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I lHIOWO!IOI I ....... I •• Ji , 

l>lJ"ao1 111 1929 •t•t•4 tba' th• whole ot oheist17 1• 

implicit 1n th• l•• ot Quan'1m Meolum1••· 

QuanW. Meohan1•• au b••• applied to the pi-obl•• of 

mol•aulv atli'uctu.re b7 twe •ttirt ae'1soda, th• Valene• Bed2 

(V.B.) ••thod and th• MoleouJ.ap 0Pblta13 (K.O.) •tbett. 

Vntil a tev 1eara aao, Of,illparatlY•lJ 11,tle att.ntloa vaa 

g1ven to th• M.o. •'8od. ta 1aY•••lgat1ng th• eleet.roalo 

atftetv• ot at•• an.4 aoleftl•• •• ooavaat•d vi.tab tll• Y.B. 

me\ho4. Boweyer, aa the l•'•••t ot fl'l&'tum obalete tuned 

to •ore and more ••pl.1oated meleot&lea, it b•••• elear that 

the V. B. approximation vaa too uwlel47 to pPOY14• l a ooa.y..S.ent 

atnotval •h•Ol"J ot luge ••l•oul••J tih• K.o. the..,- a the 

other hud provided. a more 11anageable teebn1que. 

Dur1Da '11• laat decad• there bave ••rged two uhl •P

patoaoh•• ia '-h• f'ramwork ot Jl.O. '1l••7• tb• lelt-Cona1atent 

J'lelcl hh•• (ICJ') ad tbe Oont1pratioa Interaotlon loll••• 
(CI). Tb• aob ... "IOP u.•1-a,...tris•d pPoduot ot 111.0.•a la 

'111• approxiltat1oa ot Liaear OOllDiaa*1oa ot Ate1111o Orbll•l•• 

(LOAO/AIKO/SOP) developed b7 .Roo'1taan4, 1n lt• u•u.al torm can 

be applied W1'fill g:r•at IWJOeaa to tbe oloeed-al\ell gPO\Uld •tatea 

of' 11olec1.1le•, and •l•O b7 uaiq approd.••tiooa •o ••• lover 

exolt•d eleotrordo •••t••· 
1. 



2. 

!h• aobeme "Cn.t1prat1on Intwaet1oa antl1·•,...•trla•4 

pro4uot ot Xolffular Orld.t&le in the LCAO •Jllll'•blatloa• 

(LGAO/AUO/CI), developed 'b7 Cr&J.g,Sa Coul•oa et al.Sh a4 

o'1'leraS0 ta general oan be u1•4 tor 4•••r1birla not cml.7 the 

p-eund •l•oiPODio •'•tea, but al•• tbe e:x.olied •l••t:ronio 

et•••• ot palJ'*•lllli• mol .. tal••· 
In reoent 7eaz.a. when large •l•otl'Ollio eempater• are 

•••llabl• '• help werk ou.t tb.e eoapl1eate4 e011JRtt••loa• ••

quired in Mol••ula Orbltal Oa.Lnlat1oaa, ••7 •''•P'• ll••• 

'Hen made •o ealculete rtaereual.7 the •l••tronJ.e •••sl•• and 

va•e-haotlea fer ataple ••l•eul.ea l>7 tile MolH\llar O.bl'al 

method, vtth ooaa1dvable aueoe••· 

In thl• th••i•, th• LCAO/ASMO/CI ••thod 1• •••4 to oal

••l•t• the eleetron1o ••PIJ' le••l• of th• llnev CH2 radtea.1, 

a 'Y8PJ' reaet1•• and un.•t•bl• •peel•• vhlob baa eal7 .. eeatl7 
6 be.a oba•r•M apeot:roaeopleall7 bJ Bersbeg and. lhooaith. 

the re1ult1 obhiaecl here ••bl• ped1ot1on• •• b• made •• to 

the •l•••roaio •••t•• laYolve4 bo•b 1ll •b• traaaittoa ob•••••d 
bJ •••• a\ttbora. vhlob \be7 ll••• not 1•• 14ea•1t1e41 ad 1• 

further tranel\lcm.. bltll•rto anoba9P'9e4 apeetroeeop1eallJ. 



3. 

Kerabvg1 la 1942 attrUnated. tk• ••·••11•4 •O••taJT 

em1a11on ba11d•• at 40SO I to tbe •••hJ'l•n• ra41oal. La•er be8 

exolted th••• ban.de la methl\Ule bJ .. ._. ot aa eleetrleal d1•

obas-ge. In 1946 K•raan' 9Ueoee4e4 1a phetogl'apbtng tbe above 

bande vs.th high•• 41ape.r11a. ho 7••• lata toldtlngv et 

&l,lo alao l"•Pol"te4 tbe preaoaoe ot the 40SO f pou.p 111 • 

electr1oal 411obar1e tbroqb dl••••tb•• (0Hzl2) and Jc•••• 
(ca2co). 

How•••r, until 1949 ao aaal7111 ot th••• baada had been 

att811pted. In GP4•r to ..ire a detailed aiudJ ot th••• band.a, 

Heaf'tla and loaenll developed a new metbod. er ex•ltlng th ... 
0 

9.lq tound that the 40SQ A poup waa atPenglf nl'ted 11l a 

bellow oathode dlaebarge through vaz.1oua hJlb'Oo•rl>oaa aa •• 
'•lu.ne, benseae, ••WI••, an4 ••l"'J' etroagl.7 1.a a dlffllsarg• 

thl'ougb pup• b7vo1• ue1Dg pafb1 te •1••'1-ocl••. h• th• 

aal.J•i• of th••• bud.a, th•J ooaolucled tbat th• ..._, or 

laert1a deduee4 troa tll:le oba•r•e4 t1a• atPU.._.• 1ad1oa-ecl 

'1'1• pr••••• ot' a mt&Olla ll•••l•• mol••\tl• tha Ollz. Morener, 

Ule iaanJe exolted la dftterl• •--• no aot1eeable tr .. ueno1 

alna with •••JMt•t te tlloH eaelted in the h74l'ogen. Thi• 

waa anot.ba &PgwMD.t aga1a•t Ola being the •mitt•• ot th••• 

banda. 
12 

J>oual•• in l9Jl a.as••t•d '1lat tl:l••• baada •1abt be 

••tributed to c3• a lta.ea.ra tr1atond.o earbon moleoule. to 



4. 
•8'abl1111l thi• taet, 01.ualu• and l>ouglaa1l exoit•d tb• apeetl'm9 

ot cl3a4 b7 tb• ••thod er l!enaan9, and• the b••i• ot th• 

ob1•Pved 1•otople ettecta, 1n AIJ'• .. ent w1'1l thoee expttote4 

theoretioe.11,-16, nea o1l laotope r•pla••• ell teotope 1a 

the ~2 mol•ou.le, 'tb•J po1tula'ted illat tbe •t•t•• ot th• 

40J0 X band• vaa the o3 aol••ule. BoweyeJt tit.• probl• of 

anal7atng and explatala1 tb• ._,. o•plu 'baad.• ot th• 4oso I 
ar•P at1ll rnatna aeol••d. 

I.inc• the original wleaaetpaat '7 llasbwg7 •t 40SO I 
gr01&p to CR2, Iler1berg aa4..., o.itw work••• ha•• b•• Y81'J' 

aot1•• in ••voh1ag to the epeetrum ot 'la• •r ra41oal., and 

1 t vaa onl;:r Y•'r'J ~•cttn.tl7 tb.at aome l'Uooeaa appeara to baye 

lteaa achieved b7 tvo ptoupa. 

In 19S8 MeO•t1 Jr. and Rob1n•ontl.4 oa oondeaal:ng the 

pMduotl• ot an •l•otrl•al 411eh••1• tbrwp ethae pltat 

kPJ'pton (Ja7pt• b•ina in •••••• b7 a taotor ot 30),· 1n. a 

liquld-hellu aooled quarts 1n.lbe obt•••ed thrt•• ab•p 1111•• 

near 2600 I ill •b•••Ptlcm tbPeqb the depoatt, and att•ibuted 

th• 1Jo~the Qll z-adtoal. !be7 al10 repepted D 1Mt•p1o 9h1tt 

la tne pboto~eatal7so4 produet lPom 4ftb81l•·46, '1l• •lbpatlonal 

epaelng oauag1na ~roa 90()!SO •""1 in tlie h7oogenlo eomp•wui 

to 72$!,SO ea.·1 tO"I' tb.• pr•4••t tz.om th• tW.17 4eu.terato4 

ethane. Jltboqb ~ t.laelit anal.711a th•N 1• ••'IT little 

intonation ettJ!aw;on td!a• aatve ot the ..... •tat• u a 

the •1•••181' 1•••*'7 ot oa2• 1sb•7 h••• •Jh••i••d U.at at 

l•••t oae ot th• at•'•• ln••l••d la \be '1-ana1tloa 1• bea,, 



s. 
beoaue 'h• 900 ea·1 apaolna paaebai.1,. eerre•J*Ml• '• \be •i 
'bending meet.•, wh1oh 1• expea\ed to appev etrtmglJ wha tbvo 

1• a l&Pge difteraoe in aaal• be•v..a '11• two •'atea. Bov

•••, tb97 are bJ •• •••• oertaia that th••• bod• are du• 

•• CJ12, ae 1oae mpu:-1tJ atpt be r•apon.1lbl• tor th•. 

V9rJ reoea~lJ Bersberg and Sheo..tth6 have poattlvel7 

14eat1t1•4 •~rtain ban.cl• near 1400 I, obtained dlartag the 

t'l•ah ... pbotol7•1• ot d1aa••"1l•• (OBtJ2>. •• due to '1le 

•tb:ylene (aH2) .-adloal. !he7 obeened aix •4tttu.ae ltne1• 

in one ot th• 1400 I poupa, vbioh abwed a .aPbd trequnq 

ehltt on euet1tv.t1on w1tll det.1ter1•, thll& e•tal>l18b.1ng th• 

preeen.e• or one or ••• bJ'droaen atoma in the •leoule rea

pona1bl• tor thia apeo~. 

'fh• aiPongeat :reatv• in tile r1a•-Jhotol7•l• ot Ol!'d1nar7 

cii••••~hm• (OK,.2) oeov:red ati 1414.S i 1 but; 1ll tw.17 
0 

deu•aated cllu•elhane (O»pt2) at 1415'.8 A. A.l•o, when 

partl7 clout•r•t-4 diaa01Htbane (GBDl2) waa tl.ae-pbotol7aed, 

a Cbl:rd teatu.re ••• ob1•r•e4 at l41S.S f. !bi• 1a41oat6d 

that '4• moleo•l• r••JOQ•lble to. $peetJ11111 oentatne4 two 

hJ'd••I• atome. Itl ... l1kel7 '1'1•\ CB2, Gill Md. OD2 ..... 

r••pol'l•lble tor \he apeo•r• obaerTect a• 141~., !, 141.S.S % 
uul 141$.8 i •••,.•tivel7. K••••r, o•clul•• pPGOt oo•l4 

Olll.7 be obtained b7 • atudJ' or th• ro•at1ciaal tia• 8'1"Uot•r• 

ot •ome of the •1•taa aentlcim.ed abo••· 

ll'ntor,ua•el7, in '11• 4th order ot • ••ouuw-•pe•t•opaph, 

all the feature• obaene4 b the tla.it-pbotol7•1• or Oll2'f 2 •••• 

41ttuae. !be 14lS.8 I 171t• ob••lned ti-Oil the tlaab-pbotol7ela 



6. 

ot ®2'2 •how•d • rathff vell-4etln•d tine ••notUPe. !'bl• 

41rteraru~• between th• deut•••ted ( OI>2) and tm• noa-ctn•va'ied 

(CB2l. molecule waa v•17 •l•ilu •• that tor th• 2600 I band 

•7•tem ot cn3an• ca3 radlo•l• obael"9e4 ••~lier b7 H•r•b•ra and 

8hooe111l'hl5, and 1• appapentlJ 4•• to the taot that a 4•uterated 

11ol•eule ~ed1aaoolatea l••• than a o.on-deute:rated aolecntle. 

'?he ttne structv• of the 141$.S I reatv• 111 tae tlaab

photolya1e •t ®z"a cona1ated or a •imple P aad I bruoh, eaoh 

or wh1ob ehoved a cle&P 1nten11t7 alternation. Th• preaeaoe ot 

1Jhl• alternation p.poYed undoubtedl7 tlaat th••• muat M ho 

.,._etr1oallJ plaoed 14en.tloal aloma (deutei-1• atom•) 1n the 

•ol•eule. Mw•o••r 1 tbe abaenoe ot a Q braeh pro••d that Ulla 

tine et:ruetvo waa either a parallel band ot a linear mol••lll• 

or the K"-O aub--bfmda of a nearl7 •JWa•trioal top. lee 

Kersbergl6 tor the mean.1111 ot tbeso teraa. 

Pul'tber ••14enee waa obtained bJ the ob .. l"'Yat1oa ot a 

ebl1lar be.nd v1tbout an aliieraatlon ot 1ntellait7 in. '11• tlaeh

pbotel7•1• ot par•l7 deute.-ated ilaanetbaae (CBD•2). 

Kerabea-g and 8hoo1m1th~ deduo~d t~e tolloviQg •al••• tor 

tlae f'Otattoaal o..atUlte (reeiprooal fllOllen'• •t 1.ner1'1a) 1n 

the upper (B') and. lover (.I") atat•• ot th• two moleoal••, 

® 2 and CID. 

Bt (CD2) J.St om.·1 B" (CD2) 3.9S om.·1 

Bt (CID) 4.80 ••• - 1 •• (CID>) s ... 1 .,l) ... 

Por the 4et1n1,1on. or B•, B" and other rotational conata.n•• 

••• Beral>erg16. !.be aagattWI•• ot th••• •••••1oaal eon-



ttlancl• are ••p&'i'-1• •17 vltb tb• moleolll•• ot th• t7pe 

n>2 and DD. BweY•P, the IPOUDd. 1\a1se aD.4 the tlrat excited. 

atate or n 2 are lmown., and. '1l••• v••• defblte11 not. lll••1••4 

1n the ti-an•1'1• n•,cm•lbl• tor the 'Danella under 1a•••tiga

tloa. 'fhu1 tl'le7 oonelud.ed 'h•' tile •pe•1•• emittlng th• 

apectrut11 vaa det1a1••17 '11• •••bfle.a• ra41efll an4 IUll••t•d 

that the •1mple11t Ul4 ••' ol>Ylowa explaaat1• ot tb• ol>a•r•ed 

t1n• a\ructve, vou14 point to the ••1••111• b•1Jla linear 1n 

bot.h the upper an4 lover atate1 et '11• traa11t1oa. 

