaI'tee - Fock Root.haan equat.ions: 

subst.antially. 

The most. populal' schemes aI'e STO - 3G, STO-4G. To impl'ove 

the I'esults each ol'bital of t.he inneI' shells: is l'epl'esent.ed by 
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STO-NG but. or-bit.als of t.he val"nc" sh,,11 ar-e subdivided int.o 

sev"r-al (usually t.wo-t.I"lI'e" gr-oups) each of t.hem is descr-ibed 

by t.he cor-r-esponding number- of GF: STO-4-31G [36,37] 

(or-bit.als: of valence shell aI'e subdivid"d int.o t.wo gr-oups, 

or-bi t.als of t.he fir-st. gr-oup ar-e descl'ibed by t.hl'ee and t.he 

second - by one GF). Basis set.s STO-6-31G, STO-6-311G .&.:l'E' also 

known. 

The ot.her- way of impr-ovement. ot' r-esult.s is inclusion of 

polar-izat.ion funct.ions t.o t.he basis set. (d for- t.he second 

per-iod at.oms:, p for- hydr-ogen at.om). Basis set.s of t.his t.ype 

ar-" designat.ed by one or- t.wo st.&I's, r-especUvely. This allows 

t.o obt.ain t.he mor-e unffor-m "lect.r-onic dist.r-ibut.lon, incr-eases 

t.he l'elat.ive cont.r-ibuUon t.he s,tubilizing non-valent. 

int.eract.ioos. F01' example, extended basis set. ot' t.he t.ype 

'" STO-6-311G is widely used. 

Appllcat.ion of non-empir-ical calculat.ions: of t.he elect.ronic 

st.ruct.ur-e of molecules comes acr-oss ser-ious comput.at.ional 

difficult.ies connect.ed wit.h t.he necessit.y of comput.at.ion of 

various: int.egr-als t.he number- of which abrupt.ly incr-eases wit.h 

molecular- size. 

In spit.e of r-apid advancement.s: of non-empir-ical 

quant.um-chemical met.hods approximat.e semi-empir-ical schemes 

sUll conUnue t.o play a vit.al role in t.he calculat.ion of 

moleculal' pl'opert.ies. Therefor-e, semi-empirical met.hods are 

widely used. Semi-empirical MO approxlmaUons: ar-e one of t.he 

most. int.ensively used and highly developed met.hods of quant.um 

chemist.r-y. Semi-empir-ical MO met.hods based upon 

Par-ison-P31'l'-Pople appl'oximat.ions: 1'01' rr-elect.l'on syst.ems .&.:l'e 
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descl'ibed and analyzed in ever-y det.ail [38]. Semi-empir-ical 

met.hods ar-e also used t.o calculate t.he elect.r-onic St.l'uct.ur-e of' 

sat.ul"at.ed ol'ganic compounds and thus t.ake into account not. 

only rr- but. also c::r-elect.r-ons: [1, 27, 39]. In r-ecent. years 

such met.hods wer-e successf'ully employed t.o st.udy va:r-ious: 

physico-chemical pr-oper-t.ies of' compounds cont.aining at.oms up 

t.o t.he f'our-t.h per-iod. 

The impossibUt.y of' get.Ung ex.act. solutions t.o t.he 

Schr-t;dingeX' equation f'or- many-elect.r-on systems event.ually 

necessit.at.es t.he int.r-oduct.ion of' appr-oximat.ions. Thus, MO 

met.hod involves appr-oximat.e quant.um-mechanical t.l'eat.ment. of' a 

system cont.aining a finit.e number- of' elect.r-ons and nuclei 

int.er-act.ing \olit.h each ot.her-. The ef'f'ects of' appr-oximat.ions: on 

t.he r-esult.s of' calculat.ions wer-e analyzed and 

discUssed [1, 27, 38, 39]. 

Char-act.er-sUc f'eat-ur-es of' all the semi-empi:l'ical met.hods 

a"..e: 

(D Sever-al groups of' elect.r-ons ar-e not. explicit.ly t.r-eat.ed. 

For- example, only valence (valent. appr-oximaUon) or-

rr-elect.r-ons: (rr-elect.r-on appr-oximat.ion) ar-e consider-ed, 

(to Sever-al t.er-JUs: of' hamilt.onian (2.12) are ignor-ed or­

expr-essed thl'ough empir-ical par-amet.er-s; 

(UO A ser-ies of' int.egr-als necessa:r-y f' or- calculat.ion of' 

t.he elect.r-onic ener-gy aX'e eit.her- accept.ed t.o have zel'O values 

or- expr-essed th1'ough ot.hel' int.egr-als 01' empir-ical pa:r-amet.er-s. 

Appr-oximat.ions howeve~' cannot. be ar-bit.r-a:r-y. The basic 

f'eat.ur-es , int.er-act.ion and ef'f'ect.s, t.aken into 

consider-at.ion in semi-empir'ical schemes, should be kept. in 
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semi-empiJ.'ical MO LCAO met.hods. One of t.he feat.U1'es of such a 

cont.inuit.y is pN.seI'vat.ion of t.he invaI'iancy of calculat.ions 

undeI' differ·ent. t.I'ansf"ormat.ions of" basis set.s and 

Hart.I'ee-Fock-Root.haan equations. From t.his point. of" view a 

seI'ies of levels of" apPI'oximat.ions: at'e possible: 

1. Approximat.ions: leading t.o violaUon of invaI'iancy of" t.he 

I'esult.s I'elaUve t.o bot.h r·ot.at.ion of" coordinat.e axes and 

hybI'idizaUon of AOs. 

2. AppI'oximaUons pI'eseI'ving invaI'iancy I'elat.ive t.o 

I'ot.aUon of cooI'dinat.e axes but. violat.ing invaI'iancy I'elat.ive 

t.o hybI'idizat.ion of AOs; 

3. AppI'oximat.ions invru:-iant. t.o bot.h I'ot.ation of" cooI'dinat.e 

axes and hybI'idizat.ion of AOs. 

Comput.at.ional met.hods cOI'I'esponding t.o any t.ype of 

apPI'oximat.ion at'e possible but. p1'eseI'vat.ion of" invaI'iancy of 

t.he second or· t.hiI'd level is pI'acUcally essenUal. All t.he 

semt-empiI'ic.a1 comput.aUonal met.hods descI'ibed below saUsfy 

t.hese condit.ions:. 

All t.he exisUng semi-empiI'ical met.hods may be subdivided 

int.o t.wo laI'ge gI'OUps. The :fiI'st. gI'OUI} includes met.hods t.aking 

int.o account. ovel'lap 01' met.hods of' complet.e oveI'lap. Equat.ion 

of" t.hese met.hods is f"oI'maUy analogous t.o t.he accUI'at.e 

Root.haan equat.ion: 

.. 
t.he 

ESc i 
expI'ession 

A 

II 

(2.38) 

depends on t.he level of" 

app1'oximat.ioll. The most. known among t.hese apPI'oaches is EHT 

met.hod [40, 411. Elect.I'on-elect.ron int.eI'act.ion is not. 

explicit.ly t.aken int.o account., diagonal element.s of H mat.I'ix 
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are approximat.ed by ionizat.ion pot.ent.ials wit.h reverse sign 

and f"or of"f"-diagonal t.erms one of" t.he expressions is applied: 

(D 0 '" !s (0 4< H ) S 
I1V 2 PI1 vv pv 

(Wolf"sberg-Helmholt.z version) [42]; 

(ii) H .. kS 
I1v I1V 

(Longuet.-Higgins-Robert.s version) [43]; 

(iii) H 
pv = 

(Ballhausen-Gray version) [44]; 

(iv) 0 = 1/2(H + 0 )S (2 - IS I) 
I1v PP vv ~w I1v 

(Cusachs' version) [44]. 

(2.39) 

(2.40) 

(2.41) 

(2.42) 

The t.ot.al energy in EHT is t.ho sum of one-elect.ron energies 

which is equivalent. t.o proposal on mut.ual compensat.ion of" 

cont.ribut.ions f"rom elect.ron-elect.ron and nuclear repulsion. 

This met.hod appears t.o be sat.isf"act.ory f"or t.he syst_ems wit.h 

relat.ively unif"orm charge dist.ribut.ion, e.g., hydrocarbons. 

For t.he syst.ems cont.aining het.eroat.oms IEHT (i t.erat.i ve 

version) is more adequat.e [46]. Dependence of" on t.he 

charge of" t.he given cent.er is t.aken int.o considerat.ion and is 

accept.ed t.o be linear. For t-ransit.ion-met.al cont.aining 

subst.ances MWH met.hod is more adjust.able [44]. It. is 

charact.erized by self"-consist.ency reIat.ive t.o charge and 

elect.ronic conf"igurat.ion of" t.ransit.ion met.al. 

ZOO-approach [46] gives a variet.y of" semi -empirical 

met-hods. It. is based upon t.he assumpt.ion t.hat. = 0 at. 

l1"'v, i.e., S I1v '" 6
111

., This reduces equat.ions <2.11) t.o t.he form 

"­
Fc. .. &.C. <2.43) 

1 1 1 

and subst.ant.ially decreases t.he number of int.egrsls of 
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intel'electl'onic intax-action subjected to computation. All the 

vel'sions of' ZDO-scheme follow Pople's 

classiflcaUon [4'7 - 49] in accor-danca t.o which twee levels 

ot· appr-o"':hnaUon may be noted, pr'eser-ving inv&1'iancy at. least. 

to l'ot.at.ion of' cool'dinat.e axes; 

1. CNDO when all t.he al'e set. Only 

lnt.egl'als: 01' 

u .. 
/J/J 

.. .. (2.44) 

ar-e non-zer'o, wheN" VA and. VB - COl'e pot.ential of' atoms A and 

B not cont.aining valence electr-ons. 

2. INDO dit't·er·s f'1'om CNDO only by non-zel'O int.eg1'als of" t.he 

AO l'ef"er.ing t.o dif'f'er-ent at.oms. 

INDO scheme i.. equivalent. t.o NDDO in one-cent.el' P&1't. .. , to 

CNDO - in t.wo-cent.er- par-t. ... 

Fol' all t.he ZDO met.hods: t.ot.al enel'gy of" t.he molecule is 

E .. (2.46) 

wheN" one-cent.er· const.i t.uent. .. containing only 

int.eN1I.t.omic t.er-m,.,; E AB .&1'e two-cent.el' const.it.uent.,., which in 

t.ul'n may be .. ubdivided int.o covalent .and electl'o .. t.at.ic 

consti tuent. ... 

Semi-empir-ical t.heor·ies r-epl'oduce c01'r-ectly t.he behavioUl' 

of' one-cent.el' constit.uent. .. of' ener-gy wit.h t.he aid of" .. uch 
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values o£ one-eent.el' par-amet.er-s which ar·e det.er·mined £r-om 

at.omie spect-r·a. The sit.uat.lon i", wor·",e wit.1"1 t.wo-eent.er-

int-el'act.lon6:. 

The di£Hcult.y i6: condiUon o£ l'ot.at.ional inval'i.ancy which 

neces6:i t.at.e6: t.o con6:ider· elect.l'06:t.at.lc 

t.wo-cent.el' int.ex·act.ion t.o be Isot.r·opic~ 

(;!el 
AS 

.. - q)q + (Z -
A B B 

const.it.uent. 

(2.46) 

at.oms (qA 

noml'malized 

.. lAp}J}J)) Z A and Zs al'e COl'e chal'ges, VAS is 
}J 

per· unit. pot.e1"'1Ual 

int.el'act.io1"'1. 

This leads t.o ser·ious con6:equences~ (D t.he sch",me does 1"'10t. 

l'epr-oduc", enel'gy s[>lit,t.ing in t.h", cl'yst.al Held) 

(11) cl">&l'act.el' o£ st.e1'1c int."'l'act.ion is violat.ed. 

el Eel cov 
The value o£ E AS and t.he whole balance bet.ween AS and E AS 

is det.el'nuned as 

.. (2.47) 

whel'e r~ AS is empir'ical bond pa:t'amet.el' depending Ol~ t.he nat.ur-e 

o£ A and S at.oms. They depend on t.he values o£ t.he coulomb 

int.egl'als: r AS. They may be evaluat.ed by t.wo 

(D pUl'ely t.heol'et.ical comput.at.ion on t.he basis o£ STO leading 

t.o t.h& ovel'&st.imat.ion at. dist.ances) 

(11) empil'icai equat.ions £or· r AS allowing t.o ovel'come t.his 

di££icult.y. 



The expr-ess:ion t.he elect..r·onic ener-gy in t.he 

n 

Eel ... 2 l "if + l (2Jij 
- K 

i~jv 
) or-

iJ~v 
ace 

Eel ... l 1;\ + l p H (2.49) 
~v ).IV 

i 

Applioation of t.he MUillken-Ruldenber-g 

appr-oximat.ion [29, 50] subst.antially sigrrl:fies t.he 

comput.ation ot' multi-cent.er- int.egr-als: of t.he t.ype (2.16, 2.17) 

e"Pr-essed in t.he following ",.ey! 

~ 1/2 S [¢ (1) ¢ (1) 
~v ~A ~A 

(2.49) + ¢ (1) ¢ (1)] 
~B ~B 

Then t.he most. complicat.ed e"Pr-essions fol' t.he t.hr-ee- .end 

four--cent.er- in t.he comput..et.ion elect.r-omc 

int.el'act.ions 1'ep1'esent.ed by much simpli:fied 

e"P:roessions, which cont.ain only one-cent.el' .end t.wo-cent.el' 

int.egl'als! 

Since t.he valence .end inner- C01'e elect.r-ons abl'upt.ly dift'er-

in t.heir- o:robit.al ener-gies .end spat.ial localizat.ion and since 

t.he basic cant.1'ibution t.o t.he for-mat.ion of a chemical bond 

ol'igin.et.es 1'1'0111 t.he highest. filled and vacant. ol'bi t.ala, 

calculat.ions MOs m.eny-eiect.:rool). syst.ems may be 

simplified by appr-oximat.e SCF equat.ions fol' valence elect.roans. 

The innel' elect.r-ans: at.ams: consideroed 

non-polar-izable .end t.heiro mut.ual int.el'actions: aroe 

descr-ibed in .&ppr-oximat.e ways. 
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MOl'eovel', solution of SOF equations even in the valence 

appl'oximation is a l'athel' complicated t.ask due mainly to the 

computational difficulties of a Lal'ge ntunbel' ot' integl'a.Ls:. One 

of the most widely used techniques to ovel'come this dit'ficulty 

is the application of ZDO appl'o"imation, which neglects 

integl'als having small values fI'om sap matI'i" elements. 

FoI' rr- and a-systems ZDO appI'oximation was: fOl'mulated by 

Pople, Santl'Y and Segal [1]. In genel'al ZDO appl'oximation may 

be chaJ'actel'ized by the following simplifying assumptions= 

(1) neglect of the oveI'Lap integl'als: in sap equations. Then 

equation (2.18) becomes 

S .. (, 
/JI) /JI) (2.51) 

whel'e (, is the Kl'oneckeI' delta. 
/Jt) 

(in neglect of all the integr'als containing two-cent",1' 

distI'ibutionB in the matI'ix elem",nts: of electI'on-electI'on 

intel'actions. Then equation (2.50) becomes 

.. (2.52) 

Besides, in the v2I'ious vel'sions of ZDO appI'oximation 

special l'ules fOl' the eValuation ot' the COI'e enel'gy matI'ix 

elements 0:.13) intl'oduced. Fol' instance, Pople [1] 

intl'oduced the scheme to which values 

aI'e accepted to be diffel'ent fI'om zel'O fol' ¢ m¢ and fol' ¢,,~~. 
/-l I) ,.. ~ 

only fol' ol'bitals belonging to the same atom 01' to the n"'31'est 

(bonded) neighboUl's. Then in the Pople appl'oximation the 

Hal'tI'ee-Pock-Roothaan equations (2.11 

'\' P c fJ /-it) I)i '" (2.53) 

in which 
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P 
J-lJ-l 

.. HJ-lJ-l - 1/2 PpJ-l (J-lJ-l1 J-ll-') + f (PAA (1lJ-l1 AA) (2.64) 

P .. H - 1/2 P (J-lJ-l1 »L') 
ilL' ilL' Ill> 

<2.6!D 

sUbst.ant.iat.ion of" such an appx-oach and 

discussion of" vax-ioUl;: kinds ot' non-inval'lancy of" t.h.. l' .. sult.,;: 

of" calculat.ions in dif"f""N"nt. ZDO appr.oximat.iol.... 211''' giv .. n 1n 

d .. t.ail [27, sa, 39]. 

In t.he f"ollowing par.t. sam.. of" t.h.. most. wid .. ly us .. d and 

t.hol'oughly discu61s .. d v .. r·sions at' ZDO appl'oximat.ion al''' 

consid"I' .. d, which als:o mak .. s it. possibl.. t.o analY2e t.h.. main 

dif"f""I' .. nc .. s bet.w .... n t.h.. v .. r·siol ..... 

NDDO appr·oximat.iun f"uUy .. mploys ZDO m .. t.hod. In t.his vel'sion 

ot' ZDO no suppl .. ment.aI'Y simplif"ying condit.ions 0911''' int.x-oduced 

t.o (2.62). Thus:, NDDO appr.uximat.ion involves: a lal'g" numb .. 1' of" 

int.egl'als t.o be comput. .. d, t.hough t.h.. numb .. 1' is 1 .. 6060 t.han t.hat. 

of" t.h .. init.ial SOP .. quat.ions: by an ol'deI' of" magrdt.ude. 

INDO appl'uximat.ion int.r·oduc .. s simplif"icat.ions t.o <2.62) in 

such a way t.hat. t.wo-c .. nt.eI' int. .. gr·als of" t.he t.ype <J-l A L'B I A A,y A) 

aI'e I'et.ained only if" t.hey have lar·ge valu .. s in t.he mat.I'ix of" 

t.he b~t."I' .. I .. ct.I'onic int. .. r·act.ion. 

... <2.66) 

Pople, B .. veI'idg.. and Hobosh [1] PI'opos .. d t.h.. comput.at.ion of" 

t.wo-c .. nt.el' int."gI'als by using s-f"unct.ions, i .... , 

s-oI'bi t.als: t.he cox-r· .. sponding quant.um numb .. I's: 

.. .. (nS nS ImS mS) 
A A B B 

(2.67) 

In t.he INDO vel'sion pI'oposed by Bl'own and Roby [61, 62] 

t.h.. values of" t.wo-c .. nt. .. I' coulomb int. .. gr.als al'e used. Such 
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integ1'als: al.'e aver·aged sep&1'at,;,!y 1'elaUve to AO of" each type 

&1'e calculated using the c01'I'esponding AO of" the valence 

sheJ.1g of" A and B atoms, e.g., 

'" 
3 

1/3 ) (nS
A 

nSA Imp~ mJ>~ ) 
","1 

whel'e '" .. x, y, 2. 

(2.68) 

aNDO is the most :familial.' ve1'sion of" ZDO aPP1'oximation. 

Besides condition (2.51:», aNDO intl'oduces additional 

limitations to (2.52). Thus, in aNDO appl'oxim.ation only the 

f"ollowing one-centel' integ1'als of" the matl'ix of" 

inte1'elect1'orrlc int.e1'act-ion al'e taken int-o accoUl~t-. 

II (2.69) 

Equations (2.64) and (2.B!'D al'e also 1'ewl'it-t.en as f"ollows, 

F ... H - 1/,.ll P I.u}' AB (2.60) 
J.lAVB J.lAvB 

J>B 
B 

wher·e .. f PAA 
(2.61> 

SoluUon ot' saF equation.. by ZDO aPP1'oximations leads to 

con .. ide1'able 1'educt.ion of" comput-at-ional W01'k. Be .. ide... the1'e 

a1'e addit-ional .. emi-empil'ical techniques f"01' t-he evaluat.ion of: 

t-he te1'ms in the SaF equat.ions. 

In t-he most widely accepted veNilion of: CNDO which was 

pl'opo .. ed by Pople, Sant1'Y and Segal [1], t.he I'ollowing 

"J.lAP
A 

... <J.lAI- ~ 2_ VAIJ.lA > -B~A<J.lAlvBIJ.lA> 
= U

A -"I V <2.62) 
J.lJ.l B~A AS 

whe1'e ~ i.. t-he diagonal nl&t1'ix element- of: the COl'e 
J.lJ.l 

hamUt.onian of' at.om A f"01' AO '" J.l 
A 

i.. evaluat.ed f"1'om t.he 

.. 
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ionizat.ion pot. .. nt.ial 01' at.om A co ... r-.. ct. .. d 1'0r· t.h.. chat'ge it. 

PQssesses in t.he molecule 

In CNOO/2 app ... oximat.ion 

ionizat.ion pot.erlt.ial I .and t.he 
iJA 

as: t.he o ... bit.al elect.r-onegativit.y 

scale. 

.. 

(Le., aNOO/1 vel'6:ion~ 

is: d .. t. ..... min .. d t.h .. 

elect. ... on at't'init.y A , i.e., 
J-IA 

acco ... ding t.o t.he Mulliken 

(2.63) 

V AB values char-act.e ... ize aver-aged int.er·actions: 01' .. ny AO '" J-I A 01' 

at.om A wit.h pot.ential VB cr-eat.ed by .. t.om B in t.he molecule. 

V AB is estimat.ed as: 

At.omic bonding p ....... "'et.e ... s: 
o 

t'AB int. ... oduced 

(2.64) 

(2.65) 

and 

supposed t.o be dependent. only on t.he p ... ope ... ties 01' A .and B 

.. t.oms. Thus, t.he e"P ... esion 1'0... t.he ot't'-diagonal element.s 

beco",es~ 

.. .. (2.66) 

Besides, di ... ect. comput. .. t.ions: on s-l'unct.ions: as: in CNOO/2 

met.hod, t.he P ..... iser·-P .. ,'... l'elat.ion [53J is applied 1'0... t.he 

ev .. luat.ion 01' t.he one-cent.e... int.egl'als: enet. ... ing t.he "' .. t. ... h' ot' 

int.e ... elect.l'orrlc ... epulsion in (2.14). 

(2.67) 

t.wo-cent.e ... empi ... ical ... elat.ions: 
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Mat.aga-Nishimnt.n [64] a",,, used: 

.. (2.68) 

nl' Ohnn l'·elaUnn [66] i6: used. 

.. (2.69) 

The higher- sensit.ivit.y nf" calculatinns t.n a select.ed syst.em 

nf" at.nmic plll'amet.er-s caused t.he develnpment. cd t.he whnle 

t.he at.nmic par-amet.er-s lll'e select.ed al>d in t.he cnmput.at.inn of" 

n 
~ AB t.n col'·,'ect.ly r-epl'·oduce t.he deHnit.e cl-.ar-act.ex·sitics of" 

t.he sy6:t.em undel'· 6:t.udy: binding enel'gy, CNDO/S\rI [66], CNDO/BW 

[5'7], elect.l'·onic spect.l'''', CNDO/S [68] and so on. 

The var-ious appl'oximaUons of" LeAO MO sap equat.ions wit.hin 

t.he f"l'amewor-k of" t.he CNDO ver-6:ion led t.o t.he development. at' a 

val'iet.y of" comput.at.ional schemes t.hat. enBUl'e t.he accur-at.e 

r-epr-oducibilit.y ot' t.he def"init.e chax·act.el'·isUcs of" moleculal' 

syst.ems. 

Howevel' applicat.ion of" such t.echniques I'or· t.he evaluat.ion 

of" ot.hel' char-act.el'ist.ics which ax·e t.aken int.o account. in t.he 

met.hod may lead t.o absolut.ely dist.ol't.ed pr·edict.!ons, i.e., 

complet.e discl'·epancy wit.h exper-iment.. Hence, t.o calculat.e new 

char-act.el'ist.ics it is necessax·y t.o apply a new comput.at.ional 

scheme wit.h it.s own par-amet.er-izat.ions. Such an appl'oach 

essenUally means t.he use ot' t.he whole set. of" dif'f"el'ent. 

comput.at.ional schemes t.o giv'" a complet.e descl>ipt.ion of' t.he 

syst.em. Each of' the schenles: f"air-Iy only 

chax·act.er·ist.ics ar,d class of' par-amet.er-s incor-por-at.ed in t.he 
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t-hat- such t-r-elid leads t-o 

specialtz&t-ion of" semi-empil'ical met-hods of" quantum ch ... mtstr-y. 

Hojer. and M ... za made an enor-mously inter·est-tng appr-oach 

to COlistl'uct such schemes t-o obt&in r·eason .. bl... r-esults f"or­

v .. r-tous pl'oper·ties of" mol ... cu!al' systems containing atoms up to 

br-omine. Such a br-oad scale of" studies the 

development of" su1'i'iciently simple computational sch ... mes with 

the least possible numbel' of" par-ameter-s. BOlid ener-gies, dipole 

moments, ionization 

b .. r-r-ier-s to i"ter-" .. l 

by such s:chellles 

exper-imental data. 

developed f"ur·thel'. 

molecul .. r- geometr·les and pot-... nti .. ls, 

r·ot .. tions of" molecules pl'edicted 

aI"e iii 

Howevel", 

satisf" .. ctor-y 

such schemes 

r=1tgr-eement. 

h .. ve not. 

with 

been 
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3. QUANTUM-CHEMICAL DESCRIPTION OF CLUSTERS 

3.1. INVESTIGATION OF BULK AND SURFACE PROPERTIES OF SOLIDS 

TheoI'et.ical st.udy 01' any elect."OYl-nucleaI' .. y .. t.em i.. ba.s:ed 

upon t.he .. olut.ioli of· t.he Schr·l:ldingeI' equat.ion which give.. t.he 

po .... ibilit.y t.o de .. cr·ibe t.he .. yst.em by it.s wavefun.::tions. 

HoweveI', fOl' many elect.I'on syst.em.. exact. .. olut.ion ot' t.he 

equat.ion is impossible. Thus, pl'act.ical 

applicaUons .. evel'al simplifications: must. be int.l'oduced in 

oI'deI' t.o get. appl'oximat.e solut.ions t.o t.he pI'oblem. In t.he ca.s:e 

01' solids a possible simplificat.ion is made by conaidel'ing a 

solid a.s: a syst.em consisting ot' many elect.I'ons in t.he field of 

t.he at.omic nuclei of t.he solid. Such calculations aI'e 

impol't.ant. t'OI' t.he mo .. t. exact. elucidat.ions 01' t.he elect.l'OlUC 

(band) st.r·uct.uroe of a solid, t.he nat.uI'e of it... bonding, 

elect.roical conductivit.y, wOl'k function and opUcal ads:ol'pt.ion. 

a solid i.. consideroed as a 

syst.em consist.ing of at.om.. and t.he pl'opel't.ies and int.el'act.ion 

modes of· t.he const.it.uent. at.oms govel'n t.he elect.I'onic St.l'uct.Ul'e 

of t.he syst.em. 

Quant.um chemi .. t.I'Y of solids is: ba.s:ed upon v...".ious 

met.hods: [4, 69 - 62]. Such quant.um chemical met.hods: Bl'e used 

foro adequat.e descl'iption of t.he bulk prooper·t.ies ot' solids, t.he 

influence ot' local sUl'face defect.s on t.he band s:t.l'uct.Ul'e, 

densiUes: of elect.l'onic st.at.es and ot.heI' pr·opel't.ies of soUds. 

Quant.um t.heol'Y is: vel'y i1npol't.ant. not. only t.o st.udy t.he 

elect.l'oni.:: st.rouct.Ul'e of t.he cl'ys:t.alline and amol'phous 

s:ul'faces 01' diffel'ent. nat.ul'e but. also t.o gain a bet.t.el' insight. 

int.o adsol'pt.ion pl'oces: .. es [4, 63]. However', quant.um-chemical 
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calculat.~ons of ads:ol'pUon have been fulfilled only :f01' vel'y 

simple ads:ol'bent.s. 

Methods of moleculal' 

applied t.o moleculal' 

quant.um 

models: t.o 

chemist.l'Y [69] al'e 

st.udy complicated 

complexes on Cl'yst.al and &mol'phous sUl'faces and syst.ems: 

cOl~t.aining defect.s: of val'ious kinds:. Quantum-chemical st.udy 

of solids: l'equil'es abst.al'ct.ion of fl'.>'gments 01' clus:t.el's 

cont.aining t.he s:t.l'uct.U1'al elements o:f t.he modeled solid :fl'om 

t.he solid mat.l'ix [64]. The clus:t.el' pl'esent.at.ion of solids: 

simplifies not. only modeling but, also int.el'pl'et.ation of 

t.heol'etical l'esults. Considel'ation of ads:ol'pt.ion pl'ocesses 

demands: that. the fact.ol's govel'ning t.he SU1'face st.ates: must. be 

t.aken into account. In th", limiting case of one-point. 

ads:ol'ption the sUl':face sit.e is modeled by one atom [651 and 

t.he two-point.- by t.wo at.oms [66t Quantum-chelnical pal'amet.el'S: 

of s:uch atonls al'e s:elect.ed as: at.omic pal'amet.el's 01' may contain 

cOl'l'ections: on t.he at.omic s:t.at.e in t.he bulk 01' at. t.he sU1'face 

of the soHd. HoweveJ:., the int.el'act.lons: of ac:isol'bate-adsol'hent. 

is extl'emely defol'llled in t.his case because at.om int.el'act.s not. 

only wit.h t.he neal'est. sU1':face at.oms but. also wit.h t.he 

mOl'e l'emot.e ones [67 - 69]. Meanwhile :fl'om t.he local chal'act.el' 

of ads:ol'bat.e-ads:ol'bent int.el'act.ion it. can be t.hat. 

t.he model of quasi-isolat.ed molecule may cont.ain l'elatively 

s:mall nwnbel' of at.oms and s:imult.aneously l'epl'oduces t.he 

peculial'i t.ies of t.he ads:ol'ption quit.e 

sat.is::fact.ol'ily [4]. 

Genel'ally t.he choice o:f t.he clust.el' as a model fol' a solid 

is l'at.hel' ambiguous. Most. impol'tantly, t.he model should take 
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int.o account. bot.h t.he peculiaroit.ies of t.he object. and t.he 

boroderoline 

aI'Uficially 

condiUons t.hat. 

cut.. Abst.aroct.ion of 

when t.he 

t.he clust.ero 

bonds 

fI'om t.he 

condensed syst.em leads t.o t.he prooblem of boroderoline effect.s 

which cause t.he appeaI'ance of localized eneI'gy st.at.es on 

bOI'deroline at.oms and disposed in t.he foro bidden band [70J. 

Besides, b01'deroline effect.s cause arot.ificial het.eI'ogenit.y of 

elect.I'on dist.roibuUon on spaUally equivalent. at.oms in t.he 

macI'osyst.em [71 - 73J. Omission of t.he bOI'deI'line et'fect.s OI' 

t.heiI' I'ough compensat.ion leads t.o t.he discI'epancy bet.ween t.he 

model and t.he object. st.udied. It. is nat.UI'al t.hat. if I'at.hero 

laroge clust.eI's aI'e consid~1'ed, t.he int'luence of t.he lat.t.ice 

t.eI'minat.ion effect.s on t.he local pI'ope1't.ies of a definit.e sit.e 

disposed f1'om t.he b01'derolines ot' t.he clust.eI' will be 

small [72J. HoweveI', t.he clust.eI' size is incI'eased 

t.he comput.at.ional dit't'icult.ies become quit.e enOI'mous. 

One ot' t.he possible ways t'01' at. least. paroUal compesat.ion 

at' t.he bOI'de1'line et'fect.s involves t.eI'minat.ion ot' t.he bI'oken 

bonds by hydroogen at.oms, leading t.o subsUt.ut.ion at' t.he 

nearoest. neighbouros out.side t.he clust.ero [74J. Howevero, even in 

t.his case het.eroogenit.y of elect.roon dist.I'ibut.iQl~ is p1'eser·ved 

and t.his inevit.ably leads t.o non-adequat.e descroipt.ion at' t.he 

p1'operot.ies of t.he solid. 

It' t.he brooken bonds aroe not. t.erominat.ed at. all t.he 

descroipt.ion is veI'y roough except. t'oro some fiaroI'OW 1'ange at' 

pI'operot.ies t.o give qualit.at.ive descroipUon of adsoropt.ion 

complexes [74J. 
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Models: or condensed syst,ems: and ads:ol'pt,ion complexes bas:ed 

upon sepal'at,e SUl'race sit,es only and wit,h t,he neal'es:t, 

neighboUZ's ignol'ed ['761 seem t,o be ovel'simpliHed and t,hus: 

beal' no inrol'mat,iol) on t,he l'ole or solid mat,l'ix in ads:or-pt,ion 

phenomena. 

The set, or r-ecornmendat,ion.s: rOl' t,he cons:t,i;-uct,ion or a 

model may be clas:siHed as: rollows [64]. 

1. Par-amet,er-izat,ion 

dennit,e pr-opel't,ies or 

solid ['76,77]; 

2. Impos:it,iol) 

equivalence or 

at,oms: [67, 68, 78]; 

or 

all 

t.o enS:Ul'e equivalence 

t,he dust,er- and t,he 

condiUons: t.o 

t,he physically 5Oimilal' 

or t,he 

modeled 

3. Ensul'ing t.he cOl)vel'gence or t,he l'e5Oult.s as: t.he clust,er­

size incl'eases ['79]. 
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3.2 QUASI-ISOLA TED MOLECULAR MODEL OF SILICA 

It. has been point.ed out. t.hat. one of" t.he basic slU'f"ace 

si t.es of" siUca is t.he hydl'oxyl gZ'oup. Likewise, t.he f"iZ'st. 

clust.eZ' f"oZ' siUca consist.ed of" only t.wo at.oms: - hydZ'ogen and 

oxygen, so t.hat. t.he model Z'epZ'esent.ed hydZ'oxide anion, cat.ion 

OZ' Z'adical. CeZ't.ainly t.his model gives t.he minimum amount. of" 

lnf"oZ'mat.ion conceZ'mng t.he inf"luence of" t.he bulk phase and 

is consideZ'ed t.o be naive. Nonet.heless, it. sUll has pZ'act.ical 

sigmf"icance because it. gives t.he most. geneZ'al t.Z'ends of" 

elect.Z'onic and spect.l'al behavioUl' of" adsoZ'bed Ol'ganic: 

subst.ances. 

