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Abstract

The ..h initio generalized valcnn.' hOllel (;\/11) 1111'1 11(.1 h<l~ 1>(~'11 :«11,1;".1. ,\ lH'''',-

£lure for generAting starling orhital!i for GVB pcrf,': I..pairill~ ( ;VIl·PI') (';Ikillal ions

is presented. This is achieved hy selecting initinl orbit,ids which mrn'spoll,ll,,, spt',"ili,

honds or electron pairs. These orbit ills can ht, idt~nlifil'fl from till' localiz"d mull"

1Ilat orbitals (L\IOs), for hoth oCCllpicd arlll vil1.lj,ll orbitals, w!lieh aTl' "I,lilillO',j

through a unitary t.ransformation or the [larln'c··Fork ({IF) cilWI'lir:..l III"Il'f"rl!;,r OJr

hila!s (e,:"'"Os) using the Boys locali7.iltio/t llICLllOd. Initial GVII-P!' (Jrbilill.~ nllt id.~H

he jllentificd. to a limited (':o:tcnt, (lircclly fronl the CMO,'1. :\ sfhf~lIIf~ hit.~ 1)1'('11 IJII'

plcmcntcd wltich ,lchic\'cs optimum convcf/leJlccof r,be l)ilirwisl~ oriJitall>plilllizal.illJl.

,'n ~objC'Ct-oricnted' GVO progrmll was Ilcwlopl:i1 which allt(JI1I~_ti(";,1ty W'II"riILI'S

reliable initial eVB orbitals, It'il.lJing to rrnfll~r and rasl COllV{'r~WIIl:l~.

A numbl~f of properties were Cll.kllll\t{~tll.o cxamilll~ till: (:\'£1·1'1' waV<:f'IIH'I,i<JlI.

The GVB/6·31G .... dipole moments of carhon Ulonoxidl~ illid f()rrnillilehydt~ ilH~ ill \'Ny

good agreement with the experimental and configuration inlfonu:l.ioli (el) f'~~lIll~. Till'

Rpecial treatment of the ground staLe a..:lyl ::"llical i~ als-o:. JiSI;\lSSI~IJ IJsill~ eVil· PI'



;'I'I",,;,d,. '1",.. r,·.~llh~ ,I.·;,rl.y ill.li.·;,I,' Ill" ;:- ,·unju.I;<llC'f1 ~lrllr:lllrc ill IIII' ('2·('1·

";1 tlll ...··'·'·"I,·r 1.'111,1. 1111.I,mr (;\'11 ;'Pflm;II'h .s;i\·"" 1111' prulK'r .ksrriptiol1 of IlL<" ::

E'luilil,rill1l1 J!,'''IlI ... tri,'S hll\'" 1"...·11 uhtaill.... l al Ill" (;\,U If'w,j fur one- il.lld lwo­

Iw;,\,)'·;,tulII 1Il,,1t:(·1I1.'S 1111.1 r;lflirals (:,".. <111.1 ,\11",1111 .. ) ronlaining first· or SI..'Coud·

rllw ,'I"l1!f'nls, TIll' rPsllhs ;ln~ t"flll1parf'f1 with 1111' 1\\'il.illlhlf' f'xl'crirncl1lal il.nd tlwo..

rdi"al (Ill-'. ~1I'1. and ('11)) v<llllf'S. TIll" drcct flf hil.sis set on the GVIl'~luilibritim

~"(IIlIf'I.ri.,~ is also .Iisf'll.~s,'d. TIll' r('silits iliJiralc thll.t lh.· ildJiliO:J or polarizlltion

or dilru.'if' rllnrl.ioll~ to lll'~ ~1)lil \'illerwc basis sd is ll(~f:j\sar)' to obtain reasollahle

(:VB W"'JI1lf'tri,'!l. III gf'lINi\I.I;....mll~lrical pllril.mclel1l rrorn the GV8/6·31C" talellla·

liulls. whirl. Ir"1l1"I"'ctnoll cum'Jillion I.y using the coupling of CVB pAiring orhihls.

Ilff' ill h.·LtI'r hJ';ff... ·lIICnt with Ih'l f·xperiment..l ,Iil.t.. thil.n those obtAined from lhe

mrrf'!ll)()lIfliug H\o" Wil.V,·fllllC.tioll. Thl' GVIl;6-:lIG' Kromclrics arc close 10 lhe corre..

:<pfJllllilig ~'1'1 0; Cll) g(~metries. (:VO cII.lClIIatiOI1S arc found to be e.pecially useful

rllf till' prnpf" dl.'SCripl;on of mUltiple bonds.

Tlw GVn w;\\'t.·fulIf.tion properly describes homolytic bond dissociation, A.. B -i

,\. + II'. giving rea..'iOIlil.h{e oond Jis:lociil.lioll energies. GVO/6-3IG·" calculations

for A.. II and A·II single hond dis~ociatlon energies (D,) arc examined systematically

ill I,hi~ ~tlldy. In gl'IIf'ral, the C:VIl pOlential energy curves are consistent with the

,·.~p('rilll('nial re~lIlh. RCllction energies for hydrogenation and reactions converting

lIlultiple to llingle honds. arc also ca1culatetl to ASsess the GVB evaluation of heats

iii



"r n'.lninl'. On'rall. 1\1<' (;\'11 rl':'lIll~ n,rn·I"I.· \\"0·11 wilh Ill" :,\""il"I,!t- ~;l~ ,,1M""

"xpt'ril1lt'nlal 1'"I,Il'S, ,11'IIIOIlslr"liu,!!; Ilml (;\'11 ,';111 ~il'" ~'K"I''Slilnal,'S"r~"" 1'1,:,,,,·

IllO'rl1luolyllallli""I,I"I".

ol'l"in IIll' optilniz(',1 ~"ul1lt'1 ri,'!' ror ]Jlilnar illltl !1\'islo,,1 sill~ld sl nwllLro"S. ill101 ... ,la

lion,,1 hilrri.'r"'. or :r honu ,'nergi~. TI1O' n"turl' of IIII' ('.('. Si·Si. and ('·Si :r 1.",111" hilS

also I'e<>n in~,,"S!;gatcd, The rcs,.II,s SIIO\I' thilt 1111' ('.(':r I,(m,1 "III'r~.r ,1"'T";'S''!i II'itl,

incrcilsing fllLorine suhstitulion, The Si·Si. C·Si Jf hUII,1 "II"r~il''' ill"!' 11I1I,-1i 1I"l'"kn,

The pyra11lidalilation at the ciLrllntl or silinm f"l1t"r fur 1111' twist..,l ,,11"1<'111 ... ·,. ,h'

crcl\SCS tile;; hond crlt'rgir.s in the suhsLitlllC'd dhylcn,·s :,,,,llllI'ir silinll' fuunl,'rl'arls.

Fluorine suhstitulion slabili'lel hotll diradir,,1 11111\ ,Iil,olar t\\'i.~to,,1 silll(l,·t str'wlnn.,..

GVrl/6·:JlG" clllcillations on 1.1·,lilithiocthylclll', :!,:!.,lilitlLi"sil;lf'tllyl'·lI" :11,,1 1.1

dilithiosilaclhylcllf', were carril'!'l out to study tlwir sin/o\l"t, tril'l"t sl.nwt"n'!i, :11,.1

rolation :tfOllnd the douhle hondo The singlcl-tripll,t sl'litlin/o\s ror 1I,,~' sysh'nls

were uhtained along the twisting angle. The Iwistl:<1 tripl"t is Im.. lido..1 1" Ill' II",

ground state for l.I.tlililhiocthylcl1e. Th,: C:VB r~lllb ilulit-al" tIL:!.t tl ... ro· is 11 slrull~

J.i·Li bond in the Li·C-Li three-center grOlllJ, whirl! "labili1.f~s ti,e 1"'rJ"·,,,lir:ular .~tr'll··

lure or I,I-dilithiocthylcne due to tlll~ increll..'>C of dt.'l:tron ol':Il,~ity in t1,,~ CLi1 I;rC>ll1'

and lhe C·C 7r hand, The GVIJ (lipoIc moments SUPAI'st LhaL tilt: d,~drutl ,1dkil'l'1.

substitucnts wilhdraw more electron thall (,xpl:ct,~d ill th.: tripld ur p(:rp':lIllim];,r

slructures, where Clh acts as an eleclron donor to the Cl.h KrouP hy rdilillill~ til"



('",(' <1'"11.1,, I"md with" ~1I()rlf'r ('.(' 1",11<1 di~liinCl'.