Aaaum1ng thl•• tb•J obta1tted the tollowlng tvo 1a4epen4ent 

•al••• t~ 0-B or O·D boad d11tanoe frClll 'h• i-ota•ton.al eon

atan• • (s•) ot CD2 lad CJl.D reapee,1••17 • 

••• • i.029 I aa• i.034 I 
It, h•••••, tb• Ml•ellle w .. ••ft1184 to be nen-ltn•ar, 

'1len u•1ng ta• ho._ .. ,. ot i•••tla to 4eten1De r 0 • od /)I.CB. 

the7 found r 0 ••1.071 l net LJlcm-140°. But till• would l:mplJ 

that the •otatleul oon.ata' 1.• tor ot>2 woul4lb• 41. 7 o•. •1, 

•••• 
would be expected., t• wta1oll no ••14••• vaa toad. Tb• 

at.e•n•• ot tll••• lttb-Hn.da eoul.4 l>• aoeor.m,•d te, t.t lt ••• 

aanmed that U.e upper 1tate ••• linear or U.at lff•l• with 

E"-0, 111 '11• uppv a\a\e were ••z-ongl7 11P•-411aoela\ed aad 

therefore ••••pe4 cba...-atloa. Although 1t ••• bud to 1a7 

4•tiaitel7 vh•tlter '1.le •ol•wl• waa lln•R .r aon-llaear 1n 

the gr01Uld •••'•• lt ••• ooaelu4e4 that lD all proltallt1ll'7 

tile f;IOB wa1 \tetvffll 1409 and. l8o0
• 



a. 
l'OP•OYer, t'P• tlle tao' Uta\ 1n CD2 •pt;ot.Nal, '1ae ••PODS 

line• were or odd J, 1' vaa oacluded thas ta• l•er el•o,POalo 

atate or the tPan11t1on wa1 not totsllJ •7llll••:r1eal. 

le, while th• aetU:al nature ot ih• ground atate remain• 

W'J.dectd.•d, it baa been d.et1n1t•l7 eatabl1ab..a that the 

apeotram under aon•14erat1ou va1 due •• tb• Hilb.Jle&M .radical 

an.4 that ta the lover state et ta• obeene4 't.rana1t1on, the 

apeetea haa an *811• betwe-.n i40• and l8o8 and a aoa-totallJ 

8Jllll•trloal •l•otroato atate. M••' .r•••atl7, llersbvg17 ha• 

obtained a eecon4 band. qat•• ta the nea:r 1atra-:re4 an4 

Yielbl• reglon• et tbe apeet:rua. Aooo•41n& to Be:rsbe:rg, 

th1• pre1uaa'bl7 1• • IJ'•t• 11m1lar to •h• well-kaowa •1•t•• 
or 1111 and ••' probabl7 11 a •ln&l•t •1•tn. lo re, the 

relat1•• po1ltl011• or the 1tat•• iln'ol••d ln the 'rana1t1on 

and their exaot nature are llWa'lovn. 



?II. fDOUfIOAL IIVlftlGAfIOU OP tD Mnll1'LJlll IW>IOAL 

18 
L ..... d-lon•• la 1934 41tetl••414 tbl• apeol•• ••laa 

1Mtl••ul•P OPbltal th•OPJ and, OOPP•late4 th• Y&PlOlll •l••trcml• 

•t•t•• ot th• aon-ltneap oa2 radtoal vltb tbe ••a l•••l• ot 

tb• •XJ'a• •'- an4 tll• •l••'renl• •'•'•• ot tbe D ••41oal, 

wblob ue botb 1••-•1•••••1• vttm CB2• •• ... ,.... 'h• On 
polllt P•P tor •h• noa-11••• CB2 ad b7 ..... et IHap 

!b••PJ' tound 11.1 ae ~· gpouad •'•'•· 

,_ tb• .,...,., poln• ....... an4 •••la& •t lb• lrP•-

du•lbl• pepreaeat••lona, eto. of DOD.-111l•8P aact linear oeat••· 

•flllll•'•1• aoleoulea, auoa •• Cl2, noa-llaea:r and lln•ar. ••• 

Lenn.ard-Jonea,18 va1a1ia,
19 BJrt.aa •' aJ., 20• V11aoa et al.Job 

Valahl9 alee d1 .. ua1e4 Cll1 aeat ..... p!.r1oall7 and gaYe "'9 

alt•natl•• •ob•••• tor tile •l••'.-1• traa11t1ona of tbe ba'b 

(On polat group) and ltaeo m2 ra41••1 (D polat p-.p). 
oob 

Be ••olu4e4 tbat lt oa2 A0\114 b••• • a\HDg apeetral traaa-

1t1n at vaye-leagtll• loag•r ... asoo t, ..... •• gpoud .,.,. 

11 •lnal•t (l.A1>, n4 tll• ••lMUl• 1• aoa-11••-· thl1 ap••• 
w1'h L•DDAP4-lon••'l8 pre4l•,len, 41••••••4 earll-.. 

'fta• ab••• el••••GAio t.ran•ltlon ••J b• .. ..-.••nte4 .. 
(•1> 2 (bz) 2 (al) (bi) 181~<•1) 2 

(b2)
2 

(•1)
2 1A1 

• ., .... .,.. Wala alao auu••••ct '11• po••lblllt.7 ot a traaa-

1'1• at v•••·leata• below 2soo I •• 



10. 

ftl1• W011ld point •• •h• OB.2 lt•lag 11.Har ¥1th 3Ii •• 
'11• ground atate.• 

La14l•r and Oa8e,.Zl treated tile eleo•r..to atatea et ml2 

qual.ltatlY•lJ• a.ad 1••• a acll ... t1o repre1eatatlon ot .... 11 
level• ot varloua pap• laaio aa.t pure OOYaleat •••t•• ot '1!1• 

apeol•• tor the •1a&l•\ (lfolb n-...1s.n.o a4 11uaz. c•••VJ') 
au '11• triplet .,., •• (11.aear , ••• ,..,.,. TlleJ n.u••l•d. tJ:aat; 

1t th• grouad ••••• ••• a •lnslet, Ulea there wa1 reeoaaae• 

••lal.7 'between the 90 degree ••••l•t atruo•a.r• D4 tb• two 

11nglet ioale atatea, vbil• it 1\ va• ta a •rtplet etate, 'bb•r• 

vaa reeon.ano• be.,._ the lp.httn'ldJ.sed 11a•G' onalent 1tate, 

ttD« She two tr1Jt1•' lento •tat ... 

R•••tl7 Oallap22 Npol'tM tb• P••ulta ••las -· LCAO/MO 

apprexlaatiet& and eoaolv4•4 oa the baa1• •t bl• oaleulatlon• 

tba' Cll2 •xl•t• la a '•lpl•t pCNl'ld etate, \he oaleulat•d angle 

belag 160•. MoreO'f•r1 •aloulat;ton• ot the aleeti-onle ••••al•• 
ot •iD&l.-t--4 triplet 1ta\e1 •• a tuao•loa of boad Ulll• lbove4 

1111J:daa 1n bo'1a tile ••••• at itto•. JU.• wOPk wa• ••1•1•1••4 b7 

ar.,.23 and s.n ll1• ••PlJ to thl• &.ilup24 otte4 apabl18•4 vork 

bJ 1•7••, wb1ea 1a41nt•• tll• PNMa•• ot a 1 tr...-•• in 

pbo\o-eata17aed a•• reu•loa• ot hfd,PooarNDa, tda1eb apptv 

lo h&Te •rlplet ()81) &I tllelp pou4 e•ate. 

i"'l•:re'"natl 1e'£iua1 3..-ole l.o.•1 ad oapltal• ._.,. •l••lroal• •••••• •• at111••*e4 ~ Leanard-l011e1.ll !be x.o.•• h••• th• ••• ..,. •• , ...... (IJJ-ina ., .i20•) 
u th• •••••• 4eao'e4 bf the - le'ttw aad ••b·Nrlp\. 



11. 

,_.,. :r•••tl7, at•• "1• '11eor••1•al. v..ic • llll•• CB2 
reported la th1a tb•al• vaa o•ple\d• aa LOAO/feo/ICP a'1ul7 

•t oa2 ... pab1t.••• ..,,. ••eta••• _. x. •••. as !b.,- al••,. ... 
tOl'lffd a ••••4·-4.eir pertvl>atloa Oeatlgv••l• Interaatlon 

oalaulatl• an4 round• Mtor• •• well •• atta tile ....... or4er 

01, '11• Jn •••• •• b• th• low•• tor itneu a 2, t.a 

ape_..t vltll lh• ••nl•• ........ 1n tb1• tbeala Where a 

e•plete Cl oaloulat1on w•• 4••• Although ~ their relJUlta 

tor b•' ca2, after tb• neOl!td order penvM.tlon OI oal

eu.latlcm, "-'• )Bi 1tate aowed • 11Wltla at about 120•. 7•t 

'11• 1A1 state at •hie bed anal• wee too olo•• to the la1 
atat• to 4eo1d• wbleb of th• W. vu th• gPOWl4 atate 1A '111• ..... 

._ ..... , tu7 ••AM4 tile 0-ll bond 4latao• equal to 

2.12 a.u., vblo 1•-* 1•1• 1a •aanltu.4• ti.a tb• val••• 

glyq b7 •••'berg and -....1t!l6 t'P• tb•lr .... ,roaooplo work 

- tile Cl2 Ndieal. 

h, 1t appear• tut at l••n tw liD•.,. cs1 , \be gPOWl4 

•'•'• 1• l~, wt vbelber th• aottaal gPOWl4 nate Mleoular 

.. --'"1 ot 0!!2 la be' OP 1111•v, ad It 1t 11 b-.t whetb•• 

tbe ~ etate l• 3Bi or l.Al, r_.iaa udeo14e4. 



Th•r• •• "'° •1D MtMO tw attacld.q eheai•al prob

l.a t,waat .. llMbuio•ll7. Bl• t1.P•t •• 11 '•ned tb• 

Yal.mo•·load (v.a.) uttto4, 4eYelope4 Q' II•ltler, Lon4on, 

ll.aw., aact Pal.lag, ll••• alao called ~· BLIP •t!aod.2•·0 

In tbi• M"10d the at•• _.. ooaa14ve4 •• tbe •t_.lna 

.. ,er1ala 1"PClll whlGb lb• •l•OUl• 1• built up •4 tb• •oleo\llw 

va••-tua•tloaa ... • ........ ,.. mm •• ••••·ttm••loa of th• 

11141•ldu•l ..... . 

fbe aeoODd aetbod1 Jmovn •• "1e lfolNulO 0.bS.•al (K.O.) 

aetbod, waa deyelope4 bf Bl.1DCI, hlllk• nd w._d.Jene• 

aluat a11Bl•••wal7.l•·• Althnp both tb• •tbo4a h••• 

beea ta ue tor GHPlJ '1lr .. 4••a4•1, lt 1• •17 reeeatl7 

that the lleleoular or'bl\•l .. thod baa attraoted tb• attention 

ot .... .-ntu.a-obat••• &ad llOleeular apeotNtoopS.na then 

'1\e val••• bond .. ~. ftl• 1• due to 'Ile taot that tw 

eleetl'Olltie ft8PIJ lttela, elM\PoalO \,._.1,lOIY, ete., the 

11.0. •••• at••• t!aewe•10&1 ••"l'• Sa au.ob 'b•'••r a.er•--• 
vttb '110" experl•entallJ ob•8Pff4 *• tbe ••1-.• bcmd 

aetbod. 

12. 



'?1\e M.o. ••tbod 1e aotual.17 aa en-.lon of tbe Bolar 

~eor7 ot eleetron o.t1gu.patlona from atoma to aol•e\11••• 

1). 

A brief' account ot the •thotl of Moleoular 01tl.t1kla 1n tae 

apprc.ximat1oa of •Luev O•bl.aatlon. of Atn1o Orbital.a• (ab

brev1ate4 to LCAO/MO 1• •• tollova.J,4 

Octa.•14er a moleeul• eoa••talaa • eleotroae, and 11•• ••oh 
eleoti-on a wave-tunctla call•d a Koleoular Ol'bi.tal (M.0.) 1 

d•pending upon tbe ape.co v orbital eo-wdinate1 ot that 

~leotrcn onl1. 1.e. 

p1• .. ~i <rt. 1", •"'> 
• pl (r"}. 

(l) 

where .xu, j4 and zll ue tbe •PG•• oo-wdlnatea aad ,.u 1• the 

poalt1on-veotor or the ulb eleo~, the 9U-••r1pt 1 e1gn1t1•• 

the 1th M.o. The M.O. 1• oal.le4 ao because it 11&7 be thwgbt 

ot •• r•Pt"'•••nting '11• orbit ot th• eleotrca 111 tb• aoleoul• 

an4 1• ... ent1all7 pol7eentpio, 1.e. it exten4a o""" the If.bole 

moleoule. 

flle M.o.•a (j1) a:r• uu.&117 oGU,neted •• l.1aeu 00llblna

t1-.. ot A.O.•• (l1) wb•:re tbe A.O. (X1) 1e a -..-electNa 

vav•-tunotloa ot •• ot th• ., .. , whioh ooaatUnit• th• aole

••l•, 1.e. 1t 11 aa •1&•••tuaot1on ot '11• lebr:41ag•r vave

-.uatla t• an •'•• obkhle4 h7 the Kart.Pe• pt"OOedu• OP ,_. 

o\Der ailtilv teolm1'lu•, ibea 

~1 • la 01a X. 

•••• 1 ••• 



14. 

f .1s.• 'J ... •1J ()) 

*•" 11J i• th• Knull• alk .,...1 vbleh la 4Miu.al to one, 

it .S-J and -.ui , •• .,.. 1t "''· 

'Mw•ner, 1t la ooaftlld•t to ...UV.flt tll• M.o.•a ao 

\hat thOJ '••u.t.N like tile ~bl• ",,,.._,.,,.. et 

\be ., .. ,17 poi.a• poap ~ tb• aol•eul• Udw oou1clwa•toa. 

la a441tl.• 'lo •pa•• • GPbltal ........ u.aat••• ..,_,. .ieetron 

u.e apla ....... ~u.aat .. , UMl • ---•l••tPCm. .. 1••"1• vav•

tuaettoa 4e,.a4f.aa .,... tu •JIA•• u vtil •• '1'1• qd.n •o
...Uaat•• 1• •all•d a Jlol•••l• lpla Orbital (11.a.o.>'lftor 
~at part1eu.J.o •l•et..a. lb• R.1.0.•a •• alao oaatneted 

to t .... • ..... .....i. "'• l.•. 
Jtp1• lj)3 •1'• '1.t •- •1' l• •• ..i- u-11 ••,...Sac 

upea tta• •p&•• u v•ll •• qd.a ••·...W•••• 
In vbat toll••• tb• apla-•'tiltal U1lpl.1Da la ••ll••t•dJ 

8.D4 •• a M.a.o. t••'°"'• .t.ato a M.o. aa4 a 9pSa tmao•toa, 1 ••• 
\.}JI." ·1• (,U, •\ii) 

•1fk (~) (S) 

• 'l(k) (rll) "'11'"' 
••n 'u 1• •• ••al.• .,... ... , ot tile "°'• ztll ad baalo apla 

tuaotlon• o/... u or pu tor tb• uth elff.._. fh• tile tet&l ._ 

.1 .. -.n Jtol-1• ...... tu.otl• 1• wltt• u th• •tl• 

a,1aA1tb1ae4 '"4U•' <b> et M.a. o. ta (.&IMO w Al), trhS.eh l• 

al.N •ft• •Ill.led tl'l• llater d•t ........ t. 1.e. 

