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Semiempirical approximations for the SCF-Hamiltonian matrix elements in the LCAO~-MO framework, similar to those used

in the SCCC-MO method, are developed from the appropriate Roothaan equation.
elements is found, by comparison with minimal basis set SCF-MO computations, to be semiquantitatively accurate.

The expression for the off-diagonal
The

equation for the diagonal elements is noteworthy because it includes a correction term to account for two-center interactions.
A limited application is made to the transition metal diatomic oxides TiO and CuO, where the empirical parameters are
derived by fitting the observed ground-state configuration for TiO. Other computed properties are then found to be in
reasonable agreement with experiment, more rigorous comptutations, and intuitive chemical reasoning.

Introduction

The search for a reliable approximate computational
procedure for electronic structure calculations, within
the framework of SCF-LCAO-MO theory, is being
pressed in many laboratories and on various levels.=1!
The problem essentially reduces to that of computing
the matrix elements of the SCF-Hamiltonian. The
exact formalism being too difficult, ways are sought to
introduce computational simplifications into the exact
expression for the matrix elements. Two cases are
then roughly distinguished. If the reduced expressions
have been obtained by introducing simplifications in a
systematic way, using well-defined approximations, we
have, for example, the Pariser—Parrand Pople (PPP)23
method. Alternatively, if there is no explicit listing of
the approximations needed to arrive at the assumed
computational procedure from the exact formalism, the

(1) M, Wolfsberg and L. Helmholz, J. Chem. Phys., 30, 837 (1952).

(2) R. Pariser and R. G. Parr, ¢bid., 21, 466, 767 (1953).

(3) J. A. Pople, Trans. Faraday Soc., 49, 1375 (1953); J. A. Pople, D. P,
Santry, and G. A. Segal, J. Chem. Phys., 48, $129 (1965); J. A. Pople and
G. A, Segal, 1bid., 48, S136 (1965).

(4) J. W. Richardson and R, E. Rundle, ‘“A Theoretical Study of the Elec-
tronic Structure of Transition Metal Complexes,” U.S.AE, Report ISC-830,
Ames Laboratory, Iowa State College, Ames, lowa, 1956.

(5) G. Klopman, J. Am. Chem. Soc., 86, 1463, 4550 (1964).

(6) R. Hoffman, J. Chem. Phys., 89, 1397 (1963); 4bid., 41, 2474, 2480,
2745 (1964).

(7) M. D. Newton, F. P. Boer, W, E. Palke, and W. N. Lipscomb, Proc.
Natl. Acad. Sci, U. S., 53, 1089 (1965).

(8) (a) L. C. Cusachs, J. Chem. Phys., 48, 8156 (1965); (b} J. L. Kaufman,
ibid., 43, S152 (1965).

(9) G. Berthier, H. Lemaire, A, Rassat, and A. Veillard, Theoret. Chim.
Acte, 3, 213 (1965).

(10) R, F. Fenske, K. G. Caulton, D, D, Radtke, and C. C. Sweeney,
Inorg. Chem., B, 951, 960 (1966),

(11) (ax C. J. Ballbausen and H. B. Gray, ibid., 1, 111 (1962);
Basch, A, Viste, and H. B, Gray, J. Chem. Phys., 44, 10 (1966).

(b) H.
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result is, for example, the Wolfsberg-Helmholz! or
SCCC~MO* method.

We have taken up the work begun by Richardson in
1956,4 in an attempt to systematize and improve the
SCCC-MO method. In the course of this analysis,
approximations for the SCF-Hamiltonian matrix ele-
ments were obtained which are slightly different from
those used in the conventional SCCC-MO method.!!
This modified semiempirical procedure and its applica-
tion to the electronic structures of transition metal
diatomic oxides are presented here.

Method

The SCF-Hamiltonian in the LCAO-MO approxi-
mation for a closed shell system can be written as!%!?

