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of fundamental interpretation by theoretical cfiemists in terms of detailed characteristks 
e electron ~~$~~b~~on at various sites in ~o~~~~~~s_ ail the aid of mrrdem ~~~~u~a~ 

t_ionaf and ma~emat~~~ ~~~~~~~~s and so~~~~~~~~ed Eli&4 ~~~~~te~, e~o~~us prog- 
ress has been made in the investigation of molecular electronic structure from first princi- 
ples, using the fundamental equations of quantum mechanics. These studies have provided 
an invaluable aid in the interpretation of experimental observations when providing know- 
ceded of ~~~ulat~d electron d~sfri~~~ons in various reactants typie;sl of different reaction 

Y 
laboratory chemist continues to be interested, however, in molecules and molecu- 

lar interactions far too complex in nature to be handled by accurate ab initio techniques 
of electronic structure calculation, (i.e. those invoIving no approximations other than the 
‘~on~~~e&tron orbital” approx~a~~n~ and those associated with the choice of basis set; 

of caurse the use of a very resttic MO ex~~nsj~~ bans can ~r~~~~de the ~rod~~~o~ of 
~~~~~~~~c ab initio w~v~fu~c~ons~. heir desire for some ~eoret~~~~ insight into the ekctron- 
ic structure of their mofecules remains compelling The phenomenal success of some semi- 
empirical schemes of approxinate molecular orbital calculations ofelectronic structure 

serves as an illustration of this interest amongst chemists dealing with molecules containing 

s, and of their ~~~i~~~ess s~~~t~~~s to accept ~~~~y 
ns when no r~~~~~~e ab ~~~~i~ ~~~ur~~t~u~ is availabfe, 

For the inorganic chemist dealing routinely with heavy atoms and complex metal-met- 
al and metal-l&and interactions, tire same desire far theoretical insight-is frustrated on one 
hand by the prohibitive compfexity of ab initio studies. Ab initio calculations on large in- 
organic systems are stih the prov~~~~ o hose fortunate few with 3~332522 to immense com- 

throne ~o~e~~ as for such systems, e sheer ~~~b~~ of ~~~t~~~~t~~ ~~teg~a~s which 
wise causes serious problems of storage, quite apart from those of time and effort which 
must be expended in their exact evaluation and manipulation. On the other hand, the very 
diversity of bondin situations encountered in inorganic chemistry makes sufficiently gen- 
eral p trization of e&i s~rnj~mp~~c~ and semi-qu~tita~~ve~ approximate (non- 
ab i.ni ~~~~SS~~~~_ 

WitIt these ~~v~~~~~~ti~~~ irr ~~~~, this review iS aimed to~vards the elucidation ofsome 
essential requirements of design a.& specification of any MO scheme which is claimed to 
provide the inorganic chemist with a reliable predictive and interpretative tool of electron- 
ic structure calculations_ Furthermore, it is hoped to illustrate that definite tits for 

f~~~~~ deve~o~rn~~~ of ap~~ox~~ate MO s6~emes of what may be catted in . ate matb- 

~~~~~~ ~o~~~e~~~* 
In view of the relatively early stage of development of theoretical inorganic chemistry 

at present, where no really cohesive theory of bonding with a predictiue cqmzbi&y is yet 
available, this article w-ill concentrate almost entirdy on investigations of individuttl elec- 
tronic state ~va~~f~n~~o~~, and leaves any ~o~~id~~~tiu~ of the ~~~~ula~on of properties 
de~e~~g on the ~~~~~e~~e~ ~~v~~~ ~t~t~~ until st later stage. As a ~a~~~o~~d to the in- 
vestigation of individual states (notddy gxxdnd ~~~~t~~~c states) we proceed by brkfly re- 
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~q~~~ used ~~~, and app~o~~~te variants of, e ~artre~-~~~~ ( ) theory of approxi- 
mate solution of the molecular Schrijdinger equ on. After some p inary general com- 

ments on current applied theoretical inorganic studies, a number of currentIy available ap- 
proximate molecular orbital methods applicable to this area will be critically examined. 

ff be discussed in terms of the algebraic, co 

s key ~~~~~i~~a~o~~ fr~~~ent~y used tith 
o and near ab initio techniques. 

Whil& particular attention will be paid to MO schemes suitable for tackling larger sys- 
tems encountered in inorganic chemistry, most criticism of simplifications introduced in- 
ts sucfi schemes kgenerd in ~3t~~~* and in no specific to, for instance, the transition 

metal area. In the main any such ~r~t~c~~m is de d to venerate strong ~~e~t~~~~rn about 

the general re~~~bi~~ of a numbtj r of MO schemes whose ahnosf nly asset lies in their 
ready computati~nsrl adaptability to larger systems through great simplification. However, 

any ctiticism is also hoped to be constructive in pointing out the avenues seeming most 

fikely to lead to ~~ve~o~men~ and testing of methods capable of really restoring inorganic 

~~ern~~t~’ faith in the ~~efu~nes~ of I!40 theory itself. 

X3,. “‘SINGLE DE’I.~RhlINANT” HARTREE-FOCK FORMALISMS USEFUL IN “OPEN SHELL” 

CASES 

The best model to date for systems of more than 1 Cl or 20 ctrons is the one “onc- 
electron orbital” representation or apprckmation of Hartret? ck fHF) theory4, where 

spatid dis~b~~on wave f~~c~on or ~~~j~~~ of each eEeet s obta~ed by prong 
i~~t~t~eo~s ~o~e~atio~ ~fe~e~~on~c rnot~~~s. Each ot s determined by the at- 

traction of nuclear centres al0 with the time-meraged repulsive effect of all ather elec- 
trons of the molecule. Molecu vibration is normally ignored in the HF theory SO that 

orbit& are obtained in the field of fiied nuclei. This approximation is the Born-Oppen- 
heirr& or a~~b~tiG a~prox~m~~~n, where it is ~~~~rned that the e~~~tro~~ di~~~~tion 
can adjust to any ~ar~~u~ar n~~~~a~ ~on~~rat~o~ ~~~t~t~e~~~~y Duane a mu~e~u~ar vi- 

bE3tiOl-L 

In dealing with inorganic and more particularly transition metal systems, the additional 

complication arises of having to deal with open she11 systems where all electrons are no 
~o~g~~ in ‘“pairs”, of opposite spin, This means t a variant on conventiorial MF theory 
of closed shell ~~~ec~~es shooed be ern~~~yed 
closed shell electronic states with equal ease. 

Even though investigation of excited electronic states inevitably demands consideruticw 
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of configuration interaction (CI) techniques, when only ground states are of immediate 

conce acre are a great any cases where this ~~~~~~~~ may be ignored due to 

tance in ener~ ofa_TIy confi abfe to interact WNB the ground state_ Thtxe is strong 

reason from the point of vie of computational economy to limit consideration to HF me& 

ods baed on the use of a single determinant, and in practice ground state calculations (which 
may form the basis of subsequent excited state CI studies) are often carried out in a single 

~e~~~~~ fo~~, even when open shells are e~counter~~ in a particular rn~~eGuJ~r 

inad” ~~~r~~~~~~~~~~ tie total e~ec~r~~~c wavef~~c~o~ car- 
responds to an anti n.zcd product of one-electron spin orbit& defining a particular 
configuration of eiectrons, where a spin orbital is the total one-electron wavefunction. Each 
spin orbital is written as a simple product of a spatial function or orbital, #, with another 
function (either CY or p) denoting t.b tronic spisl, since the normal absence of spin-de- 
~~d~~~ operators ensures se~arab~i~ of the spa&d and spin 
v~ri~bI~s of motion. notation sf the total wavefun~~o~= due to ~~a~r6, 
for N electrons 

has the ~dv~tag~ of at once ~0~~ for the i~~s~~~ishabiIi~ of ~ndi~d~~ electrons and 
the denands of the Paufi principle’. 

Two commonly used variants of conventional M theory8 appiicable to open shell sys- 
terns which are based on the use of a single variationally determined determinant are those 
due to Root&an9 and to Pople and Nesbet lo In both cases, the normal variational proce- s 
dure is e~~lQyed~ whereby of the functions form of all orbitah is carried out si- 

~~ltane~u~ly, su~~~~t to an or~u~ 
This minimum corresponds to the SI 

other orbit&, and the orbitak are self-consistent and no further variation in them 
ther lower the total energy, *thin the variational subspace chosen, This concept, 

sistent Field ~~~~)~ is centr all ~artree-auk theories. 
Far the c case, these two “open shell ~eo~es coincide, so discussion of 

their differing characteristics need only consider the open shell case, The two theories dif- 
fer baicdy in the degree to which the concept of ““perfect pairing” of opposite spin elec- 
trons is retained. Because of the fairly high incidence of MO studies based on either forrnal- 

ism, it may weti be wor~w~~e i.U atig some of the cunseque~c~~ sf adopting one of 
Shese approaches rather tnti the 

R~~thaan’s~ extension of the conventional restrictedE HF theory, which will be denoted 
the present context, adopts the approach af d~~~~g “perftlct 

density throughout the moIecuIe is ven entire& by the spatid cfmwtefistics of the md- 



CURRENT METHODS IN MO THEORY 41 

eculslu: orbiti co&king the unparired electrons, The FXHF approach therefore allows for 
the delo~~ation of unp~red electronic spin (spin d~loG~ation~ SD), and is chzrracter- 
ized by tie ~~~~~~n of excess rn~j~~~ spin density osifive S&I density tirou 

the molecule. 
The restriction on the function form of the one-electron functions produced by the 