The adsoZ'pt.ion pr·ocess f"0Z' oxygen, nit.Z'ogen and nit.Z'ic: 

oxide on siUca gels was: modeled by suZ'f"acE! complexes 

N2 and NO wit.h OH, OH OZ' OH+ f"1'amewoZ'ks [Q01. 

c:onf"iguZ'at.ions we1'e f"ound t.o be lineaZ' OZ' T-shaped. The CNDO/2 

met.hod pl'edict.s t.he linea:r- c:onf"iglU'at.ion t.o be mOl'e st.able. 

Nit.Z'ic: oxide is c:ooZ'dinat.ed via nit.l'ogen at.om. OH-gZ'oup 

possesses weak pZ'ot.on-donoZ' abilit.y. The Uneal' 

c:onf"lguZ'at.ion is t.he most. st.able f"oZ' ca:r-bon monoxide and 

c:ooZ'dinat.ion is via caZ'bon at.om ['741. 

The CNDO/2 met.hod was: also appUed t.o st.udy t.he int.eZ'act.ion 

of" benzene and t.oluene molecules wit.h hydZ'oxide anions [Q11. 

POZ' benzene t.he OH gZ'oups lie veZ't.ically unde1' t.he C-C bond 

of" benzene at. a dist.ance of" 0.1Q7 JUn wit.h t.he st.abiUzat.ion 

eneZ'gy of" -22.'7 kJ. POZ' t.oluene t.he OH anion is vel't.ically 

undel' t.he met.hyl gZ'oup bea:r-ing caZ'bon at.om of" t.he benzene Z'ing 
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at. a dist.ance of" 0.160 nm wit.h t.he st.abillzat.ion eneI'gy of" 

39.9 kJ. 

Model CNDO/s cakulat.ions WeI'e peI'f"oI'med t.o descr-ibe t.he 

elect.I'onic spect.I'a of" t.he complexes of" p-aminobenzene wit.h 

hydr-oKlde anions [82]. Bot.h weak-basic and weak-acidic OR 

gl'OUpS cause bathochl'omic shif"t of" absor-ption bands:. Thus, 

electI'onic spect.I'a ar-e not able t.o dlf"f"eI'entiate pl'ot.ic f"I'om 

apI'otic gI'OUps. These thI'ee examples weI'l~ eKtI'acted f"I'om 

numeI'OUS SOUI'ces t.o show t.hat t.he oveI'simpllf"ied clustel's give 

only a limited volume of" inf"oI'mation about. the behavioUI' of" 

sur-f"ace complexes. 
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3.3 CHARGED CLUSTERS AND CLUSTERS WITH 

TERMINAL HVDROGEN ATOMS 

The pl'eceding discussions l'evealed t.hat. t.he basic t.ask in 

clust.el' modeling is t.o f"ol'muIat.e a moleculal' model of" t.he 

solid phase [fl3]. 

Moleculal' models: f"acilit.at.e quant.urn-chemical descl'ipt.ion of" 

cat.alyt.ic syst.ems: and t.he pl'ocesses occU1'ing at. t.he elect.l'onic 

level (a, IT-, covalent., ionic and donor·-accept.ol' int.el'act.ions) 

[84]. Applicat.ions of" quant.um- chemical met.hods: t.o cat.alysis 

specif"ically demands: t.he st.udy of" t.he element.al'Y act. of" a 

l'eact.ion st.age including chemisol'pt.ion (cool'dinat.ion st.age). 

St.l'uct.ul'al pl'oblems: in chemisol'pt.ion may be subdivided int.o 

t.he f"oilowing t.h1'ee gl'OUpS [861. 

(!) calcuIat.ion of" t.he elect.l'onic st.l'uct.ul'e of" t.he act.i ve 

sit.es - St.l'UCt.Ul'al def"ect.s and admixt.U1'es, sUl'f"ace f"unct.ional 

gl'OUpS, and t.l'ends of" t.heil' elect.l'onic st.l'uct.U1'e under 

chemical modif"icat.ion of" t.he cat.alyst. sUl'f"ace; 

(if) est.fmat.ion of" t.he locat.ion of" chemisorpt.ion of" at.oms: 

and molecules, t.he geomet.l'y and ene1'get.ics of" chemisorpt.ion, 

compal'ison of" chemisorbed st.at.es, est.imat.fon of" t.he 

enel'gy 

st.at.es, 

barl'iel's of" t.he t.ransit.ions bet.ween t.hese sUl'f"ace 

elucidat.ion of" t.he f"eat.Ul'es of" chemisol'pt.ion 

(moleculal' or dissociat.ive, act.ivat.ional 01' non-act.ivat.ionaD, 

det.el'minat.ion of" t.he degl'ee of" covalency or ioniclt.y in 

chemisol'bed st.at.es, analysis of" modlf"icat.ion of" t.hese 

paramet.el's as a f"unct.ion of" SUl'f"ace covel'age and st.udy of" t.he 

possihilit.y of" f"ol'mat.ion of" ion-t.l'ansi"el' st.l'uct.U1'es 01' chal'ged 

moleculal' f"l'agment.s (cal'bonium ions) [86]; 
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(iii) dil'ect. analysis of dift'el'ent. pat.hways in t.he 

l'eact.ions: of ads01'bed molecules at. t.he sUl'face 01' in t.he 

l'eact.ions: of t.he adsol'bed molecules wit.h t.he sUJ:'face 

st.l'uct.UJ:'es, compal'ison of Eley-Rideal- and 

Langmuil'-Hinshelwood mechanisms: of adsol'pt.ions:, conside1'at.ion 

of t.he st.epwise and defol'mat.ion mechanisms: and st.udy of t.he 

dependence of t.he 1'eact.ion pat.hways: on va1'ious: cat.alyst. 

modifications fS7J. 

As: ment.ioned befo1'e t.he basic d1'awback of t.he clust.ex­

appx-oach is: t.he exist.ence of t.he bx-oken (cut.) chemical bonds: 

at. t.he box-dex-line bet.ween t.he t.ex-minal clust.el' at.oms: and t.he 

x-est. of t.he lat.tice. 

Calculat.ed chax-act.ex-ist.ics and collective pl'opex-t.ies of" t.he 

solid such as: elect.l'onic st.l'uct.ur-e Fex-mi enex-gy levels, 

ionizat.ion pot.ential, elect.1'on afflnit.y, at.omizat.ion enex-gy 

convel'ge t.oo slowly wit.h t.he clust.e1' size. Clust.ex- appx-oach is 

quit.e sat.isfact.ox-y in chemisol'ption calculations: when local 

int.el'act.ions: ax-e t.he det.ex-mining fact.ol's. 
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3.4 CLUSTERS CONTAINING QUASI- (PSEUDO-) ATOMS 

A ." ·method of: clustex- modeling was px-oposed [98, 89) that uses 

pseudo atom A instead of: tex-minal clustex- atoms: to compensate 

f:or- box-dex-line ef:f:ects. The quantum-chemical pax-ametel's of: 

the pseudo-atoms: can be vax-ied in a wide l'ange. Thus:, the 

pal'ametel's 

descx-iption 

Besides, it 

ax-e chosen in such a way that a moleculaX' clustel' 

will be compat.ible with the actual solid state. 

is possible to discuss tl'ends of: the electr-oroc 

stl'uctU1'e of" the clustel' and the adsol'bate in the px·ocess of: 

such va1'iation of" pax-ametel's. Hence within the f:l'amewor-k of: 

the pr-oposed appx-oach dif:f:ex-ent possibilit.ies of: the cluster­

envix-orunent existing in l'eal systems: can be discussed and also 

the influence of: dif:f:el'ent f"actox-s on the state of: adsor-bed 

molecules can be analyzed. 

Fx-om the methodological point of: view it is of" inter-est to 

study the stability of" quantum-chemical soluUons: of" dif:f:ex-ent 

pr-oper-ties as a f"uncUon of" the cluster- size and the 

pal'ametel's chosen f"or- bOl'del'line pseudo-atoms:. The f"ir-st set 

of" pI'opex-ties includes electl'onic density distl'ibution, enel'gy 

diagl'am, the composit.ion of" occupied and vacant. MOs and t.he 

ener-gy dif"f"er-nce bet.ween HOMO and LUMO while the second set. of" 

pl'oper-t.ies const.it.ut.es t.he char-act.el'stics of SU1'f"ace acidity. 

The solut.ions: appea1'ed t.o be st.able l'elat.ive t.o t.he f"ir-st set 

of: pr-opel'Ues [90) wher-eas the val'iat.ion of t.he clustel' size 

and t.he nat.uN> of: t.he pseudo-at.oms leads t.o substanUal 

discl'epancy in sUI'f:ace acidit.y pal'amet.el's [91). This is a 

basic dr-awback of the pl'oposed appr-oach. The appl'oach seems: to 

he adequat.e only f"or- compax-ison of r-esults obtained f:or-
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opt.imal st.ruct.ur·es of clust.ers: of t.he same t.ype or cluster 

with opt.imal paramet.ers. 

CNDO/BW method was: used t.o st.udy t.he int.eraction of wat.eI' 

molecule wit.h sUl'face hydl'oxyl group of silica gel represent.ed 

as cluster HOSi(OA)s [sSl. It. was: shown that prot.on exchange 

react.ion occurs t.hrough t.he int.el'mediat.e t.hat. has: t.wo 

equivalent. pl'ot.ons (C2v symmet.ry). The ... eact.ion does not. 

involve t.he int.e ... mediat.e wit.h equivalent. 

p ... ot.ons (dSv symmet ... y). 

The clust.el' model HOSi(OA)S appeal'ed t.o be quit.e effect.ive 

t.he discussion ot' t.he of 

hydl'oxyls [921. 

A of calculat.ions generalized in [931 WeI'e 

based upon :fiI'm t.heo ... et.ical p ... tnciples. The bo ... de ... line at.oms 

a ... e called quasi-hydl'ogen at.oms: and t.hei... paramet.e ... s weI'e 

t.ho ... oughly optimized t.o give equal electl'onic densities on the 

t.he clust.e. ... s 

... '" '" (HSSiO)2Si(OH)2' H9SiS0 1O(OH)S' whe ... e H is t.he quasi-Is-at.om 

wit.h a non-st.anda ... d set. of quant.um-chemical paI'amet.e ... s. 

Adso ... pt.ion of several elect. ... on-dono ... s was: st.udied. Such 

studies led to t.he conclusion t.hat. fOI'mat.ion of weak su ... face 

hydl'ogen bonds: is of low p ... obability. The mode of elect ... onic 

distribution in t.he plane passing t.hI'ough the hydl'oxylat.ed 

silicon atoms: of the cyclic f ... amewo ... k suggest.s the possibilit.y 

of non-act.ivat.ion 0'" penet. ... at.ion of t.he smaller elect. ... on-dono ... 

molecules into t.he hexagonal cavit.ies followed by t.hei ... 

localization in t.he proximi t.y of the least shielded silicon 

at.oms. Unfol'tunat.ely, these calculations we ... e mostly based on 
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t.he applicat.ion ot' ONDO/;; _ spd basis set. and al'e not. 

suit.able :foX' X'igol'ous: comp3l'ison o:f t.he l'esult.s o:f this 

t.hesis. Undel' t.he pl'<~ceding condit.ions t.he cooX'dination 

numbel' o:f silicon at.om is incl'eased to :five OX' six as is known 

:fl'om some ab initio calculations [94] but. sometimes t.he 

l'esults cause some doubt.s especially when t.heol'et.ical and 

expel'iment.al dat.a at'e analyzed togethel'. In t.he quasi-hydl'ogen 

approach .adsoX'ption complexes aI'e usually considel'ed by 

the method o:f at.om-at.om pot.entials: and SOP pel't.UX'bation 

t.heol'Y. Six kinds 

considel'ed [95]. The 

o:f wat.eX' 

conclusiol1 

adsol'ption complexes 

is that H-bonded adsol'ption 

complexes al'e weak but. the- st.abilit.y o:f donol'-accept.ol' 

complexes increases by a fac·tor of 3 - 5. 
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COMPUTER PROGRAM FOR 

INDO CALCULATIONS [1]. 

SeVel'.1ll year-s have .a.lr-eady elapsed since t.he comput.eI' has 

become a univeI'sal and highly veI'sat.He t.ool of" I'eseaI'ch. The 

comput.eI' plays a ver-y special r-ole in comput.at.ional chemist.I'Y, 

paI't.icuiar-ly in quant.um chemist.l'y which exclusively involves 

enOI'mous comput.at.ional t.asks t.hat. ax-e vir-t.ua.lly impossible 

wit.hout. t.he int.eI'vent.ion of" modeI'n high speed comput.eI's. 

Acco:t'dingly, most. of" t.he dat.a r·epo:t't.ed in t.his: t.hesis weI'e 

geneI'at.ed by comput.el's. In t.his pax-t., a qualit.at.ive 

descI'ipt.ion and b:t'ief" assessment. of" t.he comput.eI' pI'ogI'am 

OI'iginally developed by Pople .and co-woI'keI's [1] f"OI' 

appr-ommat.e moleculal' 

i'I'amewo:t'k oi' CNDO and 

o:t'bit.al 

INDO will 

calculat.ions: 

be given. FoI' 

wit.hin t.he 

t.he pI'esent. 

st.udy t.his proogro&lll and it.s extended veI'sion INDOSS weI'e 

adopt.ed and l'ewI'it.t.en i'01' execut.ion on t.he NCR syst.em V-S555 

mainfi'&llle digit..al comput.ero at. AAU. The pI'ogI'ams ;&.r·e also saved 

on t.he aumliaI'Y st.ol'age device (magnet.ic disk) oi' t.he 

maini'r-ame comput.er-at. t.he Syst.ems Design and Dat.a Proocessing 

Cent.er- (SDDPC) oi' AAU. 

The proogl'am CNINDO was 

digit.al comput.eI' and is 

wI'it.t.en i'OI' t.he IBM syst.em 960/65 

capable oi' computing molecuiaI' 

wavei'unct.ions: i'01' open and closed shell molecules cont.aining 

at.oms: I'r·om H t.o Cl (CNDO) and i'I'om H t.o F <INDO). 
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Allowed AO basis funct.ions al'e: one i'ol' hydr-ogen (is), 

foUl' each t.o t.he element.s Li t.hl'ough F (;2s, 2p , 2p , 2p ) and 
x y z 

nine each t.o t.he element.s Na t.hl'ough Cl (2s:, 

3d 2' 3dxz ' 3d ,3d ,3d 2 2. 
z yz xy (x _y ) 

2p, 2p, 
x Y 2p , z 

The opel'at.ion of t.he pl'ogl:'am l:'equil:'es: input. of moleculal:' 

dat.a wit.h pl'opel' fOl'mat.s fol:' ident.ificat.ion and comment.s; 

specificat.ion of met.hod <aNDO Ol:' INDO and open 01' 

closed opt.ions depending upon t.he t.ype of calculat.ion 

desil:'ed); numbel:' of at.oms, chal'ge and multiplicit.y; and at.omic 

numbel:' and cal't.esian cool'dinat.es of each at.om. Then t.he MAIN 

calls: t.he subl:'out.ines (COEFFT and INTGRL) which eValuat.e t.he 

int.egl:'als needed fol' MO calculation and t.he subl'out.ines: which 

MO calculat.ion (HUCKCL, SCFCLO, CPRINT fol' a 

closed-shell molecule; HUCKOP, SCFOPN, OPRlNT fol' an 

open-shell molecule). 

The qualit.ative descl:'ipt.ion of t.he funct.ion of each 

subl:'out.ine is: out.lined as: follows: 

COEFFT .&s:s:igns: t.he coefficient.s used in t.he evaluat.ion of 

ovel:'lap and coulomb int.egl'ais: of t.he t.ype expl:'essed by 

pl'evious equations (2.1). 

In subl'outine INTGRL t.he over·lap mat.l:'ix and coulomb 

int.el'act.ion mat.l'ix al'e comput.ed and st.ol'ed in labelled common 

al'l:'ays. 

The subl:'out.ine HARMTR genel:'at.es t.he l'ot.ation mat.l'i", which 

Is used t.o t.l'ans:fol'm t.he ovel'lap int.egl:'als: fl'om a local 

dIat.omic cool:'dinat.e sygt.em t.o t.he moleculal' cool'dinat.e s:ygt.em. 
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Subl'out,ine HUCKCL :f1l'st. :fOl'Jll.S a ZOO EHT-t.yp~ apPl'mdmaUon 

t.o t.h~ Pock mat.l'!x and a:ft.eI' diagonalizat.ion o:f t.his mat.I'ix an 

init.ial densit.y mat.I'ix is const.I'uct.~d which in t.UI>n is t.ak~n 

as: an input. by t.h~ subI'out.in~ SCpCLO. Th~ it.eI'at.ion cont.inues 

unt.il t.he ~lect.l'onic eneI'gy conveI'ges t.o 10-6 . A limit. of: 25 

it.eI'at.ions: is: allowed. 

SubI'out.ine CPRINT comput.es dipole moment.s, at.om densit.ies 

and nucleaI' I'epulsion eneI'gies. 

HUCKOP is similal' t.o HUCKCL except. t.hat. Ol and t> densit.y 

mat.I'ices aI'e f:ol'med f:l'om t.he ini t.ial Huckel eigenvect.oI's. All 

comput.ed moieculal' pI'opeI't.ies aI'e st.oI'ed in t.heiI' I'espect.i ve 

pI'edef"ined st.ol'age locat.ions (labelled common aI'I'ays). 

SCpOPN has: t.he same basic St.l,uct.UI'e as SCpCLO except. t.hat. 

it. makes allowance t'OI' pOi, pl1, pC( and 1"11. 

Subr·out.ine OPRINT calculat.es t.he same pr·opeI't.ies as CPRINT. 

Besides, it. :fol'Ins a spin densit.y mat.I'ix f:I'om which it. comput.es 

isot.I'0pic hyper·f"ine coupling const.ant.s. 

The subI'out.ines SS, HARMTR, RELVEC. PACT, BINTGS, AINTGS 

and MATOUT aI'e called only by INTGRL. 

ElGIN, SCpOUT and ElGOUT aI'e needed in t.he subI'out.ines 

HUCKCL t.IU'ough OPRINT. 

FOl' :fuI't.heI' det.ails, a 

is given in Appendix E •. 

complet.e list.ing o:f t.he pI'ogI'am 

A careful : sUI>vey o:f t.he pI'ogI'anl list. wit.h a 

closeI' look at. each segment. will ceI't.ainly indicat.e t.he I'ole 

and out. put.s of: t.he subI'out.ines. A geneI'ailzed now chaI't. of: 

t.he MAIN pI'ogI'am, CNINDO, is given below.The now ch .... t. is 

meI'ely a summaI'Y of: t.he :foI'egoing discussions using 



pl'ogl'amming 

s:ubl'out.ines 

symbolism 

and :flow ot' 

- 50 -

t.o show t.he 

ini'ol'mat.ion in 

hiel'ar'chy ot' 

t.he pl'ogl'am. 

t.he 

Flow 

cha1't.ing is: us:ualyy l'equil'ed at. t.he ini t.ial st.ages ot' Pl'Ogl'atn 

development.. Thel'et'Ol'e, a det.ailed and mol'E~ sophist.icat.ed :flow 

cha1't. is: ommit.ed as: it. gives: no addit.ional ini'ol'mat.ion in lieu 

at' t.he complet.e Pl'OgN>Jl\ lis:t. in Appendix E. 



- 51 -

GENERALIZED FLOW CHART OF PRGRAM CNINDO [11. 
/_.'\ 
CSTAR~) 
~ .. 

OPNCLO,NATOMS, C READ T ITLL OPTI ON, 

~' 
" CHARGE, MUL TIP j 

(WRITE TITLL OPTlON""-,-=O-=P'NCLO,NATOMS, CHARGE, MUL TIP ') 

i' 
( READ AN( I), C( I, 1 L c( I, 2L c( I, 3) )--.~ -_ .. _, 

------------------,-----------------/ , + 
( WR I TE AN( I L c( I, 1 L c( I, 2), c( L 3) ). 
~.-----------------.---------------------' ________ t ________ _ 

CONVeRT C( I. J) FROM ANOSTROM TO ATOM' C UN' T --<j I 

tt 
~-.---' I 

NO 

I 

/LYES 

I 
"~ : 

~ I ... NATOMST.:--· .. -.NO I 
--_ . .>.,. -'-'-~---! 

~------ -----.., 

YES 
---..~ 

OPTION"---.~ ....-. 
---------1 INDO 
.~ 

( 1 ) 
, i , 

",- .. --' 



T , 

\ 

r-----cALL HUCKCL 
CALL SCFCLO 
CALL CPRINT 
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YES 

CALL COEFT, CALL INTGRL 

CALL HUCKOP 
CALL SCFOPN 
CALL OPRINT 
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(a) 

(b) 

R .. '" OSiH
3

, OH, Cl, 

(c) 

Fig. 3. Clust.er- models of Silica 

(a). Or-t.hosilicic Acid 

NH
2

, MCl, 
n 

(b). Init.1al Appr-oach t.o Clust.er- Model of Silica 

(c). Clust.er- Model of Silica by quasi-At.om appr-oach 
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4-. RESULTS AND DISCUSSIONS 

4.1. CLUSTER MODEL OF SILICA GEL 

As was: pointed out befol'e the majol'ity of al'ticles on 

sUica have cel'tain limitations. The 

inaccul'at.e and do not cOl'l'ect.ly l'epl'oduce t.he elect.l'onic 

dist.l'ibution on t.he at.oms: because t.hey do not. fully t.ake into 

account. t.he influence of t.he solid envil'onment. on t.he fI'agment. 

chosen as: t.he dust.el' model. This deff'iciency is also 

int.l'insic 1'01' pseudo-at.om apPl'oach [88], in spit.e of.' t.he 

lllust.l'at.ive chai'act.el' and simplicit.y of t.he model which ~ave 

it. wide populaI'ity in quantum chemical l'eseal'ch. The way t.he 

influence of t.he solid envil'onment. on t.he dustel' fl'agment. is 

t.l'eat.ed has: a sel'ies of dl'awbacks:. In t.he f'il'st. place, t.he 

quant.um chemical pal'amet.er's of pseudo at.oms: al'e val'ied ina 

l'at.heI' wide l'ange. Thel'e is a limitation on t.he equalit.y of 

t.he elect.l'on densit.ies of t.he physically equivalent. at.oms:. No 

ot.hel' limit.at.ions al'e imposed on t.he pal'amet.el's. 

Consequent.ly, the pal'amet.el's of pseudo-at.oms subst.ant.ially 

depend on t.he geomet.I'Y and size of t.he clust.el', which in t.he 

aut.hol's' opinion [90, 91] limits t.he const.l'uct.ion of t.he 

clust.el' model. 

Tel'minat.ion of t.he unsat.ul'at.ed bonds of t.he Si, 0- fI'agment. 

by hydl'ogen at.oms [74] disposed in t.he sit.es of t.he neal'est. 

bonded nei~hboul's could compensat.e t.he unsat.ul'at.ion but. t.his 

is an oveI'simplif'icat.ion and such simple apPl'oaches should 

lead t.o a pl'edet.el'mined Wl:'on~ elect.l'on densit.y dist.I'ibut.ion 

pal't.ly due t.o t.he absence of sUl'face sUoxane ~l'oUps. 

The pi'oblem is pl'esel'vat.ion of it.s simplicit.y and illust.l'at.ive 
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chaY'acteI' along with minimization ot' it.s pI'incipal dI'awbacks. 

In t.he case ot' silica gel such an apPI'oach may imply 

substit.ulon ot' one ot' the silicon 01' oxygen atoms by a 

hyd1'ogen at.om. 

In t.he case ot' Si(OH) 4 (fig. 3a) silicon is substituted 

t'OI' hydrogen at.om pI'oducing a molecule that. dit'f'eI's t'I'om 

OI'thosilicic acid essentially by the est.imat.ed O-H bond 

lengt.h. In ot.heI' WOI'ds, t.he 1'esulting molecule is t.he 

analogue ot' t.he silicon containing molecule, 

N.,.t.UI'ally, this clusteI' descI'ibes the pI'opeI'ties ot' silica gel 

veI'y I'oughly . In t.he fiI'st place the model does not. contain 

t.he siloxane gI'OUp whe1'eas: t.he geomet.I'y ot' the siloxru~e gI'OUP, 

I.e., t.he Si- 0 bond length and t.he SiOSi bond angle, is 

known t.o be 1'esponsible vaI'iet.y of: 

modificat.ions of: silica [23]. 

It is POseilf.to- t.o ext.end t.his clusteI' by adding one <fig. 

3b) 01' mOI'e. coor·dinat.ion spheI'es. The N>sult.ing clusteI' 

cont.ains t.he SiOSi gI'OUpS and t.hus, it. gives a 

I descI'ipt.ion of: t.he system. C1~ge equivalence at' Si 

atoms may be achieved by increasing t.he clusteI' size t.hl'ough 

t.he addit.ion of: oxygen and silicon atoms in t.he outeI' 

cooI'dinat.ion spheI'es [79]. Howevel', in t.his case t.he 

elust.eI' size ot' t.he system will be too extended leading t.o 

enOI'mous computat.ional dif:f:icult.ies. 

These dif:t'icult.les may be OVeI'come if: pseudo-atoms: [96] 

wit.h aI'bit.I'aI'Y hasi.;;: set. and atomic paI'amet.eI's [97] al'e used 

h~tead of: hydl'ogens (f:ig. 3b) wit.h INDO paI'amet.eI's [1]. The 

paI'amet.eI's necessaI'Y f:OI' INDO calculat.ions may be chosen in 
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such a way t.hat. t.he most. char·act.er-sUc feat.Ul'es of t.he syst.em 

st.udied: elecb'on dist.r-ihut.ion, widt.h of t.he for-bidden band, 

ionizaUon pot.ent.ial, cohesion ener-€;y, et.c., 

r-epr-oduced. Ther-e is a mor-e 01' less similar- appr-oach t.o st.udy 

t.he adsor-pUon of hydr-ogen on t.ungst.e,~ [98J. This is 

especially t.he case when p .... 'amet.er-s of t.he bor-del'line at.oms in 

a clust.er- ar-e modi ned t.o pr-oduce a unif'ol'm char-€;e 

dist.l'ibut.iOl~ ovel' t.he whole f'l'a€;ment.. 

Ciust.el' (ng. 3b) was select.ed f'or- t.heor-et.ical st.udy of' 

t.he pr-opel't.ies of' silica. The hydr-og",n at.oms in ng. 3b wel"'e 

r-eplaced by quasi-hydr-ogens (H)*. As was indicat.ed ear-lial.'" 

quasi-hyili'ogens have par-amet.et.er-s substant.ially dif'f'er-ent. f'l'om 

t.he INDO st.andar-d set.s. Dir-ect.ed val'iat.on of' t.he p .... 'arnet.el's is 

designed t.o r-epl'oduce t.he influence of' t.he out.el' pal't. of' t.he 

modeled solid (t.his was not. t.aken int.o account. bef'ol'e) on t.he 

mode of' elect.r-on dist.:r-ibut.ion in t.he Si, 0- f'l'a€;ment.. Si
I 

and 

Sill at.oms a:r-e equivalent. in t.he macr-osys:t.em. Hence, by 

val'ying t.he set. of' par-amet.e:r-s: for- H* it. is possible t.o 

achieve unfform elect.:r-o,~ dist.:r-ibuUon on Si
I and Sill 

• 
at.oms. This clust.e:r- may be used as a t.heor-et.ical model for- a 

stat.ionar-y st.at.e descr-ipt.ion of the elect.r-omc cha:r-act.el'st.ics 

of t.he system. 

Subst.it.ut.ion of t.he OSiH: gr-oup by othe:r- g:r-oups or- at.oms 

keeping t.he par-arneteN;: of' H* const.ant. €;ives t.he poss:ihilit.y t.o 

st.udy t.he inf'luence of t.he sUl'face on t.he elect.r-on 

dist.r-ibut.ion in t.he modeled solid. The clust.el' cont.atning a 

funct.ional gr-oup allows t.o st.udy t.he l'ole of t.he sUl'face 

act.ive sit.es in adsor-pt.ion and het.er-ogeneous cat.alysis. 



- 57 -

The pr.oposed clust.er- mod .. l (Ug. 3c) of' silica may .. asily 

be used t.o st.udy t.he pr·ocesses 01' chemical modit'icat.ions 01' 

highly disper-sed silicas. This has a pr-act.ical 

impor-t.ance. 

The qualit.y ot' t.he quant.um-chemical descr·ipt.ion of' 

molecular· syst.em depends: t.o a lar-ge extent. on t.he aacur-acy ot' 

t.he MO const.r-uct.ion. Tlus p,'oces.:;: should ensur-e not. only t.he 

minimum t.ot.al ener-gy 01' t.he syst.em but. also calcuiaUon ot' t.he 

eleat.r-onic St.l'uct.ur·e using opt.lmum geomet.r·ies at. t.he given 

level of' apPl'o;dmaUon [99]. This Is e .. pecially impor-t.ant. in 

r-eact.ion m .. charrl .. m st.udie.. and act.ivat.ion .. ner-gy .... t.imat.ions 

t'or- dit'f'er-ent. pr-oaesse ... 

'" Opt.imi2aUon of' geomet.r.y f'or- Si(OSiH
3

) 4 wa.. f'uli'ill .. d using 

par-amet.er-s obt.ain .. d t'r-om t.h.. ..quilibr-ium geom .. t.r-ic St.l'uct.ur-e 

of' (3-cr-ist.obolit.e [7]. Th.. pr-ocedur'e employs t.h.. algor-it.hm of" 

dh'ect. milumi2at.ion of' t.h.. ..ner-gy f'unct.ional over- all t.h .. 

independent. coor-dinat.es by t.h.. met.hod of· con! igur-at.iol>s [tOOl. 

To r-educe t.he comput.at.ional labour· t. .. chniques based on t.he 

decl'eas.. ot' t.he accur-acy of" .. eli'-consist.ent. cycle wer-.. used. 

The bOl'der-line ef"I'ect,s wtrlch maiji:fest. t.h .. mselv .. s: in t.he 

non-urrlf"or-m .. lect.l'o", di .. t.r.ibut.ion of" t.he Si I and Sill at.om.. of" 

t.he clust.er· (f"ig. 3b) eliminat.ed by r-eplacing 

quasi-hydr-ogens hydl'ogen at.oms. Det.er-minat.ion of" 

par-amet.er-.. t·OI' quasi hydr-ogens i.. an independent. t.ask. 

The var-iat.ion of' p .... 'amet.el's of" quasi-at.om.. f"OI' t.he c~1intor 

Si(OSiH:) 4 cont.aining 48 AO'.. is a 1'.l"t.h .. r· complicat.ed 1=>r.oblem 

as it. involves t.Iwee independent. var-iables: 
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(D t.h", avel'age (ar·it.hmet.ic me.an) of' t.h", or·bit.al ioniz.at.ion 

pot.enUal .and elect.r·on arl'init.y, 1/2 (lHIl< + A
H

$); 

(H) t.h", l'esonance at.omic pal'amet.el's and 

(Hi) t.he Slat.el' e"ponent.. 

Fol' such .a clust.el' a single comput.at.ion alone l'equil'es 

about. 16 minut.es comput.el' t.ime. Sel£-consist.ency is 

achieved only art.el' ia 20 it.e"""t.ions. Hence, at't.el' foul' 

it.el'at.ions t.he pl'ocedur'e of accelel'at.ion ot' 

sel£-consist.ency applied. This l'educes: t.he 

comput.er· t.ime. ~ho d "pendence of' t.he elect.l'onic densit.ies of 

at.onlS in t.he clust.<>l' "' t.he independ<>nt. v8l'iabl<>s Si(OSiHs ) 4 on 

pBl. .... amet.er·s, I.e., 
0 

i/2{IH"'+ A
H

",) .and 
0 ,'<>adily Ol' ~H"" r~H'" can 

b<> seen fl'om <>quat.ions: 2.S4 or' 2.S6, <>quat.ions 2.62 01' 2.63 

and <>quat.ion 2.66, l'<>sp",ct.i v<>ly, which t.oget.h"'l' wit.h ot.h",l' 

equat.ions discuss<>d in s<>ct.iora 2.S allow t.he evaluat.ion of' t.he 

d",sir-<>d pr·op",,'t.ies. MOl'e specifically, t.he secJUial' equat.ions 

al'is:ing f'r-om t.he met.hods: cont.ain 

val'iat.ion coef'f'icient.s: which dep",nd on t.he mat.l'i" element.s: of' 

t.he Fockian (F .. H + G (eqn. 2.12» and t.he Slat.el' 
~u ~u ~u 

exponent. appeal'S in t.he basis f'uncUons: (eqns:. 2.34 ot:· 2.36) 

used 1'01' t.he evaluat.ion of t.he mat.l'i" element.s: H and G . 
1_"'> ~v 

Ira pal't.icuial', 1/2(lH",+A
H

,") is: encount.el'ed as a p8l'amet.el' in 

Ceqns:. 2.62 and 2.6S) is incor-p0l'&t.ed int.o 

Ceqn.2.66) all t.he mat.l'i" element.s. 

Thus, t.he val'iat.ion coe:f:fici<>nt.s al'e solved in t.er-ms: o:f t.he 

mat.l'i" element.s: cont.aining t.h", pal'amet.el's :fOl' quasi-hydl'ogens 

and 8l'''' used t.o for-m a densit.y mat.l'i" (eqn. 2.16) t.he elemerat.s 

of which ar·e funct.ions: o:f t.h", par-amet.",r-s descr-ibed above. 
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h~ ot.her- WOI'<is:, t.he p.&.1'amet.er·s f"01' qu .. si-hydIoogel~ must. b ... 

est.imat.ed senu-empb'ic&1ly f"or· hydl'ogen at.oms. 

t.o minimizat.iOl~ of" t.he :following :funct.ional: 

f [1/2 [lHIII + AHIjI], (1H"" !1~'" ] .. I 2: Pit - 2: P jj (4.:0 

I i<l~i j1b 

wh"'l'e 2: PH is t.he elect.l'onic del~it.y on 

i<lSiI 

I 
Si at.om and 

II t.he elect.l'onic densi t.y Ol~ Si at.om. 