(;\'11/(;-:11 + f-{;" f'lI!cll!illiuliS Oil Ss~ n'iwliollS Y- + ClhX --t ('I/:,Y + X­

I\"<'f!' I",dumw,!. for Y;:; F, CJ. OIl. \11'1. SII willi :":;:;('1. 1111,1 for "';:;CI with X==

F, ()II •.'\11~. ()[llill,il./·,I .~trllf"1tlrl'H 1\'/'fC rqJorlc,1 for fl'ilftllnts, products 1I1ld lrllll·

.~ilil!lt .~I<!I,'s. III w'w'rill, tlw (;VB lrillisitioll stllte is found to be looser thlll) thllt

"I,tililu'd at llF. 'I 'In.' '·illnll.. te,l (;VII fre'lllellci,'s lire I"f~ry dose to the cxperirnentill

lIart/lollic ffl'qlll'llri~ fur if'ill:l.lIlltS lind pro(I,ll:ls. The senmdary O·,lcllieriunl kinetic

i~ot(Jp'~ "ff"cls {kll/t~f)) Wf'rf' CilklllilLI'd for Ihesc S.v:l rCilclioliS wit 11 a modified Sim's

IIEllOVlll·!V I'rop,ram. 'l'Il1' results dcmonstrlll.e that the magnitlldcof these isotope

df",·ts is d,'t"flllifll'l[ by il.ll inv('rSl~ stfP.t<:hing vibration contriblltion ilud a normal

1"'I1,liIlA vihral ion to the isotope eifect. The out-of.plane bending vibration mood for

rdalifl~ tlll~ IlIil,i;niLllde uf secondary n-delltcrilllll killelic isotope effects to transition

sl.. 1I' is 1"IlTf("'t.. Lilrger isotOpf' cffl'cl.s ilrl' found ill looser S.v2 transition states.

'1'11(' f;lflors that influcnce t.1,e C=N stretching frl'lluencies and the C=N 11" bond

SlT\,ftl-:th for 1I11\>ro1.o1\a1.ell and protonated imincs were investigated. Thc GVB C=N

strl'tfhillg forn: COllstant.s in retinal imine models, show a decrease by 0..17 mdyn/A

111':>11 pfCllonal.ion. IIowc\'cr. il. highcl C=N(I!) stretching fr('(lucncy has been obtained

for proto1\atcd po!yirnillcs, (luI' t,o a strong coupling between the C=N stretching am!

C=N.lI(J)) bt'Jl(!ing vihrations. 011 the other hand, protonation causes a strong

rhar~(~ all':TfIatioll along the chain in all trans polyimines Cfh=(CH·CH=)nNH, and

1ll<l.iuly atfccts thl' clcdrollic environmenL of the C=N hond. Our aVB calculations



~how a ".rg.· C",,:'\(II) .lfl·...hill/l: frt"'IIl"lIr~' ,1.-II1<'nUII1 i""t"I"- .hifl 'm,1 ,~.:'\ i.....!<ll.. •

shifl ....:!.) ;and ... :!(J rtu- I \'<"'I,,'(·tiH'iy. TI1l' {'=o:'\( III ,.lr....·llil1~ fn'(l'l''1I''y ,1,'(,I"rilllll

iSOIUIK'shifl <'au I", w~.,r,I,.. 1 it" an ,-xp,'riU1<'lllill nl<'a.<ufI' ••• 11,·I'·r11.illl' wllt'll ... r .1...

illlinc nitrogen in \-i"llill l,iAl11l'1l1 rhu.lul'sin i" pmllmah"1.

On'fllli our CVIl/6.:11 (;. "IIC:\' II/r-,..:ll (; •• fl'snlt s ,.r c1il,ul,' II,UIII,'1I1s. "'Illilil.rill,n

nrc ('olllpflrahlc 10 the CIS!) "ud :-'11'1 f<'Sulc.s, l:VB raklllali"lIs ('an tI"\\' I", wi,I,·l.1'

llse(lll..~ 1111 c:o;ccllclil pool· II F 1lH'lhod wil,houL tIll' lit.'" fur inl"Wil[lrilll"f"rlllaC.i"n.

,;
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Chapter One

Theoretical Background

1.1 Hartrce-Fock Wavefunction

Tlw nhjf'diw' of t,11l' lIart.rpc·Fock 1I1o!eculM orbital method i~ to find the fJ('sl

Ilw,sihl,' OIH'.nmfigurat.iolL (singlt··dcterl11inilnl) solution to the Schrodingcr ('{Illation

IN=EIV (I)

1'1111'1"1' 1/ is tlw [nil nOlHcliltivislic electronic II,uniltonian, and iii b it determiuallt of

spin-orhilals \, WhOliC spaLial fomponcub arc tbe molecular orbitals (MO) !Pi. The

llSlwl (,I,'dronic' lIiuHiltonian is given as

(2)

\\'ht·r.' N ,11111 .II arc thl' Lotal nllmber of electron~ and nuclei, respectively, riA is the

.1isLilU<'t· 1ll'l\\'(,(,11 the ith "lcctron and Ath nucleus, and Tij is the distance between

tILl' itlt ;ll1d jth ..!t·clwll. 2 ..\ is tlie nuclear charge for nucleus A. The simplest case is



11ll' r!o."I'l!-slidl .c;wlliid ~lo1h' "f OJ lllul,'cI,I,' \\"ilh .\" "II'''! nUl.', ,ltlllhl.1' "rr\l\lyill~ S/:!.

ol'hilals, It .• \\'1I\.,.f1l1l("1 inll ",111 1... wrillt'n ;l~

P)

\\'h('n' A is 111P 1I1Ili~)'l1llllclri1.ill~ op,'ralor, T'li~ is 1,.'[(TI'l',II" ;I~ a SI;\ll'r ,',-I "l'lIlillillll,

The Ilartree-Fuck (H F) apprO,~il1lil1.ioll (II i~ Ilo1SI',1 011 IIII' I"ariali,," 111,'1 hu<l, 'I'lu'

\'ariiltion prillciplr~tateslhat tht'l11osL W<1\'('fIlIlCli,," is llto'lIm' Wllidl/(i\'I's III!' II,w,'sl

possible energy,

(-I)

{ll practical ap!llicatiolis or this thoory, lIle llloll'("ular mililil!s If', rilll I", ,'_~!,n'ss('fl

as 1\ lineHr comhination ofa finite ~l't of ha~is rlllldiuliS {~'".
"'~ L:".. ,¢..