J;,.. <••>-'/lp1<t1>1/J2 <•,> 1fl h&3) ·'JP• <•1>1 (~ 
wen (BJ )-i ta Ul• ....a11aa,i• taetw, ad .... GDl.J' '11• 

,... 1• th• 1•"'1Da dlapnal ot ti.a• Slat• det......_, _. 

wr1tte tt•tw•• ti&• bu-a. 



!be reuoa tor wltlq the total 1 ... 1eotron Mel•••l• 

W•••·t'1.anot1oa •• an antl.,...tr1••4 product le •• follow•. 

Coaa14• tbe quan~•••buloal. •l•u•tion ot a 111•t• ot a 

pu-111•1••• ••7 • eleetrea ln th• oae• ot a aolMul.e. then 

th• total w•••-tuut1oa, \.f total, t• "111• ua.bl7 1• 

4eaortbed tllllJ bf a wa••·tml••lon lf , 1. •. 

lf::::. lf <•1• •2· 'J• ...... , ( 7) 
vh••• ••ob q1 •• betor• i• tb• ••blnatlon ot the •P6•• u 

well •• tbe •J>i• ••·OPd.Saat•• or tb• 1'8 p81't1ole, 1.e. tile l\b 

eleoiron in tbe tUe ooasldWH b••• lw tbe J1171loal ~ 

ot lf ta that \ 'f 2/ a1••• Vl• pPObal>111•1·•••l'1 tw tladtq 

Wl• pui'l•l•• 1a t:n• poia' <•i• 'i• ••• •s> la the ocm.tlpra-tton 

apace. l'.ov•••r, et.a•• •11 pb7aleal relU.lt1 ••t be ldepeadent 

of tile 1a4lvtaallt7 ot the paptlole•, '111• \lf 21••• •-ln 
l.ayut.ant ea '1l• ••-•r41Mtea et •b• partlele exo'bqge their 

pl .. ••· It P 1• aa7 ..-1traJ7 pel'lnltattoa ot the oo-erdlaatea, 

then 

\D ~ 2 f p J 1 <'1 1 •11 .. ·••> , • \lfl •1 1 q2, •• ·•11> { 8) 

!bl• 111pl1•• th&' •1 tA•r tb• v•••·t=••1• ( lp ) 1• ant1-

.,_.,.,1e (eonea,..u.aa to )II .-1) OP .,_.trl• (eOl'Mepondlag 

to ,.1) \UldeJt auah a ,..._,at1oa. Dlrae and Bel•enber1 have 

lbown that to• part:l•l.•• •••Jina Penl•J>lrao 1t;atl•tloa (oalled 

P8P111oaa) l.e., tb••• wltb llalt-1atepal apiaa, tile total •••• 

tu.noiloa 1• anti-•paotrla to ••h a eaollag• ot ••·•dlaat••· 

A• th• elMtroa• an P•J11111ou, tkq lln• antl-1,.etrto ••'f•• 
tuao•l•• o'M71ag th• Nlatl•• 



P} lf<ca11••fl2 •••• fls) \• (•l)p lf (fi1••2••••4ls) t<il) 
vb•• p • par1t7 ot tbe pn•t•tloa P. 

A ptaotleal vq of vntlrag &a utt .... .,....10 ••l•nlar 

v•••·fwM•l• tor I •l•otrou ot • •l•oul•, la to wlte 1t 

11ulelU11lnaat•l r .... 1 ....... 11••• ••'•nin•t, al•• 
oalled an antt-a1wtrlaH pNChlot (AIMO •• AP) of 'b•1i-

M.l.O.•a • 

. t•. •l••tra•. 
f 1 <•1) 1JJ 2<'1) ••••• • 11>1<•,1> 
ip1 <•2> ipi<•,> • 

• 
• • • 

/u•(Bt)""t • • • 
• • • (10~ 

• • • 
• • • 
• • • 
• • • 
• • • 

11J1 ( .. ) 11J2''w) ip1<'8> 

&1114. 1• wrltt.a fO'I/ bP9Ylt7 •• 

ju • (II) •• , ty1 (,1) 'fJ,t,,> • • • • • • • 1jJ.('s) l 
aen ccl7 th• lead.lag diagonal ot the 4ete..S.oant (lo). 1• 

wltta v1Ulbl \be b••• 2h1• l• tb• ••••• tor wi-l'bg th• 

total •·•l•ot.rcm aol••W.• vav• taetloa •• 1n (6). 

Th• ant1-•,...t•1••4 pitOdw)ti /u. (AP) baa tb• tollovlng 

propertl•• wblob toll• ha the el._,..,. )lroputl•• or 
4etormtnanta. 



l) •• '11• nw• •• "'- eol-• •t tb• 4eu..illut are 

14ent1eal la all r••pe•ta, olll•l'Wi•• tile 4•'8Jllllaaa' Tan.l-1l••· 

2) •• "'• •.a.o.•• ... ~· .... , ..i7 ••• 11.0.•1 •ea•• 
tm• •••• u4 lhq alao cml7 "• lt tile 11.1.0.•e la••• 41tt•••t 

•plaa. 

9l1• ..... Iba• no wo •l••Vo&uf eaa ll&Y• th• •- 1,aoe 

•• nll •• tll• .... •Jda·• .. ••H.aa•••, aleb 1• Juat Use well 

Jm- Pnl.1 exolu.•1• prlulple, •••t•d la • dJ.tter•• va7. 

ao, '11• A.P. la (10) •\lats.ea Pnll•a pPiulple n.t .. 

••1•&117. 

More0ftr1 lf (4) 1• true, •• t• •• lite nowa ti.lat tbe 

.l.r. la (10) la D.Ol"llall .. 4, t.e. 

J1tf'rt1's •uc (11) 

lb.en • ftit•l>l• llJMar •••Sna•1• of U.e AP•• la (6) 

eaa be olaaaed •• •la•-hMl1•• ot th• 94•••d •pi.a -lar 

·---- .,..., .. •'· .)2 1 ••• 

£L•. 'f,,. ,,, I; r12, 

.............. •••tt1•1•'•· 
lub ...(). 

6 
1• •t • dets.at.i• 11\ll,lpl.1•1'7 ... 1• ....... 

of an •/l'oaormal aet, 1.e. 

f fl si'. nsi ct. r == s l cY 
lb• ,_.. •aoatlPl'••l• ••ft·fa••toa•(OVP) 

h .. eatter tor eaola ..f).S, 

(1)) 

1• .... 

Ill general Uaera vlll H a large maab•• ot 11ld•Jel'l4•t il.5 

ot "1'1• •- aultipl.teitq aa« .,...,.,.. arlahg tr• llUJ' 

•l••'•oai• eonttpr••lon•, aa4 all th•••(..{)§) need to be taken 

in•• o-.1•••••1• 1n a ooatlav•tloa ln'••••t1oa tr•••-•· 



18. 

an th• •••e-tm.wtl• t• • •1 .. v.to na•• la ..,.._ 
a.med •• • 11.Mar • .-.... ,1. or tile ..(ls,... ow•• unaa 
-· mlt1pll•1'7 ... Q• .. ., •t -·· pap\loal.U' •1.fft.-1• 

...... , 1 ••• 

(14) 

th• .... ., BC •t '1:d• .i .. ,..._. .,., ... at•• 'bJ '11• 

wulat1on .. ~ocl 1• 

. irC • )-p: •lf= 4 1"' (lSl 

. Jf:9pf•i' 
ad •• th• fl. S are .... 11aet1, tac 

s tp= p-.,. 4'(. l -u.-
a: ·J tp: ! rp: 41' (16) 

wbeM B la •• ••t&l Bamtltonlan .,..., .. tw ti&• •·el••tHB 
tr.rd•, aa4 la tb• tbM maelna approxlutl• ••7 b• wl•ten. .. • 

•••• + t:, •' ' .... (17) •+''u ... 
• ••• L 
.-1 •: <•.> (18) 

B#b• .> ll•laa tll• •J.aale-eleevoa epwator tor •• nta 

•1M'"8 1n a pouatlal tl•ld du to th• nv.eleS., t.•. 
(19) 



19. 

eve y•(• ) 1• ta• klutto __.11 .,..-. tor tll• nh .1 .. v.n 
aJld u: ta i*• po••ntial. •••a ..-••• tor lt• •••••••ten t• 

all tbe aaole1 of '1'1• •lMlll•• i.e. 
2 

Vf (ry) • - L. ~"• • ... . ... (20) 

*••• la la tb• uai-p • tbe mualn• •a• 1n unl'• ot eleo

t.-1.o •ars• •· aad ••• 1• tile 41.t ... • ot the •tb •l••t•• 

tnll lll• atb. nu.ol•••· tb.e ••--4 t•n la (11) ••llPfl••'• th• 

la'••-•l••troa ••pu.l•l .. . 
ho MtllM• ....... to •••laatina (16), -· 1• ••llM 

"-• l•lt-Oon•l•teat-nel4 mdllocl (ICP), tlae othw '1l• 

Oontlpra1;loa lat••••1• Mtbed (CI). fbe LOAO/A.8110/IOP 

.. ,hod baa 'b•• v••'" ... , ......... 4 
In '1\1• .. tllo4, '11• ooetftelent• Ou. 1a (2), 184 an 

.tteet1•• Jlaalltoat.aa(BertJ la (16) are ••1e4 to rd.a.lal•• 
VI• •••a. retalnina atwltaaeou•l7 t.be erttaon..-lit7 ot 

'be a.o. •• <-'1>. !tal• •ih•cl b:•• 'b•• appli•• tt7 -r 1a .. 

•••'l1••••27 ... 30 •• •lMal••• ad la ••n v.fftal •-J'i~•iat• 
~S K 

ot a tlagl• .l' #(.I ••* u torr a eloaed aell eatlguatla. 

Ill• al,ena•1•• LCA0/'80/CI •tbod baa be• t:rea•ed bJ' 
0••11,S• CG\lleea •t ai,Sb aa4 ••k•••S• aa4 haa b•ea applied to 

• tew .,..1r1e eaampJ.e.S•J2• 

In '1ll• •'1l•d approataate a.o.•1 •• •••'inoted t.om 

anal7tloal .t..o.•1 bF .. uation (2), aact th• beat q{~r th• tne 

1n (14) d•tend.n•4 bJ' \be ••1••1• uti'a.S. !be ataaclar4 

yerta,toa •'hotl tor obtalnlq 'be •l&••valu SC ob•J'lq (16). 



20. 

1• well tmovn,31 ed. tor a pwtloala.r •leo•Nnlo atat• 1••4• 

to luge •nul• fMIU\lou ot tb• ,.,,. 

~ °u<1w--.> • 0 (21) 
ll 

f22) 

(I)) 

.t••* tr• ttt• ul•tal ••• .. _,. ~· .._. tll• 4•ti..S.aaat 

oonetruetod tr. th• ooettld•t• ot •• a,,. ••t Yaalab, l.•. 
811 "'!.•11 111·Di2 •••••• 111D·•1 

•21 ·•21 •n-•aa .... ..._ - - - • 
• 
• 
• 
• 
• 
• 

• 
• 
• 
• 
• 
• 

• 
• 
• 
• 
• 
• 

• • • 
a.i-•ai·'-2-.llna •••••• ·--· 

=O ( 24) 

PN11(2)) and (ll), lt ea be •••tu\ 11J•a Sa the o.rt-d1agoaal 

•l....,ta ot (24) are all ••o• ltbtl• th• 111 • • la b dlaaonal 

•l8Mnte are all 9fl1Ull. 'o ultJ. a. (214) re4uo•• '° th• r .. , 

11 ·B 812 • • • • • • • • • • • • • 111.a 
821 Bu ... a .. '\. .. ' . .,. 
• • • =o CZS> 
• • • 
• • • 
• • •· 
• • • 

Bai !~2. - - - - - ·--



!b1• le a ntll depM -..••1• la B 81ld ttl••tOH .bu a 

roo\•• tll• 1.,.9' or 'b•.. not• ct"• th• __.a ot \be 

•leotrGDle et•t• 1D'l4•• oonaldera•1on. 

th• •trlx •l-t• 111 aa4 a1J •• nal.uated bJ •tuad.apd 
Mtl:tOda. 20a,2'0o. 

Tbe 14ml Cl •au hwe tbat Uae •tf'-Uagonal u•rlx 

•l-ta a1 • 'b9W.en the .,...,.. •mf1p.ztat1GD va•·•·ttlllft1•• 
l\K " /'\ ~~ <•·•· J. 1. ~ CVNl .J. l. fl) of lb• ... mltlpl.1o1t7 amd .,_ ... 

• .-,. .... , .... lilt• oou14•••~l• •• ttacJt.na tti• i .. n 

not ot (IS). 

114m0• itt••• •• nth 4•8"• 414&ut1 .. •t •b• tine (.2S), 

tor ••ob elee'.-1• aate, an4 '11• .....S.•• ot tis• ••1ou• 
•l•ot.ronlo nat•• aH tnn4 t1J tlndllll tU l.onn root ot 

fteb ..-t1ona la •aob ••••· a. •• lwen ,..., 1• tound 

ta explatnect ln Appmdb n. 



APJµqA,lOS W fD ,,L!f,O/IJllCOLC,I !Ill'!? ,,to ta lel~\l 

DTIJLUB IW>IOAL 

A llDM• GeD.tro-a,_et.rl• ..... .., tOP the •thJ'lGe 

n41oal wt.• c-1 bGncl U•t••• .. u.al to 1.01ts I 1• •••••ct 
.la Wail ih .. 1 •• 

01-•4&!!!• •ut•ttl• file .-.1111l •t lb• thH• oa.teela 

u•a ••• eboaea lo be •' '11• eultoa auol••• vlth poaS.tl•• I 

ul• pela•Saa la '11• d.1P••t1• et the O-Jlt ltenct u *- la 

ft1.IJ tta• arrow• •• tla• +t• d1reotl• er tla• tbrM ax••· 

1'1g.l. 

!•l!••t 9t \I Ou!t!!,11•-.••!!fl- 082 rad1oal oatalne 8 

•l•otrou, eu r.. •• Carbon at• (11211'zr>, au on• r... 
e.U •t Ute two bJ'Clffl• a'i_. B• a4 a•. to treat tlate 

proltl• tw.17, all t!aeae 8 el.Mtl'OAI *-1.4 be soaaf..4.-..t,. 

Bow••••• a ••••oaabl• •••uapttoa about tile 11 ·~ •l•otroaa 

peatl.7 Hcht.oea til• --.• ot labwr v1'1aout oaulal aueb 1011 

ot r1g01Ut ln '11• ealoul.atlaa. It 1• aaftlled >sere ttaat (11) 2 

•l•••·-· ot ....... ··- •••17 ...... tbe •••IMn ••l•v.•, •••• 
to ••du•• *ll• ett .. t1•• ob•&• oa oart>• ••1•• •• +4• \llll'•· 

22. 