RHF approach guarantees that th redicted molecular wavefknction r&ains the full spa- 
tial and spin sy~~t~ of the electronic state under consideration (cf, the “UHF” method 
~~~~~. 

An advantage of t&s approach is adaptable to states not d~s~~bab~e by a tide deter- 

minz~.~~t, by dete rmining the orbitak appropriate to the average of the configurations con- 
tributing to the electronic state description, by adjusting the relative weights of the COW 

lamb and exchange operators in the A energy Hamiltonian to correspond to this “aver- 
approac s ~e~essa~ to tackle molecular systems with other 

ed ~~~ ~~e-sp~ e~e~t~~ns~ degenerate ecular orbits sub- 
, However, it must ernphzskzed that only the number of or s appropriate to a 

single determinant is explicitly considered, the ‘“averaging” being only over spin functions, 
effort required to attain self-consistency of these spatial orbitals is only that of a 
de~e~~~~~~ scheme (see Note added in praof, p_ 7 1). 

The alternative approach of ‘“sin e determinant” complexity is the spin-unrestricted, 
or just unrestricted, HF theory (SU F or UHF) of Pople and Nests&’ (1954). 

ns 
spin orbital being a simple ~r~d~~t of a spatial or orbits part with a 

or fl), as in the RHF approach. However, here the constraint of 

“perfect pairing” of pairs of electrons is relaxed, SO that now the individu~ electrons of 
opposite spin of each so=cahed pair no longer must have identical spatial characteristics. The 

are ~o~s~der~d se~arately~ using two differe onians a~~rup~* 
umbers of electrons of either spin. The effe differs over& 

conveyed by these Hamiltonians is reflected in the fact that whm the 
orbitds of either spin type are alimed in order of enera, there is no longer a perfect coin- 
cidence of MO energy levels in the inner orbit&. For those orbitis normally considered to 

be “paired”, the spati ra~~~~~cs of the orb~t~s of either spin are no longer ~dentic~ 
deferent orbitals for rent spin, dads), and so the ccln~ept of *~pe~fe~~ ~~~~~~ is de.- 
strayed. Even so, it is still reatiy possible to ident@ the electrons of either spin which 

wc)uki be paired in the “perfect pair&$’ situation, 
In addition to the spin delocalization (SD) given. by the spatial characteristics sf the 

it&, in hong the speed electrons to polarize the inner shells through 
ge ~~ra~~~~, a new me~h~srn of ~~~~b~~~ tronic spin is intro- 

the UHF approach. This spin polarization (SP) of inner Us is necessary in fact 
am the well documented e rimental observations of re of excess minority 





tal spin symmetry in UHF wavefunctions, contaminating spin components are generally 
readily identifiable, and act ngly this may not be a serious drawback when balanced 
against superior predictions lectron spin distribut,ion through the SP mechanism of this 

fn ~d~~~~~ in favour of the UHF fo~a~~~ is its gener 
lowing the paths af various chemical reactions, The absence 
in the UHF approach allows the prediction of more realistic and energetically favourable 

products from some reactions such as chemical dissociations, involving open shell products 
or reactants. Fur instance, the lowest energy association product of Fz t.k 

+ -r F-J, ~orn~~r~d to the c~~r~~t UHF pre 
sing weli known means of ev&ating (S2 > 

wavefunctionsr2, it is possible to monitor changes in <S’)u s a chemical reaction 
path is followed theoretically, as for example in the process = 0)+2F’@= 1, 
Sz = U), where the predicted v ould change continuously from 0 for 
F2 at e~u~b~~rn~ to if value sl e effect of~o~t~~~~~~ than that for 
triplet system, ZF’cS2> = 2, In tack of pres~~~t~on of totaf spin sym- 

metryinthe F formalism has the potentiality of being used predictively, ta anticipate 
the changes in total spin in particular chemical reactions, which can be a guide to the actu- 

al products formed if these are not known ex~~ment~ly. 

Koopmans’ theorem1s, which in closed shell HF theory provides a central link between 

calculated molecular orbital energy levels and observed ionization potentials (W’s), no long- 
er has a ciearcut app~~ation in the open sheif omened schemes discussed here, and must 

of any general c~~p~~o~ of the RI-IF and 
olecufes where the two methods coincide, molecular IP’s are deter- 

mined using Koopman’s theorem according to which the enerl%y required to 

electron from the ith orbital of the molecule, leaving nuclei fmed and orbit 
is given by the negative of th,e molecular orbital energy or eigenvalue, if the molecular and 
ionic wavef~~~~o~s satisfy the ~artr~e-Fork or ~oo~a~16 equations. 

It should noted that this latter c~n~~on is not precisely satisfied wifh ~ppro~ma~ 
(non-ab initi schemes*‘, and also that the practical success of Koopmans* theorem relies 
in fact on a cancellation of the energy of relaxation of the iurz molecular orbit& from their 

original form, with the change in correlation energy on loss of an electron, which latter 

~u~~~ earmot be estimated within the HF ~~~~srn_ ~~r~~rrn~~ it is fairly we9 dctcu- 
d that when “soft”, y polarized molecufar orbi asinthecase 

aromatic hydrocarb this cancellation no longe 
thkorem 

vely. A sirnilar 
iack of success of Koopmans’ has also been suggested to occur for some transition 

metal complexes” _ 

However, even apart from the normal caution which evid tly must be exercised in using 
route to cdcufate io~~~o~ ~~ten~~ of mol~~~~~s~ wi open sheil systems the refa- 



tion of calculated molecular orbital energy levels to physically meaningful quantities be- 
comes Iess clear, as extra complications characteristic of the particular open shell formula- 
tion ( F) ad _ 

wi open stance, ~x~p~~~ exist of ~avef~~c~o~ which 
have calculated properties disconcertingly at variance with the intuitively satisfying AIJFBAU 
principIe, which dictates that electron configurations of lowest energy are those which have 
the most stable orbit& occupied preferentially. One such example is the RI-IF wavefunction 
of Car~son and ~user2~ for the state of VU c~cu~ated crowd state, where the ‘Z- con- 

paragon { * _ . I&r4 IS2 7a2 379 8u2 90) is p ted. T&s means that ~e~~~~ ~~~~~ 16 

subsheff is predicted to lie at I wer energy t.km three firred molecular orbital subshells in 
this molecule. 

For UHF wavefunctions of open shell systems, where different molecular orbital forms 
and energy levels occur for electrons of either spin, th is a dif%uIty in c~o~sjng which 

c~c~~ated rno~e~u~a~ ~~~~~ ~~~~d be ~~~~~a~~ wi 
this case Boyd and ~tehead2~ have suggested that the “splitti of open shell state or- 
bital levels should be treated Iike the observed splitting of dege te levels by spin orbit 
couplng, and that the experimental ionization potentials are best compared, therefore, with 

e mearr of the calculated orbiti energies associated with the corresponds levels of ei- 
er spin of each ‘“pair”“_ 

The adoption of one or other of the RHF or UHF formalisms as the basis for MCI inves- 
tigations of ground states has a bearing on the precise path that any s~bseq~~~t investiga- 

cm of exci ted state ~r~~~~e~ take, At ~r~~e~~, ~~~~y sop cated tee 
*told promise afyiehiing both accurate and reliable spectral predictions, are in 

available for investigations of excited states within either formalism_ 
Within the RHF formalism, the studies of Richardson et a1,22 on hexafluoride compIexes 

have shown that excellent correlation with ex~e~ent may be obtained by obtaining first- 
fy .RHF SCF wav~fu~c~o~s for in~~d~~ co~~~rat~on~, and subsequently hong these: 
ta ~~~e~~~~ to yield ~r~~c~o~ for excited S&Z&X. This procedure is ob~ous~y most suited 
to the situation where it is reasonably straightforward to decide which individual configu 
rations must be included to generate an adequate description ofparticular states, as is the 
czm in the ‘“d-4 only” spectral transitions investigated by these workers for the hexaflu~- 
rides. 

In using the F f~~~a~~~~ it is also possible to c~cu~a~ the SCF eneraes of some 

excited states even when degeneracies are involved, providing one component of the state 
can be found which corresponds to a single configuration (determinant). In that instance 
tmnsition ener@es may be cak taking the difference 
and excited states, but when CO ration ~~~~ction Can be 

t, the ~6~~~~~~t orbitds for nt @d 
wavefunctions considerably camplicates the mathematics of the CL However, a means has 



been proposed23 to circumvent this difficulty, in which the Dewar “half-electron” meth- 
odz4 is extended to obtain an approximate representation of the ground state which is a 

suitable basis for CI studies, and this appears to offer a general e~~~u~ic~ route to states 
of mul~~li~~ ties ~~~ati~g from this ~*~~u~d state”. 

To conclude this section, there is no a priori means of deciding the supremacy ofex- 
cited state predictions based on methods appropriate to one or other of the RHF or UHF 
formalisms. The device of determining non-physical “average of configuration” wavefunc- 
tions Is normally employed in either procedure, and accordingly only future numerical com- 
parisons will enable a reasoned choice of the better general me~od to choose for investi- 

excited state ~rop~r~es. 

C. LCAO-SCF SOLUTIONS TO THE WF EQUATIONS 

ram the previous discussion, it is apparent that each of the ““si.n&te dete~~~a~~” open 

shell HF ~o~~~srns is ~os~~b~y m appropriate in s~~~~ stances than in others, and thie 

best choice between the RHF an F approaches in a given situation very much depends 
on the precise system and prope hich are of interest. However, having discussed some 
of t.kle factors by which the “appropriateness” of a particufar km in each case may 

be judged, we now move on to discussion of the mars availa which either ~~~~~~s~ 
e tr~s~ated into a ma~ema ry ~u~vab~e p~~b~ern_ 

The expansion tee by Rootha~~‘~, where e MO is written as a lin- 
ear combination of sOme known set of basis functions, with toe ients of the linear com- 

binations being determined variationally, is most commonly used to transform the coupled 
set of ~tegro-differ~~t~~ equations of a “single determinant” HF theory into essentidy a 

re iterative ~se~d~~~~~~~~~ problem of matrix ~~e~~ 

F equations (*em- 
seives approximate) are solved exactly. This situation is known as the Hartree-Fock limit. 
In practice, however, a smaller, more convenient and economical blisis must be chosen than 
a mathematically complete set of functions, and th choice of a tractably small set, capable 
of sling the mo ~port~t e~erne~~ of a complete set, remet a central problem of 
practica.I molecular 

Atomic-like orbit&z, sited at the nusIear centres of the molecule, are norm 
as a convenient set, and in this case the problem becomes primarily one of choosi 

faithful representations for the orbitals of each atom, while bearing in 
influence the moleeu nt may have on these orbitak Such a choice of 

nc~o~s res&s in the of ~torn~~ f consistent Field- 
Mafecular Orbital ( e of soltig the molecular HF equations, due’ 

to Roothaanf6. 
With the LCAO-SCF technique, the mathematical difficulty is associated with evaluat- 

r the chosen basis set, contributing to the el f the matrices of 

e matrix e~~a~~~~16, which in the UHF form 

are devoted 
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The composition and orbital energy of each set (ar or 0) of the molecular spin orbitals is con- 
tained in the coefficient matrix Co, and the eigenvalue matrix EO respectively. In the I.33 

formalism. the eigenvectors and eigenvahres of either spin are determined separately, and 

for the open shell case Ca + CB, P =+ &, -tvhile these do become identical in tie c’fosed 

shell case, CO and E” are d~term~ued by t.lz overlap matrix S of the chosen basis set, along 

with the Koothaan Fa matrix. Since F0 depends on C” (CT = CY, /3) an iterative technique 
must be adopted to obtain the final self-consistent eigenvectors CO. 

The integrals over atomic orbitals occurring in the F matrix elements represent the inter- 

XdiOlX at 8 charge distribution arisin from the product of two AO functions may under- 
go_ These ~~tera~~o~s include nuckar ~~~~~~~, ~o~~~rnb r~~~~sjon by other e~e~tro~~~ dis- 

tributions, exchange interaction, and there is also a kinetic energy associated with each A0 

product distribution. The situation of AO’s on various centres facilitates natural division in 

rals into those involving only AD’s of the one centre (morrocttlrrtric), and the 

other ~~~~~~~~~?~f~~ integrals, 

The ~f~~u~~ associated with the evaluation of each of these integral types uc~~r~~~ 

in the LCAO-SCF F matrix elements is bound up with the f~~~t~on form chosen to re- 

present the atomic orbitals in the basis sea. 
The reference for atomic orbital representations is the exact numerical Hartree-Fock 

soiutions of the individuti atoms, These rtree-Fock atomic orbit& (HFAO’s) are avail- 
able fur batons e~~~~ro~c states and deg s of ~o~~a~~~ of the atoms. ~~~~~ the mole- 

cular case, the atomic I-I problem is capable of exact so~~~~n~ and the H 

quently are to be considered “Wartree-Fock limit” solutions. 

The abvious relation between simple exponential functions and the exact hydrogen at- 

om orbitah? has led to tlreir widespread use as basis functions in the ~rrsrlylical deterrnina- 

tion of HFAO’s. The HFAO’s are obtained as linear ~omb~na~ons of simpfe ~xponentj~s 

with op~m~~~ e~~une~~s ear ~ornb~~~~o~s used deter- 
mines the degree of corres rved between the alytic and exact numerical 

I-IFAO’s, but it is found that the HFAO’s are well represented26 by quite small linear com- 

binations of simple exponentials. 

In this context the simple exponentials are called Sk&r-type functions (STF)2S, and in 

fied cse, where a single Skater-type f~~~~u~ is used to re 

functions are called S~af~~-~pe orbitals (STO’sj. 

The use of STF’s A0 representations has significant repercussions in the evalua- 

tion of the required ular integrals, While tee_hniques are available for the evaluation 

of monatomic and diatomic molecular integraI~~‘*~*, it has proved difficult to formulate a 

method to ~~~~~ate three- and f~~r-~e~~re integrals over STF’s suf~~~e~~y raptly” + 

The use of ~te~a~iv~ basis f~~ctiu~s with better ~~e~ra~o~ chara~t~r~sti~~ ~~au~i 

type functions, GTF’s) hzxs helped to overcome this difficulty, but as these functions are 
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individually worse A0 representations, larger linear combinations of TF’s are required 
for redistic AO representation. 

In either case, the great darners 0 Eticentre ~~t~~~s involved in ~~vestiga~~~ uf 
even quitfz small ~o~~~~~e~~ h5.s led to of a great many variousfy s~~~~ed 
approaches to tie solution of the Roothaan LCAO--SCF equations, with the aim of cir- 
cumventing the most difficult aspects of the complete ab initio soIution of the equations. 
STF-type basis sets are usually chosen in the approximate MO schemes, 

organic and tr~s~ti~~ systems, it is the n ers of m~lt~c~~t~ mole- 
cul over abide orb~t~s w rovides the forcing tation on the scope of 
ab initio approaches. IIn this area, ab initio calculations in terms of STF-based AQ represen- 
tations are virtually out of the question. With GTF-based A0 representations, when one is 
limited to facilities 1iabIe to be routinely available to chemists at present (e.g. CDC 6400, 
IBM ?6~~~~, UNIVAC 1 tO8), even for quite si eta1 complexes, the realism or ade- 

romised so severely to reduce the com- 
putational task to a reasonable level at it is not at all clear that the E-based ab initio 
approach can be packaged to provide a ““universal” route to reliable wavefunctions of sys- 
tems of this complexity. Accordingly, it seems that for this class of systems considerable 

emphasis Will ue to be placed on (STF-based) approximate solutions to the I%? equa- 
tions, and me of this type will ~ro~de the basis of ~s~uss~o~ in the next seconds of 
this review. 

D. COhfhiON “CHEMICAL” SIMPLIFICATIONS IN THEORETICAL INORGANLC CHEhltSTRY 