The eli"'l'gies o:f t.h... clust. ... r- bet'or·e and .&:ft. ... r- opt.inuzat.ion 

of" t.h... pal'amet.el's Wel'e f"ound t.o be -96.9814 and 97.0446 a.u., 

I'espect.ively, which on compal'ison wit.h e"P"'l'im ... nt.al dat.a led 

t.o t.h... jusU:ficaUon o:f t.he n ... ed :fOI' opUmizaUon o:f t.he 

pal'amet.el's. 

The met.hod applied t.o solve con:fol'mat.ion&1 pl'oblems 

(geomet.r.y opUn1izaUol~) is not. applicable f"01' :finding t.he 

pal'amet.er-s of" H'" at.oms becaus... t.he diagon&1 elem ... nt.s o:f t.h ... 

dlt'f"el'ent. ways. This cil'cumst.ance makes it. quit.... di:f:ficult. t.o 

choose t.he i t.er-aUon st.ep. Moy.eover-, i:f t.he iniU&1 

appl'oximat.ion is not. good t.he met.hod will lead t.o low 

convel'gence. Hence, minimizaUon of" t.he f'uncUon&1 (4.1) was 

:ful:fHled using t.he met.hod of" [1001, 

(Appendix C) which is based upon dil'ect. c&1culat.ioli o:f 

del'ivat.ives ush~g diffll>l'ence scheme (Appendix B). 
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II< Table :1. C .. lculat. ... d opt.imum pax>ill"",t.......... i'or. Hand st.and&X>d 

paI'amet.el's f"o... H (i'or· not.at.lons: see t.he t.eKt.) 

At.om 1/2(1 + A, eV) ~ °eV I f.l , a.u. 

H 7.1'761 -9.0 ! 1.200 

i ! H'" 9.8050 I -7.9 0.676 
I 

i 'I 

'"" ·1-7.9 
I 

H 6.2701 
• 

·1 0.626 

CI. CNDO spd [991. 

Table 2. ChaI.'ges on at.oms (q) In 

sl11ca gel dust.e ... s 

No. Clust.er- Basls q 
Si I 

q 
Sl II 

qo qH(H'") 

1 S!(OH)4 sp 1.694 -0.626 0.204 

2 Sl<OH): spd' 0.964 -0.496 0.250 

a Si<OSlHa)4 sp 1.946 0.946 -0.694 -0.211 

4 Si(OSiH9 ': 
spd' 0.965 0.550 -0.940 -0.10a 

(0.760) (0.669) (-0.957) (-0.140) .. 
5 Sl<OSlH

3 
.) 4 sp 1.901 1.301 -0.649 -0.931 

(0.605) (0.905)(-0.976)(-0.210) 

6 S1[OSlCOH)314 sp :1.424 1.644 -0.661 0.204 

7 E"per-lment.al 1.300 1.900 -0.650 -0.325
b 

" The dat.a In br-acket.s r-ef"er- t.o CNDO spd r-esult.s [991. 

b The e .. t.imat.e l'or- t.he o")'gen at.oms in t.he coor-dh .... t.ion 

spher-e of" t.he deepest. layel's in t.he bulk. 

; 

I 
I 
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The values of" t.he opt.imized par-amet.e ... s f"01' quasi-hyd ... ogens 

in SI(OSiH:) 4' based on ~-c ... tst.obolit.e St.l·UCt.U .... ", .&1'e given in 

t.able i t.oget.hel' wit.h st.anda ... d quant.um-chemical p.&1';&ulet.er·s :fOI' 

As can b., s .... n f"l'c.m t.able 1, t.he Slat.el' ""'Pc.nent.s f"c.r· H 
.. 

less t.han 

di:ff"use oh.a..r-aata1" 

f"o ... 

c.f" 

t.h .. 

o 
!lH'" 

n01'lllal 

:f ... c.m 

at.oms. Th .. mc. ... e 

[9S] is du .. t.o CNDO spd 

calculat.ic.ns wh ..... ein t.he inf"lu .. nce c.:f t.he dit't'use d-or·bit.als 

is inco ... pc. ... at. .. d in t.he hasis set.. Or·bit.al elect. ... c.negat.ivit.y in 

t.he INDO sp calculat.ions app ... oach t.hat. of" t.he c.xygen at.om much 

bet.t.e... t.han in t.he CNDO spd apPl'oach [9S1. This is an 

indicat.ive of" t.h.. mOl'" ad .. quat.e d"SC1'ipt.ion of" t.he bulk phase 

in t.he p ... es .. lit. wor·k, since quasi-hydl'ogens st.and f"o... c.xygens 

ot' t.he ..... al sUica. 

The d .. Cl'ease in t.h.. ol'bit.al expon .. nt. of" quasi-hydl'og .. n t.o 

0.8'76 a.u. leads: t.c. inc ... eased dif":fus.. cha.-.act."l' ot' 1s-AO of" 

t.he quasi-hyd ... ogen in compar-ison wit.h t.hat. of" t.h.. no ... nlal 

hydl'ogerl at.om. This leads t.o t.he f"ol·mat.ion c.f" a mo ..... ef"t'ect.ive 

bond wit.h a bond dist.ance sho ... t...... t.han t.hat. :fol'med by a 

hydl'ogen at.om. M .. anwhile, t.he incr· .. ase in t.he half"-sum ot' t.h .. 

ionizat.ion pot.ent.ial and elect. ... on af"f"ini t.y is t.h.. m .. as:U1'e of" 

t.he incl'eas:e in it.s el .. ct.l'onegat.ivit.y. It. should be not.ed t.hat. 

t.his valu.. is even highe... t.han t.hat. f"o... t.he p-ol,blt.als o:f 

oxygen (9.111 .. V). Th.. o""ygen at.oms t.ake di ..... ct. pa ... t. in t.he 

f"or·m .. t.ion ot' t.he ch .. mical bonds. a .. t'o ... e pr.oce .. ding t.o t.h .. 

consid ....... t.ion o:f t.he nume ... ical l'''sult.s .. b ... i .. t' discussion of" 

t.he ... 01.. ot' t.h.. out...... v .. c .. nt. Sd-Ol'bit. .. ls of" silicon in t.he 

f"or·mat.ion ot' a chemic .. l bond will be giv .. n. spd alid spd' basis 
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set.s may be U6led [1] t.o account. t'or· t.he int.el>act.io1"ls az.ising 

l'r-om t.he: ::Jd-or-bit.als. In spd basis se:t. equal value:s ot' t.he: 

or-bit.al expone:nt.s 01' t.he ::Js- ,::Jp- and ::Jd-or-bit.als ot' silicon 

ar-e: us:ed as it' t.he ::Jd-or-bit.al dh>ecUy t.akes: p&l>t. in bonding 

[48, 49]. In t.he: spd' bas:is: set. t.he: ol>bit.al expone:nt. se:le:ct.ed 

1'0r- t.he ::Jd-or-bi t.al is much less: t.han t.hat. ot' t.he ::Js- and 

::Jp-ol>bit.al6: ot' s:ilicon [101]. This is mor·e r-ealisUc and may 

be qualit'ied since it. I"l&6l a st.abilizing et't'ect. on t.he chemical 

syst.em as a polar-izing addit.ion. Analysis ot' t.he lit.el>at.ur-e 

dat.a shows t.hat. s:pd' calculat.ions: t'or- silica sys:t.ems have 

never- been t'ult'illed. On t.he ot.her- hand spd calculat.ions: 

[102] give highly ovel>esUmat.ed l>esult.s compr.able wit.h t.hat. ot' 

t.he t'or·bidden band and t.hus:, calculat.ions employing t.he: spd -

basis se:t. ayoe usually inadequat.e. 

All in all, t.he I'ollowing clust.er·s wer·e s:t.udied h~ t.he 

h~dicat.d b .... is s:et.s~ 

(1) OH - ~ sp - basis set. 

(if) Si(OH) 4: sp - basis set. was U6led 

(Ui) SiWH) 4 spd' 

influence ot' t.he ::Jd 

b .... is set. was used t.o st.udy t.he 

t'unct.ions in t.he b .... is set. on t.he 

(iv 

t.he non-unit'or'm ot' t.he elect.r-onic 

dist.r·ibuUol~ and t.o illust.r-at.e t.hat. t.his syst.em is a r-eliabl .. 

and good pr-ecuyosol' t'or· a mOl'e r-.. t'ined mod .. l as well as t.o 

st.udy t.h.. int'luenc.. at' Sd - polar-izat.ion l'tmcUons. 

(vi) Si(OSiH
S 

oil) 4~ sp bas:is s .. t. Was appll .. d t.o obt.ain a 

yo .. t'er-ence U6led in subsequent. calculat.ions:. 
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(vii) S1[OSi(OH)S] 4' sp - basis set. was used t.o det.e1'mine 

whet.her· t.er·minat.ion of' t.he b01'der·line by 0 quasi -at.oms is 

r-easonable 01' not.. 

Consider·ing ohal'ges on at.oms (t.able 2) t.he discussion of: 

t.he char-ge dist.l'ibuUon is based upon t.he exper-iment.al dat.a 

f:or- t.he ef:f:eot.ive chal'ges on silioon and oxygen at.oms obt.ained 

by t.he met.hod of: annihilaUon of: posit.r-ons f:or· silioa [103]. 

The iniUal geomet.l'io st.r·uot.ur-es at' Sl(OH) 4 in t.he sp - basis 

wer·e t.aken 

(3-c"lst.oboli t.e .. 
o 

109.5 , <HOSi .. [7]. 

t'l'om st.l'uct.ur·al 

0.190 nm, ROH" 0.150 run, 

Opt.imizat.ion of: geomet.1'Y 

dat.a f:or-

< OSiO .. 

ovel' t.he 

whole set. at' spat.ial var-lables led t.o R
S10 

.. 0.200nm, 

0.102 nm while t.he bond ar.gles l'emained unchanged. Calculat.ed 

ohal'ges ;;or·e 1.S0 f:or· t.he silicon at.om and -0.65 t'or- t.he o"-'Ygen 

at.om. Besides t.he use of: t.he mo"e sophist.ioat.ed x 
'" 

SW 

caloulat.ions gi v<> a char·ge of: 1.S29 on t.he sIlicon at.om. As 

may be seen t.he chal'ge on t.he silicon at.om in t.he model, 

Si(OH) 4' is an ovel'est.imaUon. Thus, t.his model is l'eJeot.ed as 

it. has no pot.ent.ial use in t.he discussion of: t.he elect.l'or.ic 

pr·opel't.ies of' siUca. The t.l'ends in t.he opt.imized geomet.1'ies 

ar-e, R(SiO) .. 0.196 nm, R(OH) .. 0.10S nm, and t.he bond angles 

l'emain unohanged. 

Fol:' Si(OSiH
S

) 4 clust.er·s t.he t'oUowing (3-cr-ist.oboUt.e dat.a 

wer·e used: ReSiO) .. 0.200nm, (R(SiH) III 0.162 run, <OSiO .. 

o 
109.5 , <S1OSi .. <OSiH .. 

o 
109.5 . (jeomet.1'y opt.imizaUon 

caloulaUons leads: t.o R(St) .. 0.206 nm, <OSiH .. 
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Table S. Bond char'acLeJ:'S:Lics: of" CIIl6lLel' models of" s:1lica~ 

Lwo-c:enLeJ:' covalent. (E ) and 
oov 

ionic (E
i 

) 
on cons:i t.1 t.uent.s: 1'0J:' Si-O bond, 

cont.l'ibuLion 01' d <-- P back-donation ef"f"ect. t.o 
IT IT 

S1-0 bond. 

No Clus:t.er· B .... 1'" 9
SiO BS1H(H*) 

E cov E ion 
d <- P SiO S10 IT rr 

&.U. a.u. aont.l'ibut.iofl 

t.o SiO bond 

1 S!(OH)4 s:p 0.724 -0.549 -0.114 

2 S!(OH)4 s:pd' 1.0S5 -0.884 0.0:.1:35 31 

S S!(OS1H
S

)4 s:p 0.706 0.902 -0.613 -0.06S 

4 S!WS1H
S

) 4 s:pd' 1.099 0.897 -0.877 0.159 S6 

6 S!(OSiH
S 

1jI) 4 s:p 0.706 0.939 -0.496 -0.077 

6 SHOS!WH)S]4 s:p 0.700 -0.620 -0.040 
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App.l',J.'(.ntly, this model leads nan-unli'ar-m elect.r-on 

dist.r·ibut.iol"J5: on sUican at.oms which ar-e equivalent in the 

l'eal system but t.he centr-al silicon at.om and the oxygen atom 

values [f03]. Hence, t.he clust.er· is consider-ed as a pr-ecul'so):' 

i'01' a mOl'e adequat.e model oi' silica. 

INDO l'esults i'01' geametr·y aptimi2atian in t.he spd' - basis 

set. al'e: RSiO .. 0.1aa nm, R(SiH) .. 0.166 nm, <OSiO .. 

109.5
0 

,<StoSi .. <OSiH .. a 
103.1 . The I'esulting 

hyper-sUl'i'ace cont.ain.s un.der·est.imated char·g ... s an silicon and 

oxygen at.ams and ovel'est.imat.ed values oi' the p --} 
1t 

d 
1t 

contl'ibution t.o the 0 Si bands. Thus, it appeal's t.hat 

applicaUan of' spd' basis set wit.hin the i'i'amewol'k ai' INDO 

appl'axim;e.tion is ul'll'eason&ble 1'0X' solid st.at.e modeling 

In t.he pX'oceeding discussions the basic madel, S1(OSiH
3

'11<) 4' 

used in this wor·k will be conside1'ed. The optimized geamet.l'ic 

paX'amet.e.... w .. r-.. : R(SiO) 

a 
.. 109.6 , 

t.he 

<StoSi 
a .. faO , 

abs .. r·ved 

'II< 
.. 0.206 run, R(SiH) .. 0.162 run, <OSiO 

<OSiH'II< o 
.. 10'1.6 and g .. ne .. &lly " .. I'lect 

in ~-cr·i .. tobalit ... Sub .. UtuUon ai' 

hydI'agens by quasi - hydI'agens equalize.. the ei'i'ectiv.. chal'g"s 

an the c .. nt.l'al and pel'iphel'ial silicon at.om.. in goad agl' .... m .. nt. 

wit.h eKp .. r.im .. nt&l data. Thi.. giv.... t.he :ft1'''t. JusUi'icaUan i'01' 

t.h.. ..ucc .... s ai' t.he mad .. l. 

Finally, t.h.. i'allawing opt.imi2 .. d geametl'ic par.amet. .. r·.. w .. I''' 

abt.ail)ed i'01' th.. dust. ... 1' SUOSi(OH)g) 4 in t.he .. p - basis .. et.: 

R(SiO) .. 0.204 nm, RCOH) ... 0.102 nm, <OSiO .. 109° <SiOSi III 

<SiOH .. Non-unit'ol'm di .. t.r·ibuUol) wa .. 

obsel'ved. EvidenUy, t.his i.. one oi' t.h ... consequences oi' 
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inaccur-at.e t.r·eat.ment. of' t.he bor-der-Ih~e ef'f'ect.s. 

The gener-al t.r·ends of' bond chal'act.er-ist.ics, especially t.hat. 

01' t.he Si- 0 bond, aI'e giver. in t.",ble S Analysis of' t.his 

t.able r-eve",ls t.h",t. only calcul",t.fons in t.he sp basis set. 

r-epr-oduce t.he ionicit.y of' t.he bonds in silica. Result.s. der-ived 

f'r-om ot.her- basis set.s &1'e unsat.ist'act.or-y. 'Even t.he spd' basis 

set. gives er-Ol\eOUS r·esult.s because t.he t.",bul",t.ed dat.a indicat.e 

t.h",t. t.her-e is a subst."'l\t.ial p --> d char·",ct.er- in t.he 0 - Si 
IT IT 

bond wit.h non-ionic St.r-uct.U1'es (t.he ionic cont.r-ibut.ion t.o t.he 

t.ot.",l ener'gy is posit.ive). In ot.he1' wor-ds, t.he Sd ol'bi t.als 

of' silicon in t.he clust.el' &1'e conside1'ed as t.he l'e",l bonding 

ol'bit.als. However., such assumpt.ions ",,'e unl'ealist.ic. 

FUl't.her· discussions and ",r·gument.s in f'",VOU1' of' t.he clust.er-, 

SHOSiHS $) 4 """y be obt.ained f'l'om '" comp"'l'",t.ive "'l~alysis of' t.he 

b",nd st.l'Uct.ul'e of' silic", ..... d t.he e><pel'iment.al dat.a US]. 

But. bef'oN~ pl'esent.ing t.heo1'et.ical dat.a obt.",ined in t.his 

wOl'k it. seems l'easonable t.o m",ke some genel'",Uz",t.ions: of' t.he 

exfst.ing d",t.", wi t.h f·ol'mul",t.ion of' empil'ical schemes f'01' 

elect.l'onic levels:. Such "'l\ ",ppl'oach m",y sel've as a l'ef'er·ence 

t.ool f'or· compal'at.ive "'l\alysis ot' t.he culst.el' model el;"bol'at.ed 

in t.his WOl'k. 

Most. of' t.he inf'or·mat.iOli ahout. t.he sequence of' enel'gy levels 

in amor·phous silicas was obt.ained by spect.r-oscopic met.hods. 

The posit.ions: of' t.he peaks in t.he valence b"'l\d wel'e 

det.er·mined by V",CUWll UV-, UV-, phot.oelect.l'onic and x-l'ay 

phot.oelect.l'ordc spect.r-oscopy. VacuWll UV l'E>f'lect.ance 

me",sul'ement.s [104 - 10'1] pl'oduced t.he f'ollowing peaks~ 

-10.2, -14.'1, -1'1.0 and -20.5 eV. 
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Bot.h kinds: ot' phot.oelect.I'onic spect.r·oscopy 1'evealed t.hat. 

t.he violet. b",nc. . .has. u· widt.h ot' 11 eV [10fIJ. Sever·al peaks 

weI'e obt.ained below t.he 10weI' edge ot' t.he valence hand. The 

most. int.eI'est.ing peaks: I'OI' t.he pI'esent. discussion 81'e: -26.9 

and -40.S eV [lOa] and -SO.6 eV [10a,109]. The t.op ot' t.he 

valence band was estimat.ed t.o be at. -10.2 eV [1101 01' -10.6 eV 

[111]. TheI'e is '" shouldel' locat.ed at. -11.'7 eV [fOa,109] below 

t.he t.op ot' t.he valence band and t.he pI'ominent. peak is at. 

-12.9 eV [fOS,fin 

Phot.o conductivit.y dat.a aI'e us:uaUy employed t.o locat.e t.he 

bot.t.om oi' t.he conduction band. The given dat.a [1101 r·eveal a 

band widt.h (eneI'gy gap) equal t.o 9.0 eV. 

X-I'ay emission dat.a give t.ot.ally independent. est.imat.es oi' 

t.he band st.I'uct.ur·e wit.hin t.he valence band and also of" t.he 02s 

st.at.es [1121, in good agI'eement. wit.h t.he pr.esent.ed dat.a. 

The veI'Y t.op ot' t.he valence band ot' silica is cMl'act.eI'ised 

by a higheI' densit.y ot' non-bonding oxygen 21' - oI'bit.als. Some 

aut.hoI's U1S], however·, cl'it.icize t.he posit.ion ot' t.he t.op ot' 

t.he valence band and ·ass:eI't. t.hat. it. should be 10weI' by 1 eV. 

AccoI'ding t.o val'ious est.imat.es t.he t.I'ue band widt.h (ener'gy 

gap) in anlol'phous sUica should be in t.he I'ange a.S-l0.0 eV 

whUe t.he t.I'ue posit.ion of" t.he t.op ot' t.he valence band is 

f"ound in t.he I'ange -10.4 1i.6 eV and t.hat. ot' t.he bot.t.om ot' 

t.he conduction band is in. t.he y·alige -S.S -- 1.4 eV ['7]. The 

level pI'eceedilig t.he bot.t.om ot' t.he conduction band (-S.S eV) 

is usually at.t.I'ibut.ed t.o t.he silico}). at.om £114]. 



- 69 -

This bI'ief I'eview of the spect1'ascapic data an silica 

allows to deduce of levels 

(FigAa), 

I'esults obtained in this war-I<:. 

These I'esults foI' the clust.eI', Si(OH) 4 in t.he sp basis 

set. Es1'e shawn in t'ig. 4b. The calculations qualit.at.ively 

pI'edict. the exist.ence of the fallowing levels: 

(1) a naI'I'OW 02s band, (i1) t.he valence hand which is 

I'o>pI'o>so>nt.ed by t.he contI'ibutians l'I'om the 02p 

(!ii) t.he lane eneI'gy level cOI'I'esponding t.a 

(iv) t.he conduct.ion hand I'epI'esent.ed by MO 

and 

SiSs 

wit.h 

AO's 

cont.I'ibut.ion 

pI'edaminant 

SiSs and H1s cont.r-ibut.ians. Evident.ly, t.his clust.eI' cannot. he 

used as an adequat.e model foI' silica due mainly t.o t.he 

pI'esehCIO of sevel, ... l inheN.nt. de .ficiencies in t.he clustel'. In 

the fiI'st 1>1.aco>, the hand width (IOneI'gy gap), 14.7 eV is 

out.side the e,_ .. peI'iment..al r-ange. Secondly, t.he widt.hs ot' t.he 

filled hands aI'e under-est.imat.ed. ThiI'diy, .alt.hough: t.he widt.h 

of t.he conduct.ioh bar,d 8:eehlS I'e.:.sori.:.ble, the St.l'uct.w-e of· t.he 

levels alid t.heiI' dist."ibut.ian do nat. agl'ee wit.h expeI'iment.. 

Inclusion 01' Sd OI'bit..als in t.he basis set. for- Si(OH) 4 

ciust.e .. leads as usually t.o the stabiJ.izatLon 01' all t.he ene1'gy 

levels (Fig. 4c) but. simult.aneously t.he enel'gy gap incI'eases 

t.o 15.S eV. The 02s bar,d becomes n.&1'l'OW and t.he Si 
Ss 

elect.I'onic st.at.es appeal:' in t.he conduct.ion band. All these 

ci1'cumst.ances uncove.. not. only t.he inadequacy of t.he model hut. 

also t.he det'lciency of 3d - cont.aining b ..... ts: set.s. 

The descI'ipt.ior, based upon t.he 

(fig Ad) seems much maI'e successful. Despit.e aveI'est.imat.ian 
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Fig. 5. Theoretical aensity of states (---) and 

photoemission spectrum C-) of silica: 

a. theoretical quantities obtained for cluster 

Di(OSiII3)4' spd' ; 

b. theoretical quantitieB obtained for cluster 

SiC OSill!) 4' sp. 
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ot" t.he 02s - band widt.h t.he descl.'ipt.ion ot" t.he valence band 

seems l.'easonable. The bot.t.om ot" t.he conducUon band is 

ovel.'esUmat.ed leading t.o slight.ly ovel.'est.imat.ed enel.'gy gap 

(40.2ev) but. t.his value seems quit.e l'easonable t"01.' such 

quant.urn - chemical met.hods as INDO. 

Inclusion ot" ad - valence ol.'bit.als ot" silicon t.o t.he basis 

set. lOP.do. to ·~tabili21ation o£ all t.he enel.'gy levels, wit.h 

majol.' l'educUons ot" t.he enel.'gy ot" t.he valence band and minol' 

l'educt.ion ot" t.hat. ot" t.he conduct.ion band (Ng. 4e). 

Oonsequent.ly, t.he enex-gy gap, 12.1 eV becomes ovel'esUmat.ed 

which is nat.\l1'ally t.he case t"ox· em sUng spd calcuLat.ions 

[93, 99,102]. This makes t.he spd - basis set. hal'dly applicable 

t"01' pl'act.ical calcuLaUons. All t.he ot.hel' dl'awbaaks of" spdl -

basis set. wel.'e discussed f"0X' t.he SUOH) 4 clust.eX' (Ng. 4(). 

The analysis ot" t.he band st.l'uat.\l1'e f"ox- t.he alust.el' 

... Si<OSiHa ) 4 (Ng. 4t") shows t.hat. t.he calauLat.ed 1'esult.s t"aiX'ly 

Nt. expel'iment.al dat.a (t"lg.4a). Fil'st. ot" all, it. is t.he best. 

model among t.he models st.udied in t.eX'ms at" t.he most. aacU1'at.e 

l'epl'oduct.lon ot" t.he 02s - band. The enel'gy levels ot" bot.h t.he 

bot.t.om and t.op ot" t.he band t"all wit.hin t.he enel'gy l'ange 

pl'edlct.ed by expel'iment.. Most. impol't.ant.ly, t.he valence band is 

l'epl'oduaed wit.h gl'eat. accU1'aay. Appal'ent.ly, it. would sut"Nce 

t.o compal'e t.he posit.ions o£ t.he cOl'l'esponding enel'gy levels 

inside t.he band. The t.op o£ t.he valence band is just. wit.hin 

t.he l'ange o£ t.he cOX'l'esponding enel.'gy levels descx-ibed by 

dl££el'ent. expel'iment.al gl'OUps. The same is t.l'ue £01' t.he bot.t.om 

o£ t.he conduat.ion band. The enel.'gy gap is equal t.o 10.0 ev, in 

agX'eement. wit.h expex-iment.al dat.a. The success o£ t.his clust.el' 
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gap ( foE, E>V) in t.hE> alust.E>I' models 

and 

ThE> E>><PE>I'imE>nt.al v alUE>S est.imat.E>d £or- %i' "0 and 

foE wel'E> 1.900, -0.660 and 9.0, l'E>spE>at.ivE>ly. 

Eleot.r-onia 

ohar-aat.er-st.ias Si(OSiH)9 HOSi (OSiH
9 
oI\.~ \ SW X , 

i , -
qS1(s) - 1.264 1.20° 

qO( .. ) - I -0.462 -0.66° 

qH( .. ) - 0.190 -
qSi 1.902 1.906 1.9So 

qo -0.694 -0.627 -0.79° 

qHII< -0.991 -CI.990 -

8 - 0.790 0.92° S1(s)O( .. ) 

8 - 0.972 0.94° O( .. )H( .. ) 

8 Si ( .. )0 - 0.699 0.76° 

8
SiO 

0.706 0.721 o.aoo 

8 SiH'" 0.999 0.940 -
AE 10.0 0.9 9.ao 

<L H( .. ), O(s), S1(s) imply t.h.. <lor-r-.. sponding .. ur-£aae 

sit...... all t.h.. ot.h..... at.oms al'e in t.he hulk phase. 

° HOS!O; £116]. 

[H6]. 

01 
I 
I 
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2.3 b 1----- "i Sis 1.8 . ., 3p 3p 
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-0.1 ------- 0~3p ~3p 
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-1 .• 5 >..-.,~_...J 8i s, b 

3p 
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-11.4 _______ b 
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-13· ----- p 
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••. b 

- • ~----' o~3s 

Fig. 6. Band structure of 

HOSi(OSiH~)3' 

(superscripts s 

and b are used 

b 
-32 •8 ·0

02S 

-34.5L~ 
s 

-36.,:) 02s 

for surface and 

bulk atoms, 

respectively) . 
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may be just.it'ied by t.he :fact. t.hat. t.he valence band enel'gy 

levels cOl'l'esponding t.o SiSp bea.l" 

cont.aining .. igni:ficant. cont. ... ibut.!ons :f ... om 1s o ... bit.als o:f 

quasi - at.om t.hough major· cont. ... ibut.!ons sUll come :f ... om SiSp' 

Quasi-at.oms .. eem t.o be par·t.ne ... s in bonding, apP&I'ent.ly having 

equal .. t.at.u.. wit.h oxygen at.oms in t.he solid. The opt.imized 

bond lengt.h Rcsm*) is equal t.o 0.162 nID, a value t.ypical :f01' 
/~-

bonds in t.he co ...... esponding ol'ganosilicon compound .. 

Some inaccu ... aci .. s conce ... ning t.h .. .. pacing .. bet.we .. n 

ene ... gy levels and t.hei... di .. t. ... ibut.ions wit.hin t.he conduct.ion 

band may easily be .... c ... lbed t.o t.he well-known de. ficlencies o:f 

t.h .. INDO m .. t.hod. Nev .. r.t.h .. l .. ss, such d.. :ficlenci .... 

p ... esum .. d t.o have lit.t.le in:fluence on t.he quali t.y o:f 

calculat.ions pe ... :foI.med in t.his wo ... k because t.he d .. cisive ... ole 

w.... play .. d by bound&I'y or-bit.als wit.h co ...... ect. elect.r-onic 

iii 
di .. t. ... ibut.!ons in SiCOSiH )4 clust.er- model. 

The clust.e... SnOSiCOH)S14 gives a pr-oper· descr.ipUon o:f t.he 

bound&I'y o ... bit.als which :fall wit.hin t.he expe ... iment.al ... ange and 

t.he ene ... gy gap, B.B ev, is quit.e good, but. all t.he ot.hel' 

Po ... inst.anc .. , it. was :found t.hat. 

t.he 0 28 and valence bands a ... e t.oo n&!''''ow whe ... eas t.he 

conduct.ion band is t.oo wide. Howevel', t.he nwn Ilc:r:gn!>fflent 

against. t.hi.. model comes :fl'om it.s inadequat.e p ... edict.ion o:f t.he 

elect. ... onic dl .. t.r·ibut.lon. 

The last. point. t.o be consid ..... ed is t.he analysi.. o:f pal'Ual 

densit.ies o:f st.at.e... He ... e, t.he discussions will :focus on t.wo 

clu .. t.el's! SiCOSiHS) 4 In t.he spd' b .... i.. ..et. and SiCOSiH:> 4 in 
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t.he sp - basis set. (The lat.t.el' clus:t.er- was f"ound t.o be opt.lmum' 

1n t.his wor·k). Compar.ing t.he densit.ies ot' st.at.as of" t.ha modal 

of" amor-phous f3-cr·lst.oboUt.e Si(OSiH
9

) 4 In spd' basis sat. and 

t.he cor-l'esponding r-esult. obt.ained f"r·om phot.oemisslon spect.r-um 

£109] (f"ig. 6a) It. m.ay be not.ed t.hat. t.he wldt.hs of" t.he 

separ-at.e bands and t.he t.ot.al wldt.h of" t.he valence band as well 

r-epr-oduced 

sat.lsf"act.o1'lly while t.he denslt.1es of" t.he highest. occupied 

sub-band and t.he sub-band of" t.he O-SiO bonds ove1'lap. 

Eupe1'lm.ent.al spect.r-al dat.a r-eveal a band wldt.h of" 2-9 eV 

bet.ween t.he filled sub-bands. Thus, t.he descl'ipancy of" t.he 

f"Ol'me1' model may be euplained In t.er·ms of" t.he inhel'ent. 

def"iclencies of" t.he spd' - basis set.. On t.he ot.hel' hand t.he 

S1<OSiH:) 4 is char-act.el'lzed by non-ovel'laping f"illed sub-bands 

in agl'eemer,t. wit.h phot.oemisslon spect.l'a. 

The pl'esent. l'esult,s of" INDO calculat.ions: of" t.he models of" 

... siUca show t.hat. t.he Si(OSiH
9

) 4 employing Is - quasi - at.oms: 

t.o account. f"01' boundal'y ef"f"eit.s may be success1'ully used t.o 

descl'ibe a se1'ies of" sol1d-st.at.e f"eat.Ul'es of" siUca, which 

f"l'om a pr-act.ical point. of" view is a ver-y impor-t.ant. adsol'bent.. 

In t.he f"ol'egoing discussions: possible applciaUons: of" t.his 

model t.o st.udy elect.l'onic st.l'uct.ur-e, sUl'f"ace pr-opel't.ies and 

t.he nat.ul'e of" act.ive sit.es of" siUca will be cons:ldel'ed. 
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4.2. ELECTRONIC STRUCTURE OF THE SURF ACE OF SILICA WITHIN 

THE FRAMEWORK OF THE CLUSTER APPROACH 

As was: ment.ioned bel'or·e (4.:1), t.he pr-oposed clust.er- model 

of" t.he bulk of" Si0
2 

may be easily t.r-ans:f"or-med t.o t.he model 

r-eadily applicable t.o st.udy t.he p1'oper-t.ies of" silica s\ll'f"ace. 

Substit.ution of" t.he g1'OUp OSfH
S

• (f"ig. Sb) by an at.om or- a 

gr-oup of" at.oms leads t.o a model of" a hydrooxyl f"r-amewox>k (R .. 

OH) and chemically modif"ied sur-f"aee of" silica. In t.he 

pr-oceeding P&l:'t. t.he elect.x>onic cMr-act.ex>ist.ics of" t.he model 

f"r-agment.s of" silica sur-f"ace will be consider-ed. 

The f"ully opt.imized geomet.r-y of" t.he sur-f"ace st.x>uct.ur-e 

HOSiCOSiH
S 
*)S cont.ains: t.he sur-f"aee hydroo><yl gx>oups wit.h t.he 

f"ollowing geomet.r-ie par-amet.er-s, R(OSf) .. 0.20'1 nID, RCOH) .. 

0.104 run, <HOSi .. 104.60 in agr-eement. wit.h t.he e>listing 

expex>iment.al est.imat.es [2S] 

Table 4 cont.ains ca\cul&t.ed elect.x>onic st.r-uct.ur-31 dat.a of" 

t.he model :f"r-al!;ment.s of" t.he s11ica sur-f"ace which be&1's act.ive 

hyd1'o><yl g1'OUpS in cont.N'St. wit.h t.he bulk model. It. was 

obser-ved t.hat. when one of" t.he silicon at.oms t.x>ansf"ol'ms: :f"r-om 

t.he bulk t.o t.he sur-f"ace sit.e it.s char-ge decr-eases. Howevel', 

such changes do not. pr-act.ically e><tend beyond t.he fir-st. 

eoor-dinat.ion spher-e of" silicon because t.he elect.r-onic 

densit.ies on t.he bulk silicon at.oms, t.he bulk oxygen at.oms and 

quasi hyd1'ogen at.oms: r-emain pr-act.ically unchanged in t.he 

bulk and sUI':f"ace clust.ex>s. These dat.a indicat.e t.he 10c31 

chaI'act.e1' of" t.he adsor-pt.ion pr-ocess in silica I!;el. 