23. 

Th1• aa.uaptlon haa been made b7 •a.DJ' other 1nve1t1gators.321 33 

!'111• leave• aix A.o.•a tor tile oonatl"Uetion ot M.o.•a, 
tC>ur trom the carbon atom (21,2px,z,7,2pz) act ho (h•,h•) 

troa the two h7vogen at••, wita nx eleotPona to be placed 

la the M.O.•a. 

Start1ag with • M. s. o. '• vhte:b la twlo• the nwnbe.r ot 

x.o.•1 and a eleotron1, th•Pe a.rla• 

•leotrom.o ooat1p.rat1on.a.2• 
n! "tm-n)I 

poa1ibl• 

81noe thi• nWllber 1aoreaa•• rap1dl7 wlti>. the lnore .. 1ng 

value or m and n, 1t ean be ••en that aegl••' ot 18 eleotPone 

and 18 A.O. ot oa.bon atoa, redu••• ime .n:ta1b•l' ot ocmtlgura

tloa• to 'be cona14•••d, u4 thu.a ••4u.eea the oalculat1one to 

•anaa••bl• properttoae. 

Mweove.P, hlgbeP A.o.•a, e.g. J1 , lp, 34, ete. tOP the 

eapbo at• and 28 A.o.•1 tor the h74Jtogen atowea, are aleo 

neglected when aett1ng up M.o.•a •• LOJ..0•1. 

I. J.!ORIO ORBITALll- POP • b11>11opaJll7 ot YV10UI tone tor 

J..O.•a and their lll&l:'"1ts and 4eai•r1\• tfll- ••• 1n Koleoultll' 

OPbltal oaleulat1ona, see Hali.34 
3~ Iu most M.o. ealculatiena, Slater A.o.•a ~ have been uaed 

and Ar• also eaplo7ed here. tae7 aave the analJt1eal tent 

(nla) • (2~ )nii[<211>f"*p•-1e·&:ra1,m (g,~)J 
where 11,m, <e, lf) are :real# noriu.11••4 epherlo•l hu..Uea.:36 

The quantum awaber • 11 d.etln•d 11>7 ·l {:m ~l, the pu•eter & 
1• related to Z ette4tiY• ot llater and the t•an'um. n\lllber n, 

'tida.ere n ~ 1 + J, bJ the relation. 



(36) 

l•' ~ A~o. • a e~ u•e b r in th e,.oltte to 
/ 

l I • (h i ) *' f1f J XJ> ( ... bf 1"'1 ) 

l • • ( ) • l.lJ4 up (-~· .. ) 

wit &•• J • l TT 
"l i 

1&11 • (l ) • ("~ j e p. (-s• el' ) 

vith &' • 5.70 . 

ot' l. t · tn 
ta tb lt i a n del ••, 1. •t it 11 ot 

.l 1 ta 

up tbe· ortb oaal1Jt t l" 

2 C * • S } • ( 8 .,.!,) ,,._~ ' ri'.:n•.n. 

l t th l .o. 



II. GROUP THEORETICAL DETERMINATION OF MOLECULAR ORBITALS 
AS LINEAR COMBINATIONS OF ATOMIC ORBITALS. 

26. 

A linear eentrosy·mmetria molecule, such a.s linear CH2 

belongs to the ~h point group and has the following symmetry 

elements cor responding to the operations which ~hon applied 

to a geometrical figure transform it into itself . 

( i) E.:- the identity operation which leaves t he molecule unchs.ngE 

(ii) Cp5:- A rotation by an angle of '!:/> around the symmetry 

a.xis , i . e . t he axis on wh1oh the nuclei lie . 

(iii ) er' t - Reflection aero s any plane in th molecule con-v 

taini1'lg the syrr®etry axis. 

(iv) iE:- Inver s on through the centre of Sy?!imetry. 

(v) iCp: - A rotatiQn by an angle of !fl around the symmetry axis 

followed by inversion at the centre of symmetry. 

(iv) i U: :- Rei'lect1on in any plane containing the symmetry v 

axis followed by inversion at the centre of symmetry. It is 

equivalent to re:fleetion across s.ny plane perpendicular· to 

the ·<r; plane and i s al so den.oted by~. 
h 

The veriou symmetry el ements and symmetry operations are 

denoted by the es.m.e symbols. The cha.recteristics of' sueh 

molecular electronic properties as molecular electronic wave 

functions (~ and configuration wave functions cil.s) are 

determined directly f rom the character table of the irreducible 

representations (also called syn-.metry species ) of the D point 
ooh 

group, which is reproduced. in Table 1, and is expl ined below. 

The symbols in the first column are those used to describe the 

electronic sts.tee of the molecules of the ~h point group. 



(36) 

Bl••• A.o.•a veH 111•« b••• ta '11• 1peo1t1e r ...... 
ia.. • (11 • > • (f Jt up c..s•r• l 
1'1!• • (JI•) • tfl •q <-b•r•) 

vltll ~·· ~· • l 1T ") t 
ia0 • <a> • ( # 1 up. <-~· ..-.> 

vl'1l &' .• • s.10. 

n, • <•> • {/#/ "• .. ,. ,_ .r..-.> 

'Pa • <TT> • } i 
a.,• <TP • I .&.!) 
,.. • ( <J") • \ 7T 

Wltf-- ~(!, = I· s-7 

~: 
l~o 

2~ G Q!!HI ••'·•- '1a• oanao ot Bl•'• ,,,. 
210 Atllllo orbl•al ta tba' lt ta n.od•l• .. , 1.e., 1' la no• 

onbqonal •o 11 owboa A.O. !hla S.a '*•• ••• of bf ••ttlna 
Q th• OJ"tbogoaal.1U4 t"ON 

21 * • a•) • (I ... o. ~I). • - a~- -'-- _,, .. 
.... - ... 21 ....... A.O. Cl*) 11 --..-1 , ••• 11 A.O. 

ot owboa. 



as. 
!be wtbogonall•H ton tw tile 28 Cuitoa A.o. (I*) vu 

Q84Mi la e.ala.•1n& all 'he ....._ole.. GD8•0 .. ,,._ ld.ne•1e 

_. • .,. ad aol__. atbao\1• latep*11• 1DYOl.Tlal tmia .l,O.J 

tht.1 tmppned '1l•tr •al••• ... 1c1..-n17. 



II. <JROVP fHIORETIOAL DETDMilfA.TIOB OP MOLEOt1L.AR ORBITALS 
AS LIIBAR COMBIBATIOlfS OP A!'OMIO ORlllfALS. 

26. 

A linear centro•ymmetrio moleeule, such as linear OB2 

belongs to the ~h point group and has the following symmetry 

elements corresponding to the operatlona which whon applied 

to a geometrical figure tr9J11torm it into itself. 

(i) E:- the identit7 operation which leaves the molecule unchang• 

(11) Op:- A rotation by an angle or !/> az-ound the S'JMftletry 

axia, 1.e. the axia on which the nuclei lie. 

(iii} er;•... Refleot1on aoroas any plane 1n the molecule con

taining the symmetry ax1a. 

(iv) iIO- Inversion tllrougb the oentre or symm.etr'Y'. 

(v) 1Cp:- A rotation by an angle or ~ around the aymmetr,- axis 

followed by inversion at the eentre of 1ymm.etr7. 

( 1 v) 1 o-;c- Re.tleetion in an7 plane containing the BJmmetry 

axis followed b7 inversion at the centre of aymmetry. It ia 

equivalent to a reflection across any plane perpendicular to 

the av plane and 1• al10 denoted by~. 

The varioue SJ11!Dletr7 element• and symmetry operation& are 

denoted by the eame symbols. The chareeter1atiea or auch 

molecular electronie pitoperties aa molecular electronic wave 

tvnetiona (~ and configuration wave functions (il8
) are 

determined directly from the character table ot the irreducible 

repreaentatione (also called •JMDl•try speciea) or the D point 
ooh 

group, which ia reproduced in fable 1, and ia explained below. 

The symbols 1n the first oolwnn are those uaed to describe the 

electronic atatea of the molecules ot the &,h point group. 



27. 

~eleo\roalo •••••• .,.. aoa-4•aea••••• and baye...J'1..o 

when _/\_1• '21• •l•otr«'ll• llllS'tll• .._t• •'"*' the aoleoular 

•~l• 1a unlta ot1r. It enl7 ae •l"'"° 1• pr•••t, WI••• 

v• th• •t•l•• tor vblob A-01 ••• A la tk• •.....-•or 
aapl.•• wentum alODg th• •l••lllar u1a ••eoola\ed wlth an 

•l••'•• 1n a aoleoUlar orb1••1J •·&• A-o tor a a--tJ'P8 M.o., 
A ~1 tu• 1Ttne M.o. 

low•••• lt •••wal •l .. troraa ... preHDt ln tlte M.o.•a. 
then tor \Ilea• etate.A• 1' -1i -0, 1Tam.t ~•l•otnnio atat•• 

h••• l-1\_t • l aa4 i...J\... i • 2 reapeotl •~11 aacl ue bot;b 4oubl7 

degenerate. 

In a441•loa -;e etat•• an eb.waotal1•d bJ' tile deelpatlon 

+ or ... aeooriiag to wbefdler '1le1 •• .,_etrloal • aatlQ••t

•1••1 w1th reapeot '• tile ~operation. All the •loetronio 

•tatea are turtb• ebar••••l•M b7 tb• 1 (•gwade•) .,. u 

(•ungeratte•) l\lbaor1pta aeoOPdln& to ._U.er Mielr waYe-f\motlon 

..-s.na 1riYar1an• °" obugea alp u,.. laY•r•lon at •h• oeatr• 
• ot •Jmeb'J, 1.e. tlae 1 o,...t1oa. 

An al.Mrna.tl•• labellllla or th• P•P ••pr•••'•tloo• onen 

uaed tmplOJ• Ale tw z :• A21 tw zi• and H ODJ ben nbaoi-lpta 

1 and. 2 baye '1le ·- --1aa aa + and • reapeotl'f'elJ• 

!tt• tblrd ••1- 1ad1oat.. '11l• QWtQ propert1•• ot the 

1n4t.UUMl eleet.te dlpol• ....,., M that arl••• 1D an •l•etltt• 

trana1,lon. Ot\17 wllea lJ'* o/' oonhine a t.en vita th• •Jll
••trr propeJ-t1•• ot K, 4M• .ate 1at••S.t1 eonvollln& lategral 

f -qr• tp' o(._ T• ba•• a tul'• •al•• tw tb• '•analtla, the 

d•bl• and •laal• prlMe ••P'•••t the lower au tit• uppe• 

OGllb1tdD8 ata•ea P•apeot1Y•lJ• 



28, 

Tb.• aynmletry pl"'opert1•• of o/ tp' at-G d&termined. tl"om a 

table, which gives the •o-~alled "Direct Producta•20a ot 

Vf.lrious i•eprsaentat1oru1. 'l"h.is table is pe~oduced 1n Table 2. 

To illustrate the uae ot this table, let TJ!' be a atate 

ot• "'Z.u aymmetry anti tf' be another atate or Zg aynmaet?T, then 

the direct proaact o:e the repr-es&nta.tion is z.: whiab belenr• 

to tho same apeo1es as M8 J h~nce for- a 'Z.g ~; transition 

th.c elect:rie dipole moment 1• along the molecular axi• •a•. 
rs, use ut the diPect preduet1 table, the tolloving salec,toa 

rulea can b• d.l)dU<Jed:?Os. i .. or the va:rloua elecrtron.io transitionat 

?a.rallel to a A llao, g ~ u, ! ~1: 

Perpen;:lieula.r to e. ,A_/\_ • !l, g ~u.. 

The next e1.:x oQlum~ list. the ohJU-actere of the 1M"edu.o1bl• 

representations of the D .. point ST"OUP• Por a detatled di•oua
ooh.: 

sion ot the vaztious grol.lp 'theor.;,tioal terms introduced her•, 

see ~ing et a1208 and Wilson et a1
2
0b 

!.n general atq arbi ·tra.PJ s~t of M. O. •a, oonatru4tei:t a1 

linear C<li.'llbinationa o.t atom1o orbital• ean b• u.a&d: in M.o. 

aaleulations; however the oaleulations become eaaier it the 

M. o.' a are conatl'~c'ted ao aa to tra.nato.rm. like the 1rreduc1'ble 

re:prasent.at1ona or the s)'lft:netl';r point arcr.ip ot the molecule 

and.el' investigation (e.g. ~h tor linear OR2). This le due 

to the tact that M.O .. •• thua oonstructfld ot ditterent 1ymm•tl"J 

claa1e1 are o~thogonal tc each other, and neace me.D.J integral• 

i~volYing each paira of M.0.•1 van1ah autcas\ical.17. 



How the M.o.•a ot proper Qlltl•t:r:-7 are ooaatPUot•d 1• 41•

cu•••d below, v1 th re.tere1uu• 'to the l1n.eu OJlj radioal. !be 

M.O.•s 8]'.ae to be conatruote4 aa indepeadent linear oomb1naticme 

of the six A.O.•a, given belove -
h, , h ·, s, (J, P.! == 2-1 c rr ! 1 n > • 

!'beee A.O.•• mu1t form the bas1a ot a reireaentatlon of the iob 

point group. 20• 

The repreaeutat1on wh1Gh 1n general will be a re4uc1ble one 

1• ~ound b7 appl7iug the •J'llUl•t~1 op•~•t1on• of tae D point 
ooh 

srou.p to the eet ot alx A.O.•e g1vea above. 

!he reaulta are given in !able J. 

Ex11an.1;~ton,ot, i•- Tb• applieat1cm. ot the var1ou1 Q111•t17 

ope:rat1ona to th• a•t Gt A.O.•• genei-~tea a repreaen1'at1on, Wb.1eb 

1n general will be a reduo1ble one. fo red.u.oe thi• to 1te 

irredue1ble componeata, aa mueb a.a d1agonal.1aat1on ot the 

trmetormation mati-1eea tor ibe re)l"eaentation ia done ae 

poaa1ble, bJ a aimilarit7 tranaformation..20• In thia Pe4uct1on, 

th• eharaetore t>omain W>.Ohanged, and in the row labelled Q are 

ewmnod up the cbarao:tert £op eaoh •J1111•t17 operation. 

From the charaoter taole •1 Yb . : ·, 0,; ..t-or tbe ]) poiat • ' •h 

group, 1t can be abon that th••• 1waa ape th• ••• •• tb.oae 

tor tm• gl'OUp ot repreeentation 

I' n21: .., 2i: + 2 lfu 

!hia mean• that there abaalcl be two molecular oPb11$al• ot each 

8JDB•tr1 apeo1•• &1 ·- in the •xpr•••l• tor r 1 ••• z;, 2: 
aad TTu· 



30. 