~~~~r~ ~onsidera~ons of the internal, quantum rn~~h~~c~ soundness of some av 

rne~~ of driving rn~~~~u~ar ~av~f~~~~~~s such as those touched on in the tremors 
sections certainty remain significant in e field of electronic structure investigation of large 
inorgtic and transition metal systems. However in this field it is common to encounter the 
use of extra simplifying assumptions, in addition to those associated with the mathematical 
formal&m of electronic structure inv~stiga~on, which are based more on the peculiar chem- 
kxl c~~act~~st~cs of some ~or~~~~ ~st~rns and wI-ri& are ~~tro~~~ed to provide for spe- 

e&l e~~~~~~~~o~s in otherwise exceedingly complex G~rnputati~~s- Same of the more 
“intuitively” based extra simplifying assumptions encountered are not always altogether 
without significance in relation to the cretdibility of resulting wavefunctions produced. 

It is the author’s opinion that many existing approximate MO schemes oriented 
ularIy towards transition metal complexes make a far too liberal use of special char 
tics of these systems in the formulation of schemes of matrix element evaluation; in effect 
that prior ~ow~edge or assumptions of the systems is either explicitly or ~p~~i~y used as 
input ~fo~a~~~ in t&3 0 s~h~rnes~ and in ~~~~ta~on of the 
~uff~~~e~t reco~~~~ is paid to t&2 possible effects of these prior ~Sum~tio~~. 
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For exzunpXe, the very symmetry and the subst ionic nature of the hexafluo- 
rides of the transition me s, which have been studied vely theoretica.hy30, IiteralIy 

~r~~c~~ns of even grossly MO rne~~~_ symm~~ of 

often makes exact what woufd wise be severe ~t~gr~ a 

and in addition in this case, the long bond len of the hexafiuorides generate relatively 
small overlaps, and this makes overlap dependent physically or arithmetically based inte- 
gral approx.imations appear quite acceptable. In this light, systems such as the hexafluorides 
would a~~~a~ unsuitable as vehicles for test~g approx~at~ 0 schemes, the success 
of any scheme for such systems should nut be taken as ~vi~~~~~ for any c of ~~~~~~~_ 

This is evidenced in the author’s experie ce, where the application of a superficially 

quite acceptable approximate MO techniqu rl’ to these hexafluorides yielded quite satis- 

factory results, However, this success obsc d the major inherent defects of the technique 
that were later revealed when more covalent, lowe etry species were in 

This is not ta imply, of course, that a~~~~x~a themes, wbkh thro 

ite severe approximations are suitable only for use in very restricted applica+ 
ovide substantial insight within those restricfed areas, just that they must 
at caution outside those areas for which they were developed. 

pie of the fairly persistent usf? of insuf~~ient~y characterized inorganic sys- 
caf study, we may take tht;: widely safes ~org~~~c t~troxy~~o~s~ such 

as SO4 ‘-, anon- and Cr04 ‘- (see, for example, ref. 32). Studies of such systems have been 
made, aimed at spectral predictions, where the results obttined relating to differences be- 
tween stattzs are used to give indications of the effectiveness of different MO methods, with- 

out the assumnce that each MO method concerned is capable of atiequately describing at 
least one of the states concerned. Here the hifSh motecular symme~~ ~ornb~~~ with closed 

tric ground eleetro c states to afford little ~~~e~~ent ~~t~~~ab~e ~~for- 

e electronic struct of even the ground state, so that 1 impossible to mea- 

sure the accuracy of the ground state wavefunction used as the basis of spectral predictions. 
7&e need to attempt ration ation of electronic spe of transition metal complexes, 

using s~~~~ed models and hi parametrized empiric 0 te~~q~es, is uf course grant- 
t of the vast array ofex~e~me~t~ data to be corrugated. ~ow~v~r~ wfiese more 
MO techniques itre employed in the hope of achieving interpretation rather 

than just correlation it would eem elementary prudence to ensure that the technique is ca- 
pable of producing a realistic ound state wavefunction, where predicted electronic proper- 
ties of that state can be mean fully compared with expe~ent~y observable properties, 
Such ~~d~~ce has not always been in ev~de~e~, acid in the case of 
Davies and Webb* were led to state: “The ~s~~~~t of the efectr trum of perman- 
ganate ion h been the subject of much experiment, discussion and controversy. Conse- 

quently it is not reasonable to claim a general success for a particular MO description 0x1 

the: basis of d prediction of the electronic spectrum of this ion*‘. 



one of the most common chemical simplifications encountered in theoretical inorganic 
emi~t~ is the neglect of the effect of the e~~~~~~~~e~~ on the rno~ec~~ar system of inter- 

est. Wth srn~~ molecules ~o~~~~~~g say first and second row atoms, there is often no ob- 
jection to calculating the wavefunction for the ““isolated molecule”. However, a great many 
metal complex systems which have been studied theoretically because of their experimen- 

tal interest, do not in fact ever occur as isolated systems (perhaps because of their “charged” 
future) and are found only in s~~~~o~, with a darner of associated so~vat~on spheres, or 
in tryst 

Taking the example of single metal complexes, experiments ave shown that a great 
many observable properties are largely independent of the surr nding endmmnent dher 
than the “ligands’” immediately coordinated to the metal, and this has led to the use in the- 
oretical studies of the 4cc1uster approximation”. The “cluster” is the metal plus the direct- 
Iy ~oor~~ated ~~~~~~* and by the ‘*cIuster ap~~~~mation’~ is ~~~~ that the ~~v~~~~e~t 
of the Aster is assumed to have no effect on the electronic structure of the cluster, (This 
is equivalently stated as assuming that the environment contributes a constant, purely elec- 
trostatic potential er the dimensions of the cluster.) 