But. cer-t.a1nly t.he idea of" modeUnl!; 01' si11ca sUI>1'aces by 

considex·ing only sep&1'able act.ive sit.es 01' small 1'r-agment.s 
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wit.hout. t.aking int.o ... ,ccount. t.he influence of" t.he bulk phase is 

When quasi - hydl'ogens 8l'e used in t.he clust.er- t.o account. 

const.ant. (T",ble 4). This show.. t.he adequacy 01.' t.he 

application of" quasi hydr.ogens t.o .. t.udy t.he sur-f"ace 

The b&nd st.r·uct.ur-e of" t.he model sUI'f"ace 

l/< 
clu .. t.er- HOSi(OSiHg )3 i .... hown in f'i,;. 6. 

Analysis of' MO of" t.h", model f"r-agment. of" silica (f'ig. 6) 

shows t.hat. t.he g£one1'",1 b&nd St.1'l··ct.uI·e i.. not. changed but. many 

levels .az.e spli t. and ax·e r-epr·., s:ent.ed mainly by t.he bulk or-

sur-t'ace silico... and oxygen et.c.ms. ,Ther-e is t.he whole set. of" 

t.he vacant. MO'.. disposed in t.he conduct.ion band &nd mainly 

localized 0)), t.he sm:·:face silicon and hydl'ogen at.oms.The lat-t.er-

t.he f"ol'mat.ion of' weak H comple"es. The silicon at.om is 

considel'ed t.o be a pot.enUal ect.ive sit.e f"OI' chentisor-pt.ion 

t.o molecules, espE!cially small 

nucleophiles (;;;fl. 

It. should be l~ot.ed t.hat. t.he sur-t'ace OH gl'OUpS al'e 

ch81'act.el'ized by subst.antial tonicit.y which is t.he basis t'01' 

t.heir· def'ini toe H bonding abilit.y wit.h t.he silanol gr-oup. 

Howevel', it. is consider."J>lV weak but. mOl'e l'ealist.ic t.han 

t'allows f"room [761. ThIs: discN'p",ncy m,,,y be at. t.r-ibut.ed t.o t.he 

t'ound t.o be Pl'~lct.ic",lly t.r.", g",mE!. 
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4.3. AD::;ORPTION COMPLEXES OF PROPENE WITH SILICA 

A aMol'pt.ion comple"es of pl'opene 

wit.h silica wel'e cor.sid",,'ed, among which only t.he t.wo cius:t.e1's 

discussed in d",t.",il hel'e. 

The most. st.abl", adso1'pt.ion compI",,, of p1'op",n", is t.h", 

a-compl,;,,, which is also t.h", cas:", wit.h t.h", fr-ee hydl'oxid", 

anion [119]. Th", sUI'f"ace hydr-oxyl l~r-oup int.t>r-act.s wit.h t.h", 

p1'op.m", in .. di1'ect.ion per-pendicul.&r- t.o t.h", plane of" t.h", 

opt.imiz",d g",cm",t.r-ic paN"m",t.",r-s ,>.nd t.he st.abilizat.ion ",n"'1'gy 

indicat.", t.h;f,t. t.he sur-f"ace comple" is weak",r· t.han t.h", compI",,, 

of" p1'op",ne , .. lit.h t.he bydl'oxid", a))ion. This is inf""'l'1'",d f"1'om t.he 

longer- dist.;?\nce b"'t. .... een pl'opene and OH-gr-oup as well as: 1'1'om 

t.h", Iowe1' st.abUb,,,t.ion ~ne}'lgy -69.7 kJ 
-1 

mol . This 

COl'l'",sponds t.o t.h" H-bohding ",nel'gy f"l'om t.he INDO m",t.hod which 

Th", next. aMol'pt.ion compl",,, in - o::'der of stabH3. ty is t.he 

classical n-comple" of' t.h", t.ype (1'ig. B). The 

compar-ison b",t.w",,,,n. t.his compl",,, and t.he 1'",lat.",d compI",,, wit.h 

t.he hy&oxfd",-anion sho\'/s t.hat. t.h", sur-1'ace st.:r·uct.Ul'e is m01'e 

st.able, t.hough t.h", st.abilit.y is l",ss t.han t.hat. of" t.h", 

cor'1'",sponding O""sul'f"ac", compI",,, shown in fig. 7. Th", dist.anc", 

b",t.w",,,,n t.h", doubl'" bond and t.h", sUI'i'ac", hy&oxyl g1'OUp shown 
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Fig. 7. tY -adsror·pt.ion comple}! ot: pr-opene wlt.h silica gel. 
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Fig. 8. fT-~dsor.pt.ion complex of' p1'Opel'le wit.h silica gel. 
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in flg. 8 and Lhe value o'r Lhe int.er·act.ion enel:'gy -29.7 

-1 
kJ.mol cleaI'ly indicat.e t.h.. 'ro~·mat.ion o'r a weakly H-bonded 

complex. 

By and lar'ge, t.he sUI''race complexes aI'e mOI'e st.able t.han 

t.he cOl:'l:'esponding complexes wit.h t.he hydJ'oxide ardon and t.heI'e 

aI'e no pI'incipal dl'r'rer-enaes in t.he elect.r-onie dist.x·ibuUon 

upon complex 'roI'maUon. ThUB, it. may be concluded t.hat. t.he 

eonst.r-uoUon o'r elaboI'at.ed models aocount.ing 'rOI' t.he solid 

mat.r-ix may not. be necessaI'y. Never-t.heless, even t.he 'rir-st. 

r-esult.s ment.ioned be'rol'e show t.hat. pr-opeI' consider-at.ion o'r 

t.he solid mat.l:'ix leads t.o mor-e l:'ealist.ic est.inl2lt.es o'r t.he 

eneI'gy and geomet.r-y o'r t.he syst.em. 

Analysis o'r t.he elect.l:'onie st.I'uct.Ul:'e shows t.hat. t.heI'e is a 

elect.x·onic r·edist.I'ibut.ion in pI'opene 

adsor-pt.ion and complex 'roI'mat.ion. The diI'ect.ion o'r elect.I'on 

t.N!lns'rer- and t.he changes o'r elect.x·onie chaX'act.el'ist.ies o'r OR 

gI'OUp aI'e o'r 'rundament.al impoI't.ance. The eor-r-esponding values 

aI'e given in t.able B. A1Wysls o'r ehaI'ges on at.oms and bond 

oI'der-s clear-Iy indicat.es t.hat. t.he dir-ect.ion o'r eleet.I'on 

t.I'ans'reI' is 'rI'om silica t.o t.he pI'opene molecule. HoweveI', t.he 

t.I'ends o'r elect.x·on I'edist.r-ibut.ion .&l:'e not. so unl'roI'm in 

hydJ'oxylat.ed and sur·'race complexes. It. should be not.ed t.hat. 

t.he 'ror-mat.ion o'r t.he a-OH complex leads t.o a decI'ease in t.he 

chaI'ge o'r t.he hydI'ogen at.om while upon pI'opene adsol:'pt.ion t.he 

opposit.e t.I'end is obser-ved. FoI' t.he n-complexes similaI' 

t.r-ends o'r elect.roonic cbal'ge dist.I'ibut.ion aI'e 'round wheI'eas t.he 

bond oI'del:'S show t.he SUl:''race n-complex t.o be st.roongel:' t.han t.he 

o-complex wit.h OH-ardon. 
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Fig. 9. Adsol'pt.ion cr-complex 01.' pl'opene wit.h 

minimum clust.el' 
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In o1'de1' t.o elucidat.e t.hese diU'e1'ences m01'e explicit.y 

t.",bie 5 is: given in a geneNlIlized f'oNn and it. includes all t.he 

quant.wn-chemical l'esult.s on pl'opene and it.s complexes wit.h t.he 

OH-gl'oup and silic", sU1'!'ace. 

Finally, t.he a-complex of' pl'opene t.hr·ough t.he met.hylene 

g1'OUp wit.h t.he minimwn clust.e1', SHOH) 4 (f'ig.9), will be 

bl'ief'ly discussed. Event.hough t.he int.e1'moleculaI' dist.ance is 

'" quit.e t.he same as: in t.he HOSi(OSiHg)S complex (f'ig. 7) t.he 

int.eNlIct.ion ene1'gy in t.he f'ol'mel' case is ovel'est.imat.ed (-67.4 

-1 kJ mol ) and is int.er·mediat.e bet.ween t.hat. of' t.he hyd1'oxylat.ed 

complex (-100.6 kJ 
-1 

mol ) 

-1 kJ mol ). 

and 

In 

t.he complex wit.h 

most. cases t.he elect.I>onic 

chaI'act.el'ist.ics (chaI'ges on at.oms and bond ol'deI>s) &1'e 

int.el'mediat.e bet.ween t.hat. of' t.he hydl'oxylat.ed and sU1'f'ace 

complexes given in t.able 5. Fol' inst.ance t.he ch&1'ge on t.he 

aO(H)OHg c&1'bon at.om in t.he complex of' p1'opene wit.h 

is p1'act.ically t.he same as t.hat. in pl'opene it.self' 

while t.he chaI'ge on t.he sante cal.'bon at.om is 0.146 in t.he 

wlt.h 

complex 

'" HOSiWSiHs)S' 

f'ollow t.he sante t.l'end. 

seems t.o be il'lSuf'f'icient. t.o 

pl'ope1't.ies: of' silica mat.1'ix. 

and 0.002 in t.he complex of' 

And all t.he cha1'act.el'st.ics 

Thus, t.he clust.e1' model, Si(OH) 4' 

give a det.ailed account. of' t.he 

Evident.ly, t.he alust.e1' model HOS1<OSiH:)g appeal's t.o be 

successful in t.he desc1'ipt.ion of' t.he weak adsopt.ion complex of' 

t.he silica sU1'f'ace. 
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R 6 
I 
C­
s 

Table B. Ch ... r-ges on ... t.oms (q) and bond or-der-s <B) in 

pr-opene ;9oIlId it.s complexes wit.t. t.he hyd1'oxyl and 

,qit.h t.he sU1'faoe of sillo .... 

St.r-uot.tll'e ~ ~ ~ q4 % q6 

Pr-opene -0.019 -0.00'1 0.042 0.079 -0.029 -0.017 

c-OR complex -O.OB1 0.169 0.1B2 0.146 -0.080 -0.044 

rr-OR complex -0.029 O.m19 0.067 0.001 -0.096 -0.029 

a-Sur-face complex -0.001 0.0'1,1 0.002 0.07B -0.021 -0.022 

n-Stll'face complex -0.000 0.01)9 0.049 0.066 -0.018 -0.002 

(b) Bond or-der-s 

No B1.2 B23 B34 B4B B96 

1 0.961 1.992 1.076 0.962 0.994 

2 0.948 1.718 1.102 0.947 0.999 

9 0.969 1.976 1.076 0.060 0.092 

4 0.046 1.872 1.099 0.960 0.99B 

!3 0.960 1.999 1.072 0.969 0.999 

(c) Elect.r-on!c ch ... r-... ct.er-ist.ics of OR gr-oup in 

hy<h'oxyt...t.ed complexes ;9oIlId stll'f ... ce OR-gr-oup in 

adsor-pt.!on complex of pr·opene. 

No Type of OR (jr-oup q q B 
0 H OR 

1 Fr-ee OH -0.8B9 -0.147 0.978 

2 c-OH complex -0.749 -0.229 0.7B9 

9 rr-OH complex -0.866 -0.099 0.974 

4 Sur-face OH -OAB9 0.191 0.972 

B Sur-t'",a.ce c-OH complex -0.426 0.18a 0.869 

6 Stll'face rr-OH complex -00461 0.1'19 0.926 
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5. CONCLUSION 

i. Quantum-chemical modeli ... g ot' bulk phas .. s 01' s1lica has 

be .. n pr-oposed. Th.. pr-opos .. d appr·oach is applicabl.. to a 

wid.. r-ange 01' solids in g ..... er-al. Comput .. r- pr-ogr-&n\Eil w .. r-.. 

developed 1'or- pN!lCUCal impl .. me ... tation 01' the modeling 

techniques. 

ter-mination 

by 

The new 

01' the 

quasi-hyd:r·ogen 

modeli"'g 

isolated 

atom",. Det.er-mi ... at.ion 

pr-esupposes 

the 

01' 

solid 

semi-

emph·ical quant.um chemical par·amet.er-s ot' quaai-hydr-og .. ns 

was made on t.h.. basis 01' adequat.e descr-ipt.ion 01' the 

elect.r-onic 

opt.imum 

distr-ibution and ot.h .. r- pecuiar-ities t.he 

01' t.he model 

2. Par-a.'llet.el's 01' quasi hydr-ogens: 1'or- t.he opt.imum st.r-uctur-e 

01' silic& model have been calculat.ed by INDO met.hod 

t.he 01' t.he pr-oposed clust.er-wit.hin 

appr-o&ch. This allow~d not. only t.o pr-esent. cor-r-ect 

descr-iption 01' X-r-ay and phot.oelectr-onic 01' 

silica but also t.o obt.ain good aJ!;r-eement. bet.ween 

calculat.ed values and exper-iment.al dat.a 1'or- ener-gy gaps, 

J!;eometr-ic stl'uctur-es: and electr-onic dist.r-ibut.ions:. 

3. The i ... vestigated clust.el' appr-oach has been 1'ou ... d t.o be 

applicable Cor· the analysis 01' pr-ocesses occur·ifil!: in t.he 

Slur-1'ace layel' of" t.he modeled solid. The J!;eomet.r-ie .and 

eleet.r-onie str·uctur·es ot' t.he hydr-oxylat.ed silica sur-Cace 

wer.e studied. 
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PERSPECTIVES FOR FURTHER STUDY· 

'I'he comput.eI' pl'ogN,m CNINDO wI'it.t.en by J.A. Pop Ie 

et. al [11, was used as a basis for- t.he pl'esent. oaloulat.ions. 

HoweveI', most. of' t.he .u.t.a in t.his t.hesis weI'e geneI'at.ed by a 

subst..ant.1s11y modified pl'ogNIDl called INDQ9a. The modif"ied 

is supplement.ed 

double self"-oons:ist.enay geomet.l'y 

capabilit.y t.he pI'ogI'am 

possibilit.y of.' wor-king in 

by Sar-gent.-MlIDt.agh £1171 

opt.imizat.ion pI'oaedlIDe. The 

by int.I'oduoing t.he 

polaI' and nat.uroal 

aooI'dinat.es, addit.ion of" subr-out.ine", f'OI' t.he mappb~g of" t.he 

elect.I'onio den.s:it.y and elect.I'ost.at.[a pot.ent.ial, t.he densit.ies 

of" elect.I'onic st.at.es in solids, ::lecomposit.ion of" t.he t.ot.al 

eneI'gy int.o one-cent.er- and t.wo·-cent.eI' const.it.uent.s [11131 as 

well .&.6l SOllle ot.he.- sel'vice subI'out.ines and f"inally t.he 

paI'amet.I'izat.ion :fOI' t.,'ansi t.ion met.als based upon a ser-ies o:f 

paper-s by Bohm [2, :ali]. 

The p.'ogr-,amming Job is st.ill in pr-ogr-ess t.o wl'i t.e t.he 

modi:fied pr-ogr-am in a :foI'm oompat.1ble wit.h t.he NCR cent.lIDY 

Full For-t.r-a ... compilel' at. SDDPC o:f AAU .and t.hen t.o use it. :for­

t.he invest.igat.ion of" t.h", cat.alytic behavioU1' of.' t.r-ansit.ion 

met.al salt.s 6luppor-t.ed on t.he sur-:face silica t.owar-de: pr-opene 

oxidat.ion (seleot.ive .and complet.e pat.hways) or- ot.hel' r-eaot.ions 

and sur-:faae complexes. 

Thus, main st.udy 

i. To obt.ain models: o:f t.l'ansi t.ion met.al oxide6l 

by quasi-at.om appr-oach and t.o int.o accow-.t.. 
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"lust.~r- in point. "har-g~ appr-oldmat.ion. To est.ablish s;s ser-ies 

at' "at.alyt.ic: act.ivit.y t'or- simple t.r-ansit.ion m~t. .. l oldd~s 

r-~ls;st.i v~ t.a pr-op~n~ olddat.ion in compar-ison wi t.h t.h~ 

~xp~r-im~nt.al ot' cupr·oUB and 

aobalt.ic-cobalt.aus oxides as a r-~l'er-~nc ... 

2. To design models at' sur-t'ace inuuobillzed 

silicas: 

and t.a 

madU'ied by ch~mts:a1'bf.;d t.1'anslt.ion met.al species 

analyze t.he t.r-ends at' elect.r-onic and ener-gy lev~l 

r-edist.r-ibut.ian 

est.imat.es. To 

light. 

elabar-at.ed 

at' var-ioUB exp&r-iment.al 

models t'or- t.heor-et.lcal 

st.udies ot' adsor-pt.iol"l complexes ot' pr·apene [120] and t.o 

make pr-edict.ian ot' t.he r-eaat.ion ot' pr-open& 

olddat.ion and t.o s:~t. cr-It.er-ia t'or· t.he s~lect.ivit.y ot' pr-apene 

olddat.ion by st.udying t.he elect.r-oni" char·act.er-st.ias in t.he 

llillft.ing and adsor-bed st.:r-uct.ur-es. 
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APPENDIX A. THE SCHROEDINGER EQUATION AND APPROXIMATION 

METHODS FOR MANY ELECTRON SYSTEMS 

Foro a syst.em consisting of" N nuclei 8nd n elect.roons t.he 

Schr-Bdingel' equat.ion is: a f"unct.ion of" t.he coorodin.at.es of" t.he 

N+n pal,t.icles [1]. 

(A.i) 

wheroe 
~ ~ 

H ... H (1,2, ... ,Nli,2, ... ,n) 

'I' .. '1'(1,2 , ... ,N;i,2 , ... ,n) 

E ... Const.lSInt. 

The t.ot.al hamilt.onian could be brooker. down b~t.o t.hroee 

compOl~ent.s: 

" ;. " 
H ... + He + HeN (A.2) 

The explicit. exproession in a.u. f"or· each of" t.he t.eroms on t.he 

roight. h8nd aide of" (A.2) aroe given by 

N n ... 
l 

A 

, He .. ~ h(P) + l ~(p,q), ... l ~(A,B) HN .. hCA) HeN .. 
A p<q A<B 

wheroe 

A _ -1 2 " -1 
h(A) .. -1/;tMA 'il A' g(A<B) .. ZAZB RAB 

h(P) .. -V2'ilp2 ~ ZAroA~l, ~cp,q) .. rop~1 

'il .. <8/lhl, 8/8y, 8/82)1 'il 2 III 'il.'il .. (8
2
/lhl

2
, 8 2 ,.18y2, 8 2/82 ) 

A 

The exist.ence ot' t.he int.eronuclelSlr· dist.ance RAB in H makes 

it. dif"1'icult. t.o obt.ain t.he exact. solution of" (A.i) by t.he 

seplSIrolSlt.ion 01' var-iables t.echnique but. a r·educt.ion in t.he t.ot.al 

hamUt.onian is made by t.he use 01' t.he B01'r.-Oppenheimero 

apPl'ommation [2], W)del' which (A.2) yields 

II + CA.:'» 
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Thi .. give.. t.he possibilit.y t.o separ-at.e t.he t.ot.al waVe :(unct.ion 

int.o t.he nuclc.;"'l' >:>nel elect.r·onic t'ul)ct.ion61. Accol'dingly, t.he 

t.ot. ... l enel'gy is given by 

E .. Eel + A& ZAZa RA~1 (AA) 

The BOl'n-Oppenheimer' ",ppl'oximat.ion st. ... t.e.. t.hat. t.he mot.ion 

0:( t.he elect.l'ons i.. ..0 I'apid t.hat. t.hey can inst. ... nt.eneou .. ly 

... dJu .. t. t.heil' posit.ions 

event.ually le ... ds t.o t.he 

kinet.ic ener·gy opeN"t.OI' 

t.o t.he slow nucle ... 1' mot.ion which 

neglect. 0:( 

of t.he 

t.he t.el'm cont.aining t.he 

nuclei :(I'om t.he t.ot.al 

h ... milt.oni ... n t.hel'eby giving t.he posp.ibilit.y t.o wr-it.e t.he t.ot.al 

wave :(unct.ion ... s t.he pr.oduct. 0:( t.he nucle..... ...nd elect.x·oluc 

wave :(ul)ct.ions:. Thel'e:(ox·e, a Schl'~dingel' equaUon analol:;ous t.o 

A.j c ... n be set. up :(01' elect.l'onic mot.ion wheroein t.he 

enerogy 0:( t.he syst.em will be expl'<, .. sed by (A.4). 

Even .. o, t.he soluUol) ot' t.he r·e .. ult.h)1:; equaUon roequiroes t.he 

int.rooduct.ion ot' some sor·t. o:f "'ppl'o,dmat.ions due t.o t.he 

pI'esence 01: t.1'.e int..s>I·elect.I'onic .. epar .... t.ions I' . 
pq 

Some ():( t.he best. ... ppr·oximat.ions ar-e obt.ained by t.he 

so-called sap pI'oceduroes 01' H&l't.r·ee-Pock met.hods: which aI'e 

bI'oadiy subdivided int.o t.wo. In t.he oI'bit.alapPI'oximaUon an 

ant.isynmlet.l,J,zecl t.ot..al <'!lect.roordc wave t'unct.iol) i.. apPI'oximat.ed 

by t.he lineal' combinat.ion 0:( one-elect.l'on wave :(unct.ions 

(H ..... t.l'ee pl'oduct.) I'IMch :(01' a closed .. hell syst.em is wI'it.t.en 

in a comp ... ct. {'OI'Ill as: t.he Slat.eI' det.eI'minant.. 

... (A.B) 

.. 'P (, 

In. mOI'e genel'al approoach IUult.i-con:figuroat.ional SCF oro 

int..n'aat.im... (aD i.. applied wheI'e t.he wave 

Wl'i t. t.en as a linear- combinat.ion 0:( t.he Slat.eI' 

con:figuI'at.f.on 

:(m'lct.ion i .. 

det.erominant.s. 

(A.6) 

. , 
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Ii:valuat.ion 

(coet't'ldent.s) 

t.he ener-tl:y and opt.imum paroanu;;t.eros 

bused upon t.he var-iat.ion t.heor-em 

mat.hemaUcall y @t.at.ed as 

E .. fVJI!< H 1{' ciT 

fVJ>ltVJ ciT 
(A.7) 

In Ell"1 alt.er-nat.ive approoach SOF LOAO ,;:cheme is used t.o 

const.rouct. molecular· wave i'unct.lons. 

... (A.S) 

AppllcaUon 6 f t.\',,,, v.s.roiat.ion met.hod t.o LOAO leads: t.o 

Harot.roee-Fock-Root.h",·"n equat.ions w',uch emeroge as a roesult. ot' 

cerot.ain simr>u:fying a6lsumpUons in t.he ,;:ecularo det.erominant. 

obt.ained fr-om t.h" ;'!quat.ions. The harot.r-ee-Fock 

(A.9) 

wheroeas t.he Roc>t.haa'· • ..,quat.ion,;: cona:t.it.ut.e algebroaic equat.ions. 

)' (F - ';'18 )c i "'); Det.(F - ..,8) 
(;J J-lv J-lv v 

F 
J-lv 

G 
J-lv 

.. 

.. 
H 

J-lv 
+ 

fP <.J -Ct ACt J-lVACt 

H 
J-l' 

.. 
1/~·; A) 

J-lv Ct 

.. O . 

J J-lVACt If¢ (1)¢ (i) 
1 

¢A(2)¢Ct(2)dT1dT
2 

.. 
• J-l v l' 

·2 

ff~>\J-l(i)¢A (n 
< 

K .. .....:. - 1> (2)1> (2)dT 1dT 2 
!JVACt 1.-1) 0 

)~ 

J and K coulomb and 

roea:pecUv/Oly, and P is t.he. Jenslt.y mat.r-ix. 

(A.fO) 

exchange 
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Solut.ion of" t.h", Root.h",an "'quat.ion r.",quir-<.s an bit ti .. l guess 

at the f"ol'm of" th", mol",culaI' oI'hitam l",ading to th.. f'ollo\'ling 

SOF ",oh",m ... 

In th.. solution of" (A.iO) hy non-",mpiI'ical m .. thods, the b.esis 

f"wictions (AO) al''' giv .. n in conv .. ni .. nt analytical f"or·ms in 

t"I'nl6l of" STOs. 

D nl 
.. 

... 

.. 
[ 

21+i 
2nD 

m 

{ ~ m"'O 

m,",O 

n n-i -(r' (2{) I' .. Y
1 

(& . .p) 
m 

(l-Im~ 
(1+ mp! p 1m I (cos&) 

(A.if) 

mZO 
m<O (A.f2) 

{

cosm.p 

sinm.p 

wheI''' n is the ef"f"ect.ive pI'incipal quantum numbeI', I( is the 

SlateI' exponent .. valauted by the well known SlateI' I'ules and 

1m I PI is the associated LegendI'''' polynomial [11. 

The main f""'.&tur-",s of" STOs al'''' th.&t th",y le.&d t.o 

non-degenel'.&te set.s of" eneI'gy st..&tes and al'e not OI'thogonal .&t. 

all but. t.hey can ",e.&dily be oI'thogon.&Uzed by val'ious met.hods. 

Othel' olasses ot' oonvenient analytical f"unctfons include OFs 

which hav.. ..ssenetially th.. s .. me f"oI'm as: STOs exoept t.hat. t.h .. 

.. xpon .. nt.ial Pal't. is a quadl'at.ic f"unot.ion of" .... GFs a ..... 

chaI'act. ..... ized by t'a.st. conVeI'g .. lice .. nd m .. ny of" t.he int."gI'.als 

involvong OFs ..... e .. asily evaluat.ed. 

(A.iS) 

Sometimes, a gl'OUp ot' STOs al'e "ppI'oximat.ed by LOGP a.s 

x .. (A:14) 
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The f'ollowilill;' liot.aUons: ax·e widely us:ed in t.he lit.eroat.uN' [3]. 

STO-NG (STO-3G oro STO-4G) 

STO-NG-KLG (STO-4-310) 

STO-NG-KLMO (STO-6-3110) 

STO-NG-KLMO* (STO-6-31W*) et.c. 

wheroe STO in a ll;'iven gx·oup is approoximat.ed by t.he indicat.ed 

GFs. 

The oomput.aUOlial dif'f'ioulUes impose severoe limit.at.ions on 

t.he roan!!;e of' appUoabUit.y of' non-empiroical met.hods to Jarol);'" 

mol",cularo systems. t.he ot.hex· hand, semi-empiroical 

approo>dmat.ions 

prooduce f'airoly 

use simple comput..at.ional schemes and yet. 

.accuro.at.e roesult.s and !!;ive good cororo",l.at.lons 

bet.ween t.heox·et.io .. l .and e><peroiment.al l'esult.s. 

In the SOIUUOli of' t.he Root.haan equ.at.ions wroit.t.en in t.he 

m .. t.roh.: f'01'm as HC .. SCE, t.he m.at.rob.: element. .. &>.'e obt..ained in 

t.he f'ollowin!!; ways by a semi-empil'ical .. cheme known .. s met.hod 

of' complet.e ovel'lap. H aroe est.im.at.ed f'r·om I . 
~~ ~ 

E><proessions f'oro t.he of'f'-diagonal element.s .. roe !!;iven by 

(D H '" k/'HH + H )S (A.15) 
~v ~~ vv ~v 

(Wol:fsberog-Helmhol t.z vel'sioli) 

(ii) H .. kS (A.16) 
~v ~v 

(Lon!!;uet.- Hi ggi ns-Roberots vex·sion) 

(11i) H .. k(H H )1.."2S (A.i'?) 
~v ~~ vv ~v 

(Ballhaunsen-Oro",y vel'sion) 

(iv) H III 1/2 (H + H )1/2S .(2-1 S,," I) 
~v ~~ vv ~v ,..~ 

(A.iS) 

(Cus .. o!is' verosion) 

ZDO is anot.hero widely used semimempiroic .. l scheme based upon 

t.he approoximat.lon .. : 

S III 
~v 

c5 • 
~v' 

iii 

wheroe 6 is t.he Krooneckero delt. ... 
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VaI'iow;: vel'sions: of" 2DO al'e known. In CNDO t.he mat.l'lx 

eiemel't.s: of t.h", Root.trnan equat.ions ar·.. est.imat. .. d by 

Th",n 

'" 

.. 

t.o achi .. v .. 

.. 
-1/2(1 

I-' 

comput.at.ional simplicit.y 

(CNDO/i) 

o 
~AB .. 

(CNDO/2) 

+ 

and f"Ul't.her.mol'e, in CNDO/2 V AB is pal'am .. t.l'ized as 

.. 

(A.tO) 

t.h .. f"allowing 

(A.20) 

(A.2D 

(A.22) 

(A.23) 

Evaluation of" on .. -c .. "t.",l' and t.wo-cent.el' int.egl'&i6l aI'e b&6led on 

.. (A.24) 

(Pal'isal'-Pal'l' appl'oximat.ia,,) 

iii (A.26) 

(Mat.aga-N i shomot.o l'e 1 at.i on) 

01' 

.. (A.26) 

(Ohno l'elat.ion) 

In INDO olle-cent.el' int.egl'als l'et.ained, i.e., 

(I-'AVAIAACI'A) 
l' .. spects. A 

all 

P' O. Henc .. INDO is sup"l'lol:' to CNDO in many 

vel'sion 2DO so-called NDDO is ev .. " less 

appl'oximat.e and l' .. tah .... all one-cnetel' and two-c .. nt.el' 
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o. INDO is idenUcal to CNDO 

in two-center' par·ts and NI)I)O in orte-centel' Pal't.s. 

21)0 apPl'oximat.iort makes it possible to i:lecompose t.he t.ot. ... l 

E!>rtE!>l'I!;Y int.o one-cent.E!>l' ... nd t.wo-cent.el' cont.l'ibut.ionB. 

... + (A.;Z7) 

al)d the t.wo-centE!>r· pal't 1s t'tII'thel' bl'oken down into t.wo 

componE!>nt.s. 

.. E cov 
AB + E el 

AB 

whel'E!> t.he elE!>ct.r·ostatic <lind cov<lI1ent. tE!>r'ms <lIl'E!> givE!>n by 

E el 
AB 

.. 
.. + 

.. 

(2B - qB)qA] r AB 

6 Bp 1-11-1 

1/:!! r AB 

+ 

(A.SO) 

The H<lIl't.1'ee-Fock-Rootha<lln E!>quaUons .&l'E!> gl'E!>at.1y s1mpl1t'ied in 

t.he CNDO/;Z ver·s:ion ot' the Pople appl'o"imat.ion. Thus, t.he 

mat.1'I" elements in t.he equat.ion '\' F c 
L. 1-1'" ",i 

.. become 

F .. H - i/;ZPI-1I-1'I-1I-1!I-1I-1) + k PAA(I-1I-1!AA) 1-11-1 1-11-1 
(A.SD 

F .. H -i/:!!P (1-11-1!"'''') 
1-1'" 1-1'" 1-1'" 

(A.S;Z) 

n 

EE!>l III ;Z2 Hii + ~ (Jij Kil-1j'" ) 
i 1-1'" 

(A.SS) 

01' 
aCQ 

EE!>l .. f Ei + 2 P H 
1-1'" 1-1'" 

(A.S4) 
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Mulliken- Ruldenbel'g '&ppl'oximat-!cm is used t-o make fUI't-hel' 

... educt.ion of t.wo-cent-e.' Int.eg""I", as follows. 

(A.SEI) 

FOl' inst.ance, 

(A.S6) 

POl'le-Sevel'idge-Dobosh appr-ollimat.ion is lISed t.o est.imat.e r AS 

s-t'unct.ions, i.e., and t.he cor-I'esponding 

quant.Wl1 l).wnbeNll. 

... (nS nS ImS mS ) 
A A B B 

(A.S7) 

Ther-et'ol'e, r AB 1'01' G: a.~d p or-bit.als could be evaluat.ed .as 

... .. x, y, z . (A.SS) 

i. J.A. Pople and D.L. Beve ... idge, Appl'oximat.e Moleculal' 

Ol'btt.al Met.hod, McGl'aw-HUI, N.Y., 1970. 

2. R. Mcweeny and B.T. Sut.clift'e, Met.hods of' Moleculal' 

Quant.um Mechanics, Vol. 2, Academic Pl'ess, London, 1969. 

S. J.P. Lowe, Quant.um Chemist.r'y, Academic P ... ess, N.Y., 1978. 
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APPENDIX B. DIFFERENCE EQUA nONS 

Numel'ical solution of' a dif'f'eNmUal equaUon is usually 

obt.atned by t.he diffel'ence schem; which is based upon t.he 

t.l'ansf'ol'mat.ion 

appl'o>dmat.ing 

ot' t.he dtf'fel'enUal equat.ion int.o 

[11. Event.ually, 

t.he 

t.he 

comput.el' plays: a vel'y vit.al l'ole in t.he solution of' t.he 

dtt'f'el'ence equation by an it.el'at.lve pl'ocess. The diH'el'ence 

scheme Is p&l't.iculal'ly tmpol't.ant. t'oX' t.he det.eNnlnat.ion of' 

opUmum 

dif'1'el'enoe equo3lt.ions is given elsewhel'e [2 - 4]. 

A dif'f'el'enoe equat.ion [6] I.. an equaUon which involves an 

val'iahle, dependent. var·iable and 

dif't'ex·ences: ot' t.he dependent. val'iahle. A dlff'el'ence equat.lon 

of' ol'del' n Is wl'lt.t.en as.: 

(B.1) 

wheX'e F ts: a known tUncUon and f(x) :\s an' w-.known fw~cUon 

and M(x) III 1'(x+1) - f'(x). The dif'1'el'ence equat.ton [6] 1'oX' 

a fh'st. ol'del' dit't'eNmUal equat.lon could be der·ived as 

f'ollows. Fox< a gt ven f'tl'st. Ol'del' dlf't'e.'ent.lal equat.lon 

y' .. F(x,y) 

Y III 1'(x) 

such t.hat. Yo ... 

1'01' n .. 0, 1,2, 

dif'1'el'enUal equation 

equation (B.4). 

(B.2) 

(B.9) 

Let. x O' Xi' x2 ' ... be equally 

X so t.hat. x 1 - x .. h, a const.ant. y,+ n 
Hence, In place of' t.he given 

(B.1), we deal wlt.h t.he dtt't'el'ence 
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Yra+1 - Yra 
.. F(x,y) 

h 

01' 

y'-.H 
III Yn + hF(x ,y ) ... 

