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SUMMARY

0ne-Electr<.¡u P:noperties of Simul-ated Non-Ênpínical Wavefr¡nct-ions.

B.D. Roney: Ph.D, Thesfs, Univensíty of Adelaide, I9?C.

An appnoxilnateu but non-empinical., SCF üCA0-M0 scheme fon'

síngle-dete¡¡¡rinantaL iravefrrnctions is developed. The for¡nulatÍon of

thís approaòhu SÍmuLated Non-EmpÍ-nica1, o:r SNE, is sho¡.m to be

intermredÍate betv¡een the NDDO methocl and. a complete ab dnit¿o þeat-:

nrent.

The CNDO and NDDO schemes a¡re díscussed with nega:rd to:

thei:r ínv¿rníance to :rotatÍon and hybr.idisation using mabÍx fornrulations.

Iþom tho MrrLl-iken and I+.uedenb,¡rg appnoxímations to bicentr"Íc or.bitaL

p::oducts Ín a Slate¡ orbítal. basis o a r1í:rect :.elationship Ís estai¡lished

w-ith the CtlDO and NDDO methods ín a basis of Lör^¡dín o:rthono:rmalised

onbitals. Ekpernsion of second-onder conection terms víndicates

pneviously obsen¡ed tnends in nepulsion integ:raL values and se:r¡¡es a

war,ning tira-E eræors alre likely to ar"ise in the CNDO and NDDO fornlal,isms

from faj-Ï.me to alJ-ow fo:r integr.al mcdåfication on change of basís.

Vfith the Rr.reclenb q:g app:roxínra,'Eion, ;:. p a:rt iculanly s í:lpJ.e

tr.ansforrrration may be effected. f-:rom the set of coulomb integ:raJ.s in a

Slater orbítaL basis to the full set of two-electnon integrals ín a

Löv¡din basis. The SNE scheme Ís defined in ter¡ns of thís tnansforrnatíon,

with üruncatior: of the integnal J-ist to an effective NDDO set. 0ne-
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electron integrals are êvaïratecl exactly, o:r may be approxiunted. by

RlrecÌehberg expansion whe¡re appnopniate. Ca¡ne rnust be exceú¡císetl with:

Schmidt orthogonalisa'tion outside a valence o¡rbitaL basis.

The SNE scheme ptlo\¡es computatÍonaIIy economícaI, ar1<l solne

of the pnrog¡an'sning featu:res which cont¡i.bute to this favourable

situation a:re outlíneC. Not least in this context is the method of'

íntegr:al evaluation, basecl on a modified C-function noute, and. the

general featu¡es, as well as specific conbributíons to the evaluation

of auxiS-Íary firnctions e e{ne nevj,ewed.

Cal,cu.}ations on the molectr.latr systems HrO and NHu use the

SNE sche¡ne in two r¡ariar:ts, 'nlhe:neby th:lee-centrre nuclea¡ attr:actÍon'

integrals may be evaluated exactly, or apptloximated. As weIl, botl:

minimaL and valence onbital bases a.r.e ernployed. Since enengy íntepals

are apprcrximated in the SNE scherne, total energy is discountecl as a

cr"iterion fon optimisatícn of o:rbital- exponònts . Instead, experimenta.l

one-electron praoperties a:re taken as standa.r.cls, and extensive

e¡.J-culations aue undertaken to obtaÍn, in each case, a set of o:rbj-tal

exponents whioh enal¡le nepncduction of those pnopentíes. Fu:rthet."

calculations on H2_C0 employ a minímaL basís arrd exact nuclear at'tr'¿tcti-on

íntegnals;

ALL exponent optirrrisations anle stlccessful ín that the

nequired match with expenimental pl'oPerties coukl be achieved to a

satisfactoty d.egnee. As a consequencee no öne variant or: basis set
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size oan be reeommended as sr:.perion. Ex¡rearÍmental emor li¡nits ane

sufficiently broad Ín nost instances to pneclude ultimate refinement :

to a unique exponent set. thc firnctíonal:relationships between

exponents arrd e:çectatíon vaÌues êr3ê t?€rrlêJlkabJ.y sùnilar fon rnany

opelnators, and this fai-nly gene:ral cha¡raoterístic also iuhilrits

nefinemen'E to a unique set.

Iþom a critical examina.*íon of one-elec-Lron propelties for.

repnesentative optinisecl wavefunctions, ít Ís apparent that the:re

exists no consistent correlatio¡¡, cithen a¡ìrong the va::Íous appnoetches,

on ín corrparlison with c¿b írritio wavefrrnctions. Electron density maps

ane irr suppoic'ürfon, while total densities alre renlarkablv alÍke, neæked

diffe¡r'ences occarn with pa:rtitioníng to moLeqrla¡r orbital eonüributions.

Inclusion of hÍgher excited. corlfÍgurations, in a confígrur-

ation interaction caLculation or: fonmaLdehSrde, has a deletc+ious qRfect

on dipole moment, and, by ånfenencee on other optimised one-el-ectÏon

p:rope:r'Ey expectation va.Iues. Excitation eneclgies are in r.easouable

accond l¡ith obse:rved spectæal ü:ansitions.
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CHAPTER I

THE APFROACH TO THE SIMUI,ATED NON-EMPTRICAI METHOD

T.1. TNTRODUCTTON.

The decade of the sixtÍes has been a time of incneasing

activity ín qrrar:frrm-mechanical studies of molecul-ar eLecùroníc

systems. Advances in spectrlcmetr¡r, ecemplífied by the availability

of instnrmentation fon, e.ø. magnetíc ¡esor¡ance and induced electïcrn

emission str:dies, have genenated an inte¡rest in quantun chemistry

fon the inteqpnetation of the phenomena thæe obse¡nved " A rnone

positive aspæt of this stinulus has been the consequent accumuLatÍon

of o<perÍrnental data, by which the viability of vanious approaches to

the p:roblero of electrnonic structr.¡re ûìay be assessed through their

predictive propenties .

The feasibílíty of such dj:recE cornpanisons between theo:ry

and expeniment has been aided by developments irr quite a different

fieldo that of compute:r technology. The írnpontance of the hígh-speeL

large-memor5r digital conputer to the quantum chemist need.s no emphasÍs.

As conputen capabilÍtíes have a.rpanded, so too has the

scope of quantun mechanícal calculations. At tlne aþ inítio leveI,

the ability to handle J.a:rger atomic basis sets has :resulted in mone

accupate calcrrl¿tions on atoms and small rnolocules, as well as

extending the :range to more cornplex systems not p:revÍously amer¡able
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to computation¡ The situation is by no means optÍrnal, as the l-abou¡n

Ínvolved nemains pnohíbitive fon molecules of lnone than mode¡rate

compJ-exity.

It is ín thís latter anea that sirnplifying approximations

are necess&y, j¡ o:rde¡r to r:educe the computatíonal efforrt to an

acceptable leve.l. As in tlne ab ínitio case, approximate techniques

have been extended. to studies of la:rge:r systems; but, mone signifícarrt

than this change in rl.egree is a change in kind. Cal-culatíons on

conjugated. systems by pi-electnon only rnethods" p:redomLnant ea:rIy in

the decad.e, have been langely superseded by technÍques which take

account of aLL bondíng elect:rons.

A commcn feature in the fonnulatíon of these all-valence

electron (AVE) rnethods is thei:r dependence on q(pe:rÌmental on empírica1

panametenisation - the advantages ane two-fo1d., ín that:

('a) computatíona1 labo'¡n is reduced by elimination of

tedÍous integnal evaluation, and

(b) the use of atomic data ís some gualantee of success

at the lnoLecula:: ]-evel.

Agaínst these factons must be balanced an undesirable loss in lucidÍty'.

At the ab inítí,o leveL, the attr"active, repuLsive ancl kinetíc fonces

which cont:ri-bute to molecular stability are easíly sepa:rable, but

intr.oduction of atomíc ionisation spectraL data Ínexonably mixes enex€y

terrns ::esulting fnom a process which, in itself, ís imperfectly
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understood, In acldition, the Èransfe¡rabiJ.ity of empÍ:ríca1 pa::ameters

fuom molecu1e to rnol-ecule Ís open to question, pa::tictrlarly in systems

wheure lar:ge pertr::rbatÍons mÍght reasonably be orpected "

I¡r the ensuíng sectÍons of thís chapten, we forrnulate a

mol-eculan orbital (t"10) tneatment which netains rnuch of the

computational. simpJ.icity of AVE methods, yetc which rernains essentíally

an ab íntåo type appnoach, in that no ernpi.irical. pa:rameterisation is

nequi:'ed. Stríctly speaking, the latte:: is unbgue, both fo¡ ab inítío
t:reatmentso ancl fon the present app:roach; atomic onbital fi:nctions

are themselves empi:r:'.cal in a moleeulan envi¡onment, and. thein

expor:ents constitr¡te a set of empinicat paraneters.

As with the majonity of methods crxrently in use ín quantrarn

chernistry the seiJ-consistent field-linea¡r oombínation of atomic

o:rbitals - rnoLe¿uJ¿:n o-¡bitals, on SCF-ICAO-MO, scheme of Roothaan {IJ .

fonns a basis fon systematic appnoxination and sÍrnplificatÍon. An

appnoach sÍ¡nilar in nature to the one developed in this v¡o:rk has been

dubbed rsimurated non-enpinicalt (SNE) by íts o:riginatons Í21, and

:rathen than inject a new term into an al:ready overcrowdecl fíeld, we

have netained thei-:r nomenclatur.e.

SNË Ís not símply an attempt to reproduce ob inil;í,o type

nesults, as the name might suggest" Because total energy should not be

a crite::ion in assessing a wavefunction in which enerlgy integr.al-s have

been app::oxirnated., we have dir.ected our attention towards the
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reproduction of centain one-elect4on p:roperties, tziz. molecrllar dipole

and guad::upoIe moments, diamagnetic susceptÍbilitíes, and nuclear

diamagnetíc shielding. To this end, Chapten III is devoted to an

ín-depth study of small molecules, which senve to chanacte::ise the

pnopenties of the SNE nethod in sinultaneously p:redicting expectation

values in good ag:reement with expeniment.

1.2. THE ROOTHAAN SCF-LCAO-MO SCHEME

In 1-951, Roothaan tll fo::mulated the solution of the Hartnee-

Fock equation,

.t'( r) 0 (1)
b

ol3 0 Xc

e. oU(I) L.2.L

fon a closed shel}, single determinant wavefi¡r¡ction in the LCAO

appnoxination, by which a moleculan orbitat, Ô¿, is expanded as a

linear su¡n of atomic basis functions, Xk, with undete::mined coeffieÍents,

K't

ó-. = I X,. cr., I.2.2'L i, K KL \-

In matnix notation, XO is a memben of the row vecton, X, of

atomic fr.¡nctions, and E i" the column vector of coeffÍcien'te.

+i

whene S is the row vector of MOrs and c is the eomplete coefficient

matnix, The moleculan spin onbitals, on MSOrs, O¿, eule the eigen-

functions of T.2.1, and :relate to the MOs thnough the spin functions

o and ß.

X c.
-¿L
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0.(l) È 0-.(1)o(1) d-spln
L 'L

6¿(r) = 0¿(1)Ê(r) Ê-spin

The wavefunetion, !, fon the ground state cl.osed shelL thus

appears as the usual Slate:r detennínant t41 eompnising eíthen MSOrs

o:r MO?s.

I = {(2n): I-Þ" loo(r) õr(z)..... an?n-L) 6rlzn) I

I outrl s (r) ô;Q) sQ){ (2n)¡ }

0n(2n-1) a (zn-t) ôr(zn¡ Ê(2n) I

The eígenval.ues of I.2.I are the Hantree-Fock onbital ene:rgies, ei.

Expansion of the Hantnee-Fock one-efectnon openaton f'(1),

leads to:

,'7(1) n(r) + c(r.) f ,2,3

The cone openaton, //(1), accounts fon a kinetic contnibutíon thnough

the Lapl-acian openator, -1.5v2 = -412/a*z + ð2/ðy2 + à2/à22), plus a

sur¡unation of electnon.-nuclea:l attnactíon potantials, over all atoms,

A, of point cha:rge, ZA, in the molecula:r syst-em, i.e.

//(r) = -tz;¡2 * \ zd o.O-!
A

Elect¡ron-el-ectron nepulsions are genenated via the Coulomb (.Ty) and

Exchange (K-.) openatons, which account fon the intenactÍon of the
.l

electnon with the average fiel-d arising f:rom othen electnons in the
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MO's, 0¡ (on MSO's 0;)

G(1) = [ {.1.0{1) _ KJ.(l))
;i al

rj(r) o¿(r) = I rfz\ ùr(Ð # o¿(1) dr2

KJ(l) or(r) = I rrrr, 6j:) # ôr.(1) dr2

Note that rlre assume both atomic and moleculan onbitals in neal fonm

only. Following the linea:r variational tneatment, I.2.1 is e>çanded

thnough the ûCAO appnoxination to yÍetd the SCF-LCAO-MO matnix

equations of Roothaan []-l,

S c. a.
- -.L ',t'

F c.
-¿L

t.2.4,

to be solved fon the orbital energies, ê¿, and coefficients, g,i,

The details of the expansion need not be nepeated he:re:?. The notatíon

is, howeven, pentinent to ot¡r frrrthe:r discussion.

openato::

I is the matnix of atomíc integrals oven the Hartree-Fock

In analog¡¡ to f.2.3o

t = H+G

wher"e H, the cone matníxy possesses the elements

upq = . *p | -r.vz | *q t - Iro, *o I "¿
1

X
q

¡'s See, fon exanple nef. 5 a¡¡d fr¡rthen wonk cÍte<ì theneín



7

G contains the eledtroi:íC interactions thnough

Itpq

whene !, the population matnix, is defined by

I
u

n. c. c.1, -1, 1
+

t . *p*q I xox" > - rz . *p*o I xnx, > I

T
1,

n. c . c,LM8L

II
13g

P ) r.2.5
zt8

1.2.6L

or P
t3s

with nO the occupation numben of the uO, ó¿

S is the natnix of ovenlap integnals

s
w

<x
p X

The total eLectronic eners¡ of the gnound state is nost conveniently

calculated by

E
eL

To this nust be ad.ded the potential eneng¡r anising fuon

intenactions among the positively changed bare nuclei, separated by

the distance, R:

Enue

The dependence of F on the coefficients c, thnough f,.2..F.

and f.2.6. necessitates an ÍtenatÍve solutiono hence the name rtSelf-

Consistent Fíeldrr. In the bnief ¡-evíew of nomenclatr¡:ne whích folIows,

we adopt lowen and uppen case indices, respectively, to denote atomic

onbital-s ar¡d centr.es.

q

n t--) E. + c. H c.
i, 1, "t -¿L

t
R¿azazaII

AB



*po | 'r, tporqÈ overlap integral, one-centlae (A = B)

on two-centre (A I B)

Kinetic enelrgy integraL, one-centre,

(A = B) or tr,ro-centne (A / B)

nuclea:l attractÍon - one-centne (A = B = C)

two centne coul-ombic (A = B / C)

two-centne exchange (A = C / B on A / C = B)

thnee-centne(AlBlc)

electnon :lepulsion - coulomb t5rye

(A=BrC=D)

- non-coulonb (A / B,

c/D)

fon nuclean attnaction integnals

fon othen one-efectron integr.als

f,or two-electnon integ:rals

>=

xpal-'ev'I*n,

I

Subclassifícations of the non-coulo¡nb type need not concern us.

It is the evaluation of the integ:rals above which constitutes

the gneatest pnactical difficulty in applicatíon of the SCF-LCAO-MO

scheme to complex moleculan systems. lfith a basis set of n atomic

functions, spnead oven N nucleí, the nunù:en of unique integr-al-s of each

t5rpe Ís -

'pe I 
oc xqï'

xpa xqn I xrc xsa t

n.N. 6 + I)/2

n(n + 1)/2

n(nrf) (n2 +n+2)/8

Furthenmone, the integnals which ane generlally the most

nÌmenous, the non-coulombic nepulsions and thnee-centre nuclean
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attnactions, ëu1e also the rnost tedious to evaluate.

Some ccnsider¿a-tion must be given to the Ítenative SCF

stageo also. trnlhe:reas the nucleån atinaotlon integ:rals ar.e absonbed

in the eore-mat:rix, which remains constant, the assembly of the

Hantnee-Fock a:rnay rec¡uines the complete :repulsion integnal list at

each cycle. Although list pnocessing is considerably l-ess onenous

than list assembly, when taken over many iter:a'Eions involving matnix

diagonalisation, itseJ-f a procedune :roughJ-y pnopontionaf to n3 in

l-abour", the effects ane sígnificant.

tlithin the LCAO-SCr-MO f:ramewonk, the computational

pnoblern can be appnoachecl in essentia.lly two ways. Finstlye r.re can

make the integt'aIs easíen to evaluate, and there exist sevenal

possibilities ín this dinection. The use of Gaussian functions in

place of the more conventional STOrs affords some advantage, but

against this must be balanced ar¡ Íncnease in the size of the basís,

if comparable accu::acy is to be maintained. Effectivelyo what is

gained on the Índividual integnal, is pantialJ-y offset by the

incr.eased list size. Even contnacted Gaussian sets [6], which

mínimise the latter complication, sti1l requir'è a majo: computa-Lionerl

effort. As a second possibiJ-ity, appno::imatíon of the mone difficult

Íntegrals is attnactive, and we will subsequently examine this

appnoach mone closely. Lastly, a nelated possibility lies in the

insention of expenimental data in place of e><act integnals; semi-

empinical pnocedunes of this natune are more usual in conjtmction
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with funthe:: appnoximations.

As a second appnoach to the cornputatÍon pnoblem, Íre consíden

tnuncation of the integnaJ- lists. In particular, the repulsion

integ:rals, pnoportional to n4, arre of majon concern, and, as pneviously

noted, the non-coulombic type constitute the wonst bottl.eneck. The

Zeno Diffenential Ovenlap, on ZDO, appnoximation, by equating all of

the l-atte:: type to zenoe effectively elirninates the pr"oblem, í.e.

t xpA *qu I xvc xsl'

t xpt xqg I xo xsa t

Fruther, the nenainÍng integr.als ane fuequently neplaced by expeniment-

aIJ-y denived quantities [7, 8], and, as such, fonm the class of semi-

empinical ZDO methocls t3l.

A mone flexible appnoach to the ZDO app::oximation can be

nealised thnough the töwd.in onthonornal tnansfonnation [9], in which

the basis set of atomic o:rbital-s X, is::eplaced by the tnansfonned set,

I, thr.ough

r-
whene S--2 is the inve::se root of the ovenlap matr'íx in the X-basis.

The MOrs ane unaffected, since

t-
(À s'2) c

CD
ô6tn

T.2 .7

r.2.8-,I - XS ¿

tdÀö Xc =

whe:re d = * t , is the coefficient matnix in the new basis. The

matr.ix equatione L2,4, is simplified, fon, multiplying on the left by
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_r4
S and insenting I s

S F(S

Hence

and

_r.â

-u {t'g ({% *) e¡ "¿

*

1,-

s=)'lr.

E

P

c"
-L

({'" t\ <* zr>

1- 1-
s--' H s--'

' (g% I{"1 <* c.) e.
'4- 1r

= d. e. 1..2.9
=, -1, .-

L
E S'' clefines the transfonmation of one-electr:on

Fd.n,

F-S -r2

integrals, so that, in the new basís,

-+) n. d. d.'UAJ¿.U
n.

1,
c.
-+

t*p*, I x"x" t

I cg+ *l.1.¿
Þ

t-L
s-u P s-,I .,. sL' (c. c.*) s%.l 1, -- ' -.1, -tl, -þ

I (

and for. the electnon nepulsion integ::aIs, the nelationship

,^i\j I rtÀz' iTIIpqrs

S'%. S-Þ". SJ', o-Lr, I .2,r01,p Jq krp Ls t 

-_
ensu::es that I üransfonms co::rectly.

The nelationship to the ZDO appnoxiuration Lies in the fonm

of the matnÍx equatÍon, L2.9.,, and. the nean-zeno values assumed by

non-coulombic nepulsion integnals:! in the À-basis [10, 11' 12]. We

?t Strictly spealting, there is no fo:rmaI division into coulomb and

non-coulornb tyoe Íntegnals in a Löwdin o:rthonormaL basis, since each À

is, in genenal, a linean combination of all elements in x. However,
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defe:r funther" examination of the nelatíonship untiL Section I.4.

I.3. ZERO DIFFERENTIAT OVERTAP METHODS

In the p:rev5.ous section we have classifíed, in a gene:ral

way, methods by which the excessive computatioh associated with the

ab ínítío treatnent of moleculan systems may be reduced. WÍthín the

class of semi-empinical ZDO methods, penhaps the best documented a::e

the fonmalisms advaneed by Pop1e et al., the Complete Neglect of

Diffenential Oven].ap (CNDO), and Neglect of Diatomic Differential

Overlap (¡tl¡o) t131. Both CNDO and NDDO have ::ecently been extensívely

neviewed [3, 14, 15], and the neader. is nefenned thene fon details of

panametenisation, etc; oure irnmedia'te concern lies with the app:roximations

used in assembly of the el-ect::on-nepulsion pa:rt of the Fock matrix.

Hene, and subsequently, an atomíc onbital basis of S1aten functions

will be assumed.

fn fact, it is unnecessary to considen the comp-lete nepulsion

in'tegnal , . x,rAxje I rOoxLD, , but only the ovenlap distni-butÍon,

or onbital pnoduct, X¿A Xrp, since it is the appnoximation to this

continued

each Lowdin onbítal contaj,ns as a dominant contnibution, just one

ST0, from which it diffens only by the appearance of cusps at othen

onbital sites, and we classify each À-basís integr:al acconding to the

corresponding'dominantr X-basis integnal.
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reduced fonm which chanacte::ises the CIÍDO and NDDO schemes.

In mafirix rrotàtion, Xr:^, XjA is an el-ement of the exact

pnoduct matnix,

X+ r. 3.1X t

whene, as pnevíously, X is the now vecton of basis fr:nctions. In the

CNDO tneatment, { is appnoximated by the diagonal rnatni*, f , in which

all p:roducts arising fnom orbi.tals on the same atom.o" "fr.ralent.
Hence

D r.3.2

is suffÍcient to define the diagonal natr:r'e, but not the equivalence

nestnictions, which ane best specified by considening a local block of
D

X" containing only one-centne pnoducts,

X¡
D xTn

--t1
r.3.3

with c^ a scalar quantity ::epresenting the equivalent onbital pnoducts,

anrl I, is the coinciden' bl-ock of the i,åentity matr"ix, I (etements
4T

6.ii). For first-r,ow atoms, cll is commonly chosen as the 2s sel-f-

pnoduc't, on ave-r.aged oven s and p distnibutionso although the only

nestniction that need be inposed on cA ís one of atom - nather. than

o:rbital-dependency. Ìle thenefo:re tneat c¿ as a scala::, atom-dependento

but otÏrerwise undefined.

In a like manner, /.o i" the NDDO appnoximation to X (exact),

and, in matr.ix notation,

x..
b.J

ô x..a4u.l1,J

"A
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*7,o"¡u = ô-aB xia,Ja rj3-'4

indicates that all mono-centnic pnoducts are retained. Xo i* block-

diagonaL in structu:re, the dirnensions of each block deter"mined by the

numben of basis functions sited on the pentinent centne. Considening

once molre an individua.L local block,

4 = Lo*h

whene X. is the subset of X centned on atom A.
^A

Although CNDO and NDDO were fonmulated with proper nega.:rd

to invariance under change of or"Ìr:Lta1 basis, so :le1evant are invar:iance

cnitenia to fi::rthen exam¡'-nation of ZÐ0, and, ultimately, to the evolution

of SNE, that a b::ief neview of the subjectrc is in o::den.

If thel¡asis set, X, is subjected to a linean onthogonal

tnansfonmation, T, then the new basis, 0, is::elated to the or:iginal

th::ough

E

In analogy to I.3.1, the e>:act orbitat product matrix in

the nel basis is given by

!g = o' o

fç The particulan style of matnix analysis we adopt was inspined by

similan wonk neponted by Ruttink It61

ï.3.5

!Ä I. 3.6



= (x t)+

= Tt X T I.3.6

D .td Xo must tnansfonmSince the neduced pnoduct matnices )(

in the same way, thein countenpa:nts ín the 0 set ane defined by

(x r)
t!

=I'(X'X)I

{v?t
xo 'tT+

15

{

ooand

Invaniancy will- be retaíned only if the appnoximations

nemain valiri in the new basis (c.f. I.3.2 - 5.), ie'

aD.F*DIo,i,= 6ij aie,¡a and %,= "a" h. l'3'7

ro¿o,i, = ô¿B þi/.,¡n

In essence, the stnuctr::re of the appnoximate ovenlap

dist¡'ibrrtion a:rnays rnust not change between bases '

Th::ee types of linear onthogonal tnansformation need to be

considened: -

M-¿.Iti-centne tnansfonmations mix onbitals frorn diffenent

centr-es. Since bi-centric p'r'oducts must inevitably

appean it gD and !o, neithe:: of the CND0 and NDDO

approximations nemain inva¡'iant.

B3Iúand

a
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Hyb:ridisation confines the míxing Process to orbitals

on the sdne centtie, so that T Possesses the same

oVerarl block-diagoñal sütlctrr:re as does [o; Since

diffenent biocke itt X.o are not mixed' we need consíder

only pnoduct dísbributÍons arisíng from one centre,

and

9a

as nequi"ned by I.3.8. In the case of CI\[DO,

t t"o " å) g,4

b.

dúu

ú4u

t,Å\\
I

ü

ú

rli 4r (åI4)

\ ra)Lc, x (Ij

"a* h

The necessity for the eguivalence r.estniction is apparentr'

since any other forrn fon { nesufts Ín offdiagonal elements appeæÍng

t" gl. Additíona[v, { = {o, so that ínsensitivity in CNDO

nepulsion integnals , ie. nondi¡ectíonal chafacte:r, is a dinect

consequenoe of hybnÍdisation inva¡iance.

.D
o"
1+
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Rotation of tocal äxes e as r,ritli llybni<ìisatioa, ís

corlfine<l to orbitaLs locat to each cent:re, but in a

rno:re nestnicted nanner, sÍnce components only withj-n

a parrticula¡r 
= ,prð. ete gx.ouping alre míxed. Conbequently,

the structure of, I is r:educed block diagonal' the

üimerrsj.ons of each bLock detel'rrined by the ni¡mbe¡ of

components (2L + L) within each subset. RotationaL

inva:riance will be satisfied fon ¡otn )P and Xo, but we

may distinguish a speciaL case of ,n" lor*"o,i"*¿n

the diagonal elements are equalísed only within each

subset. Using an obvious notation to denote bLoqks

J.ocal- to basi.s functions ¡rcssessing the same Z quantuat

numbe:l ,

,'DYtr, = "Lq*lla

tn tu \o ll¡ t"^" Liù '!tt

"LA. 
* (4n' rz.q !7,a)

9tq * ha

.D
% \i



rnva:ríance pnoperties and nestnictions ajîe strrmna¡rised below:

Appnoximation Inva¡iant to

18

ResbictÍons on monocentrl.c

pnoducts

None

None

pXrPx=Py.Py=pz.pz

dxy.dxy = dz2,dzz= dxz.dxz

=dyz. dy z = dxz -y2,dxz -y2

As aboveo plus

sos=px.px.=dxy.dxyr

NÖne

NDDO

(Block-díagonal)

cNDo/B

(diagon¿l)

CNDO/A

(diagonal) '

The CNDO,/A nestnictÍons ar.e parrtícuJa.n]y strníngent, sincê

the same ¡r:roduct distrÍbution mrst sr¡ffioe fon arl o:¡bítaLs on a

given centre. rt is pnecisery this Ínsensitivity to onbítal

r¡aniatÍons which limits the basis to a vale¡¡ce orbítal set (ttre ¿tæ

basis). I{hile diffeorentiation between s and p firnctions ¡nay not be

Rotation

Hyb:rÍdisation

Rotation

Hybníd.Ísation

Rotation

General orthÖgoné,l

t¡.ånsf,ornlätions
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important for fi:rst lrow atoms, Í.t has been ::epor"ted necessany to

distínguish 3d f¡om 3s and 3p o:rbitals in elernents of the second ¡rc-'^¡ì

[]-7r' l8l i,i.e. to ernploy a CNDO/B appnoacì.

Althorrgh hybr:i"disa-Liotr ínva'riance c:rÍtenia a:re relaxed in

passing to CNÐO/B, the loss is not senious e as h¡rb:rid o::bitaLs, whíJ-e

affoitling somè Conceptria-l advantages, ra'nain essentially an ar"tifÍce

of ato¡nic theoiry, and a:re onJ.y appnoximately ¡:el-ated to pr.openly

localised bond, onbitals t19-21-l . P:rovi.ded that :rotational invaníance

is satisfíed, the desi¡a.ble phys-i.cal p:ropentíes of independence to

both rnoleoularn coordinate system and onientation of 1ocal axes a:ne

netained. ftmthennone, CNDO/B possesses sufficient flexibility to

admit extension beyond tl:e AVE restr.ietíon to minimal (íneluding ínnew-

shel,l-) and ex¡randed (mu1tip1e-zeta, pnonoted A0ts) bases.

Quite a dífferent type of pantitionÍng has been advocated

by "Tug Í221 fon planar corijugated. systems " víz¿ between or.bitals r.rhioh

contnibute exclusively to eíthen o or r MOrs. 0n the p:remise that

n(pz) - type fr-rnctions beJ-ong to a s5rnnneh:y class sepanate ficom'Lhose

of o(sp2) - ty?e" Jug suggestecl that the hybri-d distr.ibutions, oo and

rr, should forrn r-he diagonal basis for the CNDO appnoximatíorr, a::d.

fi::r'the¡r, what they should be pa:rarnefirísed. differently.fe The resultant

loss of inva¡.iance to both hybr.idisation and rotatr'on malces the l¿tre¡:

:'ç In a neJ"atecl context, diffenentiation betr.¡een oo and TT core nesonànce

pa::ameters has been int-:roduced into excited state calculatíons [28-25] .
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a d:rastie step..

Un1ess a completely empiriea,l app-roach to panametarisatiorl

is employeds there wilJ- always exist some ÍntegnaJ-s whích will have to:

be initíaLly evaluated in a pure s, þ basis, and, thenefo:re, the

tnansforrnatíon to the hyb:rid set must be e>ractly specífÍed. Mone

correctly for thís pantícular example, specÍfication need be pneoise

only to the onientation of the pz-ca:bital, since the oo disü:íJ¡¡tíon

is spherÍ€Lly symmetnicaJ-. P:rovided that this condition is satisfied,

invaniance losses in1::roduce no special pnobJ-ems beyond those of

accounting e<actly fon off-diagonal ovaeJap disbibutions whÍch appear

on change of basis.

The potential weakness of .IWts app:roach l-ies ír¡ extension'

to molecuJa:r systems rvhenein pz-onientation @nnot be unambiguously

determinerl, as in non-plana:r conjugated mol-ecules ' Under these

ci¡rcumstancese an inappropriate choice among nfa:pious possibilities may

wetl be reflected in the qualÍty of the final nesults.

A nore natr¡ral- appnoach to the problem of o-n diffe¡rentiation

ís evident ttrrough CNDO/B. As an example' lle consider the pnojection

of a sinrpte'2s, þ valence basis of nodeLess Sl-ater functions, !, into

the tt'igonal hybrid set 0_. We also distinguish between the 2s oÞbÍtal

e><¡ronentu ou and 2p exponent, ß. Thus

I = { 2s(a) , 2px(ß), 2py(Ê), 2pz(ß) }

As a prelirnínany step, the diagonal products of the CI'IDO/B'
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tlæe natrix, 8? are expanded in basic cha:rge distributions [26]

2s(o).zs(a) = .I*q(o)

The 2p selF.products a?e made equivalent by t:nace-avsragÍng le.

2px.2px = 2Py.2Py = 2pz.2Pz

= + Tþ ,4,u, !þcolr

= | tzpx(Ê).2px(p) + 2py(ß).2py(ß) +

2pz(B).2p2(ß)1

= } ¡4,5 - (Ð sDrt + (*p¡ù,lD^ + 3S - (Ð.9,¡n

' (sF/z).S¡¡ 't' 3,9 + (s) õDAl

= .7S( ß)

= 2s(e).2s(ß)

Íþom the above, it is evident that brace-averaging ovæ

the locaL block of 2p dis-LnibutÍons is exactly equívalent to the

self pnod.ucrL a¡risíng fnom a 2s firnction wíth exponent ß. Furthæ-

more, the i:eason fon using the 2s.2s pnodffet as an appnoximation to '

cO Ín I.3.3 is al.so apparent, since equaj-ísing the onbital exponents,

cl and ß, ensures identÍty with the averaged 2p.2p disb:ibutions:1, and

¡t This conclusion is trn¡e only in the particular basis specified

above, ie. nodeless Slater fr:nctíons, If the 2s o:rbital is in Schmidt-

o-nthogonaLised. forrn, and hence conta¡nínated by inne¡n-she 1 Is

contnibutions, the expansion into basic charge dÍstnÍ-butions is not'
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hence, equality among the díagonal elements of t''

Using an obvious notatior¡ fon the hybnid basis'

Q = {ot, oe, 03¡ T}

is nelated thnough $

t-

A

X A , whene

I /,F
-L lF
t/F

L /rtg

,trF

t llr
-t /F
-r/F

o

o

o

I

o

o o o

The p:roducts in the new basis ane:-

oldt = 61¿c 2 = o3og = à. 3,S(o) + $. 3S(ß)

olo2 = ord3 = o2o3 = $. 3s(o) - +. 3,9(ß)

Ol1f =Ú2Tr =O31Ì =Q

lrn = 3S(ß)

'.t Contínued

simply to 3,9(o), Ðd thenefone¡ o = ß is not sufficient to ensu:re

identity anong the ovenlap distníbutions. If the nodeless 2s self

pnoduct is used to appnoximate cO, then it ís not tnuly nepnesentatÍve

of the onthogonalised 2s onbital in the basis. on the othen hand'

tnace-avenaging ove:: aI1 exact dístníbutions int¡'oduces Is chanacten into

what a::e meant to be 2p,2p pnoducts. Ïle conclude that this dilemna is

best nesolved by avoiding ít altogethe:r, and naintaining a Pune va-lence

basis.
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Thus diffe::entiation betv¡een 2s ar¡d 2p exponents in the

oniginal basis has the desined effect ln the hybrid basis, since the

oo distnibrttion diffe:rs f'rom nrf by the adrnixtune of + 3S(o) in place

of +. 3S(ß). ttre i,otational inr¡ariance of this cNDo/B approach is

evinced by the sphericar s]rmnetrrr of all products in both bases. As

weIl, the nelationship to CNDO/A is appa:rent thnough the o¡.bital

exponents ' wheneby a1i- off-diagonal pnoducts vanísh and identÍty among

the diagonal distnibutions is negained simply by equating c and ß.