The chemical si ficance of the cluster approximation is difficult to ascertain as far as 
xes in solution are ~o~~e~~d, because of uncertainties not only in the st~~t~r~ of 
ter itself, but also in the precise nature uf the ~n~r~nm~nt (in this case the outer 

salvation sheaths) outside the cluster itself, but still intimately associated with it, 
As regards the use of the cluster approximation in crystals, it is possible to discern two 

quite separate classes of crystal where the cluster approximation can be expected to operate 
es of SUCCCSS, These two classes will be denoted as unshared-cluster” crys- 

luster” crystaEs r~s~~~~~~e~y . “’ The basis crf this ~ffer~~tj~~~n can be 

understood by reference to Fig. 1, which i~ustr~tes examples of isolated- and shored-Ulster 
octahedral transition metal hexafluoride complex systems. 

e of an isolated-cluster crystal, the clusters of octahedra3 hcxaflusride 
ague are well separ from each other, and ch is surrounded by a number of alkali 
metal ion nearest nei urs, On the other ban in s~a~ed-~~u~t~r crystals such as the flu- 

ustrated in Fig.1, the use of an ~~~~~dra~ cluster model to investigate the 

metal-fluorine interaction in these crystals causes a greatly distorted view to be taken of 
the bonding capabilities of the ligands. While in reality each &and in this example interacts 
equally with two metal atoms, an octahedral cluster model would completely ne 
effect of 0pre of these ~~tera~~~~s~ 

It is unfortunate ~erefore t so little attestor has been d to tis ~st~~~~~~ in 

crystal types when theoretical dies of such systems have be embarked upon, and par- 
ticular~y unfortunate, for instance, that the archetype of the transition metal hexafluoride 
systems chosen for theoretical study should have been the NiF64- cluster occurring in 

~a~~d-~l~~t~~ ~~Qrup~r~vs~t~ ~viro~en~_ In. this case it would seem ~re~~nab~~ to 
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The earliest app~ca~~ons of MO theory to tra~s~~~~n metal syste s, as opposed to at- 
tempts at quantification of the ionic crystal field t&cry model, was the adaptation of the 
extended Huckel MQ (EHMO) formalism by Wolfsberg and Heb-nbol~~~. This ve_v simple 
technique is unashamedly semi-empirical in nat d while of little or no use in reliably 
~F~~~~~~ suave C~~~~~~ e~~~~ts~ it may be par trired to ~~~~~~~te gross che~~~~ effects 
in 8 series of related molecules. 

A revision of the EI-BIO format&n by Ballhausen and Grays’ made the scheme more 
responsive to the ia variations in oxidation state occurring in transition metal complexes. 
Evaluating the leading terms of diagonal SCF F matrix elements as a function of the atom- 

e ~r~~&~ed in each SCF ~~~~a~~~ en~bI~d 5, but the practice of ~~pl~y~~ ioniza- 
tion data ~V~~~s) for free ~~F~~ of given arge ~~~~~ to calibrate tie eo 
diagsnai efements remained a severe approximation in terms of the_interatomic effects not 
accsunted for. The scheme is known as the Self-Consistent Charge and Configuration 
@CCC--MO) scheme, 

~chardson and Rundle (RRj3’ suggested ~~p~~~~~ rhe fuU LCAO-SCF F matrix ele- 

aunts by a~~~y~~~ the 
closed shell SCF operatorr6. When e Raothaan and RR-SCF op raters are written in ex- 
panded form they become, respectively, for the closed shell case 

and 

where 

(4) 

e operators P d PER eo~~~~ o~~ra~~~ ~ut~~on the ~~t~r~ct~o~s beech must be 

accounted for in evahating the energy of electrons occupying a paitkular MO, and tie en- 

ergy sf interaction between different MO’s. When the MO’s arc expressed as a linear combi- 
nation of atomic orbitals, the coulomb and exchange operators, ii and k& by which the cou- 
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xchange interaction of ~~l~c~lar orbi i with any other: electron d~~t~butio~ 
0, or ~t~~~~ can be e~~~~~ed, citn Ix2 anded to the form 3horvn aftlo~e for ei- 

tier the exact, ot thr; RR, fo~~~~~. For the first in the a~~~c~t~~~ of s~~~~~~~ MO 
the ~fy to large systems, the RR forrna.Iism attemp cast the off-diagonal F matrix e2ea 
ments in a form amenable to ready evaluation by theoretical means and so replaced the 
somewhat arbitrary procedure of EHMO theory of using arithmetic or geometric means of 

ne RR fo~~~sm faked basis of a range sf ~r~~o~ed MO s~h~rn~~~~-~~ I and though 
thase tended to retain a large ent of the earlier EHMO simplifications, some of the more 
important additional interactions nut accounted for by simple EHMO and SCCC-MO 
schemes were included. 

and. ~~~~~e~32 criticized the RR forrn~~~sm itself, hu~v~v~r~ for an ~~c~~s~stent 
use sf the ~~~~~~~~ ~~~~~~~o~. ~h~or~t~c~ ~~~~at~on of atrix elements resufts 
in inclusion of the effect of each electron interacting with itse 

Mare recently Basch48 tested the RR formalism rmmerically over a range of molecules, 
a@nst corresponding, complete LCAO-SCF calculations. The generally poor agreement 

ave doubts on the usefulness of the RR scheme and tends to support criticism of it. 
0, S~~~-~~ anb ~-bas~~ schemes ar ~~~~~ed t lards ~ss~~~~~y 

ory leivel treatment of metal c e emphasis on the electronic 
effects only on the central metai arose mainly from preoccupation with electronic spectra 
of the complexes. 

advent of the various negX rentiai overlap (ND schemes 0fPopte et ~4.~~ 
Pr d the ~~s~~~~~~ ofst~dy~ ~~~era~ systems other arr simpIe (binary) com- 
plexes, since the ~~b~~ed trea~~~t of atoms of the rno~ec~ redicts de tailed bonding 
effects equally weU at each site. The straight molecular orbital approach, of which the ND0 
schemes represent simplified examples, takes cova.kncy effects more completely into ac- 
count than either tie ligand field or ionic crystal field models, and so may be regarded as 
capable of y~e~~~ better booing descriptions for a larger range of complexes (and other 

than those models, 
e the feast simpI&ed scheme proposed by Pup[e et a.hq9, the NIX30 scheme, has 

been used in calculations on second-row fluorides 50, the tendency has been to use the much 
simpler CNDO scheme of parametrization of approximated F matrix elements for transi- 
tion metal and large inorganic systems. 

ina 

e are two distinct parts to the ~~~~ par~et~a~on se me. The first is the &m- 

a complete neglect of differential otaerlap approx&nation, so that only simple coulemb in- 
tegrals remain to be evaluated. Secondly, it was found that to maintain desirable consisten- 
cy of the CNDO approximation under rotation of local atomic axes, it was necessary to 

average tegral values orer aU the crrbitals of each atom, fur each ~t~~r~ @pe ~~~~~~e~~~. . 
This causes the value used for each ~tegr~ to depend onfy on the atoms involved, and con- 

tains no information, for example, on directional properties of the orbitals involved in the 

integral. 



ng integrals in this way in a ‘kknce electron” transition metal basis of Jd, 4s, 
vsre in view of ihe quite diff~r~~~ nature of relatively compact 3d, and very 

- the diatom-overages’ C one-centre ~uu~omb ~ntegr~ 

~4~4~~4~4~~ ~~t~g~~ and ~nde~e 
diction of artificially hi 4s and 4p populations. 

Neverttheless, the C rmalism has been exte 0 apply to transition metal sys- 
d BaUhausen32, and subsequently Allen et al.‘t impkment- 

form artery identical to the Pople par trtiation. fn both cases, com- 

~rnrnet~ were ~~vest~~~t~d: MnQ4-, an e ~~xa~uo~~~~ ME/- respec- 

tively. T&x systems probably represent particularly Favaurabk systems for study at the 

CNDO level. 
Aspects of CNDO type schemes which would tend t knit widespread extension to sys- 

tems (of lower beets?) with more complex bondi effects apparent are pfimady 
those the great t.oss of detailed downed f those ~~t~~~~t~~~s not cons~~~~ed 

level. An obvious ex~~~~ here is the compie te absence of exchange-typo in te- 
re needed to account for differences in various open shell states abounding 

in the transition metal area, Since only gross interactions are included explicitly at the 

CNDO level, it is not reasonable to expect the CNDO wavefunction to respond to any but 
gross changes in the rn~l~c~~ar systems considered. 

More ~~~cu~a~ faults af the Pople p~r~etr~a~~ns at the CND0 level are the rather 

inflexible formulation of the off-diagonal F matrix elements; and the disregard of the ex- 
pIicit effect of the overlap matrix in the LCAO-SCF equations (2), since the zero differ- 

ential overlap @DO) apprcGrnation invoked replaces the overlap matrix ~tith the unit ma- 
trix. This nzeans that the CNDO scheme essen~~~~y evaluates interactions over an assumed 

completely or~~go~~ rn~~~ce~trc basis set by using a r~~~~~~~~~~~~~~~~ 

cle?rly inconsistent. 
The many unsatisfactory aspects of the fople et al. parametrization of CNDO-type 

schemes stimulated the search for ways of refming the parametrization SQ that some gen- 

eraiity in apposition to a range of ~no~~~~ systems could be achieved. Thus, for ex~p~c~ 

Robym ~~~x~~e~ the overall AIDS ar~~tr~za~o~ and co~c~~d~~ that a c~~p~e~~~y 
based scheme of parameter evaluation was necessary fur extension to inorgan- 

nerally.in addition, Roby made the first attempt in the transition metal area 

to base the ND0 approximations, in particular the ZDO approximation, on a much sound- 

er theoretical footing by employing the mmetric or~o~~n~iza~on of A0 basis set 

a This ~~par~e~zed s me retained the cipher “CND to indicate 

ti~ns are still ~~jminated by e complete neglect of di~fere~ti~ 

As a further refinement, a scheme known as MCZDO was introduceds3, where the ne- 

glect of differential overlap approximation is only retained in evaluating multicentre two- 

electron integrak This scheme c~~eque~~y relaxed the requirement of complete “atom 

overage” of the integraf types ~nc~~d~d, d explicit ~nd~v~~u~ v&es-were gken ta 

one-centre integrak. 