Yt-. + y'h n n n 
(BA) 

One t'ah'ly obvious way t.o pl'oceed would be t.o choose a 

small value 01' hand 

comput.ed; wit.h n .. 1. 

and so on unt.il t.he 

wit.h n III o 
II 

appr-oximat.ion 

cOl'l'esponding t.o x ... "N is: obt.a1ned. 

.. + is 

hF(x1'Yt) is comput.ed; 

1'01' t.he value 01' y 

The Taylol' sel'ies expansion 1'01' t.he unknown :funct.ion 1'(x) 

is pO\</el's at' x - x is wl'it.t.en as, 
n 

:f(x) III 1'(,.) + 1"(x )(,.-x ) + 1" 1 (>< )(x->< )2 + ... 
1'" n h n 1"1 

Let. x .. so t.hat. ,.-x 
n 

21 

'" >< ->< 
n+1 n 

y ... 1'(x ) 1'01' convenience, we t.hen have n n 

.. Y + y'h + Y"h
2 

+ n n n 
21 

y" 
n 

3T 

+ 

.. 
(B.5) 

h; also using 

(B.6) 

Compal'ing (BA) and (B.6) we see t.hat. t.he el'l'OI' int.l'oduced by 

1.he dl:f1'el'ence equat.ion (BA) is due t.o dl'opping ot' t.t.e 1.el'ms 
2 

travoivh-.g h and higher- power-s 01' h. We say t.hat. t.he e1'I'Ol' 
2 hwoived is 01' 1.h.. o ... d..... 01' h . 

The e1't'iciency 01' t.he met.hod could be impl'oved by let.t.1ng 

x .. xn _1. In (B.B) so t.hat. 

x -:Ii iii X - X III -h. 
n ra-1 ra 

Th .. n 

• y - y' h + y" n n n 
2! 

y'" + ... 
n 

3T 

(B.6' ) 
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.. y +2y'h+ y'''+ ... 
n-1 I) n 

3!" 

Accor>dingly, \>fe may use, il"lSt.ead ot' (1'1.4) t.he N.lat.ion 

.. + 2y'h 
l~ 

(8.7) 

(1'1.8) 

Th"n, t.h" "l'l·-or- will hI> of' t.he o ... dl>r> h 
3

, which, f'o... h 

sut'f'ici".nt.ly small may be e"pect.ed t.o he less t.hru~ when t.he h 
2 

t.e ... m is neglect.ed. Since y r,-i appeal's in (8.8) t.his f'or>mula 

f'h'st. gives f'o ... n ... i Y2" Yo + 2yih. Accor-dingly, Yiand 

yi must. be comput.ed by ot.he... means t.o get, st. .... 't.ed by t.he 

it.e ... at.ion pl'oces:s. To he cons:ist..s;nt. wit.h t.he wish t.o I~egl"'ct. 

only t.er-Ills involving t.hi ... d ru)d high.s;... power-s of' h, t.he t'h'st. 

t.h ... e.s; t..s;l'ms: of' (B.li) may b.s; used in t.he comput.at.ion ot' Y 1) 

t.hat, is, 

.. 
is calculat.ed. 

The valu.s;,;: ot' "0 and Yo being given, YO 

evaluat.ed f'r-om t.he given dif'f'e ... ent.ial equat.ion 

Yo' t'r-om t.he r-esult. of' dlf't'.s; ... .s;nt.iaUng (1'1.2). 

y" '" bF y' 
by 

+ 

(1'1.0) 

.. F("o'YO) is: 

(1'1.2) and t.hen 

(9.iO) 

wher>ein we put. " .. 

The met.hod t.he ... ef'ol'e 

"0' Y .. YO' y' .. YO· 

involves t.he f'ollowing s:uccessiv.s; st.eps. 

t.o 1. Use t.he giv"." din'er-enUal equat.ion (1'1.2) get. 

yo .. F("O'YO) and (9.10) t.o comput.e YO'· 

2. Using YO' YO and YO' t.og".t.h".l' wit.h a chos".n value ot' h, 

f'ind y 1 t'r-Olll (1'1.0). Wit.h "i .. "0 + h and y l' calculat.e yi 
f'r-Oll\ (1'1.2). 

3. Fr-om t'o ... mula (1'1.8) get. Y2 

f'ind Y2 t' ... om (fI.:.n. 

.. 
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4. Repeat. st.ep 3 f'01' Y3 and Y3' 

a", many ",t.ages "'''' r·,;,quil'ed. 

Y 4 and y,i and so on, t.hl'ou~h 

1 
In d,;,,,l1ng wit.h f'uncUon", of' s,;,v';'l'al ,'ar-tables, t.h,;, 

I'unct.ion U(x,y,z) ~/ill have opt.imum values (maxima o~' minima) 

wit.h r·espect. t.o all t.he t.hr·ee var·iables x, y, z if' t.he 

I'ollowing conditions ar·e f'ult'illed. 

U(x,y,z) III F(x,y,z) .. 0 

U(x,y,z) .. F(x,y,z) .. 0 

U(x,y,z) .. F(x,y,z) .. 0 

(RtD 

(B.t2) 

(B.t:n 

U .. 
.)t 

au 
aeA 

.. x, y, z) and U "'hall have t.he 

valueUo when '" .. "'0' y .. z .. Then by t.he sanle 

al'guement."" equat.ions analo~oUE;: t.o equat.ions (SA) and (B.a) 

can be d';'l'ived f'or· ,;,aoh of' t.he par·t.ial d,;,r·ivative", U , U, U 
x y z 

t.o ",olve f'01' t.he opt.imum (exf.r·emum) values: U(x,y,z) [6]. 

In t.he optimizat.ion at' t.he INDO par·amet.el'''' 

ctuasi-hydl'ogen at.oms: by t.he dif't'e"ence scheme, t.he "al'iable", 

x, y, z in (RID (B.tS) 

(eqn",. 2.62 and 2.6:'1), 

l'eplaced 
.0 ( 
r~H. eqn. 

or· 2.S1\), r·e"'pect.ively, in equat.ion (4.:l). 

by 

2.66) and 
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APPENDIX C. POTENTIAL ENERGY SURFACES AND OPTIMAL GEOMETRIC 

STRUCTURES OF MOLECULAR SYSTEMS. 

C.1. GENERAL CHARACTERISTICS OF 

MINIMIZATION METHODS. 

Pot, .. nUal ~n~I'gy of' a syst.~m is a f'uncUon of' (SN-6) 

aool"dinat.es: , Minimiz.e.t.ion pr-obl~ms 

g~n~r-.e.lly call~d opt.imiz.e.t.ion p1'obl~ms [1]. 

The pI'oblem minimizat.ion 

{"Ii} such t.hat. 

involves COI"lSt.I'uct.ion ot: 

a sequence of' point.s i min min q --> q ,wh~r-e q is 

t.h~ point., in which minimum ot: t.he given t:uncUon is 

achi",ved. Th~ majoI'tt.y of· algoI'it.hm.. 1'01' t.he const.I'uct.lon ot' 

t.he minimizing sur-t:ace aI'e subdivided int.o t.wo gI'OUps: di1'ect. 

seaI'ch m~t.hods: and met.hods using deI'ivat.ives. Subst.ant.ial 

ot: met.hods is based on subseuqent. det.er-minat.ion ot: 
-> di1'ect.ion 61 and t.he st.ep >- of" descent. so t.hat. t.he 

it.~I'at.ion st.ep may be pI'esent.~d AGl 

->1 
"I .. ->1-:1 

q + 
i ->1 >- s 

->1 
wh~r-~ s is nOI'nlalized 

Th", value 

minimizat.ion ot' the 

vect.or-, Ai > O. 

of't.en det.eI'nrln~d 

t:unct.ion along t.h~ 

(C.l) 

by condition 

dil;ect.lon of· 

ot: 
-> s. 

TheI'ef'oI'e ess~nt.ial P&l't. ot: many algo1;it.hms is one-dimensional 

mil~imizaUon of' the i'unct.ion. 

Ef·t:iciency of· algor-ithms ot' nrlnimization is ol'ten estimated 

q> i is said t.o by t.he l'at.~ of' COl~VeI'gence. The sequ~nce 

-}min 
convel'ge t.o q linear-Iy it: t.he sequence ot: dist.ances 

-}i ->nrln 
I 1"1 -"I I I decl'eases as geomet.l'lc pl'ogI'ession, i.e. 

I I q}i+:1 - q>nrln I I 5 j I I <j}i - q}min I I, 0 < j < :1 (C.2) 

-}i 
It: t.he sequence q decl'eases t:ast.er- so t.hat. t.h~ est.imat.e 

Ilq}i+:1 - q}min II < cllq}i - q>minllk, c } 0, k > 1 (C.3) 

is t.1'ue, then this implies hypel'linear' conver-gel)Ce (quad!'atic 

conveI'gence in t.he CAGle k .. ::n. 
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If' a f'unct.ion U iii: dif'f'.n'ent.iable and if' i t.s g ... adient. is 

known 

d . d[ d] " .. (C.4) 

t.hen at. least. in a 

along t.he di ... ect.ion 

p ... o>limit.y 
-> 

of' a point. f'unct.ion U dec ... e""",es 

60 , if' 

;,,>. d> < 0 

-> 
60 

-> 
60 

11~ pal't.icular. a f'unct.ion dec ... eases in t.he di ... ect.ion 

.. -> -> -d / I I d I I ",nd in gene1'.al in ... ny di1'ect.ion 

.. -Ad> /IIAd>11 

whe ... e A is ... n a...bit. ... .u'y posit.ively det.e ... mined mat.r·be. 

(C.5) 

(C.6) 

The p ... oblem 01' 

wit.h t.he p1'oblem 

equ.;st.ions 

se ..... ch of' st.at.iona ... y poil~t.s is connect.ed 

of' solut.ion of' t.he syst.em 01' non-linea ... 

III o 

Let. in p ... o>limit.y of' a point. 

"'pp ... o>limat.ed qu.;sdr·at.ic.ally. 

->0 
q 

(C.7) 

U«(?) .. UO + (cl q>o)do + V2(q> - q>o)(Jo(c/ - q» (C.S) 

Condit.ions of' ext.r·emum (C.'7) ... educe t.o lineal'ized equ&t.ions! 

.. o (C.O) 

be 

o 0 -1 
(J is known ...... d it.". inve1'se «(I) could b.. :found, 

q>ex (C.O) may b", det.e ... min .. d f'oro one gt.ep! 

-> -> .. x ->0 (~o.,-1do 
... III q -"I .. ,,~ CCLtO) 

Since equat.iong (C.S) and a...e app ... o>lim",t.e, (C.10) gives only 

app ... o>lim",t.e v",lue of' ext. ... emwn. The it.e ... ",t.ion p ... ocess f'o ... which 

one st.ep ig det.el'mined 

met.hod. If' f'unot.ion UCq» 

by (C.W) is oalled Newt.on-Rart.son 

".",t.isf'ies d."f'ini t.." oondi t.ions. 

oOl~ve ... genoe t.o minimum of' N."wt.on-R",f't.son met.hod is quadN,.t.io. 

This met.hod is cl~&ot.el'ized by I'ast.est. oonv'H'genoe but. 

n."c."sgit.y ot' c",lcuIat.ion of' bot.h g ... ",dient. ",nd Hessian mat. ... ix 

mak."s it.s applicat.ion in quant.um chemist.r.y dtf·Ucult.. 
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c·2· ONE-DIMENSIONAL OPTIMIZATION 

Pr-intal'Uy it is uset'ul t.o 10caUze a mirdnuun avel' some 

segment. 0 < A < 1. The simplest pl'ocedur-e us:es division ot' t.he 

segment. into 

t'(o) < t'(1), t.hel~ comp.&1'ing t.he values ot' t.he t'uncUon at t.he 

point.s AI and A2 it. is possible to d<'>Cl'ease 

which Am n is localized, 

the int.er-val in 

o < A
min < A2 

A < A nun < 1 
1 - -

if" HA;il) > HA
1

) 

if" t'(At ) > t'(;"'2) 

<O.1f) 

The most. et'f"ectlve pr-ocedul'e is division of" a segment 

acco:l'ding t.o "gold sect.iol~" l'ule, i.e., 

A1 .. 1"1 = 

A2 .. 1"2 = <-f6:' - f)/2 

... = 

'" = 

0.S9 (0.12) 

0.62 

Since 1"1 
2 .. 1"2 , 

a segment., Ol~e of' 
1"1 + "'2 

t.he point.s 

.. 1 .• 

f'or-

in subsequent. division of" 

which the value of" t.he 

f"unct.ion was: calculat.ed at it.el'at.ion, sat.ist'ies 

condiUon ((:'1:'1>, so that at each step of" the next. iter·ation 

calculation of t.he funcUon iii one new point is needed. 

The number- of calculation ot' t.he f"unction is connect.ed wit.h 
min 

t.he accur.acy ot' A 

In quantum-chemical pr-oblems it. is pl'ef"er-able to use 

met.hods: based on int.er-polation by polynonual of" low degr-ee, 

par-t.tcular·ly on quadr-atic or- cubic inter·polat.ion [2 

only t.he values of funct.ion known, 

4]. If" 

quadr-aUc 

inter-polat.ion over· twee points: is us:ed. If" twee point.s, 

a,b,c ar-e given and t.he values at' t.he funct.ion in t.hese point.s 

ar-e f" ,fb,t' t.hen t.he minimt.Un of a pa:t'abola passing t.wough 
a c 

;:,:min .. 1/2 

2- 2) :2:2 2 2 
(b a f" +(c -a )t'b+(.a -n )1' 

a a (C.tS) 

(b-c)t'a+ (c-.a)f"b+ (a-b)f
c 

It'd ... ,! vat.i v .. s .a:l'e known it. is possibl.. to aonst.r-uct. a 

t.angent. pa:l'abola. In t.his case it is necessar-y t.o know t.he 

value of" t.he f"unct.ion .at. t.wa point.s and it.s del'ivaUve at. one 



111 

point., but. it. is possible t.o use cubic int.er-po}at.ion over- t.he 

values o:f t.he :funct.ion and it.s del'ivat.ive at. t.wo point.s. Then 

i:f :f a,ga' and t'b,gb al'e r'espect.lveiy t.he values 01' t.he 

:function .and it.s del'ivat.ive at. t.he point.s a and b (a < b), 

t.hen appl'o:l<imat.e value of· t.he minimum 01' t.he :funct.ion is 

det.el'mined ;;'ccol'ding t.o 

>:: min 
III 

wher·e 

g 
b 

g 
b 

+ W + z 

g + 2w 
a 

z .. 

] (b - a) 

:H:f - l' ) 
a b 

b - a 

c.3· MANY-DIMENSIONAL OPTIMIZATION 

(0.:14) 

The simplest. met.hods o:f sear-ch sr·e based on t.he de:fin!t.e 

01' subsequent. out. o:f point.s in 

mult.idimensional space. Thus.> in Hook-Jeaves met.hod :fin! t.e 

i t.el'at.ion and i:f t.he :funct.ion dec1'eases a new value o:f t.he 

coorodinat.e is used inst.ead o:f t.he old one. alt.eronaUvely, t.he 

st.ep OV~I" t.he given coor-dinat.e is made in t.he opposit.e 

dh'ect.ian. Then :ful't.hero t.r·EC"at.ment. o:f ot.hero coarodinates is 

made. A:ft.el' sal't.ing aut. all t.he caol'dinat.es t.he ne,,<t. i t.er-ation 

is :ful:filled unless all the old values ar-e kept. unchanged. 

This method appear-s to be quite simple :fal' proogl'amming but. 

canverogence is quit.e slow. 

The simplest. met.had a:f movement. along diroectians is cyclic 

caarodinat.e descent.. Sequence a:f one-dimensional minimizat.ions 

is t'ul:filled along each a:f t.he caol'dinat.es In t.uron. The 

proocess is I'epeat.ed cyclically unless t.he minimum is achieved 

overo all the caol'dinat.es slmult.aneausly. This met.had has slow 

canver·gence but. may be .. :f:feetive i:f generoallzed caar-dinat.es 

aroe success:fully chasen. 
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Consid",,' a sel'ies of met.hods based on del'ivat.i\Tes. 

In t.he met.hod of fast.est. descent. it. is assumed t.hat. 

;;? i .. _d->i (c.1f;) 

I.e. in (C.6) A ... 1. Thest.ep along t.he dil'ecUon mass be 

chasen in diff"er·ent. ways. It. is possibl .. t.o use 

one-dim .. n"donal minimizat.Ion, i.e. ,i ,mil),! H 
A lilA • owe-vera even t.h .. 

const.ant. st.ep gU&l'ant.e.... convel'g .. nce if" inequalit.y O<A<2/M is 

sat.i .. t'ied, whel'e M is t.he gl'eat.est. eigenvalue of" Hessian. 

If" dist.ance t.wo A '" 

CC.16) 

t.hen t.he map q int.r·oduces a met.l'io in I(R) [6]. In ot.hel' 

wOl'ds, a met.rdc Is a dIst.ance f"unct.ion which :fulf"ills cel,t.ain 

l'equlN,,,ment.s [7]. The most. .. I'f"ect.ive pl'ocedUl'es used f"01' 

I'unct.ion mihimizat.icn const.it.ut.e a gr·oup of" so called \Tal'iable 

met.l'ic met.hods [8, 9] wtdch al'e it.el'at.ive met.hods usIng t.he 

st.eepest. descent. in t.he t'i1'St. st.ep. 

Nowadays t.he met.hod of va"iable met.l'ics by 

Davidon-Flet.chel'-Powell is t.he most. popuw' appl'oach. Alt.hough 

t.his met.hod demal)ds mOl'e comput.el' memol'Y it. I .. mOl'e eff .. ct.ive. 

It. is not. necessar·y t.o det.e.'mine t.he st.ep nom condit.iorl of" 

t.he minimum of" a f"unoUon &long a given dil'ecUon and it. may 

be even chosen as const.ant. value. Th.. dil'ect.Ion of" descent. is 

det.el'mined "ocol'ding t.o (C.6), 

.. ach it."l'aUon st. .. p. In 

inIt.ial appI'oximat.ion t .. 

posIt.ively det.el'min .. d, usually A 
a 

sk .. -A k-1dk-\ X k .. A mtn,k, 

Ak ... Ak- t + [Aqk _ Ak- 1Adk ] 

t.he A mat.rdx being sp .. cit'ied 

t.h.. b"ginnil)g of t.he p,'ocesS 

<,q>o ,A 0). The mat.I'Ix A °must. be 

.. 1. At. t.he k-t.h st.ep 

(C.t7) 

whel'e 
k Aq .. k k-t 

q - q , ... k k-t 
d -d , 
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+ 

aa Is di ... ect. vect.o ... pI'oduct., 
+ -

.... is scala... p ... oduct.. 

The sequenet> 01' dh·t>et.ions appear·s t.o be conjugat.e ir. t.he 

case o:f posiUvely det.el'mined quadr·at.ie :funcUon and met.hod o:f 

convt> ... ges dUl'ing k it.er· .. t.ions, in t.he end o:f 1 t. .. r-..t.ions: it. 

.. pp......... t.hat. A.. a-t, Le. met.hod aut.omat.io 

oonst.1'uct,ion o:f t.ht> Inve:"".,t> of' t.h.. Ht>ssi .. n mat.1'1><. 

M .. t.hods o:f v"l'lal>l.. met.1'ics, p .. n .. t.1' .. t. .. d int.o t.h.. :fields: o:f 

quant.wn chemist.r.y dUI'fng t.he l .. st. t.wo deo .. des. It. Is vel'y 

aonvenient. t.h .. t. on t.he b .. s:ls o:f t.he knowl~ wave :funct.ion 1'01' 

some aont'igUl'at.lon 01' mual"d it. is possible t.o calaulat.e not. 

only t.h .. ene ... gy at. t.he given point. but. it.s de1'ivat.ives, i:f 

der·ivat.ives o:f moleaula ... int.egr·als a1'e known. 

8E .. S P 8H 
8q p Dq .. .:; 

+ 1/2 D(J _ 1/2S P 4= P ~s 

wher·e E is t.he t..ot.al 
Oq"" P q"" 
ene"'gy, D is densit.y 

one- andt.wo-elect.l'on pal't.s 01' F·ockian. 

hamtl t.onial~), S is over·lap mat.1'ix. 

(C.to) 

m .. t.r·bl, H and (J a ... e 

F is Foakian (Fook 

Caloulat.ion o:f de ... iv.at.ives is .. ver·y lBb01'OUS p1'ocedur-e, 

pa ... t.iaul&l'ly o:f der·ivat.ives of' int.eg ..... ls: o:f .. 1 .. at .... on-eleot.1'on 

..... pl.lls:ion. Comput.at.ion 01' one component. o:f g ... adient. veot.o ... 

demands: comput.at.ion o:f t.he si&me quaI~Ut.y o:f addiUoni&l 

int.eg ... als .... I.lalaulat.ion o:f t.he ener·gy at. one point.. Mo ... eove ... 

in t.h.. p ... ooe.... of' di:f:fel'ent.ii&t.ion ove... coo ... dinat.es t.he d .. g ... ee 

of' polynomial is inCl-e .... ed by 1, i.e. oomput.at.iol~ o:f int.eg ... als: 

of' de1'ivat.ive.. i.. equivi&lent. t.o comput. .. t.ion o:f int. .. g ...... ls o:f 

:funct.ions wit.h i& highe... (by one) o ... bit.al quant.um numb...... In 

semi-empi ... ical met.hods: 

s:mall t.he 

applicat.ion of' gr·adient. 

oomput.at.ion of' int. .. gN.ls: t.i&kes only .. 

whole comput.at.ional t.im... The ... e:fo ... e 

met.hods i.. e6:p .. clally e:f:feot.lv... Thus, 

in t.he p ... ocedu..... o:f va ... i&bl.. met. ... ics il~ Mur·t.agh-S ..... gent. 

ve ... s10n t.h .. k-t.h it.el, .. t.10n look,;: like, 

k+1 
q .. 

III 

k Ak dk 
q - "" k 

(a.to) 
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wher-e Zk .. _ Ak- t [dk_dk-i(i_ak-i)], c k .. (dk- d k- 1)+ Zk 

The st.ep Cik is: asswlled t.o be const.ant., a k", 1, but. i:f t.hJsst.ep 

leads: t.o ener-gy' incl'ease it. is deca'·o:>a.s:ed in t.wo t.imes. Sinc6> 

t.h6> met.hod J)l·eser·ves symmet.l'y automatically and excludes pur-e 

t.r-ans:lations and r-otat.ions, ea:t.teSlian but. nc.t int.er·na! 

cool'dinat.es may be used. 

Rel'ined vel'sion o:f MUI't.agh-Sal'gent. met.hod was pr-opc.sed by 

Paneir- [6]. Geomet.r·y opLimizaLion is f'ul:filled togethel' with 

sel:f-cons:ist.ent pr-ocedul'e, I.e. a:ftel' each SOP-cycle geometr-y 

cor-r-ection is :full'Hled accor-ding to (0.19) (methods of: double 

i ter-aLions [I'J]. 

To calculate it. is enough t.o consider-

two-center- compc.nents o:f ener'gy, EAB, since over·lap mat"ix in 

this case is constant and equal to unit.ai'y matr-ix and 

one-centel' t'U'lIlS do not. depend on geometl'Y. 

In the optimization pr-ocedUl'e based on val'iable met.r·ics [a] 

t.he Hessian matl'i" al'ises in t.he COUl'se of" dc.mputation and 

il1akes the computaLion 

var-!aLion step is pei:o:fc.med 

.. 

quadl'atically [to]. The 

ac:ear-ding to t.he :following :fol'mula. 

(0.20) 

-1 
so chosen that the tel'JIl E("i_l - aMi_i) 

is minimal. 

The way the Hessian mat!'i" is constr-ucted depends on the 

individual methods. 

Davidon made use of" (0.2D. 

-1 -1 T T 
Hi .. Hi - 1 

+ q q/c
j - Z Z/c

2 
(0.20 

Z 
-1 

whe!'e q .. Xi - "i-1' Y .. gj - gi-l' 
.. (Hi_i)Y' 

T yTz c III Y q, °2 
.. 

1 

.. H- 1 T TZ ZTq i-1 + (q q - q - + (0.22) 
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Br-oyden and Goldl'&l'b used 

... nd Hoshino used (C.23). 

.. + 

-1 
Th., st. ... ~t.ing H nl.&t.1'ix is chosen as t.he ur'! t. nl.&t.r.ix, t.h., 

choice of' <lI is don., by quawat.ic or· cubic mil"1imizat.ion in ... 

given dir-ect.ion (vide in1'r-",). The v ... lu., of' 01 w ... s chosen by 

<0.26) 

wh.,r-e r- .. ... nd x'i_1 lies in t.he vicinit.y of' 

"i-l it"1 t.he dir-ect.ion g1 ven by 

S.,al'ching t.h., v .. lue 01' <lI by mirdmiz .. t.ion of' .... cubic 

f'unct.ion is: equiv;;ol.,nt. t..:> minimiz;;ot.ion by m.,;;,ns: of" gr-adi.,nt.s: 

comput..,d 

dir-.,ct.ions: 

... t. t.wo point.s 
-1 T 

(Hi _1) gi-l 

of' t.h., 

... nd 

t..,chniqu.,). On t.he Ot.h.,1' h ... nd, th., Mur-t.agh-S&l'ge1"1t. met.hod is 

quaw ... t,ically COnV.,,'g.,nt. [10] 1'01' any 01. For- 01 III 1 the numb.,r-

of' v ... r-iable met.r-ic it.er-at.ions: inar-e .... ed insig1ut'icant.ly. 

Algor-it.hm: 

... ) Pl'oceed in t.he sap it..,,, ... t.ive pr-ocedur-e ... t. point. x
1

_1 unt.Il 

t.h.. conv.,r-g .. ncy fJ,'lt.""ion is less t.han ... n ... pi'ior-i given 

v ... lue, s"'Y 1iJ. 

b) Pei'f'o"m ... st.ep ;;occol'ding t.o eqn. (C.l). 

c) p.,r·f'or-m t.h., st.abilit.y t. .. s:t. (vid .. Inf'r-8). If' t.he t. .. st.s ...r-.. 

not. s ... t.isf'i.,d N"S .. t. t.he H
i
_

1 
mat.r-ix and cont.inu .. wit.h a). 

-1 d) Updat.e t.he Hi Jll.&t.r-ix accor·ding t.o .... ny of' 

eqns. (C.21) - <0.24). 

e) If' t.he nor-m of' gr-... diaent. is higher- t.han ... pr-.. s:cr-ibed value, 

say 6, go back t.o a). If' n.,cess&l'Y, low .. r- IiJ in t.h.. n .. >lt. 

calculat.ion st.ep. 
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APPENDIX D. DENSITY OF STATES IN THE FORBIDDEN 
AND ALLOWED BANDS 

Some geneI'alized appl'oaahes 1'01' t.heoI'et.iaal del'ivat.ion of 

t.he de ..... it.y ot' st.at.es aI'e given elsewhe ... .;, U, 2]. The densit.y 

of st.at.es, (3(c), is t.he nwnber· of eleat.,'on st.at.es in a unit. 

int.eI'val of ene1'gy. Thus, t.he numbel' of eleot. ... on st.at.es wit.h 

an ene ... gy in t.he int.eI'v&1 bet.we .. n I£) and IE) + dIE) is equal t.o 

(I(I£)c:!£ £:3]. 

F ... om t.he st.udy ot' t.he elect.x·onia pl'ope1't.ies of' amo ... phous 

solids using a simple hamilt.onian of t.he tight.-bindh"g t.ype, 

x·igo ... ous: bounds wer·e ~~r'lved t'or- t.he densit.y of st.at.es of a 

t.et. ... ahedl'ally bonded solid [4 6]. In t.he de ... ivat.ions only 

pe ... f'eot. ooor-dinat.ion 01' near-est. neighbcu ... s was asswned. 

V ..... ious ot.he... 1'esult.s wer-e obt.ained 1'01' t.he f'r-act.ion s- and 

p-l1ke cha ... act.e... of' wave f·w·.at,ions, t.he at.t.aimilent. of' bounds 

and oU>eI' featur·es of t.he densit.y 01' st.at.es. 

The t.wo-band hamilt.onian 1'0... t.he det.e1'minaUon 01' t.he band 

st.x-uct.Ul'e of a topologically diso ... d(u, .. d syst.em [4] is given by 

H .. 

whe ... e Vi and V
2 

&I'l'? deHned t.o be 1'e&1 and "'ij .&l'e loaalized 

funat.ions t.hat. f'oI'm an or-t.honoz-mal set. and may be visualized 

t.he familiar-
3 

hyb1'idized o ... bit.als ot' Ught.-bit>ding as sp 

t.heo",y, i is t.he index 1'0'" t.he at.oms and j 1'oz- t.he bonds. 

As aan be seen I'l'om eqn. (D.1) 1'0'" V
2 

III 0 t.he hamilt.onian 

desa ... ibes aomplet.ely deaoupled at.oms, each wit.h a singly 

degene ... at.e eige ..... t.at.e at. ener-gy E III 3V i and t.l'iply degene ... at.e 

eigenst.at.es at. E DO -Vi' On t.he ot.hex- hand, f01' Vi .. 0 t.he 

hamilt.onian desc ... ibes decoupled bonds eaah of which is 

associat.ed wit.h eigenst.at.es at. E .. ±V2 . Thus:, t.he t.wo mat. ... ix 

element.s Vi and V
2 

might. be called "banding" and "bonding" 

pax-amet.ex-s, ,'espect.ively. 
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Ther. t.he Schl'od!nger' equst.ion gives 
-> M u>(1) 

.. 
OJ -V2" (I) ([>.I'D 

{
-E i .. J 

V1 iP"J 

The mst.:roix M has t.he eigenvalues 

.. 
.. -E - V 

i 

(0.6) 

(0.'7) 

Tkaing t.he so81a-.:- p:rooduct. of' bot.1i side.. ot' (004) wit.h t.hei:ro 

:roespect.ive conjugat.e vect.Ol'S or.e obt.ains 

->* M2 -:> .. ~ 1 -> 12 u. u 2. v 

By expandlr.g -> 
11 0(' M, 

~nequalit.ies we ... e r·eadlly obt.ah~'HI f'r-om (D.£!). 

2. -> 2. . .2 > 2 
maxo,.r. ) I 11 I ~ v; 1 v I i ·) 2., -> 12 nln<"I'l)1 U 

<D.B) 

t.he f'ollowir.g 

(0.9) 

It. can be shown t.hst. if' t.he ene ... gy 8 is such t.hat. 

2 min(»') > 
n 

(0.10) 

(0.11) 

<0.9) implies a zer-o bulk densit.y ot' st.at.es at. t.hat. ene:rogy. 

One should t'il'st. not.e t.hat. eit.hel' of' t.he inequalities (0.10) 

ot' (D.l1> t.oget.hel' wi t.h (0.9) implies t.hat. 

(D.12) 

-> 2 > 2 
wheN;' & > 0 and f'lll't.her- 1 v 1 - 1 u i has t.he same sign f'ot' 

all at.oms. Thel~ aonsidel'ir.g t.he l'ange of' enel'gy EO ~ E 5 8 1 
f'01' which such l'elat.ions hold and let.t.ing & t.o denot.e it.s 

maximum value in t.hat. l'nage (& .. 0), an int.egl'at.ed densit.y of' 

st.at.es, I, was def'ined by 

I IS (0.1:::0 

.' 
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WealN. and Thol'pe e'lpN>ss t.he dens:! t.y 01' st.at.es in t.el'lllS of" 

t.he Gr·een··s f'unct.ions :for· t.he l'ace-aent.er-ed cubic lat.t.ice 

I.,. (s) as f"ollows [4], 
.J. co 

I~ 

If"cc(s) OJ ( 2; )3 III 
-IT 

dxdydz 
(0.2) 

~ - (COgxcosy+aosycosz+aoezcosx) 

and t.he densit.y of' st.at.es IS }'elat.ed t.o t.he imaginal'Y par-to of' 

t.he Gl'een' f'unct.ions by t.he l'elat.ion 

CD.S) 

(;!"pr-essioru;: ar-e known f'01' 

ellipt.ic int.egr·als of' t.he t'ir·st~ 

I in t.el'll\.6: 01' t.he complet.e 
f"ac 
kind and an elegant. discussion 

of' Gl'een's t'unct.ions: and t.heil' I·ole in t.he calculat.ion of" t.he 

densit.y of" st.at.es is given elsewhel'e [7. 8]. 

By pl'oject.ing out. t.hat. P.&l.'t. of' t.he SCI'Bdingel' equat.ion 

(H-E)¥' .. 0 which lies in t.he subspace spanned by ¢ij 

some giver1 i and jet - 4, t.he coef'f'icient.s a
ij 

al'e def'ined by 

and a ij f'01' j .. f - 4 al'e cOTll;ddel'ed as t.he component.s of' a 

VQc:rLor- u>(D. 'rhe aOlllpone.nt..g ai' j ....sociat.ed wit.h ot.hel' 

ol'bit.als (ng. DD associat.ed wit.h t.hese bonds may be 

considel'ed as a second vect.ol' 'V> (D. 