",,,I

where C"I are the molecular orhilall'xpallsiml codiidelll.s, If ;tl,olllir 1Ir1.it"ls ur nm'

slituent atom/! lire used as hasia functions, lhe tr.~atmellt is <I.'s'"rill('ll 1IH lill,'at ""Hl

hi nation of atomic orbital (LCi\O) theory. rIOWI~V(~r, the Illilthl~llI;lli{:;II1.r.'al,lI11'lIl.is

more general, and any set or appropriately defined fUIICI.iolis may h,~ 1l~I'd fur il l.;lsis

clIpansion,

Dy minimi,dng Eo with respcd lo lhe wemcil~lIls C"i, olle Gill (I"riv{~ llip Ill"

equations to determine lhe optimum orbilal~. 1-1 F C~luati(JlIs ilf(~ f:iwmvaillf: '~tll1'l1.ioll~

of the form

(Ii)



TIII~ FOf"k"w:ralur If I) isLI]l~ sllnlllfal:ore Ilnrniltonian operator h( l)and an dfL'(tiw'

OII,~·,:l(·,:trull poll'ntial op!'rillor ,:alkJ the l1artr~·Fock po\l~lltiaJ uIlF(l). which is

tIll' ilv('rilW' plJu~nLial ,'xlwri,'ncN! IIj an c1ertroll dlll' to Lhe presellC!' of the other

I'il~"1.rolls" Th.'rdufl', ,,111'"(1) d .... pcnds on tile orbitals of the other L'!cclrotls, Thus,

1IU' II F l'lillations am !lot IirH'llr and must he solvetl in an iterative process c.. ned the

~;/'lr·'"('llsisll'IlI.-;id,l(SCF) lIldhorl,

1.1.1 Closed-Shell Systems

III the dosl~l·shdl restricted ground state for II N electron sy~(elll, each of til!'

lWl'UI>i..d ~pal.iall11ll!cc\llar orhi t.als is ,louhly occupied, As descriheJ bcrore, the Fock

Itpl~rat.or i~ a SIIIll of a COTC Hamiltonian operat.or II( 1) and an effectivc one·c1cdron

pUIf'Ilt.ialu[Jcr.\lor Il'F(!},

N{>

"uF(I) = L 2.J.(1) - K,,(l) (8)

II"hl're .I. and h". are the foulomb and exchange operalors, respectively, which are

,/,(1).',( I) = II "';(21;;;",(2)d',I~,( II

1i,1')M I) = [I "';(2);;;",(2)d',I",(I)

(9)

(10)



Th.' "O\l1011Ih I,'flll n'prt'S\'lIt~ IIII' a\','filll( 1'1"il1 p"t"lllial;\! "I ,ui~ill.1l; frtlill all ,'1,~

I'ncrg..l' i~ ",in'l1 hy

The int.egrated lIarlrC'c- F(l(k t'ql1atioll C<l II I,.. wriU,," ",.;

LF,,,,C~i:={,LS~.C,,j, i = 1.:1,' ',/1. "

(Il)

(t:.!1

Sp~ = J1);,( I )4J~(I)drl

I·;.~ J1;(1)/1 111.1 1 )",., (11)

Eq. (12) is referred 10 as Hoothafll1's l'qllatiull, whirh ('lItl Ill' writt"'ll as a ";1I~11'

matrixcl1uation,

Fe:= set

wit.h the normalization condition,

c+sc = I

C is a /( x K square rnat.rix of the expansion cl)dfici')IIL~ C'""

c=

C,.:Jo;

Ill')

(11)



and ~ i:- i' ,liall;tJllill liliitrix ,If til" ',rhil ill f'lll'rl;\i,~.~ (,.

" (IS)

Fur illl urt,llOIIIlrnl,,1 1I;,sis s,'t, S = 1. tl](' Hoothilarl equiltiolls hil\'c thc form of

tl", 1I~llill lIlatrix ('i/!;'"'lI\'alrw prohkm aud the eigenvectors C Illlcl ('igell\"alues ~ nrc

l"ilkulat,,·,II,y ,lia~"llHlizill~ F. "rlw ..Il'rnents of the one·electron Jensity matrix P nre

ddirl('d"l;,

(19)

Till' rilrlor of two inrlirlltt'S that two ,'lrctro!ls occupy each molecular orhital. There·

fUrl',

III thi~ (·xprcssion. 1J;'~cc is a 1l1atrix rcrr('$(~nting the energy of a single electron in a

(21)

;'n,1 tlll~ qllantiti,'s (/11'1.\07) lire two·c1ectron repulsion integrals,

The ('!t'clmni .. t'IIt'rl;)" is 1I0W

I:.'r. = ~ t f. p~"(f~,, + H~":')
,,=1,,=,

(23)



which.\I'h'·ll "d,I('111Ulhl'illll'rtlllCI"ilrrt'11lllsilJll,

(:!.Il

yields an .'xpn');sion for till' lola\ •.tll'r~y I~' = I~"c + ";"'.

l.L2 Open-Shell Systems

Simple mol('cular orhital LllI..'ory Ims IW"11 t'xll'll<l"d III '\l ...n·slwll s)'SI,"111'o ill lIn)

ways. The fir~t i~ (Iesc:rillf'd as spin-n');tril:t",[ Ilarl,r<~'-F'lC'k (1l111,') lIH~lry. Illillis

appro'l.ch. "single set of rnoleculiHorhitals is 111«:(1. SOllU'orllil.llls MI' donhly oHupi"ll,

whereas sotHe arc singly occupied.

Tlw ~l'cond lype of molecular orllitill ilu:ory in ,'fllIlmOll us,' for 0p'·Il.sllO·11 syS!.r'IIIS

is spin unrestricted lIartrcc-Fock (Ullf) thl.~)ry. In IJill', Iliffl'rl'ut. spati,,1 orhilals iln'

nssigned 1.0 0: ilnd Ii electrons. TllI'rc arc two (listilld sl'1,s uf mokclllar urbilids If':'

ilnd If,f (i = 1,2, ", N). For 11151ancI:, the e1eclroll nll1ligmal,ioll of iI fh·"·I·I,','1.rnll

principle the optimized UHf' energy is helow the oJllimi7.I:11 IW,," villiI('. TIll' IIII!"

wavcfunction, however, is not all df!;ellfullctioll of LJu: lotal spill IJIH:fil1oT, all/I is

contaminated by functions c:orrcspondinf!; to sLaLcs of IJiglll~r .Spill llIulliplir.it.y,

In IJH F theory, the tll'O .seh o[ molecular orhilals am ddilJl'11 hy two sds of

coemcicllts, .
!/Jf = L: C;'¢I'

1'=1

('l.'i)



r JIf'~" n,,·rli,·i,·t11 S ill'" Vii ri(~l illfl'~I"'llrI"!lr 1.1" and fl'slll t S in r11"0 >;('1.s of (·qllillioIlS.

F"C" = SC"t:"

(16)

(27)

(28)

(·.~I)illlsiOiI n)l~frkit'nls.

d(~pl'nd 011 1)(Jl.h C" illlt! Cil tlie two d!lcnvaluc (~qllations must he solved simultane-

tlllsly. Tlll~ prot"t'duTl' of solving 1.hl: Poplr··N('shcl equations i~ csscntially idcntical

willI 1.11l' pnw,'dtlTll used for .'iOlvin~ lloothaal1 's e'lllations for do~ed'5hcll ~ystcms.

1.1.3 Localized Molecular Orbitals

1\5 "i,L(I'lIfunctiolis of the Fock operator, {11'i, i = 1,2, ", II} havc the spccial

l'1'tJlH'rt..v that. lh(~y arc symmclry adapter!. i.e., they have certain symmetry proper-

lips dHIt;u~t,'riNtic of the sylJlllletry of l,he molecule, and arc referred to as canonical

H\1l1"('ulnr or!lilals (C1\10s). ConSt'quelllly, C~'lOs will form It basis for an irrl.-ducible

n'pfl~"lltlltioli of the poinl group of the molecule, and arc generally dclocalized over

llll' whol,' mollx·ule.

Onre l,he CMOs haw lwcn ohtailled, they can be transformed to an infinite num-

lll'r or l'qlli"al"llt :ids of Mas by a unitary transformation. I

ISnch 'l Imn~rormnlionkreps the SCF r('Sulis invariallt.

(n particular,



tl,:-'10s) ilr1'illl ill1llOrlaill rtllll't'pl\HIIIlIUI (1lIOllllili1lin'lillk l,.'ll1't't'ndlt'l1li(',,1 illillili"t\

and l!llanl.UlIl ll1l'ory ror mol('cull'S. lind allow 1Ill' lI1Hh'rst.lll,lill~ tlf IIl1l1ly lllol"t"IlI;l(

properti(~ in lenm or hOllds and ImU' pilir.~,

The Ec:nillston-nl1\'d,'nhrrg [2(alllo"i1lizatiull 1lI... lwd is ],'m·d "II 111<' t'lwr~l'Iil'

criterion tlIi11 the SlM.relltllsiolL of the orhitlll~ Il(' maximiz('l!, i,I'.,

( :!~) )

Since it docs not depelld on the LeAO hasis and ('im h,' ilpplil'd ill prillciph' "\"'11 Lo

1l1mu.~rical C~10s, this localization is rdl'tn'd 10 ilS illl Minl.rillsic'" Il ..."lizilli"ll nikriuli.