One of the more important aspects of the MCZDO scheme was the complete theoreti- 
cal, though still approximate, evaluation of the one electron integral part of the LCAO SCF 
matrix, the ‘ccure’3 matrix H’Q”C, It was found that the evaluation of this matrix as accu- 
rately as possibly in the GO basis, followed by symmet~c ur~~go~~~za~on, yielded a fi- 
nal wavefu~c~~~ most in accord wittt more ela ons on the SQ4”- test sys- 
tern. 

These schemes were originally applied to attempt interpretation of the UV spectra of 
some tetroxyzkons; SO, ‘- (ref. 53), and later Mn04- and Cr04*- by James et aI?. Sur- 
~~s~~~y, the s~p~0s~~y more accurate ~~CZ~~ fo~ula~o~ reduced worse results than 
the CNDO type fo~u~a~o~ in the latter cases, The ~pp~i~~~i~ of scaling to vapors mole* 
cular integrals in the CNDQ scheme allowed the simulta~~eou~ reduction of w&factory 

ground state electron distribution and UV spectral predictions, which was not the case in 

the MCZDO scheme, 

of the t~t~oxy~ions as a vehicie for tes appr~x~~t~ MO theories 
ected upon, and later ap~~~c~~on of the ZDO scheme in an open 

shell modification (since hlCZ;IK? retains aII one-centre exchange integraIs, the use of the 
UHF formalism is meaningful at +&is level) to the ground state properties alcl,o 

iion metal hexafluorides indeed showed the scheme could quite adequately a 

electronic spin and charge ~st~butions in these systemslrc. 
~~~~ver~ as ~~vio~s~y rn~~~~~~d~ ~ttern~ts by the ~~~~~ to extend the MCZDO scheme 

to more covalent, Iess syrnm~t~~c sys t led that irrecqfcilable defects existed with- 

in it. Efforts to trace the cause of the ess predictions ofMCZD0 for such simple 
systems as CO led to the adoption firstly of more accurate atomic orbital representations 

r the valence AO’s included, and secondly the removal of significant approximation in 

e eon= matrix ~v~~a~~~ by exact ev~uati~~ of all one- an4 two*ce~tre kinetic energy 

and nuclear attraction integra~s~ in each ease to no avail. 
n of failure of the MCZDO scheme was ultimately recognized as stemming 

from poor nomencIature in the original parametrization of CN 04’, IND052 and NDD049 

schemes of Pople et al. Throughout the NDO-based schemes (GNDO, INDO, NDDO, and 
the ~‘CN~O’~ and ~CZDO schemes)~ the t of d~ff~r~~~~ ~v~r~~p a~~r~x~rn~t~~n at 

e one- srnd tw~ce~trc level, or at the tw tre level, with only ~~~~~~~~ product dis- 
tnbutions being neglected, provides substan simplification in evaluation of the approxi- 
mate diagonal F matrix eIeme ts, by retaining nZi the largest interactions contributing to 
those elements 9nd eliminatin smaller and more troublesome integrals from consideration. 

In ad~tion, both the NDDO and MCZDO schemes can be seen to include the most impor- 
tant co~t~b~~~~s to the ~~e~~~t~e ~f~~agu~~ ~e~enlents. 

There is a different situation entirely, however, when the two-centre off-di 
trix elements are considered. If the ND0 approximations, where in every case 
bicentric distributions are negl cted, were used in the evaluation of these elements, as they 

are for the ~ne~entre F elements, every cant~bu~ng molecular integral, except a single 
droopy boded be ~~ifo~I~ ~~~~~~t~~, and a h~~e~ess~y ~nr~a~~stic estimate of the off-diag- 



onal F matrix elements would result {further discussion on this point is conttined in Sec- 

tion II)* 
When the Pople is fo~o~ved in the ND0 s~hemes~ where a par 

“core resource inte ml”” taken ~r~~~ly from papaws ab inisio & culaaons on ~~t~mi~s= 
d”” , viz. ND0 = SJP”, + P3lzl, th ect order of magnitude 

is obtained for the %‘ elements in question. However, this procedure effectively obscures 
the real nature of the group of terms within the %2sona.nce” integral, as a complex sum 

cant ng ~n~~d~~~y targe ~ontr~b~t~on~ of opposite sign, from ~~e-~~~c~r~n a~~r~~~y~ 

and two-electron r~~~~s~vg terms. 

In the MCZDO scheme, the “core resonance inte rals” are taken at face value, and ac- 
curate theoretical techniques were employed to evaluate each of the one-electron terms 

‘Ore contributing toHrAvEl. Applying the NIX? approximation to the two-electron terms involv- 
ed in these two-Castro off-diagonal elements ~~rni~at~d all the camp 
t~r~~t~ons generated by ~t~gr~s 
bute to these elements. Thus the 
magnitude, and on diagonalization of the ture generates an un- 
satisfactory, artificially large, spread in MO energy vels, along with correspondingly un- 

genvector form for the molecular orbixals contributing to the overall predict- 

In summary, then, the ~GZ~~ ~r~et~zati~~ CXI be considered the most s~~histi~at- 
ed of’ the NDO-type MO techniques. Many molecular interactions, and hence much more 
detailed information is included in the scheme, relative to say CNIXJ schemes, se 
gral averaging is mainly avoided, and L in orthogondization is used to justify 
(S = 1) assum~t~~~, IIowever, the MCZ fo~uI~t~on goes only alfw;rv towards tke in- 

pletely ~~~re~~~ of she cruci off-wagons t~~-~~~tr~ 
F matrix elements. Cansequently the aim that these elements may faithfully reflect the 
very real changes occurring in them as the molecular charge distribution changes in each 
iteration towards self-consistency is not realized even at the MCZDO 1eveI. 

While the MCZDO scheme is obviously unsatisfactory from the point of view of evalu- 
ation af two-centre approximate F matrix elements, criticism on thk score can certainly 
be Ievekd at the other semi-quantitative schemes, aI of which use some speciai tool to 
overcome the problem of ~v~~a~~~ ~x~l~~~~y ~~d~v~d~~ terms ~~~t~bu~n~ to these eIe- 
men& 

For the RR-based methods, this means a simplification of the SCF operator by the MuL 
liken approximation. While we have already noted the RR formalism does not stand numer- 
ical testing against cotipatable ab initio calculations, the widespread use of the Muliiken ap- 
~ro~ma~on in s~~~~~~~~ ~r~~~ems of integral ~v~uati#~ deans we toqk fairly cfasely 
at it. 
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Nicholson3 and Ruttink3’ have both examined aspects of the Mulliken approximation, 
Ibttink has considered the rotational characteristics of the MulJ&en approximation, and 
has concluded that for ~o~s~ste~~ under ation of axes, 
tian &ould be ~~rnb~ed with ““atom aver f integrals, so 

auld only be employed in calculations aimed at the CNDO level of accuracy, Il\licholson 
pointed out that the size of errors expected from the use of this approximation in off-di- 

agonal elements may be very large (- $ a.u. or - 13 ev), but also pointed to the very se- 
of the ~u~~~k~n a~~r~x~a~~~ in ~v~uat~ng “zem overlap” off-wagons ele- 

h &en occur in t&5 ~~~-~~ntr~ part of the E; matrix. These F e~~me~~ beaker 
orthogonal orbitais an one centre are only identically zero if the two functions concerned 
transform as different representations of the molecular point graup. For instance, ~JI octa- 
hedral coordination complexes, metal orbit& spzmning single subshells of s, p and d sym- 

try transform as different r~~r~senta~~ons of t ar point group, and so the off- 
agonal o~~~~~t~e metal E matrix ~~ern~n~ are zero. So in this ~~t~~dr~ case 

tetralxdral case is the same for such a metal basis) the ~~~~~~~~~~~~ of these elements 
ari zero, by calculation at the CNDO level, or by invoking the Mulliken approximation, is 
obviously acceptable_ However, tis is not the case for lower symmetry systems, or where 

etry is evident. This can be illustrated in the case of the ligand. of an octa- 
ere there is local ~y~i~d~~~ symme~, so the s&ma aged ns and ~~~ W- 

bitals, though ~~~~go~~, tr~sfo~ as the sue re~rese~ta~~~, and the ~~~~t~~~ to zero 
sf the connecting F matrix element would usually be a serious error. Similar arguments 
would apply to metal functions in a diatomic molecule, for ex pie, where non-zero F el- 
ements should exist between all basis orbitals f Q, of z, or of li symmetry etc. This is why 
claims ~o~~~r~~~ ~~~~-~p~ or RR-based s emes must be ~~wed with. Some cau~~on 

n mly high ~~~~~t~ systems are co~s~dere~- As has been ~r~v~~~s~~ state& hi 
Iar symmetry may in fact validate otherwise severe approximations, and for the 

ofprovirzg generality of MO schemes, it is desirable to investigate systems of fairly low sym- 

metry. 
A~terna~ve~y to the sunken a~prox~ati~~, mother widely used means of obt~ning 

ues for nfs, is by ~ar~~t~z~g the 
ese elements (i.83, by direct ~ornp~so~ witi 

culations. This technique is employed in all tie Pople NDO-based schemes 
NDD04g, IND0”2 and CND04’ and derived versions, where the original parametrization 
technique is followed *ssl along with a further scheme known as NEMO IUs + NEMO 111 
is the most dev~~~~d of a series of schemes ing a ~~d~~ rray of a~~ro~ma- 
tions: along with the ~ff-diag~~~ F matrix par etrization urrder cussion at the mommas, 
a special approxWat.ion to obtain values for “Zero overlap off-diagonal mat& elements” 

is employed, which restricts its present use to high symmetry molecules. 
‘The use of Ws technique firstly requires that calculations of each diatomic fragment pas- 

sibEe in the rn~l~~~le be perfo ed. This may groove man initio ~~~u~a~~~s un diat- 
omit pairs of atoms over a r qf i~te~~G~e~~ effort evolved in ~rfu~~ 

ing a large number of diatornic calculations, prisr to the MO calculation, may cause the ne- 



glect of some interactions between pairs of atoms arbitrarily considered nat tu be “bond- 

ed”. Secondly, it is necessary to choose fbr reference calculation diatomic fragments with 

some arbitrarily chosen charge distribution assrrmed to be appropriate to the actual situa- 

tion of the d~~t~rni~ fra~e~t as it occurs irl tlrIe ~~~~~~~~~~~ his assumed ~~~~~b~~~o~ may 
Ily from the isolated diafornk groaind state di~tri~~t~~~, and unless zmme con- 

straint can be imposed on the possible distribution within the SCF procedure the results of 

the diatomic problem may nut be appropriate. In either case eolrvergerzce &~flc~tZries often 

occur in diatomic c3kulatio well away from the ground state geometry of the isolated 
mofecule, of in rno~e~u~es odd electron distributions such as tra~sit~~~ metal carbide 

and intrude di~tomi~s~ _ In other cases the probity of a ~~rnber of electronic states in a 

particular diatomic caiculation may necessitate the use of multiconfiguratian or CI studies. 

So it can be seen that direct parametrization of off-diagonal Fmatrix ekments is fraught 

with difficulties in performing ca.lcuIations on the relevant mslecu!e fragments alone. 

However, even in cases where such c~c~~~ons are available or feasible, to ascribe effec- 

tively the s3me ~~~~~~~~ betwee the large 3~t~~~tiv~ ;;uld rep ive ~o~tri~~t~o~s ~~~o~s~~ 

referred to, in the off-diagonal eIement in the moiecuiar s ation, 3s occurs in 3 particu- 

lar reference calculation seems highly questionabIe- In fact such a procedure would seem to 

prejudice substantialIy the possible predictions of the MO scheme in view of the importance 

af these elemenrs in dete~i~in~ bonding, and be particularly inappropriate in any situa- 

tion which could involve ~~~s~a~ b~~d~~~ effects. 

One can perhaps ~ympa~z~ with the PopIe ND0 schemes applied to relayed organic 

systems, as was the original 3.i.m, from this point of view. Here the transferability of para- 

metrized elements may be reasonable because of the general similarity of particular bond 

types in different environments. On the other hand the composite nature of these para-net- 

tied ~e~ern~~ts could seem to preclude thei use tr~sf~rab~y in a scheme aimed at quite 
general ap~~~~a~~~i~, as ~~~r~~~~~ systems ten to emirate quite large va~a~u~~ in bond 
polarities, and the consequent sizeable local deviations from neutrality would be expected 

to substantially alter the real balance of the off-diagonal F elements concerned. 

A further criticism of the use of reference diatomic calculations to obtain values for 

these matrix elements is of course that it prejudges the i rtance of rhr~e-~X?itltre attrac- 

tive and re~~~s~ve co~t~bu~~~s to these ele LCAO-XF fo~u~a~o~~ nut 

to mention the four-centre twaelectron terms. 
In view of the unsatisfactory aspects related for the whole range of semi-quantitative 

MO methods available for the general inorganic/transition metal area, it seems almost SU- 

~er~uous to add mention of the tendency in such schemes to use minimal basis sets (typ- 
icAy I~T~~A~~~ having poor accuracy relative to exact NFAO f~~~~o~s and ~~~~ USU- 

aEIy necessitate empirical evaluation of one-centre interactions, when as is usu3.I at the semi- 

quantitative Ievel, only valence electrons are considered, because of the poor behaviour of 
ISTO/AO accuracy functions near the nucIeus. The intricacies of combining a suitable A0 

core/valence separation WiII, however, not be under discussian here. 



The overall comments on a representative range of semi quantitative MO schemes suit- 

able for app~~a~~~ to inorg~~~ systems, discussed in the previous section, indicate strong- 

Iy that a need exists for ~orn~~etel~ ~~or~t~~~~~ based MO fu~~~~t~o~s 
schemes must aim to avoid highly approximate or inadequately paramet 
all-important off-diagonal two-centre LCAO-SCF F matrix elements. 

Alhwing for the subtle effects of covalency by accurately computing these elements 
in: ttte UctufzJ ~~~~~i~r situatiotz every time in the iterative approach to Self~o~s~st~~Gy 
of the mol~~uiar w~vefunct~o~ is e only a~~~~~~~ ~a~ab~~ of iding any prior a~urn~- 
tions about bon g and bonding effects in the rn~~e~~~~; only s approach could claim 

rahty to unusual bonding situations. It would be hoped th Such a theoretically 
based scheme the only variable, the basis set chosen, could be varied at will without diffi- 
culty, according to the accuracy desired in the final wavefunction, The limitations of the 
wavefun~~o~ in case should be traceable to 