Fig. Df. Coef'f'icient.s of' t.he basis f'w~ct.ions f 4 associat.ed 

wit.h a given at.om ir1 t.he ">epansion of' a given wave {·unct.ion 

al'e element.s of' t.he vect.ol' u> and t.he coet'f'icient.s of' f' - 4' 
-> f'01'''' t.he vect.ol' v . 
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wher·e n(E) is t.he nOl'malized dens:lt.y of" st.at.es, t.h.at. is, 

00 

4 ... J dE neE) 

-00 

st.at.e wit.h wa.ve 

cOl'r'esponding t.o an ener·gy bet.ween EO and E1 

<0.14) 

f"uncUon 'Pn 

t.he quanUt.y 

-> 12 ->1 2 u - v w .... summed ovel' all at.oms f"or. such a wave 

f"uncUon wl-dch wi t.h t.he oancelLat.ion of" t.er·ms in t.he int.el'iol' 

int.el'io:ro of t.he st.:rouct.ul'e .and t.he assumpt.ion of" "fiee" 

bounda ... y oond! t.ion l'eduoes t.o 

.. ) 1 i:?(D!2 
Slt1" f'ace­
at.om i 
component. m 

CD.iED 

A sUl':face at.om is def'h,ed as: an at.om wit.h at. least. one 

su ... :face bond, i.e., one not. connect.ed t.o anot.hel' at.om in t.he 

st. ... uct.ur·e. F01' l.al'ge 

I&yel' sat.isfies N < 
s 

N t.he 

v~/9 
nwnbel:' N .. of" at.oms in t.he sur·f"aoe 

(D.llS) 

whel'e v is a cons:t.ant. independent. of" N. Then eqn.s:. (0.12) and 

(0.16) (using t.he const.ancy of" t.he sign of" -u> 12 - v-> 12) 
give :f01' any wave f"unot.ion: 

N 
1))1 

1"1 

Combining eqns:. (0.17) 

< 2: 1 U>(DI2 CD.17) 
i , sur·:f ac e 
layel' only 

< 2: 1 u> 12 
i , sw:·:f aoe 
I .. yel:' only 

(o.19) t.oget.hel' 

<0.19) 

(0.19) 

wit.h 

nOl'm .. lizat.ion oondit.ion :fOl' t.he waVe :funct.ion 

t.he 



one obt.ains 

1 I u>(i)1
2 

> & 
i, sUI'f"ace 
layel' only 

- :1::<l0 -

(0.::<l0) 

<0.21) 

Then it. can be r.eadlly shown that 

NH' < 4N <0.22) 
s 

wheroe NI is t.he numbel' of" wave f"unotions with enerogles between 

EO and £:1' 

TheI'ef"oroe, it. f"ollows that. 

Sinoe & > 0 and is independent. of" N 

lim I ... 0 
1->00 

(0.29) 

(0.24) 

Similaro pl'oaeduroes weN. used t.o del'ive aer·tain prooperoties 

of" the allowed bands. In pal'tiaulal'~ it h.... been shown that 

t.he avel'age f"roaat.ional s- and p-ahsroaatel' and t.he averoage 

bonding and anti-bonding ahal'aat.el' of" a wave f"unat.ion aroe 

f"w~ct.ions only of" t.he ener·gy E. Considel'ing a pal't.iaularo 

nor·malize.d wa.ve f"unot.ion ove.r· t.he. whole. system and expanding 

eqn. 

eigenvect.oros of" M t.he eige.n 

(0.6) is oalled s-like and 

eigenvalue eqn. (0.7) is called p-like. 

-> (s) -)(s) + (p) -)(p) 
u .. a u c u 

Then eqn. (0.8) may be wroitten .... 

01' 

->(s) 
veat.oro u wit.h eigenvalue 

any eigenvect.oro u>(p) with 

(0.::<l5) 

(0.26) 
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For. quasipe1'iodia cortdiLions and as N -> '" Lb.e quartLiLy 

(0.29) 

vartishes artd 

(0.29) 

wb.er-e 

(1).30) 

(0.3D 

F artd F may be called Lhe t'r-aaUcmal s- artd p-llke s: p 
ch.ar-act.e1'S: of" Lhe wave f"UrtcLiort. 

Using F + F .. 1 we obt.ain 
s p 

F '" (X. 
2 

s 2 
(0.32) 

The t'r-acLion.al bonding char·acLer- was obt.ained by Laldng Lhe 

->$ scalar- pr-oducL at' eqn. (D.4) wit.h u . 

->JII -> . .2 -)* -> 
u .M u .. -"2 u . v 

which may be w1'iLLert as 

BI 

Thert t.he f"l'acUartal bondirtg ch.ar-acLer- is def"ined by 

.. 1/2 + 
N. > 

1/2 ') u"*. V-
i"1 

in which case eqrts. (0.94) an.d (0.95) yield 

.. 1/2 

(D.33) 

(0.34) 

(0.95) 

(0.96) 
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The I'esult.", (0.30) and (0.36) ent.all SWl\ l'ules on t.he 

densit.y ot' .. t.at.e.. nOD. The appl.'opI'iat.& opeI'at.or· in tJhe case 

ot' eqn. (0.30) 1 .. 

N 
S .. \' Is><s 1 

i"1 
(0.37) 

wheI'e .. i.. t.he .. -like combinaUon at' b ..... is t'W\cUons 4>iJ 

associat.ed wit.h at.om 1. The r·e .. ult.ant. sum I'ule i .. 

III i 

while eqn. (0.36) yield .. 

I
OO 

III 

-00 

The t'll'een t'uncUon [6] t'01' t.he six-I'ing 

lat.Uce [4] i .. deCined by 

(0.39) 

(0.30) 

Husimi cact.u .. 

<0.40) 

wheI'e H' i.. an ef·t'ecUve hamilt.onian of" a hexagon including an 

eet'ecUve neld h. 

B 
H' .. 1/4 2: 1 4>i><4>i,1 + h 2: l4>i><4>1' 1 (0.41> 

i , 1 'neighbour-.. to.:1 

and s &l.'e I'educed .,')eI'gi .. ", at' one-band hamUt.onian H 
(:1) 

[4]. 

.. 1/4 2: 14>1 ><4>1' 1 (0.42) 

i ,i' neighbour-.. 

The l'elat.1on bet.ween E and OJ 1.. geven by t.he special case 

of" t.he .. a-called one-band-t.wo-band t.,'.ansf"oI'mat.io,\ [6]: 

iii + (0.43) 
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Fl'om eqns. (0.40) and (0.41), Lhe <'Il'een l'w)cLion goo 1'01' a 

siLe is evaluaLed as 

.. 1/(., - h) (0.44) 

and Lhe <'Ir·een 1'unaLion t'01' t.ha complat.e sysLam is givan by 

.. (0.46) 
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APPENDIX E. PROGRAM LIST OF CNINDO 

G PROGRAM CNINDO 
C 
C 

C 
C (1) 

C (1) 

C 
C 
C 
C (3) 
C (4) 

C 

9 
10 

1 

2 
3 

4 
5 
6 

BO 

90 

IMPLWIT DOUBLE PRECISION (A - H, 0 - Z) 
COMMON/ARRA YS/ABC(19200) 
COMMON/INFO/NA TOMS ,CHARGE ,MUL TIP ,AN(35) ,C(35 ,3) ,N 
COMMON/PERTBL/EL(18) 
COMMON/ORB/ORB(9) 
COMMON/GAB/xYZ(2000) 
COMMON/INF01/CZ(35),U(BO},ULIM(35),LLIM{35}NELECS,OCCA,OCCB 
COMMON/OPTION/OPTION,OPNCLO ,HUCKEL,CNDO ,INDO ,CLSED ,OPEN 
COMMON/AUXINT/A(17),B<17} 
INTEGER OPTION,OPNCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
INTEGER ORB,E,AN,CHARGE,CZ,U,ULIM,OCCA,OCCB 
INPUT IS READ IN THE FOLLOWING ORDER 
AN IDENTIFICATION CARD WHraH IS PRINTED AT THE BEGINNING OF THE 
OPTION (WVAE FUNCTION OPTION) AND OPNCLO (OPEN OR CLOSED SHEL 
THE FORMAT A4,1X,A4 ANO THE KEY WORDS ARE 
FOR THE WAVE FUNCTION (4) CNDO INDO 
FOR THE OPEN-CLOSED OPT10N (A6) OPEN CLSD 
NATOMS,CHARGE,MULTIP, FORMAT{3I4) 
ATOMIC NUMBER, X COORDINATE,Y COORDINATE,Z COORDINATE-i CARD/ 
READ(2,20) (AN(D,I = 1,20) 
WRITE{3,30) (AN(D, I = 1,20) 
READ(2,40) OPTION,OPNCLO 
WRITE(3,45) OPTION,OPNCLO 
READ(2,50) NATOMS,CHARGE,MULTIP 
WRITE{3,60) NATOMS,CHARGE,MULTIP 
DO 10 I = 1,NATOMS 
READ(2,70) AN(D,Cn,1>,C<I,2),C<I,3) 
CONVERSION OF COORDINATES FROM ANGSTROMS TO ATOMIC UNITS 
DO 9 j = 1,3 
C<I,j) = C<I,j)/.529167DO 
CONTINUE 
IF{OPTION.EQ.CNDO) GO TO 6 
DO 5 I '" 1,NATOMS 
IF{AN(D.LE.9) GO TO 4 
WRITE(3,3) 
FORMAT(5X,46HTHIS PROGRAM DOES NOT DO INDO CALCULATIONS FOR, 

151H MOLECULES CONTAINING ELEMENTS HIGHER THAN FLUORINE) 
STOP 
CONTINUE 
CONTINUE 
CONTINUE 
CALL COEFFT 
CALL INTGRL 
IF<OPNCLO.EQ.OPEN) GO TO 90 
CALL HUCKCL 
CALL SCFCLO 
CALL CPRINT 
GO TO 100 
CALL HUCKOP 
CALL SFCOPN 
CALL OPRINT 
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100 CONTINUE 
20 FORMAT(20A4) 
30 FORMAT(fH1,6X,20A4) 
40 FORMAT(A4,iX,A4) 
45 FORMAT(SX,A4,1X,A4) 
SO FORMAT(SI4) 
60 FORMAT(/!5X,14,1SH ATOMS CHARGE .. ,14,1SH MULTIPLICITY ... ,14/) 

a 

'10 FPRMAT<I4,3(3X,F12.'1» 

1 

2 

CALL EXIT 
STOP 
END 

SUBROUTINE COEFFT 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
COMMON/ ARRA YS/s(80 ,80)Y(913S) .• Z('166) ,XX(2900) 
DO 1 I .. 1,91SS 
Y(n .. O.ODO 
DO 2 I iii 1,'166 
Z(n .. O.ODO 
LOAD NON-ZERO Y COE:FFICIENTS 
Y('1039) III 64.DO Y(2842) .. 
Y('1040) .. 64.00 Y(28S1) .. 
Y('1049) iii 64.00 Y(2'110) II 

Y('1032) OIl 128.00 Y<2'119) .. 
Y('1041) .. -64.00 Y<2'1ii) .. 
Y('1033) .. -128.DO Y(2'120) III 

Y('1042) .. 128.DO Y(2'129) .. 
Y('102S) ... 64.00 Y(2'103) .. 
Y('l034) .. 12B.DO Y(2'112) .. 
Y('1026) III 64.DO Y<2'l2D .. 
Y('103S) .. -64.DO Y(2'104) .. 
Y('102'l) .. -64.DO Y(2'1!3) .. 
Y(6904) .. -96.DO Y(2'122) III 

Y(6913) .. 32.DO Y(2'13f) .. 
Y(6B96) .. -192.00 Y(2'10S) .. 
Y(690S) III 192.DO Y(2'114) .. 
Y(6906) .. 2BB.00 Y(2'12:n .. 
Y(69H;) .. -96.00 Y(2'106) .. 
Y(68B9) .. 192.DO Y(2'11S) .. 
Y(690'1) .. -192.00 Y(2'124) .. 
Y(6890) .. 96.DO Y<2'10'1) -Y(6899) .. -2BB.00 Y(2'116) .. 
Y(689f) .. -192.00 Y(B329) .. 
Y(6900) .. 192.DO Y(S322) .. 
Y(6892) .. -32.DO Y(B340) OIl 

Y(690f) .. 96.DO Y(S3!!:!) .. 
Y(28S4) .. -16.00 Y(S333) .. 
Y(2863) EO 16.00 Y(S326) .. 
Y(284'1) .. 32.00 Y(st8S) III 

Y(28B6) ... -16.DO Y(S194) .. 
YGl86S) .. -16.DO Y(S186) .. 
Y(2840) .. -16.00 Y(S19S) II 

Y(2849) .. -16.DO Y(S204) .. 
Y(26BB) ... 32.DO Y(B1'18) .. 

16.00 
-16.DO 

48.00 
-48.DO 

48.DO 
-96.00 

48.DO 
-48.DO 
-4B.DO 

96.DO 
-48.DO 

4B.DO 
48.00 

-48.DO 
96.DO 

-48.DO 
-4B.DO 

4B.00 
-96.00 

48.DO 
-48.00 

4B.00 
64.00 

-128.00 
-64.DO 

64.00 
128.DO 
-64.DO 
-96.00 

32.00 
96.DO 
64.00 
32.00 
96.DO 
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Y(6187) ... 32.00 Y(8021) .. 12B.OO 
Y(6196) .. 64.00 Y(0013) .. 96.00 
Y(6179) .. 96.00 Y(8031) .. -96.00 
Y(6188) .. -32.00 Y(0014) .. -12B.OO 
Y(6197) .. 32.DO Y(8016) .. -32.00 
Y(6206) '" -96.DO Y(8024) '" 96.00 
Y(6180) .. -64.DO Y(7084) .. -64.00 
Y(f5189) .. -32.00 Y(7076) II -128.00 
Y(6198) .. -96.00 Y(7086) .. 64.00 
Y(618D .. -32.00 Y(7086) .. 128.00 
Y(6190) ... -64.00 Y(7069) .. 128.00 
Y(6199) .. 96.00 Y(7070) .. 64.00 
Y(6182) .. -32.DO Y(7079) .. -12B.DO 
Y(6191) .. 96.DO Y{707D .. -64.DO 
Y(4376) .. -144.DO Y(3206) .. -16.DO 
Y(4384) .. 96.00 Y(3214) .. 16.00 , 
Y(4393) .. -16.DO Y(3206) .. 16.DO 
Y(4368) .. 144.00 Y(3216) .. -16.DO 
Y(4386) ... -48.DO Y(3198) .. 16.DO 
Y(4396) .. 96.DO Y(3216) .. -16.00 
Y(4370) .. -96.DO Y(3199) ... -16.DO 
Y(4379) .. 48.DO Y(3217) .. 16.00 
Y(4397) .. -144.DO Y(3200) .. -16.DO 
Y(4372) .. 16.DO Y(3209) .. 16.DO 
Y(43BD .. -96.DO Y(3201) .. 16.DO 
Y(4390) .. 144.DO Y(3210) .. 16.DO 
Y(1900) .. 144.00 Y(7679) .. 64.DO 
Y(1909) .. -144.DO Y(7680) .. -64.DO 
Y(1893) .. -144.DO Y(7672) .. -128.DO 
Y(1920) .. 144.DO Y(7673) .. 128.DO 
Y(1896) . .. 144.DO Y(7666) .. 64.DO 
Y(1922) .. -144.00 Y(7666) .. -64.DO 
Y(1906) .. -144.00 Y(6680) .. 64.DO 
Y(1916) .. 144.00 Y(668D .. -64.00 
Y( 966) .. -16.DO Y(6673) .. -64.00 
Y( 964) .. 32.DO Y(669D ... -64.00 
Y{ 973) .. -16.00 Y(6674) .. 64.00 
Y( 948) .. 16.00 Y(6692) .. 64.00 
Y( 966) .. -48.00 Y(6684) .. 64.00 
Y( 976) .. 32.00 Y(6686) to -64.00 
Y( 960) .. -32.00 Y(7436) '" -96.00 
Y( 969) .. 48.DO Y(7444) :0 32.00 
Y( 961) .. -32.DO Y(7436) .. -96.00 
Y( 970) .. 16.00 Y(7446) .. 160.DO 
Y(8166) .. 64.DO Y(7428) .. 96.00 
Y(S166) '" -64.00 Y(7437) .. 12S.00 
Y(S166) .. -64.DO Y(7446) .. -96.DO 
Y(8146) .. -64.00 Y(7429) .. 96.DO 
Y(8167) .. 64.DO Y(7438) .. -128.DO 
Y(S149) .. 64.00 Y(7447) .. -96.DO 
Y(S168) .. 64.DO Y(7430) '" -160.DO 
Y(S160) .. -64.DO Y(7439) II 96.DO 
Y(S020) .. -96.DO Y(743f) .. -32.DO 
Y(S029) .. 32.DO Y(7440) .. 96.DO 
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Y(5545) .. -96.00 Z(669) .. 1.00 
Y(5554) ... 32.00 Z(154) '" -t.OO 
Y(6546) .. .32.00 Z(156) .. 5.00 
Y(6555) '" 32.00 Z(15€O .. -to.oO 
Y(5638) .. 96.00 Z(160) '" 10.00 
Y(5556) .. 32.00 Z(162) .. -5.00 
Y(5539) .. -32.00 Z(164) .. 1.00 
Y(5557> .. -96.00 Z(222) .. -1.00 
Y(5540) .. -32.00 Z(223) ... 1.00 
Y(5549) .. -32.00 Z(224) .. 4.00 
Y(554f) ... -32.00 Z(225) .. -4.00 
Y(5550) .. 96.00 Z(226) ... -6.00 
Y(3070) .. 48.00 Z(227) '" 6.00 
Y(3079) .. -48.00 Z(228) "' 4.00 
Y(3071) .. -48.00 Z(229) .. -4.00 
Y(3080) '" 48.00 Z(230) .. -1.00 
Y(3063) .. -48.00 Z(231) .. 1.00 
Y(3081) .. 48.00 Z(307) .. -1.00 
Y(3064) .. 48.00 Z(308) .. 2.00 
Y(3082) .. -48.00 Z(309) .. 2.00 
Y(3065) .. 48.00 Z(310) '" -6.00 
Y(3074) .. -48.00 Z(312) .. 6.00 
Y(3066) ... -48.00 Z(313) .. -2.00 
Y(3075) .. 48.00 Z(314) .. -2.00 
Y(8200) OJ -64.00 Z(315) .. 1.00 
Y(8200 .. 64.00 Z(409) .. -1.00 
Y(8193) '" 64.00 Z(4to) .. 3.00 
Y(8194) .. -64.DO Z(411) .. -1.00 
Y(7615) .. -64.00 Z(412) ... -5.00 
Y(7616) .. -64.00 Z(413) ... 5.00 
Y(762!D .. 64.00 Z(414) .. 1.00 
Y(7608) .. 64.00 Z(415) .. -S.OO 
Y(7617> co 64.00 Z(416) ... 1.00 
Y(7609) .. 64.00 Z(529) .. -1.00 
Y(7618) .. -64.00 Z(529) .. 4.00 
Y(7610) .. -64.00 Z(530) ... -5.00 
Y(S250) .. 16.00 Z(532) '" 5.00 
Y(32159) .. -16.00 Z(533) .. -4.00 
Y(3243) .. -16.00 Z(534) .. t.OO 
Y(3261) ... 16.00 Z(562) .. -1.00 
Y(3245) .. 16.00 Z(563) .. 2.00 
Y(3254) .. -16.00 Z(565) .. -2.00 
Y(5725) .. -64.00 Z(566) .. 1.00 
Y(57tB) .. 64.00 Z(732) .. -1.00 
Y(5736) .. 64.00 Z(733) ... 1.00 
Y(5729) .. -64.DO Z(545) '" 1.00 

C LOAO NON-ZERO Z COEFFICIENTS 
Z(341) .. -t.OO Z(546) .. -S.OO 
Z(343) .. 3.00 Z(547) .. 2.00 
Z(345) .. -3.00 Z(548) os 2.00 
Z(347) .. 1.DO Z(549) .. -S.DO 
Z(664) ... -t.DO Z(550) '" 1.00 
Z(665) .. 5.00 Z(579) .. 1.00 
Z(666) .. -to.OO Z(5BO) .. -t.DO 
Z(667) '" 10.00 Z(5B1) .. -t.DO 
Z(66B) .. -5.00 Z(1582) .. 1.00 
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Z(596) .. ~1.DO 

Z(59S) .. 1.00 
Z(443) '" -1.00 
Z(444) ... 1.00 
Z(445) ... 2.00 
Z(446) .. -2.00 
Z(447) '" -1.00 
Z(44S) .. 1.00 
Z(69S) ... -1.00 
Z(699) .. 3.00 
Z(700) '" -3.00 
Z(700 .. 1.00 
Z(324) .. 1.00 
Z(325) .. -1.00 
Z(326) .. -3.DO 
Z(327) .. 3.00 
Z(329) .. 3.00 
Z(329) .. -3.00 
Z(330) .. -1.00 
Z(330 = 1.00 
Z(460) .. 1.DO 
Z(462) .. -2.DO 
Z(464) .. 1.DO 
RETURN 
END 

SUBROUTINE INTGRL 
IMPLICIT DOUBLE PRECISIONCA-H,O-Z) 

C ATOMIC INTEGRALS FOR CNnO CALCULA'I'IONS 
COMMON/ARRA YS/s<BO ,80), YC9,5,203),Z(17,4!D,XX(2900) 
COMMON/INFO/NATOMS ,CHARGE,MUL TIP ,AN(35) ,C(35 ,3) ,N 
COMMON/INFOi/CZ(35) ,U(SO) ,ID.IM(35) ,LLIM(35) .• NELECS ,OCCA,OCCB 
COMMON/GAEI/XXX(400),GAMMA(35,35),TC9,9),PAIRS(9,9),TEMP(9,9) 

1,C1(3),C2(3),YYY(i26) 
COMMON/AUXINT/A(17),B(17> 
COMMON/OPTION/OPTION ,OpfiCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
DIMENSION MU(1f1) ,NC(fS),LC(9) ,MC(9) ,E(3) 
DIMENSION P(SO,SO) 
EQUIVALENCE (P(O,Y(1» 
DOUBLE PRECtSION MU,NUM,K1,K2 
INTEGER AN,ULIM,ID.K,ULL,CZ,U,CHARGE,ANL,ANK,OCCA,OCCB 
INTEGER OP'l'ION,OPNCLO ,HUCKEL ,CNDO ,INDO ,CLOSED ,OPEN 

C DETERMINATION OF SIZE OF AO BASIS IN AND CORE CHARGE CZ 
N .. 0 
DO 60 I .. 1,NATOMS 
LLIM(I) .. N+1 
K .. 1 
IF(AN(D.LT.1t) GO TO 20 

10 N '" N+9 
CZ(I) ... AN(D - 10 
GO TO 50 

20 IF(AN(D.LT.3) GO TO 40 
30 N" N+4 

CZ(D .. AN(!) - 2 
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GO TO 50 
40 N .. N+1 

CZ(D .. AN(D 
50 CONTINUE 

HLIM(D .. N 
60 CONTINUE 

C FILL U ARRAY --- U(J) IDENTIFIES THE A'l'OM TO WHICH ORBITAL J IS 
C ATTACHED E.G. ORBITAL 32 ATTACHED TO ATOM 7,ETC. 

DO 70 K ... 1,NATOMS 
LLK .. LLIM(K) 
ULK .. ULIM(K) 
LIM =- ULK + 1 - LLK 
DO 70 I .. 1,LIM 
J ... LLK +1 - 1 

70 U(J)" K 
C ASSIGNMENT OF ORBITAL EXPONENTS TO ATOMS BY SLATER RULES 

MU(2) .. 1.700 
MU(n .. 1.200 
NCe!) .. 1 
NC(!) .. 1 
DO SO I .. 3,10 
NC(I) .. 2 

SO MUG) ... 325DO*FLOAT<I-f) 
DO 90 I .. 11,1S 
NC(D .. 3 

90 MUG) .. C650DO!l<FLOAT(D-4.95DO)/3.DO 
C ASSIGNMENT OF ANGULAR MOMENTUM QUANTUM NOS. TO A'l'OMIC ORBITALS 

LC(i) .. 0 
UX2) .. 1 
LC(3) '" 1 
LC(4) .. 1 
LC(5) .. 2 
LC(6) .. 2 
LC(7) .. 2 
LC(S) .. 2 
LC(9) ... 2 
MC(f) II a 
MC(2) "" t 
MC(3) ,,-1 
MC(4} .. 0 
MC(ED .. 0 
MC(6} .. 1 
MC(7) .. -1 
MC(S) .. 2 
MC(9) ",-2 

C STEPS THRU PAIRS OF ATOMS 
DO 320 K II 1,NATOMS 
DO 320 L .. K,NATOMS 
DO 100 I .. 1,3 
C1(I) .. C(K,D 

100 C2(I) .. C(L,K) 
C CALCULATE UNIT VECTOR ALONG INTERATOM AXIS, E 

CALL RELVEC(R,E,Ci,C2} 
LLK .. LLIM(K) 
LLL to LLIMCL) 
ULK .. ULIM(K) 
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ULL lSI ULIM(L) 
NORDK.. ULK - LLK + 1 
NORBL.. ULL - LLL + 1 
ANK to AN(JO 
ANL .. AN{L) 
LOOP THRU PAIRS OF BASIS FUNCTIONS, ONE ON EACH ATOM 
DO 200 I .. 1,NORDK 
DO 200 ] .. 1,NORDL 
IF(K.EQ.U GO TO 160 
IF(MC(D.NE.MC(]» GO TO 150 
IP(MC(D.LT.O) GO TO 140 
PAIRSn.]) .. DSQRT«MU(ANK)I!rR)"",..(2I1rNC(ANK)+1)*(MU(ANL)*R)**(2*NC(A 

1)+1)/(PACT(2""NC(ANK»*FACT(2*NC(ANL»»*(-1.DO)**(LC(J)+NC(j» 
2I1rSS(NC(ANK) ,LC<I) ,MC(l),NC(ANL) ,LC(]) ,MU(ANK)IIrR,MU(ANL)I!rR) 

GO TO 190 
PAIRS(I,]) .. PAIRS<I-1,]-1) 
GO TO 190 
PAIRS<I,]) .. O.DO 
GO TO 190 
IP(I.EQ.]) GO TO 170 
PAIR.~<I,]) I: O.DO 
GO TO 190 
PAIRSO,]) .. 1.0DO 
CONTINUE 
CONTINUE 
LCULK a LC(NORBK) 
LCULL = LC(NORDL) 
MAXL .. MAXO(LCULK,LCULL) 
IP(R.GT.O.OOOOOtDO) GO TO 220 
GO TO 250 
ROTATE INTEGRALS PROM DIATOMIC BASIS TO MOLECULAR BASIS 
CALL HARMTR(T,MAXL,E) 
DO 230 I ... 1,NORDK 
DO 230] = 1,NORDL 
TEMPO,]) .. O.DO 
DO 230 KK .. 1,NORDL 
TEMP<I,J) .. TEMPG,])+T(],KK)I!rPAIRS<I,KK) 
CONTINUE 
DO 240 I .. 1,NORBK 
DO 240] .. 1,NORBL 
PAIRS <I,]) OJ O.DO 
DO 240 KK .. i,NORDK 
PAIRS <I,]) .. PAIRS<I,])+T(I,KK)*TEMP(KK,]) 
CONTINUE 
PILL S MATRIX 
CONTINUE 
DO 260 I .. i,NORDK 
LLKP co LLK + I - 1 
DO 260 ] .. i,NORDL 
LLLP .. LLL + ] - 1 
S(LLKP,LLLP) .. PAIRS<I,]) 
COMPUTATION OF i-CENTER COULOMB INTEGRALS OVER SLATER S FUNCTIO 
N1 .. NC(ANK) 
N2 .. NC(ANL) 
K1 '" MU(ANK) 
K2 .. MU(ANL) 
IF(K.NRL) GO TO 290 
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2'70 TERM1 .. FACT(2I1tN1-D/«2.DOIltK2)*1It(2*ND) 

TERM:<: .. O.DO 
LIM '" 2$Ni 
DO 280 J '" i,LIM 
NUM '" FLOAT(J)$(2.DOI!<KDJ!tIl«2$Ni- J)$FACT(4I1<N1-J-1) 
DEN '" I"ACT(2t1!N1-J)Jlr2.DO$FLOAT(ND$(2.DO,I«K1+K2»'jlll,e4Ii<N1-J) 
TERM2 .. TERM1+NUM/DEN 

280 CONTINUE 
GO TO 3io 

C COMPUTATION OF 2-CENTER COULOMB INTEGRALS OVER SLATER S FUNCTII 
290 TERM1.. (R./2.DO)Jlrllte2t1<N2)IItSS(0,0,0,2J1rN2-1,0,0.DO,2.DOJlrK2>1<R) 

TERM2 .. O.DO 
LIM .. 2*N1 
DO 300 ] ro1,LIM 

300 TERM:<: .. TERM2*eFLOATeJ)$e2.DO*K1)IIt .. (2*N1-J),1!(R/2.DO)*",(2 .. 
1N1-]+2"N2»/(FACT(2"'N1-J)",2.DO"FLOAT(ND"'SS(2"N1-],0,0 ,2*N2-1,0 
2,2.DO",K1*R,2.DO*K2*R) 

310, GAMMA(K,L) .. «2.DO .. K2)*JIr(2"N2+1)/FACTlItN2»"'(TERMi-TERM2) 
320 CONTINUE 

C SYMMETRIZATION OF OVERLAP AND COULOMB INTEGRAL MATRICES 
DO 330 J .. 1,N 

330 S(j,l)... SCI,j) 
DO 340 GAMMA(],D .. GAMMA<I,J) 
WRlTE(3,350) 

350 FORMAT(1H1,1X,23HOVERLAP INTEGRAL MATRIX) 
CALL MATOUT(N,D 

C TRANSFER GAMMA TO SOXSO MATRIX P FOR PRINTING 
DO 360 I .. 1,NATOMS 
DO 360 J .. 1,NATOMS 

360 PCI,j) '" GAMMAO,J) 
WRITE(3,370) 

370 FORMAT(1X,23HCOULOMB INTEGRAL MATRIX) 
CALL MATOUT(NATOMS,2) 
RETURN 
END 

FUNCTION SS(NN1,LLi,MM,NN2,LL2,ALPHA,BETA) 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
COMtoION/ARRA YS/S(SO,SO>, Y(9 ,5,203) ,Z(17 ,45) ,XX (2900) 
COMMON/AUXINT/A(17),B(17> 
INTEGER ULIM 
Nt '" NN1 
L1 .. LL1 
M '" MM 
N2 .. NN2 
L2 .. LL2 
P .. (ALPHA+BETA)/2.DO 
PT .. (ALPHA-BETA)/2.DO 
X '" O.DO 
M .. IABS(M) 

C REVERSE QUANTUM NUMBERS IF NECESSARY 
IF«L2.LT.L1).OR.«L2.EQ.LD.AND.(N2.LT.N1)) GO TO 20 

10 GO TO 30 
20 K .. Nt 

N1 .. N2 



NZ .. I( 
I( .. L1 
Lt .. LZ 
L2 '" I( 
PT .. -PT 

30 CONTINUE 
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I( '" MOD«N1+N2-L1-L2),2 
C FIND A AND B INTEGRALS 

CALL AINTGS(P,N1+NZ) 
CALL BINTGS(PT ,N1+NZ) 
IF«L1.GT.0).OR.(L2.GT.0» GO TO 60 

C BEC!lIN SECTION USED FOR OVERLAP INTEGRALS INVOLVING S FUNCTIONS 
C FIND Z TABLE NUMBER 

40 L .. (90-17*N1+N1",,,,Z-2I1<N2)/2 
ULIM .. N1+NZ 
LLIM .. 0 
DO 50 I .. LLIM,ULIM 
NNI1 '" N1+N2-I+1 

50 X .. X+Z(I+1,L)$A(I+1)"'B(NNIi)/2.DO 
SS .. X 
GO TO SO 

C BEC!lIN SECTION USED FOR OVERLAP INVOLVING NON-S FUNCTIONS 
C FIND Y TABLE NUBMER L 

60 L .. (!3-M)",(24-10",M+M"'II<Z)lI«SS-SOIl<M+SlI<M**Z)/120+ 
1(SO-9*L1+Lf"'*Z-2*N1)",(28-9*L1+L1"'*Z-ZII<N1)S+ 
Z(30-9",LZ+LZ",,,,2-Z,,,NZ)/2 

LLII>! '" 0 
DO 70 I .. LLIM,S 
IIII .. 2*J+MOD(I(+I,Z)+1 

70 X .. X+Y(I+1,J+1,L)"'A(I+1>I.B<IUD 
SS .. X*(FACT(M+1)/8.DO)*"'ZII<DSQRT(FLOAT(Z"'L1+1)II<FACT(Lt-M)", 

1FLOAT(ZlI<LZ+1)*FACT(LZ-M)/(4.DO",FACT(L1+M)*FACT(L2+M») 
80 CONTINUE 

RETURN 
END 

SUBROUTINE HARMTR(T ,MAXL,E) 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
DIMENSION T(9,9),E(3) 
COST .. E(3) 
IF«1.DO-COST*",2).GT.0.OOOOOOOOOD eo TO 20 

10 SINT.. 0.00 
GO TO 30 

. 20 SINT ... DSQRT(1.DO-COSTlI<"'2) 
30 CONTINUE 

IF(SINT.GT.O.ooooomo) eo TO 50 
40 COSP .. 1.00 

SINP "0.00 
GO TO 70 

50 COSP II E(i)/SINT 
60 SIN? IB E(2)/SINT 
70 CONTINUE 

DO SO I '" 1,9 
DO 80 J '" 1,9 

80 TG,J)" O.DO 



T(1,1> .. 1.00 
IF(MAXL.GT.i) GO TO 100 

90 IF(MAXL.GT.O) GO TO 100 
GO TO 120 
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100 COS2'1' .. COSTII .. j.2-SINTII<>I<2 
SIN2T .. 2.00olrSINT*COST 
COS2P = COSPoIrolr2-SINPII<II<2 
SIN2P .. 2.00Il<SINPoIrCOSP 

C TRANSFER MATRIX ELEMENTS FOR 0 FlmCTIONS 
SQRT3 co DSQRT(3.00) 
T(6,5) '" (3.DOll<COSTiI<*2-1.DO)/2.00 
T(5,6) .. -SQRT3l1<SIN2T/2.00 
're5,S) .. SQRT3i1<SINT*iI<2a.DO 
T(6,5) .. SQRT3i1<SIN2T*COSP/2.DO 
T(6,6) .. COS2T$COSP 
T(6,7) .. -COSTlIISINP 
T(6,S) .. -T(6,5)/SQRT3 
T(6,9) .. SINT*SINP 
T(7,5) .. SQRT3*SIN2T",SINPa.DO 
T(7,6) .. COS2TlIISINP 
T(7,7) '" COST*COSP 
T(7,S) .. -T(7,5)/SQRT3 
T(7,9) .. -SINT*COSP 
T(S ,5) .. SQRT3*SINT",,,,2$COS2P /.2.DO 
T(S,6) .. SIN2T*COS2P/2.00 
T(S,7) .. -SINTII<SIN2P 
T(S,S) .. (f.DO+COST$iI<2)*COS2P/2.DO 
T(S,9) = -COSTliISIN2P 
T(9,6) .. SQRT3li1SINT**2*SIN2pa.DO 
T(9,6) .. SIN2T$SIN2P/2.DO 
T(9,7) .. SINT*COS2P 
T(9,S) .. (1.DO+COST**2)liISN2pa.DO 
T(9,9) .. COSTiI<COS2P 