In this srhem(~, it 14l.wo.hy.lwo" rotation is ilpplie([ Lo "011'11 piliI' or i\.10, 1I111il Ill<'

prol:ednrc lIa'i conv(~rg...d, [II 1l1osl cases, I.ll(~ EllllliIlSl{)lI·11lU'{I'·Il"('f~ l,)I,Hh it1"" ill

very close agreelllelit with tlu~ COlIV(~nli()ual d)(~lIIicill picl,lIr,' ;1IIt! l'I'pf<'St'l1L ..h';II'[y

thc core, lone pairs and honds of the lTlolecull'. Since the lwu'f,I!'(:I,roli illtq!;nds ""1',[

1.0 be calculated in cach step, the 1;:dll1instoll·nlled(~lIllf'r~pflH'l',lllr" is r;ll.lll'r lillI<'

consuming fOf large molecllle~.

[loys [2(b)J proposed another localization I'ro<:l~chJr\~, Wlll:ff~ LI\oIOs ;lr!' ,[,·f;II'<')

lo maximize the product of the squares of the distll.ll{:(~S IJdwI'(~lI tIll! ('f'J1lroids 'If

charges. In lhis case, lhe unitary transFormation is to milX;/IIize t111~ rI;st;i1W(~ )H~lw'~:11



TIll" Buys IflC"olli7.iltlulI is alsoadtir>w..1"r -I\\'o-hr-IWO~ rolalion_ The Ro}"s L~101'i arc

u~lI<llly silllililr III tile E,IJllill"~t(),,-llu~lcnhcrgOIIl'S, The main advantage of the Boy!\

1,..-,,1;;0;1111"11 pron!dllrt' ill tllil~ il ill (aster tll1\1l the Edminllton-RuCilenbergonr. for large

IIwlt't"uks, sinl'" only "dipolc ilJlcgrals~, (10'\( I llr( I )I~'j{ I)}. n~ lo he compuk'l.i,

1.1.4 Natural Orbitals

<:ivl'lI a normalized wavcfundion $, then $(Zh -" ,.l:,vltb·(zt,-" ,.l:,vldx, "d:r:N

is lh,' prohllhility tlli'll 1111 electron is in the space-spin volume element dZI locatCtI

at .rl ' wltil,' Silllulll!..noolisly another e1eclron is in ./.r2 at .[2 and so on_ The reducCtI

ll"nsity function. P(.rll, for a single electron in an N·electron system is defined as.

TIlt' IIlJrTl1ollizollion factor tV is included 50 tholt the integral or the density equals to

tilt· total l1ulIlhl'r of dl'ctrons.

Jp(.rddx, = N (32)

A tll'nsily 1lIi\lriX.1(.rl!.r~) is gellcrali7.cd (rom the density function p(xd, defining



pll'l:tronrrllllt't'lldl'llsitymalrix.

of Ilartrp.c-Fork spill orhilills h,} <l.~.

where

It is always possible' \0 denne all orlhollofUIn! hit.~js {IJ,}, r"latl ..1to {\,} l,y a Ilui!.;lry

transformation, which Iliilgonalizcs the Iniltrix r who~il' {-[PmplI',s art' (r)'J ~ I'J'

The dements of the dia!l,onal matrix A are AiJ = h'JA,. '1'111' .. lr'lllt:nts of HI!' or-

thonormal set in which r is diagonal, arc callell till! natural spill orhit;L1s (NO) PI,

'/i = ~X.Uki' Ai is referred to as the occupation tlumber of (he lla!.llr;ll 1,r1li!.111 'I, ill

the wavcfunction $,

The importance of natural orhitals is that t111~y simplify the 1~Ill~r~y I':<pfl'ssioll for

multiconfiguration wavcfunctions, and give the most rapidly omYf~rl;l:ntI'XJlllllSioll for

configuration interaction (CI) type of calculations.

10



1,2 Multiple-Determinant Wavefunction

h,r 11I1111y ,·lll'IIIiI'1l1 SY~"'IIlS l'1. .'">1. 11Jf' Sill,l;I(!·dl'll'rlllill<l.nl \\·il\·pfliliClioll. i.e .. r,'­

~I rid.·d IIMI n-.,·F.,..k (1111 F) or IIl1n'strick,l I Inrtr''f,·Fork (Ull F) WII\·cfll1\ction. pro'

I"id,'s ;111 "xn'IlI'IIL desniptjoll of till' ,'leclroui,: sl,rllclnr<'s. ('onfigllrlllion intNaction

stll,li,·s 1111\'1' sho\\'l1 1hilt 1.111' 1rF W.,\'rflll1ctioll i.~ ti,e most important configuration in

I,l", ""x;I{'l" WI\Vd'lnrti"n for lllOh'clllps lIeilrlhcCf!uilillri,lmgl'OlTIclty,

'l'11l' pri1l1ilry ,ll'liri('lwy of flllrlrl'C-Fork Illf'ory is the il\lldcquate lteatnwnl of

"I"I't.roll l·ortl'll1ti"ll. '1'111' rotrl'latioll energy is defined as the differencc hetween the

lIilrLn,,'·FOl:k limit {f~II~-) illlll cxnrL (llonrdntivisLic) cllcrgy (eo),

This limitation of the c1os(·d-shdlllartrec-Fork singlc·detf>fminant lVa\"f~fllnctjon.lhcrc­

(orl', I,'ads to an ;lI\prop<~r d(~s<.:tiption of bond llissocintiol1. For cX<1Inple. thc restricted

lIIo11'I'I1IHr orhit.lls o( Ih .It the minimal hasis set arc

//'1 = ['1(1 +S11Wt(l'~A +18/1)

tl'l = (2(1 - 5'11W 1(ls,l - 18/:d

('l8)

(39)

Wll,'fl' 1.....1 lind l.0R are tire \" IItomic orbitals for the constituent hydrogen atoms.

'1'111' rf'>:lrir1.,'\1 single determinant wavdunctiQIl is

(40)

III this r,'slridc<! ca1c1l1I1tion. both dcclrons arc forced to occupy the same spatial

II



1II01('('ulll.r orhital l·l. iud"IWI\,lt'nl uf lilt, howl l"IIWI1. Th,' "1';111011 p;lrl uf lilt' 1I';n','

fUllction i"

The M'Cowl t('rm Oil 111(' ti~hl-hallfl si,ll' "f E'I. (1lll"an [ll" rq=;.,nl,'t[ "S;I lin""t

comhination of twu ionic slate!!. C11ll' with hoI h '-[''1'lmll!! nil ;,1"111 t\ all<!lh" "llwt \\";111

both electrons all /ltom B. i.e.. 1I:i1I~ aud ll~lIi" "rnmlill,l!; I" 1his W;l\"O'flllll"l,illll.

the two e1ectrolls !lplmd !Ialf tht' t.ime on" 1llllllHllf 011 II. "I'('n \\'lu'l1 t.11C' ,','ntl'rs i1rl'

infinitely separated. Such a dt'Sctipl.illll is ina[JprtJllI"illt." fClr Lwo "l'IlOUOIll'll 11,1',[1'''.1:''11

atoms,

" multiple-determinant \\'il\'f'fllncliol1 is r{'lIuir.'t1 fut 1·a.~''S \\"Ilidl a sill/lII'·,I"I"r1l1ill;1II1

wAI·cfunction is 1I0t able to tlL'Scril>(' 11roIM:rly.