Wheneas .Tugrs appnoach nequines an a prùorzj decision as to

the fbestr hybnids, the CNDO/B tneatment affonds a notationally

invar.iarrt s rp basis which can be pnojected , a poatey"i,oy"L, into an

optimun hybnid set eg. via flibeng's bond índíces lZL, 271. The

advantage of cNDO/Be as we see it, lies ln its abilíty to pnovide all

the properties associated with the hybrid set without fonsaking

notational invar'íance 
"

The success of CNDO is predicting neasonable grorrnd-state

geometnies is well--establ-i-shed [17, 18, 28 - O]]. Dipole moments, a]so,

ar.e in r.easonabJ.e acco::d with ex¡ler-imental data, pnovícled tha.f an

app::oxÍmate ZDO-type fo::mu.La is used in their calculation, A

nepasnametenisation of clrlÐo by B:rown a¡ld Bu:rden í927, based on a least-

squanes fit to obsenved dipole moments has pncved successful in furthen

dipole calculations, although some exceptíons were noted.
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Significantly diffenent <líço1e monìents can be obtained if

the CNDO voctors ane t:ransforrnecl fnom the asstrmed. Löwd-in basis to the

STO set o and nsed in conjrrnction wíth theoneticatly deter"mined dipoJ-e

length i-ntf:gral.s t33, 341 . In view of thÍs duality, it would appeafì

that the elecrtnon distnibution is not as wel]. nep:resented by CNDO as

appr"oxirnatc dipole calcu.l-ations suggest. Ti:e ZDO-type for.nula iS the

mone questíonable beca.use estimatíon of other" one-electrrcn pnoperrtíes

witl aLrnost cen-Lainly have to pnoeeed via exact integrals and a

pnopenly fuansforrned basis.

i'lolleeny e'c al l,2l ha"¡e cniticised- the CNDO ancl NDDO

pnocedur.e,: ou the gnouncls that integ:ral-s d.eiiverl in an ST0 basís az'e

inser"Led di¡ec'cly ínto 'che a-pp:roxinrate ltir*clin basis of ZDO. Thei¡r

objection is not to the omission of signifícant STO integ::aIs, but to

neglec'l of :Ln-tegz'al modifica-Eion in the change of basís. Table I.3'1

is iLlustnative of the obse::ved trends, wheneby one-cent::e::epulsions

are geneûally incr:eased, and two-centTe aouJ-omtr :'-nteg::a.1s ar"e d.eoüeased.

In keeping r¡:ith the ZDO assumptíons, neprrJ-sion íntegnals which i:rvoli¡e

a bicenürio cha:rge d.istroíÏ.ru'Eion assume near*zer.o valttcs in the tölrdLn

bcrsis, as ¡meviouslY noted 
"

l.Icl{eeny suggested tirat centain integ:rals should be scal-ed by

pne<letepnined ave:rage -rrragnitude -change scale facto::s to compensate

fo:: the basis tæansfo:rmation, but we consicles ttrat such a procedu$e

would be too genenal. Refe¡ence to Tabl-e I'3.1. i¡¡C.icates that the
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Tab1e I.3.1. P,epulsion Inte¿çnals in STO and' L0¡1O Bases

ScaJ-e =
LOAO
STO

Tntegrals for NH3. The orbital basis is (k,s ,x 
"Y 

,z)
a,

b
onN,honH"
i{on-Coulonrbic lntegrals iq the STO basis are estÍmated by

Ruedenberu *p"oäãättã"-[SiJ. All- integrals in the Löwdin

basis were o'otained from the partiatly approximated' SYJ set;
while there viII undoubted.ly be sone error ínr¡ofved'' the

scaling factors should be reaÊonabJy representatíve "

1¡¡lkk)
(ss/ss )

(yylvv)
(zz/ zz)
(¡¡lss )

(kr/lqr)

1yy/zz)
(ss /ry )

(ss I zz)

1ny/zz)
(nn/nn)

(pç/irrr)

(sslhh)
(nrlhh)
(zz/wt)

(ttri r /Y12]nz)

(¡¡lt<n)
(sh/sh)
(:'hlYtr )

('¿h/zi¡¡)

(nyn2lt:.]t2)
(sylyz )

("v/w)
(sz / zz)

3.81250

o,660T6

o.6Lt5B2

o.6l+582

0.933?0

o. B206Lt

0.8206\

o,6273a

0.62730

o.5T62r

0.62500

0.tr8772

0.1+l+88l+

o.\6tzz
o.\362j
0.3368)+

o " oo59l+

o "r92o2
o.t1-265

o.05198

0.0720,

0 " 00000

0 "00000
0,00000

3. 8r.968

o.7B517

0.70519

0,67a52

1.ohlgT

o.8697r

0 . 8)+01-8

o. ?oBr-o

o .689oo

o "60250

o.68963

o.l+1h20

o.)+1169

o.\L273
o " 

l+0918

0.29161+

0 .0001-2

O . oO2bl+

o "00069

0.00092

o " 00263

*.oo2T,

0.00307

- . o)+331+

r..002

t-. l-BB

L"092

r. oh0

1.1L6

1.060

t-" 02I}

1,,]-:29

1.098

1 .0)+6

1.103

0. Bh9

0.917

0.895

0.938

0.866

0.020

0.013

0 .006

0 " 01-B

0"037

oo

cû

Integral (a"t ) sr0 LOAO
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scalf.ng facto:rs are far fuom consistent, and. note pa::ticulanly the

incídence of integnats in the Löwdin basis whose sro counterpa::ts anç

zeno by atomic sytnmetrìylt.

fn the next sectioh the ZDO appnoximation is fonmr:J-ated in

a manner which enables fu:rther ínsigtrt lnto the problems of basís choice

and integral modification.

1.4. OVERTAP EXPA}ISION APPROXTMATTONS AS A BAS]S FOR ZDO

Acconding to Ruedenbeng [95], the bÍcentnic ovenlap

distnibution, x;o x¡g, mav be expanded as a línean sum of one-cent:re

pnoducts,

r. 4.1.

whene tkOor., is an element of the ovenJ-ap matnix, So in the

X-basis, ãnd the summalíons extend oven al-L onbitals nesident on atoms

A ar¡d B, as indicated. I,lhereas r.4.1 is forrnal-J-y exact if the

elçansion extends over a compLete orbital- set, r^re shall- be conce:¡ned

with a restr,icted basis, and r.4.1 then defines the Rue<lenbeng

appnoximation.

* these integra.Is a:ne not spr-u:ious, but aríse f.:nom the tothe:r atoin?

contnibutíons to each Lo*rvdin onbital, so t-hat the symrnetry of nominally

rnono-cent:ric integ:rals Ís not detennined by the atomic pufe notatÍon

groups, but by molecular slnnmetry.

AB
xit x¡s = t, Lt*"ru 

xi¿, xtt * 
Itoo,ta 

x¡n xzn I
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If alL but leading tegrns in the summations anê omitted, the

expansion above neduces to the Mu.l-liken app:roximation [36] -

xia xia + sie,¡n (*¿t *ia * *in x ) r..4.2
iB

llittr the notation of the pnevíous section, whenein ðo *d

XD uo", :respectively, bl-ock-d.iagonal and díagonal onbital pnoduct

matr.ices, I.4.1 and T.4,2 aPpear in equivalent matnix forrn as

X = å(sIo + ros¡ r.4.3

X å cs >P XD+ S)

p.uttink [16] has exarnined the inva:riance nestlrictions imposed

on the Mulliken and Ruedenbe'rg appnoximatíons by localised onthogonal

tnansfonmatíon, æd shov¡n them to be identical to those found in the

CNDO and NDDO fonmalisms.

Onthogonal-ity of all onbitals on the one centne is implícit

ín I.4.3 and I.4.40 sínce othe:rþ¡ise the appr"oximations do not pnopenly

:reduce to the mono-centr,ic orbítaI p::oduct. Th-i.s Ís a point of some

consequence -'ì'-i1 a basís set of Slaten functions (as ¿i.llslrmed), since

or.bitals of the sarne definíng L and m quantum numbe:rs, Ðd on the same

centne¡ â)tê not orthogonal , Ðd some pncce,f,u:re must be adopted to make

them so. This condition applies not only to the ínne:r-shell inten-

actions of minimal- atonr-ic bases, but also to intr:a-shell conflicts in

expanded sets eg. of the multiple-zeta type, whenein conplete

onthogonalíty of aLl onbitaLs on the same centne nust be enfonced'

4I 4
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A eommon pnocedr:neo and, the onè t¿e foLlow, ís the Schrníd,t

nethod. Despite its nElmee the Schmídt o?thogonatÍsatÍon p:roceduro is

not itself an æthogonal tþärrsfonmatÍon, sÍnee, ín mat¡ríx form, the

Ínverse and. lranspose ane not identical., i*. {1 I f ana e*g¡ Alff f.
The nóri-orthogonality of A- is easily ii.lustuated in the c¿ise of a

simple atomiq basÍs of X = {1so2s} in'troansfonmatíon to tire oftho-'

gonalised, set, Q =' {ls,-, z*'.}, by 0 = lx {. Here,

ô.

I

0

1

2
-.912 (1 - Srz)

?rl

-Stz (r - ,912)

o - s?'¿a

2 -t4 2t-
(r. - 512)--

witii ,5'12 as the ove:rlap integnal Slsr,s

Sn

Ar=
2t-(t - sy27-2

+
0

1

0

I
A

-S12 (I - 9rz)

&A'A' æ

2 +-Srz'.(r - Str¡
Tfand -4 (r+sfr¡ Q-s?ù-'
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!Ùenowexaminetheconsequencesofnon-orthogona.tityín

the schmidt bra¡rsformation, A. The exact o:rbital pnoduct matnix, 0t

in the new basis, is gíven bY

0+
Å.1

A.X.XA
.t

A.XÂ I.4. 5
E

I.4.5:-

0

Inser:tír.g !

Tnva:riance :requÍ:res that

å* t* (s- xo * Xo g)1 å

årdg"rog + n+¡osgl

A+ into the above'

Rl

0

Hence, the ovenlap matnix ín the {-basiso

síncealJ.p:roductsareexactintheíntegnal.sofRandq.Thetnar¡s-

fonmation of the Ruedenbeng app:roxinatíon follows f-rom I'4'3 and

À
A.S A ,R

_1
)å*(-1

AA
.1

å ta*s { 4. d"} x"a +

ått¿]gAltdtlool

t Ct' csllåtR{atxo{I

n-l xo A,o
a

0 gtr't (a*)-t d I ggl

+ {gn\o(A*)-t}{g+sg}l
I

Ì+

I
A+xo(e+)- t

0 +

for. then u

å teso gþ

I"4.6
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_1 +
C1ear1y, I.4.6 will be satisfied only if A = A'' a

condition which is not met in this case, Thus the Ruedenberg

apÞroxÍnation is not invariant to Schmidt ontÌ-togonalisation; noll'

analogously, is the Mi:IJ-iken appnoximation"

As a consdquence, some calle must be excencised in using

ove::lap e><pansion appnoxùnations of this tyPe. Not only is ah

or"thogonalÍsed basis necessary to ensune cor:rect mono-centnic neduction,

but the Schmidt ilransfonmation should be made pnion to apProximation.

lIe emphasíze this poÍnt because it is fnequently more convenient to

onthogonalise aften integr:al lists have been assernbled in an r:nmodified

STO basis. A case in point is the core matnix, E, which, in a non-'

exact method míght be expected to contain both theonetical and

app:roximate integrals. Ì'lheneas the d.ernands of computational efficiency

argue for a posteriori onthogonalisation of the entir:e assemblage of

kínetic eneltgy end nucLear attraction tenms, the ovenlap expansíon

app::oximations nequine that all- exact integ:rals occrr:rning in the mono-

centníc p:roducts should be pnope::ly onthogonalised befonehand. The

fonrna]- coryespondence be'[ween exact and appnoxirrated product

dístnibutions, as contained in I.4.3 and f .4.4, is otherr^¡ise lost.

Having establ-ished the cor::ect basie ' ?re novr considen

tnansfo:rmation to the assumed ZDO set of Löwdin onthonorrnalised atonic

o::bitals (tOAo). The tr.ansfonmation matni*, {*, is neÍther local

non onthogonal, æd therefore , the ove:rlap expansion appnoxÍmations

will not nemaín ínvaríant.
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Vlithoutlosdofgeneral-itlrwechooseXastheSchnidt-

o:rthogonalised STO basiS. Following the notation of section Í'2"

defines the tnansfo:rmatíon to the Löl¡dín basis. Hence, fon exact

onbital- p:roducts '

Ix{'À

{= liå
^

åt{úsXo{'
å tqu x" g-'t

T I å"A

and., taking the Ruedenberg appnoximation as example'

^
såtå(sxo*Ioå)l{t

i' x" g" {ål

{å x" å"1

+

+ r.4.7

In accond with the oniginal Löwdín definition [7], we

w:rite!-=4.+!rwhe:reAcornespondstotheove:nlapmatnixwith

zeroes along the diagonal' In binonial expansÍon'

+
Þ

.L
2 t¡+ ¡¡ +!

+

and substituting into I.4.i'

À = Xo++tA2Xo*roA2I

to*Rz

whe:re \ represents additional te:rms nth o:rder: and gneaten in ovenlap

} À XoA + R4 r.4.8

I.4.9

(^).
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F:romI.4.9itísevidentthattheNDDOappnoximationto

ovenlap distributions is connect to finst order" in ovenlap, within

the accq::acy of the Ruedenbeng approxÍmation. Intenchange of Xo

a'a f enables a simíra:r cóncluÉion to be reached fo:r CND9' with

nespect to the Mulliken app:roximation'

ThenelationshipbetweenNDDOandtheRuederrberg

appnoximation, and agaÍ.n, between CNDO and the Mull-iken appnoxímations

has been pneviously:reco:rd.ed' [10], but not' to our knowS-edge' in

such a dinect manner.

A semi-quantitetive estimate of the behaviour of two-

efectnon integfals on change of basís can be rnade via e><parrsion of

the second orde:r te:rms in I.4.8. We have p neviously noted this

behaviorr in an aetuai exampJ-e in Table I.3.1. FOn the sake of

simplieitv¡ we consicle:r the l{uLlíken appnoximation (Xo * ðD), t"¿

facto:r out the identícal e.Lements wÍthin each 10ca1 atomíc block as

XO (c.f. pnevious notation as cO)'

},o::theclÍsu.inguishabletypesofpr:oductthatappeanin

-the Löwdin basís appnoximate ovenlap dishributÍons, i'e' bi-cent:ric,

mono-centnic off-dÍagcnal and diagonal, \^re rnay w:rite

l\iA,iB /A"B
Ctx¿ntxa-txc)

e

I
p

LiA,pc aia"pc=l

LLa"¡t = lrro'ft *o - fxc) | o+o ,Pc ' LjArPc
c

p

e

I
p

(f x¿ - txc)=I
ClA

pC
+ X.

A
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I{heneas sign va:riation in the ove:rlap (À) elenents rna¡/ be

exSrected to nesult in some car¡cellation, and hence dímunition in the

off-diagonal disüributions, the summation terms in the díagonal

product are inva.ï'iab1y positive, and hence ultimate behaviou¡' nests

wíth the nelative magnitudes of XO and Xo. IlÍe nay see this mone

clea:r]y lf the atomic basis ís neduced to tno cent:res, A and B.

Iia,¡a

^i1."¡a

=Q

cfrx¿ - Èxa)

*xA

B

l, o+o'nt

B

! olo"n'

A
iA'PB

LiAoiA = (f-x¿-+xB)

Two electnon integnals <Àln> ane the dinect pnoduct of the

individual ovenlap distnibutions, hence -

.LùA"'B I nkC,Lr, = Q fon A/B and/on CID

To a good app:roximationo all non-Coulo¡nbÍc Íntegnals should var¡ish.

'\a"¡,-1, I L'rl.ol'g' =

* .x'lxrr ]l

t* .x¿lx¡' - f"s { .xrlxr'

whateverr the consequences of the surrnation, æd hte can

reasonably expect some cancellation to occun, the tenns in square

bnackets vrill genenally be of compalrable nagnitude, with the one*

centne contnibutions pnobably slíghtly la:rger'. Ove¡al1, Löwdin

basis repulsíon integr"als of thís type will be nathen small.

AB

I tr 
o*,no' \ B 

"qA' ^iA,pB' 
Lin,pB
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tLiA"iAl n'r*,LA'= tr*'x¿ | x¿t * t'Xa I x¡t

Litr pa' o,io, pt' a/rl, qn' A 
LA 

" 
qa

Irre note that cancellation wíthin the squa:re bnackets will

not be as effective as ín the pnevious exanple, and, thenefone,

integ:rars of this t¡rpe should be smaIl, but possíbry sÍgnifÍcantfs.

.LiA,iA I Aka-.k,> = .xA I x¡r * tf .x¿ | xar - T* { .X¿ | xa,

*.XB I xa, 
"irttror*"qA.^2it"pa

In contnast to the integn^I .L'A"¡A I n*r¿g>r that above must be

posÍtive in its sum¡nations, and any depantrr:re fuom <X, I X¡t will be

determined soJ-e1y by the nelative magnitudes of the mono-centnÍc and

bí-centnic terms. At nonmal bonding distances, æd definÍtely fon

Ia:lger sepanationse rde anticÍpate a nett negatÍve :resuLt in the

bracketed contnibutions, and hence a decnement

fnom <X, I Xat.

tt fntegrals of this type a:re netained ín the Intermediate Neglect

of Diffenential Ovenlap, on INDO, fornalísm [37J, whicir we have not

yet had occasion to mention. Since INDO contains featutles common to

both CNDO and NDDO' it intnoduces no new íssues to the discussÍon.

BB
- S.x¿ | x''t i Ipq
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,IiA,iA | \a,t A, = tr* .x¡ I x¿t * rt .Xa I x¡t

iA,pB' a'lrnoq, n'X¿ | x¿t

A simitar expnession holds fon the case i = k, As pneviously, the

summations a:re pOsitive, as should. be the nesultant of the bracketed

tenms. Consequently, the STO integnal vaLue, .Xr.. I X¿t, wíl1 be

incnemented.

fn its qualitative aspects, the fonegoing illusfi:ates the

essentía1 validity of the CNDO fonmalísrn, with the possible exception

of significant mono-centnic integnals whl.ch should be aecor¡rted. If

the conclusions above ere genenalised to langen atomíc bases and the

Ruedenbeng appnoximation, then obsenved tnends fn integral values

upon chan¡¡e of basis are frrIly substantiated (c.f. Table I.3.I).

VIhíIe I.4.9 ensuties the validity of the rmíxedt bases

cnitÍcised by McEeeny et aL l2l, theír comments on íntegnal

morlification a¡e undoubtedly nelevant if accunacy beyond the first

onde:r in overlap is desir:ed. To this end, one could estimate second-

order con:rections in a manner similan to that above, but, ín terms of

computational effont, thene is l-ittle extna involved in wo::king

dinectly with the tnansúo:rmation I.+.7. If the Löwdin orlbital

pnoducts are fuJ-ly simulated by this latter pnocedu::e, only those

deficiencies inhe:rent in the Ruedenbe:rg on MuLliken aPProximations will

p::oduce depantunes fnom the exact disüributions.

BB
-û.x¿lxs'1IIÀ2

pq
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r.5. FORMUTATION OF THE SIMULATED NON-EMPTRICAL SCFIEI{E

Development of a reasonable approximation to exact over-

Iap dístnibutions in a Löwdin orbitat basís has been discussed in

the pnevíous section" In panticular, the rnodifícations necessary to

compensate fo:: change of t¡asis a:le exaetly e:ç:ressÍbl-e, via the

Ruederrber-g appnoximation, fon two-electnon integrals as

txptt xgr I x*itl x"¡u'
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(så cr

íA"pM" iB"qM
-l-* s ia"pa"s

__L I42<:2"'kc"rv""

l"
2

I

(sãjBr qM) kC,rN'

LDrsIl )

slV

t
2

LD

I
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Funtherrnoue, I^Ie anticipate that the appnoximation, 4 = Ao,

whene,by all bicentnic pnoducts vanish is reasonable in view of the

deficiencies 1ikeIy to occun ín I.5.1. Hence, fon nepulsion íntegnals'

t\ì,1, 
^¡a 

| 
^rr, 

\LD' = o fon A I B and/o:r c / D'

rn nat¡.ix notation, -the dj.r:,ect p::oduct matnix (4j * ¿o) aurines the

arìray of non-vaniehing r.epulsíon intog:rals.

We believe that the SllE tr.eatment of nepulsion integnals,

as defined aÌ:ove thnough I.5.1 and L5.20 should be supenior: to

that of NDDO, wherein no compensation Ís allowed for" the Löwdin-tlæe

ZDO basis. In addition, our fonmulation of tlte SNE app::oach has an

ad.'¡antage oven that pnoposed by l.lcrtreeney in that integ:ral modifications
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a¡'e dÍrectly dependent on the featu:res of tÏ¡e overlap distnlbution,

as opposed to pnedetermined average scaling factons.

The SNE appr.oximation int¡roduces considenable simpJ-ification

into the gene::ation and handling of nepulsíon integnals. Not only

ís exact calcutatíon of the nost clifficult integnals avoided (whích

would be tnue of any;,ppnoxirnation), but the íntegpal list in both

initiaL sto and t:ransfor.med LOAO bases comp:ríses ónly coulornb-type

:repulsions.

Among non-empinical methods, the Latten pnopenty is

appa:rentJ-y rrnique to SNE. Wheneas omission of non-coulombic integrals

in the Löwdín basis is a dinect consequ.ence of near-zeno values, othen

integnal appnoximations nequine a complete lÍst in the initial Slate:r

set, foJ.J-cwed by the tnansfonmation I.2.I7. Howeven, the SNE scheme

aLLows transition fuom tnuncated ST0 set to tnuncated L0A0 set

hrithout tl¡at interrnediate expansion, æd consequently, !^Iith a

significant neduction in effont. The inner'¡nost te¡rns in the

sunrnatíons of I.5.1 are sca:rcely more tedÍous than those arising ín

the compJ.ete transformation ,, 1,2.17, while sumnation ranges, involving,

at most, onbítals fuom two atomic ct)nt:res ' ane substantially

contnacted.

One-efectllon core integ:lals we evaluate as they occun in

the Haniltonian. Of these, only th:ree-cent:re nuclean attractions are

at atl- tedÍous to evaluate foom fÍnst pninciptes, and we have there-

fo:re tneated them at tv¡o levels - by Ruedenbeng appnoximation and by
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an exact Procedure. In contnast to oun tneatment of tlo-electnon

integ:rals o the core integrals aïre more convenient-Iy tnansfonmed to

the Löwdín basis ín toto fnon the entí:re assemblage in the o::thogonal-

ised ST0 set.

The <lecisíon to treat the Cone matrix elements as we do

was not taken l:]ghtIy, since the inclusion of valence-state atonic

ionisation data ín p:referenee to exact integnaLg is undoubtedly

:responsir-T-,1e for the success enjoyed by semi-empír'ical schemes. on

the othe::hand, the existing spectl'al constants do not easily lend

themselves to the panametenisation of expanded onbital bases" As well'

the ub:Lquity of the ß-paz'ar-ûeten formulation in n-only tneatments fone-

shadows similar. díffícul.tíes in extensíon to an all*electnon method.

At this stage of deveLopmeÐt, a fonmal tneatment cf ttre cone matnix

appears desinable.

Ij\Ie the::efor:e place the simulated Non-EmpÍnical method as

inte::rnediate in complexity between semi-empi::ical ZÐ0 for"mal-isms and

the aþ ir¡.itio type. Tabl-e I.5.1 -tists the maín featr:r'es in

compasison with othe:: treetments.

trIhile sNE wavefunctions will be l-ess flexible with para-

metenisation only thnough o::bitai exponents, optimisation to agneement

with expe:rimental one-electron Pllope:rties should be a pnactical

pnoposition, pnovS.ded that indivídual calculations are not too

labor.Íous. Exponent vaniation of thÍs kind intz'oduces p::oblems not

encountened in the mone conventíonal onbital exponent optimisation
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pnocedufe of enerry nininisation. By thÍs fatten method, onbital

exponents should atways r:eduee to a.r¡ unique set , i. e. with zeno deg:rees

of fueedom r:e.maining at optimisation, but, using one-electnon

p:ropenties as cníte::iau one can hope, at best, to lose just one

degree of fi:eedom per operaato::u andn penhaps, hot everi this should the

functional variations of two o:r mÐre expectation values exhibÍt neara-

linear- dependence as they appnoach the experimental nanges. As w.11,

insensitivíty to exponent variatÍons, eotrpled with Ia:rge e>penimental

error? bounds, can do niuch to neduce the effectiveness of the

optÍmisation p:.ocedure .

However, energy mí::ímisatÍon shoul-<l not be used as an

optimisation pnocedune whene HamíItonian íntegnal appnoximations

exist, as they do in the SNE schene, unless the enenry dÍffenences

ther:eby intnoduced :ri¡main neasonabl-y conste-nt. Since it is oun

expenience that erlrorls arising fnom Ruedenbe:rg app::oximatÍon a¡re

quantitatively unpredictable, the::e appcars no alternative to one-

electnon propenty optímisationtl, despite the nestr.ictive featu:res

r,¡hich we have outlined ebove " Thenefore, we have concentr:ated oun

:'.'One migh't also a:rgue that even aú initto cal-culations ín the SCF

LCAO-MO appnoach rnake no account of electron co::r:elation enenry.

Whí1e this er'::on should be unimpontant for one-electnon pnopenties at

or near the Hantree-Fock limÍt, rninimal bases such as we envisage are

usually not fl-exÍb1e enough to bnidge the gap to that limit. Since

the enengy ernors a:nísing thenefnom may have a del-eter.Íorrs effect on
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efforts on e>çonent vanfatÍon to reproduce available expeninental

data, and Ít is on the deg:ree of success achievecl in th'ts enterrp:rise

that we base our assesament of the SNE forTnalism as a viable moleculaþ

orbítal nethod.

fc continued

electnon distribution, and hence on one-electnon propenties, we feel

that oun attenpt to dirrectly duplicate expeninental data should

pnoduce a moae realistic dietnibution.
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TI. THE I'ECHANICS 0F THE STMULATED NON-EMPIRICAL METHOD

II. I GENERAT COI\TS]DERATIONS

fn the pnevious chapten we have concentnated oun attention

on ¡'eduetion in computational effo:rt thnough systematic appnoximation

within 'Ehe theo:retÍca1 fnamewcnk. Howeven, in this age of higtr-

speed digital compute:rs, concern ís not so much r,¡ith the amount of

laboun involved as with the consequences of that effo:rt, vía. the

cost. lhe pensonal effont in p::epa:ration of input is not substantially

differ.ent between a simple Htlckel- and a Ïrighly sophísticated ob inítio

pnogram. But the economics of the subsequent conputatíons ar:e highly

significant. So spectaculan have been the :reeent irnprovements Ín

electnonic data processÍng capabilities that computen technolory is

:rapidly appnoaching a stage where processing cost is the ultimate

justification foi: the :retentíon of appnoximate methods. Howevero

until sufficient time and nesounces become morle genenally available,

ab ínitto calculatj.ons cannot neasonably be extended into those

domains whene eTnpirícal and serni-empnícaI schemes aire pnedominantly

enployed.

Ëven at the same level, onder of magnÍtude dÍfferences may

exist betr¿een puograms desígned to car-*qr out identical calculations '
simply thnough the use of computational algonithms well adapted to

source language and ha:rdt^la:re featunes.
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This is not to say that the p:rcgram should assume an

impontance appnoaching that of the method upon which it is basedt but'

if a particufan thecr"etical fonnalism is to achíeve its full

potential, therr the methods by which optimum penforrnance can be

realised menit some consÍdenatiOt¡. The impontance of efficient

computational r.outes and. ovenall prognam design have been adequately

covened by Clementi [38] and othens [39' 4O]. At a molle basic level,

an appreciation of the nelatíonships between Soulrce langUage arrd

nachíne code openatÍons is essential if p:roficiency in the fonner- is

to be nealised.

Howeven, we do not intend a tneatise on p:rogparunÍng

technique, but:rathen to emphasize the consÍdenations which led us to

inconponate centain featunes into ou:r master pllog?am systen. Fþom

oln experíences with extennal pnognams disserninated thnough Quantum

Chemisbry Pr:ognarn Exchange, it would appaap that the combination of

featu-¡.es, if not somo of the ideas 'chemseLves, alae noVel. I'le pnesent

below only a few of the mone isolated aspects - a mone genenal

descniption is to be found in Appendix 4.2.

Sor.upce Lanquage

FORTRAN vras the obvíous choice, pnima:rily because it is a

high-level- a:rithrnetic-oniented language which is almost uníversally

tnansfer.n¡b1e among comPuten instal-Iatíons. Object code (COMPASS, in

ou:r case) affonds gneate:r flexibility and efficiencyo butr as a

a
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register openation language, is distinctly mor-e cumbersomen and,

furtherrnone, 1ocal to the pantieular computer type. hle did, howeven,

adapt centain FORTtu\N sections to the COMPASS language when the

o:riginal vensíons pnoved inefficient, on occasion using substantially

diffenent algonithms more suited to the extna featunes of object code.

Ovenlayzt Pnog::anl Sfiructure

Recourse to d l-inked pnognam str.uctr:r'e p::oved a matter of

necessity, pnnely th::ough the sheen bulk of codíng (some 141000

statements). llhile computational economy is little affected by this

pnocedrure, code mo¡ij:fication can usually be penfonmed within the

locaL substnuctune, independently of the majon pontion of the tota.l-

pnognam systen.

c. geælq"lrg!

Apart fuom essential info:rmation, which may be selectively

pninted, most of the interrnediate items, integnal annays etc., ane

stoned on magnetic tape, fnom which they may be extractedo or used in

ft The Cont:rol Data 6400 Scope 2 Ope::ating System offer.s two

altennatives fon pllogram sequencing. SEGMÐNT employs nelocatable

code and pe:rfo:rms linkage at execution tíme i.e. dynamic loading.

OVERIAY mode genenates ebsolute code pnion to executíon, and program

sequencing thenefone nequines only a very elementary (and fast)

loading openation.
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a subsequent RESTART openatíon, such as initialisation on extension

of confígunation intenaction. Recognition of tape-stoned data is

facilitatecl by an extended sequence of dorrble neco::ds, the fi:rst of

which contaíns a (maxinun) 1o-cha:racte:r nnemonic fon the type (e.g.

OVERLAPS, EXPONENTS9 F-MATI{IX), plus the word length of the succeeding

data necond.

Lo\rref Triangle Línean Annays

All synrmetníc matnÍces, íncluding the supen-matnix of

Coul,ornb nepulsion integr:als, aÌre stored ín linear fonm as the lowen

x1:iangle packed by nows. The location of the square matriv- elernent

(írj) is found ín the linean sequence by j + i(i'L')/2 fon i > j. ìlot

only does this p:rocedune avoid :redu¡dancies in cor:e stonage, but it

also cpeeds up matnix nanipulation, sínce FORTRAN is not panticularly

efficient at handLing double (and highen o:rde::) indexíng.

ô rRevensef Matrix Assernbfv

Iv-e use the ter.m fr.everser in the sense that the computational

p::oced'"['e ís not that írrplied by the algebnaic st¡iement. In

patrticuJ.ar', tirq algeb::aic formula fon the nepulsion elements of the

F-mabrix is (c.f. Section f".2).

Fr:j = (H¡.ì -,lrlrput, l(ij/kl) - ¿ 1i¡/jr)l

implying that the elenrents of F ane fo:.med ove:r the ranges of i and j



46

by rínnent summation over the indices k and l-. fnstead we process the

unique nepulsíon integ::al list oven the pnoscnibed ranges of i,jrk

and 1, and, using index penmutations, insent into the propen F-arnay

Locatio¡r the cor.nesponding p:roduct of P-element and nepulsion integral.

'PkL
2P..