110 CONTINUE 
C TRANSFORMATION MATRIX ELEMENTS FOR P FUNCTIONS 

T(2,2) co COSTiI<COSP 
T(2,3) .. -SINP 
T(2,4) .. SINT*COSP 
T(2,2) .. COST*SINP 
T(2,3) .. COSP 
T(2,4) ... SINT$SINP 
T(4,2) III -SINT 
T(4,4) .. COST 

120 CONTINUE 
RETURN 
END 

SUBROUTINE RELVEC(R,E,C1,C2) 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
DIMENSION E(;:l),C1(3) ,C2(3) 
X .. 0.00 
DO 10 I .. 1,3 
E(l) .. 02(1)-01(D 
X .. X+E(I)$$2 

10 CONTINUE 



R .. DSQRT{X) 
DO 40 I .. 1,3 
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IF(R.0T .. OOOOO1D0) GO TO 30 
20 GO TO 40 
30 E{D.. E(I)/R 
40 CONTINUE 

RETURN 
END 

FUNCTION FACT{N) 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
PRODT .. 1.DO 

20 DO SO I .. 1,N 
SO PRODT .. PRODT*FLOAT{D 
40 FACT = PRODT 

RETURN 
END 

SUBROUTINE BINTGS{X,K) 
IMPLICIT DOUBLE PRECISION{A-H,O-Z) 

a FILLS ARRAY OF B-INTEGRALS. NOTE THAT B{D IS BO-1) IN THE 
a USUAL NOTATION 
C FOR X.GT.S EXPONENTIAL FORMULA IS USED 
a FOR 2.LT.X.LT.S AND K.LE.10 EXPONENTIAL FORMULA IS USED 
a FOR 2.LT.X.LE.S AND K.Gl;10 15 TERM SERIES IS USED 
C FOR i.LT.E.2'ANI> K.LE.7 EXPONENTIAL FORMULA IS USED 
a FOR 1.L"I:.E.2 AND K.!3T.7 12 TERM SERIES IS USED 
a FOR.B.L'.V.X.LE.1 AND ~.LE.5 EXPONENTIAL FORMULA IS USED 
C FOR..B.LT.X.LE.1 AND K.GT.5 7 TERM SERIES IS USED 
a FOR X.LE.B 6 TERM SERIES IS USED 
6'\****************",**********************************$*"'**"'********** 

, ' aOMMON/AUXINT/A(17),B(17) 
IO .. 0 
A'BSX .. DABS(X) 
IF(ABSX.GT.S.DO) GO TO 120 

10 IF(ABSX.GT.2.DO) GO TO 20 
40 IF(ABSX.GT.1.DO) GO TO 50 
70 IF(ABSX.GT.~5DO) GO ToaD 
100 IF{ABSX.G'I'.:000001DO) GO TO 110 

GO TO 170 
110 LAST .. 6, 

GO .TO 140 
ao IF(K.LE,5) GO TO 120 
90 LAST- 7 

GO ,TO 140 
50 IF(K.LE.7) GO TO 120 
60 LAST .. 12 

GO TO 140 
20 IF(K.LE,1O) GO TO 120 
SO LAST .. 16 

GO TO 140 
120 EXPX '" DEXP(X) 

EXPM..X .. l.DO/EXPX 



B(1) ... (EXPX-EXPM){}/X 
DO 130 I .. 1,K 
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130 B(1+1) .. (FLOATO>l<B(DH-i.DO)'i"/I(M+I+1)/(FACT(M)$FLOAT(M+I+1) 
(10 TO 190 

140 DO 160 I '" iO ,K 
Y .. 0.00 
DO 150 M .. iO,LAST 

150 Y '" Y+(-X)$II<MII«i.OO-(-i.DO)$II«M+I+1»/(FACT(M)II<FLOAT(M+I+1) 
160 B(I+1).. Y 

(10 TO 190 
170 DO 1ao I .. iO,K 
1aO B(I+1) .. (i.DO-(-i.DO)*.<I+1)/FLOAT(I+1) 
190 CONTINUE 

RETURN 
END 

SUBROUTINE AtNTGS(X,IO 
IMPLICI'f DOUBLE PRECISION(A-H,O-Z) 
COMMON/AUXINT/A(1D,B(17) 
A(1) ... DEXP(-X)/X 
DO 10 I .. 1,K 

10 A(I+D '" (A{D$FLOAT(D+DEXP(-X»/X 
RETURN 
END 

SUBROUTINE MATOUT(N,MATOP) 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
COMMON/ARRAYS/A(aO,aO .• 3) 
DO ao M III 1,N,H 
K .. MHO 
IP(K.LE.N) (10 TO 30 

20 K .. N 
30 CONTINUE . 

WRITE(3,40) (j,J .. M,K) 
40 FORMAT(/ /,7X,11<4X,I2,3X),/ /) 

DO 60 I ... 1,N 
WRITE(3,50) I,(A<I,j,MATOP),j .. M,K) 

50 FORMAT(iX,I2,4X,50(F9.4» 
60 CONTINUE 

WRITE(3,70) 
70 FORMATU/) 
ao CONTINUE 

RETURN 
END 
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SUBROUTINE HUCKEL 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

C EX'l'ENDED HUCKEL THEORY FOR (lLOSED SHELLS 
C OVERLAPS ARE IN MATRIX A .• COULOMB INTEGRALS(('IAMMA) ARE IN MAT 

COMMON/ARRA YS/A{80,80) ,1'1(80,80) ,0(80,80) 
COMMON/INFO/NA TOMS ,CHARGE ,MUL TIP ,AN(35 ),C(35 ,3) ,N 
COMMON/INFOVCZ(35), U(80) ,ULIM(35) ,LLIM(35)NELECS ,OCCA,OCCB 
COMMON/GAB/xxx(400),O(35,35),Q(80),YYY{80),ENERGY,XXY{214) 
COMMON/OPTION/OPTION,OPNCLO,HUCKEL,CNDO,INDO,CLOSED,OPEN 
DIMENSION ENEG(18,3),BETA0(18) 
DIMENSION G1(18),F2{18) 
INTEGER CHARm;: OCCA,OCCB,UL,AN,CZ,U,ULIM,ANI 
INTEGER OPTION ,OPNCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
G1(3) ... 092012 DO 
G1(4) ... 1407 DO 
G1(5) ... 199265 DO 
G1(6) .. .267708 DO 
m{?) ... 346029 DO 
G1(8) .. .43423 DO 
G1(9) ... 532305 DO 
F2(3) '" .049865 DO 
P2(4) ... 089125 DO 
F2(5) ... 13041 DO 
F2(6) .. .17372 DO 
F2(?) .. .219055 DO 
F2(8) .. .266415 DO 
P2(9) ... a1580 DO 
ENEG(1,n .. 7.1761 DO 
ENEG(3,1> co 3.1055 DO 
ENEG(3,2) .. 1.258 DO 
ENEG(4.D '" 5.94557 DO 
ENEG(4,2) '" 2.563 DO 
ENEG(5,1> .. 9.95407 DO 
ENEG(5,2) .. 4.001 DO 
ENEG(6,f) '" 14.051 DO 
ENEG(6,2) .. 5.572 DO 
ENEG(7,1) .. 19.31637 DO 
ENEG(7,2) .. 7.275 DO 
ENEGC8,D .. 25.39017 DO 
ENEGC8,2) .. 9.111 DO 
ENEG(9,D .. 32.2724 DO 
ENEG(9,2) .. 11.08 DO 
ENEG(11,t> .. 2.804 DO 
ENEG(11 .• 2) .. 1.302 DO 
ENEG(11,3) .. 0.150 DO 
ENEG(12,i> .. 5.1254 DO 
ENEG(12,2) .. 2.0516 DO 
ENE(l(12,3) .. 0.16195 DO 
ENEG(13,1) OJ 7.7706 DO 
ENE(l{13,2) ... 2.9951 DO 
ENEG(13,3) '" 0.22425 DO 
ENEG(14,i) .. 10.0327 DO 
ENEG(14,2) .. 4.ia25 DO 
ENEG(14,3) .. 0.337 DO 
ENEG(15,D .. 14.0327 DO 
ENEG(15,2) .. 5.4638 DO 
ENEG(15,3) .. 0.500 DO 



C 
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DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 
DO 

ENEG(16,1) co 17.6496 
ENEG(16,2) .. 6.989 
ENEG(16,3) .. 0.71326 
ENEG(17,i) .. 21.5906 
ENEG(17,2) '" 8.7081 
ENEG(17,3) .. 0.9'1696 
BETAO(1) .. -9. 
BETAO(S) .. -9. 
BETAO(4) .. -13. 
BETAO(5) .. -17. 
BETAO(6) .. -21. 
BETAO(7) .. -25. 
BETAO(S) .. -31. 
BETAO(9) .. -39. 
BETAO(t1) '" -7.7203 
BETAO(12) .. -9.4471 
BETAO(13) .. -ii.3011 
BETAO(14) III -13.065 
BETAO(16) '" -15.070 
BETAO(16) .. -lS.150 
BETAO(1'7) .. -22.330 
FIND NELECS AND FILL 
NELECS '" 0 

H CORE(DIAGONAL) 

DO 60 I ... 1,NATOMS 
NELECS ... NELECS+CZ(I) 
LL .. LLIM(!) 
UL .. ULIM(D 
ANI .. AN(I) 
L .. 0 
DO 50 j '" LL,IJL 
L .. L+1 
IF(L.EQ.i) GO TO 10 

20 IF(L.LT.5) GO TO 40 
SO A(j,j)" -ENEG(ANI,S)/2'7.21DO 

GO TO 60 
40 A(j,j)" -ENEG(ANI,2)/27.21D0 

GO TO 50 
10 A(j,j)" -ENEG(ANI,1)/2'7.21D0 
50 CONTINUE 
60 CONTINUE 

NELECS .. NELECS-CHARGE 
oaeCA '" NELECS/2 

WITH (1+A)/2 

C FORM HUCKEL HAMILTONIAN IN A <OFF DIAGONAL TWO CENTER TERMS) 
DO 90 I co 2,N 
K .. U(D 
L .. AN(K) 
UL '" 1-1 
DO 90 j ... i,UL 
KK .. U(J) 
LL .. AN(KK) 
IF«L.GT.9).OR.(LL.GT.9» GO TO '70 

SO A(!,j)'" ACI,j)$BETAO(L)+BETAO(LL)/134.42DO 
A(j,D '" An,J> 
GO TO 90 

70 A<I,J)" 0.'75DOIIIA<I,j)III(BETAO(L)+BETAO(LL»/134.42DO 
A(j,D .. A(I,J) 



90 CONTINUE 
DO 100 I .. t.N 

100 Q(I) .. An,D 
RHO '" 1.0-6 
CALL EIGN(N,RHO) 
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C EIGENVECTORS (IN B) ARE CONVERTED INTO DENSITY MATRIX (IN B) 
DO 140 I .. 1,N 
DO 120 j '" 1,N 

110 XXX(J)'" XXX(jH2.DO$B<I,K)lI!B(J,K) 
120 CONTINUE 

DO 1:30 j .. I,N 
1:30 SG,j)" XXX(j) 
140 CONTINUE 

DO 150 I .. 1,N 
DO 150 j .. 1,N 

150 S(J,D .. B(1,]) 
C ADD V(AB) TO HCORE---CNDO 

DO 170 I .. 1,N 
j .. Un) 
Q(D .. Q(D+0.5DO!l<G(j,j) 
DO 160 K .. 1,NATOMS 

160 Q(D ... Q(D-FLOAT(CZ(J{»lI!G'J,K) 
170 CONTINUE 

C EXIT SEGMENT IF ONLY CNDO APPROXIMATIONS ARE DESIRED 
IF(oPTION.EQ.CNDO) GO TO 290 

C INDO MODIFICATIONWORRECTION TO U<I,D) 
1BO DO 290 I .. i,NATOMS 

K .. ANn) 
j .. LLIM(!) 
IF«K.GT.i).AND.(J{.LT.10» GO TO 190 
GO TO 2BO 

190 IF(K.LE.:3) GO TO 210 
200 Q(j)" Q(j)+(FLOAT(WZ(!)-1.5DO)*GHJ{)/6.DO 
210 IF(K.EQ.:3) GO TO 220 
230 IF<K.EQ.4) GO TO 240 
250 TEMP ... GHJ{)/:3.DO+(FLOATWZ(D)-2.5DO)1I<2.DO$F2(J{V25.DO 

GO TO 260 
240 TEMP .. G1<K)/4.DO 

GO TO 260 
220 TEMP '" GHJ{)/12.DO 
260 CONTINUE 

DO 270 L .. 1,:3 
270 Q(j+L).. Q(J+L)+TEMP 
2BO CONTINUE 
290 CONTINUE 

DO 310 I .. 1,N 
DO :300 j .. 1,N 

:300 A(j,!)" AG,j) 
310 AG,!)" Q(D 

WRITE(3,320) 
320 FORMAT(1X,1BH CORE HAMILTONIAN/) 

RETURN 
END 



90 CONTINUE 
DO 100 I .. 1,N 

100 Q(I).. An,I) 
RHO '" 1.0-6 
CALL EIGN(N,RHO) 
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C EIGENVECTORS (IN B) ARE CONVERTED INTO DENSITY MATRIX <IN B) 
DO 140 I .. 1,N 
DO 120 J '" 1,N 

110 XXX(J)" XXX(JH2.DOJl<B<I,K)*B(J,K) 
120 CONTINUE 

DO 130 J .. I,N 
130 B(I,J)" XXX(J) 
140 CONTINUE 

DO 150 I .. 1,N 
DO 160 J .. 1,N 

150 B(J,I) .. B<I,J) 
C ADD V(AB) TO HCORE---CNDO 

DO 170 I .. t,N 
J .. U(D 
Q(D .. Q(D+O.5DOJ«G(J,J) 
DO 160 K III 1,NATOMS 

160 Q(D .. Q(D-FLOAT(CZ(K»l!<G(J,K) 
170 CONTINUE 

C EXI'r SEGMENT IF ONLY CNDO APPROXIMATIONS ARE DESIRED 
IF(QPTION.EQ.CNDO) GO TO 290 

C INDO MODIFICATION(CORRECTION TO U(1,D) 
180 DO 280 I .. t,NATOMS 

K .. AN(D 
J .. LLlM(I) 
IF«K.GT.n.AND.(K.LT.l0» GO TO 190 
GO TO 280 

190 IF(K.LE.3) GO TO 210 
200 Q(J)'" Q(J)+(FLOAT«cZ(D)-1.5DO)>I<G1(K)/6.DO 
210 IF(K.EQ.3) GO TO 220 
230 IF(K.EQ.4) GO TO 240 
250 TEMP .. G1<K)/3.DO+(FLOAT(cZ(D)-2.5DO)lIt2.DOlilF2(KV25.DO 

GO TO 260 
240 TEMP .. GHK)/4.DO 

GO TO 260 
220 TEMP.. 6HK)/12.DO 
260 CONTINUE 

DO 270 L III 1,3 
270 Q(J+L)" Q(J+L)+TEMP 
280 CONTINUE 
290 CONTINUE 

DO 310 I .. 1,N 
DO 300 J .. 1,N 

300 A(J,D ... An,J) 
310 A<I,D '" Q(l) 

WRITE(3,320) 
320 FORMAT(1X,1BH CORE HAMILTONIAN/) 

RETURN 
END 
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SUBROUTINE SCFCLO 
IMPLIOIT DOUBLE PRECISION(A-H,O-Z) 

C CNDO/INDO CLOSED SHELL SCF SEGMENT 
C GAMMA MATRIX CONTAINED IN G, COR!'! HAMILTONIAN CONTAINED IN Q AND 
C UPPER TRIANGLE OF A. AND INITIAL DENSITY MATRIX CONTAINED IN B 
C OPTIONS CNDO OR INDO 

COMMON/ ARRA YS/ A (ao ,ao) ,B(aO ,80) ,D(aO ,ao) 
COMMON/GAB/XXX(400) ,G(35 ,35)Q<90), YVY(aO)ENERGY ,XXY (214) 
COMMON/INFO/NATOMS ,CHARGE,MULTIP ,AN(S5) ,ce35 ,3) ,N 
COMMON/INF01/CZ(35),U(aO),ULIM(35)LLIM(35)NELECS,OCCA,OCCB 
COMMON/OPTION/OP'l'ION,OPNCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
INTEGER OPTION,OPNCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
INTEGER CHARGE,OCCA,OCCB,UL,ULIM,U,AN,CZ,Z 
DIMENSION G1Cla),F'2(18) 
('J1(S) ... 09201200 
G1(4) ... 1407 DO 
G1(5) .. .199265DO 
G1(6) .. .267708DO 
G1(7)" .S46029DO 
G1(8) .. .4342S DO 
G1(9) .... 53230500 
F'2(3) .. .04986500 
F'2(4) .. .08912500 
F2(5) .. .13041 DO 
FU6) III .17372 DO 
F2(7) .. .21905500 
F2(8) .. .26641500 
F2(9) '" .315ao DO 
ZaO 
IT .. 25 
RHO .. 1.0-6 

10 CONTINUE 
Z .. Z+1 
ENERGY .. O.DO 

C TRANSFER CORE HAMILTONIAN TO LOWER TRIANGLE OF A 
DO 20 I .. 1,N 
A<I,D .. Q(D 
DO 20 J .. 1,N 

20 A(j,D .. AG,J) 
DO SO I .. t,N 
II .. U(D 
AO,D .. A(J,D-B<I,D$S(II,ID$0.5DO 
DO SO K .. t,N 
JJ 1ft UeK) 

30 A<I,D OJ A<I,D+B(K,K)"'SCII,JJ) 
NM .. N-1 
DO 40 I .. 1,NM 
II '" ueD 
LL .. 1+1 
DO 40 J .. LL,N 
JJ ... ueJ) 

40 A(j,D ... A(J,D-B(J,DII<GelI.JJ)1I<0.5DO 
C INDO MODIFICATION 

IPeOPTION.EQ.CNDO) SO TO 90 
50 DO 80 II .. 1,NATOMS 

K .. ANCID 



I .. LLIMOD 
IF(J(.EQ.1) GO TO 80 
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60 PAA .. BCI,D+B(1+1,1+1)+BG+2,1+2HB<I+3,I+3) 
A<I,D .. AG,D-(PAA-BO,D):IIG1(J()/6.DO 
DO 70 J .. 1,3 
A<I+ J,I+J) .. A (I+J,I+ J)-BCI,D:IIG1(J()/6.DO-(PAA-B<I,D)1I<7.DOIit 

tF2(J()/50.DO+B(I+ J,I+ J)$11.DO$F2(J()/50.DO 
70 AO+J,D" A(I+J,D+BG,I+J)IItGl(J()/2.DO 

11 '" 1+1 
12 .. 1+2 
13 '" 1+3 
A<I2,I1) .. A<I2,I1)+I1(12,In$11.DO$F2(J()/50.DO 
A<I3,In .. A<I3,I1HB<I3,I1)!I!11.DO!l!F2<J()/50.DO 
A(I3.I2) .. A<I3,I2HB<I3,I2)!I!1i.DO!l!F2(J()/50.DO 

80 CONTINUE 
90 CONTINUE 

DO 100 I .. t,N 
toO ENERGY .. ENERGY+O.5DO!l!BO,D!I!A<I,D+Q(D) 

DO 105 I co 1,NM 
LL .. 1+1 
DO 105 J '" LL,N 

105 ENERGY .. ENERGY+B<I,j)II«AG,JHA(J,D) 
WRITE{3,110) ENERGY 

110 FORMAT{//,10X,22H ELECTRONIC ENERGY ,F16.10) 
IF(DABS(ENERGY-OLDENC'J}.GE..000001DO) GO TO 150 

120 Z '" 26 
130 WRITE(3,140) 
140 FORMAT(5X,18H ENERGY SATISFIED /) 

GO TO 170 
150 CONTINUE 
160 OLDENG... ENERGY 
170 CONTINUE 

IF(Z.LE.IT) GO TO 210 
C SYMMETRIZE F FOR PRINTING (MATRIX A) 

180 DO 190 I .. 1,N 
DO 190 J .. t,N 

190 A<I,J) OJ A(J,D 
WRITE(3,200) 

200 FORMAT(1X,27H HARTREE-FOCJ( ENERGY MATRIX) 
CALL SCFOUT<O,n 

210 CONTINUE 
CALL EWN(N,RHO) 
IF(Z.LE.IT) GO TO 240 

220 WRITE(3'230) 
230 FORMAT(1X,28HEIGENVALUES AND EIGENVECTORS) 

CALL SCFOUT(1,2) 
240 CONTINUE 

C EIGENVECTORS <IN B) ARE CONVERTED INTO DENSITY ~lATRIX <IN B) 

DO 280 I ... t,N 
DO 260 J .. t,N 
XXX(J) .. O.ODO 
DO 250 J( .. 1,OCCA 

250 XXX(J) '" XXX(JHBG,J()$B<j,J()$2.DO 
260 CONTINUE 

DO 270 J .. I,N 
270 B<I,J)" XXX(J) 



280 CONTINUE 
DO 290 I .. f,N 
DO 290 J .. f,N 

290 B(J,D .. B<I,j) 
IF(Z.LE.IT) (10 TO 10 

300 CONTINUE 
RETURN 
END 

SUBROUTINE CPRINT 
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IMPLICIT DOUBLE PRECISION(A-H,O-Z) 
C CNDO-INDO SCF CLOSED SHELL - PRINTOUT SEGMENT 

COMMON/ARRAYS/A(SO,80),B(80,80),D(80,80) 
COMMON/GAB/XXX(400},G(35,35),Q(80),YVY(80),ENERGY,XXY(214) 
COMMON/INFO/NATOMS ,CHARGE,MULTIP ,AN(3!:!) ,C(35,3) ,N 
COMMON/INF01/CZ(35),U(SO},ULIM(35),LLIM(35),NELECS,OCCA,0CCB 
COMMON/PERTBL/EL(18) 
COMMON/OPTION/oPTION,OPNCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
INTEGER OPTION,OPNCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
INTEGER CHARGE,AN,U,ULIM,EL,OCCA,OCCB,UL,CZ,ANI 
DIMENSION OPM(3) ,OM(3) ,OMSP(3),DMPD(3} 
fJlMENSION ATENG(18) 
IF(OPTION.EQ.CNOO) GO TO 20 
ATEN(I(1) co -0.6387302462 DO 
ATENG(3) .. -.2321972405 DO 
ATENG(4) .. -1.1219620354 DO 
A'l'ENEl(5) '" -2.9725750048 DO 
ATEN(I(6) .. -5.9349548261 DO 
ATENG(7) .. -10.6731741251 DO 
ATEN('I(8) .. -17.2920850650 DO 
ATENS(9) .. -26.2574377875 DO 
SO TO 30 

20 CON'l'INUE 
ATENS(1} .. -0.6387302462 DO 
ATENS(3) .. -.92321972405 DO 
ATENS(4) .. -1.1464120356 DO 
ATENS(5) ... -2.9774239048 DO 
ATENS(6) '" -6.1649936261 DO 
ATENS(7) .. -11.0768746252 DO 
ATENS(8) .. -18.0819658651 DO 
ATENS(9) .. -27.5491302880 DO 
ATENS(i1} .. -.1977009568 DO 
ATENS(12) '" -.8671913833 DO 
ATENS(i3) .. -2.0364557744 DO 
ATENS(14) .. -3.8979034686 DO 
ATENS(15) .. -6.7966009163 DO 
ATENS(16) .. -10.7658174341 DO 
ATENS(17) .. -16.0467017940 DO 

30 CONTINUE 
K .. NATOMS-1 
WRITE{3,40} 

40 FORMAT(1X,15H DENSITY MATRIX} 
CALL SCFOUT<O,2) 
DO 50 I .. 1,K 
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L .. 1+1 
DO 50 J .. L,NATOMS 
RAD .. DSQRT«(C(l.,1)-C(j,1)>lClll2+((J(l,2)-C(J,2»>I""2 

1 +(c(I,3)-O(j,3»lI<II<2) 
ENERGY .. EN£RGY+(PLOAT(CZ(D)!IIFLOAT<CZ(J»)/RAD 
WRITE(3,60) ENERGY 
FORMAT(//,10X,16H TOTAL ENERGY .. F16.10) 
DO 70 I .. 1,NATOMS 
ANI .. AN(l) 
ENERGY .. ENERGY-'l'ENG(AND 
WRITE(3,80) ENERGY 
FORMAT(/ /,10X,16HBINDING ENERGY", ,F16.10,5H A.U.) 
DO 110 I .. 1 ,NA TOMS 
TOHG .. O.DO 
LL .. LUM(D 
UL .. ULIM(I) 
DO 90 J .. LL,UL 
TCHG .. TOHG+B(j,J) 
ANI .. AN(I) 
WRITE(S,100) I,EL(AND,TCHG 
FORMAT<I3,A4,8X,F7.4) 
XXX(D OJ TCHG 
CONTINUE 
DO 120 I .. 1,3 
DM(!) .. O.ODO 
DMSP(!) .. O.ODO 
DMPD(D .. O.ODO 
DO 200 J .. 1.,NA'l'OMS 
IF(Al'IKJ).LT.3) GO TO 180 
If'(AN(J).LT.11) GO TO 140 
SLTR1 ... C65DOIltFLOAT(AN(j»-495DO)/3.DO 
FAC1'OR .. 2.5416DODO/(DSQRT(5.DO)$SLTR1> 
INDEX .. LLIM(J) 
DO 170 K .. 1,3 
DM.SP(K) .. DlIfSP(K)-B<INDEX,INDEX+K)*10.27175DO/SLTR1 
DMPD(1) ... DMPD(1)-FAC'fOR*(B(lNDEX+2,INDEX+8)+B(JNDEX+3,INDEX+5) 

1 +B<INDEX+1,INDEX+7)-1.DO/DSQRT(3.DO)*BGNDEX+1,INDEX+4» 
DMPD(2) .. DMPD(2)-FACTOR>Ir(B<INDEX+1,INDEX+8)+BGNDEX+,INDEX+6) 

1 +BGNDEX+2,INDEX+7)-1.DO/DSQRT(3.DO)*BGNDEX+2,INDEX+4» 
DMPD(3) .. DMPD(3)-FACTOR-*(B(INDEX+1,INDEX+5)+B<INDEX+2,INDEX+6) 

1 +2.DO/DSQRT{3.DO)lI<BGNDEX+3,INDEX+4» 
GO TO 180 
INDEX IS LLIM(J) 
DO 150 K .. 1,3 
DMSP(K) m DMSP(K)-B<INDEX,INDEX+IO$7.33697DO/ 

1(.325DOIltPLOAT(AN(J-f) 
DO 190 I .. 1,3 
DM(I) .. DM{D+(FLOAT{CZ(J»-XXX(J»lI<C(J,DI!r2.5416DO 
CONTINUE 
DO 210 I .. 1,3 
DPM(D .. DM(D+DMSP(l) 
WRITE(3,220) 
FORMAT(//,20X,16H DIPOLE MOr.u;!NTS,/) 
WRITE(3,230) ( 
FORMA'l'(5X,11H COMPONENTS,3X,2H X,8X,2H Y,8X,2H Z) 
WRITE{:'! ,:1::; );:);\:C!) ,DM(2) ,DM(3) 
FORMATC5X,iOH DENSITIES,3(1X,F9.5» 
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"'RITE(3 ,260)DMSP(1) ,DMSP(2) ,DMSp<:n 

250 FORMAT(5X,4H S,P,6X,S(lX,F9.5» 
"'RITE(S,260)DMP0(1),OMPDGn,OMPD(S) 

260 FORMAT(5X,4H P,D,6X,S(1X,F9.6» 
"'RITE(S,270)DPM(1),DPM(2),DPM(3) 

270 FORl>fAT(5X,6H TO'rAL,4X,S(lX,F9.5),/) 
DP ... DSQRTWPM(1).1I<2+DPM(2>1I<.2+DPM(S)II<.2 
"'RITE(3,280)DP 

280 FORMAT(3X,15H DIPOLE MOl>fENT",F9.6,7H DEBYES,//) 
RETURN 
END 

SUBROUTINE HUCKOP 
IMPLWIT DOUBLE PRECISION(A-H,O-Z) 

C EXTENDED HUCKEL THEORY 0 FOR OPEN SHELLS 
a OVERLAP IN A, GAMMA MATRIX IS IN (l 
a AN INTIAL F MATRIX IS FORMED FROM (I+A)/2 AND S(U,V)JI«1/2)JI< 
C (Bf!TAOA+BETAOB). THIS F MATRIX IS USED TO GENERATE AN INITIAL 
a DENSITY MATRIX. AT THIS POINT, ADDITIONAL INTEGRALS AND aOR-
a RECTIONS ARE ADDED TO THE F MATRIX TO FORl>f EITHER THE CNDO OR 
C aOR HAMILTONIAN. THESE ADDITIONS ARE 'rHE INTEGRALS V(AB) FOR aNI 
C AND CORRECTIONS TO U(1,1) FOR INDO. 

aOMMON/ARRAYS/A(SO,SO),B<80,80),Q(SO,SO) 
aOMMON/GAIVXXX(400),(l(35,3!D,FDIAG«SO),PDIAG(SO),ENERGY,YYY(214) 
aOMMON/INFO/NATOMS ,CHARGE,MULTIP ,AN(36) ,C(36,3) ,N 
aOMMON/INF01/0Z(35),U(SO),ULIM(36),LLIM(36),NELECS,OCCA,OCCB 
COMMON/OPTION/OPTION,OPNCLO ,HUCKEL .• CNDO ,INDO ,CLOSED ,OPEN 
DII>fENSION ENEG(18,3),BETAO(18) 
DIMENSION (l1(lS),F2(lS) 
INTEGER OPTION,OPNCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
INTEGER CHARGE,OCCA,OCCB,UL,AN,CZ,U,ULIM,ANI 
131(3) .. .092012 DO 
131(4) .. .1407 DO 
G1(5) .. .199266 DO 
131(6) co .26770S DO 
G1(7) .. .346029 00 
G1<S) .. .4342S DO 
G1(9) ... 532306 DO 
F2(3) .. .049866 DO 
F2(4) .. .089126 DO 
F2(5) .. .13041 DO 
F2(6) ... 17372 DO 
F2(7) .. .219055 DO 
F2(8) .. .266415 DO 
F2(9) ... .31680 DO 
ENEG(l,1> ... 7.1761 DO 
ENEG(S,1> ... 3.1055 00 
ENEG(S,2) .. 1.25S DO 
ENEG(4,D .. 5.94557 DO 
ENEG(4,2) ... 2.663 00 
ENEG(5,D .. 9.59407 DO 
ENEG<5,2) .. 4.001 DO 
ENEG(6,1) .. 14.051 DO 
ENEG(6,:n .. 6.672 DO 
ENEG(7,1) .. 19.3163700 
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ENEG(7,2) .. 7.276 DO 
ENEt:J(8,n .. 25.39017DO 
ENEG(S,2) .. 9.111 DO 
ENE(l(9,D .. 32.2724 DO 
ENEG(9,2) .. 11.0S DO 
ENEt:J(11,i) 50 2.B04 DO 
ENEG(11,2) .. 1.302 DO 
ENEG(11,3) '" 0.150 DO 
ENE(I(12,D ... 6.1254 DO 
ENEG(12,2) .. 2.0516 DO 
ENE(I(12,3) .. 0.16195DO 
ENE(1(13,D ... 7.770S DO 
ENE(1(13,2} .. 2.9951 DO 
ENEG(13,3) .. 0.22466DO 
ENEG(14,n .. 10.0327DO 
ENEG(14,2) .. 4.1325 DO 
ENEG(14,3) ... 0.337 DO 
ENEG(15,D ... 14.0327DO 
ENEG<15,2) .. 5.463S DO 
ENEG(15,3) .. 0.500 DO 
ENEGG6,D ... 17.6496DO 
ENEG(i6,2) .. 6.989 DO 
ENEG(16,3) .. 0.71326DO 
ENEG(17,D to 21.5906DO 
ENE(I(17,2) = 8.7081 DO 
ENEG(17,3) .. 0.97696DO 
BETAO(i) .. -9. DO 
BETAO(3) '" -9. DO 
BETAO(4) '" -13 DO 
BETAO(5) .. -17 . DO 
BETAO(6) IS -21. DO 
BETAO(7) III -26. DO 
BETAO(S) m -ai. DO 
BETAO(9) '" -39 DO 
BETAO(1D .. -7.7203 DO 
BETAO(12) .. -9.4471 DO 
BETAO(13) II -11.3011DO 
BETAO(14) .. -13.065 DO 
BETAO(15) .. -15.070 DO 
BETAO(16) '" ·-HI.i50 DO 
BETAO(17) .. -22.330 DO 

a FIND NELECS AND FILL H aORE(DlAGONAL) WITH (I+A)/2 
NELECS .. 0 
DO 60 I .. i,NATOMS 
NELECS .. NELECS+CZ(D 
LL .. LLIM(J) 
UL .. ULIM(D 
ANI .. AN(l) 
L .. 0 
DO 50 J .. LL,UL 
L .. L+1 
IF(L.EQ.i) (10 TO 10 

20 IF(L.LT.5) (10 TO 40 
30 A(J,J) .. -ENE(I(ANI,3)/27.21D0 

(10 TO 50 
40 AeJ,J) .. -ENE(I(ANI,2)/27.21D0 
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GO TO 50 

10 A(J,J)'" -ENEG(ANI,i)/27.21D0 
50 CONTINUE 
60 CONTINUE 

NELECS .. NELECS-CHARGE 
OCCA .. (NELECS+MULTIP-1)/2 
OGCS .. (NELECS-Ml.lLTIP+1)/2 

C FORM HUCKEL HAMILTONIAN IN A(OFF DIAGONAL TWO CENTER TERMS) 
DO 90 I II 2,N 
K .. U(D 
L .. AN(K) 
UL .. 1-1 
DO 90 J '" i,UL 
KK .. U(J) 
LL .. AN(KK) 
IF«L.GT.9).OR.(LL.GT.9) GO TO 70 