To •t up the ho 1n4epmdeat M.O.•• ot ••• .,_•tPJ 

•pe•i••, ua• l• made t4 Bqua,lGG l0.4S et Bfrlaa et a120•, anct 

ulag ta• qabol• g1••• th••, we ba•• u tollw•a 

z:: repr•••alatta eoova twloe J.a J'aacl 1• ot cU.11aelon 

•• , btmO• .....,, l•l. 

llllllarl7 tw nae z:: r•,r•••••tioa, .. 2 end l•l and tor 

th• 1T 11 repnaentatl• .. 2 accl 11921 beoau•• Tf u 1• ot ctlmenalon 

ho. Por tbe ••aatna ot •41 .... 1on• f.11pl1M. bere, •ee Bptlng 

et ai. 20* 

Tb• applloation ot Bquatton io.4s tw ••ob 1nedv.olbl• 

r•~•aentat1on g1••• the tollewlng relation•• 

2-
a"1t (R) I 

ID /, 

// 
// 
// 
// 

13 
'13 (R) • L:. TJ (l)tt aDCl t.UO 1a tile utru OOl"Peapondlng 

Pl " 

to Uae e,_.a\1• I of th• jtb lPHduoibl• •••••entatlon and 

f'JCa>,t ta Use ••-ta ._,,_ .. , ot the a'bo•• •t:rb. 

Prem th• above relatloa•, ho lnd•pead•t ltnHI' oombtn-

atloaa 1tvea below are o'Otalrlei1 

(1) I + (b' + h•) 

(2) I • (b' + h•) 

Tb••• have the tollow1na DOl"ll•llaect tol"ll aJMI are denoted 

u the M.o.•a,J'0 an4 14 •••P"'tlyel7. 



'om <•0 >-lUt+>A•) 
, 4• <214>-•(a .. a•> 

lib••• •0•1+J'1*(1)b•(1)4¥1 an4 14•1-~a*(1)h•(1)dv1 ... ta• 
n&n'llal1aattoa ta•••••J 

b• • <atr·tcJa•+b•> w1.t1a 

31. 

:r: • i•Sh•*<1>b"<1>••i· 
S11•*(l)b•(1)4•i 1• th• Oftl'lap t.atepial bewMa th• at.to 

wllltala h' aad b•. 

2. POP the I:: HPffHnk\lOD1 

L.Q.,+C•> a a• • 4b• ... lib• 
A £..\l // bit • ijhf .. ifh• 

fl <T". 40-
/j l,p+,p-. o. 

l'Pom th••• Hlat1oaa, two 1A4•pead•nt llnear oombl.U,1•• 

proptrlJ norullaea, denoted bJ tbe M.o.•a '111, Del's• ot the 

tOPll glY~ below ape obtalnedl 

'l. <•1>-i (<J'+b"") 

's • <ns>-i < <r..:b·> *•" 
•1 • l + f a!<l)b ... (l)dyl 

•s • l -Ja-'<1)b..(1)4T1 oe '11• a ... ai1utlon taotora aad 

b* • (21j)-t (b•-b•) wt• 

... i-J1oft111o•(1>.-.1· 

). POl' th• Tiv. HJllH••n,atloaa 

L•"nu<R> a 
// 
// 
// 

tb•OP•82Qa I ad 



ft"1a th• oal7 "'8 lt.n ... 17 1aftp91'ld•' oOlll>lnatl.•• from 

th• abcw• nla,1ona •• p+ u4 ,.. tla-el•••I th•H •• al.HadJ' 

..,...11U4 and are 4 .. 1P•'ed lPJ' \he K.O.•• j 2 .- ') r••JM'1••1: .... 
,., • ,. • ,., ( 1T • 1 ff> 
~.., •• - • a-1 <TT ... tif> ,2 •• 1'31 ,) •• tla. aa4 '2 UA. ,, ................ . 

ftl.• on• 4l•wt•loa ill•-"'•'•• tbe ue of °""' 'lb._etleal 
•'1'.lod• 1n eoadft•tlna •lMtllar orbl•al• ot propw .,_.,., 

........ •• lt.Mar e01lbl.nai1•• et ··-· enltala. 



33. 

III. MOLECULAR ORBI1'ALS1-

!o aumitarize, by uaing Group fheoret1cal methoda, the 

following orthonormal aet of Molecular Orbital• ia obtained, 

when all the B1 are oalculated: 

M.O, SzllUlletrz IJ?!o1e~ Analztical Ex2reeaion 

"o + o.S280 s+o.34oo(h'+h") <'.1'g 

/11 ()~ o.53oot)'+o.42oo(h•-h") 

PZ-~3* 1fu ~rt( 1T +ifr> 
P3•pz* lTu 2·it 1T ..... ifJ> 
/14 + l.5500S-0.9995(h'+h9

) O-g 

/$5 ()~ i.499ocr-1.1S75(h•-h•) 

1'b.e above orthonormal aet ot M.O.•• apane the irreducible 

representations of the g,h point group, and alternatively could 
! 

be built up starting from •J11M•tey orbital.a, following Boothaanta' 

procedure; where M.o.•a are expreaaed aa linear comb1nat1ona of 

&)"llmletry orbital• or the eanie •JlDletry apec1ea, e.g. h+ and S 

( a-:>, (}and h- (a-:) given in thia theaia. Both the methods 

give the aame reaulta. 



IV• AP COIPIGtJU!IOS WAVI PnctIOlll. 

There 1• a total ot 924 ••1• in wh1oh a1x eleetrona ea:o. 

be ct1str1buted among the e1x M.O.•a, /,0 to'~· ln aeeorduoe 

with the httl1 PJ!t1no1pl• to gl•• all poaaibl• contlpratina. 

Mem.7 or 'h••• repre1ent bipl7 improbable a1tuat1ona ta which 

anl7 the b1ga••t ener17 M.O.•• 81"• oeeupied ancl ao have negllgibl 

erteot on the energ1•• et the lower eleotronle atatea in a 

Oont1gu.rat1on Inte:raot1oa treatment. 

In order to reduce the oaloulat1on• ot the energlee ot 

these atatea to manageable proport1cma, onl7 tbo•• cont1gvat101u 

whieh dittered tr-om the grou.n4 atate oont'1gurat1on b7 promotion 

ot trom one to tou..t.'" eleotrene were 1.noluded ill the OI treat•ent. 

Howeyer, one pa.rtiwl.ar tr1pl7 e.xeited eont1guat1cm. baying one 

eleetl'On 1n eaoh ot the •ix M.O.••> j to I~ waa neglected, be· 0 , 

cav.ae or the geat oontplexit7 ot th• apln degenoao7 ... oblem tor 

aix non-equ1Talent electrona. 

Clasa1t1oat1ona of the •••ultant eleetron.1• atatea are 

obtained b7 either (a) taking the 4.lreet p.odueta of the 

repreaen.ta.tione of the •JJll'!••PJ speole1 tor all th• aingl.7 

oceupied M.o.•a, doubl7 oocupted M.O.•• be:lng total.17 .,.._etrical 

or ('b} dete:nain.112.1 the i-eaultant component ot el••tPml1• angular 

llOll•ntumA, alcm.g the mol•eular u11 •• a veeter na ot the 

eomponenta A 1 tor the 1Dd.1vlthlal eleot:rcma, nch that 

A.~;\ 
_A. o,~l.!:F, .... oorreapond to -z, n' f:j., •••• stat•• 

reapeot1Yel7. the DN.lt1pl1o1tJ of a 1tate i• 4e\erm1ned 1n a 



lS. 
•l•llBP ..... •• a •eot. ._, 1, of 1D4l•1dlaal •l•otroa •Pln 

..,.i .. ·---- ••• , ... •1· .... 
I• ~ •1• 

Tb• ••1ou Ai mua •••oelakd vltb • eleo'"11 la th• 

.olMlllar --ital •• Ii•• t.elw1 

•,q, 

'·· , .. 
1'11 1's '•· ,J. 
')• ,,. 

Lli 
0 

0 

l 

-'· AP OVP•• tw •l•H4 ab•ll ooatlpn,lODI, -· l••l•lq •• 

4e,....te pair etlTu 11.o.•a1 

!'be" ooattppatl_. gift rl•• '° cel.J' ~: •t•t••I th• 

•JWtrJ l• + bMau• te a--4egaw••• M.o.•a tb• r•nl•Saa 

AP CNP le alwqa .,_•t•i•al t• tbe ay opaatl•, &rl4 "'• 

nbaoplpt l• a ••••• ~-- •• an • ._ ll\UllMP ot •l••bon• la 

x.o.•a or \be u CJllapaet4Q". 

loll• ---·· .... 
( l) 1'o 2 fl1 2 '4 I 

(11) , ... '12 '" 

Ill• AP ow tOP -- • "1'lt1gvat1oa 1• t..... .., ,...,., .... 
th• eJ..x •l••tr•• --a Ua• oo•pted K.o.•a, _. t• ti&• oon
.t1prat1• la (1), 1t 1a wltMa aa a 11•••• 4.t...s.naat ot tb• 

tOftl 



Po ~c1> 
,50 flC2) 

I 

36. 

where.X and~ repres nt the spin functions and l to 6 a.re the 

olectrone. The above / 1 is written in the abbreviated form, 

ex.plained in Ch pter 2 as 

S1m11 rly the AP CWF ../'2, for the configuration in (11) is 

J2 -:.ll-2 -;::: o o 1 I 5 3 

B. AP CtiF's for a con.f'iguretion with two singly occupied M.o.~~:-
2 

An example of such a configuration is p0
2 Pi P4 p5

, the 

+ over a.11 symmetry is 2:" U .' the direct product of the species of 

the M.O.•s p4 <oi> and P5 (~). 
.. 

A singlet and a triplet CW arise n from such a configuration 

and following Rooth an,4 they are written as follows: 

J1.. l = i'i Iii 

JL3 =~rt 

.... -

.f 1 :: o o 1 i' 4 "5 and ..p'2_ = o o l l 4 5 



37. 
o. AP ow•a tu • o.rtpra•lon ln:tolvlag one •lMtroa ODlJ 

ill ••ob ·rru M.o.a-
. '•2 ,12 '' , 3 I.• ... a oeatlpratl•, t• Wbiob t,t_A; 

Zi Ai. o, qd •• •lJ zOW•• el•• r.- ''· A• 411ou.1••d 

1n a, ii. uA}2 AP tuet1ou ... 11.,.. below. •• •lngJ.•t and 

blplet our•. ... wl••- .. foll••• 

Ji,• ot5' it tl 

)2. 0 tf l 1 2J 

_fll = 2·i ~l - /;> 

.Jl, ::: 2-i ~ • /,> 
low•••-J\ 1• tuarla• •o th• ~ .,.,.,1. mad tbu• h•• 

ta• 
12; .,._.,.,., ~ vaur_... ln•• 1'• ••1•U•• '' •• er• 

.,.~.,, .. aa4 ......... 4. ,. tb• 32i ., •• -.,.. th• tmd•-
l7lng prlaolpl• 1• tbat \b• i 1 11.0. SM• lnto th• , 3 w.o. and 

Yl•• .,.,... ta,- tbe <TY o,..a•1•• as.a 11••• tlt• tollovlag 

r•1at1_.t 
oy-,2. ~7 ,, (-4•17ina prlaolpl•). 

o 5' 1 I 2 J f'·:7 ( o W l I l I > 

:::. -(0S·1I 13> 



». AP OWP•t tw doublJ excited «iutat1gvat1ena1-

A detabl7 exel.t•d ooat1pat1oa 1• one vlth t01.1P •lnclJ 

oo•pl•d M. o. • •• lllOh a Mnf1PJ'•t1oa lead• to •• quln.tet • 

'ln-•• tp1plete aaa two •ln&l••.Jl- twaet1fllla.l7 

Ia general, lt tiler• ue I Jl0Jl•9'.U1Y&leat M.o.•a, a.o,o, ••• 
•, Moh alDgl.7 oooupled bJ an •l••tra of •1'1l•r apla, then 

there aria• ~ detvadaential aat11,...tna.ca pPOduot (ADO or 

ll•t•• detleralnaa•) ••••.tuutiea•,.32 ••• •••1•tJ1.aa the 

Pauli pr1nc1pl•. 

Aa aeat1one4 la Cla•P'•• 2, ••liable llneai- o•bl:aa,t•• 

ot tb••• (AIJIO) ,,..,. • .taaoti ... oaa 'be •1••••4 •• e1gen 1\uw\lona 

ot the 9CJ.U.APe4 apla ...-1.- ••••'-operator a2, vbioll baa the 

general rorm20• 

12 • <Ix ... 187) (Ix + 1S,.) + i; '• + Is 2 (A) 

•• ,.. t. 1;. 
8 .x. • ~. •xn• •,. • ~ S,..1 1 11 • ~ '•' th• ._atlen 1• 

ewer all ta• eleobon• a, in 11ql7 oenpi•4 H.o.•a. 

lxJ• S,J aa4 813 •• tbe opvatGPe top ta• x, 7 and a 

OoapoARt• of' tba apla P98,.ot1Yel7 Of the JV& elee•Pa. 

Alff cletine 

1+ • ~ (In + 1 1,.> • •x + 1 '7 

I. • ~ (Im - 1 Ip) • Ila ... 1 a,., 

then 8
2 

• I... I+ • ·1;' Is + 1: • • • • (B) 
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.ta tb• •••• ad• •••1 .... •tlon, t.b•• u• t.,_. a1ag17 

ooou.ple4 M.O.••, l.e. ~ *1eb •• denoted bJ •t b, o M4 4J 

'1'.nt• th• .-.. or AIKO r..ets. .. 1• ~16. 
tleaoe all th• nl,lpl•• OVP•e U"lllag from '11• abOY• ••· 

t1pra\1on1 oan "• repr .. ea\M •• n.1tabl• 11aeu ••btDa•ta. 

et .ne alx••• UHO twto•tma wblel'l •1•• rP• '1l1• eoat'f.pJ-•-

Hewevep, eaob of tile nltlpl••• v1ll h••• •• aet I • ...,. 

poaeat ot apta ot all •l••••••, ••••v•d la llDita ot i., wb1oh 

11 ••ll•d h••• •• , .-1 , ....... 2 and w ..... 1. about all 

th• •ls• tmietln• ot a', ean 111• •b1Ja1n-4 ttr oena14erlq oal.7 

'111• oomponeat. 2 

In OP4er to get •.-o, theM n•t be an 9e1ul mmbu et 

eleoti-ona aa•oclated v1 th o( a pin ad fo apla, vhtoh h••• •1a•n 
••luee ot l and ·i (ln unit• ot ll) r••P8••1••1J tOJt the 

•••OftlpOl'lea\ ot tbe •PS.a o,er••••, 1.e. 

s8 o( <1> • +; 1t o( Ct> 

'• ~ (1) • ...;·-\. ~ (1) 

fil•.r• ... •lz ( 40~) ... JO••lltl• ••itba•1•• Vlaioh 

Jl•ld M.-01 etar\1q with tour el••t•..a. fb••• •h ••l>1natton1 

... ,, ... MlGW, ...... b, ., d ... tb• M.o.•· vh1ob houae 

th• tour •l••'•••I + • - 4eaot•• "'*' •• •l••••• l• •••e
•1•••• wl th o/..... apla Ol' # •pla r•apeetl ••lJ. 