1.2.1 Configuration Interaction

After solving RootllillLn's C(luiltiol1s in a finite haltis set", SI't flf '!.n Silill urllilal:o

hi} is ohtainetl. The determinant fllnJ\l~d (rom tilt: IV Iflw.~t "Ill'r,r,y spill ml,ilHls

is the IIF determinant 1'110), In i\lldition to ItjllI) a lar~l: lIlunl,N or otlwr N-f'!f't'lr"ll

determinants can he formed ftolll the 'lK spin orhital~. Thl~~I~ rldl'rlllinaliLs M" till'

singly excited dclcrminalils I'~:). the douhly I~xt:itl~{l dl:tl~rll1ill;lIIl~ Il~:b)' ,!L,:., I1p 1.1)

N-luply excited dclermillanLs, These <]elllrmiuiulLs arl~ lltlW 1ls<~1 a.'l it ltil.~is t.. "KI,arul

12



1·'")o{·"I",,I+LL":I":)+LL(';;I~;:}+ L L C;~I~;::)+" (.")
• • .<••<. .<.<~'<'<I

"' his is rl'f'-HlOfllu liS till' rllll <;1 w;wduliction [61. The" 1I11mhcrof Ihccxdlcd dr'term;·

lI;lIlL~ is l·xl.rcllldy IllfJ.:C 1:\'I~1l [IJf small molN:ul~ Wilh bAsis sets of medium Sil.t'. Dul

sl/llll' tI! tlll'St',I"l"rlllilll\lIls ,'all he dirninatcd hy utilizing the fact that wavcfllnctions

with ,Iilf,'wlil Silins rio lIot mix, i11l.1 lincar combination of 5OII1C determinants CIlIl he

I.Hklm to forlll limp"', spin-iula!,tc,1 configurations, which IIrc eigenfunctions of 8 1.

Vnl! <:1 is cOlllputationally (CMihle only for very small molecules. As the number

uf ,,,nliWlriltiolls ,ll;row.~ \'I!ry rilpidty, the dimensionality of the full Cl matrix hecomes

fUlIllllllaliollillly irlll'racticaJ. Thcrl.'forr. the CI expAnsion fOf the WIl.Vcfllnrtiolt 111I1il

h' Iw Irllllrllll~l.

lurlllsiUf[ ur singlc cxciti'ltions only, tcrmN! cOllfigllri'ltion inlcraction. singles. or

('IS:

(.13)

f1urmally ll'i'lcls lo no improvcmcnt rdalivc to thc lIi1rtrce·Fock wa\"efunction or en·

,·r~\". '1'111' sim[llt':lt I'ron~lllrc to have an effect on thc calcul.... ted energy is the inclusiOIl

ur duuhle t'xl'il'lliolli'l only, which is termed configuration interaction, doubles, or elD:

l~clD) ~ C,I~,} + LLC;;I~;;}
ad T<'

(H)

('fl) is till ill1porlant prilcticill procedurc. ,\l a slightly higher level or theory, both sin·

~lt, ilud t10ubk ('xriti'ltions Cilll be included in the configuration inleraction lreatment.

13



This mOtl...1 is t('fIlll'd cOllfij!;llratioll illll'r;u,tiull, sin,!!;l.,s and ,1.lILhl,'S, 'lL' ('ISD:

cncrgy. Since thece iU'(' 1l01l7.('rl) m<ltrix "ll'l1l1'llls of tl1C' Ilalllihonian 1"'1\\"""11 sill,ll.l~'

and doubly excite,1 d('tcrlllillflnts.tlH' sillp;],' "Hitations rOIIl.rihllll' I'l 1111' Wlln-rILllr

tion.

lIowe\,{'c. lhe most 5('riolls dl'liri{'llcy or l.he ell) oc ('IS]) is that, IIll'y fail III

satisfy thc size·consistency condit.iun pil. To u!Jr,llin till' mrtl'l'tinns to 1Ill' (:llJ III'

CISlJ. 1\ Humber of l'fforl$ have !IN'n milll... '/'11l~ mosl l'ol11lllnllly lIsl,d of 1,11I'1ll is lll,'

IJaviflson's correction [il.

(,Hi)

with

IH)

where !J.Ec/!w is Lhe correlation energy al the cisn [l~vd, illill (,ou is till' nl"lIici,'nt

of the f1F wavcfllllction ltll ll ) ill the (;ISD l~xpilnsioll. This l'om:ds il rllajor pllrt of

the discrepancy. However, the tolal f~ncrgy is still lint prcrisdy Si:t.':-f:f)lIsisll~lIt.

1.2.2 M~ller-PlessetPerturbation Theory

An important advantage of CI is thal it is variatioual, hUl as Jl(Jilllf~d (Jill it

is nol generally size-consistent. 1\ dilfcrcul systf:ma.tic procf:dllrc for illdildillll; till'

I'



,,,'rlIlTliati"lI t1wury (:\IIII'T) I!JJ, is;'1I appmllrl1 In 1111' (oTrdation prohl<.'m_ :\IP mod·

,·I!! u,' fnrlrllllalf"ll,y illlrodllring a ~('nl:raliy.L'(II'II'Ctrollic IIl1miltoniil.II, 11.\, arcorrling

to

If, = Ho +,\\! (.IS)

wlll'TI''\ is il diIlIl'IISi(Jllll's~ pilrill1ll~Ler • •\\1 is IIwllt'rtllrhalion teTm, and Ifu is taken

t,u IH' till' slim uf I,ILt' olle-l'lf'dron Fork opcmlor.~. IJI l and E.\, the exact ground-stale

WilV.,rlllJrtiull an.1 I'm'rlO' rUT 1\ system ,k-scribcd h)'lhe 11.\, ro'ln he cxpande<1 in power

fir .\ il",-onlill~ to 1til.)"II'igh-!':irhrodinger perturbation theory,

(·19)

(OOJ

WI' ril1l1':~ tIL., IIth·ord,'r "lIcrg)'.

III ;\l\ll1l'r-l'hossct thL'Or)", tile IIIcll1O<.I is rcferwd to a~ ~IP2. ~IP3 and so forth

rur sl'wrul-onll'r. lhilll-or<I,'r, .", respectively. The MP .:nergy to first-order i5 the

II F "lIl'r~·. Ilighcr lerl1l8 nrc the expansion ll1volving other malrix clemenls of the

0p"rillnr \ - Fur ,'xillllpl,', the lSL'coIlll·urrier contrihulion to the MP energy is

t::12J =_t 1\1.01
2

• £0- E~
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"wllt'r!' L huljci\!.'l' I hat 101I1ll1l\;\I;urt i~ ttl h,' ,-arrit'lllllll ,I\"'T "II .Inuill.- ,,..It,,,;! Illj"l1s.

If 11', j" IIll' .[Huhl,· sllhslillilioll (i) -!o lib). ,h,' ,'xpli.'il ,'xI'T''l'"i'lIl f"T \:'1 is

(ijll"I) = (ijl:ll -(ijill')

In physicists' 110talio11,

The final formula for the lil'(orlll·ordrr rontrilllll;ulI III till' "lll'T,IU' is

:\n imIJOrtanll)();nl to note is lhat hoth CI allli MI':! rt."luiTl' it lri\lIsfurllliitiun "f

the lw()-C'ledron integrals from lhe ha."is fUlIctions. 9... iuto lIlo1t'l"ular orlli!... ls ",~.

where (1Ivl'\u) arc the lWQ·dcetroll intq~rllls on:r Ittumic ur!';lill" [E'l. (:tlli. awl

molecular orbitals '1', arc (ldil1l:d in lh~ Ilswtl mi\lUlf~r /I.." lillear nllllfJillal.ious "r II'

hasis functions t/J" according to E(l_ 0). A IIlImh.:r uf dforl.~ Ilav,: IJl~m fIIad,' ill Iii.:

de\'elopmcnl of cflicicnl algorilhm~ for integral lrl\nsforlnalilln.
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1.2.3 Multiconfiguration SCF (MCSCF)

,\ Hlllltit"mligutillirJII sdf-fOlisislf'llt·fidd P,ICSCFJ wan'function is a short CI

"xpallsion in whidl llOtll orbitilts nud expansion cocfficirrlts arc (Jptirnilwd.

'1'111' :vICSCF f'rU!rgy is ohtaincd hy minimizing (WMCSCFllflltr,\fCSCF), to determine

till: optimlllll (.', clwffidcnls and the optimum form of the orbitals simultaneously.

OIJViulIsly, till' MCSCF approach in principle shuuld show much faster convergence

Ilmll CI. lktails (If MCSCr mctl:ods can be found ill Rcf. [10].