'î,J

-* piL

-È P¿z

_+ Pik

-t Pa<

(íjlkl)

(k1líj )

( íjlkI)
( j i/kl)
(ijllk)

( jillk)

F..'tJ
Lr

KL

If
1,R

F...
'tK

T.-
LL

F

JL

( ijltr)
(kl/íj )

( ijlk])
( jilkl)

(ijllk)

(jílrk)

( ij /kI)

Tenn added to

F-element

F-elementPe-.r.rnuted

I;rdices

te.g ces of*

¡'É l{e have outlined above only the most genenal case fon i , j ,k and 1

all different. If equalities exist among the indices, fewen

penmutations arae nequined and the numenical coefficients ín the final

col"umn may change. At the othen extneme, fo:: example, whene i=j=lç=1,

the tenm added to 'ti.u unÍc1ue element FOO is * ,¿¿ (iilii).

t Note that not a1l penmutatíons need to be considened. Since the

nepulsion integrals a:re sto:red r:niquely as the (supen-matr"ix) lowe:r

tniangle, as are F and E, ít ís innatenial whethen the fonmal element

F-., an F-.-. is fonmed, pnovided that only one of the pain is p:rocessed.I,J J1,

tegnal
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!Íe consíden that those featunes al¡ove, and our techníques

of integnal evaluation to be described in the next sectíon, have been

highly successfi:l in maintaining computational effo:rt at a ver5¡

::easonable level. Fon small mol-eculan systems, such as valence basis

H2O vrhene we have achieved execution times of the onden L ' 2 secondsrt,

oun SNE calculations are hardly less economical than Cl'lDO-tyPe, despÍte

a sr:bs-tar¡tial diffepence in the complexity of the under:lying fonmalisms.

TT,.2 EVATUATION OF ATOMÏC INTEGRALS+

The general nemanks of the pnevious section apply equally to

the evaluation of atomic integ:raIs. hhile the essentially manipulative

f.eatunes desc:¡ibed the:rein contnibute conside:rably to oun favourable

computational times, the part played by integ::al evaluation notrtine¡s

desenves some rnention.

As we have appnoached the pnobleia rinteg::al dete::mination

divid.es naturally into two stages.

z'¡ The openations span fon that executícrn time eo'¡e::s ir:itial input of

atom coor.dinates, reques'Led onbital types an<1 contnol vaniables thnough

integ::al genenation and iteration to fínal output of the SCF wave-

function and calculated dipole niomen:t,

t Fo:r the C.-function noute we are indebted to B.H. uJa.nes' ûùho brought

to oun attention the Russian líte:ratr.¡¡re [46r47] and pnovided us with

his pr:otot]T)e noutines.



48.

a, Evaluation of basÍc integr^als is accornplished in

nectangula:r díatonic axes, consisting of parallel right-handed

cantesian systems with common Z-axís connecting the two atomic

centnes¡'c. The limiting case of one-centne onbitar p:roducts occur:s

when the two axis systems coincide.

Ïle have followed the ,Ç-furictíon noute [41-43], utilising

a combination of the analyses presented by Ebaga [44r4SJ and

Kli¡nenko and Dya,tl<ina [46r47]. Fo:r a genenal one-electnon openatop,

P, the one-electnon integnal appeans as

.xA, I r I xat = ko.k".v
(n +¿¡

.v-'. FW Dcff (oo,or)

fn the usu¿rl pnolate sphenoídal coondinates [26], t, rì, 0

r = (R/2)t 16+n)*' (E-n)ß' (t+E¡¡Y' (r-ãn)6' (82-l)"'

(l+¡2¡erf(O)

R is the inte::nuclea:r distance

¡k Oun system d.iffens slightJy fr.om the corrventional choice [26], in

whicl: the second set of axes ane in a Left-handed a::::angement. I,le

considen the completelSr par,allel arranpJement moz.e natut-al , s-ince it

ned.¡ces r¡i,thout axis ::eve:rsal to the one-centne example. rnteg::als

in the two systems al?e nelated thnough o::bítaL quantum nr:rnbens on

the seeond. centne by (-r)L+lml.
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F(0) = f(0).s¿(0).sB(0).d0
2r

f"

where gd($) ís the Q-dependent part of the o:rbital on centne A.

F:raga [45] has tabulated F(0) vs. f(0) fon complex sphenical ha:rmonics;

fo:r the :real o:rbitals in use here, our tabulation in Appendix A-l

shoul-d be consulted.

ft= ,n-L-t . eL¡! (21.+Lr*.

1t ten)t (L-lrnltr te+l'l iltå

v = ÇAlEa pA E¿.R pB = ÈB.R

n\-2p" 6-2q, ec;*ä: ø*ã|'- Go"ot)(oo,or)=lI"p
pq

co

cñt'
- G-lrnll fr-lml-r)....(l-lnl-zp+r) . (-t)P

2r.2L,23, . .2P, (2Í.-r)(zt-e). . .. Qx,-2p+L)

o =nA-t;o+u'

ß =nB-4p+9'

y = LA- Inrl + v'

6 = LB - l*al + ô'

e =å(lntrl +lrrl)+r'

P = * (oo+ or)

r = (oo - pa) / ('oo+ pa)
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Thus the pa::ametens of the c-function a:re dinectly nelated

to the ot?bíta] guantum numbens and the defining exponents of the

operaton o P. In its ana-Iytical fonm
oo

cllt too,oB) = v.r/z)d+B+Y+ô+24+1 I

I

f -,"
-p E-nP rdt

I

(6+n)o (E-n)B (r+ç¡)Y (r-tn)6 (Et-r)" (t-nz)e dn

Fon the one-electnon integnals of intenest ? lre may wnite

d=nA- LA, b =rB- LE " = LA- l^ttl' d'= Lu- l^rl' n = l^ol=l^rl

and hence, [+1,47]

( I) overrlap

noo*<xolxr> 2kr. kBu ,t# tpA,pB)

(2, Kinetic Enenry

(3) Exchange Nuclea¡: Attlaction

<x, l-*sz' lxr> = -cz .kA.ir. { ut'*å ocff Go,oo'l

n.-* a

-zro,TA ' ,"#"b (þt or) + Øo+Lo) fuo-Lo-L) 
'"r\,,u

(p or) )AJ

.xol-zooat lrr, - -22¿,"*r.t, u ¿
'"^?r,u 

k u'o u)

.xol-zr¡rp'l*rt = 'Zz.-kA-uu unn-È ot#r-, (oo"ou)

I
z

Fu:rther expansíon of the C-f-unction leads to [46]



c

Thence,

Y6e
oß ho,ou) p

o+ßiy*ô+2e+I
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-Yôe m

";;-' Tcr+2n, u*rt(ú o'or)

i.rL A F

ili"
YZ,ïO YsaO

oio'

ô 3*o

ul:t = (-r)e yrôtei
,\+6+2e

I
à2

¿-¿o

)
=0 e3=0

I i(-rli-k-L"þø p (p -l-p )

ô

T
6ä=o

e-Ê2-e3 e-ef-e3-Ê4

eq=O eS=Q

e-e -e 3-e4-e 5

t
e6=o

-1 !3tô2+e2+e3fÊ4 re2*e3te4
T1 T2 Y3 I 2 Ê1 e2 e3 Et¡ e5 Ë5a

J

with Yr+YztY3=Y

ô1+ô2*63=$

e7 Í ë2 f e3 f e4 f E5 f E6 = 6

I' \z+6Zte2*e4+2e5

s Y¡+63+e3+e4t2e5

T".r. (()o"oo) = j! I 'iocu " k=0 L*0
.R+T

DD
p

-pB
+e ( -1)

1

, Lt (. j-k-L) t

-pBRi*L (an-eo) - e Q¿nL

FinaJ-J-y the P,Q and R functions above ane ey^pnessed. as

I ó
n

Go+o;\

Pn(o) f
2

2nrJ- e
'ox/z x dx
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(ô)
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-0x/2 nexclx

o

f"

r^ríth e t oA * ,B and 0 9r.' Þa

While most of the pneceding fonmulations have appea:red

previously Ín the litenatune, we felt it wonthwhile to collate the

exteemely elegant analysis of Fraga [44'45], nelatíng openator fonm

(thnough the e>çonents dr rßr etc) to C-ñ¡nction pa:rameters' with the

equally elegant wo:rk of Klimenko and Dyatkína [46J in ovencorning the

convergence difficulties whí"ch have plagued C-functions since thei:r

inceptíon by Ruedenbe:rg and co-wonkens [aI] almost a decade earlien.

In the fonm above, the C-fi¡nctions pnovíde a generlal scheme fon most

one-el-ectron opellato:ts, and funthell, one that is ideally set up fon

automatic digital p:rocessing.

As weIl, the F:raga-t5rpe analysis may be extended to the

two-efectnon nepulsion integfals to give a ¡none g€,nerâ^J- fo::mulation

than that descn-ibed by K-imenko and D5ratkina, and ea:rlÍer, by

Ruedenbeng et al.

'x¿xå I x¡xåt = w.4.w,. | (n +r'o+r): (ur+t'r+r)t u^/%*r'

tNr% | ur,url 6Mo"M,
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(l+t n+t 1-t
r_l

2 ç-cl
ffitf(zn)l (2nt)tl

N = n+nt -1

The fonn of the basic change distnibutíons ar¡d coeffLcíents a* a:re

convenientS-y taken fnom Tab1e tr of nef,. 46.

Ït

[NrM¿lururl = KasEø "(-2p, 6-2q,e

^+2p, 
B+2q

(oo"o"¡,ou\I I c.cuuÐclpq
(2LB+r)

I

(zQt (21Ðl
Kaa

LAt LBI (NB+LB+I)l t(t¿-M¿)l (L¿+M4)l (I,B-MB)l (i,r+ur)!lã

4 å(ç + r')

c- as pr:eviously, using L,¡ l'l in place of L, m"p

PA = o' p* 2ÇAR, ÇaR98=2

À

And, to completely detail the fi::rthelr expansÍon into C-functions,

- -2L¿., ß=Nr-Lr, \=LA-lM.4l, ô=LB lMBl , "=lurl= lMBl

Yôe
Àß

I (oo"ort"or) = (z¡)
-L. ^ 

N'+L'-u' 
t.ïå" Go"ou) -L ou*rzvimcl:)'f 

(o)',out)
tro

p.ä - pa

u
2pB

u I/ml fo:r 01m12¡"

rlml - (l¡-t )!/[(u+l+r)l |n-zt'-]-) !] fon 2L+l < /n { N+L
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Apant frlom the pr:actical effont ín p:rognammíng the pnocedu:res

above fon genenal evaluation of one-electr.on êrrd two-eiectnon coulomb

integralszt, out- contribution l-ies with the PrQ and R f-unctíons, whfch,

in the f,o:nm given by Klimenko and Dyatkina, are numerÍcally unstable

oven aLl but a fainly confined nange of the anguments 0 and 0. lIe

have investigated thís pnoblem for. n Ín the nange -8 and 18 (sufficient

up to 3d atomic orbitals), and 0, $ in the renge 0 to +_100. The methods

outlined below are the fastest we could fÍnd [a8], consistent with an

error? not g::eate:e than L ín the l1th decimal figune, 3 less than the

maximum fo:: the 48 binary bit coefficíent of the single precision

CDC6400 wo::d"

-0P (0)n' n)0 A11e Forwa:rd reculf,nence fuom Po(0) = e 0

-e-Q (e +Pn-

n < 0 0<0<lr -l
(0) = E (-e)

't

I

I
Pn I)

Forv¡and necurnence frrom P

æ

EiGo) = y + Lno + I_ (-o)P/p.pt
P=L

y = E'.r.le::fs constant = 0.5772I56Gr+9....

P = rL (ePn-L n
-0e

1

)

9Ìtt - Back recurrence f,non Pn(e) 
"bn = Min(n )l

P
m
(0) by continued fnaction = e-0 m l- m-I

I -e

( 1
õ:

¿

F )

P =Qn
(nP +e )n- I

¡t These noutines ane available as QCPE # 131 [B+].

l"+ e- 1+
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%(e) n>o aLl e Fo:rwe¡rd lecumence firom Qr(0) = O

I

I
Qn 'Qn-to

n < O all 0 - Dyatkina form¡Ia

%(e) {t+Lnï

Gn-Ð! (-0)n+pt-L

_-_l(:8)'"
1-tt. ¡) !

-n-2
+ I (r+n+fil_ )]p!

P=o

R?(O) n t O 0'80 - Rr(o) = Q,r(o) (c.f. Qn(o), t4'o; e{+s)

94ô<40 and -40<ô{-B Fonward

recunnence firom Ro( 0) = 0 (r -ó

t -0
Rn ô hR --e. flL.L )

-8<ô<9, ô / O Back r.ecr.¡rnence fuom

R"(0) [m = Max.(ø)l

I
)

Rm( 0)
I"p-1n+

i
-0

ú
p!

-IR=nn-t ( 0Rz +e )

1

ô = o R-(o)
rL

(n+I)-



s6,

Rh(Ù) tt t o 0>l+o Rte(0) = Qrr(O) (c.f. q(e)v n<o¡ 0-0)

240<40 $ratkina fo¡muLa

-( -ó)-2-lR?(0) = (-n-t¡¡ {^r + hlql-urt-O)

t
(-n-rI-n'2+I

P=o

Hprr
(1 +

P

+e-0 (-n-p-2)t, (-ó)n+p*l )1]

E¿(0) by continued tuactíon = -"-0t¡*+#f É..,

n 1 o -2<þ<2 0

æ

T

lo

Rón' çÐP /B!@tp+l¡
F-n

0=o &-(o) = g
IL

-40<ó<-2

Ser"íes erçansionn as above fo:r -2<0<2ris stable

but sJ.ovrly convergent as lO I incneases. In thi.s

range of 0, % i" stableo as ís Pnto fonward

necurnence, but not backwards. We genenate

Rm(0) , lm = ¡lin(n)I, thnoug-h seníes ex¡ransíon,

fsltovred Uv %(0) fon all n<o. Fnom Pn(Ô) = Qn(0)

- Rr({¡, fonward necu¡nence gíves alt P-ftrrctions in

the desined nange by a stable method. Indívidual
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Rtx(Ô) n < o are forned fnom the difference of the

corresponding P and Q fi¡nctions. Despite its

apparent complexity, this appnoach is considenably

fasten tha¡¡ ser"ies e)q)ansion fon each n.

0<-40

Rz(0) = -Pfl(ô) (c.f. Pr,(0)' 0'4; eê0)

Sever.al possibilities exist fon incneasing computatíonaL

efficiency, pníncipally by extemal pnojection of fi¡nctions likely

to be encorxrtened fuequently within ¿ur indivÍduaL integnal-. Most

obvÍous ane the .Il" frrrr.tions, which involve a conplex suunationlls

best penfonmed external to the entine integnal evaLuation pnocedtrne.

Since the pa:rametens ane determined sole1y by the participant

o:rbÍtal quantwn nurnbens, we have found it convenient to enten the

range of a-fi¡rctÍons into a data annay, from which they may be

neferenced as nequíned. Ttre complete list of L229 uníque firnctions,

sufficient to evaluate aLl one ar¡d two-electnon integ:'a,l-s over

or.bítals up to d-type, d.oes not ovenly stnain core storage

allocations du:ring execution.

As well, we have chosen ín oun programs to fonn the annays

of P, Q and R fi¡¡lctions at the earliest possible stage, í.e. when

a1l parametens and maxima and minima of the ranges have been

detenmined, By thÍs pnocedu:ne, integ:ral evaluation consists
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essentiall-y of manipulating pne-calculated auxiliary functions t

(P, Q, *, ul:", exponentiars and factonials), thus eriminatíng

reÞetítion of the rheai,ryr calculatjons, although possíbly intnoducing

a few ::ed.undancies by way of unwanted tonce-onlyr function genenation.

Never.theless, the advantages fa:: outweigh minon side effects of that

nature.

b. Tna¡rsforrnation to the moleculan axis system of all integnals

evaluated in þectangula:r diatomic coondinates is accomplished by

Btandard notatior¡ matnices:'t. Thnee-centne nuclean attnactic.n integnals

we evaluate dinectly in the moleculclr axis system by the Gaussian

transfo::rn pr.ocedune [50r51], adapted fnom a gene:ral in'Eegnal

evalua:Lion progran disseminated th:rough QCPE[521. The avenage tiníng

of 200-300 msec pe:r integnal- constj.tutes the wo:rst bottl-eneck

encourtered ín the SNE methocl; fon lang.rn molecules, of the onden of

pynnole and pynidíne, the majon pnocessing effont is expended Ín

evaluating these nucl-ea¡ attnaction integ::a1s. By cont:rast, the

C-function route to ti^¡o*electron coul-omb nepulsion ínteg:rals has

proven highly efficient, aver.aging at 6-8 msec each, inclucling the

tnarrsfo:rmation to rnclecular axes.

Fon integrals over- other. one-electron oPelaators r except

dipole length whene the C-fr:nction appnoach was employed, we have

Using a tr{o-angl-e notatíon suggested by F. Bu¡den [49].
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continuedwiththeGaussianbrarrsfor'rnmethod'Itwar¡wÍththese

atomicintegnalsthattheone-electronP)loPertye4)ectationvalues

recorded in the next chapter we:le obtained'
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III. APPTICATTON OF THE SIMULATED NON .EMPTRICAL SCTIEI4E

III.T PRETIM]NARY CONSIDERATIONS TO ORSITAL EXPONENT OPTIMISATION

In view of the pnoblems likely to be encountered in exponent

optímisatÌon to one-efectnon ProPenties, we have concentnated mo:re on

extensive calculations on a very few nolecula:r systems, nather than

the nevense. some 11300 wavefunctions !Ùere genenated fon the mofecules

waten, ammonia and fonmaldehyde, üd, of that nunben, appnoximately

10oo wene fr.urthen contÍnued to the calculatíon of one-electnon

pnopenties.

The one-elecþon pnopenties we:re¿t:

Dipol.e moment

Diagonal components of the molecular quad:rupole tensor

uo

Components of diamagnetlc susceptibílitY

ud(A) (n)
NNA

<v lI r" .] o lvo,o0lz
N

e (e) = r Lr ^r 
i3(fu/)" - *rol - å.v"ll leþ¿lzo - "î.¿llvo,

y\* = - (e2iv/4mc2) *ü"ll Lk¿o\" - $ofifillvo'
dd1,

¡'c See nefe:rence 73 fon an excellent listing'
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Avergge dlamagnetic susceptibil{ty

Avenage dianametic shie]-dine

*L = (-e2l/2¡q2) <vo I nf;olvo,

olu <o', = (e2/emet) .úolI. 
"o)|v",

Hene, the summations are ove:r nuclei, lV, and electronsri,

with (R r)o and Gil.)o the components along the Cantesian axis

a (= X, I on Z) connecting the nucJ.eus a¡rd elecbrons to the nefe:rence

point, A. ã,o is the nuclea:r eharge on a'tom /V, and úo is the gnound

state wavefi¡rction" The reference point, A, diffens for each

openaton. Fon the dipole moment, the nett expectatÍon vaLue is

independent of onígin, and we have arbitnarily selected the finst

now atom of l-east atomic numben (O in H20, N in NH3, C in H2C0).

MoLecula:r quadnupole moments ane onígin dependent íf the

system possesses a permanent dípole moment, as occuns in aJ.l thnee

molecules considened hene. The conventional choíce of neference

point is then the cent:re of nuclear mass, and. all quadnupole moments

and diamagnetic susceptibiLities have been calcul,sted fnom this

onígin. Fínally, the chemical shíelding at nucleus A must obviously

be estimated with A as neference point.

Three operator types need to be consi.de::ed fon the one-

electnon pnope:rties above; they ane (n¿O)o, (n r)3 *U (o¿f-l .
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All atomic integrals oven these oper:atons were evaluated by exact

methods, (c.f. Section lI.3) Írnespective of appnoximations employed

in the gener.ation of panent wavefunctions.

!Íithin the SNE app::oximation, vanious pnocedr.ures with

nespect to co:re integnal evaluatÍon and basis set sÍze may be followed.

lüe have distinguished pnocedu,nes in which 3-centne nucLear attnaction

integnals a:re forrned by Ruerienbeng appnoximation (Vension 1), and by

exact calculation (Ve::sion 2), in each of minimal, (¡q), and valence,

(V), basis sets. Thr,rs oun four. pr:ocedu::es, in obvious notation, we

labe1 Ml, M2o Vl and V2.

the numben of Índ-ividual calculati.ons nequined fon the

optinrisation pr.ocedune depends on two facto¡'s. Finst1y, the nelation-

ships between one-electron propenty e4>ectation var'ues and onbítal

exponents ¡nust be established fon each or"bital in the basis. Fon

graphical methods, a minimum of 3 pointsu and pnefenably 4, shor:ld be

suffícient to inter"polate and./on exh:apolate wi-bh neasonable accuracy.

secondl-y, dímensionarity will obviously be dependent o:r the ni¡'.ùer of

or"bitaLs withÍn which vania'iion of onbital exponen'L' values is all-ov¡ed"

Thus, a system cha.nacterised by n :'.ndependent exponent var.iations

entail-s a ninímrmr of 3n inclividua.l calculations, equivalent to an

n-dimensional grid containing 3 nodal points pen axis. Arthough ther:e

need be no nestrictions on varue inter:vals along any pa:rticulan axis

of exponent vaniatíon, we have adhe::ed to negula.c decímaL incnements

as the sÍmplest procedur:e.
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In the case of the waten and a¡mnonia systems, g:rid

clinensionai-ity was feduced. to va:niation of valence atomic OrbÍta-l

exponents only; inne:: shel-l oxygen and nitnogen ls exponents wene

maintained at, :respectÍve1y, 7.66 and 6.7 thnoughout. Fi:¡st row

atom 2s and 2p etq)onents we:re each pe::mitted 4 values n and the hydrogen

ls orbital, 6 values, thus cha::actenis:ing the final grid as 3-dÍmension-

al, with 96 nodal points. TrIe used this same grid stnucture in each

of the for::r' pnocedunes M, If2 , Vl and V2 fo:r both molecules .

Fo::rnaldehyde was treated rrather mone hanshl-y n in that all

Is o:rbital exponents, including that on H, we::e lfnozenr fo:l the grid

calculatjons, while the 2s and 2p e>çonents were each allowed only

3 values. Even so, the e4ronent gnid is 4-dimensíona1 with 81 nodal

points, and, with a basis set nea::I¡r twice the size of the H20 and

NH3 mclecules, we confined oun investigations solely to the M2

p:rccedune.

IIT. 2 ORBTTAT EXPONENT OPTIMISAT]ON TO ONE-EIËCTRON PROPERTIES

Tn this section, we descnibe or::: calculations on H20' NH3

and H2CO thr.ough to the actual determination of onbÍta1 exponents,

optimised to neproducez as fan as possible, experimental data fon the

vanious one-eLectnon pnopenties. ^{tthough the g:reaten part of otm

computational effont was expended at thís stage, the gnid calcuLations

a¡le r.elevarìt only insofa:r as they pnOvided the numbe:rs fnom which

pnelfminary expectation value-o:rbital ex¡ronent :relationships could be
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established. ÌIe therefol.e tneat them rathen sketahily. In pa:rticulan¡

the oper:ational detaiLs of the optimisation process need be descníbed

but ohce, since the same baslc pattetn of refLnement wag a common

featur:e thnoughout.

Fina-Ily, the onbitat exponents deterrnined as optÍrnum in

each pnocedrr:re are exarnined for- theín clonsístency in nepnoduction of

e>4lenimental one"-electrron p::ope::ty values. lle clefen, discussion

beyond the gross crle-elect:ron prope::ties J-evel to Section IIf ,3, whe:re

the optimised wavefirnctions er.e examÍnecl in ter'¡ns of total ener6r,

ionisation potentials, and electr'on density dístnibution.

III.2,A H20 - Mt

Cal-culated one-electron pnoperties ove:r the MI gnid ane

listed in the finst corumn of Tabre TrÍ.2.1 as maxima and rninima of

the cornplete range. ft is unfor:tunate that space consídenations limit

talulation to thís form, because the dist:ríbution of values wÍthin

the e:<ü:ema has some bean ing on the angument which follows.

Although the calculated multipole moments and diamagnetic

shieldings are spnead well beyond the expe:rimental lirnits (i,as'¡ colrr,n.r) u

this is not true for diamagnetíc suscep-Libility eonrponents. In

pa:rticulan the mininum calcuLatecl val'rúe fon x!,.,, -I5.44x10-6erg G-2
aa

mole-l falls only just below the lowen e:<per.imental Limit of

-15.22x10-6er8 G-2 mote-1. Vlhile other susceptibility components show

greaten deviations in their calculated val-ues, their distnibutÍon
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Table ITI .2.I" '' E:çonents and Expectotion Val-ue V'a'riation in Grl-d-

Calculations - H2-C

tx?

Min" Max

¡;2s(o),ç2p(o)

e rs (n)

u (pebyes)

A
xx

(Buckinglia¡rs )

0"
7,2

*l* ( " 1-o-6

u"g d2 tol-"-l)

.rd (x :lo-6,TY

utg G-g *otu-1)

yd- ( x ro-6"zz

"rg G'2 *o1e-1)

.,,d ( x ro-6
^av '

""g o-2 m-1u-1)

oL,'{o) (ppm)

oL,iu) (pp*)

yve

-2.55 0 ,17

6l+ 2"7o

16 0.h0

-19 . 58 -11+.57

-r-5.I+h -É.1+5

*rT 
" T5 -l-2 . BT

-r7 .56 -L2.97

hor " 
l+ \rB. B

LOo .l+ 106 .9

2.O

1^

o.h0

ô?

lq

3. 15

-3.30 -L.rz

1" h0 3 "3'

i,l+ 0 .18

-$ .r5 -13. Bo

-13.18 .-1-1.16

-:t+.26 -L2.39

-1b.16 ^:r2.\7

l+ro.o )+2r.4

gT .2 l-Oh.6

2.O

t_" 0

z,zlt

^aë.. J

1-.5

h "65

qæe
l'{1n Max

[Í1
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Ex¡ronent and. E:çectation Value VariatÍon in Grid.
Caleulations - ltzO(a)

Table fII.2. 1.
Cont

(")

(¡)
(c)
(a)

Atom coordinates (a.r) - o(oror0), Hl(0,t.hSr5¡, L.1o9h1),
H2(0,-1" bsr53, 1. t-09h1)

Ref. 53

Calcul-ated from data ín Refs. 5\r55
Refs. 56,i7

L.83

-2,57

o.9T

o.06

1.8?(b )

-r.39(e)

a.15(c)

o.78( c )

.-l-8.01- -13.55 (c )

-t5.22 -ro.?6(e)

-16. &+ -re.61+( c)

*16. )+c -rz.6o( c )

100.8 103.2( d)

2.O

1"0

0 .30

-2.59

0. l+0

-.03

2,3

r.5
2 .80

-.73

2.62

0. 32

-r-?. h9 -t-l+. 5o

-13.9h 11 2t

-$ .66 -u.98

-15. )+8

l+03.7

99.0

*I2.92

hrl.6

t_08 " 0

2,O

1.0

0, óg

-2,)+2

-,26

-.10

2.3

1.5

2.53

-cÁ

2.52

o. h2

-18.06 -lh.68

-lh.TO -11. 3t_

-16.58 -ra.98

-"16.45

\oo"T

100.1

-r2.99

\r¡. s

108.2

res(o),rep(o)
çrs (u)

u (oe¡yes)

0xx
(Buekingharns )

ett
try

0"
'¿z

"d (* ro-6'.xx
^rergS-mole*)

ud (* ro-6']ry-

urg G-"2 nolu*l)

xl,, (* to-6

-D -1.ergG-mole*)

xl" (x 10-6

-9 -1.ergçG-rno1e-)

"]"lo ) (pp*)

ol..,r{n) (pp*)

V1 Y2 Eræt.

Min Max Min Malc Ì,fin 
" Ma*

Tfpe
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within the extnema appr?oximates a Gaussian shape, wíth the consequence

that many mo:re values fall within the expenimental l"imits than is

índicated by oun method of tabulation. Thenefone, diamagnetic

susceptibilities are pnactícalJ-y usel-ess as optim;isation cniteria,

r+hich thereby suffer" a drop in nunben fnom 9 to 5. One funthen is

eliminateô as a nesult of línear dependence among the components of

the moleculan quad::upole tënsor, fon, bV definitÍon, 0r*= -(eror+O*).

As we shal1 subsequently elucidate, such a dnamatic reduction ín the

nrxnben of effective critenía has a pnofound effect on the selectÍvíty

of the optirni-sation p::ocedune"

Fo:r the following descniption of openational detail-s in

the optimisation process, we l:ave seLected the quadnupole moment

cornponent " EAlle as a repnesentative example. Fig. III "2"I.a clepicts

the interpolated plot of UAA u" 02s ex¡ronnnt at va:rious nodal points

in the plane of 02p and llls vaniation. (Þpen and lowen linits to the

expenÍmental val.ue ane shown as solid honízontal lines. In Fig.

III"2.f.b, we have C,isplayed the liníts of 02s and 02p exponent

vaniatÍon (at each valrre intenval ín the Hls exponent) r,qhe:rein

calcul-ated values o, ,AA lie within the e>q>e:rínental bor:nds. The

límits wer:e obtained f::om Fig, IIL.2.f.a (a¡rd a complenren'tany plot of

0.,,, us 02p e>çonent, at nodal points ín the 02s - HIs plane) bv
uu

inter-nolation ar¡d exb:apolation to the uppen and lowe:: ex¡renimental

bounds. Fon instance, an intepsection vrith the lowe:l bound occurs

at gnid coordinate (O2s = 2,I1" 02p = 2.3, tlls = 1.3). the inter-
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sectíon coordinates ïrene then laíd out in the 02s-02p e>ponent plane,

at each llls e:iponent value, as shown. These pJ-ots may be visualised

as a 3-D nepnesentation by stacking one on top of the other at the

proper4 íntenvals. The broadness of the bounded areas ín Fig. III.2.1.b

ane typical of those p:rope::ties which exhibit lange expenimental

exlror limitsg in view of thÍs cotnplicating facto:ro we did not attempt

to ::efine HIs exponent values beyond the decimáI íntervaLs of the

oniginal g:rid axÍs.

It is obvious -Ehat the optinised exponent negion ís that

common to all such bounded a:reas when the above plrocess has been

applied to all othen one-el-ectron plrope::tíes u and the nesults supen-

Ímposed. In thÍs pa.nticular example, a common overlap area r^ras

manifest only in the supenposition at Hls exponent 1.2, and we have

depicted the end-r'esul-t in Fig. lII .2.1. c. Fu::thenmorer we Ígnoned

complete-l.y the smaLl e:çe::inrental erro:: in dipoJ-e moment, so that the

optimísed e>çonents wer:e finally determined aLong the locus of U.

Had we ac<-rounted this err.o:r, the negion of optimised

exponents would have finalised as a nar"now planan stnip. Note also

that or¡r sunmary nestniction on HLs vaniation ignores completely the

extr:a dímension availabLe to the optímised êxpoÍÌ'ùrt :region.

F-ig. III.2.I.c is illustnative of the pseudo-linear

dependence whích appeans to be a common featune of this particulan

set of one-electron opellatorss despite individual differences in

direction, onigin ancl exponent. Apar-t fnom a pu:rely displacement
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term, fi:nctional dependence on orbital e>çonents is close to identical

Ín every case, as evinced by the neanly panal.lel bor:r¡danies.

Repnesentative combinations of optímised exponents are

listed in Table III.2,2, togethen with cafculated one-electron

p:rope::ties. Smatl depantunes in the calculated diþo1e moments fnom

the expenimental val,le of 1"85D e.ne cìtre to mínor inte::polatlon e:¡roí's

duning the optinisation Processr and should be discounted. It is

notewonthy that the total var"iation in othen calculated one-electnon

propentíes are considerably less than the ranges of expenimental

errors. Fo:: example, the experimentaL nange of UAA is appnoximately

2 orders of magnitude gnea.ten than the total span of calculated

values. It ís appar.ent that str.atification ín expectation values is

a fu:'then facet of pseudo-linean dependence among one-efectnon

openatons.

The e>qponent values deserve fu:lther cornment. It woul-d

appear that one-e1ecüron pnopenties alle noti, panticula:r'ly sensitive to

the 02s exponent, but penrnit only vepy small,,vaniations in 02p value.

The rnedian of 02p combínationsn at 2.O25ris closer. to tÏre Br¡¡ns vafue

of 1.975 [74j than to eithen of the Slater [75] or Clernenti [76]

exponents, nespectively 2.275 ar¡d 2.2I2. By cc.";a:rison, Aung, Pitzen

and Chan [57] nepont an enenry-oPtimised value of 2,21 fon the 02p

exponent; however, quadrupofe moments caLculated wÍth thein ab í.nitùo

wavefi:nction wane r:r¡satisfactory.
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Table T'IT"2"2. HzO-One-electronProperbíesandoptínrisedEx¡lonentsln
the lrltL and l'f2 Sets.
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Table ITI.2"2 (Con'b' a)
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III.2"B H2O - 112

In qualitative cfapects, this set1l'es of g:rid calcuLations

ha:rdly dif,fen from those pnevíously descnibed. Extnema of calculated

one-electron puoperty expectatíon vaLues fall closen to the ex¡re::imental

range s and in tire case of diainagnetÍc susceptibílities, ovenlap is

almost complete (fa¡le III.2.I-). It is notewol'thg that the calculated

ranges ar:e displaced fuom those in the Ml se:ríes, a difference that

is neflected in the values of optimísed exponents and attendant one'-

elect;:ron pnope::ties in T.rbl-e III.2.2.

Exponent optimisation p:roved less successfui, in this

instance, d.tte to ot[" inability -i:cl locate an a]lea of expenimental

agreêment colnmon to all one-electilon Pllopenties ' at any Hls exponent

ín'i:erval. Accordingly, the dipole moment was sacrificed to -l-09¿ elrnol?

ín orden to achieve agneement wÍth other expe:rimental values.