~~~~~~~ab~~~~ o particular ~a~tree-cock fo 
equacies of the predicted molecular wavefunctictn should not be due to insufficient care 

being taken in evaluation of the LCAO-SCF F matrix. 
An MO formulation of this type is necessarily more compfex than the semi-quantitative 

s~~~rn~s discusse ady. However, the essential point in consid any extension of 

~eor~es is that ~ornF~tati~~~ economy be tamed at a reason- 
able level. 

In the only schemes of a completely theoretic type which are available, in ‘the ab initio 
and near-ab initio categories, co taeonal demands are high, ad some more shplified 

required for use as a era.& reliable, hiboratory tool t e 

~teres~~~~ rno~e~~~e re the ab initio ~p~roa~~ wou 

~~~~n~~V~. 
It is obvious that ab initio calcuIations are necessary periodically to check the perform- 

ance of more approximate MO calculations whenever a significzintly different new bonding 
situation is encountered, but it is equally obvious, in view of ‘the difficulty and computer 
time ~onsnrnp~o~ ~volved~ that rro more ab in&i0 c~c~~~ons than recesses should be 
~~~f~~ed. 

There is, therefore, a need to explore the possi ilit& of new simplified but completely 
theoretical MO schemes which do “check out” against comparable ab initio calculations, 
and which are capable of extended application with the expectation of realistic predicted 
~av~fu~~tions even dour RO ‘%eference ” G~~~~a~ons exist in the iterate area con- 
cerned. 

But just as it w necessary to pinpoint the inadequacies of currently available semi- 
qumtitative MO schemes in order to determine the essential features to include in any new 

scheme, for the same purpose one must also examine available ab initio or near-ab initio 
schemes to see if bang cm be learned about such calculations which may have a bearing 
on, the dev~~o~m~n~ of new ~~~~~d 
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The term ‘“ab initio” implies exact evaluatiop of all molecular integrals of the LCAU- 

~ Therefore, ab initio ~~~~~~~0~~ differ only in the type and ~~c~r~~y of the 

In the case of diatomic molecules, h ccuracy ab initio STF-based calculations are 

possible where results obtained are “ne e Hartree-Fack limit”59. In these cases, a fn- 
ed linear combination of STF’s is not used for each atomic orbital, but rather the functions 
fused to ~o~~b~te for example to ~~~~~~ A0 an~y~~~ r~~res~~~~i~~s are used indi- 

vidu~~y as e~p~sion f~~~~ons of the Roe an 
and the relevance of atomic orbitals as such is lost in the final wavefunction. However, the 
molecular orbital energy !evels of these wavefunctions are obviously a very good reference 

point for other calculations employing a less flexible “fixed-AC)“-type expansion basis, 
There; are it great number of examples sf “ d-A@’ LCAO-SCF ab iflitio c~cu~~~~ 

OR ~~t~~~~~ and small m ~~~~~~~~ which, thou not necessarily, and ~~~b~bly not, ne 

Hartree-Fock Emit, serve to indicate the importance of 
with some approximate scheme using the same basis. Alt 
to indicate the effect of using different accuracy “fried-AO”’ represenbtions for the various 
atomic orbifals of the rn~l~~ul~. Many exarqles of dramatic ~~~rove~~nt in total ene 

e ~~ter~o~ of ~~goo~ess” in va~a~o~ artree--l;ock ~~~u~at~ons~ ~re~~~d in c&u- 
lations as the accuracy bf A0 representations is improved (lSTF/AO to 2STFfAO to . . +) 
itre readily observable in compendia of ab initio catculatians on small mdecules6’, and it 

is apparent that as the size of atoms involved in molecules increases, then greater compfex- 

ity of A0 representations is necessary. 
From ic ~~cu~~~~~~, where the total energies are compared in going from the best 

~STF~A~~, to double zeta {2STF/A~) orbital re~r~s~nta~o~~, through to 

accurate Hartree-Fock calculations, one notices an increasingly dramatic improvement in 

going from single- to double-zeta accuracy AQ representations, while the discrepancy be- 
tween the double zeta and the HF results remains very sm& This is illustrated in Table 1, 

TABLE f 

“n-zeta” and Wnrtree-Fock energies (a-u.)’ 

Double-ze taC Hartree-FocE 

c -37.622 -37.687 -37,689 
F -98,942 -99.401 -99.409 
Si -288.090 -288.85 1 -288.854 
Cl -458.524 -459.48 0 459.482 



This sort of information has led to the idea of a “dcxlble zeta” accuracy A0 representa- 
uon being the best choice for mcr>lecuIar calculations, this bein a compromise between h$$ 
accuracy atomic orbital representation and economy of mokcular wavefunctian production, 

For ~~~-~ase~ ab initio ~~~u~a~~ons~ the c~t~rio~ of ~~~~~~~y of tie 

also des~~~~e~ tith reference to the accuracy of the atomic o GTF rep~ese~ tations 
used as the basis set. The accuracy of GTF representations is measured by compari- 
son with STF representations, by saying a given GTF representation is equivalent to “Mini- 

mal Basis Slater Accuracy” (1 STFIAO), or “‘double zeta” accuracy (2STF/AO), etc. 

In contrast to STF repr~s~~t~~ons~ GTF re~re~ntat~ons are designed for use in ab initiu 
eula~o~s on more complex rnQ~e~u~~s than ~~to~~~cs_ For the inorg~~c~tr~~sit~o~ metaI 

area, there are quite a few GTF ab initio computations available62. 

However, w of these cases do the GTF basis sets used approach the accuracy of, say, 
“‘double zeta F/A0 representations. High quality basis set GTF calculations as do exist 
(e.g. the recent pe~~g te ~a~~ula~on62e 
areas such as orbits ener 

sis sets is not so uch connected with the act 

to untangle the chemistry involved by correlating the final wavefunction with contributions 
from individual atomic orbitals of the component atoms of the molecule investi 
means employed to reduce the GTF calculations to manageable often destroys t.he “at- 
omic orbitzf’” ~bar~~ter of the basis set, so that there are no Ion r recognizable ind~v~d~~ 
cont~bu~ons to molecular or itals from par~~~lar orbitak. This is not a serious drawback: 
except that the very convenient “linear combination of atomic orbitals” molecular orbital 
description, readily obtained frsm STF-based LCAO calculations, is not available for com- 

parison with these calcuk3tions_ This simply means that it is very difficult to kM3w or find 
out how best to ~~~~~u~~ a GTF basis set by tk s~g~~~~~t, but smallest possible in~rern~~~ 
in order to correct some de~cie~~y of the ~~vefu~c~~-_. n It is very ~f~~ul~ to de~e~~ne 

from GTF calculations, for instance, whether an improved 4s representation is desirable for 
a transition metal atom in a given molecule, d equally difficult to ascertain whether the 
“4s orbital is involved significantly in bondin “, since the 4s orbital as such normally has 
lit& rne~~ per se in GTF ~~~ula~on~. _ 

Such d~f~~~~~t~es of ~~t~~~r~?a~~~ are rn~~~&d when the wa~~f~~~~~~ is tr~sfo~e~ 

to some localized orbital representation, since then density contours may be compared di- 
pansion basis, but this device is far from widely used to 
great complexity. 