F=—T-— ;Zn/f’n—f— ; Zy:[jZ)ijer][w, /) —
@ /n L
where
T = évz )
o5 = Z;CJpo (3)

¢, and x, are, respectively, the MO’s and basis atomic
orbitals. (p, /r,)and (p,/ ,r) are the familiar Coulomb
and exchange operators,'? here defined over the basis
orbitals. The matrix elements are then given by

ths= (Q/F/S)

(12) C. C.J Roothaan, Rev. Mod. Phys., 28, 69 (1951),
(13) R. K. Nesbet, ibid., 38, 552 (1963).

(4)
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As shown by Richardson* and Berthier,? if the Mulli-
ken approximation!#' is formally applied to (1), as
shown in eq 5, it is found in the resulting expression for
F that the double sum over p and r gives each two-elec-
tron term twice

oy

(ps /7)) = 75;}7[(?’ /p5) + (7: /7’))] (53')

L )

(o, /1) = Sulle, /.0) + (. /1)] (5b)

2
where .S,, is the overlap integral. Actually, it should
be noted that only (5a) is correctly the Mulliken
approximation and always integrates to correct magni-
tudes. In fact, for exchange integrals in which the
two orbitals referred to a given electron are the same,
eq 5b is a very poor approximation. However, these
integrals are considered to be relatively small and are
not as numerous as ones in which the two orbitals re-
ferred to a given electron are different. In the latter
«case eq Hb is also a reasonably good approximation.
The double sum in eq 1 can thus be reduced to a single
sum and the total normalized population'® of basis
orbital p factored out as in (6). Equation 1 then re-
fp = chj’pcjrsm (6)

j n
duces to*?

F= —T_ ZZn/rn"{_;fv[Z(p’/Ps) - (P:/;P)] (7)

which is very similar to the form for F obtained in the
PPP method with complete neglect of differential over-
lap (CNDO).? It is significant to the accuracy of (7)
that its general form can be obtained both from CNDO
and complete dependence on, and inclusion of, overlap;
especially since the CNDO expression has recently
been shown to be accurate to terms second order in the
overlap integral.”?

For a heteronuclear diatomic molecule, with nuclei
aand b, (7) can be written as

F=F+4+R =F+R=-T+R+R (8
R*= —Z/r.+ ':Lfmm(pa, /pa,) — (pa, / .pa)] (9)

F*= —T+ R (10)
=242 (11)
?» pa b

The letters a and b have been added to the indices to
label the nucleus on which that orbital is centered or to
indicate that a given sum is over orbitals originating
on that nucleus only. The corresponding expressions
for R? and F® are derived from (9) and (11), respec-
tively, by substituting b for a.

Defining

(qa/F*/qa) = —Waa (12)

(14) R.S. Mulliken, J. Chem. Phys., 46, 497 (1949).
(15) K. Ruedenberg, ibid., 19, 1433 (1951).

(16) R. 8. Mulliken, ibid., 28, 1833, 1841 (1955).
(17) I. Fischer-Hjalmars, ¢bid., 42, 1962 (1965},
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and, analogously, using the Mayer—Sklar approxima-
tion1s:9

(Sb/Fa/qa) = - W(]asqasb (13)

and taking one-half the sum of the first two alternative
expressions for F in (8), yields?

1 1
Fpasp = — Esaasb[Wca + Wa] + é (ga/R* + Rb/Sb)

(14)

Finally, if from (8), R* + R = F + T is substituted
into (14) we obtain for two-center off-diagonal ele-
ments

Foao = —Ses[Wea + W] + (ga/T/sb) (13)

Note that 7 is defined as the negative of the kinetic
energy operator, which is of opposite sign to that used
by Cusachs®# in the form suggested by Rueden-
berg.® Note further that eq 15 is not appropriate for
one-center off-diagonal elements.

The diagonal matrix elements, according to (7) and
(12}, are given by

Fiaga = — Wy — Zu(qa,ga/m) +
%fpb [2(pb,qa/pb,ga) — (pb,ga/qa,pb)] (16)

Through a series of further reductions? it is possible to
finally obtain

Frage = =Wy — [Qb + kx](qa, Qa/7’b) (17)

where ( is the formal charge on atom b, as defined in
(18), and £ is an empirically determined constant ()
differentiates o, 7, and § symmetries)

On = Zv* — 22 fm, (18)
b

Zu* is the effective nuclear charge on b, Zy minus the
core electrons. Equations 15 and 17 are the basis of
the method applied here. Although derived from the
Roothaan equations for closed-shell systems, these ex-
pressions may, with equal validity, be applied to open-
shell systems, within the framework of the spin-polarized
treatment with restrictions, > by evaluating Qs in (17)
separately for o and 3 spins. Alternatively, the differ-
ences in the diagonal elements of the & and 8 spins can
be ignored and Qs computed from the total spin popu-
lation. This latter procedure was followed in the di-
atomic oxide calculations.