40. 
Ooalt1na,1ona tov M_.o, •Pin d .. •nerao7 ot 4 eleotroa1. 

••• or Oomb1ut1on a b c d •n"1 ' • ., • .... •• 't - - - -
l + + ... »i 
2 • .. + ... Da 
3 + ... ... + '.D3 

4 ... • + ... ~ 
s ... ... - + Ds 
6 - + • n, 
Tile n1•a ere the Slater 4eteJWldnaata, ••&• 

Di ::: a(l) b(2) itU 1'(4) 1n tke notation •t Craig,.S• 

IJl tile &ppP$zllla,:l-. '1la• th• Ba1lton1an. epwator tor •887 

eleotron qat• 1• not a haotion ot •Pill oo-or"11nat•• ot the 

eleetrona, 1.e. whea ap1n-epla ln\eraetlcna aad ala• •p1a

•b1tal u•eraotlona ae n.-cleoted• the apla ctpWat.-a s2 ancl 

'• •-t• ·td '1l tile H•llt.S.a, 20a an4 ao ean be aaed to 

ttn4 the elgea •al•• ot W.. 12 operatoi- tor th• ••1•• AP CWP••J 

the latter belag written u th• llaea. eo.1d.ut1•• ot D-t'w:lotloni 

g1YG a'bo••• 

fbe •is;ea Yalu• tv *•• ot 8llJ' n1 g1v• above 1• tound 

t•• the tollow1q •<1u•1on, 20a, 

S• Dt • (~ - n A ) ,11 D1 
~ 1. 

vbere ~ • D'Qllbe:r of oolw.mi• wl th ap1n o<. 1a »1• 

n f3 • nuab•~ ot oollllWl'l• w1th aptn /3 m n1• 

Aa tOP all the Ds, • • glven abo.-e, n d... • n f3 , the elge ••lue 

or ••e~7 D1 tor la ope~ator 11 aero, 1.•. 



Sz D1 • (0) Dt .......... (C) 

I~ »1 • (0) »1 •••••••• (D) 

»ow from (U), 

st? Di • S ... I+ D1 +{ Sa D1 + ·= Dt 

and uat.ng (O) and (1'>), we h••e 

a!n1 •a_ •+ o1 •••••••• <•> 
Hoffover tho followln& rel••1ona20• bold. pod tor o< ( j) aa4 

p ( j) the epln tuno$1ou ot •b• J 'h •l••tron. 

ClxJ • 1 81.1 > ol (J > • o 
(SxJ + 1 ly3) ~ (j) •ii o( (j) 

(Sxj • l 87j) o( (J) • t /3f j) 

Csxl ~ 1 S,J> /3 (j) • o 

It th• yar1oua Di•• are denoted bJ ea abbreviated .notatton., 1• 

whleb the •l•otron•a apllul o(ucl /3rar-• vr1tt•, we b•••• 
DJ. • (d..oZfo/!;> 

»2 • ( ""f3cJ.~ ) 
D3 • ( o1..p ~J.,) 

I\ • <{3J..o(~) 

»s • <Pd-_M 
"' • ( ~ ~oU.> 

Vh• I+ and •- GJMl'••• • the varlaa D•a, th• relet1oaa gl••• 

on p.2)6 b7 Bp1ag •' a120• are ob•aiaed ••4 b7 u•lng Vaeae, 

th• following relatlea• are obtalaM vhea 12 •parate1 oa •h• 

V8.P10Ua D1ta,. 

s2 Di. • 112 <1D1•D2•»3+J\•»s> 
,2 D2 • -t2 ( n,•n1 +D3•1\ +D6) 

•••••• 

•••••• 

(I) . 

(Ill) 



52 D3 •,ft2 (Zl)'•t.>1+D1+11J+D6) 

91 »4 • ,tif ( !J\+DJ. +D,+Ds+1>6) 

1! l>S • 1i2 ( m>s+»i +Dj•D4 +D6) 

12 D6 a 1;2 (2D,+D2+D3+J>4 +DS) 

•••••• (V) 

•••••• 
•••••• 
•••••• 

(VI) 

(IV) 

(l:I) 

42. 

Beno• n.oae ot '1l••• I>'• S.. an •lpa t'lmetloa of til• a2 optJtatw. 

But lt eul'4bl• lln•at •-*h••tma et "'-• n• • •• '*-• thq 

•• "°_. •la• twsotleu .t •2 
•• mown 'Mlw. 

POP u•pl•, ooaa14v t!l• tollwinc linear ••'b1Da,1onat 

( l) _ _o_1l • a·i U>1 • o,> 
thea 'A•lns (I) an«I (XI), 1t •aa be ab..,. that 

12~3 • it1 (-.0.;)1) 1.e. tbe etgen ••lu of Us• O)Mtra•or 

a2 1• 2. lu.t '11• •11• value ot 12 • 1(1+1), r.om till• a-1 and 

ao \he wlt1pl1e1tJ' ot _n_l 
3 

1• (21+1)•3. tba1 .Jt.) 1a a trlpl•t 

w••• tunot1oa. 

11•11•11 1• •• b• ah..,. tt.ta• tlle tollowlDg two cwr•a a:re 

.i .. triplet& 

(2) .Jl.1; • 2·t (D1·£ls> 

111 ... 
()) __I'L.3 • 2 (»3·D4) 

Pm-'11••• lt ••be •owa, ••Uta (I) to (YI), that. th• 

tellovlng two ovr•a a.re •lJlll•• vltb e-o. 
<4> -l 'l~ • i {CJ.\ +n,> - U>2+»_s>} 

CS)_()_~ • i2·l ~ lD1+D6)+(D2•»sJ-1 (D3+1>q,) J 
aa4 tha•-Jl.s 1• a tdat•t M with a-2 vb••• 

,,, ,_as • ,... {<»1•Dg)+(D2+Ds)+(D3+D4) 1 



43 • 

............... , ' ' ·- .......... , •x••P' •• wlple\ °"''• 
al•• Oo'fe, all -*••• an •'1lloe9al •• ••• ..._, au •'u'
t.nc vltb Ut.• ••lpl.et CVP•1 (1) •• ()), '1l• tollowlag a. .. 
erUa.....i trS.pl.d CMP• a •• be ••• \Ip ltJ' lald.n& ,fr•a lluu 

•GMl.nat1ou ot t•ipl•' OWP•a al•• 1ll (1) to (l) ab0n1 

(7) ) I1-i • ,-l \<J>i·D6)+(D1-»s>+CD3-l\>J 
(8) lf12 • i2·t l<Di,•»6)+(1>r~}-2(D3-1\) 1 
tt> "D.3 • r1 l <0i-»,»-<1>1-Ds> 1 
ttaa ~ .. Vlpleta, \vo •laal.•t• aa4 •• ,-.s.ate• ~ 

aol'Ul. OWi'•• llu• l>eea •-*'"•'" wbt.tl ••• tile oal.7 oaea 
u1•1ag r... a 4•1>17 •.x•it-4 ooat'!pPatloa. 2• 

Ia a441t.l• ... !la•• '° •l.•NlfJ , ........ OWP•a wlt.b •• .,..j 
to UJ.• try epe.ratloa, l. •· ••ft .. t1• 1a tb• pl-.. ot ta• ule

oule. tto 4o ••, tat• t-.. M.o.•a a, b, o Md 4 •97 be 14ea•ttl•4 

wt."' Ua• 11.0.•a ot tbe ll...,. oa2 •&41"1, ..a allWH to vw ... 
r.. w.ad•• tll• er'.,. ,.. .. ,,.. •• ••-.,l•, tt a, l>, • aad cl •• 

tll• 11.0. •• , 1, ' '' , 3 aa4 '4 ...,..,1 •• 1,. hat.a ab&ll " ••· 

aohd 1D '11• ••l•• »t r...•t.- lnv•l•llll ...... a.o.•a bf 

the mna•Ml or th•S.. nl>Mrlpt•) thea th• 'beb••1-. et tile 

•erlna D1 twiotl .. u.4a Vi• a-. ope•••toa la .....,.. b•lov. 

89'• Vlat 'I. .... la•e ''J Q a-. aa4 Yle• Y•raa, 1.e. 

11.<cr. > 'l 



aad •1-1l&rlJ 
U. 

D2 • l 1 3 Ii ~ ~-l 2 'J Ji • -D1 

Oy 

»3 • 1 ' ' 4 <: ~ -l J 'J 4 • -»3 
(Fi' 

1>4 • t 2 3 Ji' < ::-rI 2 3 Ii • ·!\ 
Qi 

»; • t 2 J 4 ~ ~ -I 1 J It. • -D6 

Vi 
c6 • t 1 l 4 ~ )·I 2 'J 4 • - »s 

V•tas tb••• r•l•t1ou. 1t eao. 1>e ahWa that •• 6Y opepat• 

on th• vartolla OWP•• pP•Tioual7 11••• tb• t•llwlal ••l•tlena 

are obtalaed. 

o• .JLl • U. t { (J>i+D6) ... C»,+1>5> j 

• i { ·<:02•»s>•<1>1+D6> ~ ·.11..~ 
1.e._fl.~ la .,._•vleal wlta •••P"' '• ttbe o--; opwa\1.a • 

._. ... _., tw the ...... o.rl.avatloa ~ 1 •.A• o, ud 

eo 9bia lea«la •17 te Z OWPt •• !b• I OP U eb&a•MP ot tbeae 

Oi!P•a 1• dnuwlud r.. 'tll• .,_atrl•• rd idl• Mou.pied M.O.•t 

ot tile ooatlpratl• 11•1na r1M to •ta••• OW•• •4 l• u ta th• 

•.tllVa'l.oa OOD*14We4 abOY•• () . 1,. 
ftula tbe -lL1 fin la elaaaltS.M M \be t..u WP. 

• • • 111111•17 1t oan be lbowa tbat 0 ..J)._1 • - _fl 1, l.e. Jl1 

1• •t1•1wt.1oal to oy, an4 ao 1• •l•••lt194 •• th• 

1%.u OWP. 



~s. 

J'l\lrthe-r, wn•n a-; op$r•t~e on the ortbonGr'Jdl tripl•\• 

and the qu1atet CWP•a, th• reaulta ar• •• tollwet 

Ov 3_fh ~ - n 1 and 1a olaeaif1e4 aa the lz.i CWF. 

()y 3 
~2 ~ - ]12 and 1• elaaa1t1•4 •• the l2u <rill'. 

j ()y l.c+ 
~) "=::-7 3 Jl.J and la claealtlod u th• - Lu CWP 

<fi S~-Sl.s 1:::::--7 .... _[)_ S aad ta cla1al.tied •• th• '- u ow 

To WI& up .. the following orthonormal Mt ot CWP•1 1• 

oll•a1:a•4 hora tile d.oublJ •x.•1 \"4 oont1ava•1oa oon•lda•ui 

abo••· 

'1l!ll•t OllJ'f. 

_Q.~ • ?""t [<Di. +D0) ... (1'>2+D5) ~ 

...D.i • lri { (D1+D6)+(1l2+D5)-!(D3+J\) J 
!rltl~! ~~ .. ~ 

~ • , •• -\. 0>1-n,>+<D2-»s>•<1>r·I\> } 

3Jl2 • i2-t {<»1·»,)+(D2-»s)·2(D3·Dq.)] 

3_D_3 • 2-l { (Dl ·D6) ... (D2-D;) l 
Qu1n,•t Con1"'1gu.rat1oa Wave l'aa•tioa1 

_Q_s • , .... { <1>i+»,>+CD2•1's)•(D3+1>4) 5 

) + Z.u 

!be geaePal •••hnlque d••••lbed •lMY• ea be applied to 

aa7 ooat1cur•\1on to ob•a1a Oont1gupa,1oa Wave Pwtot1oa• ot 

Pl"•per nm.lt1pllo1t7 uad •JllllD8'PJ· 



46. 
It waa aeoeaaarr to u1e '11.1• Jll'"•4v• '• ••t v.p awr•a 

tOI! "1• l[i, ~i ... l[i .,...,.,. •l•••••, •la•• th••• 
.r1•• onl.J ti-om deu-17 -.elted •eatll"P•tloaa. 



47. 

'fbe c lcula d •l ot:ronio eaorg7 l v la are iv . 1n 

'l ble 4. "Beto:re O:t" en•rgies ref r to the love t enevg7 sin le 

con1"1guratton or each etate, th enern values b 1n r la 1ve 

' .. to tho low at PU oont1gu:r•t1o:n or tho """Z. a t.r7, v1th 

tb val ot -306. 15 .v. 9 tter CI" on rgiee ret r to th 

ner 1ea of t e at tee when Cl 1• lnoludedJ the energ valu 

are agai:n tt lativ to the energ7 or tbe low at ata'e ( 34"'"') Lg 

with tb valu ... 30·1 • .S9 •· v. 

The column '"DeJ>r'•••ion" givea tho lovering of en ra 

auaed 07 lnel di CI tor cb •tate. The e energie• are alao 

plotted on n neP l vel dlg~am, given 1n 1 .2. 

fbe d pi- ••1en or th ene:r 7 le •la &:n 1nolud1ng Cl rm>gea 

trOt!l o • .3.3 •. • tor tb 177 u etate to 4. 49 • Y. for tb l.z.;, 
etat • Aleo, it can be • n t at th orde:r ot th. lect.ronto 

t tea 1 the • . • b for tuid aft r CI treatment•, Nblle in an1 

CI o lculationa.5132 a rever•al. ln sequence ·of tb l etron1e 

atat a baa been l"epoJ"t•d. 

Expert nta.117_ the only epect~o•ooplc tranattton ob erved 

in a orption tor t e os2 r-adleal 1• tbat report•d bJ H r&berg 

and Shoos 1th6 at l41S Ii •r1 r o ntly some otb r trana1t1ona 
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49. 
have al10 been ob1erved 1n the v111ble and near intra-red 

region b7 Herzberg17. 

transition 1• 8.6 e.v. 

0 
The experimental enerlO' or the l415A 

The calculated energies tor vat>ious spectro1copic tran-

11 tlona ualng CI results 81"& given below. 