Ulllrss fl'stridcd by syll1mdry conditions, ;<.lCSCF orbitals lend lO be localized.

This IOfaliziltlo/1 is particularly effecti\'(' for descrihing molecular dissociation ami

hOlld.hrl'aking process ill general. illid the removal of syrnmetr)' restriction hll~ also

IWl'l1 foulld lo produce improved ~ICSCF results for normal bonding systems.

1.2.4 Valence Bond Approach

TIle valencl'lmml (VB) IIpproach [Ill \\'as first proposed by Beitler and London for

lb, and fl!.thcr Ilevelopcd by Slater ilnd Pauling for extension to more complicated

lIlolr('ulcs. The VB wavdunction for fh i~,

In tl'rlJlS of Uw VB wal'cfunctioll, the. two electrons are on different atoms, j.e., one

nil ,\ ,wI! tllll' Oil n. This is the wrreet wavcfunetion for singlet state of H1 at infinite



scplHatioll.

nn
11'\'8 =< A ,glO,(T,lo,tl(Tit-l) + O,tl(I',)<.S,tl"+l)](flIJ - .Ill) (."1:')

This function. whcn cxpal1flrd. is Nlui\·....lcl1tltl II lill1'ar I'lJlI1hillllliun IIr :!.,,/l ,ld"rll1i

The cl""'lsical VO molccular W/l.\'dUllrtiOI1 i~ fOlIstrurl!'(1 frum nrltilal~ t!lat ;Iro'

optimized for the separatcd atoms. As the <ttOIl1~ i1pproarh l'l\l'h IItlll'l'. lhis wa\'!"

rlll1ction i~ relaxed by modifying the orbilab within 1111' val'·I11"· SIIIU'I' uf tl ... al,"III,~

(i,f.., hybri,lization). including ionic slrllctllrl'S and s1.rudUfl'S wilh diff'· ... 'nl flllllds

(resonancc). Such rcli\xation is valuable in clualiLiltin' lIualysis. ;1I111 ~Ill' rl·I;\t.·d 1'011

cepls, such .u hybridization i\llel rC50nanCI·. lin' \'l'ry IIsdul ill nr~:.lIil· dl"lI1istr)'.

However. in ordcr to perform ail initio calcul/l.tions with II. Ill/iUltilil.lit·l· itllfII'T1'(lirliVl'

power. the number of bonding .structures rl,,'(luirl:cl in the VU WII.\·!'funrticlIl lWf"llII1l'lf

vcry large c\'cn for a small molec:llic. A !)l)S."ihll· rCll1l,,'(ly for lhis shurlrl.lIIlil1l1; is till'

non·lincar. variational optimization of the mllitals.

1.2.5 Generalized Valence Bond Method

The ab initio generalized valencc bond (r:VU) wA'lcfllnrtiorl J.a.~ tlu: SIl./l1I~ f"rm

as the VO waxdunclion but allo....·s all orbitals to I,,: !tOI'lI:c1 sdf,colIsi!llf!/llly (...... in
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"i,rlr,~··F","k)" III Ill" C;VB ill'pr,,;wl•. 110 sJlf'Cial h~'lJridizalioll is impO!iC'd on the

"rI,il'lb, illl,llll" "rhilills MI'. in Ilrillrilil,'. Ilf'rllliul'(l 10 ,j,'lor..,1iz('ol1to olhcr centers.

TIll' ,;\·u Wil\"l·rllIWlillll WiI:o. lirs! ,,,,,!)f)Sf'(1 by {;f)tlliard (121 ill its compleh..' rorm.

wl.i.·11 i:o.;a ,,[w"ial ,'''-:0.<' fIr lll11hi'"ouli.tl,llration sc1r,colIsisII'111·ricid (:\ICSCF) method

[1:11. In f ;\,11 w;,v,'fUlirlillll, "adl pair IIr "k'Ctrons is described by two or more selr­

,·ow.is1t'mly u[ll illliz,'(llIIo[,'("lI[ar orhilals while rc'laillillg proper spin s.rmrnetry,

'1'111' [HISii' i,[,';\ 01 th,~ eVil lllf'thod rail he simply illustrated by considering its

i1ppli'·ilt.ioll to Il~,

WIWfl' tV l is 11 lIurl1ll1lizill~ fartor, a11f1 the 1I0northogonal CVB molecular orbitals,

,j,~" ~'1,((I/'r,l<i'~,) -= Sll), arC' ,1,'tC'rmlI1M! \"ariationally. Uliing the natllral orbilals.

1/'1,. ~,":,((l{'I,I"'''l,) = 0), tilt· one"pair eVil wlI."dullclion can be expressed M

(60)

wlll'fI' f11 .. 17~, afl~ fl'ferrt..'f.i to liS I,he GVU CI-cocrJicienls" The pair or electrons is

11111\' d,'St'rilu'1! II)' Iwo tlrhitals which arc associall..-d with the "bonding" (¢li) And

M,lut.ihomlil1g" (r,!'2,II,rllitals.

Tlw GVII wa\'dundiotl (orcquiv;t1clltly the i\ICSCF' method using ~wo configura­

tiOl1s) has I.he ('om'rt (orll1 (or th'J singlet state of 11 2 at large separation and properly

dl'S('fil",,, lIlt' "onrl II;sso(·;.11.;otJ of 11 1 illlohydrogc(J atoms. TheGVB polentiAI curves

.,{ Ih .1r!' illnslrall..1in Figufl' I, ;llong with lhe RHF, UHF, rull CI and eXAct result

IIf I\olo:<-\\'ulniewirz (I,ll. It. is clear from Figure I thalli. reslricted c1osed·shell HF
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calculation fails al larp:p disIHlln'~, wlwl'l'as <Ill \11l1TSI rirlt·1! (1'111"1 \\'i\\'('[ulwli'1l1 p:il'l'~

lilt' ]1rOIJl'r ,Iissociillioll lil11il for 11/, Illlw,'\w,II1t'lIlll'pslrit'I"11 w;,WfuIU'lj,111 is lu,1 a

pure sill,l;1t'1. :\l Ii --+ Xl. lilt' \\'iln{11l1l'IiUIi is "'l1llillllilla"'ll hy a lripkt.

(lill

The GVD potential Cllr\'(' i111prO\'ps witll iucn'ilsillj1; int('l'lllll'll'iIT sl'll;(r<ll.iofl, nllnpan',1

to IIF. When n i,~ greal('r than :\ 1'1.11 .. I.lll~ eVl\ i\1ld full C111"'\ll1s i\T" \'irlll;llIy ilillis

tinguishable, l\t R=l..l 1'1.11., E'"".(GVB) =·(I"I!Jfi:I t,v. !j·\(/',or t.1,,· rlll1 {'I mrwl;ll.inl\

energy of ·0.919,1 cV. The (1111 CI rorrerlly tl"s('rillt's 1Ill' IWlld dis.~Ofiill.i()lI ill1d ~iJ.l·

nificantly impro~('s the \\'1'11 depth. Till! full CI/6·:\I(;-* ('UTV(! lll'arly pilr'lIIt'L, lilt"

I<olos-Wolnicwio:'s exact f!$tllt.



figure I: Potential energy curves for the dissociation of H2

The RIfF', UHF', GVB and full CI calculations are pedormed with 6·3IC·· basis sets.
The exad pOlential curves are from Ref. [1<\1
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:\" iml"nl~lIt ",h';llIl~g!' <If Ill" eVil Wi!n.fllllclion is Ihat the GVI3 orhitills 1'1'­

"'1111,1,· IIll' "I,,~~i,',,1 d""lIindly I""ul"r! ~lrll(tllrf's, I..!I., with ~locillize,l~ bonds alld

I, .. ;,. p;,irs [Ifi], Tl,,· "l1ll'llIlsis ill CVI~ is on llsing 1I11'S<..' orhilal~ to understand the

1',,1<- of ,·I""I.,.',nil: slrlJdllrr. ill ..helni<:al pron'~sI'S. I'ro~\'iOllS stlldies (l:il have shown

tl,al <;Vll ',rhil"b ar(' highly IO(:lIlize.l. lind very similar to the locillizoo molecular 01'­

bitab (/'MOs) Il~in~ tile Boys nilNion, for eXilmple. The GVll orbitals are, howc\'er,