For extension to polyatomic molecules it is easily

shown that an additional term, + > (ga/R%/sh), ap-
c(=a,b)

pears on the right-hand side of (15). This term is

expected to be small and can probably be neglected.

For the diagonal elements, eq 17 is replaced by
F)\qaqu = _VV%qn - Z[Qb + kx](qa,ga/f'b) (19>

b(sa)

(18) M. Goeppart-Mayer and A, L. Sklar, bid., 6, 645 (1938).

(19) K. Ohno, Theoret, Chim, Acta, 8, 219 (1964).

(20) Quoted in R. G. Parr, “Quantum Theory of Molecular Electronic
Structure,” W. A. Benjamin Co., New York, N. Y., 1963, p 100.

(21) H. Basch, Ph.D, Thesis, Columbia University, 1966.

(22) J. A. Pople and R. X, Nesbet, J. Chem. Phys., 22, 571 (1954).

(23) R. C. Sahni and E. J. Delorenzo, ibid., 42, 3612 (1965).
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The introduction of an empirical parameter " in (17)
is necessary mainly in order to compensate for the
approximation of treating the nonvalence electrons as a
nonpolarizable core (perfect screening). The conse-
quence of invoking this latter approximation has been
found?* to be a need to correct for penetration effects
which modify Z* eq 18, in the diagonal elements.
Diagonal Hamiltonian matrix elements computed with
neglect of inner orbitals cannot and should not be the
same as those calculated from (1) in a full SCF-MO
treatment, since the off-diagonal elements connecting
valence and core orbitals are not necessarily zero, as
can be seen from (15). The quantities which, essen-
tially, eq 17 will be used to compute are “effective”
diagonal elements which hopefully will reproduce the
‘“‘correct” orbital energies and coefficients obtained
from a full SCF-MO treatment. Thus " values will be
fixed in one case for each geometry and then applied
to the calculation of other molecules of similar nature.

It remains to define W, in (17). Ineq 12, F*, being
the collection of all terms referred exclusively to center
a, should be similar to the atomic SCF operator for
atom a with an electronic configuration given by the
fpain (6). If F® were rigorously the atomic SCF opera-
tor appropriate to atom a (for some specific electronic
configuration) and g¢a the appropriate SCF orbital
function, then W, would be exactly the negative of the
orbital energy of atomic orbital ga in the free atom or
ion, for that configuration. Thus W, can be taken
either from atomic spectral data® or atomic SCF
computations,? interpolated for nonintegral charge and
configuration.

In eq 17 the term —[Qy + k*](ga,ga/ry) represents
the interaction of an electron in orbital ga with the elec-
trons and nucleus of atom b and is called the inter-
atomic-Coulomb correction.”” Since k" is a correction
for the penetration of orbital ga into the inner-orbital
cloud of atom b, &* should have a positive value.*
Thus, for small negative values of Qp (—0.2 to —0.6),
it is likely that the interatomic-Coulomb correction will
be approximately zero and the (metal) diagonal ele-
ment will equal the charge corrected ionization poten-
tial or orbital energy, W,. In the case of a ligand
diagonal element, where adjustment for partial charge
makes W, more positive relative to the neutral atom
value, the interatomic-Coulomb correction will bring
the matrix element back close to its neutral atom value.
Thus, from this development there is some justification
for choosing diagonal elements as prescribed!* in the
SCCC-MO method; the metal elements are charge
corrected, whereas the ligand elements are held constant
at values appropriate for the uncharged species.