Appaz.ently ther"e is instr,fficient fIeru'-bility 'rithin the basis set

ancl appr.oximations to acconrnodate coilP1ete natching.

Among the one-electz'on openato::s, pseudo-l-inean dependence

ís again evident in the individual- e>çectatj-on values, fon they show

very little ovenall- va::íation relative to the span of expeniinental-

ernou. It is significant that nolecular, quadnupole moments and

dianagnetic suscepti-bilities are consíd.enab1y different firom those

calculated in the Ml set. The mag¡ritude of the al:solute vaniations

in each (*f.f Buckinghams in 0¡ -l'Beng G-'2 mole i in x) sterno in

the f.irst instance, fi:om a fainly constant clifference of 0.35 in the



optimised 02p e>çonentse but, in neatity' this is no mo::e than a

:reflection of mo:re subtle diffenences between ve:rsion l and vension 2'

Ït r¿ould aPpea]] thenefo:re, tlrat app::oximation of nuclea:r att¿.action

integnals has a profor:nd effect on the :resultant wavefi¡nction in a

minimaL basis.

Aspneviorrslyobse:sred're:çectationvåluesa¡renotgreatly

dependentonthe02sexponent,butnenraínhighlySensltiveto02p

values.Inthisinstancegtheneisatendencytogl]ouPatasÓmewhat

lrighen leve1 ,2.32 to 2'40, than the Slater exponent' (2'275)'

IIr.2.c H20 - Vl

Itshouldbeemphasízed'thatounvalencebasesdiffer.f:rom

the preceding mini¡naI bases not only by collapse of the o:<ygen K-shell-

into tlie atomic nucleus, but also in the forn of the valence 2s

orbitat.ÏrrthisresPe.]t,the2sfirrrctíonlrasJreenchosento

cola?espond to a C}ilÐ.type vn.lence o::bital in its nodeless non-Schmidt

o::thogc..:na1ísed cha::acte:r. Propen inva:ría¡ce to Rued'enber"g approxirnation

wirr be maintained in the .:bsence of expricit consid.enat-ion of the

o><yg€n innen-shell Is o::bitaf '

One-el-ectron Propertt exPectation values calculated oven

theexponentgrid'co]]nesPondquitecloselytotheextnemaobse::vedin

the tvrr se::ies. fn most instances, the ranges are morle contnacted''

arrdweta]<ethisasani.ndicationthatthe.:,alencebasisaffo:rds
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Table IïI.2.3 HzO - g¡s*slectron Propertfes and' Optinised E:qronents ín

the \rl. and. V2 Sets.

u

e

r"Bz -1" B1
1. Bl-
0.00

1. 82 -r.82.
L.82
0 .00

r-.83

d.
Xtt

d
AV
d

A'lr

"'L6.67 *r, ,29 )+o

*.13.93 10

-r5.28

-r-6.68 -15.31- l+or

-ß.96 :-:oz

-15 .30

A
XX

0
YT

d
x--"-Àrr

d.

\nr
d.

X,,

ñ

o

(o)

(n)

r_.9
à.o

B

0

1

1.

l+Oh

l-03
.-16.00
-1.3. 3B

-L\.6205

-t_
1

-t_
2

85 -15 .98 -11+ .63
g0 -f.3.32
05 .-1h.58

hol+. z
103. 2

1" 83
o?
BB

L. 83 -t.92
_.05

1. B2

-r\.6t

.-t.6 .oz -rh . T1 \03.7
-l_\.67

0
2

96 -16.05 -tt+,76
00 -"1_3.51
oh -1h.?3

l+os. l+

r.03.0

2.00 2.or 1,20
(vr)

2.0L 2.00 1.20
(v1)

2.02 2.06 1.30
(vl)

2.01+ e.o\ t-.30
(vr)

2.06 2.02 1.30
(vr)

2.08 2.00 1.30
(vr)

02s 02p Tll,s

Exponents



Table III.2.3" (Contla)

a
av
d

77

(o)

(u)

d.
Exponents u 0xx

e

d
OZs 02p Hls qYzz '-zz

"av

-r:6 .zz -rl+. T5

-r3,2\
-rl+, tB

-16 . r\ -r\. ?lr
*1.3.30
-rl+. ?B

-:-:6.og -:'t+.16
-.1_3.39

-r\. Br

pB -L6.08 -rb.8r
B? -13"h8
r-l- .-rl+. 86

¿i dXxx
d.

\.v o

2 .00 2 "17 1. 10
qvz )

2.05 2 "t2 1..l-0
1ve )

2 .10 2 ,oT 1.1-0
(ve)

?-.r5 2.03 l-.1-0
(va)

r.83 -r"6\
L"57
0 .07

r. Bl+ --1..77
r.6B
0.09

r" 86 -1.9c)
r. Bo
0. l-c)

r" BL

av

t+oT.6
ror. \

\07.1
IÇiL.2

l+06 .6
1_O1_.0

.-l_.
1.
0"

_l_5. 83
-L2.99
-rh. l+e

*1.7h
1. T1
0. 03

2

9

l+06

100

)+0?

LO2

l+

l+
z.oo z.t6 1.20

(va )

2.O' 2 .L2 1.20
(vz)

-15 "80 -il+.he \07.r
-13.03 102.3
-rl+. hl+

r. 86

1-. 82 -r" 8r
r.76
0.05

-r\. ¡+e



'iB

Table III.2.3. (Contra.)
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greatelr stability in the calculation of ono-electron proPenties, at

least within Version 1. This pnenr,ise is suPpolrted by the optímised

exponent values of Table III.2.3, whene the addítional fireedom

allowed Ín the Hls exponen't is neflected in the nange of vaLues 1'2

to L.3. convensely, thelle would. aPpeall to be less l-atitude in the

choíce of 02s exponeht, since the span thene is 2.02 to 2.08, while

the 02p exponent optinises once molle over a very narrow range.

The effect of a decimal increment in the hydr:ogen e}Ponênt

is most appa:rent in the expectation values for chernicaL shielding'

where a jump fi:om 102.0 to 103.2 Ppm may be obse:rved. Less dnamatic

is the ínc::easè of -0"6 x 10-6eng G-2 mole-I in díamagnetic

susceptibilities u but still in excess of the total span at constant

HIs exponent. The situation with regar'd to moLecula:l quadrupole

monent is not as wél-I-üefined, ând it would apPean that this propenty'

at least, remains nelatively insensitive to exPonent changes, pnovided

that the dipote moment is unaffected.

In compan,ison wÍth the Ml nesults at Hls exponent 1.2'

narked diffe::ences occun ir: the molecufan quadrupole moment, with VI

values consistentLy g::eate:: in absol-ute magnitude by -0'3 Buckinghams'

Of ttre diamagnetic susceptibility components, brrth Xf;* arra X-f, "f.ot

gfeater deviations between tire two sets than within each set. In

view of the similarity in o:rbitaL elQonents, (e.g. MI-2.0r 2.05r I.20

Us V7-2.Or 2.10, 1.20) we must attnibute these discrepancies enti::ely

to omission of the innen shell 01s fr¡nction, and attendant no'deless

-(.
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2s o::bital in the Vl basis.

III.2.D H20 * V2

Exarninatiorl 0f the èxtretnä trísted í¡l Table LLt,2;1 reveals

that gri<l catcufations perfo,med with the Vension 2 vafence basis

classify less neaclily than those pneviously desqríbed' wheneas both

o::bital bases in Ver.sion J- pnoduce comparabte gnoupings in one-electnon

pnopenties, olltl v2 ::esults occuPy an íntenmediate positÍon, biased

more towar.ds the vr set nather tharr M2. Calculated dipole moments

constitute the most sü:iking example, wheneín the minimum v2 val-ue of

0.30D ís to be compa:.ed with 2.24D in I'12, and 0.090 in vl' Ðiamagnetic

susceptibilities, alsoe a.re incl-ined to fall between the two sets'

As obsenved with the Vl se:ries, hydnogen Ls orbital e>çonents

opt.imise over an e>rtended range (t.l to I.g), but it Ís apparent, a1so,

that consider-able latitud,e erists for the 02s and o2p onbÍtals whene

the exponents span, ::espectively ' 2 ' OO to 2 "l-5 and 2 '03 to 2 'L7

(ra¡te III.2"3). once upne, the effects of va¡riation ín the hydrogen

orbital exponent a¡ne most rna:rked in chemÍca-l shieldj-ng values ' with an

incnease of -lppm irr ojr{H); diamagnetíc susceptibilities show only a

small dectrease in absolute value, while var'iations ín molecula:l

quadrupole mom ent aï]e quite minor" in ag::eement with vI behaviou:r'

Ïtisincomparisonwithexpectationvaluesfontheminimal

basis wavefirnctions in version 2 that the v2 set depa:rts fuom the
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unifonmity exhÍi:ited by the Version I results. Ihe dipole moment

ennoll ín the M2 expectation values was A matter of necessity, and we

discount the diffelrence the:re between Yl2 and V2. Iloweven, substantíal

cliffer"ences arae evident in othen p:ropertiesr e.8. À0*, = L1r, = o.35

å
in quadrupole moments, and OrZ, " 0'? i.s nep:resentative fo:: diamagnetic

susceptibi-tities. Undoubtedly, the CLffe::ences above stem fnom an

expanded 02p <iistr"ibution in the V2 set, nelatÍve to l'12; I^Ie cannot

q:edít such behavior:r simply to the absence of an olthogortalieing

node in the 2s function.

III.2.E Hz}- ASummany

The:re can be no doubt that the calculations on H20 wene

succêssful in the stated objective of defining a set of orbital

exponents r^¡hich adeclua-Eely repnoduce expez.imental v.elues of one-

electr.on p::oper:ties. If arrythíng, thÍs phase of the pnoject pnoved

too successful, ín tlrat the veny ubiquity of optimuur exponent

coinbÍnati(ns prevented rlefinition of an tabsolutely bestr unique set.

Mrile such a t faÍlur:e | ís it'relevant ín the contex'c of this work ,

futr:::e application of the SNtì pi:incipJ-e to mor:e complex molecules

wÍl1 undoubtedly depend on the stlccessful tz'ansfe:r of e:iponei:t

combínations establ.ished by pilot ca-lculationse such as thesee on

srnaLlen systems. Unless unique exponent values are then avai-labIe,

there can be l-ittle hope of efficient penfonrnance. Unfontunatelyt

o:rbital exponents obtained fnom puneJ-y atomic calculations are not
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dinectly extensibl-e to moleculan systema o simply bacause the sNL

app:roxímation ::educes to exact when only one centt'e is involved.

oun nesults have shown also that size of basis set, and

apÞ::oxÍrnation of th::ee-centre nuc.Iean attraction integfals have a

dir.ect bearing on relative rnagnitudes of calculated otre*electnon

pxoperties ar¡cl, perfonce, on optimisel. exponent values. In qualitative

aspects, all foun pirocedunes aPpeäll molre sensitiVe to the o>q¡gen 2p

exponent than 'Lo either. of 2s o:r hVdrogen ls values, but the :ranges

establisired by optimisation differ in each case'

irlhile we find the I'i2 p::ocedure intuitively the tnost appeal-

ing, inconpo::atirrg a.; ít <Ioes a full hasis set and appnoxirnation only

in electnon nepulsion integrals, i-t was, penhaps r a little less

suc.cessful than the other" nethocls in its abil-ity to con:rectly nep::oduce

the coinplete range c¡:F one*e1ect::on properties.

Neglect of the oxygen inner. shell in ve::sion 2 has a g::eater"

effect than occu¡s in ¡/ensiolr 1, lrhene Ml ancl Vl wene in fain agnee-

ment- with r:espect to e:iponents ancl er"pectation values. llhy there

should be such a discr"epa;rc¡r betweerr M2 and V2 is not altogethet'clean,

since the majon d-i-ffenence líes ultímatefy in the numl¡elr of terme

within the Ruedenberg expansion of bícentric orbiLal pnoducts - ovelr-

1ap integr:al-s and motio-centric coglomb distnibutions ínvolving the

01s or.bital ane absent in a valence basi-s, On theonetical gi:ounds '

appnoxirnations should be less with Iar:gen basis se'ts, but it is
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Possiblethator::rbasesar,etoosmallforarryimprovementfnomthís

source, and, thenefone, both bases must be viewed with equal caution'

Wepostulatethattheunifor'rnityíntheVorsion]-valuess.temsfrom

a comPensatoÏv effect i"e. e:r:ror-s in appnoximated nepulsion inteppals

are effectively caneelled by enro:rs of simila¡r magnitude' but oppoÉite

sign, in approximated at-h:ractive potentíal's'

InsummarY,lvehaVefound.nobasÍsfonselectinganyonê

ofounfor.urprocedrr::esassuper:io:rtothenemainder:.Furrthenmone'

we conside:r Ít unlikely, in view of the pseudo-Iinea.:r dependence

complícationuthataddí.Eionalone.-electronpnope:rtieswiththesame

coarseernorsiney-oer:imenta].date.wouldenableeithensha:rpen

definítionoforbi.Ealexponents,ol.establishmentofaclear

supenío::itY in method'

Intu:rningtoÖurcalcu]ationsanammonia,wem¿r]cep::íon

emphasisthatinqualitativeaspects,theydiffe:¡butlittlefrom

oul.precedingobser:vationsonthewatenmolecule'FonthemostPallt'

a few nece,ssary numer:ical and desc:riptive alte:rations to tlre fo:re-

going would suffice to:report ¿urd srnrma:rise ou:: wo::k cn NH3' so

renat'kable ís the degree of pa:rallelism' !üe the:refore ::epont only

the essentials of the ammonia optimisation, and take the ínferences

arising therefuom as read'
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IIT.2.F NH3 - MI

one real diffe¡r,ence between the NH3 and H20 grid

cal-culations lies in the numbe:: and qualÍ.ty' of experimentally-deterrixi'ned

one-electron prope:rties. l{hereas the H20 senies 'f^Ietre chanaotenised

by a wealth of ::elatíve1y coallse expenintental measurements ' thene a'ne

only a few pnope::ties available for lrl..I3, but these, fo::tunately, a:re

kncwn to fain accuracy ( ra¡:-e rII ' 2 ' 4) '

En::o-r spread in measuned <liamagnetíc susceptibility'

-21.0 to -1g,4 x l-0 6eng 6-2- mole-I, fon exampler may be compared with
*to-6 -1

the co:rr.esponding qr,:antity fon H20o -16'4 to -12'6^eng G ¿ mole !'

Due to tjris fortuito¡-s b.ìlance <¡f availability and precision, the

actual ::efinement of exponent gnid vaLues to optinum followed the same

patter.n as p::eviously descnil¡ed in III'2'/\'

Listedinthefir'stcolumnofTaoleT,I.l-.2'4a::etheexfi:ema

of one-el-ec.tiron p!"operty expecte.tion val-ues calculated fnom g::id

wa-,¿efuäctions in the Ml app::oach. Both dípole moments (-'g+ to 2'30D)

æ:d diamagnetic shiel<iing), (sg.1 to 100.5 Pprn) show a cha:racteristic

spz,ead wel-1 'beyond th,¿ exporirnental bourds, 1.480 and 94'0 to 96'92 ppmt

respectively. Altirough this behaviour was preseut -ì-n th'e fÍ2c sei"ies '

calculated cliamagnetic susceptibitÍties in Ni'I3 exÌribit ð' definite

cont-¡.ast, fo:r they span a range sufficiently beyond expe:rirnentar

Limits to ens*:re thei:: inclusion among the effective optinrisation

critelia,



Table III.2.h.

B5

Erponents end Expee^ue,ticn Value Variation in Gritl
Calculatlons "- NH3

1.75

1"0

L. l+li

2.05

1.5

3.67

- 3,29 - 1.16

-rg.82 -16.6l+

.-22,87 -t_9.1"3

-20.82 -LT .rL

353,3

9]-.2

362.3

99.2

L.75

1.0
.31+

2.O5

),,5

2.30

- 2.76 0.TB

-.2l+.01+ -t7 .23

-28. r-3 -20. i-0

-25 .30 -L8.22

E)+e. B

93. r
360.1

1-00.5

rzs(N),e2p(t't)

e rs (u)

p (Detyes)

0

(Buctclnghans )

xl* (" 1o-6

^c _1.ergG-rnole*)

xùr, (* to-6

-D -1.erg G - rnole -)

d (x 10-6

_*2 - -l_G MOJC

x*.,

erg )

o].,,tu) (pp*)

d (H) ila
av

t¡þe
Mt_ M2

Ifin Ivlax l4in Max



s6

able III .2.1+.
Cont.

(a)

Exponent and E:çectatíon Value VariatÍon 1n Grid'
Ca-lculations - NH3(a)

å: ?ï ; :sååï:: ãäJ åy -: ?T53 ¿i :'ì ; r T : 13¿L1'1? luâu {,"-'Tì;, 0,

(u)
(e)

Ref. 58

Ref. S6

ças(tv),çrp(n)

çrs (H)

p (ceuyes)

e
zz

(Buckingha.ns )

ud (t to-6'"zz'

-2 rot"-l)

ro-6
A1

ergG-nole-)
d., -^-6x"t\* t'

-, -1.ergG-nole-)

olrr{ul (ppn)

d
xu,

erg G

ol.,,tHl

(x

-2.76 0 . 30

-àz 65 -16.89

-26 ,28 -L9.83

-23,72 -17. B9

3l+2,8 356.9

92.9 100.9

2.O5

L,5

2.L2

L.75

1-,0

-,26

-2ö "69 -r:6 "72

-zI+.68 -L9.58

-22,02 -L7.75

3t+7.7 35T.,

gz.t i.00.6

-2,96 z9

L.75

1.0

0 .13

?-.o5

1".5

2.60

-21.0 -19 .l+( c)

9r+.0 96.9G)'

r. \8(t )

Min Ma:c
tfpe v; Eryt "

Min. Mæt.

v2

Mln" Max



on

The MI set was to pnove the on$ case in which an rrrique

set of exponents was obtained, Ëurd theee ane listed in Table IfI .2.5,

togethen with attendant one-e1ect¡on pnoPerties. ft is to be noted

that opt:ì.mised exponent values for N2s and N2p o:rbitals, viz. 1.84

and 1.75, IÍe closen to the Bu:rns expone:-.ts, 1.BB and 1.65, tha.n to

eíther. of the SLate:r, 1.95 and L.95, on Clenenti valuês, 1.921 1.88.

(c.f. III.2.A). At i-.3, the hyiínogen exponënt optÌmised decimalLy

above the cor:nesponding HzO - MI vaLue.

IÏI.2G ltTH3 - M2

Extnema of grid expectaticn values Ín the M2 set (tab-te

]'].L,2.4) follow the pneviously established pattern in thein nelation-

ship to the MI set; the nanges are genenally narnol^ter' ancl dispJ-aced

in the same nannen as obsenved fo:r H20. In this instance, the

optimisation procedu:,e provecl less sel-ective, ând the fínal exponent

conrbinations span a large re.rige of vafues: 1.75 to 2.05 fon 2s

oz.bital , 2.1! to 2.03 for. 2p and f .t to I"2 foT" Hls (Table III.2.3).

l-o::tunately, tire toci of 2c and 2p eombinaticns ere vel?y nearly

ídentÍcal at both HIs exponents, and compa:rison between the two ís

panticulanly simple.

Taking the finst combination of each as examplee we can

summa::ise the changes on incneasing the HIs exponent, aS follows:

eÊã, -1.2 to -l-. +; xla, -19.4 to -18.8x10-6eng G-2 nole-Iå
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,1
x;2, -22.G to -2J-.8 x t0-6eng G-2 nore-', olr(ll)o 94'9 to 96'1 PPm'

e measg:rable effect on the quadrupoJ-e moment, theseApart fnom a mor:

a:re almoÉt identicalty the magnitude changes found fon H20 - v2' Ìle

note a fu:rther pa:ral]el ín the magnitude dec::ease of one-elect:ron

p::openties in passing from the Ml to M2 pnocedrr:res '

IÍ.1.2.t1 NH3 - VI

Ïnaqualitativesenserthe:reislittletosayaboutthls

set of calcula.tions that haS not alneady been covened in ou¡- ::eco:rd'

of the Ml senies. þlaxima and minina in the gríd calcufations

(ta¡re III.2.4) conresponcl quite closely to the MI extnemau while

optimised exponent values and attendant cne-electnon p::openties are

not significantly <lifferent (Table III.2.6). Although we have quoted

two combÍnations in the optimj.sed exponents, the limits of variation

are smafl íncleed, again in accond with the Ml se::íes, whene only a

singJ.e combinatíon was obse:rved'

'Ihis ve'r:y marked similanity bet:*een the valence and

minimal- bases affor"ds suppcnt fon ou:: contention tìrat a self-cancelling

mechanism operates in the Vension I p::oceclut'e'

IIr.2.r NH3 - V2

As previously necorded in the H20 sepies, V2 calculations

classífy as inte:rmediate between valence basis nestr.lts in ve:rsion I'
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and minimal- basis in Vensíon 2. Or¡:r V2 calculations on ammonia

pnovide no contradictÍon, fon naxima and rnínima in the quadnupole

moment¡ 12.96 to -.29 Buckinghamsr alle, if anything, cl-osen to the

V1 r:ange 2 -2.26 to 0.30 Buckingharns, than to the M2 span of -3.29 to

-1.16 Buckinghatns. So too ane dipole moment extnema' 0.L3 to 2.60 D

in NH3 - Y2, against -.26 to 2,L2 D (VI) and 1.44 to 3.67 D (M2)'

while diamagnetic susêeptíbilÍtíes and diarnagnetíc shielding occupy

a more median position.

gptímised exponents ar¡<l calculated one-electron Pnopenties

(fa¡:.e LIT..2.6) are rnor:e indícative of the disparitíes arising fnom

basis set t¡.uncation in Vension 2, especial-ly when the 142 artd Y2

r:esults ane conPaned at the common Hls exponent value of 1,2. As an

example, absolute clifferences in quadr"upole moments lrange fiom 0.36

to 0.64 Buckinghams, ac-conPanying, and almost centaínly dependent ont

a clecnease in N2p or.bital exponent of 0.13 to 0.30. Less significant

a:re small díscnepancies between M2 and V2 in cal-culated diarnagnetic

suscepti.bil.itÍes, while any va:riation ín 
"Xu 

,H) is effectiveLy

maslced by an obvious dependence on nítr.ogen orbital exponents in the

V2 set.

At HIs el:ponent 1.3, the V2 nesults may conveniently be

compa:ned, with those fi:om the Vl senies, and it is thene appa::ent that

any va:niations occr:r only on a minon scale. Hence Vension I and

Vension 2 are not considenably diffenent in a valence basis.
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III.2..I NHe - A summa:rY

I{íth the NH3 senies ' }íe have once more succeeded in

optimising onbital exponents to nepnoduce experlirnental val-ues of one-

electnon pr-openties. In two nespects , these cal-cul-ations p::oved

slight-l-r.t supeþior to the pr'evious FI20 sets.

ïn the fir"st instance, we have neconded that the or-bital

exponents nesulting fuom optimisatíon in Version 1 wene close to the

uníque set so obviously desi:rab1e (L co¡nbination in MIr 2 almost

equivalent in V1). Secondly, the finaL M2 exponents optimised ove:r

a_lt one:electr.on propenties, in contnast to the HzO - M2 set, where

círcumstarices clictatecl a dÍpole moment in er:non by 10ea. Howeven, it

ís only fain to poínt out that such 'successesr can be classÍfied as

such only with nespect to the cunnent precisíon of expe¡imental

measurernent. T'hís nese:rvatíon is panticuJ-a:rly nelevant in view of

the sfuratifÍcatior: obsenyed in individual expectation values among

the fogr pnocedur.es; the pr.ocedtr:res ::emain viable only becatrse the

gnoupings all occrr:: wi-i:hin the p::esent ez'çe::imental i-imits. It is

thenefone conceivable that any significant neduc'tion Ín tnose lÍmits

woutd invalidate every hithe::to talloweCt exponent conf:ina-tj.on wíthin

a pa::ticulan procedune. To il-lustrate this poin'u, r'edeterrnination of

the e:çenímental quadrupole moment as, say' -1.3 10.2 woulc1 invalidate

all but the M2 set fnom or::r total l-ist of optímised exponent

combinations.
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SomecommentshoulclbemadeoncptimisedH]-sexponents,

fo:r we have reconclecl uníque values of 1.3 in NII3 - Ml and -v1, whene-

as a value of 1.2 was genenal thnoughout all H20 calculations, as

well as Ni-13 - M2 anri -V2. Although we are hesita¡t about genenalising

fnom the pa:tticulai., these nesults argue that panarnete:r transfer

between molecular" systems may not be nade without some consideration

fo:r envinonmental sirnifeirities, at least within the confines of the

Ve:lsion I approach.

In summar5r, the ca]-culations on anrrronia have not added-

significantly t-o orin info-r-rnatíon abou-C the effects of basis set size

(l¡ rre V), nor. of apoz,oxímations i.n nucl-ear atü:action integ:rals

(Vension 1rs Versíorr 2), no::, again, have tiley supplíed cniter-ia

by which r^re can select a particular" pnocedu:¡e as super:ion to the

others. llowever., they have providec] confinmation tha't smafl, but

significant, diffelfences may be assocíated with a panticula::

approximeition ancl/on basis set. PreviouslY¡ we have necorded these

differ.ences prima::ily as they ar.e neffected in the expectation values

of one-e]-ectron p:rope-r'"'cies' Mo:re pr:opc:rlYr p::ope::'Ly 'ra-riatior-rs at"e

a dir.ect consequence of the c-,ptimisation values of or"bital exponents 
"

an,.1 hence of rel-a'tÍve expansion/con't:ractÍcn in the atomic orbitals '

In ter:ms of this -l.ast concept r we maJr explless our

generalised observations as follows. AppnoxÍnration of nuc.Iea:l

attnaction integ:rals (Ver"sion 1) proOuces a :reLatively diffuse 2p

onbita-'l-, innespective of basj-s set size, whereas exact eval-uatíon
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(Ve:rsion 2) favOurs a contracted distribution, noticeabþ more so

when the innen shell l-s onbital is incLuded in the basis. tlhile the

2s exponent had lesse:: effects , in eve::y instance., 2p and 2s or"bital-s

ope::ated in a complementa:ry mannen i.e. a s¡nal1 incnease in 2p

exponent (contnaction) inevitably p:roduced a deqrease in the 2s

exponent (e>çansion) of sornewhat greaaell nagnitude. On the few

occasíons whene the particufan pnocedune was favou.:rable to multiple

values in the Hl-s onbital expcnent, the nesultant expansion or

contnaction had lítt1e or no effect on the parametenisation of other:

o:rbital.s.

The above ís, pe::haps, nathen a símplistic picture, because

thene obviously exist- otber frrndamental- differences in the form of

the optimised wavefi¡rctions, i.e. in the orbital coefficients in the

LCAO expansion. One could notu fo:: instance, insent l'lt-optimised

exponents into the M2 pnocechure, and e:çect satisfactouy e)q)ectation

velues for one-eLecbron prope::ties cafculated f::om the resultant

wavefr:rrction; obviously we need to examine the wavefunctions thernseJ-ves,

and this we do in Section III.3.

III.2.K H2C0 - M2

Vtre have pr-eviousJ-y notecl that ex¡lonent gnid calculations on

forrnalclehyde S¡er:e pe:rfor-med with fuozen ls exponents on ca.nbon ' oxygen

and hydnogen, and th:ree values along each axis of va::iation Ín valence

shelL 2s and 2p exponents. Tabte III.2.7 summa::ises maxima and minima
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of calcuLatecl one-eleotrÒn pnopertíes. Diamagnetic susceptibilities

have been delibe:rately cast as differences, independent of absolute

magnitudes, following a neatl-sUggestion by Neumann arrd l'loskowitz

[64] that the expenímental bul-k susceptíbilíty value of

-15.01-5 x 10 6eng G-2 mole-l 'rlll may be ín error.

Exponent vatiatíons ítr Grid No.1 wene chosen to neatly

süradclle the Slater values of 2,275 for oxygen, änd 1.625 fon carbon.

A3-though calculated exfi:ema of clipole moments (0.33 to 4.I6D) a¡rd

cliamagnetic shielding (10S.9 to J-11.0ppn) ovenlap the measuned

values (2.34 + .QllD and 108 + 2ppm), expectation values fo:: quad-

nupole moments and the nelated suceptibiJ-ity diffsrences faIl

completeJ-y outsÍde the cornesponding expe::imental clata sanges. Ouls

analysís of pnopenty-exponent nel-ationshÍps made it abundantly clea:r

that the desined connections would only be attained by a dnarnatic

incnease ín C2p exponent.

Grid 1{o.2, the::efone, was designed to sPan a new nange of

carbon exponents (f .gZS ta 2.025), wh-ilst netaining oxygen Paramete-r-

isation as oniginally specified. Even so, the irnpr'ovenient was not as

g:reat as antícipated, since ërr, for instance, achieves only margínal

ag::eement (max (calc.) = nin (expt.)), whil" oX, (H), at 110.4 to

113.5ppm lies above the expenimental uPper J-imít of llOppm. Fotlowing

orln pr:evious experiences, in that optimised 2s and 2p exponents a:r'e

not und.uly affected by changes ín Hls exponent, we have alLowed the

disorepancy in ofi Ul to nemaín, in the anticipation that the
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necessar1¡ corrections could be nade by HIs e:q>onent rnanípulatibn'

Gnid refÍnement p:roved a ¡nuch ¡nore complicated pnocess in

4 d.ímensions thar¡ 3. ou:r graphical pr:ocedune fon estabtishing connon

ovenlap areas is limited. by pnojection ín 2 dírnensÍons, ando fon

optimum ¡'efinenent, the r"elevarrt areas should be as sma}l as possible'

i.e. envelopes of erçeninental agneement should be pnojeeted in the

plane of exponents to which the calculated pnopenties are most sensitive'

In cornmon with H2O and NH3, the forrnaldehyde pnope:rties are stnongly

p-onbital- dependent, Ðd the 02p-c2p exponent var:iation axes thenefone

constitute the logical choice. Because 2 degnees of fueedom stitl

nernain " 02p-c2p pnojections occun at each nodal point in the 02s-c2s

variation plane, and,, unfontunately fon the optimisation pnocess, the

insensÍtivity to 2s e:çonents is such that comnon ovenlap aJîeas like-

wise occur at every one of those nodes'

with the pneviously adopted assurnption that expenimental

erro? in the dipole moment is absen't, we selected only one point on

each dipole locus as giving the closest aPproach to the e:çenirnental

l, /4
value ton ofu $). As a result n fnorn the optimisation process we

obtained a unique 02p-c2p exponent combination at each nodal point of

c2s-c2s variation, but beyond this levelo further refinement is not

possible. optimised onbital exponent combinations in Table III'2'8

:reflect just thÍs linitation.

ItisapparrentintheexpectationvaluesofTable]II.2.8

that individual va:riation ove:r the range of optimised e:q>onent
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combinations falls weLl withín the span of e>rpenimental e::ron limíts.

As examples, diagonal x and y components of the moleculan quad:rdpole

tensor calculate as (in Buckíngharns) -.0f to -1.07 and 0.56 to 1.00'

nespectively, compa:red to the con:responding expenimental values

-1.30 and 0.55u both with ennon limits 1.0.90, nea:rly 4 times the

calculated nange. Even oXu <r> spans only 0.6ppm, as opposed to

elçet-iment, + 2ppm.

Ïle have included in lable III.2.8 the absolute values fon

caLculated diamagnetic susceptíbilities. Median values anet

appno:<imate1y, *L= -s0.2, t, = -5e.0, *!r= -25.0 and *Ío= -44.7

in units of 10-6eng q-2 rnole-I. Expenimental values a:re much highe:r

in absolute magnitude, at -61-.8 1.5, -70,7 !.5, -35.9 + .5 and

-56.1 t .5, in the same ondeníng and r:nits. Our values ane not too

díssimila¡r fnorn those calculated by McKoy et al t¡ith thein [95/3]

Gaussian set [73], ví2,, * = -54.8 , *1, = ..62,e, x\, = -28.3 and

xL = -48.5 (x r0-6erg G-2 nole-l). tlith the expenimentatly derived

value fo:r Xp,.. = -41 .L2 + .03, and the values above" X--. calculates as'-aÙ ; ---' -- ' au

-3.6 (this work) and -7.4 (McKoy et al), both ofwhich comPane

unfavou:rably with the ex¡renimental value, -I5.0I5 x 10-6eng G-2 mole-l

l'fl'J, SÍmila::ly, the Neumann and Moskowitz [64] 'ralue of Xl", = -47.9¡'au
impties a X -. = -g.9 x t0-6erg G-2 mole-I, and ft was thís discrepancy'û)
of -8 x 10-6er:g G-2 mole-r whÍch led thern to questíon the accr:nacy of

the erq>e:rímental vafue.