There is mice to be said of course in favuur of GTF ~~c~~~~ons, “if the basis set is suf- 

~~~e~~y ~e~~~~ to span the most ~~ort~t ~~~rn~n~ of a ~~~p~~te set of ~x~~s~~~ func- 

tiCXd', SO that the Roothaan expansion technique is accurate. Since there are $8 few cases 
where there is high confidence that this requirement is met even fairly well, in the larger 

inorganic systems, and since it is difficult to judge in fact how good a particular basis set 
on to STF bases, especi&y wi ct to outer valence orbitafs whose variation 

effect on total entrap most ~~a~o~s are not of direct use as reference 



calculations for comparison with approximate STF-based MO calculations. It is norm 
not possible to differentiate between the effects of matrix element and integral approxi- 

mation on the one hand, and differences in the bases used in either case, on the other hand_ 

In view of the caution with which many GTF calculations apparently must be viewed 
e inorganic systems are invol d, it is of interest to examine attempts to extend 

STF-based ab j~~~~ techniques from diatctmic to ~olyat~mic molecuiles, 3ecause of f- 

scull of mul~~entre integral ev~u~ti~~ with 3 STF basis, some sirn~ii~~~tio~s gen 

must be adopted in inte ml evaluation in this case, and such schemes will be denoted as 
“near-ab initio”. 

Near-ab initio calculations using STF-based A0 representations, aimed at the inorganic/ 

transited metal area, fiave been perfo by several groups: ~im~nko~ ~yat~na et aLe3 1 

~~~3~~s~~~ Seufes et ai?, pseudo and Hilfier and Saunder~b$ I 

chardson, Soules et aLM calculations on transition metal co piexes involve accu- 

ation of all one- and two-centre integrals, since means are readily available to ob- 

tain these. Of the multicentre integrals, some three-centre integrals are evaluated by either 

the simple, or a modified, ~u~iken appr ion; other three- and all four-centre int~~r~s 

are a~~r~~ated as zero by assumes n e ~o~t~b~tio~ of ~~~F~~ ~~~~~~~~~~s a~si~g 

from the product of AO’s of different ligands in the octahedral systems investigated, These 

multicentre integral approximations are unfortunately designed with the octahedral coardi- 
cteristics in mind, and there seems to be no recipe for handling other situations 

rticular set of approximations may not be as appropriate, 

These ~~~~latiuns sre more seriously exited by the basis set chosen”‘. The basis far the 

rides consisted of, for the fluoride ligands, mi~irn~ basis STO’s with Slater expo- 

propriate to the assumed completely ionic distribution, for F-. For tie metal ions, 
the “core” orbitals are represented by single STO’s, while the valence 3tT functions were re- 

presented by “double zeta” functions. The exponents for this STF basis were determined 

by a somewhat arb~tra~ “~ttj~~~’ procedure to more F AO’s appro- 

priate to the metal ion of the c~rn~Iet~~~ ionic model af ~~~d~~~ in the complex, ~~~c~~~s 

thought ta be appropriate to metal 4s and 4p functions in this environment were also in- 

cluded. 

The use of this particular basis set6’ can be criticized far its poor performance witi re- 
gard to ~tra-atorn~~ core e se~~~a~o~ characteristic 

Scrod ~o~on~~~~~~ 0 zeta f~~G~on~ into o 
representations. This procedure does not provide sufficiently accurate ‘“blocking”’ of the 

core and valence sections of the full F matrix to ensure meaningful re will be obtained 

by explikt consideration of the valence electrons alone. The basis for s criticism wiI.I not 

be spelled here, except that mention can be made of the general point that the use of 
“fitted” si STO”s which most nearly mimic accurate frictions only well out from the 

nucleus, to evaluate nff of the large energetic ~o~t~b~ti~~s arising near the nucfe~ ~v~~~e 



the fitted STO’s are relatively poor, is not very satisfactory, particutarfy when combined 
with a core/valence separation, 

In addition, the more specific criticism of Iack of balance in the basis set may be level- 
culations; the ~~ortant 3d orb~t~s are @en ““double zeta” accuracy and 

are ““fitted” fu~~~ons, while the ligand f~n~~o~~ with which teract are firstly single 
zeta accuracy, but morz ~p~rt~~y involve v~at~on~y obt xponent~ which em- 

ons near the nucleus rather than at some distance from it. 

ulations, finally, as with the very similar calculations of Nieuwpoor@? on 

e(CO),2-), the molecuiar symmet~ of the sys- 

tems s~u~~e~ may be hi ~~u~~ in the Lucerne more ~p~ar~~t in tower 
symmetry systems. 

Klimenko, Dyatkina et al. 63 have approached MO calculation on inorganic systems with 
a similar aim as regards accuracy of the final wavefunction, but have avoided some unsatis- 

factory aspects of the Richardson series c~cu~3t~ans. They have carefully considered the 
prablems of ~~re~v~~nGe s~~~~a~o~~ and have found the use iaf LLnatural” ~art~ee-~o~~ 

A0 junctions (which di~gon~~e the ~tra-atamic part of t&e F rnat~~ as de~m~tely desir- 
able from this viewpoint. Secondly, their eakulations, while employing minimai basis ac- 
curacy functiuns to represent core orbitals for economy, use double zeta accuracy valence 

functions quite generally, rather than just far the metal valence orbitals as in the Richardson 
~~cu~a~io~s. 

The 3 ~yat~na scheme is designed for quite general ap~~~a~~~~ in that it con- 

tains n ans obviously particular to the char;zcteristics of transition metal complex- 
es, but the major probIem of the three- and faur-centre integrals is not rezlly simplified suf- 
ficiently for this scheme to be widely applicable in large molecules; the group has so far con- 
centrated on rel~~ve~y small systems_ 

The tec~iq~~ used for the mul~~entre ~~e~rals by p,=k ~s~~~e~ of 
Richardson series catcufations, involves an accurately c expansi bicen ti-ie prod- 
uct charge distributions iflto one eentre distributions, so that ultimately all the multicentre 
integrals can be expressed as ‘“accurate” expansions over two centre integrals. This proce- 
dure necessitates the exact evaluation of at least some of the difficult integrais containing 