The accuracy of (15) has been tested by the com-
putation of off-diagonial SCF-Hamiltonian matrix ele-
ments for CIF, CO, and HF, using a minimal basis set
of Slater-type orbital functions.® The W, values

(24) H. A. Pohl, R. Rein, and K. Appel, J. Chem. Phys., 41, 3385 (1964).

(25) H. Basch, A, Viste, and H. B. Gray, Theoret. Chim, Acta, 8, 458
(1965).

(26) E. Clementi, IBM J. Res. Develop., Suppl., 9, 2 (1965).

(27) This name suggested by H. H. Schmidtke.
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were taken as the appropriate Hartree-Fock ground-
state free-atom orbital energies from the tabulation of
Clementi.® Since corrections for partial positive and
negative charge enter simultaneously in (15) but with
opposite sign, it is expected that their sum will very
nearly cancel. Therefore, the W, values were un-
corrected for partial charge. The comparison of the
SCF derived matrix elements and those obtained from
(15) is shown in Table I. Agreement is seen to be semi-
quantitative,

TABLE I

COMPARISON OF EQUATIONS FOR
OFF-D1acoNaL ELEMENTS (IN AU)

Matrix element Approximate® Exact?
HF (0.92 A)
1sH1sF —1.496 —1.521
1sH2sF —1.122 —1.200
1sH2pF —0.605 —0.534
CO (1.13 A)
1sC1sO —0.002 -{0.003
1sC2s0 —0.592 —0.598
2sC1sO —1.056 —1.079
1sC2p0O —~0.982 —1.010
2pC1sO —1.838 ~1.870
2sC2s0 —0.936 —1.130
2sC2p0O —0.655 —-0.761
2pC2s0 —1.158 —1.296
2pC2p0 —0.755 —0.488
2pC2p0e —0.440 —0.441
CIFe (1.68 A)
1sCli2sF —0.090 —0.092
1sCl12pF —0.159 —0.164
3sCllsF —0.249 —0.260
3pCllsF -0.670 —0.699
2sCl12sF —-0.116 —0.130
2sCI2pF —0.171 —0.226
2pCl2sF —0.047 —0.06Z
2pClI2pF —0.076 —0.099
3sCl2sF ~0.345 —0.395
3pCl2sF —0.585 ~0.685
3sCl2pF —0.293 —0.367
3pCl2pF —0.417 ~0.452
2pCl12pF° —0.012 —0.016
3pCI2pF- —-0.107 —0.120

@ Equation 15. ? Equation 4. ¢ 7 symmetry; where not
indicated the matrix elements are of ¢ symmetry. ¢ Missing
two-center elements are all less than 1073 au.

Equations 15 and 17 represent no computational
difficulty above that encountered in the simpler SCCC-
MO method. The kinetic energy integrals can be ex-
pressed as linear combinations of overlap integrals,s®
and the method of calculating the nuclear attraction
integrals is identical with that used for the overlap
integrals.?® The inclusion of the interatomic-Coulomb
term offers a conceptual advantage by realistically
taking into account two-center interaction terms in the
diagonal elements. Further, this computational pro-

(28) Orbital exponents from E. Clementi and D, L. Raimondi, J. Chem.
Phys., 38, 2686 (1963). The diatomic molecular integral and wave function
program for doing the SCF-MO computations was kindly supplied us by
Dr. R. M. Stevens of these laboratories.

(29) A. C. Wahl, P. E. Cade, and C. C. J. Roothaan, J. Chem. Phys., 41,
2578 (1964).
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cedure is not presented in a completely ad hoc manner,
but results from the introduction of familiar approxi-
mations in the Roothaan SCF-MO method.

Electronic Structures of Diatomic Transition
Metal Oxides

According to crystal field theory,® the ordering of the
d-orbital MO’s in transition metal diatomic oxides,
where the five degenerate d orbitals of the free metal
atom split into three levels of molecular symmetries,
8, m, and ¢, is predicted to be § < 7 < ¢ in order of
increasing energy. This ordering is, however, appar-
ently inconsistent with the observed ground states of
the oxides of at least the early transition metals. That
is, the ground states of ScO, YO, and LaO are all
23’s,8132 those of ZrO and HfO, 2’s;3¥ TiO has a %A
ground state,?® TaO a 2A,;% CuO has either a *r;or a
2% ground state.® Assuming ?r, for CuO, the ground
states of CuO and TiO are ambiguous with respect to
the 8, ¢ ordering. Otherwise, these observed ground
states require ¢ < § < 7.