While the foz'rnaldehyde calculations have denonsb:ated yet
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again the success of exponent optirnisation to one-electron proPenties

(with allowance to, olU (H)), deficiencies in the optirnisatíon process

have been bnought into sharpen focus thnough the difficuLties we

experienced in lirniting the number of vÍable exponent combinatíons'

obviously, g:rea-teh Precisioh in expenimeñtal data measullement would

pnovicle some alleviation, but, beyond this, thene will be perhaps

insunmountable difficulties when the numbe:r of panametens exceeds the

nurnben of independent experir¡ental ptroperties. In retrosPect, it is

appalent that we should have allowed the Hls e:iponent fuee va::iation in

a S-dimensional grid, but refinement at this l-evel would centainly be

appnoaching the lÍmits of praoticability'

lfe thenefone fo::see a rathe:: pnosc:ribed future fon exponent

optinisation to one-electron proPe::ties. WÍthout doubt, extended basis

sets, ghethei: for smaIl on la:rge molecu.Ia:r systems, will Pnove difficult '

if not impossÍ.ble, to optirnise at a useful leveL. In the absence of

energ:y cnite:ria, the futu::e of SNE, and by extension, cb initio $rave-

functions would aPpeaïr to be tied to pa:rametenisa'Eion fnom pílot

calculations on small sYsterns "

IIT.3 PROPERTIES OF OPTII,ÍISED T^IAVEFLINCT]ONS

In the previous section, we have neported our successes in

exponent optírnisation to one-electron Propenties; we now tunn fuom

the gross effects described there, to an examínation of othen pnopenties'

e.g. enerryu and of the finer details of electnon distnibution at the
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molecular orbital level. In each cô.sê1 we have selected a ltepresent-

ative wavefunction fnom those vthere onbitaL exponents have been

optimísed, ild netaÍning, whe::e possÍble, consistency i.n H1s elçonent

values as an aid to companison.

III.3.A HzO

Wavefirnctions for. H20 in the four: pnocedures M1, 142.- VI

and V2 ane lísted senially in Tables III.3.1 to IIL3.4. Total-

energies have not pneviously been sc:tutinised, and the gneater stabilíty

affonded by Vension I oven Vension 2 in the minimal bases (-2S.5693au,

Ml ,tr,s -75.3323aur1,f2) is representative of a gene::al tnend obsenved

thnoughorrt the gníd calculations. By companison r¡ith the best aå

initio minimal basis nesult of -75.7033au [57], neither value fares

pa:rtic.u1ar"ly wel1, but then, no:: does the last figr:re in:relation to

the expenimental v'alue. of -76.481 au. Hor¡evelle vle are inclined to

discount total enengy as a cniter:íon of assessment whene Haniltonian

appnoximations exist. As for- the valence basis results, in the

absence of the dominant innen-she1l 01s stabil-isation, conpa-nison is

nreaningful only between Vl and V!r_and the nespective values"'L7.9429

au and -I7 .9244 au, probably r.eflect the nathe:: small-ez' diffenences

recorded fo:l the one-electr?on properties in both pr:ocedu::es.

ExpernínentaL ionisation potentials fon H20 have been

measuned as (in au) 0.463 1.004, 0.533 + 0.011 and 0.595 + 0.011

llïr7g], and these ane to be companed, via Koopmanrs Theonem, wíth
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Table III.3.1 H2O - Ml Optirctsed l{avefÏnction and. Poprrl-Þ.tions

Tot. -75.16%0

1.0000lbr .5LTT

02px

o.63?-8

o. TTli3

o "5\T'
-. hlt?L

th^

2bz

.6slo
o.0695

O2py Hl-s

o .9983

-.O22ll
-.0022
- " 

0537

-.ocr36

o " tl+ho

-,21+29

-. [eo8

-.0065
0.15T8

0.9610

- "22TO

0 .0¡+08

0. 321+6

o. og3\

o,6199

1at

2at

3ar
l+* i

"-2o '9\2t+
- t,t+5E6

.5651+

o "8722

7"66

01s

2 T5 2.0L

O2pz

L,20

lIlsO2s

A0 Exponents

MO Energl¡(au)

B. ss8 0.831Nett.

:.6\o
't+.698

0. B3r-!Ð

x2p

1.991+
r"6t+6
I.B9T
0.801
2.000

0.83r-1s
Dø

2pz
Zpv
2px

AO 0rygen Hydrogen

LöwdJn Populations

0. 836

66.e

Xo

/,Zpo

0.277
o.559

âÞ

X2po

O.0olr
o.272,
0.079
o. l+80

1.s

2s
2pz
2pv

H1s0

Bond. Ind.i-ces
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Tab1e IïI. 3.2. H20 - 142 Optirnised. ltravefwction and. Populatíons

Tot. ..75.33233

f,ijwdin Populations

r-.00001br 2790

O2-,lx

0. T131 o.t+9r7

-.7011 0.501+2

. ho:l+

0. t593

1bz

2b2

02py Hl-s

lat
2at

3ar
l+ut

-20,1:663

- L.2623

.3081

o|t690

o.9982

- . C3l+0

_ .0077

- .01+90

0. oo0l+

0. B0l+5

-.3227

-. l+987

- .0048

0.1533

o.g23g

-' .3505

o.0l+21+

o. ho51

o.t\52
o.5595

A0 Ex¡lonents

MrO gnergy(au)
7.66

0l-s

2 "30
O2s

2"3\
O?pz

r-.20

HIs

8.269 0. 865

Xs
x2p

J
l+

0.8 )5498
TT].

1a

Da¿Þ

4z
Zpv
2px

1"995
1.50 3
L.T5\
1-.017
2 .000

0.86,,

0rç"gen Hyd.rogenAO

0.31\
o.6rh

0.968
6t.¡

Eo

/,2po

Ic

E2ptr

0
0
0
0

.003
î"t 1. JJ!.v\

.i00

l-s
2s
2pz
2pv

ï l-s0

Bond Indices

Nett
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Table III.3"3. H2O - V1 Optirnísed. I^Iavef"ix¡etion and Populations

L,OllcLl.n YOplJIat1OnS

AO Orqrgeir lr.yd.rogen

(e"ooo) o.r)+h
1.85¡
1" ?33
0.925
2 .000

Tot . -17.91+288

1br 1..0000.l+?hT

O2p:r

lbz
2bz

o .6 Bo1

0.7331"

.6 878

0. 3503

o. 518\

-. 4809

02py H1s

2at
3a'r

h"r

* ?-"T6T8

* '5503
O.TLTT

o.9l+3c

-,,1.9rL
.- c6oz

0.0871

0.9261

- ß657

o.22'.12

o "2272
o.6egç

A0 Exponents

l4O Ìinergy( arr)

2 .01-

O2s

2.00

O2pz

1..20

I{1s

B.5t-3 o.?hl+

Xs
Xp

8r5 o.Thh3
l+ 658

l-s
2s
2pz
?py
2px

0
86

82-5
0

Es
X2po

Xo

%zpo

o . r_15

0. 70!)

0 . r_15

o.2I2
o. lr97

(rs)
2s

2pz
2py

Hl-so

Bond IndÍces

Net''"
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Tabl-e III.3.l+. H20 - V2 Optittii.secl hrarnafi:nctlon and PopulatÍons

Tot. .I7 "92\\z

1,0000l-b r .3819

02+x

o,7653

0.5r_09

o"\5>z

-.5818

3¡.z

2bz
"5628

0.5985

0.9388

-.2381+

0.2487

0.0819

0.855?

0. 51Og

o.?366

0. 32\B

-.581-8

2at

3ar

4*r

- 2.11_03

- .l+te8

0.5723

AO Exponents

I{O Energy(au)

2.05

O2s

2.t2
OZpz

r.20
H1s

02py If ls

1-¿ù
2s
2pz
2py

O.T3T(e.ooo)
t.876
t" l+78

1" 17l
2.a300'

Xs
L2p t+"6l+p

0.73?

AO
I
I

I

Orygen }lyd.rogen

Lijwd.ín Popnlatlons

0

90
923
o

Xo

f,epø

0. o8l+
o. U39

ls
L2po

0.08\
o. 35)+
o .1+85

(rs)
2s
2pz
Zpv

o
I

I H1s

Bond. Indices

Nett 8 "5zj o. T3T
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our calculatecl onbital enengíes. MI energíes, C.517 (Þf), 0.565 (3af)

and 0.637 arr (fu2¡ are stightly highen by O'03 - 0'05 au, and the

agneement is the:refone quite neasonable e even without allot^ring fo:r a

displacement term¡"É of -0.04 au. onbital enengies in the M2 wavefunctiÖn

devÍate by langen amounts, O.1B - 0,22 au, but the displacement is

again neasonably constant. Iress èonsÍ-stericy ís obsenved ih the valence

bases, fo:l ín Ve:rsion 1, the excellent agreement achíeved by the lowen

potentials at 0.475 and 0.550 au is manned by the highest value at

0.688 au, and, again, in Vo:sion 2, devÍations in the Ib1 and 3a1

onbitals amount to 0.06 and 0.08 au nespectively, but dnop to 0'03 au

fo:: the 1b2 l'Í0. Neventheless, with the displacement terrns accounted

as a necessary consequence of integr"al app::oximation, all foun

pr"ocedunes must be ::ega:rdecl as essentially connect ín their" prediction

of expenimental ionisatíon potentials.

El.ect-non distnibutíons in the molecula:: plane of H20 a:re

dísplayed in Figs. III.3.1 ff. Contoun inte:rvals a::e shown altennately

as integer:s and overpi:inted char"acters (the nepnesentations are

photographic r:eductíons of cornputen p:rinted output), whe.re the density

linríts in any nurnbened negion, n, folLow fnom the formula

22n < p x1o3 < 22n+1, egnegion0 implies.o0l<p <.002'

f; The average deviation fuom expenimental vafues fon the $f1 set is

0'043 av. If we alIow this as an empinical cor::rection tenn to be

su.btnacted fuom the Ml values, the nesultant p¡edicted ionisatíon

potentialsr 0.4Tl+,0.522 and 0.594 av ane all in verlr close accond

with experiment.
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Perhaps tÌre rnost stnikíng featr-re of the tctaf density

rnaps ín Fig. III.3.1 a:re'the simil,anities displayed in the outen

negions of the char-ge distlribution$. (Diff,enences around the oxygen

nucleus bIte quite prominent, but uil-ot*t".s must be made fo:r the

a.bsence of ols cl,ensity in the valence be.sis densíty mapsä 2p Iobes,

howevel, appear mone distinct in veneion 1). That nean-identity

should be sustained Ís not su:rpnising, since one-electnon Pllopenties

assocíated with each distnibuti<¡n ape in cfose accord wíth nespect to

expenímental er.r.or." But it is sunpnísing that Löwdin atomíc

populations (tab1e III.3.1-4) calr!1y a suggestion of substantial

vaniations. Fon instance, Tl populatÍons calculated fnorn the M2 and

V2 wavefunctions aree respectíve1y' 0.865 and 0.737, yet the density

maps dísplay nc such obvious difference. Since I^Ie alle ínclined to

favour. the rnappecl distributions, it is oun contention that dírect

compa::isons between Löwd.j-n populations should be ür'eated t'rith somo

caution.

It is also diffj.cult to justify the bond inclex values

contaÍned in tl:e same tables, since these, too, suggest signÍficant

electæonic laearllilrìgement betvreen the mínimal and valence bases ' Ïn

both MI and M?, o hybnidisatíon is close to the 67eop content of

tnigonal Sp2-type, but nises abnuptly to 86ea and 91% p-characten in

the valence basís wavefi-rnctions. No such tnend is obvÍous fuom the

density maps, which imply nather', that bond índices would group by

vensionrand not bY basis set.
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Víhilesucheffectsareofinterest,ourmainconcernis

with elect:ron d.is'Lr^ibutÍon at the mol-ecular orbital leveI, and it is

hene that the wavefunctions and one-electr:on pr-oper:ties display most

varriatíolr¡ In Tal:Ie 1II.3.5, we have pa:rtitioned the one-electron

pr.ope:rties into o::bital con-h.ibutions, and inclucled those of a Gaussian

l]:062/421 wavefunction [80] r"on comparison'

Dipo1e moments, tZo', pnovide a convenient link between the

pictonial display of efectronic charge dist:ributions a¡d the numenical

tabulation of or.bita.l coefficients in the optimised wavefirnctions' In

the 2a1 M0, II-Ls contribution incneases ecross the se:ríes vI 's v2<M1<M2 '

a ptlogression which is ob',¡ious also iu the density maps (Fig' III'3'2)"

whe::e the H2 clensity extencls far:thest into the negion enclosecl by the

H atoms. Charge centr"oicls "Zo', Tabl-e III'3'5'a' foLlor¡ the same

pat't-ern , wíth the smal-l value of - ' 138 au in tlre valence bases

'eflec.ting 
pr"ed.minant 02s chanacten. Near- irrcidence in the I'11 and

I::ooz/t-¡zl valrtes, -.318 vs -.321au, in the 2a1 onbital is not sustaíned

in tl:e 1b2- MO, fo:r the::e the 141 centnoid' at -'708 au is vet'y rnuch

extended beyond. the i:Io62/421 value of -.395 au. As a :onsequence of

mor:e dominant HIs contz.ibution to Ib2 in 'che versiou l ttavefirnctions '

cha:rge centroíds ane <lisplaced mcre towar<ls H than occurs -'rn version 2;

:relative positionings of the extensive o'256 - 0"512 contour inte::vals

(r.egion 4) in the density nìaps of Fig. III.3.3 T¡ean arnple witness'

DispJ-acementtowa::dshyd:rogenoftl-rechangecentnoidinthe

Ba1 MO ùcnoss the series i{] (0.28) , M2 (0.24), VI (0'01) arrd t¡Z (-'16)
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Table IïI. 3 ,5 . a, One-el-ectron Eryeetatlon Values, HzO ^ 17,^)-o

-1" l+9¡+

2,219

o.725

-1.503
2,2r9
o.7t6

-1.l+12
2.2L9

0"80?

-1. )+91

2"249

4.727

-1" l+07

2 ":.gz
0"785

Eleetroni c

Nuclear

Nett.

-..1378

- " 
l+h8)+

-.L606
0.0000

-. L3B3

-.6e>o
0.0120

0 " 0000

0.0001_

-. 3181

-.718\
0 .2807

0 " 0000

0 .0000

* 
" \roz

-.5399
0 .2h\o

0 .0000

-.0001+

'.327-3

-, 39ì+9

0 " 0858

-.0T28

la1

2at

1bz

3ar

lbr

V1 v2I\42M1_þo6z tt+í)MO

Table III.3"5.b One-electron Ex.peetation Va1ues , H2O - â
xlc

r1.{1

o.oa'75

0 " r-T2B

o.75La

0"5793

-. B8?9

Electroníc
Nuclear

Ne+,t.

r."\5
-3.0h?
,-1.801

4"752

4"a66
"-1" 315

1"710

4 "a66

-L356

2 "O7\
-3.082
.."1"008

1".955

-3.08?
*L.r27

- . ol+39

0.91-38

0.6655

-.6>96

-.0666
1. t_351

o "5286

-.7\zt

0 . OOBI+

0.226)+

0.9?3)+

0. 3686

- .5hor

0 .0083

-.'0533
1.2\.1+2

o. ho63

- . T3hT

1*t

2ul

7r.z

3ar

1br

\12V1M2jo6z/uflMO
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Table III.3,5.c. One-el-ectron Expectatlon Values ' Ï120 - 0
1J¡1I

..1..832

3"082

L.270

,L"723

3"082

1,358

-2"065
3.066

1_.001_

*a"9'-t6

3"066

1.131

o,o2T3

-t-. 35h0

0.069)+

o,3l+1\

o " ol+71

-L.5T57
o. a8\5

0 .3E26

0.00'F3

_ .0700

-1 " 6781

o "3yle
o. 3789

0.00T2

*.2307

-r.. 3469

c.2162

0 "?-B16

lat
2at
lbz

3ar

1br

0 
" 
0075

- "3.789

-1. 185 3

o 3296

o 
" 
4:zT

V1 v2Ìt!¿I\[1t{0 i lto6z/\z)

Electronic
Nucfear

Iïe'bt "

-1" r_Bg

3.071

1. BB2

Table IIT.3"5 4.. One-electron Expectation Va-l.ues , HzO - A *

M2 vi" v2

lat
?-at

abz

3at

lbr

-.008
0 .016

0 .0oT

o "0195
0 . )+l+0?

- .8rgr
o "3595

0 " 01:i

-.015
.. "002

c .0Bo

- .015

0.065

". "o5-(

-, ,a?t+

- .081-

Electroni c

Nuclear

Nett.

o.0166

0 . hl+02

- 'ßl+9
0 " 3t-83

-.01t5
o " 

o0h3

o " 3T3)+

- .6zh8

o.p-j85

I,{1

* "01-tl,9

0 "0û5r-
o. hsl+¡

- .9090

o.t+55?.

MO lt.o6z/\zf

- n10

0.016

-"003

- .0155

o .0168

o.ll3l+o

-. 8oo5

0.3558
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Teble IIT.3.5.e. One-electron Expeetation Val-ues ' frzO ' <x2>

Tabl-e lII.3. one-eleetron Expectatlon Values, HzO - <y2>

v2

-\.295 -5.295 -5.0?5I
I

I

I
-r.226-5.563ELectronic

(o.oooo )

-.5723
*.1+Bgf

_. )+heT

-1.001_0

(0. oooo )

-.5956
-.5at+9

-. hrer

-r.Lzrq

-.0L?5

-.5569
-. hhr6

-. 3101-

-.82]-:6

.0u3

.57L7

- .5282

,3822

-1_.l"t_36

.or77

- .t+929

,l+?L.q

.l+rcr

-L.3759

1at

?at

Ib¡-

3ar

lbr

v2lttz V1r40 j [roøalt+ãJ i
¡{1

.-7. \r\-7. 05\ -T.5Bh-7.820Electronic -?.186
ì

I

(o.oooo)

- .52\o

-2.0016
. Bhtr

- .3337

(o . oooo )

- .5L99

-2,322L

'>7t+9

- .3Th9

. orB3

- .8616

-1.9885

- .3850

- .2739

- .oL77

.727tl

-t.7159
^ .6266

.l+955

- .0L80

- .6ssg

-z.trt6>
- .:902
_ .37]2-

f
¡1at

2at
1bz

3*t
1br

v1t42M1IVIO þaeetufl
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Table III . 3.5 . c. One-electron trhçectatÍon Values, HzO * <22>

Ito6z/t+zl iM1 rf,z vL

lat
2at
rbz

3at

1br

Table IIL 3.5 .h. One-eleetron Expectatfon Values, HzO -<t2>

MO I:o6z/t+n-l I\42M1 ï2

lllectroni c

-:6.r7t-6.\26- s "682- 6 'st+z- 6.hErElectronic

(.- . or¡l+ )

.5320

'Both
- !l't3833

.31+9L

(- .0r.5l+ )

-.. t383

-.97'18

-1.3066

- " 3903

.L .0335

. ?050

:8hr6
* .9?el+

.289:

- .0332

- -5960

- 1.068l+

- r. 186'r

.3866

"- .0327

.6a,+z

- .6362

- t.l+62=

.l+Boh

v2lr0

-¡,8.1610,-19.304.-1?.CJ33-19"587-rg . rBr

(- . or:l+ )

-r:.62-92't,

-3^?-967''=

-e.6.ðöl:

-r¡6BsBt

(.-. or:h)
- 1'65s4

- 3.81\8
* 2.2936

- 1.8900

* .0693

- 2"1235

- 3.2717

- t.66ltt
- r. s8l+B

-" . o6Be

- t.82b,5

- 2.7770

- 2.5690

- 2. 351.8

* .0686

- t"BztT

- l+.07¡r

- 1.9590

- r.8?rlr

1at

2at
1bz

3al

lbr

v1.
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Table fII.3.5.i. One-electron Expectatlon Va]ues, HrO - <r

*23.'r2g

1.10)+

-22.62J

TabÌe III.3. t. l . One*eleetron ilq:ectation \reJ-ues, H2-0 - <rT{
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Stems fnom an identical ordering roco3ded |n IJl-s cont¡'ibutions ' In

the dishribution naps, Fíg. IIL8.4, hyd::ogen nuclei fal-l in

p2loglessively more dense regíons, þMI = 0.004 - 0'008'PM2 = 0'008 -

v2 = 0.032 - 0.064 in acco::d with the0.016, Pï¡I = 0"016 - 0.032 and P

above.

whiLe this gnadation ís exactly the opposite to the sequence

obse:rved in the 2a1 MO, the o:rbitals of a1 symmetry a::e not tnuly

compensatorlr in theír nett effect, for the total a, dipoJ-es acr:oss the

senies sum as M1 = -.04' M2 = -.I7, Vl = -.J-5 and Y2 = -'30 au'

The:refore, vatiations in electnon clistníbution are not simply local

effects occunning r^¡ithin a particular" symmet::y c1ass, but fur¡ction

more or less independently oven the whole set of occupied orbitals'

We have pr:eviously noted the ínconstaney in expectation values for the

lone l.b2 orbital.

since the dipole moment is non-vanÍshing only al-ong the

Zrcù axís, we must trp.n to p::openties dependent on the openatons

y2 on x2 to examíne electr:on distn:'-bution in other directions. Although

rnolecula:: o.uad::upole moments have p::eviously featuned as optimisation

c::ite::ia, second mornents of the change distr:ibution offen conceptual

aclvantages, and it is these which we shall use as a basis for furthen

discussion. Tables III " 3.5.e-h disp-tay the ne-levant seconrl rnoments t

buto fo¡ completenesg, we incLude also moleculan quadnupOJ-e moments

in Tables III.3"5.b-d.
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'[¡,le l:ave commentecl p:reviously on a pre<lominarrt 2s cha::acte::

in the 2a1 orbital of the valence basis wavefunctions, and second

moments confi::m an essentíaI]y spherical char:ge distribution. The

gr.eateSt va:riation between <*2r, <y2> an<i .r2> o""rtts ín the VI set

anci arnounts to only O.0B aU. By cont:rast, expectation values in the

ninimal basis kaVefunctions ane inclicative of conside:rable änisotnopy,

witfi l,lZ moments exaggenated oven Ml in thein minirnum extension nonmal

to the mol-ecu.Iar- ptane (X) an¿ maximum extensíon latenally (T)'

In Fig. III.3.2, distortion of electnon clensities towards H is evident

in both the Mt and M2 mapse but obviously mo::e pronounced in the

l-atte::" Ëxtension along the C2 axis in confinma'tion of the condítion

<22> > <>.2> is rvell- ill-ustrated in Fig. III.3.7.b, the M2 distnibutíon

mapped in the ::eflection plane bisectíng the HOH ang1e. Va"::iations

among incliviciual expectation values exten<1. also to the 1L062/42-1

wavefirnction, arr<1 it is in line with oun pnevious obsenvations that

any coruespolrd.ence must be negarclecl as ç,u:rely fortuitous.

As woulcl be expected fnom the symmetny of the pa:rticipant

atomj-c o::bitals, second moments of the l-b2 MO extend festhest in the

y-<1i.r"ection. On this occasion, substantial stratification occur:s in

the Vension I and Vei"sion 2 expectation values; secr:ncl moinents

associated- with the former alle of g¡eaten rnagnítude, implying a mone

diffuse charge distríbution in acco::d with the smafLen 02p onbital

exponents chanactenistic of MI and VI wavefirr¡ctíons. For the Ab initio

wavefi:¡tction, <y2> = -].72 au, v¡hicho in compa:rísorr with our Ml- and



131

M2 val-ues (<y2> = -)."48 and -1.99, resP€ctívely)' argues a cha:rge

distr.ibution considenably mone compact than any of those found ín the

SNE pr.ocedr¡res.

Bycontnast'secondmomentsinthe3alM0indicateamore

díffuse distnibution fon the l]:062/42] waveftu:ction; the only

exception occ.-ll?s in the V2 e>çectatíon vattie for <y2> ' and it is

evidenr tuom the mapped. distnibutÍon in Fig. IfI.3.4 that the chafge

density thenein ís displacecl mo:re than occuns fon othen pnocedunes'

Sincethe02pxorbitalisuniqueinthelblMO,expectation

values a::ising tTrenefrorn a:re dependent on only two facto:rs - the

onÌ¡ital exponent and clistance fi.om centre of mass " Because the cent:le

of mass lies on the Z-axis, (x2) ar¡d <y2> p:rovicle a di:rect measune of

ve:rtical ancl fatenal extensíon in the change d.isbríbution , whíIe <22>

diffens fuom <y2> only by an additional (distance)2 te::m of 0"015 au.

Therefone, it is not su:rpnising to find a distÍnct gnadatíon

in e.g. .*2>, across the serj.e¡s M2 , tÌ2r 1,11, Vl in ínve:rse nelationship

to 02p o:rbi'ial ex¡ronent values. The aþ í,nttio wavefi:nction is more

diffirse again.

Nett electnonic second moments fi¡rthe:: provide co:::relations

with relative change distnibutíons occu::ning in r:he totat density

maps. Nonmal to the molecuLan plane, the M2 distnibution is most

compact (<x2> = -t1.30), wher:eas V2(-5.02), MI(-5.23)' V1(-5.30) and

LLO62]42] (-S.56) g:roup more or less togethen. In the SNE wavefi:nctions'

-(
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a Veùsiorr 1 o:: Vension 2 elaSs " }flhile this procedure '.+as obviously

necessauy to ensrrne consistency in compa::ison of expectation values '

it li¿s the unfortunate consequence that those r¡al-ues do not nelate

dinectlytctheene]]ryva:riationsfnomwhíchstemt]:efi.lrrdamental

differences in final wavefunctions. Ìüe can therefore compare

expeetation values at no mone than a supe::ficial- level'

ror^ .rilt, variations arae ::elatively minor companed to

those expectation t¡alues which we have p:reviously examined'' Ag:reement

amongnettelecbronicvaluesistobeexpectedosincethesea:re'after
å

all, the expoDent optimísed cliamagnetic shíelclings, oþ(tt)' T'hat

agreement should continue at the MO le-¿e1 is une>çected, particularly

in view of much g::eaten <leviations erçenienced with moment operators '

Itistobenotedthatco:r::r:spondenceismo:recloselyapp:roached

v¡ithín a gi-ven basis, rather: than withín a panticular methodt with the

M2 values closest to those of the 1]:062/421 wavefunction; the glleatest

deviation betweeu those two anounts to only 0'02 d¿'

Expectation values for the ope::ator-' o;tu show rnor^e scatten'

but it is evident that the M2 set lies cl0sest t'o oþ inítio val-ues '

whíIeMl,Vl-andv2groupmoreorlesstogethe:r.Althoughrvecanfínd

no consistent pattelln among individ"ual onl¡ital '¡a:riatíons ' values fo::

the ].br Mo gr:ade ín accordalce witlr 02p optímised exponerrts, as would

be expectecl "

Insumma.I^ísirigor.urexaminationofone.electronandothe:r

propenties of optirnised wavefunctions in H20 ' it is appa:rent that veny
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little of a positive natr:¡re has emenged.. \{e have establishecl that

Vension 1 pnoduces energetically supenS-on wavefi:nctions, panticulalrly

with regard. to absolute ionisation potentials, but, in defence of

veþsion 2 3 calculàted values thene wene inco rect only thnough a

fairly cc,nstant clísplacement tel:m. In both vensions, mínimal bages

p::oved mar:gÍnatly more consistent than. val-ence sets " As fon totaL

ener$r" the ML nesu1t, whíle supenion to M2, is still a long way fnom

the Ì:est minimal basis ab initío energy'

We have shown that total electnon distributions, whethen

rneasuned by calculated one-electron p:ropepties, or by ej-ectnon densíty

mapping¡ FfÏlê substantially the sa¡ne throughout all for:¡: procedures2t'

At the molecuLar onbital leveIo all consistency in one-efectnon

ope::ator.s and electr.on density maps is lost " æd we have nelated these

vaniatjc¡ns to the LCAO e>'pansicn of each MO. Although irrdividual

groupings by vensíon or,basis set wer"e sponadically obsenved among

expectation values, thene would aPpean to be no definite pattern

which is maintained consistently oven all ope::ato:rs and onbitals'

The::efone, the nesul-ts accnued in this phase of the examinatic¡n must

be accounted as of negative value on-ly'

.,'s The identity hene is ::elative to expen:tmental clfnori we have

pneviously coxfinented in sectíon T-],I.2 upon the manner in which nett

expectation values str.atífy at diffe:rent levels wíthín the

elçeninental e::non llange.
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Compa.:risonswítht]neaþitl:iþioÍ1062/+2]Gatrssianwave-

fi:rrction were not panticula:nIy pnoductive. No consistent simila:rities

exist between LLO62/42] exper:tation values and any one of the sNE

oþtilniSed wavêfunctíons. CertainJ-y Some indl-vidual coi'nelations

occun, as with e><pectation values fon'ol1> in the M2 p:rocedtre' but

such aq:leement faíIs to generalise oven all one-e.Iectnon prropenties '

seconcl mo¡nents of the M2 distnibution, fo:: example, connelate poonly

with aÕ ínì,t'io values.

lfhÍIe it wouLd be advantageous to find some di:rect relation-

ship with ctþ initio calculations, oun failune to do so inplies no

cniticisnr of the SNE appnoach, for therre is no gua:rantee that the

re:tactt wavefunctÍon in any way descnibes con:rectly the true molecula:r

situation. Indeed, on the critería of nett cne-electron Plrope:rties'

the sNE results are, in general, supenio:r in theín r:epnesentation cf

dipole (exceptíng M2) and quadnupole moments, Ðd equivalent fo::

diamagnetic shíe-ldíng anrì susceptíbilities'

III.3.B NHg

In Tables III.3.6-9 r^¡e list wavefi'r¡ctions for NH3 in each

ofthep:rocedur.esMI,M2'VIandV2.AswiththeH2Owavefi:rrctions,

these llepresent a selection f¡-orn the optimísecl e>çonent combinations

(ra¡re rrr.2.5-6).

The expez'inental enel1ry of NH3 is -56'573 au tefl' In

compa:rison'ourcalcu]-atedvaluesfontheM]-arrd'M2wavefunctions



1.35

Tabl-e III.3"6. NI{3 - ML Optirnlsed. ?Iavefunction and Populatíons

A0 Exponents

MO Energy( au)
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Table III" 3"7. N-rI3 - ivi2 OptÍn1sed'i,Iavefrrnction and Popul-atlons

0 " 0011
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fabl-e III. 3. B. NII3 - V1 Optirnisecl l'Iaveñ:nctíon a¡:d Populatlons

Tot. -L2.1+\5\6
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Table IfT.3.9. NH3 - V2 Optimíseri. Ì^Iavefunction and ponulations

Tot " -1.2.36165
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are -55.925 and -55.559 caTr ?êspêctivety, while the geometny - (but

not exponent -) optímísed mínimal ba$is STO wcavefunction of Ka1dor: and

Shavitt [81], gíves -56.008 au. It is apparent that the NI-13 nesults

panalle1 those observed fo:r H2O in the pnog::ession ab inil;io <Ml <M2.

However", the sepanation betr¡een Ml and ab í,nitío is not so mankecl in

thís instance. AIso in accon'f with U2Oo Vl and V2 energies for: NH3

ar:e almost equivalent wj-th \¡er:síon l mangÍnally mor.e stable (-t2.445 au

vs. -I2.362 au).

fonÍsation po'tentials fon 3a1 and l-e onbÍtals have been

exper:imentally measuned as 0"380 and 0.549 au [82]" Cal-culated values

and displacements, the l-atter. in par:enthesese are, Ín au: Ml , 0.428

( "o+e) 00.586 ( .037); t42.. 0.272 (-.10S), 0.413 (-.136); Vl-, 0.403

(.ozs), 0.608 (.059) t v2å 0"380 (-.0+z), 0.499 (-.050). 't,tith negand

to absol-ute val-ues, Ml, Vl, and V2 pneCictions urust alf be consiclened

reasonable; if al-l-owance is made for. an avenage displacement, as we

did for- H20, therr maximum sepa::ation occurs fon the MI wavefi:nction,

but only by the smalL ar¡ount of 0"018 au, less than 0.5e\¡.

llhil-e the displacement tez'rn is undoubtedJ-y convenient fon

illustnative pur'¡:oses, thene should be no illusions concenning Í'cs

a:rtificialitlt. Howe',,¡e1., it is oÏ¡v-ious that some a1lowance iras to be

made in compensaticln for appnoximatíons in the Hamiltonian, and, in

the absence of a quantitative estimate, the use cf avenage displacement

co:rr.'ection te-rms would appean to be justified.
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,Electnon density maps fon NH3 appearâ in Figs. III.3.B-l_3,

in the rreflection ÞIatre, and Figr III,3.J.4, Ín the plane norrnaL to

the C3 axís perss.i.ng thnough N. The fi:rst group incl-udes alJ- for:n

pnocedures, MI, M2, Vl anC V2, while the second gnoup maps solely the

M2 wavefunction.

It is apparent in the total density naps (Fig. IIl.B,8.a-d)

that extension of the charge distnibution a-lcng the C3 axis, the

tnar]itional lone pa.ír' dínec-tion, va:ríes ín the o:rden I'11 ¡, V1>V2>142,

and since the N2pz onbítal should conhríbute significantly to the

densÍty ín tliat :re.gicn u i-c' is gratifying to note that 2pz or"bital

exponents are in t-he connect inve:rse o:rder (UZ>VZ>V\ o Ml)

By contrastu Löndin populations for N2pz onbital pnogness

as V2 = L.66 .< Vl = l-.85 < !412 = 1.90 < M1 = 1.94, and it is obvious

that those figu:nes fail completely to connelate with the densíty maps.

As occurred with the H2C v¡avefunctions, hyb::idisation (via bond in<lices)

vanies gpeatly between the basis sets. 'dith the minimaL bases

p- chanacten in the N-II bond is intermedÍate between tnigonal sp2 and

tetnahednal sp3, aa evincecl in the calculatecl pe::centages fon the If}

and lf 2 wavefunctíons , nespectively, 74. 8 and 7L7%p. Valence basis

nesuLts infer- a much g::eate:: p-content, at 84,2% for Vl anrl 87.8% for

V2. Again, we find it difficult to justify those val_ues, fon the

density maps, excepting'the ar¡ea a¡'or¡nd the nítrogen centne, a?e very

neanly ídentical in the bonding.negíon. Likewise, no obvious ciifferences

ane visÍb1e in the oha:rge distníbution a¡round hydnogen, let Löwdin



'a
 

'i 
t 

( 
,.