Transition Enera in e. v. 

l ·-zg L:.. 
il:.-

~ u 7.19 

lz.: 4 ~1Tu 8.JO 

iTTu l - 6.33 4. 7 zs 
3~g .3TT k-7 u 20.19 

1Tu 3~+ k-7 g 15.25 

l 1 
16.43 bg L. ·7? TI u 

3Tfu 3 6.81 
~ ~, 

From above, possible trane1tiona obaerved b7 Herzberg 

et ai6•17 are 

izs ~ lzu 

l~ l 

" '7? TI u 

inu l -
~ z1 

Jnu k 
3 

'7 /j,.g 



so. 
Po•a1bl• low __..,. •1aal•t-tr1pl•• troeaaltlou vhloh 

alw.toup t...-..llJ fOPbl44ea at.•• ap,._ wtth lW l.ahaalt7 ... 
!£••1,lon 
i,+ l 
L..I~<--+> TI u 

ln u -< --> )r: 
)Tu< >

3
bl 

!1!£11,,~•.•1.!• 

2.88 

1 • .39 

la ~ ..... Sahi•-•ed. ... ,.. Ula• __ ,,,_ M7 l:>• 

1.[_: ( lrr u' aa4 St Ute IW lower poud •'•'• (
1
[;) le 

&lao rea,..lbl• t• tile tr...S.•l• la tla• Y&e\l\111 uv, 
th• th1• wan•1•1• oOllld be e.l'11•P 

l\+ 1n. 
La-<--~ llu ;:;-+-(-~) l[;. 

Aa tw the aotul •••••• lavelY-4 ln t.b• vault1oae, th• 

t1nal ...,.. ... , await tlll •11 the re•• ot '11• •1 .. t••l• 
•t'•t•• ve eal•ulated, aa4 the ob••••ed ape•••• •• ual:rMfl, 

al•in, •lu•• to tb• 9'•t•• 1DYOlY•4 1n th• t.realtloa•. 

r.. the •••ulta ot th• •al•tal•t•d endtP&l•• ot tile 

•l .. \PODl• nat•• •nated. ta thl• th••l•, tlt• low••' eawa 

allowed trua1tloa t•• the piouad etate <3Ii> la 
3[i< ITT u• '11• .aero tor Ult.a trwlti• l• 20.19 •·•· 

and •• tbla lraoa1t1cm v1l1 11• la tlb• tar YaO\&\m UY regloaJ 

'111• •• ,. •xplalll vbJ th• P"OUlld .,.,. of ... cm, ••4loal h•• 

not Men obtened eo tar 1peetreaeoplea111. 



s1. 
MOPeeyep1 tb ... Maul'a Del th• lllt•Pelle•• ba.va \Jlve-

fl-Oll, lbeu.lcl b• .... .-.. with ....... tlll • hl.1 •·•l••tffll 
CI ta-eatunt tor tbe 082 nUeal l• •-.lete4, llloopPOratlng 

aoa•&tel7 e•alua•ed all til• tbree-ecV. t.n•egr•la, 



II. ROLE OP COD'IOUU.fIOJr IUDAa.r?Ol1 

Th• r«un1lt1 aw tha• '11• 1nelua1on ot CoDt1p.rat1on 

Int•l'••tloa lf'l1f••• th• oal.-lated •••a ot th• ptO\lll4 etate 

(l[i> ot th• linear m2 ••41••1 b7 l.44 •·•· and tile lwwlng 

ot tile ealoulated •••11•• ot the e.x•l'ed atatea ..,- la•ltadlrlg 

CI Ya.Jti•• fltom etate to •••••· 

!be 1~i and st.i cw:r•1 &Jtl•• fr• doubl7 exolt•d ooatlg

vat1•• •• do th• lL i cvr• •, an4 vlltl• bJ' lnolu.cU.q CI the 
1 .. 

ealcul&g•d •91"11 ot the l:,u atat• 1• lowered b7 4.49 •·•·• 
th• oaloulated •••11•• ot th• 1[.i an.4 S[a at•••• uie lov•r•d 

bJ' 0.76 e.y. end 0.39 e.y. reapeot1Yel7. 

Tb1• might be expla1n•4 u du• to th• aecl••t ot th• 1I_ g 
... s[i ..... u1a1q t•• ~· tr1plJ exo1t•d oont1gurat1Gn 

(J10 , 'l• '2' ''J' Ji+• 's>, vbla it 1aelucled 1n \be CI treatment 

tor th••• nat•• Id.pt eauae a greater low•Plag in 'Ulo eaerglea 

ot th• •••t••· 
••••••r, ttl'll the e~l>• at• 3a1 .)P A.O.•• and tor th• 

b74Pogen at ... 281 2p ., A.o.•a are n•1l•••ft<l la th••• oaleula

tion1, end the CWP•a 1Jlyolv1Qa tb••• A.O.••, lt lnc.lu4ed 1• ti.le 

CI treatment of the •l••bcmie atatee of th• •JPl"Opr1ate .,.. ... 

.. ,17, •lgbt ••••• peat• ••PJ-•••1cm. 1n ea-a tor th••• etatea 

than peported here. 

In ecmolua1cm, it appeua uad.O\llttedlf that ecmt1pPat1on 

1nteraet10ft pla7a an eztremel7 Yital Pole 1n ea.leulat1n.g the 

en.er1l•• ot not onlJ the IJ'Olla4 but ala• the exo1ted eleotronio 

.tat•• ot •••n ••J"J •1•pl• aoleoul••• and ... , be 1nolude4 111 

all Moleoular Orbital ealou.latlon•. 



SJ. 
TAILB l 

OIW't.AOTBR 2.ABLB J'OB !D D POUi' ClROVP ---------•ti----

M I lll 

0 1 l l l l l 

"11"2:.i> 0 l l -1 l l ... 1 

A1v.<'2::> 0 l l l -l -l -1 

A2'1(2:i> 0 •• 1 l -l -1 -1 1 

Bi1<n1> l 2 2 ... " 0 2 2 ••• ' 0 

11u<nu> 1 ---· 2 2 ••• ' 0 -2 2 ••• ' 0 

421<~,> ' 2 ••• 21 0 2 2 008 " 0 

121&<Au> 2 2 ••• 2' 0 -2 2 ••• i; 0 
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TABLE 2 

"DI RE T P ODUCTS 11 TABLE FOH TKE D POINT GROU,P 
------------- ooh-----

2+ i- }";+ z- Ilg nu .Ag Au g [!) u u 

1:+ 4+ z- (l:+) .6- 11 (Ilu) bg tiu g g g u u g 

x- .z+ .z- ( z+ ) Ilg (Il,i ) /jg Au g g u u 

.z+ i,+ }:- (~) n /l g u g g g 

I 

I. 

z+ (Ilu) ng AU fig 
i-

u g 

+x- (~+ ) z-
(Ilu)fu Il l:g g u u llgf g g 

Ag nu 

}.'+l:-
(f\i)tu ngtg ~ Jg g 

Ag 

Ag 
i+x-

g g 
(J+)i-

u u 

rg ~ 

L\u 
z+z-
_g g 

rs 



ss. 

A.O. 1B 

l l l 0 0 0 

l l l 0 0 0 

I l l 1 l l 1 

pz( er ) l l l -1 -1 -1 

2 0 -2 -2 ooa I> 0 

2 ••• ~ 0 -2 -2 ••• I> 0 

8 4+4 008 ' 4 -4 eoa I> 0 



$6. 

~~i 

~OU'ffAft!D.:!!1!11 ... ~ OP~ LtWBAJl l!a,iW>I9.!1:! 

••• ot s..ra 1n•l• tn •·•· n.r.•••1• ••••• c..n.,...,l•• 1.r... Cl .itt•r CI a •·•· 

l[i 14 ·)06.1S -.101.s' 
-0 -0 1.44 

lr: 17.62 lT.31 i.1S 

)[: 8 JS.SJ JS.44 l.S? 

l[i 4 )l.26 Jl.94 0.76 

ir-a 8 42.18 )9.l.3 4.49 

SL a 14.19 1$.94 0.39 

'nu 8 24.so 2S.6l 0.33 

'rr" 8 19.76 20.19 l.Ol 

lf\g 10 8.Sl t.18 1.07 

3A1 26.76 27.00 1.20 



i'ABLE 5 

OXE ODT:RE Il'TEGRALS 

Value Yal.ue 

(llt2S) 0.208485 (h'h' th'h') 0.625000 

(htfb') 0.500000 (s*s*:s*s*> 0.557258 

(ll'!lS) 16.245000 (s*s*W"if" >} 
(S*l*t ffJT) 0.563044 

(STS) 0.410817 cs*s*: rrrr > 

cs*!s*> l.3886.S 

(0-!<J) i.23245 (s~s*.r)} 
~Sif!ItS* TI> 0 .. 117918 
a rrea* ff > 

(TITTI> l. 23245 

(llfS) -0.$07042 

(Jlt :h 'h') 1.000000 ((nn a-11 <rrrr• rrm o.614508 

( C1lSlS) 5.700000 
< rr7rrrfl 

(C&U) o.1ssooo (rJrlOTTU 
( 0 lcJO"') 0.785000 

(<r7f tolf) 0.0331172 
< nlT 1nrt> 

( O:TTTI> 0.785000 ~·~JDr 
(O•S*s*) o.s5941s 

<oo: JjTI) o.548273 
<rrrr1;rn> 



sa. 
'fAJLE 6 

!WO OBl'lllE Xl'l'URAU 

Jutep:al Value !•t•e:a+ Yalue 

(h' sa•> 0.202972 (Jlf tb.•h") 0.099900 

(ht :I) o.61423.l~ (Cth'b') 0.48J08J 

(ht l<T" ) 0.490869 (Ctb.tl) 0.402198 

(h•!b•) -o.oolS90 (Oth•o-) 0.279643 

(htTS) 0.120600 (h•h• 118) o.43oSS7 
(h l'f(j) o.2731os (h•b• 11t-.•) o.2S40S3 
(lit 188) o.l:f,86114 (h'h' ao-a-) o.469S88 

(Jft tl"h9 ) 0.2S6479 fh'll' tTTI!> J 0.411037 

t•• •1TTI>J o.4J663S 
h•b• •ffrr> 

JI• •flfj) (htht a<r' I) o.ll8S46 

(B• 11111) o.s14000 (htl1ht8) 0.206844 

(Jl• 100-) o.S8468S (b•h•th•.1:t•) o.01a1s74 
(Jlt U1t I) 0.444378 

(Jl1 t>ito-) o.Sl8SJ9 (h'IU1tcr ) 0.187869 



Tole 6 <••'t.m•> S9. 
!AILB.Z 

'IDIJl-:'lll.!M.llPB!LI 

ll~·~ ~H!l• .. ~'!l!!t !••s• 
(b•«J th•o-) 0.1991.13 (h•lth•I) o.1S7l 

t11• TI th• TT> 0.0329917 (h•b"tll) o.08139 
(b•b• tb•h•) o.08898$8 (b'll"th•I) o.oS414 
(h•h•thtl)) 0.330494 (h•h•u1•11 0.1294 

(h•h• 1b• O'"') o •. l3191S (}&ta" •b•a-) ..0.1089 

(11•1111) 0.31S697 (b•ll•1i.•o--) .o.04s29 
(ht cJtU) 0.237793 (ll• O"tb"h") 0.1716 

(btlaS()) o.os19302 (!a• h• 10'""' 0-) 0.09$)1 

(b' a-' er a> l 0.094072 pa•11•1TrTT~ 0.08)42 ta•h••n ft 
(b•lt<J<T) o.J2616S tia•n 11a• rr>J O.Otf06 (h•ltllTI> 0.310114 b• rr ·-·n > 
(at tra()a-} 0.260976 , ....... ) 0.2211 

0.111363 
(b•<Salf TI) 0.126201 (Aoeua,•) 

(la• TI tcr77> 0.0109&14 (CU1tla•) 0.1271 

fl'' TI ••11 ~} o.0J61670 . (a•n,•rl 0.1173 
h'TI llTJ 0.10309 

<•••••••> 



l!Be! I 
m•MY II Aelfa. .~ Ill •.q.~1 

(onl7 tMtr tlgvu •• glYea laer•) 

: .. • 0.4221 

101 • 0.4SST 
101 • : 03 • 0.49~0 

'• • 0.4)28 
Jo'J. 0.)71.8 

'11 • o.sota 
112 • 113 • 0.-710 

f 14 • o.JS?8 

i1s • o.2821 

~~·i • o. S786 
'3iJ 
114 • 134. 0.4112 

1as • z3s • o.s4Sl 
1,. • 0.2796 

ll+S • o.SToo 
iss • o.nu 
Kol • 0.1271 

lo1 • Ko3 • o.08109 

Kot. • o.ot0S6 
Jtos • 0.09212 

'12 • '13 • 0.02117 

K14 • 0.018)) 

X1S • 0.07197 

1t23 • 0.32)8 

&24 • K34 • o.oSSI) 

X15 • x.3S • 0.09116 

K4S • -0.02lS4 

(0004) • o. og194 

(OlU,.) • 0.01741 
(OlSQ) • -0.00)118 

( OJ.45) • 0.1806 

(1104) • 0.008142 

(lllS) • 0.0141& 

(140S> • 0.01246 

(J.llS) • 0.020)8 

(lfll) • 0.1019 

(l~) • o.o66P 
<0224> • o.oss&o 
(()422) • 0.1243 

(OllSS) • 0.$7 

<Olt44> • o.0007s26 

ci.soo > • o .061aa 

C1J44> • o.039s2 

Cl.SSS> • 0.2974 
C~> • -o.111s 
(4SS0) • -0.0741 



Afnll>ICBI 

I. IftBHAL8 OVD AfOMIC ORBITALS 

36,38 
A. One and Tvo-Oentra lnte&ral•t- The atomic unite (A.U.) used 

in these ealoulationa are the aame aa thoae u•ed bJ' 8eb.err28 in 

h1a excellent work cm •2• and are aa follow11 

Length: a0 • o.529171 i • Bohr radius of hydrogen 

Energy: e2/a0 • 27.206 e.v .. • tw1ee the ionization energy 

or hydrogen. 

Integrals over Atomic Orbitals are det1ned and designated 

aa tollow1 and are in A.U. defined above; exoept the overlap 

integral.a which are dimenaionleaa. 

In what tollova, xa, x'a• x•a, •••• and x0 , xtb, x•b •••• 

are the atomic orbitals on atoms a and b reapectivel7, dv1 and 

dvz are the voluae elements of the electron l and 2 reapect1vel7, 

and dv • dv1 dv2• 

l. Overlap Integral.ti 

(x8 &xb) •JX:<1)xb(l)dv1. !'1111 integral 1• alee denoted 

•• lab. 

2. l:inette en.era intepal•• 

(x'-Txb) • (xaf-iA/ xb • -if xa*(l)Axb(l)dT1 

(xa'l'x' a> • (xa \-i.Afx:• a> • -~a *(l)h.x' a(l)4T1 

j. Huclear attraction int•st&!,•I 

(Atx:axb)~(x:a I~ I xb) 
ra 

• "'• J x#:(l) .. 1,.xb(l)dyl 

61. 



(Bsx x• ) • (x /!l/ x• ) a a a l'b e 

• zb Jx!(l)'~x• s{l)d.v1 

(A.ix :x• ) • txJ ..!a/ :xt ) a a Pa • 

• •a f xt(i);; x• 8 (l)dv1 

4. Ooulem~ tnte2a1a 

(x8 x• a•1bX,,) •Jf xa*(l)x• a(l) ~2xb *(!)x~(2)4Y 
s. Ron.oauolear 1nt•palaa 

(xax•.•x•ax"' a> ~{xt(l)x•a(l)ri2x~2)x•~(2)d• 

62. 