Further, limited basis set SCF-MO calculations on
ScO® and TiO¥®¥ are in agreement with this latter
conclusion. A population analysis of the SCF wave
function for TiO® (configuration ¢? 'Z) gives Tit0.5
(3d1-25451724p0-53) - with the valence ¢ MO predomi-
nantly of metal 4s character, as reflected in the pepula-
tion analysis. A low-lying ¢ MO of mainly 4s char-
acter had also been suggested earlier by Jgrgensen.®®
Thus, the value of the crystal field theory in assigning
ground states in the transition metal diatomics is
hampered by the limitation of an exclusively d-orbital
basis set.

With respect to the population analysis, the result
of the SCF-MO calculations may not be conclusive.
In the limit of going to large internuclear distances the
SCF-MO wave function dissociates to the wrong ionic
species; the inaccuracy being just that the 4s orbital is
incorrectly substituted for the 3d in the ionic configura-
tion., There are, however, qualitative reasons for
accepting the large 4s character of the valence ¢ MO,

The 4s average of configuration ionization energy
(called VOIP? for valence orbital ionization potential)
of the first few neutral atom transition metals, from the
configuration d*~ls, is found to be greater than that
of the 3d, with their energies not crossing (d becoming
more stable) until vanadium, where they are about
equal.® In going from the neutral atom to the charged
species, however, any metal (+1) 3d VOIP is already
larger than the corresponding 4s VOIP. Thus the

(30) R. A. Bergand O. Sinanoglu, J. Chem. Phys., 32, 1082 (1960).

(31) R. A. Berg, L. Wharton, W. Klemperer, A. Buchler, and J. L. Stauf-
fer, ibid., 43, 2416 (1985).

(32) P. H. Kasai and W. Weltner, 2bid., 43, 2557 (1965).

(33) W, Weltner, Jr., and D, McLeod, Jr., J. Phys. Chem., 69, 3488 (1965).

(34) W. Weltner, Jr,, and D, McLeod, Jr., J. Chem. Phys., 42, 882 (1965).

(35) T. M. Dunn, private communication,

(36) K. D. Carlson, E, Ludena, and C. Moser, J. Chem. Phys., 43, 2406
(1965).

{37) K. D. Carlson and C, Moser, J. Phys, Chem., 67, 2644 (1963).

(38) K. D. Carlson and R. K. Nesbet, J. Chem. Phys,, 41, 1051 (1964).

(39) C. K. Jgrgensen, 1{ol. Phys., T, 417 (1864).

(40) C.J. Ballhausen and H. B. Gray, *Molecular Orbital Theory,” W. A,
Benjamin Co., New York, N, Y., 1664,
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character of the lower ¢ MO may vary from pre-
dominantly 4s to largely 3d in going from ScO to TiO,
while possibly moving up to a position above the § MO.
We can also expect that the charges on the metals will
not exceed =1, this latter value being appropriate for
ScO, which is expected to be the most ionic of the di-
atomic oxides.

Semiempirical MO calculations were undertaken on
TiO and CuO to test the validity of eq 15 and 17 as a
basis for electronic structure calculations, A minimum
requirement for any semiempirical method is that it
correctly reproduce the ordering of the MO’s necessary
to give the observed ground state. The availability
of the SCF-MO wave functions offers further possibili-
ties for checking and comparison.

The computational procedure is similar to that out-
lined for the SCCC-MO method.’* The W, values (eq
15 and 17) are identified with the VOIP’S given pre-
viously,!1P2L% interpolated for partial charge and
configuration according to the population analysis,
the f,’s (eq 6). The kinetic energy, nuclear attraction,
and overlap integrals were evaluated using Richard-
son’s wave functions® for the metals and Clementi’s2
for oxygen; their values are given in Tables II and IT1.
The f,’s were iterated to a self-consistence of =0.01
or better.