- 
- 

- 
t::

:::
;:i

:: 
j::

¡:
:' l

!.-
ro

. 
p.

!¡
¡ø

 
rô

 F
.'n

.¡
 

îtt
.ã

a-
 

a.
, 

--
, 

'
'.t

)

¡ I

s¡
r 

. 
, 

r 
¡ 

l,a
. 

¡ 
I 

ì 
a

I I

r.
'i 

[ìr

rt
!¡

r
E

¡¡
'' --
)-

-

))
)

ra
t

: 
*&

:

- o t t ! , I 7 z

e

I .1
.

i

¡ 
: 

: 
: 

a 
- 

.ll
.

'Il
Ð

Þ i¡N
N

'E
N

fu
N

3 P

I¡
F

N
È

¡N
ts

U
-il

F
U

-J
- ¡

- 
r 

¡ 
¡ 

a 
a 

t 
u

H H H ú) co t/ F
j

gt
I Á N
)

(¡
)

: c

:T

' C
O

-

i, 
0r

f f

'(, :g tsF
J

t

I I I
F N

E
g,

t¡



143IL¿CIRON Ofx¡¡tt rtP llo¡ I fo{ rih¡ ¡arL¡CilOì pL¡rf

aLlcl¡oL olraSttY xrp rao. t toR ilHf R€fLECtlox pLAil€

PoPULÀttor¿ ¿,00 gcrL! tt t.u./t)€þ l.ralló t ¡ 
" 

__ tt'-._ __ l¡._¡ ' ¡ ¡ ¡ r ö ¡ ¡ ¡ ¡ ' ¡ ¡ ¡ ¡ I . . a . . . . a . a . . a . . . a a r r . . o a . . . r aoo0oo
It00000

rtttt00co
¡ ¡ ttr¡oco

' -0 0 ¡ I I t I I I À 2 ¿ 2 I Ã I r r t J ¡ ) I .¡ ¡ ! !- a e 0 ¡ i t I ¡ t.l2 2 ? ¿ ! ¡ I I I ¡ ¡ I I ¡ t ¡ r. e 0ê¡¡ ¡ I I lttt?r¿22tt it¡trtrt- a¡tll¡¡ I ¡ r¡lr2¿¿¿¡¿:i2r¡r¡l
' a¡0¡t¡l I ¡ ¡ t¡¡¡¿¡¡¡222ttazzaó oor¡¡r¡¡¡t¡tttta2zata2z¿.

!.¡Êt ¡ I ¡ ¡ I ¡t¡¡tt¡t,\t¡¡¡
I I ¡ I ¡t r I I I ù I t r I ¡ I I I I g I Ir alo¡t!¡tl¡¡¡ùtttt¡¡tttl- aoa9rtt¡tlt¡¡¡r¡¡¡t¡t¡

c a a a ¡¡ ¡ ! I t a ¡ I I t ¡ I | ¡ t ¡tr îoaa.lt!tt¡¡trtlttt

I

¡,

r_,

.ll
'lt

) ,.

f r,
)r

¡'
¡
,.!¡

It .i
{{

rII.3.B.d T NH3_V2



¿ttct¡o¡ otiSlty rt, ¡0. ¡ for ti¡ ¡Érltct3ot rL¡r|f
- ttt:, ! xo a tr¡ ro Ml

a_- I I , t .
. . . a . . . . a . . . . a . . ¡ . . . . . . a . . . . a . . . . a . . . . . . . . . a . . . . . . . .

a.

.au

Dopta¡ttor¡ ¡.aa tc¡la l¡ l.u./¡r€Ë l¡ltOar ô r . r ¡a l¡ It
. a.........a.... a....a.........a.........a....a.... a.. a...a a.a.....I a..a

t44

l¡

2t

ll 0a 0c
0c
tt

tl¡¡
II
¡

I
2¿

2
¿e
I

lt
I

lt
¡

TI
2

l0

I
2
f

I
I

I
I
¡

I
I

f
J

J
I

I
lt

z
22

I
l¡

I
¡l

I

5
II
I

l¡
I

l¡
I

¡l
?

a2
e

t¡
I

tl
I

fl

ll
t

t¡
I

t¡
I

tl
t

IJ
¡

]J

0
l!
I

It
I

tù
I

lt
I

J
I

I
I

I
2

I
t

c

0

I

¡

z

¿

t

I

2

¡
2

l3
fJ

t¡
tt

t?
?2

22
¡l

T¡

I

I

I

I
I

¡

I
!

¡
I

3
3

f
J

I
t

,
I

!

t
I
I

3
J

3
3

J

c
I
I

I c

I

I

0

¡

I
t

2
¿

z
I

T

¡

Itt
I

¿¿

a
¡t
I

lt
I

z
¿

2
2

t+
z

I

T
I

I

¡
¡

¡
t

I
t

0
0

I

I
I

I
I

0

I

I
t

I

t

t

2
?

z
¡

t
I

¡
I

¡

c
cc

arl
I

t¡
Itt
lt¡

¿rt
222

¿z¿
l¿ ¿

tlr
t¡t

ttt3lt
Jr¡

!¡¡
3¡J

2
2

I
I

I
t

¡

aIt
Itt
I

tl
I

ll
I

J!

2¿
2

2Z
I

tt
I

l¡

0
a

00
a

ttI¡¡
¡¡¡
¡

tt
I

¿z
¡

¿2
l2
tIt
I

tt
I

!t
I

t¡
!

tt
I¡¡
I

t¿
2

zz
2

2t
I

t¡
I

¡

I

1,
I

I
I

ó

0c
00
tt

It¡ù
l¡
l¡¡¡'t'l

¡l
ll

z¿
?2'
"l¿t
tt2t
lt

¡l
2¿

¿
2Z

¿

¿
2

z
I
I

I
I

¡I ¡r
Itt
¡¡ Irtt¡rt

001
000
00

I
I

I
l-

0tl
Il¡
¡ ¡Tta

rt
l2
¿2

2Z

I¡¡
I

TI
z

I
I

2
2

I
tt
¡

l3
!

t¡
f

¡3

2?l
2t

tl I
ll

ttl
I ¡-

l¡!
¡ l-

3¡!¡
¡r¡It
3!¡¡

J3JII
J]

3¡
3l

f¡
J]

l1
l3

TI
tl

t¡l
tl¿ar

¿

l¿
I

?
I
I

I
¡

I
I

I
I

I
¡l

I
l¡
,

0¡

I
I
I

2
2

2

ll
I

tt
I

l¡
¡

3l

¿tt
¿222
222

tt?ztttrt
ll

a
a

0
00

00
00t0t
0lt
tt

ttt
ttl¡¡

0
I
I

¡
I

I
It
II

ttt
a2

2
l¿

2
I

t?
I

¡I
I

¡l

l¡
ll
ll

t-l

2
¿

¿
I

2 a

I
¿

2

t
I
I
2

l!
lla
¡l

ttt
I

I
t

¡
¡

a
¡

z

¡
l

f
I

t
I

¡
I

J
l
l

¡
I

I

I

I

II

\)

I

c

I

I
I

I
I

a
I
I

0
0

c

I

a
a

T

rù¡
tlt
t¡¡rt¡
tt¡

¡atttt¿rttr ¡
¿la
tr ¡
tt
I

tl
I

tl
I

¡t

tt
I

¡l
I

ll

zttt
tt
tl

t¡

ca
¡0

tl
ttlt

I
I

¡
t

I
l¡

tr¡
tt

ttlrt
2tt

z
2?

¿

l¿
I¡¡
f

tt
¡

t¡
¡

!l
¡

l¿
e

¿2
z

¿t

I
2

I
I

t
?

z

I

I

2

3
!
I

I
I

I
¿

l

3 I
55
t{¡t
¡

¡t
lt

I
t
f

lt
I

tl
I

2l
?

I

¡

2

t

I

I

I
I

¡
I

I-l
l

¡
0

0

It

I
0

t
tI

l

0

aa:a

:;

--l

l¡

5.

0
0..0

0
0

0

00
000t
0l

0ttr¡¡
0l¡
It¡

tlr
ttt

It
alt
I

It
I

lt
I

t
I

z
2'

z
?

z
z

I

¡

I

I
I
I

I

I
2

2

I
a
I

I
I

¡

¡lrt ¡t¡r¡ I
!l

0t¡
0l

00t

I
I
It
t

I
f

t

a
a

l

J

¡
f

¡

I

2

0

I
I

I

I
ala

aa
tll
lr¡ta
t¡

¡la
tt

¡¡a

t
I
f
I

I
0

a
I

I

I
I
I

I
0

!

JI
¡¡¡
J

¡J
I

¡3
¡

¡l
lrt
I¡¡
I

tl
I

¿¿
2

2Z
¡

z
- 0l

I
I

I
I

¡
I

¡
I
I

0

0
0

0
0

q

It
I

z2
T

It
I

lt
¡

tt
I

fJ
¡

fr
I

tt
I

a2
2

lt
I

IT
I

¡l
¡t

z

2
¿

z
I
I

I
{¡
¡t

2a't NH 3-Ml

¡Llclroi oÐatlIY xrP ro. I Io¡ xN¡ n€fltcrtoì PL^xf

¿ .f^¡ ¡O Þ12. PoPuLAIlOt. ¿.oe 5GlLl tl l¡u¡/|ff t.Laa
_ _,__!,.,.,_1 ,- ,! r r ô t . r .¡. .¡1.,_ ¡l _;.4..-;¡;;J;t;..;a;t.;a;;:,¡4,....r..¡...........'.....¡.ô..........................¡¡¡r¡r¡.r¡¡¡r.ro¡.......r.........

0 c 0 0 0 ¡l I I I I I I ¡ I l0l a l a
0 0 0 o I I t ll I ¡ I I t I I ¡ I ¡ ¡ a 0 c a

c o{ 0 r ¡ I ¡ I ¡ l ¡ t I r I ¡ ¡ I ¡ I I ¡ a a 0l
- o ó c | ¡ t ¡ I ¡ I ¡ I ¡ I ¡ I ¡ ¡ I I I r I I I a-0 t a

e o o l I I I t ¡-¡ ¡ l ¡ ¡ I I r r I ¡ I ¡ ¡ ¡ ! I ¡ ¡ . a a
o c o ll I I ¡ ¡ I ¡ I ¡ I | ¡ ¡ | I ¡ ¡ ¡ ¡ t I ¡ ¡ ! I I I I I

! 0l I I ¡ I I ¡ t a ¡l I I I I ¡ I ¡ l a a t t I I ¡ I I ¡.l a
o o I t I ¡ ¡ I f I t ¡ t I ¿ z ¿ a. ¿ I I r ¡ l ¡ ¡ I I I I I I

e c e I I ¡ l't I I t I t 2 2 2 ¿ Z 2 2 2 a 2 a I t I I I Ù I I I I I a a a

¡¡
la

IYPI, 0io
0

0a

lo

2.

J,

lc

a.

- -o o o o 0 0 0 0 o 0 0 c 0
0 0 0'0 0 0 0 0 0 û 0 0 0 4 0 a 0 !

.¡r
ta

2at NH3-M2



l_4sfllclRoN 0ËN3¡lY xlt ro. a ¡0P NHJ rtfLtcllort PLI¡E

IYPT C ¡ ?¡¡ xo vl¡¡¡.
...aa.r..a.........¡....4....a.....r¡¡¡t¡¡¡¡l¡¡¡

PoPULrllOh ¿.0t¡ ¡CrL¿ lN ¡.u./lKd. ¡.¡tla
5 ò t . I ¡r ¡¡ tl

a...... a a ¡ a. a .. a. a..a

III.3.9. c 2ar NH 3-VI

PoPUL^ttoÞ 2.00 3C^Lf ta r.u./rrch ¡.ttOtÓtal¡a¡t¡r
¡r¡¡.¡r¡¡r¡¡r¡.¡¡.¡ó¡¡¡¡.¡¡¡rÒrrr¡...............i......¡r]i¡...o¡o¡¡¡

000000000ce
0 0 0 0 0 0 00 0 00 0 00oc

000000ttarlt¡tIo0OOO
0 0 00 t ¡l I tt¡ltlttt to o oc

000ltttttt I ¡ ¡ ¡ ¡ I trtttlooo
0 0 0 t ¡ tt I ¡ ¡ I ¡ I I ¡ I ¡ ¡ I M ! t t o o oo 0 0 t ¡t I I ¡ I I t r ¡ I I ¡ t ¡ ¡ I t ¡ t ¡ I o 0 o

0 0 0 t I I t ¡ I ¡ I ¡ I I I t a ¡ I r t I I t ¡ r r I ¡c 0- 0 o 0 r I I I ¡ t t-r I t ¡ I ¡ I I r t r I r t t ¡ ¡ r ¡ I 0 c I
0 0 ¡ I I ¡ I I r I t t I ? ¿ 

" 
2zzz ¿ I I I ¡ r I I ¡ I I t 0 c

0 0l I I ¡ ¡ ¡ I t I I ¿ a e ? ¿zz 2 ? e ¿ I I I I ¡ ¡ I I I t O a
0 ô t I I t ¡ I I I z ¿ ¿ 2 2 ? Z ¿ 2 2 Z Z Z ? ? 2 t I I t ù I t I o O,

a 0 t I I ¡ I I I I ¿ ¿ z 2 t t I I I r I I t ¡ ¿ ¿ ¿ I I I ¡ r t r r 0 ù
0 0 t ¡ I l I I I ¿ 2 z.l I I I I I I r ¡ I r I ? ? 2 2 t r ¡ ¡ r I r o c

cott ¡ I lr¡222rtt!tt¡tt¡t¡tta¿¿ 2¡¡ t t t t¡0r
0 0 tt I I I tt 2¿ ¿ !¡tt IIJ Jrr¡t I I ¡t¿¿ ¿t lr I ¡ I to

0 0l I ¡ r I I I ¿ a ¡ tt ¡ J r ¡ 3 J r l ¡ 3 J J I ¡ t t 2 ¿ ¡ t ¡ I I ¡ 0 0
0 0lt I I I I I a 2I t I ¡ r ¡ J f 3I I r J J J I I t I I a 2 t t t I r l0 0
0 t I ¡ ¡ I I t 2 ¿ ¡ I t J 3 ¡ ¡J r ¡3 r ¡ l3I I J I I r ¿ ¿ t | ¡ t I tO I

o 0I I I I t t ¿ ¿ ¡ I tl3 f ! r J f,t ! 3l J r I I J I I I ? ¿ ¡ I t t t O o
0 0 I t t I t ¡ ¿ ¿ I t t I ¡-! 3 l J ¡ ¡ ¡ ¡ r 3 J'¡ I J J I I I ¿ z ¡ I I I t o C

0 ¡ I ¡ ¡ I t 2 ¿ I I t 3 J 3 J I I I l l I r 3 t I J ! I I I l2 ¿ t I I I I I O

0 0 I I ¡ ¡ I I ¿ ? I ¡ 3 3 J-I I t t J J I J J I I I I ! I I I ¡ a ¿ ¡ ¡ ¡ ¡ I o c
0 0 I ¡ ¡ ¡ I I 2 2 I ¡ 3 ! I t I I I l l 2-l J I I t ¡ J J J I ¡ I 2 ¡ I t ¡ I 0 0
0 0 t ¡ ¡ I I ? ¿ I ¡ I r 3 J I I I I Nt J ¡ I t r 3 J I I ! ¿ ¿ I I ¡ I t O

0 0l ! ¡ I I l¿ 2 ¡ ¡ l rJ I I I I ¡ l lt 3l I t I t l I r I ? a t I I I I O 0
0 0 ! I I tI ¿2!t ¡3¡tf I tr tllt I rr I I ¡ ! lr tz ¿t t I tô0 -
0 tt I I I t ¿ r I M ¡ I r I I I I I I ¡ ¡ I t t I J I I t ¿ ¿ I t ¡ I t o

0 0 t I I I r ¿ ¿ e l t 33 r ¡ I ¡ l t t t t r r ¡ ¡ I I I ? ? I I ¡ r¡ 0
0 t I I I I t 2 ¿ I I I I J I r I t ¡t.. t l I I ¡ I t I ? t I I I t 0

D 0II ¡ ¡ ¡ I ¿ ¿ ¡ r ! r r I I I t I ¡ I ¡ I r r ¡ I3 r t t 2I |lÁ I I0
0 0 I I t t I ! ? ¿ I ¡ l 3 r I ¡ I I ¡ ¡ I a r I t I I f I t ¿ ¿ ¡ l' I ¡ o u
0 0l I ¡ | t 2 ? ? ¡ lr r r I r r ¡ I I I I I I I ¡ I t ¡ 2 ¿ ¡ ¡ ¡ t 0 o
0t! I tIt¿¿¿ltsJJrtt¡tt¡t¡3JJttt¿tt¡ t0o

0 0 ¡ ¡ I I I I e a 2 ¡ I l3 t 3 3I r ll t lr I I I t t et I I I I o
0 0l I ¡ ¡ I I U ¿ 2 t I I I3 3 J lll3 J J I J I I I ¿ a r ¡ ¡ t 0 0
0 0 t I t I I lz 2 ?tt I ¡ J l f 3I l l i l I t ¡2 a ? I ¡ ¡ I | 0
0 0 t ¡ ¡ I I r I ¿ ¿ ? ¡ I I I l3 J J 3 r I I t I ? 2 2 t I I I I O

xo
0

0.

¡.

¿.

¡,

t

aa

IU
tl

,

a

t
a.

o'
N¡
tl

o,,

t''
b;;

t.'

tr¡

'.:
¡.i

0 0l I I I ¡ ¡ t 2¿ ? I I I I I I r ¡t I r I I ? ? I I t ¡ t t 0 o

T

0 0 ¡ I I ¡ I l ? ? ? tl I ¡ I I I I I e 2 ? ¿ I I I I I t 0 0
0 0 ¡ ¡ I ù | ¡ ¡ ¡ ¿ z ¿ za 2 ¡ I I ¿ ?2 z zz l ù I ¡ ¡ f c C

0 0 ttt I I ¡ !t t¿¡ I ¡ ¡2¿ l¡ ¿¿ r I I I I I I I e I600tr I I r ll¡tl¿t 2¿azttt¡t I ¡ I lt-òù
0 0 r a¡ I I ¡ ¡t I ¡ r¡!¡t¡ tt I t ¡ r I lto o
0 0t¡ I t I ¡ ¡ ¡ t! ¡ttlt tr I I I I tt t0 0
0 0 0 ¡ I I I I I I I I ¡ I ¡ ¡ I I ¡ I ¡ tt ¡ 0 0 0

o 0 0 ¡ tr ¡ ¡ t I I ¡ I ¡ I ¡ I I I I ¡ | O o00 00¡¡ttt tt I t ¡ I ttt I100 0
000 0 0 t tt ttlratt ¡ 0 ô 0 o

00c00t¡tt000000
0000000000000

00000c

atlclf,oI 0{X3¡tY xAP Èo. ? fon NXJ ffEFLEcttoN pL^N¿

rYP¿ 0 xo I 2^t åo V2,0t¡¡43
-..4....o....4...ra....a...r.....¡¡¡¡¡..r.¡Ò¡r¡¡..¡¡¡r0,

l.

2)

t,

It

ô,

l,

¡a

9,

i¡

a

0a
aOa

0l
0

0

¡

D

t

¡

¡

I

I

D

t

Ð

l¡
at

o 0 | 0 r ! ¡ t¡ ¡ l. a,, t I
a0aalacaaaar¡

¡aaalal

aa
É

III.3.9.d 2at NH3-V2



fox t{rl! ¡ttl¿cttg¡ ,L¡x( -]-46
MI

| ¡ . É 
Pær't¡rlôn ¡'0', ¡clrl.ln ^'u'l¡¡cá' t.l:tt 

¡¡ trt"""""""'r¡¡¡l¡¡¡r'¡¡¡¡ar¡¡¡'¡¡¡¡l¡¡rra¡¡¡¡ó¡¡¡ra¡¡¡¡l¡¡¡¡.¡...a.....r...a.....a...a.......aaa

llrctPoi oLxsllv x^p x0. .
r"\ lypE a toIt

I
to

c

I

a

¡

I

I

I
I

¡
I

I
¿

¿

I
0

I

0
0

I
I

¡

0

I
I

¡
I

t

a

I¡

I
¡

¡

!

¡!
¡

a
t

0-a

I
II
I

I

z

¿

ì
I

¡
I
l

I
l

I
¡
I

I
I
I

¡
l

l
¡

!

I

I

ir

I
a

I
a

ta
00

t¡
lt

¡l
¡l

t¡
¡t

¡l
¡t

22
2¿

a0c
a0a
t¡0

ltt¡lt¡¡¡
ùt¡

ttt
l¡t

z aa
¿22

222
l¿¿

tlt
trt

IJ¡
llJ

ltrttt
ttt
ttt

tttla.
¡a¡
la.

la.
laa

¡tt
tt¡

JJI
ltJ

lll
l¡lttr
2t¡

???
aàà

trl
It¡

¡l¡

I
J

¡

I

I

I
tt
I

22
¿

tt
¡

t¡
J

J¡
¡

tt
t

t¡
I

lt
,

3

¡

I
¡t
I

¿2
2

¡l
I

J¡
ì

JI
I

tt
I

tt
t

tt

lt
tc

tt
tt

I
I
I

I
l

!
I

l¡

a.

l.

lL¡CtPo¡ 0tN3ltV HIP fio. 5 FOR NÍJ RErLECtto{ pL¡xt

IYP¡ O

0c
c

llI
¡ù

¡

ll

I
I

I
I

3 ¡-
IJ

tt
tl

tt
2?

22
?¿

¡
t¡
¡le

z
It
I

I¡r
I¡¡
r

00
c

3J¡¡
tt

Itlt
tt
rl

tltt
¡t!t

¡

t
I

t
0

0

I
I

t
I

I
2

2

¡
t¡
I

00
0

c
00
I

lt
¡

It
I

!t
I

¿z
2

¿¿
t

lt
I

lf

I
f

I
¡

J
J

I
I

I
I

2
2

00
cc
0t

l'l
tl

tt

I
I

¡
I

¡
I

T
I

!
z

?
z

2

2Z
e¡

2¡
tt

II
lt

¡tIt
It
It¡T¡t
tl
I

t¡
I¿,
¿

¿2

I
2'

z2
2

I
It
I

¡T
¡

I
I
I

t
I

tt
f,¡

IT
0t

00
e0

¡t
lr

',

:'

i

t

a0
,t
la

ll
lt¡¡
¡t

¡l
t¡

It
I

¿l
¿

22
¿

¿2
2

I
I

¡
I

I
I

c
I

a

I
¡
¡

I
I

¡

l
tl
I

rl
!

¡l
I

aa
I

a

r¡
t¡

tat¡
I

I
I

I
¡

I
¡

¡

It
I

¡!
I

lt
I

l0
I

la

0 00 0 0 0
000c000000-0-0 ô-0-r t.t | !'t o 0 0 o

000ttrtl¡¡tto0 00
ocoltttl¡¡¡¡¡tto ott

o¡ttt¡¡¡¡¡¡ttt¡t tl
000!l I¡'tI¡Il II III000¡¡r¡lttttltltrlt ttt00lll¡ lttrt22¿ ¿2¿t¡o ott¿

e oltlt ltllzzzzz ¿e2l¡ lt¿ aco¡t!¡¡¡tz¿e¿t¡tt¡2¡t tl¡t Ioo¡tt¡¡tt¿¿¿lltltlt¿too¡¿, nacaarll ¡ll¿¿¿lrlllf J¡z¡ tttt ta
e oll¡tll?¿ll¡¡r¡¡J¡¡¿t¡¿JJ laa0e ¡tlrllz¿lll¡JJrltl)¿ ?Jjt laa0e lI¡ ¡ l¡r¿l¡rJJJlttt¡Jttltt llaa0llt tlll¿¿l¡JJt¡tltt¡t tttt attt

0 0 l| ¡ I I ¿ ¿ I I ¡ J J I r r r t I J ?./ J I I I I . I I0l I ¡ ¡ I I ¡ ¿ I I I I J I I I t.. I JNI t.. ¡ I r a
otllr ¡¡l¿¡lllJ¡llt..tr¿¿tl. ttl.tot¡tt!¡¿r¡llJJ¡rtlrtt¡ ¡t¡. ¡tf aa
0 M ¡ I I t a ¿ l-l J ¡ J ! I ¡ I I ¡ ¡ ¡ I J I I ¡ t | . I
ot¡¡¡t¡¿¡¿llJ¡ll¡ltlJ¿ ¿trr rttt¡

ctlll ¡ l¡¡¿¡¡lj¡¡rrJl¡lt r tJJ t aa.,l
o¡tt¡tlll¡lt¡)JJJ¡J¡[l l¡rJ ttlal

e e t¡¡ llll¿¿l¡llJJllll¡oo¿¡l t¡l.lt
0f llll¡l¡¿rll¡lll¡lt¿l l¿ll l¡llt

0 o ¡ t ¡ ¡ ¡ ¡ ¡ ¿ ¿ r, t t l a l 12 à I a ¿ a I ¡ ¡.1
c g ¡ ¡ ¡ ¡ | r I t z a a 2 t I ¡ I ¿ ¡ I r I t ¿ ¡ ¡ ¡ a a !

OCO¡!¡ ¡ lttaaral ¿¿¿¿¡!l la¿ taa..
,e ol¡t I tlrût2a, ¡t¿¡lto o¡r¡ tt.a
ace l¡l I lllll¡¿¿l¡lal¿ lll la¡.r
ocot¡¡¡¡¡Illll¡¡llll tll ll.a
oct¡llt¡¡tl¡l¡lll¡¡. ûl¡ ¡¡..
9oo¡ltlt¡t¡l¡¡¡llt! orl ata
o,ltitll¡lllllll¡¡ .l tt.
!¡Ðallllll t ¡ll¡t'ì ol tt

ea¡r¡¡tr¡lllla. r r.
oo:re !¡tl¡laaa .o I

oaaaal¡llall a .
aralaaaa¡

aaaa

aa
c

tt
I

tt
¡

t¡
¡

a

l¡I
It

¡¡¡
lt
¡t

¿t

¿

l2
I

tt
!

lt
!

]J
J

JJ
J

?
?
I

¡
I

l¡
I

tt
I

00

e
0

I
I

¡
¡

¡
I

ll
I

¿¡
¿

tl
I

¡¿
I
I

I
I
t

¿

0
t0
¡¡¡
t

tl
I

?2
I

tl
f

l¡
f

IJ

l2
2t

2l
It

It
l¡

l¡
lt¡¡l0

le
ô

0

0
00
I

tl
I

I¡¡
I

¡-l
¡0t
0

00

ltrt
¡t

lt
ttrt
¡2

l2
tl
t2

tl
l2¡¡
¡?

ll
t¡

tt
II

ll
lt

¡
I
I

I
I

0
0

0

0

2.

J.

Sa

t
a

t
aa
I

la
Itt

I
2

2

2

I

¡

¿

I

I
I

I
¡

II
I
I

a

t
¿

?
I

I
I

I¡¡
I

ll
Itt
I

I
2?

¿
l¿
f

tt
I

t¡
al
¡

¡t
I

lt
¡

lz
2

22
2,z
I

ll
,tl
¡

t¡
I

l¡
I

!c
I

I
¡
I

J

I
¡

I
I
I

¿
I

lt
N

tt
t

¡
T

I
z

¡
t!
¡

2Z
T

It
I

J3

I
I

c

t¡t
Itt¡

0

I
0t
I

¡tI
0¡
I

0t
0

0t
0

0

0
0

I
I

0
0

TI
I

t

¡
l¡
I

lt

¡
I
I

¡
I

ll
tù

tt
lltt
I
t

0
0

0
0

a
I

I

I
t¡

a
a

aI

t

3
f

3

J
J

3
t
I

2

3
3

¡

l
¡
¡

I
f

¡
I

2

2

2
I l

z

J
ì
I

¿

I
I

t
2

z
I

T
I

ù

a

I
I

2
¡

I
I

2

J
J

¡' Itt
¡

¡l

¡
¡l
¡rl
¡tt

I
a

aI
I
¡

I
I

I
I

I
I

I

I
I
I

I

l
J

¡
I:
I

I

¡

¡

I

¡
t

t
I

I

¡

l

I
t

I
¿

à
I

I
I

¡

è

I

t

I
I

i
I

I
I

T

I
I

I
¡

¡
0

0
0

I
I
I

I
I

I

I

I
¡

I
I

!
l

t
I

I
¡

¡
3

¡
I

f
tt
¡¡¡
I

lt

a--
aI I

t
a
I
a-

o o ooooooooooooooo.r o I IfI.3.I0.a le NH3-MI

¡
2t

2
tt

¿

t?
I

¡t
I

tl
I

2
I

! ¿

I
T

I
I

I

?

I

I

I

I

I
¡ ¡I

I

I
l¡
I

0t
0

00
c

¡T
lll

I
I

I
I

I
0

¡

ta

rl

ro
I

a .¡E M¿ popuL^rtor 2.oo sc¡L( tr ¡.u./tðcñ. ¡.tatal2faSot!ela¡!¡l
;[;..t;;a;.;;r-ìi.r]..¡.................,...........;.......... ..................¡¡¡¡¡¡¡r¡r¡¡¡¡o0,

¡l

e¡
l,

. tl
ll

lt
Þ

l.

2.

l¡

lt

ar

9, III.3.l-0.b Ie NH3-.M2



l-47Rf¡Ltct¡o[ Pl¡x¿

Vt popul^rtoh z.oe sc¡Lf t¡ ¡.u./ttctu l.¡aaa
¡ . 5 à t a | ¡a ¡l l¿

.4a...a....a..r.1....a.¡.......a....a....4.......r.'....'....t.'..'.'..""""""a'."""

x{t

¡¿
a aa a

llfct¡ot OE¡slll x¡P flo. ¡ fOH

(- tYPt 0 É0leå0
c

a
ta

C¡

ar
' l¿

"2t

tlt

tt

00

t¡
tl a

I
tr ¡
N.

tr a,
tt

¡ I ta
ta

tr .l
at

oQ 0a
cl

el
a

ta
a

a

a

III. 3. l-0.C"---t-e NH3-Vl

PoPULTTfON 2.oO sc^Lf lx l.u./lxcþ l.llaa
¡ ? ¡ I ¡a il¡l

r.¡¡¡...0¡¡¡.'¿¡¡¡1.¡¡¡'¡¡¡.lr¡¡¡'¡¡r¡l¡¡¡¡'¡r¡¡l¡rr¡l¡¡¡¡l¡¡¡r'¡¡¡lo
3

¿LECIßON oÊNslll xAP X0. a foR

tlPf 0 It io
_t

NHI NTÍL€CIfON PLANÍ

v2
J

r0
0

..1.........4....rr¡¡¡t¡¡r¡t¡¡¡¡l¡¡¡.'¡¡ ¡
t:

aD
CO

a

oa aa
I aa

ttl
r ¡aa

a¡ta
! ttta

ll0t
¡ 8¡aa

¡ll0l
t Nltt

tl¡0a
| !¡.r

¡lta!
c lla.

ttaaa
l¡a.

ltttl
¡taa

attt
lar

I I ta
taa

ttl
tl

tt
a

i

ra
{r

ç{)
9

a

o

o

,
e

Ð

t

o

t
¡

r

t

I

)

6

IIr.3.l0.d le l{Há-V2

It
It



') 
) 

|
¿

::3
::

:!;
:::

:::
:::

I

¡ 2

I I I

tÈ
J:

...
.í.

...
.ti

-i

I

N
Þ

É
F

r 
T

.:U
å

i l

0 ,

.t

o ! , a ¿

f F = ß I

¡-
al H

a

o) H H (Ð
I ts

. 
-a og

o) N .(
¡) I N

(¡
)

Ê
r

.! 
ts

'ç
co

^



z
3.

,..
.9

.,.
.'í

""
'1

""
'î"

"'f
" 

"'3
i-r

t

>
a

-o

È
r-

P

i-N
ro

, 7

- 
-.

 
a 

O z

-u
t-

":
^+

,"
H H H (/

) lr rH

é

¡

iO ,o
)

,0
r

(D
I F

I I

rf
 

: 
: 

! 
1 

=
 a 

=
.tl

 
: 

! 
: 

i'¡
 

:-
ì 

- 
i 

: 
: 

: 
-t

oa
t 

t 
: 

Ì 
- 

Ì 
: 

: 
-z

 
: 

_'
 :'

ts + (o

Å

¡¡
3¡

 -



150tLtctroi DerSllt xtt r0. I to¡ Nn¡ rtrl¿cr¡0i PLI|E

t¿
?1t
¡1

PoruL¡ltui ¿.0e tc¡ll ¡¡ ..u.r¡¡(4 l.¡all
! . t a r la ¡¡

2f ho
l¿

m
0

^ ttPl 0

l¡t
tl

{ú

a5¡¿
. rt . ¡ i

XO

0

0.

l¡

2;

¡.

l¿

l.

l¡

ta
$

:]
Fp

fl¿ctRor o¿rsllY HaP lo. t f0H

tYpt 0

lH¡ NtÍLtCl lox PLAtt

m2. t,t¡
5Clrf l¡ ¡.u./1rcx. l.tala

| ü r ¡t
l.¡.¡t.r¡¡'¡ro¡'¡t..1¡¡¡.tr¡..t¡...'¡l.a

6
g

a
0
00

0
o¡ |

0
o¡ ¡

0t
0¡ ¿

¡
ùt ¡
gl'¡r' t
0,t
o ¿ al

ar al
t' al

a

rt
a

I
I

a

at

I II . 3 .L2 .b 2e NH 3-M2



' 
u 

? 
''t

tC
""

'3
""

'ir
t'¡

'
. 

r 
al

 
a 

l. 
a 

a 
l 

r.