,,"ulill"" hy " rigorous "!lNgellc ~Iocalizlltion" tedulique, wlwreils the Boys L.\'Os

12(IJJlar<' ulltairll'd by ,1 maxilllill scparaticm of centroids of dli1rgc through II uni-

I.lIry trllnsforwation of th(~ IIF orbital:!. Generally, for a dosed·shell system with N

"I primus, a fill! nvu perfecl-pairing (GVIl-PP) Wllv"rllnction involves a set of N/2

"lo!';llizl'r!" orr'lIpil'll orbit ills alld N/2 "'localized" virtual orbitals which arc optimized

f,,1' ,'II~·l.run l·orrdatioTl. The qualiLative orbital view of molecules derived from ab ini-

t.il) <:VIl calculations leads to simple concepts relating to geometries. bond energies,

;llId ordl'ring or cb:lronic slates [WI,

i\not.lll'r a<lvillllilgc of the GYI3 wavcfunctioTl is that, like SCF calculations, it

,1,,(,:,\ 1I0t n-'(Illirc 1I11 integraltransforlllation. GVB orbitals arc also a good sLarting

point for ]JO!lt-IH' (CI or perturbation) calculations, A further adwl.ntage is that the

,'n(~rKY gr~ulicllts ('all be obtained ilnalylically, allowing for the gradient oplimization

ur ~'~>lI1!'l,ri('~. This makes it possible to calculate, for example, dipole moments [171,

furn' flInstants and fundamental frequencies at the equilibrium geometry with the

illclll~illll of dcctron (·orrclalion.



1I0\\'{'\'cr, in lIlt' (;"1] ill'l'i1ti\'(' prn('t'~~, {Illp (lillil'llity i~ Ih'l1. lltllik.. tl\l' Ill-'

Illl'thod, it CilllIlOt hr used as;l "hlilrkhox" For (;,'11 {'aklilatiolls, mol"l"Illar or

lJilals Intlst Ill' "orrr("lly ]liliwd Ilsilll; SOltn' initial 1\l01('1"\1Iar orl,il'lls. Tlll'initi,ll

pcrfect-pairillg orhilals are rillwr s{'I. by SOI1I!' i\l'hilrary d"f;lldl or St'lt'I'Il',1 lIy ("ar,'·

fully pairing specific orbitab, If ddocillized ('illllJllirallllo!I'I'u[al" orbitals (I "'lOs) art'

uscd as the iniliill GVn orhita[s, it is impossilJlc 10 id"HI,ify I ht'St' in l('flllS uf Slu'<'ilit'

honds or lone pairs, aliU the CI'sIdling orbitals l1Iily l1ul ""pft'St'ut, I,ht, !U\\·{'Sl. ('lIt'rj{1"

solutiofl.

E\'cn when the orhital pairing is eorrccL, GVn COll\'I~rW"IIC(, i,~ in W'w'rid \'<'r)' poor

compared to HF, Heccfllly, Goddilrd et ill. [J8111'wc significantly llIlprov"I] l:VII

convergence using tllf' .lirect inversion or lhe ilcmtiVf! sulmpiltl' (fllIS) "'chlli"!!,, illl,1

a special GVB orbital guess, A rcliilhle initial glJ(')'iS i~ r('qllifl't\lO l'l1Surt' that t.ln'

eVB calculation is within lhe OIlS radius (If COIIVI!rgt'nc.~, Allhougll fiL'it ('UItVt'rW'Il\"I'

is importanl, a corrcel initial guess i~ t-'Ssenlial to enSllr(~ f;()IlVt~rgt:I\("l~ till 1,1U' ('urn'd,

stale, eSllccially foc distorled geomctries. Pufay c1 al. llSl..d tile llalur;ll url.illlls "f t1H~

unreslricted Hartrcc-Fock waverunctiOll for gelleraling slarling orhitlll~ fur C;VII IUIlI

;\ICSCF calculations [19), Goddard cl al. (HI) developetl 11 flrocetlllr(~ for nmslrut:lill~

initial avo orbitals hy localizing a pselldo·lIl1.rlrC(~·Fof;k (1'-111") lIIokculM orhitals

based on the SCF orbitals of the illl.JiviJual atOIl1S, In lhdr approach, lllt~ OI:l:lIlJil~.1

P·I{F orhitals arc projected on atomic hasis functions for (iVII hl'sl lIatllral orhil.;tls,

and the unoccupicd HF orbitals are projected for evn second natura.l orhitals.
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""r ,1... C:VII·I'I' WitW:fllllclion ill "AI. (00), hoth GVO orbitals "It. ':"" and GVO

1·1· .....:mri,·1I1s "'11."'1, "It: 10 he optillliZl'<1 for the minimurn enC'r~' solution. The

nurJII"IIIt(,n·.lur.· is 11) optimize the orhitllls finl. tHIef thc convCf!e<1 orbilals <He

ui,tailll~llh,' eVIl CI·cod~cient.sul~clllcul;l.tcd and the proredurei! repeated until

a sl·lf·rtlIISilill:nt soilltioll ill uh1.1l;nloO. In th~ itculi\'c procl:$.', gOOlI starlins GVl].

PI' orhitals will ensure 11 fllst and proper energy con\'l~rgcnct, The pairwise orbital

ul'til1li1.itLioTl I'tocl'ilurc [121 is very straightforward.

'l'lll: main IIbj(~r.tiv,:sor this study arc to dcvelop a. scheme for i\utomatically gen·

,'r;tlillK LlII: initilll UVIJ·I'I' orbitals from I.MO! lind to improvc eVB convergence

Ilsinp; till! pairwise orbit,,1 olltimiution procedurc,



Chapter Two

Methodology

2.1 GVB Perfect-Pairing (GVB-PP) Approach

2.1.1 GVB-PP Wavefunetion

1\ si mpk l:cneraliulion dlhe i (F \\'1l.vcfundion ;!I to allow !Il·Il'l"'Lpll ""'("trem IllIir:;

to be described by two or more r.·lf,col1sislcntly optimized orhitals:

("'I

The result is the eVil wavdunction. The c1osed·~hdl Ofhital desuipliollllf ;l Sill~~~l

electron pair is replaced by a GVn pair coui~ting of two 1l00lUrthoAollal mbitalli

coupled intoa singlet [121. In this eVil wavcfunclioll, the ,o,ilron.R;urtlwguuality (SO)

constraint requin.'S that all orbitals, olher thall tbe two withill II. ~iv('n ~in~ld l~lir.

be orthogonal. The general form of the GVB wlLve£undion i~
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,I"srril,,·,1 wilh ./l"llJly !I(Tllr,i,~1 orl.ilak Awl S.P''' dl:flrollS are high spin (:ouplcd

( ..... '" S.".",j'lj:

(&1)
and\~~,,~~ = "t~ ~(r:'~""() ) (~":"" ,I)

.'I.",~n

ljI"p..,,= g (li·~na)

wlll'fI' t/':."".".i"'~" ilrl' nrthogollnl spalial orhitals. IV".,,, which is refcrrro to M the

n'.~trid('d i1rlivl' ~pan .. CAn Ill' fon!:itrucled ill a nnmber of ways .-\epl'nding on the

'-!wireof t.lll,.lpill-nl1lplin~_ III the perfect-pairing spin-coupling procedurr. the singlet

N,."
::-. nmpl,'d liy llilir.~ uf urhitals (I/'f•. ~'1;) with spin functions 0"1' = D(0$ - jlu),

wlll'[(' ,V,,,,,, = (N - Norm )/2 - N("or•. The eVil Wi\vcfUflClion, in which the perrect-

1.;\iriul; .uHI strong urthogonality f(;'stridiol1s are hath imposeJ. is referred to ;I., tlll~

(:VII-I'P \\'"I'l'rlllldioll, ;HId 1jI,,,," is gi\'en i\s

"'.... r

WI''''' = g (l/{,d1, +~"~lt)(o;J-(JCt) (G;I

wlwrl' 'f'f" ~1; are the GVB orhitals in [mir i. with {~{M1;} "= 8;. Computationally,

it i.~ l1lon' rUl\V('nient to usc orthogonal orhitals. The llonorthogonal GVB orbitals

!i'f" ~,.~, call he rl'placL't1 by the orthogonal orhitals !P1i, hi through the following trans-

fOrHHlLiOIl [121,

~'fi = (al; + O',;}-t(O"t~'li + O"tv'Id

~,,~; = (ali + ""'i}-t(O"t;~'li- U};q'l;)
(G6)

and
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ronfigm~lion ~ICSCF lI',wl'fllmlioll

«(i1'i)

whef(~ C,,, eM Ml'confi8ur~lion rtJl'fTicicnlsto heoJllilllizl~1. 'I'll{' natllral \,rhilall)Olirs

or elecLron pairs. where ~'Ii can he a...socialt·d witli t.he IHlrulillp; I'YIH'l}rhiLri alld li'l,

with an IIntihonding typl: orhital.