e ~st~b~~ans~ e.g. ~~~~~~~~~~* +ndc ~~p~s~~~ for ~~~ 
~~~~) at each ~ternuc~e~r d&an the SCF his is undoubted- 

ly a very painstaking procedure, especially if variations of internuclear distances are of in- 
terest from the chemical point of view. It is probable that this procedure is not readily au- 
tomated - an almost essential requirement for larger systems. 

Finally, in ~scu~ing near a initia ~e~~i~~~s, mention ust be made of the increasin 
Ey ~u~rnon device of using GTE expansions of the STF A0 represen~~on~ to ev~uate m& 
ticentre integrals, as exemplified by Hillier and Saunders’ calculation68 on tetroxytions 

cr% *- and MnC&‘. 
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must also be mentiioned for completeness. These invalve estltensions to the limit of 

Mherwise more cammonly restricted versions of expansion techniques. 
The first, that of Ellis et alm6’, involves expansion of the normal multicentre atomic or- 

bit&s basis, aN u~tc;, u~ze cetztie, so that the only integrals to be considered are monocentric 
~~te~r~s and may be evaluated exactly. Whife the meson is &ally ab initio in that au 

iritefyds are ey~uat~d, the feeling is of course, as so often wi ussian (GTF) calculations, 

that the significance of the basis set in the direct chemical sense has been compromised. In 
this particular case a very limited expansion series was used to expand the A0 functions on- 

S~co~d~y~ Roby ” has derived some p ~t~ntja~y very ~m~ort~t re~a~ons concerned with 
salmon “~~g~~c~ sf D~ffere~~~ Overlap” (ND~} ~~~~ox~at~ ~o~e~u~ar urbane me~ods* 
A theorem is found which directly justifies the use of an NDD049 approximate molecular 
orbital method, unlike all other (Iess exact) ND0 rr~ethods~~~~~. It is found that the NDDO 
method, formulated in terms of orthsnormal subsets of basis functions on each atom, which 

are ~~b~equ~nt~y syrnmetr~c~~y Qr~~gon~~z~d to a mined basis ver- 
sion of an NO ~~~~d which becomes exact as berg e~~~~s~o~~l bec~~~~s ex- 
act when the sets of atomic orbit& on each centre approach completeness. The NDDO 

method using a synunetricaliy orthogonahzed basis becomes identical to using the “Rueden- 

approximation”’ in the normal A0 basis, where the basis for expansion in the Rueden- 
sense is of course far from complete. Roby’s work clearly d~munstrates that the NDDO 

to be used if a direst iden~~abl~ r t~onsh~F with exact ab initio techniques is desired, 

n, as is standard, nuclear-cent (e.g. atomic orbital) basis sets are employed. 
Of the “Linear Combination of Orthogonal Atomic Orbitals, Ruedenberg sion” 

method itself, taken as a purely ab initio technique, its ultirnare success deps course 
on the use of a su~~c~~~t~y large basis set on each atom for the ~~~d~nb~rg exp on to 
be su~~c~e~t~y accurate, and a great deal of work is necessary before a genes4 ~~esc~p~~n 

for such a set becurnes available. 

inally, a further special technique that has been apphed to some inorganic systems 
ld be mentioned; the self-consistent field scattered wave (SCF-SW) technique, which 
een ~~~~ed tcr some closed shell t~~r~edr~ tetroxya~o~~~ + This tec~iq~~ is not 

on the ~~t~ee-~o~k ~o~ec~~ar model, a.n$ in ~ar~~~ar e plc~ a s~a~s~~~~ based, 
adjustable estimate of the effects of exchange interaction that occw in the I-IF approach. 

Wtile it appears to offer an economical route to both models of the charge distribution 

and the lowest excited states of the systems so far considered, it is not yet clear whether 

or not the high Sykes ~etroxy~~ons are par~cu~ar~y favourable substrates for t 
tile method, or indeed wagger the ~~~e~a~~~ of~x~~~~e effects can be COW 
a form which wilf akxv reliable prediction of magnetic properties simultaneously with re- 
alistic charge distribution and excited state properties, bearing in mind that magnetic effects 
are often of great interest in transition metal systems. 



F. AN OVERVIEW 

We may s~~a~~e the -present state of MO theory of inarg 
the discussions of the previous section by obs~~~~ that there 
which satisfactorily combines adequate accounting for all intramolecular interactions of 

the HF model, with expansion bases of sufficient quality that realism of the final wavefunc- 
tion is assured, while at the same time offering economy in both computational space and 
time at the fevel where it is practicable for the ~ec~~i~~~ to be ~~u~~~~y used with large, 

chemically ~t~res~ng systems. 
Accordingly there is st stimulus for further advancement in simplified molecular 

orbital methods of compl intermediate between the existing semi-quantitative and es- 
sentially ab initio techniques available. This stimulus centres around the hope that it will 
be possible to reduce the m~lticentrc interaction problem by some means which will allow 
consequent tkre savings to be reerected into ~tiIi~atio~ of bitter basis sets so r~~cessa~ 

to reaIisticaIly evaluate the larger magnitude intra-moIecuIar interactions. Since we are in- 
terested here in deahng with Iarge inorganic systems contking heavy atoms, there is a very 
compelling stimulus to avoid loving to evaluate all the three- and four-centre integrals of 
an ab initio c~n~~utation~ and it may well provie that the utiliza~o~ of great care in the 

~v~~atio~ of largest one- and two-ce~tr~ ~~teract~o~s with s~~ci~~tl~ ~~curate~ or flr=x- 
Me basis sets r such systems may actually outweigh the effects of simplification in, say, 

four-cent_rrr integral evaluation, in the quest for wavefunctions as realistic as possible. 
In terms of the present discussion, we can set down some features which would be de- 

sirable in any new “intermediates’ simpli~~d MU scheme. 
Firstfy, f0r dealing with hail atoms ~~r~~~~ar~~, one ~~or~~t s~~~~j~~~t~~n would 

be to &low for the introduction of the chemi~~y reasonable device of only dealing explie- 

it;y with a valence subset of electrons of each molecule; those which are thought to be pri- 
marily responsible for bonding effects. 

It would be desirable that any new tec?mique contain readily identifiable approxima- 

tions, so tiat ~x~r~~o~a~~o~ of the tec~iq~~ into new or un~u~ (~~er molecular 

situa~o~s msly be~udg~d from the point of yriew of those ~~~ro~~~ju~s~ e degree of 
approximation should be as low as possible so that there could be high confidence in the 
scheme witkrut continual recourse to empirical or ab imtio data. Roby’s forks tends to 

eater deviation from the matrix element formalism of the ab initio approach 

ented by the NDDO level of a~pr~~irna~on (with conventional nuclear- 

centred basis sets) would ~~~t~~y my such ~~~~~e~~e. 
To maintain a real predictive capability, any new technique should include completely 

theoretical evaluation from first principles of all the LCAO-SCF matrix elements, partic- 

ularIy those between orbit& on different centres, so that covalency predictions dependin 

on the ma~itude of those elements wifl adequately reflect the molecuiar enviro~en~ by 
mooing for charges in the balance between attractive and ~e~~~siv~ terms in those elements. 

Finally, as a general point, it can be said that if a great deal of effort is expended in the 



Tlae renew of Davies and ~ebb2 concluded with the hope that C DO-type c~cuI~~~~s 
would, in tie absence of widespread a tions, find further ~~p~ca~~n to tran- 
sition meti ~v~~Iex~~~ The present a s nc32 sham that hope, ~cau~~ 

of a belief that the CNDO level of approximation is so severe that genuine predictive 



methods does not contain the flexibility required to react adequat4y to the very different 
local balances batten attractive and repulsive ~teractions occurring through the great di- 

versity of bo in ~orga~~~ ~s~ern~. 

To ekcid ef, i: is ~e~~f~l lo set down ~~~~r~~~ indivf 
contributions to the Hamiltonian E; matrix elements of the LCAQ-SCF-MO pro 

The in dividu ontributions to an element Fgv of the F matrix in Roothaan”s equations 
(2) comprise (i) kinetic energy of the one-electron distribution defined by the product 

of arbutus C_L and V, < i,r 1 Ti Y 3; /ii) the ~tt~~~t~Q~ of various nucki of the molecule for 

~~~~~ectr~~ ~~s~b~~~~~, < p 1 C WV 1 v 3, d (iii;f the ~t~~~c~on of other oneiel~-- 
N 

trsn distributions &II), occupied with P, electrons, with the distribution (/.w). The bond 

order elementsPkq are calculated frcrm the fractional contribution of the orbit& X and 0 

to the various occupied molecular orbit&. This coulor~zb internetion is a.Iways aceomptied 
by an exchange term Webb reflects the fact that ~~~ctro~s offike spin (0 = ~lc Or” 6) in both 

the d~st~b~~~~~ cI_rv) and (htr) wi,l tend to avoid each other, leading to an over41 term 

P,,(zlvl Xo) - P”(po I hu). Th nitude of the individual terms may be roughly judged 

from consideration of the ss of individual one4ectron orbitd distributions, and 
distance between the charge distributions invoked in each interaction, and according- 

ly it is helpful to arrange the co~trib~tiu~s to t e F elements ~~~~r~~~g to the ~~rnber of 
nuclear centres ~~vu~ved in each ~~t~~~~t~~~~ Then in an AO or cubed or 

trtjdbasissetC~)‘E,L,u,h,a..., we have, in the UHF formalism, for the ar-electron set, 
\ 

Here the matriv months the ~tgra~~ons 0 ~~~~g from tbe ~nt~rac~on of two of more 
chock are ~g~~c~~d ail semi-qua~tit~t 0 schemes. (It is the 

sion of in teractionc contained in e matrix_0 which rentiates the near-ab 

initio and ab initio treatments from the semi-quantitative schemes.) 



Of the terms of F, the one-centre XFa elements, where pA = “A (the diagonal XFQ ele- 

ments) can be seen to arise from a sum of terms equiii ta the kinetic energy and nuclear at- 
traction of the ~st~bu~on ~~~~) to nucleus A, reduced by the repulsive interactive of 

often parametrized from ionization p~~~~ti~ data ( 
INDO and NDDO formalisms of Pople et al.). The s 

element corresponds to the overall coulomb interaction (nuclear attraction reduced by elec- 
tronic coulomb repu~s~~~) of @#*) with other atoms B of the molecufe_ This type of 
term corresponds to e *~p~ne~r~tiu~ integral’” of ~~-~~~~~ and is often sidelined by 

taking the ~t~raGtio~ to be well represented by the ~~t~ra~tion of ~~~~) with the ~~~in~) 
charge on B. In other c es, notably the CNDO methods, the contributions to this second 

term of the diagonal elements of F are simplified by nt: eating integrals containing non- 
coincident product distributions (X,o,), X # 0. 

e-centre elements 
atomic orbitaI basis used, OIl the tOGd Sym- 

metry of tie atom A, and may assume ite large values, even when 
and vA are mutually orthogonal AO’s. In the case of an orthogonal set of AO’s on A, any 

method evaluating off-diagonal elements of F as some proportionality to the overlap in&+ 
here) of ~~~rs~ equates thes emend to zero, and this may be a severe 
. The CNDO meson, throts n~~e~~~~ any ~ntegr~s ~~voI~~g non-co 

dent orbital product one-electron distributions, nedect the influence of the XFEAvA 
v, elements, though this is not the case fur the more sophisticated INDO and NDDO levels 

of approximation. 

Since ‘&e det~~~at~~~ of the ~o~f~~ients of each jk, v, x, 0 l * . 

orbital of the syrup ~~~~eeds by a ~~~~~~~~~~~ of F” matings (wash may (e: 
ab initio methods) or may not (e_g_ the ND0 methods d others employing the ZDO ap- 
proximation, S = 1) have been first transformed to correspond ;a an orthogonal atomic or- 

bital (OACQ2 basis), the degree of mixing the AO’s (or OAO’$ to form the MO’s very much 
depends on the magnitude of tie off-diagonal cormectigFOC elements, and the off-diagcr- 
nal one-centre XFQ elem a part in this mixing. 

Huwever, it is the tw~~e~~e off-~~~~nal xFQ elements, xFFAys % whit 

est part in the mixing of AO’s to form MO’s (with OAO”s, the correspondi 
. . ). Consequently great care must be exercised in their evaluation. Inspec- 

composition of these elements (8) shows that the magnitude of these elements 
depends on a compIex ~t~~~~~ of positive and nega~v~ terms corre 
and att~a~~ve terms r ctively, In some hi~y suppled methods, 
evaluated simply thro some proportionality to the eric means af 

elements, FiACIA and F&%, and in other methods, notably all the ND0 meth- 
INDO and NDDO, these two-eentre Fa elements are parametrized directly 

from ab initio ~~~uIa~~~s on the apFr~~~a~e diatomic, AB. This latter situation is d~m~d~ 

ed by tile fact that 0 ~~~Ie~~~~ integral a~p~~x~atio~s ~ems~~~~s woU!.d e 

nate all but one minor two_eIectron contribution to these elements; it of course neglects 
any contribution from the last two three-centre terms of eqn. (8). 



Since the balance between attractive and repulsive terms ~II these elements will vary 

ely through inorganic systems where even the quditative bonding existing, 

between any &en pair of atoms can vary greatly from compound to compound, it would 
abler ~port~t to allow for fhe ~~~s~~~~~t changes in the degree and nature of covden- 

cy from corn~u~nd to cornp~~nd by ~ccura~ei~ d~~~~~~g beech of co~t~b~ti~~s 
to the XFQ rAYB elements in each case. To maintain any real p ctive capability in an ap- 

proximate MO method at the semi-quantitative level, there would appear necessa$’ 

ta evahate explicitly the terms given in eqn. (8 d most other semi-quan- 
titative rne~o~~ schemes fail to do this, shon~d nut be trait- 
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