) 
.: 

,
t 

a 
-a

--
{ 

I
:5

:!¡
-

at

t
I oo

- I

t

c 2 a Þ

I F a t ! t z ¡ , 2 ¡ ã

¡.
..i

ra
.t.

ll
t¡

 
¡.

 r
 r

!. 
...

.îr
. 

'. 
'3

' 
" 

"t
t 

t 
" 

'i¡
 

¡ 
o 

I 
¡T

r 
" 

¡ 
'T

t 
i 

' 
¡ 

¡î
" 

" 
'3

'..
-¡

H

H

T
l¡ :r
l :i '. 
l¡ :l¡ .t

H H (¡
) F N
) o @N
)r

o

91
>

.t

-s

-z
-

¡

! a , ¡

'.-
,+

."
"

' 
-Z

 
>

 
e

co
t¡

t¡
"-

^,
"

rr
-l-

-

H (f
i

P

T
'



SLtCtßor ¡x¡¡t¡t ¡¡, x0. t toR Ht ¡¡;Lfcrlor tL¡Ng

tYPÍ a ¡o a .¡¡ no Ìll poñJ!^t¡o{ ¿.ce ¡clLa ¡r r.u./¡r.G¡r l.traa
-l---,1----,-,--¿-...-__l--.----_!¡t--.-l-1.-I . . a . . . . ' . . . . a . . . . t . . . . a . . . . ' . . . . 

a . . . . ' . . . . a . . . . a . . . . a . . . . . . . . . a . . . . ' . . . . a . . . . t . . . . a . . . . ' . . . . a . | . . . . . . . . . . .ta.

r52
__-lt_-_ l, _.__-_l
.'....a....'1..4. a

I
a

¡

ì
¡t
I

rl

l
,r
,,

tt

a.

la

0c000c0e00
000000û0000 a0aaaaaaalt-t-¡-lr¡r't-r .att¡t!at-l¡rllllltlr¡aó calt¡ttat¡atll¡llr¡¡¡¡¡o ot¡trtrr¡ltt

' attola¡

t¡!

IJJJ]

¡¡t¡r¡¡llrrat¡l¡lt¡l¡r¡ra
r¡ttrtl¡rt¡a

r r t I I I I ¡-l r t l I
!t

l0¿l

-J'!'¡ l'¡ J

¡ I I ¡ r l0

00l. ata
.ta0¡l

0!¡
0lll llr¡tllltl¡lltto ctt¡'¡ ¡ I t r I I I t I l ! I I I o 0 ¡ I ¡

I
tlI

¡lrr¡ ¡ 0t2èrtló-.-[tt

¡
¡ t

I
I

I

¡¡

0 zett ¡l
It

12 2 ¿¿¡¡tl¡l I ¡t¡lal
0t?

lr¡r- 0¡tt2
0Ilt¿
o ¡ t¿20lt le

ea2l02e
It2toltl
ttl0sll

¡ ¡ J e I . N.
JJ!t¡f¡

2ll tt
22222

2¡tlr
tltll

¿2¡tt¡t It¿2r2llt
¡t2¿¿ttt I ¡llalIt¡2¿¿tt¡llllaa

ltlaa
lrllaa

rl

2

I

I

¿

I

z2 L 0 ¡ |

t lz¡ll

ô

.tl¡¡t¡¡¿ltl

az
I ll

¡t
l

r-l
r2l tt¿Itl00tt

5. aC. !lll
- a0tCl. 0 c 0 c 0-

lllzl
0ll2lr
0 ¡ ¡zr

t l----- 'l I t 2 I

c0000000c ll2
a00oocc0 0ll¿

0c0cc000c 0tt
00c0000e 0 0l¡

III.3.l-3.a' 4*r- NH3-M1

llItll3rlIl13¡t ltJ¡ttttlltt
r tt ¡ I tl I I I ¡ ¡t z 0 ¡ I ¡ I ¡ tf ¡I I r a

a
tt
ttatJ lt t{. a.lll!¿ l0 ¿¡I {

ltlltalall¡ttl t¡¡r
tt¡JJlt¿¿atl ¡llt

{ttJ¡Jtt¿¿tt¡ ¡IfT.3
tl

3trtr¡¡-ltlllr
rrltrl¡

tl3t¿0ltrt.
!lll¿l02Jt. lalttrrtttzztt

I tlar¡-fr

I ¿ l - I I r Jl J ! I l r ! I
lzzl

z¿l
22¿ Ittl r ¡ il.

l¡l¡
ll-l f¡l

-00010

¿l!3llJ¡
2tlJlr¡l

l2tt¡lJt
t22t¡ltrIrt¿2¿?2lr ùrl

0¡l l
0ll ¡

?222¡rrt

I ttttt¡.t¡¡¡!tt¿¿tt¡ltl
¡ 0 r 2t¡ a ¡¡r rl !Jt r ¡ ¡t I I ¡ ¡ ¡¡

l.

i

tll2
¡3tt
3¡¿l

tl2t
I2T¡

22Il
tt l0

Itl0

lt¿tJ
I¿2II

T¡22¡
¡ t22t

0tl?¿

JJtt¿¿¿rt¡¡tlttt¡313¡ rJrt¿2¿¡tl ¡ tt¡
t¡ltrJrltt¿¿¿l¡¡¡

t¡tt¡tt22zt.Iltr ttt
t¡tt¡?¿¡ttll I tltra

ezz ¿¿ 2 2 ¿ I I ¡ ¡ I I t I C I r}.
l¡.

at
tt

aa
a

ta

a¡
{r

00
0

00
c

ôl

00
000
00

eeg

c
0

0
c

ô
0

0c000
000c
0000
0e0

I I I t ¿ zZZ 22 ¿ t ¡ ¡ ¡ ¡ r ¡ I l a a

il

t,

. 000
ð

0ttrttt0000ö000
e0cc0c

0e

ÍL¡CÌRON otlrtttv x¡p No. 9 r0¡ xit ¡ETLECttoll pl^fft

tvÊ€ 0 åo I a^l to

0¡ I ¡tt??z¿¡tt ¡¡ r ¡ tl!lrtttllll¡¡¡ltlllll¡lùtt I ¡tt¡lr¡¡¡ rll¡ttal

PoPUlll¡oh a.00 SC¡Lt l¡ l.u./l¡.Cx. l.¡ala

0

.t_

I

0 r I ¡ I ¡ ¡ I I I I I ¡ I ll ¡ra a
o o r t I I I ¡ ¡ I I I ¡ I t I l.l a
0 0l t I I I I I ¡ I I ¡ I ¡ C oaa
0 0 r r ¡ I ¡l ll r I I c e I I
o0o¡tlrtltl0ocl
0 0 0 D ! 0 0 g 0 0 ! I I t--- --

0c0c0ct00r

0.
?r9
aaa I

¡

¡¡,,lu
al-

lo
' 'al

b.
à

altac
aataaacel

00000000
00000000000¡

0000ttttt¡t000a-0 0 t t I r I I I ¡ I I I ¡ o ! I

o¡!¡¡tt¡tt¡¡ltltrt¡c 00tlotlt¡tl¡trtl¡lll¡l¡to ltttt
o¡rlt¡rrr¡l¡¡¡trltlt¡0 ll¡tt

oal¡llttttll0tttlttl¡t otrt¡¡l¡tlt2¿2t¡0 0l¡22tt¡e ollti!0¡¡t22222t 0lô ta2¡2t¡ ¡¡¡ttf ¡

0 ¡ I t!r r I ¡r r ttt I ¡ 0
ttlll¡tllt¡rlttrlo ô

?.

,. ttttlar¡rlrl
¡ ¡ l ¡ ¡l
¡¡trt¡

tttr¡¡
¡It¡tl

r8!rl¡
¿¿lttt

¿rr!!l¿¿¡r¡t
¡t¡¿¿¡
tt¡¡¿f -

t¡tJ¿l a¡¡¡r¡t
ll¡laa a,ltr¡t a¡¡¡l¿a a¡f t:¡t t¡lt¿¿a at¡tt¡E
¡llrrl allrr¿l
¡lrfrl
,ttrtt

¡¿rlla
r¿llrtrl¡tll
¡tat I ì

tlrrù¡
¡rrt¡l

rt¡rla
r 1¡lal

I ¡ a ttat!tra,
lall.a
tlltlt

laatll

0I¡l22lrt20tll¡o¿¡t¿lt0 0tt¡ttl
!¡t¿?ltIttlJ¡Jl!¡tt¿!¡ ¡tta¡¡¡

0l I ¿ ¡ I I J ¡ ¡ 0 J tt I ¡ I I I ¿ t e ¡ ¡ l r a, r
c a a a I ¡ I ¿ r r ¡ r r t t.H¡ ¡ ¡ ¡ J J ¡ ¿ t ¡ r f r r r ¡ I

a00Cl o¡l2llJJlll¡r.l¡¡Jjl¿l l¡¡lllll
a0!00---- ¡¡lz!l-lt!¡l¿l2lt!rJll l¡¡l¡Jrtl

e 0!cc0 ¡¡¿l3ll¡1.¡¡t¡¡ll¡l¿¡0¡lJ¡¡¡l)
aoe côc 0ttzl¡l¡lrrr....trt¡r l¡¡l!!¡tt

oo0C0a0 0ll¡l¡llr..rra.r¡tl2 ll¡l¡llr!
e olttoo ¡lzlJllla.....l¡lr?¡r!l¡{+¡lr¡

0otttll¡ llzlJ¡¡1....4.¡ltll ¿lll..lt¡
0l!lllra tl?ll¡lll.lltll¡f I lr¡ltlllJt

0t!!rtttr Il2¡llJt¡l¡¡trrllol¿ttl¡¡l ¡)
0!r¡rt¡10 ¡lrll¡ll¡ll¡¡)tl¡ ¡tl)¡l¡¡tl

of tttlf t!o !lz¡l¡tJJJJ)¡l¿¡ ll¡¡¡lrrt¡
Otlf f tlf ¡0 ¡ll¿ll¡rJ¡¡lt¡l rlttl¡ltltl

octtllalrlo l¡lr2ltrll¡¿ll ¡lì¡l¡¡¡¡l
0rtr!tltll0 0Ill?¿lz¿2lll0 álll¡!lrtlt

oot¡¡lf ¡t¡lo l¡¡t¡l!¡¡¡l rl¡¿'¡¡¡r¡l
0o¡trt¡¡¡lla o¡l¡tll¡ll ¡¡!¡rr¿ìr?t

ooollllrtilla¡ l¡¡¡¡¡¡' 'l¡¡¡'¿ll'¿Cooltttt¡qtlta 04. Itllllðta.¡t
Oooctrt¡ttt¡¡e a taa¡¡ttr-lr¡
ge lootttt!¡¡ltt a!¡t¡at¡lttt
â O e I o ¡ I ¡ | r r a a a a a t-t I ¡ I 1 I ¡ a a ¡

!.ôâ.0¡¡t¡ll3ll aa¡a¡llt¡¡l¡¡
a a a a r r a e a a a a l a t I I | ¡ a l ¡ ¡ ¡ t I ¡-¡-r-c-l-e'a c o , I t r 0 t a I I I I ¡ t t I ¡ ¡ I I t

!ttaaaaa¡ttrt tt,a¡t/al¡¡r!t
atr!0rlrttll0 t¡llll/¡¡lllf It

aatr!aa,aal aaaallllall¡al

5.

0.

I

-<

III . 3.l-3.b 4-t NH3-M2



¡:
 :

I I l. 1.
.

I I I ¡ I I I I I I I I I I I I I I I I I I I I I I I l- t-

rÞ
:

t:ê
:ê

::i
;;:

::
:å

:::
:::

!::
;;:

:;;
::;

 
-a

!

1.
. 
.. 

- 
lt 

- 
- 

- 
- 

-l-.1
 

I

..i
 ¡

ilr
I

f 
,..

..t
. 

¡.
 

¡ 
rî

r.
...

ß
...

, 
r8

..'
..3

¡"
t 

tE
" 

" 
tÈ

'

I I

aa
 a

¡a
 

a.
a 

a

t,
! ã ú 2 ü ã

't J

I I

.1

I

a t ? q z a t ê - , , a t ! z

.¡
 

aD
a 

a.
aa

l

i I i I I I I I I I I I I I I I I I I i

ta

H g : (t H (¡
) o, -E O
J o I N

t¡
¡

E
Þ

F

N
N

N
EE

F
O

O
'

H H H C
¡) P o)

.J
,

:ts
 ,

.a :F :t .Ì 
¡

tê

+ 0r
t

Þ
e9

9

.'!
F

eÞ
us

z @ It
o¡

lt

È
es

F
¡

Þ
e-

-

e

r¡
c-

r-
N

nE

5r
¡t

s
ã'

'E
¡

Þ
I I I I ì i i : i I I l

I I
! F 2 - ¡ c Í 3

4r
-r

F
a

9a
-

or
l-

J.
N

È
il

ñN
rr

ru

t9
t

-d

-ll
l

ls
eø

¡
ar

su
u

F
¡¡

. E
E

O
'

--
-l

^

t-
l 

¡ 
t 

-¡
¡:

-:
-¡

¡¡
l::

l:¡
t¡

¡a
:::

 
j

.(

I I ¡ I ç I I I

(

ts U
l

o)

l¡,
- 

rr
'

tl
r;

:l:
i:Í

¡ì
??

t!ê
¿

:¡
:c

l 'ì
:lÈ

!:l
¡¡

E
l

)
tÈ

¡!
¡-

¡it
¡a

))
))

¡t
),



- 
:a

L.
-a

år
;-

!: 
:tg

:1
 

.-
i 

:. 
I 

::

a ¡ z c o 2 ! ¡ a c ¡
^

f 
.,.

..s
, 

...
, 

î..
., 

.9
,..

 
..9

.. 
.. 

,1
, 

,..
. 

!, 
,.,

 .
1.

 .
.. 

,i.
 r

 . 
¡ 

¡ 
Í.

tr
)r

:li
 

:

^

(¡
)

'l s N
)

F cn +

:ì-
ci

:ì!
 

I 
--

...
:::

 
.i:

--
.3

t



I
N

Icr)

ì 
rit-:.::--!l:

¡¡
ú)ro.1

ôlE
I(nC
)

.l

itÞ

o

,
.tcr)

HH
i

.H

7

l

lãÊ
r

ã:
ttùTt,Izc,az

-i.¡Lr
-a-.az

IIII

J

dz'
N

{r¡ ñaaá

r 
a.. 

a r r, 
.. 

,,.: 
¡ " 

I 
t r 

' 
¡ "

a

,
i 

,-
: 

: 
3; 

ì 
I 

: 
: {Ú

 
3 i 

:: 
: 

:: :
-: 

:::;îiI¡iii::;:::lìì



l_s6¡oP H¡ r¡,rp!ry)tcutr8 ro c¡ lt¡3 lnouox ¡

allctRot DtNslly tlp t0. ó fon ilxf PERPENOlcuL^R fO Cl 
^¡15 

tHioUoX ¡
YYtf 0 ¡o 5
_ ,---0

:^¡ r0

III. 3. l-4. f 2e NH3-M2

PæUL¿Fr2
¡Lacltroi oE¡ltlt x¡, m. t
ttPS a rlo ö ¡t to sc¡!t l¡ ¡.u.rlr.(rF ¡.raala t tr lt ¡a.......................................¡.r....

0a
,

¡s ¡
5

0
tt¡t
22
tt

t¡
fJ

t¡
ll

¡a
la

tr

I

I
I
I

I
I
I

I
¡

I
I

a

¡a

II
tt

l¡
l!

l2
¡t
I

¡

I
tt
t¡t¿t
2Z¿
z¿

2¿2
le

¡I-2
¿l,
ll

T
2l

z
?

I

I
¡

z
z

2

¡
I2l

- ¿-
la

!
t!
I

¡l¿
I?Z-?
2¿2

I
¿¿

a
2¿

2
al
¡

t¡
¡¡t
I

l¿

¡
I
¡

I
I

z
z

z
2

z
I

¡

tl
a

t!

ùb'
rt

!

0

I

c
e

c

0
I

tl
I

?a

0It
t¡

ttrt
¡t
¡c

l0
0

¡
lt

¡
ll

¡¡¡
I¡'¡
I

¡

I
t

trt0 0t¡ I rT-!-¡
0tt¡

fIIf-¡
0

I
I

2

I
¡
I

I
2

¡

II
a

z

¿

I

2
?

I
¿

z
¿

2'
2t

z
z2
¿'

¡a
I

t¡'t
0

2

¡
I
I

I
t

I
tt
¡

22
l2
l¡

tt
II

tt

22
2¡¡I

II

tt
¡

tt
I

¡
I
¡

¡
I

¡

¿

2

I
¡

¡
¡

I
I

!
t

¡
I

¡

3
¡

¡
¡

c0
0a
t¡ll
l¡tt
II

¡t¡¡

tl¡
l¡

0tt
0t

000
0

0
a

3
0
I

0
¡

I
I

lt
t

lt
¡

tt
I0t

6.

þ
¡t
la

0,
2

tl
¡

t¡
I

¡¡rtn¡
t¿e

2

tt
I tt
tt

tlt
tt

rtt
lt

tt¡
l¡

t¡¡
tt

Itt
t¡ttr

a

I
I

I0

I
I

I
¡

¿
¿

z
2

¿

2

t
¡

I

I
I

,.

¡
¡
¡

I
I

¡
z

2
t

¡

I

t

¡
2

I
I

J
f

2

¡

t
2

2

0
¡t
I

tù
I

¿t
¿

¿
z

I
2

I
2

I

It
I

2¿
I

tt
I

l¡

¡t
t¡¡lte

0

c
I

I
I
I

2

l¿
I

¡t
¡

!t
l

¡?¿
??

l¿2
¿¿

¿21
¿¡

It
I

¡
t¡

I ¿¡¿t
¿l¡

!
I
¿

a
!a
I

tt
I

¡t

tt
I¡¡
¡

tt
I

I
t
¡

I

¿t
lt
l¡

lt
tt

a,
tl

tt
IJ

JJ
!l

lt

0000000000
0000tt¡000a

c0¡t!tt¡rtt000tttt!t¡ltltt
c¡tltt¡l¡tr¡tr!0.0r¡¡ I ¡ I ¡ t I I ¡ t I Ircltt r I I I ¡ I ¡ I ¡ I ¡ I

0
I
I

I
I

0
0

I
I

¡

t

I
¡

I
¡

I
I

I

a
0

I
t

I
I

I
0

I
t¡
¡

lc
0

0

I

I

I

I

Iz

I
2

0
I

t
0

I

I
c

0
J¿

I
I

I

ta
¡

tt
I

tt

lt
N

lt

!t
t

tt
I
a

I

I

c
0

00
0

¡!

I
l¡
I

ll
¡

tt
I

0

¡
¡
I

¿
2

z

I
I
I

I
I

I
I

I
c

t¡
0t

lcl
l0e

tl¡a
¡lct¡tta0
t ltc

¡ I rtt
¡ ¡ l0¡

¡ ¡tl0I ¡ tot
¡ ¡ ¡¡rI lte c
¡ rtta
t I ¡oc

I ¡ tto
I ttc

I ttcc
¡aeo

¡lca
l0r

lt9
eù

0t

I
0

0

l0tcttIT

z
¡3
!

3!
I

J¡
3

l3
I

II
¡
¡

l¡
¡
ttt
I
IIttrlr

t¡II ¡

0
f fc

5,

l.

a

t,
¡¡

,J

I
ô

l¡

l

!
t

a
I
¡

I

¡
I
2

t
I

I
z

I

-r

0

0

e

¡

¡t¡t¡
llr
ItrfTTr r r¡r¡¡trItl¡ttl

¡¡ ltf ¡l¡lttttl¡t¡rr

ol
clt
¡t

tl¡
It

ll
I

lt

I
0

F

--¡

I
0

0

?
¡

I
I

?
I

I
aI

I
II

c

0

¿tIz

I

¡¡l¡l¡tttts..rr-rrr-¡ r f r

I
¡
I

2

r¡
I¡¡
I2t'z

z

z
2?
?l¡¡¡t

?¿
77

22'

t
2-7

t rz ?

I

I

a

¿

l¡It

2a
¿

lt
I

r-r
I

rrr

z
z

t
z

Ul

2
I
I

r-
I

frTrt¡¡¡
I

I
¡

t

la

¡t
t¡¡

¡
¡

¡
I

¡

I
I
I I

PoPUL^ll0n ?.0e lE¡L¡ lx ¡.U.r¡¡Cþ l.raal
lr . - l¡ lrt

Ml,
¡t

..¡.4....4t.....r..ar¡..ar..ra......¡..a....a.... ...4....4....4a...aa.aaaraa.aaaaataaaaa
Iaa

0.

l¡
ta ¡a

È
.1.

c!¡I¡¡IM¡trrt¡ù¡
aott¡¡¡ltt¡ttttl¡l

0e ltt ¡ !ltrtttltt¡l ¡
ê e lt ¡ ¡ t t t t ¡ I t ¡ r I I I I

ocltlt¡¡tr¡¡ ¡¡t¡tt
Ca¡l¡¡t¡l¡ 0¡o ¡ttt

e c I ¡ I ¡ ¡ I t I I r-) I I I t t
a o ¡ r ¡ ¡ ¡ ¡ ¡ ¡ r o ¡ N¡ o I ¡ I ¡e cl¡t¡¡trt ùJrt lt¡¡

cll¡l ¡¡¡¡l oto rt¡t
e ctltt¡¡¡t¡¡ ¡rtrt¡
a a t ¡ I ¡ t t¡t t I I ¡ I ¡ ¡ r ¡
e 0ttt I ¡¡t¡¡¡t!tt¡t I
e a l! ¡ I I tt ¡¡ I t¡ ¡ ¡ I I
0 c I ¡ I ¡ I I ¡t rt ¡a t ¡ I ¡a c I tt I I I ¡ r I ¡ I I ¡ ¡ Ir90¡ll I ¡ ¡ I ¡ I I ¡ I I I

e e ¡tla t ¡ ì ¡ t I I tt90¡l¡ttttttttt

¿.

!.

).

¡.

ac¡tr¡t!ttto

ra{ll
,i

ITI.3.14.e 3ar Nll3-M2

t

--(

e1000000



¿çT



158

PopulationsforHlssuggestthatconsidenab]-efluctuationsexist.

Nr¡nenically, HIs populations are: Ml = 0'86 ' 
þ72 = O'92' VI = 0'82'

Y2=0.B0,arrconewoulclexpectthatva.riationsofthismagnítud.e

shou]-dbequiteapparent'ìntherlensitymaps.fntheliP,,þtofsuch

obvious clisagneenrent between mapped dharge dístr"lbutions and' population/

bond índicés o we feel justifietl ín out- earll-e:r contention that the

latter are prone to gíve rnisleading :results'

Tnanalogytoou]lexamínationofthewavefunctíonsfonH20,

the NH3 density maps pl4ove ext::emely useful in illustnating comparative

effectsofa:orrricorbitalconbributiorrsattheMolevel.Fonthe2al

MO(Fig.IÏI.3.9)chargedistníbutionsintlreminimalbasis}Iave-

functj.onsextenclwe]ltowarclsthehyd:rogencentr.e,wheneasVlandV2

behave in a manner :re¡niniscent of the corllespon<liDg H20 maps

(fig. IÏI.3.2"c-cl), with a 'lpincirt' around H' As a consequencee

cha:oge centlrc:'-c1s (both at 0.16 au, Tabte III.3'10'a) a:re conttnacted

towarc]s N, :re}ative to the MI a¡rd M2 wavefunctíorrs u whenein <z'>

occuras at 0. 33 and 0 ' 36 e;q nespectively "

SomeconlpensationoccuÏ1sínthe3alorbital,fonther"ebotlr

mini.mar basís wavefi:nctions map as es.çentiarlyrl2pz orbitals, weighted

away frrom H (Fj.g. III.3"11.), as is evíd.ent in <2,'> values, ..32(M1)

ar¡c1 -.30 au ([f2). Br/ eontnast, the centnoid in the VI wavefunction

isdisplacedonlyha]-fthatdistance,(-.t5au),while,forV2,the

ex¡lectationvalueof-.05auínclicatesvenylittlepola:risation

r.elatív.e to N" These effects obviously stem f:rom o:rbital coefficients
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Table ïII.3"l-0.a. One-Electron E:çectatlon Velues, NH3 - <ZN>

lab1e III.3" l-0 "b. One-Electlon trJ:çeetabion Val-ues " NH3 - <0
7"2

\r2

Electroní e

Nuclear
llett

nr cQ- .vL)u

0 .0750
1_. 0108
1.. C108

-1. 03T6

2 "oB7
4.166
*L.\79

0.1639

0.331+?
o. 33)+.r

.. . oIlB2

t.570
"2.L59
- .589

1-.583
-2.L59
' .576

1.5tB
-2.rr9- .6or

- .ooo2

o 3276

0.3933
0. 3933

- '3150

1.598
^2.1.59

c(t

lat
2at

l.e

3at

Tlleetronle
Nuclear
Nett

0 .16h5

0. 3879
0.3879

- . t-\87

d .0000

o 356-
0.3603
o. ¡603

- "2981

v2M2 v1-Ml_MO

2"l-7l-
-3.,599
-:."'l+2'(

r ohz

-3 " 599
*L"6jz

.0155

c.2052
0 

" 9201
0.9201

- .T73Lt

2.5r3
4.566
-1.053

- "0228
0.9318
0 .931-8

- .7552

- .oh82
1_.0035
t_ " 0035

- .99sz

a-f¿1

2at

l.e

3ar

¡02 vl_MO lvfl



Tab1e ITT. 3" l-0 , c. One-eleötfon Erpectation Velues ¡ NI{3 ,- <x2>

Tab1e fII . 3.10 . C.. One-electron Erpeetation Values, NH3 - <22>

141 t42 vt_ v2

lat
2u"l

l-e

3at

El-e ct::oni c _7.01_3

Te.bIe llf.3.10,e" One*el.ectron E:ficectation Values, NH3 - <r'2>

ì,f1_ Ir2 vt_

MO

(- .0163
- Z,ILßZ
- l+ 

" 0Tg3
- h"0T93
- 2 "6905

l_60

(- .0163)
_ 1"99?1
- 3.BBzo
- 3.BBeo
- 2.8811

v2

-o 1q2-9.311-9.059-9 ")r9Electronic

- .6:8r
_ . Bt+lr
*2.362r
- .7086

- .6g8z
.8982

-2'\9oz
- .568h

.02l}3
" "9913- .æ65
-2.2tt26- " 3BLr

- .02?t,q
.BzrE

- .gol+h
-2,50142
- .5021,

1àr
2at
l-e

3ar

\r2v1-M2MTMO

-7.396-6 "51+6-7 " 
l+33

(-.0163)
- ,6809
- .6lz8
_ .6728
-1" )+638

" 0398
- .786t-
- .5!U+
- " 

6llhl+
-1_.1592

(-- .0163 )

"t\6r
"6goB
.6908

-]-.55i7

_ "0393* .T503
- .6gs¡
.- 

" 6est
-7"5397

-25.T.7E1e ctroni c

1"t
2ur

1e

3at

*2
-3
"3
-1

. o88h

.7687
,7ß6
"Tß5
.92'.16

*p-l+.(,61+

- .0863
* a " 

)+oog

-. )+.LOZZ

- l+. rOeA
* 2 "5t89

-.¿6 "\lt

MO

-.2( "oLT
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Table III"3.10.f. One-electron E:nceetation Values, 1trH3 - ."N1

M2

- 6"6gse
"g8s?- ^6)+aZ- "6\oz
.8801

-L9.68'r
L"566

-1-8. r-22

Table TII.3.10.e. One-electron Expectation Values ' NH3 -. .rH1

Electroníc
Nr-rclear
llett

-t . h1b
h.303

..1.l.1l-

lllectroníc
NucLear
ITett

*L9 "72.9
L.566

-l_8.163

-19. 508
t"566

-rT.9\2

-zO.t69
r"566

-18.60l+

- 6.6got
- ".91r)+8

- . T13l+
- .Tl?h
,- 1.02âB

Il_å,

2at

l-e
3ar

( _ 6.t0
- .9t18
- .68>o
- "6810
- "8\26

.70

.91?6

.61',St

.6h:r

. BhBl+

(-6
Ml_þlo v2v1-

E

4.
36!+
303

-l- 06 t_

(- "52rl- '5118
"8¿zz^ 3769

^ .1t667

-5. \05
l+. SO:

-1.102

-5 .l+16
h"303

*t_.113

(- "rzil
.520h

- .7700
- aFlßc

- . \813

.52t8
- .fhl+o
- .7893
- .3888
- .l+6sh

- .i?t1
"fi60- .Ba¡6

* .3758
.- 

" 
l+hgo

MO

1a
?I
le

3a,

v2I{l_ It12

I

I
I
I

V1
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ín the 3al MO; coûmon to all foun proèedunes is a comparatively

snalL conü:ibution fir'om N2s, but both valence basis wavefunctions are

dist.inguished by ê large adníxtü:re of hfg into what would othenwise

be a pz'edominar:t1y N2pz distribution. The density maps ilJ,rr.strate

this point we1I, æd show, in additionrthe gradation in z-extension

pneviously mentioned in eonjunction rfth totaL density.

As a consequence, nett polarisation, nelative to N, ín

orbital-s of a1 s¡'nuretry, is very weak, arnor:nting to 0.01 and 0.06

au in the minírnat basis wavefunctions, and 0.01 and 0n12 au fon Vl

and V2. Iloweve::, these values a:re not nelative to the centne of

nuclear charge, r.¡hi,-h occtìns -'24 at towa:rds Í1 on the C2 axis. Ther"e-

fone, the molecul-a:r effec'ú is one of faÍn1y stnong polanisation away

fnom the H atoms, with the pnincipal contnibuticn stemming fnom the

hÍgh p-content ín the 3at 140,

lthe::eas expectation vafues i¡l the a1 o:rbitals ane inclined

to classify as minimal or" valence basis ín thein sü:atification pattenn,

change centr.oids fon the Ie M01s are more o-r less equivalent, with a

tendency to group, nathen, by Vension. Both Vension 1 wavefu::ctions

arc char-acteirised by char"ge centr-oids well disp-laced towa::<ls H,

(O.gg au), wheneas, fon Vension 2, <zN> is Loca-Led at 0.36 au in M2,

and 0.33 au in V2. The density maps of Fig. III.3.10 ane illustnatÍve

(notre pa::ticularly the extent of negion 4, 0.256 < p <0.512) and necall

similat behaviour- in the 1b2 M0 of H2O. It is appanent that H1

onbital- coefficients a::e pnímanily nesponsible fon the behavioun above,
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for pencentage cqntributicr¡o to the le MO ane graded numerically in

the same order as <zN> viz. Ml (34.2eo), vr (33.7%), M2 (33.3%)'

v2 ( 30 .4eo) ,

Viewed as a whole, dipole inoments, .rN,, do not falI into

any patLerrt consistent wíth nespect to version, basis set o:: onbital

symmetny. Ou:r examination of the H20 wavefuuctions lÍkewise fail-ed

to ¡.eveal any consistency among o:rbital contributions to dipole

moment, nor to othe:: one-eLectron ProPerty expectation values. There-

fone, we shall confine our. fur.ther. discussion of the NFI3 wavefunctions

to a bnief on".rtá of those aspects which have some significance on

confir.matory value to the obsenvations necollded fon ti20.

Second moments of the cha::ge distnibution, <22> (ta¡fe

III.3.10.d) affondu in thein nett values, confinmatory evidence for"

the gnadations in extension, along the C3 axis, of the total change

distr.ibution. It is appa::ent also that the p::incipal contnibution

anises in the 3at M0., fon expectation values the:re a::e the la:rgest

(viz, -1.16 (lfz), -i-.46 (V2), -1.54 (M1), -r"55 Vl)), and addítionally,

gracle in accondanee with the nett values. Expectation values fon the

I.{I and Vl- wavefunctions show some tendency to g:roup togethen. both

her"e and also irr the <x2> comPonent (Tab1e III.3.l-O.c). lrÍoneoven,

thene is evidence of sfi:atification in moleculan quadrupole moment,

0-- (Table fÏI.S.LO.b), pnincipally at the 3a1 and fe levefs, and
zz

includingr in tl¡is Ínstance, the 142 and V2 expectation values as a

sepanate grouping nathen than indivídual scattened nesufts. Howeven,
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while the exÍsting patterns Íntimate that differences anong the four

procedu:res may be gneatest in the 2a1 MO, theSr a:re, themse.lves,

insuffíciently genenal to rate more than a passing mention.

As obcr:r'¡.ed with the H2O wavefunctions, expectation val-ues

for the operator oi1 {t*fe IIr.3.10.g) ane unique in that sepa:rations

among the fou:r pnocedunes ane consistently small oven all molecula:r

o¡:bital leveLs. La::gest discnepancy occurs in the degene:rate Ie MOf s,

whe:re MI and V2 diffen in their combined contnibutions by 0.04 au.

Scatter- ín exp*ctation values or .oñlt is mor:e pnonounced

(ta¡te III.3.It.f), as we found befo::e fon.ollt, but, with the
o

exception of the I'12 warefinction u stil1 not great by companison with,

say, <zff>. A Ia:rgen nett value in the M2 appnoach would seem

chanacteri,stic (-f9.60 au vs -18"12 au fol: Ml), fon a simila:: sepanatíon

f::om the Mte r,/l and V2 values occuns also in tl2O.

fn swnnary, the optimised wavefunctions fon llH3 var|

considenably in thein ability to :repnoduce absoLute enenry values.