Using the' orlhogollal GVB orhilals. tlil' I'IH~r~Yl'xl)f('Ssi()1I for tll(' {;V 1t·1'11 Wl1W·

function hecornt'S simi1~r to the III" expn'S.~ion,

s_ ,v""
1:'= 22:/;h,. + L: ((1,)),,+ h'JJi'li

;,"1 ',J""
(O!))

where N""c is the number of thcoccupil?d orbit~l~, aT!lllIw standard d.-lilliLiolls [no"

the one·c1ectron(hii ). cooIOlnb(Jij), ilnd cxchallgc(llij) ,?nerj~il'S an: IIs('oI, 'I'll!' "r1.il,l!

occupation coclficients Ji and tlle two-dcclron couilling r:odlir.il:llls 11,/. ".), ,1('111'11.1 (JII

lhe GVI3 wavehmction, which arc given hy,

,+ if ~'i i~ a corcorhital,

if !/Ii is a pitir orbit.al with c;odlil:i,mt rli,

if 1/1; is an ·oltCn-:oihcll orhital.
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1711

fl'J =~, I"J == -~, if ~\ ilnd ttl arc both ofH.'n·5hcll orhitals.

II" = fi. II" == fl. if~", is 1\ pair orhital. (72)

TIll' f'lH'flO' expn'!l~i()" of ll'r;\"H_I>P in Jlalurai orbitals is ~ill1ple enough to allow

f\)f \,Hirj"111 0lltillli1.lltion of hoth molecular orbitals and GVB CI-codficienls. In

W'lll'fill. til(' eVIl·!'1l cakulatioTl!i arc descrihed using the nOlation, GVB(numbcr of

plLir~/rlllrnl)('rof 1'1' orhitals), where the nurnlwf of I'P orbitals is equal 10 thl" num\)er

uftlp\'('rmillnl1t~.

2.1.2 Pairwise Orbital Optimization

Tht' Almcral (01ldl11011 for the optimum orbitals, corresponding to the en~rgy

l'XIIH'Ssioli given lIy Eq. (69), is that the first·ordcr change in the energy due to

fhanges in L!tll orhitals is zero, leading to

wlH'rt· /.; is the Fock opt'rator Cor the orbital rPi.

N.,

F;=f;h+ L{a;jJj+b;j/{j),

29
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aloni lI~J. TI)(' t·!lt·rA,\"t.'xprNio" (",\II ht' writh'l as

Ii.",)

For lhe oplillllllll orbitals t\ ami I.'J' Ih(" \"1\r;",ioll,,1 "Ollllil i"'1 i~

tili)

Because the Fot:k O()Cfator r11:1wnc!s on the orl,il.il-l,., (hI: lIilriatillJlill I'lluatiollS mllst

bcsol\"cd itl'rAt;vcly,

Thl' independcnt pairwise orlimit.atioll allows rnixin~ 1)('1\\'('1:'11 "Illy 1\\'" urhi'ltl...

at a time.

{

i':= (rjo; +A;J/J"JI/I 1 +A~Jl~

~= (ll"J+ AJ.';',l/{1 +A:.)~

lif)

where A.i' AI' are the orbital correction factors, Gl'llt.'rally. sinn' ur"it,,1 urth,,"ur-

malit)' must always be pre5Cf\-cd. these corrcrlions cannot I", fully illlk,"'rull'lIl alld

orbital ortho!onality requires lhat Aji = -A'r In kl'CllillK with thl! variatiollal 11111-

second·order approximation {121, the orhital correction (aclorll an: gi\'l:n lL't:,

Pairwise orbital optimization dcals with the variation of uuly one variabll: at <to

time. and is expected to converge to a solution directly (linearly) acccssihll! th"'/llKII
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u'lIlls lo ha\'" Horrw (N:ill<llClry bdillviour, This sim)/Ir procrdure ,lOl'S, howt,\"CT.

nlll\"'fl;':HllCr/·s.sflllly,

2.1.3 eva Cr-Coefficients

llllldditiull to the allovcorbital optimi?Rtiofl, t.he eva Cl·n}cfficicnts ll"11' (1'li in

1':,/, (li7) M" optilllizt'(l in terms of the eVB·1'1' energy contrihution (Ed from the

w!ll'r,·

(

'('II =hli,li + ~Jli,li + L fJ(2Jj ,li - Hi,li)
- n!li,2.

Tn = h1i.li + ~Jli,li + :[ _h(2Ji,li - IIj,li)
- J:ll i ,2.

iwd n.·quiring dEi/rlni = 0.2 one can get

t.hen

(79)

(80)

(~I )

(82)

I
(11;=~ and

Q;

IT"2i = (1+01)1 (83)

l"-~'f1l1l;ng h'l;,:!; 1- 0, 1\ li,2; =0 results in tollapseof the GVB pair
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ilrrilli"rl,roc<,·tlure.I":fI'" FOj'lIlllj:'O).

2.1.4 Basis Sets

:\lol~lIlaT oThilill~ nn' l'xpT<'"S.'W'I1 as ., lint'aT c·t1tllltini\li'~1 "f '1 ...~ ..r I'i\si~ rllllC'
K

lious. 1.\ "" EC~,C~. In lite rrl)(l~llll"f' of IlSillg t'o1l1r;wtt'lIl:;t1Il<l<j;lll fmlt" i'JIIs, ,'at·l,

hasis function is a fixccllinl'llr C"omhil1<ltion (mnI.T1lc'lillll [:..ltlll of (:;IlIS.~i;lIl rllllrli"ul<

(Ilrimitin'!l),

Usingg for a nOTmalizr.t1 Gam_iill! fUIl/:lilJlI, <1 nilltra('t.t~1 fllllt'liull"Olll<is'ill~"r /.

CllllssiallS has thefoTm.

,.
6~f'(r -11~) = :;J,..yp(a,..,r - J(~l (S II

where 0,.. arc the GauMilln cxpcmenbi. <\luI J,.. ;HI' UW n'lliruliull 11M,t1i.'it'n'~, F.. r

eumplc,inSTO·3G. L = t In :J·2IG, I... =,:1 for cow, I. =1;11111 I flJn"I"l1t·I'.Il"I,jla!s

(split.vakncc).

The 6-3IG* i\nd 6-:JIG" bcuil sets [21111re forllll~1 by atl.lill~ Illdariziltil/ll hull"

lions to a 6-31 C basis. In the 6·JIG contrac~ion, tIll: illru:r ~IIl'11 [lludilll1S (I'''W) 1'1>11'

lilt of six primitil'e Gaussillns and the valence orhilllis aw ~plit iuLo a spliH,II"lIt·.,

!hcll with L=3 alld L=l. The d·lypc functions that an: nd,kd tu il 6·:11 (; h;t,si~ I...

form a 6-.110* basis are II lingle set of uncontrll.clc'lll·tYfll~ Jltitllili\~:GaIIH!iialls. Thl'

6-31 G"~ basis differs from the 6-3JG' basis hy the ll,lditioll or 011.: sd"f OlII<:Olllrll.:l.:.j

".type Gaussian primith"CS for hydrogen.
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