All tb• aboY• t)"JM 1•••sral• ••~• caloulatct4 from the 

an.t.l}Tt1eal •xJ>P•••l•• given l>y ~ootht1uan36, l:otani et a138 and 

Ba.'rl:lett e.4 Oou.l•on391 tbe 41tferent method• gaTe "Yalu.ea in 

excellent agreement. Moreoyer, the magnitude• ot the integral• 

were compared w1tb the values obtained by Mulllgaa21, lll1eon 

and Shu114° and Bo7d)O wherever appropriate, and were toun4 to 

be •• expected.. 

6. :1zbr14 1nt•£al•t· !be7 ha•• the tol"lll 

(x8 x•.1x•.Xi,) •SSx!(l)x•a(l)r~2x!•<2)x.(2)4Y 
and ail'loe 1n the linear OB2 ra41eal, one of th• nuel•l ot tbe 

0 ... 11 bond 1• b7d.regen, the lUl•• ot ltotan1 et ai.38 were uaed to 

evalus e th••• 1atepa.la by ti ••-point Lapaagiaa interpolation. 

fbe mapttud.ea ot tbe integral• were •• exp•oted bJ cu•par11on. 

with. the Yalu•• ot othel" w011'kera. 30•4° 81•1larl7 the h7br14 

1ntegral (h'h"an•h•) wa• 1nt_.J>Ol•t•d trom the tabla• ot 

111raehtelder and Linnett.42 



63. 
-· 6. _!xchanse 1ntee:al a: 

(xaxbsx'ax• 0) • JJ%:(l)xb(l)r~2x!~f2)xb'(2)dv 
!he exchange integral• were all obtainec; trom the tables 

of Kotani et al.
38 

by five-point Lagrangian interpolation except 

tor the integral (hth•sh•h9 ) which waa similB.!'17 interpolated 

from the tables ot Hirsohtelder an.d L1nnett42• 

All the above integrals are given in Tables S and 6. 

The A.O.•s used in evaluating these integrals are those 

given in Chapter 3, except that the non-orthogonalized 21 Carbon 

A.O. given thepe waa used in evaluating the two and thl"ee-

centre integrals {to be described later), while the orthogona11&E 

28* carbon A.O. was used ror the mononuclear 1 one-centre 

Kinetic energJ" and nuclear attraction integrals involving the 

21 carbon atomic orbital. 

B. Three-centre inte~a~a:- In alaoat all reeent molecular 

orbital calculationa, nm.lti-cen,re integrals have either been 

approximated er in a tew simple oaeea have been evaluated 

exactl~. Some groupa are concentrating their efforts conourrentJ 

in evaluating accurately ceptain three-centre integral•. Thu• 

Prot. Roothaan and hia co-wePkera at Ob.ioago have c64ed a progru 

tor thl"ee.oe8'r• nuclear attraction integral• and the author 1• 

indebted to DI". Buzinaga who with the kind permiaaion of Prof. 

Roothaan, evaluated tor him a tew three-centre 1nteeral1. How

ever the7 were not uaed 1n the caloulationa. 



!here exiat many approximation• tor 11111lt1-centre integral•J 

tor their merits and demerita aee Jlllison and lhv.11.4° In this 

thea1a, the Ruedenberg-Mull1lcen (R-M) approx1mat1on43 waa used 

tor n.ll the three-centre integrals except for the integrals 

{Oth•h"), (B"th•(J""') and (h'Tf th"n'>; their evaluation 11 dea

oribed later. 

l. The R-M approx1matto~ tor a three-centre nuclear attrae· 

tion integral Ka,bc 1• or the fOl"Jll 

where 

and 

Ka,bc • J x:(1);
8
x

0
(l)dv1 

Z:. i8bo I°'• b2 + °'a c2) \ ' , . 
Ibo • (xbax0 ) 11 th•. overlap integral Jx:(l)x0 (1) dv1 

are two-centre nuclear attraction integrala. Thua the original 

three-centre integral 18 expreased 1n terma or one and two-centre 

integre.~a which can be eaa1lJ evaluated exactly. 

2. fhe R-M approximation tor a tour-eentre integral in general 

baa the form: 

I.ab,cd •Jfx:{l)~{l),.~2 x!{2)x4 {2)dy 

where xa, xb, x
0 

and xd ai-e the atomic orbital• ot the atom• 

a, b, c and d reapectivel~. 



and 

lab • (x.txb) 

8cd • (xot.Xd) 

Laa,oe • (x8 xatx9x0 ), 1n the ao,ation ot Appendix A, with 

aillilu expr•••lon.1 tor! other int•sr•l• 1nalde the 0:.'. .. 

bl-aok•t•. 

Pr-om thia gaeral expPeaaloa, •xpl1o1t e.xprea11ona tor 

the appropriate three-eentre 1n'•ll"al• were 4er1Yed b7 putting 

two ot the toUP eeatrea equal. fo 1ll•atrate this, the tollov

ing AP• aome exampleas 

(l) Lao,bo .:. tsab8be lLaa,b'b+Laa,oe+Lbb,bb+Lbb,oo) 

(2) Lao,bb ,:. tsaolbb {Laa.bb+Laa,bb+Loo,bb+Lco,bb) 

~ i•ao ~Laa,bb+Li:.b,co) 
(J) Lab,ac .:. t•o•ac (Laa.u+Laa,oe+~b,aa+X.,,b,ee) 

Hen•• three-eentr• integral.a are expreaaed in teP111 ot oae -and 

two centu.•e integral•, which oan be •••117 •Yeluated exaetl7. 

(b) th• lntepal <Sab•h•) ••• •••luated bJ , •• ••thod or Barker 

and BJring.44• lequ.ired ••l••• tor the exponential integral were 

obtained trom the fable• pu.bll•b•4 b7 '11• Pederal Work• Agenc7.4S 

(o) !he integral (ll"•h'C"') • r b.•*(l)~0-(1)4•1 
vae ••aluated b7 the 111etho4 ot Barker and BJJ.-tng44l>, vbleb 1n

••l••• the uae et the tune•ton• Brt(x) ! e-xt&u-11du 

ad l!m(x} • _{ ••'".,.d•!J th••• were ob;alnad trOll tb• tablH of 



66. 

Placsek46 and Kotani et a138 reapectivel7. Well-known reouraion 

tor:mulae38,44 were also uae4 tor evaluating Bm.(x) with large 

m values. A aerie• expanaion la eaplo7ed in thia method tor 

the exponential teJ"ma oeelll:'ring in a three-centre integral, and 

onl7 the f1rat four term• ot the MacLaurin aeries expansion 

vere used here; becauae the higher terms bee•• relat1vel7 

in11gn1t1cant and ao can be neglected. 

(d) The R-M approximation ter the integral 

(h'TI•h"TT > •Jfb•(1>n <1>....!.... h·(~) 1Tt2)dv 
r12 

gives the value zero, and ao evidentl7 tail• here. Ora7 et a147 

have given an expression tor the B·M approximation tor the caaea 

where it tail•; .from their expreaaion, after a little algebra, 

the following expre1a1on was derived tor tbi1 integral, which 

gave 0.02706 A.u. •• the value tor thie i.ntegral. 

Ch'Tf :h917 > • Cb•IT:h"TI > 

~ (h' TT:h•TI > [2<a•h• fJTll >•< nrri irn )+(h•h• 1'h'*h•>] 

Uh'b' 1h•11• >•< rr11 s 11JT >+2cn~·. nn >] 

All the one and two-centre integral.a required. here are known 

and ao this expreaaion could be evaluated. 

All the three-centre integral• are given in !able 7. 



APPDDIX II 

S~V~ ~!lOlll ,.lll) IIRS OP IIHCIRALS oyD AfOMIO ODii.AL,! 

.a.. •tatecl 1n Cbaptei- 3. ta• poa11l1•• 41Peot1a ot the 2pz(~) 

~R'bon at•·• OPb1•al val takea to be along '11• C-B• ba4J tl'le 

OP11la ot the Oarte1ia aze1 belDg at tlle ow'boa neleue, th• 

oeati-• ot .,_.,...,. tor liaev aa2• ftale make• aome lntegpala 

1B'f'olv1ag t.he h• u4 <:r A.O.•• llUBl•rieal.17 equal but with 

opposite alp to tlu>•• la'f'olvtng th• it• ad.CY" ;..o. '•· fo ••old 
.,/ 

nb1p1t7 aad eaft.J'• ol8J'it7, thla appen41x 1• ad4e4. 

l. overlap illteg:ral• 

(h•t~) •+Ve 

(h•ao) • -Y• • ... (h•so-'). 

!. lluolear' At'1-aet1oa integral• 

(Otll•CT') • +Ve 

( Cah•<f') • -(Cab• <1' ) 

CB• th• (J"") • +Ve 

(!l"1a•<T) • .. v. • -<•• ah•<r' > 

(lltt<T'o-') • (B•s()'o-') 

). . K1aet1o ••eJ'"l7 1ntegi-ale 

(htfO-) • +Ve 

(h•tr<>') • -(htf ~) 

4. Coulomb in.\egralaa 

(o--'cr1a•ia•> • ((f"cr'ah"h") 

( <J'Sth'h') • -(cJS1h~") 



•• (O"TI sll'll') • +Ye 

<a-TI 1ta•11•> • -<~TT th•b• >. 

S. lxolaange 1atepal1 

(l1•1aa•<T' ) • +V• 

01•aua•o- > • -Ua•lth'O"" > 
(<Jll• tO"'h') • (O-Ja•a<Jll") 

6. HJbrifl 1ate1Pal1 

(O-CT"l o-"bt) • +Ye 

(c:JO-tcT'b8 ) .... (a"O-tCT'b•) 

Aleo ( <r'8tlla•) • -(O-- ltlh•) 

b\tt ( O"'"l1Q'"'bf) • (O"IUT"b9 ) 

68. 

I• •• •• .... tb.•• r... all •••• s.a••srala lnvol'flna an 

•Yea ...U.• ot ~·a-- A. o. ta, th••• 1• u ebanc• la •lP vh••• 
'1'!• b 1 A.O. 1• Hpl•••• b7 tb• ... A.O., "' r .... Ul••• 1JW•lvlag 

ea •dd mD11>.- or Use o- A.O.••, Ulve le a •h-• la eip. !bl• 

become• o•pra-11>1• vben 1t 1• realised tilat tlle<T' A.O. h•• a 

••peaeat eciul '• +l rr 1a illl• a-•• 4S.Pe•tloa, but la th• t:-11• 

41reo'tlen, equal to -1 <r, a1ue ooe.o0.1 a4 ooa 1800. -l. Tbl1 

bee_.• •l•• vben •n• er a.. o. l• ••1~•• •• a Tutor ldl1oh h•• 

o•ponata aeut1oa-1 aboY• 111 '11• 41.Peotloa. ot 0-11• aad C-1t• 

aon4a. 



69. 

APPEK'Dl! ItI 

Ilr?Etla.ALI OUR MOIJIClJLAlt ORBif ALS 

The integral• over the Moleoular Orbital• are evaluated b7 

expanding them into IWl8 ot the one, two, and three-centre 

integi-ala over the Atom1e Orbital• alread7 evaluated. ftle 

tollov1ng notation tor the Ooulomb1o, exchange and hybrid 

integrals over M.O.•• 11 used. In what tollova dv • dv1 ,dv2• 

Coulombic intesrai 

•13 • ITJl!(l).cf1(l)(e2 ) 1'JC2)Jj(2)dv 
r12 

JJ.z~rid 1n~esral1 ,. 

{klmn) • ~ • JfJic(l)Ji(l) ( e2).',.(2)Ju.dv 
r12 

The super and eubacr1pta refer tc the M.o.•a cleared or complex 

conjugate• b7 using the relation, 

.J2 • p
3 

and vice versa. 

In general 

J11 • X11• J1J • 'J1' xiJ • xJ1 and 

n.kl • G.kl • 9mn • alk • Ci'.lk • ,.ma 
~ nm kl nm mn -ir1· 

The var-ioua integrals over the M.O.•s are given in Table 8. 



AoMr41q to tb• walat1--.l prf.Dolple, 1t we ba•• a linear 

ooabiaa\1oaL -. .fl-, et an. or\h.....i •• of _fl twlaetion1 
m 

tw •'•'•• ot a •1•• .,_.WJ elaa•, Ul• tta• beet approxl-

•tl• to th• low••' ...-a •'•'• ot tih11 .,_....,. 1• 11vea 

bf th• loweat ..,., et tll• •••ul• 4.tU'lltnaat.s 

(BlJ • ls.JI) • 0 

••r• K ooava onl.7 1a th• tt.aaoaal •1--•a, •tao• 111•1 ad 

ltJ • o. Tll• B1J 81&4 113 •• tb• ••t•lx •1 ... na detlHd la 

Ollapt• 2. 

Benl,lm • 

.l 1peelal •llb ... rou\Sae t• ft'alu•lna detenlnaa•• up to 

I '- 10, vbw• I 1• 'b• Ol'dff ot t&le 4eta'ld.naat, vu nallabl• 

tor th• •xat .. 00 .. 103• Interpretlv• ••~-""'1tlna of • &.D41x 

1>1$0 O.pater. !bl• wu llN1t1ecl to tlad -. iowen roo• ot 

• d.etenlunt of ta• 'n- &1•• abfte up to•~ 22, 1n tb• 

f ollow1ag va7t 

(1) the •l-\1 Blj ot '1l• 4et--....c Mlw tb• Mia 

d1aawl .... f M Into 'til• ........ .....,. •• • valn.pl• 

•trlx, a4 the ••Pl••• v• ,..._.---4 h .. , \lP tr• '1l•M 

•l•..a'• tbe eq'G.al"e 4ete.,.laaat. 

(11) Afto •ble, a .,....,1,7 A approx1u.tel7 40 •·•· lower 

\be tbe t1r1t dlqonal •l••t of' ta• detenS.unt wae 



71. 

au.tomat1oall7 •t.••••••• troa all ta• 41qoul •l••••• 8lld 

'1l• ••t...s.suuit ... •••1••••4. 
( 111) A••• laoi-••••4 t:.1 an •out •A , •4 pr•••tlv• 

(11) W&8 P8pea,e4. 

th• c.t•••l"lliaant would. nnlela 1t A 1• one ot \h• root• ot 

tll• 4eterratnantJ tile loweat ot wbieh VO\ll4 be l••r la valu.e 

'1\lea th• l•••' yalu diagonal •l••••• 1 ••• • 11• 

(1Y) f.fbua preeMve (111) VU ••p&a~•d. tlll the Taltle ot 

"'1• 4•••rmilumt b.a4 •nct•1 t• •l&U tor trwo Yaluea ot A dltterlag 

01 0.01 •·•· !b.ea eu of th••• two •al••• et A , newer to 

awo, waa tuea a1 '1l• loveat ~ •t '1\• 4eteN1aaat. 
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