Total enengies ane consicle::ably highen than experiment, with Versi.on 2

showíng the g::eaten deviatior¡. In coupa:rison with an equívalent, L:ut

unoptimised, ab t)niþio wavefur¡ction, the Ml enengy is not gr:eatly

different. CaLculated ionisation potentials ar.e in ve::y ::easonabl-e

agneement with expenimental values, pnovided one allows fon an

ar.bitnary displacement terrn. In the aÌ:sence of any correctiono the

preclicted vafues by Vension 1a¡re slightly hígh, but in good acco:rd,

neve:rtheless; both wavefi:nctions in Version 2 r¡ndenestimate ionisation
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potentials , !'rÍth the valence basis r'êsuJ-ts thé bett€n of the tüo.

'Iotal char.ge distribrftíong among the foun pnocedunes a::e

not g:reatty diffenent, although electnon dertsÍty a:rising fnom the

Vefsion 1 wavefunction is mor:e extended along the C3 rotatíon axis.

Thene ie a str.ong eornelation with NZp oruital exponents, in accond

with oun obsenvatíon t-hat the effect a¡'ises pnedominantly in the 3a1

M0, wher.e the N2pz onbitaL is dominant.

It woul-d appean that thene exists no consístent patter:n in

the recor:cled gnoupings arnong expectation values when pantítioned at

the molecnl¡r.n o:ebíteJ level ln some ínstances,, e.E. second moments

ar¡d dianagnetic shiel.rÍ.ng, calculated. values for the Ml- and VI wave-

fi:nctions exhibited guite a close corrrespondence in the Ie and 3a1

MOts,but the simiLa:rity does not extend. to the 2a1 or"bital. By way

of cont:rast, gnouping in dlpole moment expectatíon values was

dependent on basís set nathe:r than vension.

Nor" wene we able to establish an independent basis fo::

ûssessment of the foun pnocedu,r:es Ml-, M2, VI and \¡2r other thar:'Lhe

critenia of one-eJ.ectron propenties r^'hich, by the cptímisalion plÐ..',i.ss ,

they aJ-I satisfy. Had we been able to est,:blish a strong conrel¿rtioÐ

wíthin a gíven basis or. ver:sion, that would, at least, have pnovided

a nefenence point for futune wonk, As the sítuatÍon stands, either'

basis set, or" ve::sion, would appear to pnovide a viable combination'



166

III.3.C H2CO

The wavefunêtion fon formaldehyde listed in Tab1e IIÏ.3.11

is one fuom the optimised exponent conbinations rlecorded pneviously

in Sectíon IIf.2.K, The calculated total enerry of -112.997 au, is

within appnox. + 0.03 :lepr'esentative of the entine optimised senies,

and compar-es to the expenimental value' -¡-14.562 au. Neumann and

Moskowitz [64] have obtained -113.892 au in a Gaussiar¡ 1532/2Ll basis,

and this appeans to be 'uhe closest apProech to the Hantnee-Fock limit

::eponted to date. Or:r wavefunction faÍIs by -0.9 au to achieve thei:r

::esult, ild in view of ou:l pnevious calculations and the large:r basis

set fon H2CO, this is about the magnitude that woul-d be e><¡>ected.

Expenimental io¡risatíon potentials fon fonmaldehyde [64]

ane (in a¡) 0.399, 0"529 and 0.588, assocíated with ionisation f::om

highen occupied orbitals of symmetrY, in turn, bz, b1 and a1. By

compar:isone our cafcufated values (Koopmants Theor:em) at C.259 (2bz),

0.231 (*t) and 0.391 (5a1), shovr the displacement which we have to

come to associate wíth the 142 pnocedune. floweven, magnitude ernong

are 0.140 au at the 2b2 l4O, r'i.sing to 0.298 au, lbl, and dnopping to

0.197 au at the 5a1 Ievel. Such ínconsíÉta.nc1¡ is due to'Lhe: nevelrsal of

the 2b2 an,1 lb1 levels Ín oun wa¿efi,mction, an ernor which occurlled

not only at alL optimised exponent combinatíons, but as well in the

e>çonent grid calcuLations, which, as prleviousLy neconded, ernbnaced

a very extensive nange of e>çonent values. This failu:re to achÍeve

the con:rect onbital sequence constítutes the rnost dÍsappointing featr¡¡e
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lab1e III, 3. il- (Cont 'd )
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of oun H2CO calculations, fo:l , whiÌe one can countena¡ce depa::tu:res

fnom absolute enengl values as a necessaly evil of integ:raI app?ox-

imation, the pertr.ubations anising thenefnom should not be suffícient

to destnoy qua.litative nelationships.

H6weve:l , orie-electron pl?operties alle esgentially cot'nect,

by vintue of the optimisation process, and it ís of Ínterest to

examine them in nelation to the wavefirnction itself, electnon densíty

maps (Figs. III"3.15-L7) and expectatíon values ca^lculated fuont

ab initåo wavefunctions. Fon the ]ast, we have selected the [95/3]

Gau-ssian set of Dr:nn-ing, tr{inter and McKoy [73] in prefenence to the

Neumann and l4oskowit.: f-unction [64] , wi:ich included d onbitals not

in oun basis"

Total density is displayed in th::ee views thnough the

molecule in I'igs. III.3.15.a (mol-eculan plane), ItI.3.16.a (:reflection

plane) and IfI.3.17 (CH bond). The r"egion a":round the H nucleus in

the moleculan plane ís of intenest, because it would appea:: by

companison wíth the cornespondinp5 ll2O density map (fig. III.3.I.b)

that the FI atom in H2CO is poo::Jy enclowed with electr:ons, an inference

which j.s at va:riance with the FIls population vafue of 1.13. Vle ane

thenefope disincli¡:ed to place 'too much faíth iu 'che Löwdin

poOulatíons. CalcuLated bond indices a:re of some note, if only fon

the highly simplistic bonding electron anrangement wh:".ch they indicate.

Acconding to the values in Tab1e III.3.J-1, the C-O o-bond is almost

errtirely formed thnough unpe::tunbed 2pz crbítats on each atome while
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the n-l¡ond, by synrnetry, is composed. of 2py orbitale. Presumably,

O2s r.emains essentially non-bonding, while the 2px onbital on oxygen

fonms the tnaditional lone pain. As fo:r tbe C-H bond, it would appear

that the C2s and C2px o:rbitals admix to what is essentíally an sp-

hybníd, since the totaL p-cohtent of the c-H bond index evaluates at

52eo. While t:raditíonal valence theoni¡ can say little about finen

details at the oxygen atomrit ís generally held that c-H and c-0

o-bonds a¡e Of sP2 Oharacte:: in keeping With the molecrJlap geometzy,

and, thenefo:.e, in conflict with oun bond index pnedíctions. It is

to be noted that thene j.s no evidence in the densíty maps fon the bent

boncls one would. associate with sp hyb:iidisation.

Change centroíds fon the M2 and ah írl:itio [S5/3] wavefr¡nctions

ane l-isted in Tab1e TII.3.12.c. Orb-ital-s 1a1 and 2a1 are obvíously

innen sehlLs on oxygen zud car.bon. fn the next highen onbíta-l , 3a1 ,

the cha:rge cenfi:oid is located 0.8 au fi:om the C atom tov¡ar:ds Hr in

the M2 wavefirnction, and at twice that distallcee 1.63 aur by the

ab inití,o :resu]ts. ft is evident in the corllespondíng density maps

(Figs. 1II.3.15.b, If I.3.16.b) that the 02s onbita-l is the maín

contr"ibuton, with only minor ainounts entening fuom C and H orbitals .

By contrastu cen'unoids fo:: the 4.a1 MC are not sÍgnifícantly

diffenent between the two wavefunctions, and both indicate a

polar"ísation towards H(M2 = 0.29 aur [95/3] = 0.10 au). Fligh

conû:ibutions fi:om Hl-s and C2s or"bitals a::e nesponsible fon the gt:eaten

charge d.ensity in that negion of the distu:ibution maps (Fig. III.3.15cu
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Table III. 3 .]-:2.a. One-electron Ex¡>ectatior: Valuae, IT?C:O .- 0**o 0lî, , 0r,

El-eetronic
Nuclear
IIett

7.9853
-7.1579

0. l+aTu

rT.\565
-17. \308

o.o2rT

-25 . L¡+rB
P\.9887
- .1+53L

Table III . 3. 1-2 .b . One-el-ectron Expectatio:r VaJ-ues, H2CO - <x2>, <V2> , <lz2)

6.88rl+
*7.5579
- .6166

rB"og2T
-17.1+ 3oB

o.66tg

^zt+.97\t
2l+.9BBT

0 .0146

o.6jo6
0,6513
0.1793
1.0397
-.6622
r"3239
-.2996
1.085?

a.6jo6
0.6553
0,22't+5
2.1008
L. 7889
1".6662
2,t973
-.555\

-1.301_2
- 1. 3106
-" .l+e:8
- 3. 1405
-r.126,(
-2.9902
*1.8976
-.5303

o.65t5
0.6123
0.2328
0.516,
-.T062
L"2060
- .01r_7
o "8995

o "65r,
o.6>18
o "3628
2,0587
?-.61+j6
L.2877
r.l+\t:
-.0632

.-1_. 3030
-1.3101
- "5956
-2.5i52
-i-.939)+
-2,\937
-1"\338
-. 8363

1*t
?a,t
3at
hur
7bz
5ar
2bz
1br

0 e exx nr zz
0 eyv 0

XX zz,
MO

lgs /i)M2

15.oB5B B"tltl 37 ,3706Lt|.z9o9 6 .8t66 3j . j?.79Electroiri. c

0 .01'17
o "0325
0.5?_83
r " hrgo
2.!79\
o.6ßT
2"r\52

1 " 3190
1. 3\31
o 

" 9h¡8
)+.20)'(
z.l+Bgo
3.5\97
3.21C6
t.6zLù+

0
0
0
0
0
0
0
l_

,a:5
7:-:.:
,\r3
hl+55
l+Bof
6Lrr0

.0177

.0325

5l+70

l-at
2^r
3at
l*"t
rbz
5at
2r-z
1br

z<x2> <y2>!T,O

0.017h
0.os6o
c,636\
:l-.7136
2'750\
0. 3BBl_
r-.2807
0,3209

0 "ouh
0.0324
0.5518
o.6855
0"5158
0 " 3336
o.3og2
0.9627

l_.3203
1" 3l+)+3
:r_" 1907
3.7748
3 "5725
2.8:)+6
2,2287
r.. )+780

b> tz1I[2

.x2t <y2> <2,2,
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Table ïII.3.12.c. One-electron E:çectation Val.ues, II20O - .r2>, o""t

lgi ßl

El-eetronl c
Nuele¿r
lfett

Table IïI.3.1-2 . d." One-ele
.".1

<ri>--o t

E4pectation Va1ues, H2C0 - .t"-lr,
l-

'"H

ctron

W

6:-.ze8¡o -17.3039
r-6.r-1r-1
-1,1928

56"æ5t+ -17"0373
r-6 .1111* '926L

1
1
1
6
5
tt

5
3

35hl+
l+oBz

-2,2858
-. .0003
-a,6325
0.1039

- .\5oo
-1. ?5Bl+
-.1. L2Tl+

-1.5015

.98 36
3362
.2]-37
.6689
.æ6,
.812j

1_

1_

2
6
6
3
3
2

.355t

.)+tz6

.3809

.173Û

. B38B

.5763

. 8186

-2.2865
.0003

- .Bro8
o "zgLr

- .2585
-r. Z\l+6
-1-.TBzt
-r.l+l+39T616

lat
2^t
3ar
l**t
1bz
5at
2hz
1br

<12> <z
e

<t2, <z
c

I{0

I\î2

-19.0508
l+.I+U+o

-:.t+,6o69

-z>.1+6o\
s.11160

-223Iti+

-6.z¡53
5.1978

-1_.03?5

-r9.53',19
h. U+l+o

-L5.0939

--2r.8L99
3.11+60

-22.6ß9

-6.2>Bg
5.ú','r1

-r-.16r-1

Electroníc
Nuc1ea,r
Total

.tß75
*5.6589

.6264
- .6sçs

.sos6
- .5255

.4\rg
'-s32O

-r.61+oo
- .l+375
-f. 092 3

. bB28

- .5652
"9o25- .8o8e

_ .Bou

.z6o9

.!fizj
- .3098
-.5303

'\7tz
.3318

- .l+173
- .3039

_ . )+:fh
-5.669r

.5\75
- . BSTo
_.6055

.60¡s
- .h218

,6273

-7 "æ87
"t,:7i

-1. 1_322

.l+ltr

.l+lro
-.9200
-1. 05hB

. B.tl+5

"2609- .t+lz6
_ .29.i6

.55U+
- .6130
- .3230
- .3380

" 3200

la
2a
3a
ha
lb
5a
2b
1b

-1
e

-1<r <r <r -1
uo

<r <r *1
'*H

1.

oc
1.40

lç.> tzl
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III. 3.16 . c. ) . Again , both wavefr:nctionp produce I'enõIrkabl-y símilan

<zC> e><pectation values in the 5a1 ontrital, in this case Located we1Ì

past the mi<l-point of the c-0 bond towar.ds o{rgen. The mapped

d.istnibutions Figs. IIL3.15.e and III.3.l-ô.d are close to a classic

cytindnicaL pz-pz ovenlapg $¡íth only mLnor¡ distortion anound the

hyclnogen nucLeí, in accond with atomic onbitat coefficients in that

l{0. Tn nett effects fon all o:rbitals of a1 Symmetny, the M2 wave-

fi:nction is less pO-l-anised towa:rds oxygen thar¡ ís the Gaussian set;

relevant values ar.e -4.55 auo and -5.57 aur llesPectively.

Cha:rge cent:roícls -in the 1b2 onbital are not gneatly

clíssilnilanr, vrith expoctation values -'25S au fcn the M2 wavefi:nction,

and -.450 in the Gaussiar¡ basis as an indication of a snall

polanisation towards the o>{ygen nucleus. Ilowevel', thê M2 centnoid in

the 2b2 MO is obviousJ-y conrpensatÍng fon the lowen net'ti pol¿r?isatíort

ín the a1 o:rbitaIs, fon the value of -1'782 au is well towar<1s o>iygen

and fa:r in excess of the [95/3] cent:roicl, at -LI27 au, It is apparent

fi:om the forrn of the wavefunctÍor¡ tliat the 02px onbital is pn:'-mar:iIy

respoi:sible fo:: this polar.isation, æd, ín th:Ls aspect, the density

map of Fi¡¡. III.3.15.f shows quite cleanly the concentnation of charç¡e

anound the o>rygen centre (note that the extensiv^ dÍstnibution anound

the hyd:rogen atoms ic ve::y difñrse ) .

cha:rge distnibutíon Ín the Ib1 onbítal (rig. 1II.3.16.e)

is very much the cfassic n-type, with a sunfeit of density sun:ounding

oxygen. It ,is the:refore not sunpnising to find the centnoíd located
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at -l-.44t+ au, past the C-o midpoint, in gcod agr\oenent r"¡íth the

1L062/421 ::esu1t, -1.502 au.

From dipole moments e i^re tu:rn to second moments as a

neasu.no of electnon distnibutj-on along; axes in the plane norrnaf to

the mo-l.ecular C2 :rotation axis. It ís evídent frçm the nett Values ín

Tabl-e IlI.12.b that the ob írrutio v¡avei:-unction entails a dist:ributiorl

moi:e diffuse than ís the case with our M2 calculations. The difference

is nost obvíous ín extension above the molecula:: plane whe:re <y2>

erçectation values ar.e 8.77 and 6.82 au, nespectívely, and deereases

only sligh-tIy fon <*2r, 15.09 us 14.29 au.

Indír¡idual- MCrs are less cc¡nsistent in their behaviour:,

for. the l,l2 clistnibution is the n¡or:e diffuse th::or:.ghout the 3a1 orbital.

BotÏ¡ of the ttal and 1b2 orbitals show vaniable benavÍor:r; the M2

wavefunction exhibits gpeater iatenal- extension in the 4a1 M0

(<x2> = L.714 au ra 1.41-9 au) and again in the 1b2 MO (.x2> = 2.750 au

us 2"179), where it ís also expandecl along the C2 axis (<-72-2 = 3.572 au

us 2.489 au). El-sewhe::e, the LI062/+21 wa.vefirnctÍon is the more

diffuse cf the two. In panticttl.an, the M2 representation of the lb1

onbital is very much contnacted fncm ezçectation valtres necor.ded for-

'E}.e.' oþ ånùtio function. Wheneas the M2 value for <y2>' 0.963 au, is

in excess of aLl otiren indívidual contríbutíons (the next greatest

is 0.686 au in 4a1), it r:ep::esents only I/Z nt the nett vaLue, 6"817 au.

In comparison, the ab 'Lwitío value fon <y2> is 1.641 au, mone than

twice the highest nemaining contnj-bution, and 3/g of the ovenall
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electnonic contributions. l{cKoy et al- [73] have taken theín

companative figu::es as an Ínciication that the n-elect::ons(1bt M0)

a:re::athen deeply embeclded in the o-cIensíty, and or.ur nesults certainly

clo nothing to disprove their" contention, as witness tl:e electron

density maps of Fj-g. IIL3"16, whene the /'elrtiCal extent of the 1b1

MO may be gauged with r.espeot to onbit.r.Is of a1 slnnmetry. This

relâtive confi:action in the n-orbital fo:: the M2 function, and indeed,

the overall confi:actÍon fnom oþ ínitio vafues, very pnobably stems

f¡om the high va-lence orbital- e>ponents on the canbon atom. At

2,025 a¡d 2.0;15, nespectively, for the 02s and 02p or.bitals, the

optimised e:<ponents a-r"e considenably removed fnom the Slater. value

at 1"625.

Agr:eement between I'12 anCr [95/3] expeetati<¡n values for the

potential openatons (table TII.I-2.d) is genenally quíte r.easonable,

wíth nett values in the M2 set slightly g::eate:: in magnitude. Since

ou:: calcuLatecl o[ W is known to be toc high with optimised exponents,

the excessíve value for: .oilt ís not sunpnising.

fn the oven¿rJ-.l analysis of the fonmal-dehyde ::esults " one

cannot discount that the optj-misa'ticn p::ocess was succe¡se:tu.l-. It is

t:rue that calculated avenage d.iarnagnetic shieldirrg did not optimíse

cornectly, but, as Íre have pointed out, thene is potential fo::

imp::ovement in adjustment of the Hls o:..bíta1 exponent. In the fÍne:r

enalysis, inconnect or.dening of energ"y Jevels must be held as a

fai.ling, and, although it has no beaning on the one-electron plropenties
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as such, it does debract f:rom the success r+hích was achieve<l in thÍs

::espect with the H20 and t'lH3 calculations. About the high values fo:r

ca:rbcn valence or.bital exponents we ane unsure " IJndoubtedly, the

contracticn in ovenall charge distnibution stems fuom those parametens,

but with uncentainty Burnourciing the e}Çe.Limental bulk rnagnetic

susceptibility value¡ lorê have no means of wonking back to absolute

second mornents val-ues.

It ís appo:ent that the optimised wavefunction bea:rs only

a supe::ficial nesembtanc.e to the cã: í,nibío Gaussian set of McKoy et al

[73] in its one*electron propenty e>ryectation values. Fol-lowing oun

exper:ience with I{20 c¡ t.iuisecl wavefunctr'-o:rs, we coulci expect littIe
., 1^^

In furth<¿rance of oui" fonmaldehyde calculations, we have

used the optimised lvavefunctions as basis fo:r confi¿ru::a'bion intenaction

at varÍous l-evels of exciLation. The aim her:e v¡as fwo-fold, par-tIy

to exa¡nine the extent of ener.g¡ impnovement by a<lmixtur:e of the gr:cluncl

state r,¡i'fh di-excitecl s6¡fígurationsu arìd par.tly to intnoduee, however

sketchíly e cJne aspect of our r¿ç¡lç:l r,¡ir-'r-ch cliffj-cr-rl.ties encountened

in tlre optimisation process pi?ovented us f::onr explor:íng ncre compl-ete-'ìy.

?'s fn fact the early aims of this pnoject envisaged investigation of

excited state pnoper.tles via configu.iration intenactÍon on exponent

optimised wavefunctions. In this context the Sl{E method was viewed

as l-ittle mone than a vehicle to provide the ::equined rrzenoth leveI'î

wavefuncticlns.
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Although CI calculaticns wene performed with atl nine of

the erqlonent optimised wavefwrctions fon fonmaldehyde, the r:esul-ts

wene sufficiently atíke to !¡arrant examination of just one nepnesent-

ative example , æd we have chosen the finst cf thase in Tabl-e IÏf .2. B.

Ene:rgies ar¡d osci-llaton stnengths fon the few l-owest

singlet excited states in eacÏ¡ symmetr5¡ cl-ass are listed in Table

III.3.13. Colunn headlhgs CI-.l, CI-2 and CI-3 nefer" to the highest

level of excLtatlon allowed in each ca-Lculation. In the CI-l set,

only confígunations ::esul'Ling fuour s-ingIe electnon pnomotions lretle

includecl, Di-excitations wei.e added for the CI-2 set, and these

incLuded configunati'-rs i:r which the defining Slaten determínants

contain 0, 2 on 4 unpai::ed spin o:rbitals. This last nestniction was

maintained fo:: the CI-3 se::ies o whene tni-excitation configunations

we:re fur.ther: added i"e" configuraticns involving 6 unpained spin

onbitals we:re not penr,rÍtted.

Since oun CI program was not sufficiently sophistícated to

f¿rctou.ise by symmetr.y, the complete ccir,fiiirr:r¿ltíon list l{as eneugy

sequenced and ter:minatecì- at a maximu¡ f25, from which the CI matrix

was blocked out [83] and diagonalised. As a conseqrlence of tr:wtcatio::,

only a few of the ü:iexc.ited configunations, and not all of the

diexciteds, were sufr-iciently low in energr to qualify fon inclusion

in the CI matnix, anrl or¡:r CI-3 ¡resultso ín panticuLan, ër1e p::obably

not tnuly nepr.esentative of the fulI effects a:rising fnom inclusÍon

of highe:: excitations.
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Table flf . 3.13. ConfiguratLon Tnteraction ín Forrns-1d.ehvd.e (a,b)

cr*1_

rer"(e.39)

6.75(0.1-?)

u.6i(0.13)

2"81+(o)

8.8t+(o)
g.l+¡(o)

5 .65 rc. oo3 )

13.33(0.013)

ß.75(o .0ç' )

(a)

(¡)

(")
(¿)

VaJ-ues in e\¡, unless othe::r,¡ise stated."

ref. = reference grouncl state (dipol-e noment in Debyes) o othervtise
exeÍtation ener&f (oscillator strength) '
Refe. 6¡ - lz.
Errtry di-" índicates di-excited confÍg-uration.

ref" (2.39)

11..2.r(di-

1:2.69

o (.Í\

B. BB

otô

5"93

1l+"02(¿r-)

1l¿ .20

1? ñ1

10 .59

*"1h6 au,
rrr. ( 1. 58 )

hulo-ur
10 . )+3

(0"06)

a3.52
(o 

" oor)

l.89(o)
9"1-5(o)

11"38(o)

7.66
(c.oo8)

tl+.03
(o.ozr)
13. 89
( o. ol+6 )

f)+. f¡
(o"ors)

-.1b6 au,
ref " (r"6: )

7.5\ ,,

(h x 1"0-+)

10 " 5l+
(o.o\1

13 " 5l+
(o.oo3)

r.Bg(o)

9"11+(o)

n,38(o)
7 "65
(o.ooB)

11+.02
(0. ozr)

i,3. 83
( o. os\)
rh. rB
(0.023)

ref. (z.lg)

B"O(,r, 0.1)

,r, ;C ( turr )

)+.3(ru ro-

7.1( o .02 )

n, 10(lgzt)

f

)
h

C.I Level
State ilone (d.) cr-2 cr*3 Eryt. (" )

.-t
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Ener.ry stabilisation affor<1ed by inclúsion of híghe::

exclted config¡:rations amounte to 0.146 au, (-aev)' hot a gfeat

impnovement when compared to the 0,895 aü destabilisatíoh of the M2

gfor:rrd state reLative to the ah í.n'itiO calculated enengr. Mo:reovelr,

the dipole noment dnops fnom the optimisel val-ue of 2.390 to 1.65D

(CI-g) on 1.58 (CI-2), indicative of srùstantial electnonic re-arnange-

ment which wil-I r.:r¡<loubtedJy have a deleteríous effect on expectatLon

values fon othen one-elect:ron ProPerties"

0n the othen haad, it is gratifying to note that excitatLon

enengies a:re in neasonable accord wíth e>çorimental- spect:ral- assígn-

ments, although oun c:cill-ator strengths ane genenally too low.

The low enenry calculate<l fon the IA2 state (f.gg eV, c.f.

expt. 4.3 eV) ís ami-ss, but both tire lB1 value of 7,65 eV, ild 141 at

7.54 eV are in ve:ry good agneement with the observecl energies, 7.1 and

8.0 eV, nespectively. Eithen of orrn cafculateil values, 13'83 eV fon

the lowest 1Bz level, on I0.S4 eV fon the seconcl lA1 excítatíon,

e.orr:el-ate z'easonably witir the band at -lOeV, tentatively labelJ-ed 182.

In contnast r energy levels in the CÏ-l set a:ne wor:se in

thein energy agneement, but bette:: in oscil-lator st::en¡rths; it is

apparent that the very .La.rge ::eductions in osc-i]lator stnengths in

passing fnom CI-I to CI-2 or -3 constitute en undesinable featu¡re.

The low values achieved by some di-excited Levels, both before and aften

configu::ation interaction are of Ínterest. In Panticular:, the lowest

IB2 configur:ation is in this categroy¡ and fo:rms the majon contributo::
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to the lowest lB2 state in the cr-2 and cf-s calcurations. obvíousry,

the optímisecl wavefr¡nctions ane not partlcularly stable to configu:r-

ation intenactíon, fon, whÍre sone enenry inpnovement ís expeniencecl,

Ít woulcl. apPear that one-el.cct::ori pnope:rtíes suffen conside:rably.

lle must tÌrer.efor"e leave the fate of oun Simulatecl Non-

Empinical scheme urdecided. While thc methocl itself ís theonetically

sound in its appncximatio:rs ar:cl notatíonal inva::iance l:ehavioun, it

is obviorrs that the Ruedenbe:rg expansf.on, whethen applied solery to

erectnon nepulsion integ:rals, as in version 2, or as werL to nucrear:

atfnaction íntegnal-s (Ver.sion l-), intnoduces pe::ttæbations of

considenable magnitude. Despite a seanching analysis of optimised,

one-electron pnoperties, carcurated by the sNE method Ín its vanious

forrns, thene appears to be no consigtent reLationship anong these

fo::ms, nore individually to aþ initío wavefunctions.

Most of our' observations on the complexíties associated

with e>ponent optímisation to one-el-ect::on p::openties we expect wirl
be equally appricabi-e to ab initio wavefunctions. rt vrill be

intenesting to see if those expectatíons a'ne fulfilr-ed.
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APPENDIX

A.I.EXTENSIoNoFFRAGAISTABLEST0REAtoRBITALS

TabLe 4.1.1. contaÍns valuee of the Q-dependent part, P(0)'

of the one-electron integral <XdlPlXrt in which the openaton dependence

ise:,pnessedasf(o).Theconventionadoptedfonnealorbitatsisas

below,

6= sr Pu" dr,

1T D d2
æ

1f Pa'duu

Òô
,¿

For. the oniginal. tal¡ulation of cornplex orbitals' see nef' 45'

-a
dz

æ
dw
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Table A.].1. Table of F(0)

od

OT

oñ-

oô

oõ'

Îf 1f

nî'

?tÕ

nE

ltT

rr-' ô

+2

o

+2ôô

+2

+2

+2

6o

ô

î"ô

+1 +l-

+l +1
+1

-1

+rl2 +3/2

+1

+1

+i/2 +I/2

-r/õ+r/ õ
+ 'E

I
I

,,tr

tI

+L/2

+t/ã

a,

f(0)
t- sin Qcos þ cosz q sin2 6 sín Q cos 0
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A.2. COI,PUTER PROGRAMS

All wavefi¡nctions were getrerated with the Program system'

SNEAZ (Simulated Non-Empi:rical, Adjr:stable Zeta), centain featunes

of whieh have alnea y been descnibed in Chapte:r fI. SNEAZ is a

coûposrite FORTRAN/COMPASS deck cornpnising some 15,000 statements, and

sectionecl into IB ovenlays. P:rogr,am arînangement a¡rd functionalíty is

as below.

ovERtAY (0,0)

oVERLAY (l,O)

OVERLAY (2,0)

ovERtAY (Z,l)

o\rEruAY (2,2)

ovERtAY (Z,g)

Sequenclng of pnimary ovenlay execution

Data set input" also job terminatíon

Sequencing of secondary ovenlay execution - in

the main, g:round state calculatíons, but some

pnepanÍtive transforrnations folr excited state

studies.

AIl one-elect¡:on Hamittonian íntegrals,

including overlap, from initial díatomic axes

evaluation thnough to L,öwdin onthononmal

basis.

Coutomb :repulsion íntegnals in ST0 basÍs,

molecula:: axis system.

Tnar¡sfonmation of Coulomb nepuJ-sion integnal-s

to Löwdin onthonormal basis.

Itenative self-consistent-field convergence

pnoeedune.

oVERtAY (zrt+)
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oÌ.,ERLAY (2 ,5 ) Genenates two-eloct-¡ron integr.sJ-ê overr MOts,

ready for- configu::atÍon íntenactíon.

Using the Ruedenber.g appnoxímation fon 2-

centre dipole length integnals, dipole

rnoment ís evaluated., and. moment integ:rals

ove:: M0rs are gene:rated ready for C.I.

As fon (Zr0), all atomÍc integr.als eval-uated

exactly, (2"6) was not used in any of the

calculatíons reported in the text.

Sets up singlet confÍguratíons to the request-

ed excitation level-, enersr sequenced.

Blocks out the tnuncated (if necessar.y) CI-

matnix.

Díagonal-ises the CI-matr:ix above, and

pnoduces Löwdin orbital populations fon the

CI gnound and excited states.

Evaluates new dipole moment fo:: groturd stateu

pl-us tnansítion moments to excited states.

ovERtAY (Z,o)

OVERLAY (2,7)

oVERLAY (S,o)

ovERrAY (4,0)

ovERtAY (5,0)

ovERtAY (O,O¡

oVËRLAYS (7,0) to (10,0) - As for (e,o¡ to (610) above, fon b:iplet

states.

Apar.t ftom QCPE 61, GfVENS subroutine , a1I pnog::ams and

noutines in SNEAZ wene wnítten as pa:rt of this pnoject. The naürix
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d.iagonalisation :routine, EVQR, is our :recoded veneion of QRDfAG,

kindly supplíed by F.R. Bur.den, l,lonash Univer.sity, æd the integral

evaluat'ion r.outines package, QCPE 131, is a genenalised adaption of

OVERIAYS (2,1) and (2,2),

Va-nious optÍons on pnintout, nestartíng and convexlgence

aecuracy. make SNEAZ a fl-exible, yet extr.emely fast, pnognam system.

Othen options include integr,al scaling, adjustment of or.bital exponent

values to alLow fcr innen^she-ll conh:ibutions, on sinply fon exponent

var"iation, :recycling to r:ecalcrd-ate integrnaJ-s duning the self-consístent

pnoced.u:re (Var.iable El-ectronegativity), ênd multiple configunation

inte::action passes. By tliis l-ast optíon, the rìsen may elect to

sequentía1ly add finstly dí-excited configurations, and sul:sequently

tni-excited, to an oniginally mono-excitation configu:ration ínter"action

calcu-lation. Binary magnetic tape output is in a neadÍly accessible

fonm suitable for use with eithen of the companion plrograms, I{OMENT

and IIMAP.

A1l. one-eleetr.on proper.ties recornded in Chapten fTI we:re

genenated via p::og:rarn MOMENT. Irrput pnepanation is minimal, corrsistÍng

essèntially of binany neco::d sequences whe.'ceby essential Cata rnay be

located on the SNEAZ output tape. Atomic integrals are evaluated by

algo:rithms adaptecl fcom QCPË 145 [52], and output is in the fonm of

individual M0, nett electnonic and nuclear contnibutions to each one-

electnon propeÌ"ty,

P::og:ram DMAP pnoduced tl¡e pnínte:r output density maps of
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Cliapten III. Again, input is kept to a minimum, and the user is

nequined only to specify 3 poínts (to define the mapping plane) and

:rectangula:r g::id dimensions, plus details of the Pattenn - wirich M0rs

a¡ne to be mappedu Ðd bínary necond locatiohs on the SNEAZ output

tápe. ALl tnansfonmdtions to the nappii.B- plane ane penfonned

automatically, a featu:re we consÍdene''l desir:dble päþtly to eliminate

human eraror, but rnainly because density maps wí1J- usually be nequined

in the pLare of 3 atoms, ora 2 atoms and some othen point, and these

conveniently define the mapping plane Ínput data.

Contor¡r ínter-vals increase erçonentially as 0.001 x 2n.

This fonnrulation prc'rides weLl-delineated contours of approximately

equal width, a featur:e neccssarl¡ for. neady visual penception, but not

achieved with a simpler: linea-nIy incremental relationship. In the

fornn presented, inte::mediate contou::s have been overprinted to

heighten nelief, arrd the numbering sequence has been restnicted to

alter:nate contour: :regions as descnibed in the text of Chapten flf.
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