80 A(1,J)" AG,J)*(BETAO(LHBETAOCLL»/54.42DO 
ACJ,D .. A(I,J) 
GO TO 90 

90 CONTINUE 
DO 100 I .. 1,N 
DO 100 J .. t,N 

100 Q(1,J) III A<I,J) 
RHO ,. 1.0-6 
CALL EIGN(N,RHO) 
DO 110 I .. 1,N 
PDIAG(D .. 0.000 
DO HO J .. 1,N 
AG,J) .. B(1,J) 

110 B(1,J)" 0.000 
DO 160 I .. 1,N 
DO 120 K .. 1,OCCA 

120 B(1,D .. B(1,D+A(J,K)>l<A(j,K) 
DO ·130 K .. 1,OCCB 

130 PDIAG(D .. PDIAG(D+A<I,K)*A(I,K) 
LL .. 1+1 
DO 160 J .. LL,N 
DO 140 K .. 1,OCCB 

140 BO,J) '" B<I,JHA<I,K) 
DO 150 K .. 1,OCCA 

150 B(J,D ... B(J,D+AG,K)*A(J,K) 
160 CONTINUE 

C ADD V(AB) TO H CORE--CNDO 
DO 180 I .. 1,N 
J "U(D 
Q(J,D .. QCI,D+0.5DOlltG(J,J) 
DO 170 K ... 1,NATOMS 

170 Q(I,D .. Q(J,D-FLOAT<CZ(K»${I<J,K) 
180 CONTINUE 

C EXIT SEaMENT IF ONLY CNDO APPROXIMATIONS ARE DESIRED 
IF(OPTION.EQ.CNDO) GO TO 300 

C INDO MODIFICATION (CORRECTION TO U<I,D) 
190 DO 290 I .. 1,NATOMS 

K ... AN(D 
J '" LLIM(D 
IF«KGT.i).AND.(KLT.10» GO TO 200 
{l0 TO 290 
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200 IF(f{.LT.S) GO TO 220 
210 Q(J,J)'" Q(J,J)+(FLOAT(CZ(l»-i.6DO)"'G1(f{)/6.DO 
220 IF(f{.EQ.S) GO TO 290 
240 IF(f{.EQ.4) GO TO 260 
260 TEMP .. 01(f{)/:~.DO+(FLOAT(CZ(D)-2.5nO)1/I2.nOJl!F2(f{)/26.nO 

GO TO 270 
260 TEMP.. 01(f{)/4.DO 

GO TO 270 
290 TEMP III l'11(K)/12.nO 
2'70 CONTINUE 

DO 2ao L .. 1,S 
280 Q(J+L,J+L) .. Q(J+L,J+L)+TEMP 
290 CONTINUE 
SOO CONTINUE 

WRITE(3,3W) 
310 FORMAT(1X,iaH CORE HAMILTONIAN//) 

CALL SCFOUTW,3) 
RETURN 
END 

SUBROUTINE SCFOPN 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

C CNDO/INDO OPEN SHELL SEGMENT 
C GAMMA MATRIX CONTAINED IN G, CORE HAMILTONIAN CONTAINED IN Q, 
C INITIAL DENSITY MATRICES IN B 
C OPTION CNno OR INDO 
C AND THE APPROPRIATE CORE HAMILTONIAN, THE TWO ELECTRON INTEGRA 
C ARE ADDED TO THE F MATRIX (A) IN TWO PARTS-FIRST THE CNDO GAMN 
C ARE ADDED AND THEN THE mo CORRECTIONS TO THE ONE-CENTER INTEG 
C THE PROCEDURE IS THAT F(ALPHA) AND F(BETA) ARE FORMED, THEN 
C THE ELECTRONIC ENERGY IS COMPUTED. EWN IS CALLED TO DlAGONALIZI 
C THE TWO F MATRICES AND THE ALPHA AND BETA BONDORDERS ARE FORM 
C THESE ARE USED TO FORM NEW F MATRICES AND THE CYCLE IS REPEATE 
C UNTIL THE ENERGY CONVERGES TO THE DESIRED VALUECO.OOOOOi IN THIS 
C PRO(lRAM). 
C AN UPPER LIMIT OF 26 CYCLES IS INCLUDED (IT) 

COMMON/ ARRA YS/ A(80 ,ao) ,B(aO ,ao) ,Q(ao ,ao) 
COMMON/OAB/XXX(400) ,G(S6 ,S6) ,FDlA(l(flO) ,PDIAG(aO) ,ENER(lY, YYV(2l4) 
COMMON/INFO/NATOMS ,CHARGE,MUL 'l'IP ,AN(S6),C(S5 ,3) ,N 
COMMON/INF01/CZ(S5),U(flO),ULIM(S5),LLIM(S5),NELECS,OCCA,OCCB 
COMMON/OPTION/OPTION,OPNCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
DIMENSION Gl(1S),F2(-1S) 
INTEGER OPTION,OPNCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
INTEOER CHARI'IE,OCCA,OCCB,UL,AN,CZ,U,ULIM,Z 
(l1(3) • .092012DO 
(31(4) .. .1407 DO 
(31(5) .. .199265DO 
(l1(6) .. .26770flDO 
(31(7) .. .346029DO 
(l1(S) .. .43423 DO 
(31(9) .. .5S2305DO 
F2(S) .. .049S66DO 
F2(4) .. .Ofl925 DO 
F2(6) iii .1S041 DO 
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F2(6) iii .1'73'72 00 
F2('7) ... 21905500 
F2(S) ... 26641500 
FU9) ... 315S0 00 

C INITIALIZIE COUNTER Z ANO BE(lIN SCF CYCLE AT 10 
Z .. O 
IT .. 25 
RHO .. 1.0-6 

10 CONTINUE 
Z .. Z+1 
ENERGY II 0.00 

C TRANSFER CORE HAMILTONIAN TO A 
00 20 1 .. 1,N 
FOIAG(D .. Q(1,D 
00 20 J .. f,N 

20 A(I,J)" QG,J) 
00 30 1 .. 1,N 
II II U<I) 
A(1,I) .. A(1,D-B(I,Dl/IIG(lI,ID 
FDIAG(!O .. FOIA(l(I)-POIA(l(DIII(l(lI,ID 
00 30 K. iii i .• N 
JJ .. U(K) 
A<I,D .. AG,D + (PDIAG(I{)+B(K,K»III(l(II,ID 

30 FOIAG(D .. FDIAG(D+(PDIA(l(K)+B(K,K»l/IIG(1I,J.P 
NM .. N-f 
00 50 I .. 1,NM 
II .. U(D 
LL .. 1+1 
00 40 J III LL,N 
JJ .. U(J) 
A(I,J) .. A<I,J)-BG,J)*S(II,JJ) 

40 A(J,D" A(J,j)-B(J,Dl/IIG<II,JJ) 
50 CONTINUE 

C INDO MODIFICATION 
IF<OPTION.EQ.CNDO) SO TO 100 

60 00 90 II III 1,NATOMS 
K .. AN(I!) 
1 .. LLIM(ID 
IF(K.EQ.i) (l0 TO 90 

'70 PAA III B(1,D+B<I+1,I+1)+B<I+2,1+2)+B(I+3,1+3) 
PAB .. PDIA(l(I+i)+PDIAG(l+2)+PDIAG(I+3) 
A(I,D .. A(l,D-(PAA-(B(1,D)III(l1<K)/3.00 
FDlAG(D .. FDIA(l(D-(PAB-PDlA(l(I)l/II(l1(K)/3.00 
00 ao J III 1,3 
A(l+ J,I+ J) .. A(1+ j,l+ J)+(B(1+ J,I+ j)-(PAA-BG,D»!IIF2(f{)/5.00-B(I,D 

1*G1(f{)/3.00+(6.00*PDlA(l(1+ J)- 2.DOII«PAB-PDlAG(I) )*F2(f{)/25.DO 
FDlA(l(l + J) ... FDlA(l(J+ J)+(PDIAG(I+ J)- (PAB-PDIAG(D»!IIF2(f{)5.00 

1-PDlA(l(I)II<Gi(K)/3.D0+<6.00 .. B(l+ J,I + J)-2.00-(PAA-B(1,I)) 
2*F2(K)/25.DO 

A<I,I+ j) .. A<I,I+ j)+(B(1+ j,D+2.DO*B(1+ J,D)*(l1(K)/3.DO 
AG+ J,D .. A(I+J,D+(BG+ J,D+2.DOl/llB(1,I+ J»*(l1<K)/3.DO 
DO ao L III 1,3 
IF(j.EQ.L) (l0 'ro SO 

'75 A<I+L,I+ J) .. A(I+L,I+ j)+(5.DO*BG+L.!+J)+6.00*B(J+ j,I+L» 
1*F2(f{)/25.00 

ao CONTINUE 
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90 CONTINUE 
toO CONTINUE 

DO itO I .. 1,N 
110 ENERGY II ENERGY+<l.6DOIlt«AG,D+Q<I,D)IItB<I,DHFDIAG(D+Qn,D) 

illtPDIAG(l» 
DO 116 I .. i,Nt.! 
LL .. 1+1 
DO 116 ] .. LL,N 

116 ENERGY .. ENERGY+((A<I,j)+Q<I,]».B<I,j)+(A(j,D+Q{],D)lIIB(j,D) 
WRITE(S,120) ENERGY 

120 FORMATU.;',10X,22H ELECTRONIC ENERGY ,FM.iO) 
IF<DABS(ENERGY-OLDENG).GRi.D-6) GO TO 160 

190 Z OIl 26 
140 WRITE(9,160) 
160 FORMAT(6X,1aH ENERGY SATISFIED.;') 

GO TO 1ao 
160 CONTINUE 
170 OLDENG III ENERGY 
1ao CONTINUE 

IF{Z.LE.IT) GO TO 240 
C TRANSFER F(ALPHA) TO Q. FOR PRINTING 

190 DO 200 I iii 1,N 
DO 200 ] .. I,N 
Q<I,]) .. A(j,D 

200 Q(J,D .. A(] .• D 
WRITE(S,210) 

210 FORMAT(1X,42H HARTREE-FOCK ENERGY MATRIX FOR ALPHA SPIN.;'.;') 
C TRANSFER P(BETA) TO Q FOR PRINTING 

DO 220 I ... t,N 
Q(I,D .. FDIAG(D 
LL iii 1+1 
DO 220 ] .. LL,N 

220 Q(j,D .. An,]) 
WRITE(9,2S0) 

290 FORMAT(1X,41H HARTREE-FOCK ENERGY MATRIX FOR BETA SPIN .... .;') 
CALL SCFOUT(O,S) 

240 CONTINUE 
CALL EWN(N,RHO) 
IF(Z.LRIT) GO TO 270 

260 WRITE(S,260) 
260 FORMAT(1X,4SHEWENVALUES AND EWENVECTORS FOR ALPHA SPIN .... .;') 

CALL SCFOUT<1,2) 
270 CONTINUE 

C TRANSFER F<BETA) TO LOWER HALF OF A 
DO 280 I II 1,N 
An,D .. FDIAG(J) 
K .. 1+1 
DO 280 J .. K,N 
A(j,D aAG,]) 

280 ACI,]) III 0.000 
C FORM ALPHA BONDORDERS IN TOP HALF OF A AND IN FDIAG-TEMPORARY 

DO SOD I .. t,N 
LL .. 1+1 
DO 290 K II 1,OCCA 

290 FDIAG(D... FDIAG(J)+BG,K)!ltBG,IO 
DO SOD ] .. LL,N 
DO 900 K .. i,OCCA 
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900 A<I,j)" AG,j)+BG,K)II<B(j,K) 
CALL EWN(N,RHO) 
IF(Z.LE.IT) (10 TO 990 

91p WRITE(9 .• 320) 
920 FORMAT(1X,43HEIClENVALUES AND EIClENVECTORS FOR BETA SPIN//) 

CALL SCFOUT(1,2) 
990 CONTINUE 

C FORM BETA BOND ORDERS IN LOWER HALF OF A AND IN PDIA(I) 
DO 950 I .. 1,N 
LL .. 1+1 
PDIA(I(D .. 0.000 
DO 940 K .. 1,OCCB 

940 P!)lA(I(D PDIAG(D+B(I,K)!IIBG,K) 
DO 9130 j .. LL,N 
A(j,D .. 0.000 
DO 950 K EI 1,OCCB 

9130 A(j,D" A(j,D+B<I,K)II<B(j,K) 
C TRANSFER BONDORDERS FROM A TO B 

DO 370 I ... 1,N 

DO 360 j .. 1,N 
360 B<I,j)" A(j,D 
370 B<I,D.. F!)lA(I(l) 

IF(Z.LRIT) GO TO 10 
9S0 CONTINUE 

RETURN 
END 

SUBROUTINE OPRINT 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

C CNDO- INDO OPEN SHELL PRINT OUT SE(lMENT 
COMMON/ARRAYS/A(SO,SO),B<SO,SO),Q(SO,(lO) 
COMMON/GAB/XXX(400),G(95 .• 95),FDIAG«(l0),PDIAG«(l0),ENERGY,YYY(214) 
COW.tON/INFO/NATOMS,CHARClE ,MULTIP ,AN(35),C(9B ,9),N 
COMMON/INF01/CZ(95),U«(lO),ULIM(95)LLIM(95),NELECS,OCCA,OCCB 
COMMON/OPTION/OPTION ,OPNCLO ,HUCKEL ,CNDO ,INDO ,CLOSED ,OPEN 
COMMON/PERTBL/EL(1(1) 
!)lMENSION CISO(10) 
DIMENSION DPM(3) ,DM(3) ,DMSP(9),DMf'D(9) 
DIMENSION ATEN(I(1(1) 
INTEGER OPTION,OPNCLO ,HUCKEL,CNDO ,INDO ,CLOSED ,OPEN 
INTEGER CHARGE,AN,U,ULIM,EL,OCCA,OCCB,UL,CZ,ANI 
IF(OPTION.EQ.CNDO) GO TO 20 
ATENG(f) .. -0.69(17302462 DO 
ATENG(3) .. -.2321972405 DO 
ATENG(4) .. -1.1219620354 DO 
ATENG(5) .. -2.(172575004(1 DO 
ATENG(6) ... -5.999454(1261 DO 
ATENG(7) .. -10.673174125100 
ATENG«(I) .. -17.2920(15066000 
ATENS(9) ... -26.2674377(17500 
SO TO 90 

20 CONTINUE 
ATENS(f) .. -0.63(17302462 DO 
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ATENG(3) .. -.2321972405 DO 
ATENG(4) .. -1.1454120355 DO 
ATENG(5) .. -2.9774239040 DO 
ATENG(6) .. -6.1649936261 00 
ATENG(7) .. -11.076074625200 
ATENG(O) .. -is.001965065100 
ATENG(9) .. -27.549130200000 
ATENG(11) .. -.19770096(;0 DO 
ATENG(12) .. -.06'71913933 DO 
ATENG(13) .. -2.0364557744 00 
ATENG(14) .. -3.0979034606 DO 
ATENG(15) .. -6.7966009163 00 
ATENG(16) .. -10.766017434100 
ATENG(17) .. -16.046701794000 

30 CONTINUE 
I{ .. NATOMS-1 

C BONDORDER HALF MATRICES ARE NOW BEING STORED IN FULL MATRICES 
C PRINTING--ALPHA IN B AND BETA IN A 

DO 40 I .. 1,N 
An,I) .. PDIAG(l) 
LL .. 1+1 
DO 40 J .. LL,N 
A<I,j) .. B(l,J) 
A(j,I) .. BG,J) 

40 B<I,j)" S(J,!) 
WRITE(3,60) 

50 FORMAT(1X,23H ALPHA BONDORDER MATRlx//) 
CALL SCFOUT(0,2) 
WRITE(3,60) 

60 FORMAT(1X,22H BETA BONDORDER MATRIX//) 
CALL SCFOUT(O,f) 

70 CONTINUE 
00 00 I .. 1,N 
DO 80 J .. 1,N 
B<I,j) .. A<I,J)+B<I,J) 

00 A(I,J) III B<I,J)-2.DOljlA<I,J) 
WRITE(3,90) 

90 FORMAT(lX,26H SCF TOTAL DENSITY MATRIx//) 
CALL SCFOUT{O,2) 
WRITE(3, 100) 

100 FORMAT(lX,24H SCF SPIN DENSITY MATRIx//) 
CALL SCFOUT{O,t) 
DO itO I .. 1,1{ 
RAD ... OSQRT«C<I,D-C(J,D)ljIljI2+(C<I,2)-C(J,3»ljI!II2 

1 +(C(I,3)-C(j,9»~n"2) 

110 ENERGY .. ENER(JY+(FLOATWZ(l)!IIPLOAT(CZ(j»)/RAD 
WRITE(3,120) ENERGY 

120 FORMAT(//iOX,16H TOTAL ENER(JY .. F16.10) 
DO 130 I .. i,NATOMS 
ANI .. AN(I) 

130 ENERGY .. ENERGY-ATEN(J(AND 
WRITE(S,t40) ENERGY 

140 FORMAT(//iOX,BINOING ENER(JY .. ,F16.10,6H A.U.) 
CISO(1) ... 639.963500 
CISO(6) ... 820.096900 
CISO(7) .. 379.355700 



CISO<ln '" 888.685500 
CISO(9) .. 44829.2 DO 
WRITIU9,150) 
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150 FORMAT(15X,'1HVALENCE,1OX,9HS ORBITAL,1OX,9HHYPERFINE) 
WRITE(9,160) 

160 FORMAT(10X,55H!I<ELECTRON DENSITY,.. liISPIN OENSITYIII ",COUPLING CONSTJ 
lNT"') 

WRITE(9,170) 
170 FORMAT(80X) 

DO 200 I .. 1,NATOMS 
TaHG .. 0.00 
LL .. LLlM(D 
UL .. ULlM(!) 
ANI .. AN(!) 
HFa iii aISO(AND!IIA(LL,LL) 
IF(QPTION.EQ.INOO) GO TO 2 

1 HFa .. 0.0 
2 CONTINUE 

DO 180 J .. LL,UL 
180 TaHG .. TCHG+B(J,j) 

WRITE(S,190) I,EL(AN!),TCHG,A(LL,LL),HFC 
190 FORMAT<I3,A4,8X,F'1.4,iOX,F7.4,12X,F9.4) 

XXX(D IS TaHG 
200 CONTINUE 

DO 210 I .. 1,9 
OM(D .. 0.000 
OMSP(D IS 0.000 
OMPD(I) .. 0.000 
DO 290 J '" 1,NATOMS 
IF(AN(j).LT.3) GO TO 270 

220 IF(AN(j).LT.ii) GO TO 230 
250 SLTR1 .. <'6500 .. FLOAT(AN(J»-4.9500)/S.00 

FACTOR .. 2.541600"7.00/(OSQRT(5.00)"SLTRf) 
INDEX .. LLIMCJ) 
DO 260 K III 1,S 

260 OMSP(l.O iii OMSP(J{)-B(INDEX,INDEX+JO .. 102717500/sLTR1 
OMPD(f) .. OMPD(1)-FACTOR$CB(INOEX+2,INDEX+S)+BGNDEX+S,INOEX 

1 +B(lNDEX+1,INOEX+7)-i.00/DSQRT(S.00)"BUNDEX+1,INDEX+4» 
OMPD(2) .. DMPD(2)-FAaTORiII(B<INDEX+1,INDEX+I'l)+BGNDEX+,INDEX+6) 

1 +BUNDEX+2,INDEX+7)-i.00/DSQRT(S.00)"BUNDEX+2,INDEX+4» 
OMPD(3) .. OMPD(S)-FACTOR-.. (BGNDEX+l,INDEX+5)+B(lNDEX+2,INDEX+6) 

1 +2.00/0SQRT(S.DO)"BUNDEX+S,INDEX+4» 
GO TO 2'10 

230 INDEX.. LLIM(j) 
DO 240 J{ ... 1,S 

240 OMSP(J{) .. DMSP(J{)-B<INDEX,INDEX+J{)iII7.S369700/ 
1('S2500'!<FLOAT(AN(j>-1» 

270 DO 280 I .. 1,9 
280 OM(2) .. OM(D+(FLOAT(aZ(j»-XXX(J»Jj«j(j,Dl!I2.5416DO 
290 CONTINUE 

DO SOO I .. 1,3 
300 DPM(I).. OPM(D+OMSP(J)+OMPO(D 

WRITE<S,S1Q) 
910 FORMAT(//,20X,16H DIOLE MOMENTS,/) 

WRITE(3,320) 
320 FORMAT(5X,11H COMPONENTS,SX,2H X,8X,2H Y,8X,2H Z) 
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WRITE(3,330)DM(t),DM(2),DM(3) 
330 FORMAT(6X,10H DENSITIES,3(1X,F9.6» 

WRITE(3,340)DMSP(1),DMSP(2),DMSP(3) 
340 FORMAT(6X,4H S,P ,6X,3(1X,F9.6» 

WRITE(3,360)DMPD(t) ,DMPD(2),DMPD (:~) 
360 FORMAT(6X,4H P,D,6X,3(1X,F9.6» 

WRITE(3,360)DPM(1),DPM(2),DPM(3) 
360 FORMAT(6X,6H TOTAL,4X,3(1X,F9.5),/) 

DP III DSQRT(DPM(f)'11I1.2+DPM(2)*lII2+DPM(3)lII*2) 
WRITE(3,370)DP 

370 FORMAT(3X,t6H DIPOLE MOMENT",F9.5,//) 
RETURN 
END 

SUBROUTINE EIGN(NN,RHO) 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

C RHO • UPPER LIMIT FOR OFF-DIAGONAL ELEMENT 
C NN .. SIZE OF MATRIX 
C A .. F MATRIX <ONLY LOWER TRIANGLE IS USED + THIS IS DE:STRO'lEP) 
C EW ... RETURNED EIGENVALUES IN ALGEBRAIC ASCENDING ORDER 
C VECl ... RETURNED EIGENVECTORS IN COLUMNS 

COMMON/ARRAYS/A(SO,SO),VEC(SO,aO),X(SO,SO) 
COMMON/GAB/GAMMA(SO),BETA<SO),BETASQ(flO),EIG(SO),W(SO),XYZ(1600) 

C THE FOLLOWING DIMENSIONED VARIABLES ARE EQUIVALENCED 
DIMENSION P(SO),Q(SO) 
EQUIVALENOE (P(1),BETA<f),(Q(f),BETA(f) 
DIMENSION IPOSv(SO),IVPOS(SO),IORD(SO) 
EQUIVALENOE (lPOSV(f),GAMMA(f),(1VPOS(1),BETA(1), 

1<IORD(D,BETASQ(1) 
RHSQ .. RHOl!<RHO 
N. NN 
IF(N.EQ.O) GO TO 640 

10 Nt III N-i 
N2 .. N-2 
GAMMA(f) .. A(t,n 
IF(N2) 200,190,40 

40 DO 1S0 NR .. 1,N2 
B .. A(NR+1,NR) 
S .. O.DO 
DO 50 I ... NR,N2 

50 S .. Sl!<A(1+2,NR)lIf$2 
C PREPARE FOR POSSIBLE BYPASS OF TRANSFORMATION 

AN(NR+1,NR) .. O.DO 
IF(S) 170,170,60 

60 S III S+BlIIB 
SGN .. +1.DO 
IF(B) 70,aO,So 

70 SGN.. -1.00 
SO SQRTS ED DSQRT(S) 

o .. SGN/(SQRTS+SQRTS) 
TEMP .. DSQRTC5DO+Bl!<D) 
W(NR) .. TEMP 
A(NR+1,NR) .. TEMP 
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D '" D/TEMP 
B .. SGNI{ISQRTS 

C D IS FRACTOR OF PROBABILITY. NOW COMPUTE AND SAVE W VECTOR. 
C EXTRA SINGLY SUBSCRIPTED W VECTOR USED FOR SPEED. 

90 
C 
C 

C 

iOO 

110 
120 
130 
140 

150 
C 

160 
170 

190 
190 

200 
C 

210 
220 

DO 90 I .. NR,N2 
TEMP .. DI!<A<I+2,NR) 
W<I +1) .. TEMP 
A(l+2,NR) .. TEMP 
PREMULTIPLY VECTOR W BY MATRIX A TO OBTAIN P VECTOR. 
SIMULTANEOUSLY ACCUMULATE DOT PRODUCT WP,(THE SCALAR K) 
WTAW .. O.DO 
DO 140 I til NR,N1 
SUM .. O.DO 
DO 100 J .. NR,I 
SUM .. SUM+A<I+1,J+1)",W(J) 
It .. 1+1 
IF(N1-Ii) 130,110,110 
DO ·120 .J .. Ii,N1 
SUM .. SUM+A(J+1,l+1)>lM(J) 
P(D III :SUM 
WTAW .. W':\'AW+SUMI{IW(I) 
P VECTOR AND SCALAR K NOW STORED. NEXT COMPUTE Q VECTOR 
DO 150 I .. NR,N1 
Q(D .. P(D-WTAW",W(J) 
NOW PORM PAP MATRIX, REQUIRED PART 
DO 160 J .. NR,N1 
QJ .. Q(J) 
WJ ... W(J) 
DO 160 I .. J,Ni 
AG+i,J+D .. A<I+1,J+1)-2.DO"'(W(D"'QJ+WJ"'Q<I» 
BETA(NR) OJ B 
BETASQ(NR) m B~B 
GAMMA(NR+i) ... A(NR+1,NR+1) 
B .. A(N,N-f) 
BETA(N-f) III B 
BETASQ(N-i) 0 BI{IB 
GAMMA(N) '" A(N,N) 
BETASQ{N) ... O.DO 
ADJOIN AN IDENTITY MATRIX TO BE POSTMULTIPLIED BY ROTATIONS. 
DO 220 I ., f,N 
DO 210 J .. 1,N 
VEC(l,J) .. O.DO 
VEC(l,D .. 1.DO 
M .. N 
SUM .. O.DO 
NPAS ... "1 
GO TO 350 

230 SUM.. SUj\f+SHIFT 
COSA .. i.DO 
G .. G".!'>':}4A(1)-SHIFT 
PP .. G 
PPBS .. Pl'¢r-r-·· :::::" ASQ(f) 
PPBR B DSQRT(PPBS) 
DO 230 J .. 1,M 
COSAP ., COSA 
IF(PPBS.ST.1.D-12) GO TO 250 



240 

260 

a 

260 
270 

290 
290 

900 

910 

920 
990 

C 

940 
960 

960 
a 
a 

970 

S80 

990 

400 
a 
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SINA .. O.DO 
SINA2 .. O.DO 
COS A .. 1.DO 
GO TO 290 
SINA & BETA(J)/PPBR 
SINA2 s BETASQ(J)PPBS 
COSA .. PP/PPBR 
POSTMULTIPLY BY P-TRANSPOSE MATRIX 
NT .. J+NPAS 
IF(NT.LT.N) GO TO 270 
NT .. N 
DO 280 I .. 1,NT 
TEMP .. COSAlltVEC<I,J)+SINAlltVEC(I,J+1) 
VEC<I,J+1) .. SINAtllVEOa,J)+COSAtilVECa,J+D 
VEC(I,J) .. TEMP 
DIll. .. OAMMA(J+f)-SHIFT 
U • SINA2*(0+DIA) 
OAMMA(J) '" G+U 
o ... DIA-U 
PP • DIAtIICOSA-SINAtilCOSAPtIIBETA(J) 
IF(J.NRM) GO TO 910 
BETA(J) m SINA*PP 
BETASQ(J) .. SlNA2t11PPtIIPP 
GO TO 990 
PPBS .. PPIIIPP+BETASQ(J+1) 
PPBR Q DSQRT(PPBS) 
BETA(J) .. SINA*PPBR 
BETASQ(J) m SINA211tPPBS 
GAMMA(M+1) '" 1'1 
TEST FOR CONVEROENCE OF LAS'f DIAGONAL 
NPAS '" NPAS+t 
IF(BETASQ(JID.GT.RHOSQ) 00 '1'0 970 
EW(M+i) .. GAMMA(M+1)+SUM 
BETA(M) .. O.DO 
M III M-1 
IF(M.EQ.O) 00 '1'0 400 
IF(BETASQ(M).LE.RHOSQ) GO TO 940 

ELEMENT 

TAKE ROOT OF CORNER 2 BY 2 NEAREST TO LOWER DIAOONAL IN VALUE 
AS ESTIMATE EIGENVALUE TO USE FOR SHIFT 
A2 .. OAMMA(M+1) 
R2 .. 0.6DOI/IA2 
R1 '" 0.6DO'!!GAMMA(M) 
R12 .. R1+R2 
DIF iii Ri-R2 
TEMP .. DSQRT«DIFlltDIF+BETASQ(M» 
R1 .. R12+TG!MP 
R2 .. R12-TEMP 
DIF • DABS(A2-R1)-DABS(A2-R2) 
IF(DIF.LE.O.DO) 00 TO 990 
SHIFT .. ra 
00 TO 290 
SHIFT .. R1 
00 TO 29() 
EIG(1) .. !JAMMA(1)+SUM 
INITIALJ'7P A "XILIARY TABLES REQllRED FOR REARRANOIMO THE VECTORS 
DO 410 J .. t,N 
IPOSV(J) .. J 



IVPOS(j) .. ] 
410 lORD(])"] 
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C USE A TRANSPOSITION SORT TO ORDER THE EmENVALUES 
M .. N 
(10 TO 460 

420 DO 440 ] .. 1,M 
IF(EIG(]).LE.El(l(]+1) GO TO 440 

4S0 TEMP.. EI(I(]) 
Em(]) .. EIG(j+1) 
EIG(j+1) .. TEMP 
ITEMP .. lORD(j) 
lORD(]) .. IORD(j+n 
IORD(J+1) II I'l'EMP 

440 CONTINUE 
460 M .. M-1 

IF(M.NE.O) (10 TO 420 
460 IF(N1.EQ.0) (10 TO 610 
470 DO 600 L .. 1,1 

NV '" IORD(L) 
NP .. IPOSV(NV) 
IF(NP.EQ.N) GO TO 600 

4S0 LV .. IVPOS(L) 
IVPOS(NP) II LV 
DO 490 I .. t,N 
TEMP .. VECG,L) 
VECG,L) m VEC<r,NP) 

490 VECCI,NP)" TEMP 
600 CONTINUE 
610 CONTINUE 

C BACK TRANSFORM THE VECTORS THE TRIPLE DIA(lONAL MATRIX 
DO 670 NRR .. t,N 
K '" Nt 

620 K III K-t 
I1;>(K.LE.O) GO TO 660 

6S0 SUM.. O.DO 
DO 640 I '" K,N1 

640 SUM .. SUM+VEC(I+1,NRR)!IIA<I+t,K) 
SUM '" SUM+SUM 
DO 660 I .. K,N1 

660 VECCI+1,NRR) .. VEC(l+1,NRR)-SUMII<A(I+1,K) 
(10 TO 520 

660 CONTINUE 
670 CONTINUE 
640 RETURN 

END 

SUBROUTINE SCFOUT(oP,MOP) 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

C THIS ROUTINE PRINTS THE ARRAY IN COMMON/ARRAYS/ WHICH IS DESI 
C MOP. IF OP .. 1 THE EIGENVALUES CONTAINED IN COMMON/!/ ARE ALSO 
C PRINTED. IF OP .. 0 THE EIGENVALUES ARE NOT PRINTED 

COMMO~!/'.RRA YS/ACSO,SO,S) 
COMMON/GAB/XXX(2000) 
COMMON/INFO/NATOMS,CHAR(lE,MULTIP,AN(S5),C(S6,S),N 
COMMON/INFOi/CZ(S5),U(SO),ULIM(S5),LLIM(S5),NELECS,OCCA,OCCB 
COMMON/~~3/0RB(9) 
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COMMON/PERTBL/EL(18) 
INTEGER OP.,AN,ANII,CZ,U,ORB,ULIM,EL.,CHARGE,OCCA,OCnB 
DO 120 M .. 1,N,11 
I{ .. M+10 
IF(K.LE.N) GO TO 30 

20 I{ .. N 
80 CON'rINUE 

WRITE(3,100) 
IF(OP.EQ.1) GO TO 40 
GO TO 50 

40 CALL EIGOUT(M,I{) 
50 CONTINUE 

WRITE(3,60) <I,IaM,I{) 
6Q FORMAT(1SX,50I9) 

DO 110 I .. 1,N 
I! .. U(D 
ANI! .. ANO!) 
L .. I-LLIM(D+1 

70 WRITE(S,80) I,II,EL(ANID,ORB(L),(AG,J,MOP),J",M,I{) 
80 FORMAT(1X,I2,I3 ,A4 ,1X,A4 ,60(1"9 .6» 

IF(I.EQ.ULIM<ID) GO TO 90 
GO TO 100 

90 WRITE(S,tOO) 
100 FORMAT(1X) 
110 CONTINUE 
120 CONTINUE 

WRITE(S,100) 
RETURN 
END 

SUBROUTINE EmOUT(M,I{) 
IMPLICIT DOUBLE PRECISION(A-H,O-Z) 

C THIS ROUTINE: IS CALLED IN SCFOUT TO PRINT THE EIGENVALUES M TO 
COMMON/GAB/xxx(240) ,EPSILN(80), YYY (1680) 
WRITE(3,tO) (EPSILN(D,I"M,I{) 

10 FORMAT(//,15H EIGENVALUES--- ,20{F9.4),//) 
RETURN 
END 

BLOCI{ DATA 
COMMON/O~R/ORB(9) 

COMMON/PERTBL/EL(1f1) 
COMMON/OPTION/OPTION ,OPNCLO ,HUCKEL,(lNDO ,INDO ,CLOSED ,OPEN 
INTEGER OPTION ,OPNCLO ,HUCI{EL,CNDO ,INDO ,CLOSED ,OPEN 
INTEGER ORB,E:L 
DATA CNDO/4HCNDO/ 
DATA INDO/4HINDO/ 
DATAOPEN/4HOPEN/ 
DATA CLOSED/'CLSD'/ 
DATA ORB /' S',' PX',' PY',' PZ',' DZ2',' DXZ',' DY2','DX-Y', 

1'DXY'/ 
DATA EL /' H',' HE',' LI',' BE',' B',' C',' N',' 0', 

l' F',' NE',' NA',' MG',' AL',' Sl',' P',' S',' CL', 
2'AR'/ 

END 