TaBLE I1
CONTRIBUTIONS TO THE DIAGONAL ELEMENTS®

(Self-consistent

Sym- VOIP)® (gaga/rb) (Qb + £ (ga,ca/ry)d
metry  ga’ TiO CuO TiO® CuO’/  TiO* Cu0/

¢ 3dM —06.55 —162.96 80.74 76.26 2.95 0.32

dsnp —82.07 —120.61 58.75 66.84 2.12 0.28

4pym -~50.79 —68.60 46.95 56.56 1.72 0.24

250 —189.49 —193.59 71.65 72.55 —88.860 —87.10

2po —55.48 —59.33 77.20 78.28 —95.43 —93.95

T 3du —96.55 —162.96 71.75 73.36 16.97 24 .98

4pM —50.79 —68.69 37.090 42.48 8.78 8.68

2po —55.48 -59.33 68.75 69.54 —71.26 —69.88

8 3dy —906.55 —162.96 65.07 69.87 28.40 28.24

¢ Energies in 1000 em~!, ? M = metal, O = oxygen orbital,
configuration for TiO is ol ¢Ti (4+0.666), Cu (-40.601).
2% = 0.60, 2" = 0.40, B® = 0.20. ¢ Bond distance of 1.62 A,
7 Bond distance of 1.60 A,

TaBLE 111
CONTRIBUTIONS TO THE OFF-DIAGONAL ELEMENTS®

Sgash [VOIPga +

———Sgasb-—— ~——(ga/T/sh)— VOIPg,)4

X qash? TiO Cu0 TiO Cu0 TiO Cu0
o 3d2s 0.2876  0.1302 —33.45 —13.24 —82.87 —46.44
3d2p  0.1504  0.1213 —46.22 —30.73 —22.87 —-26.97
4s2s 0.3159  0.3468 ~11.07 —13.43 —85.79 —108.98
4s2p  0.0639  0.1844 —3.02 —14.93 —8.78 —33.19
4p2s 0.2704  0.33352 —8.06 —14.20 —64.98 —03.18
4p2p —0.0008 —0.0635 +4.59 +1.79 4+9.64 +5.33
= 3d2p  0.2205  0.0990 —25.16 —10.07 —33.53 -—22.00
4p2p  0.1351 0.1771 —3.87 —6.86 —14.38 —15.16

b Same-center off-diagonal ele-
? See Table I1.

¢ Energies in 1000 cm™%
mentsarezero, ¢ 7 = 1/,v2,

It now remains to choose the k factors. For TiO
(with one electron each in the ¢ and § MO’s) the values,
k® = 0.60, 7 = 0.40, and k* = 0.20 give the ordering

(41) J. W. Richardson, W. C. Nieupoort, R. R. Powell, and W. F, Edgell,
J. Chem. Phys., 836, 1057 (1862); J. W. Richardson, R. R. Powell, and W. C.

Nieupoort, ibid., 38, 796 (1963).
(42) E. Clementi, ¢bid., 40, 1944 (1964); IBM Research Paper RJ-238.
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TABLE IV
MoLECULAR ORBITAL DaTa For TiO anp CuO

CO coefficients

MO ¢ 1000 cm 1 3de 3dn, 3ds 4s 4pg 4pr 2s 2pg 2pr
TiO(%a)

1o —284.54 0.1693 . 0.03076 —0.01395 0.9305 0.03063 .

20 —168.42 —0.3335 . 0.07735 0.03319 0.1778 —0.8779 ..

1r ~—139.65 0.3897 —0.005543 0.8396

3o -76.39 0.4256 . —0.8583 0.1841 0.06388 -0.2311

18 —68.15 .. . 1.000 .. ..

2 ~53.38 —0.8333 .. 0.4509 0.4633

40 —44.80 —0.4480 .. ~0.08451 0.8803 —0.002434 0.3547

3 —36.30 0.4536 0.9034 —0.3873

3o 45.99 0.7772 . 0.6245 0.5422 —0.6669 —0.2960 .
CuO{?r,;)

lo —288.13 0.1649 0.1210 0.02169 0.9087 0.02472

20 —187.30 —0.6574 0.03573 0.05762 0.1999 ~0.6650

1r. . —157.57 0.8291 0.008044 0.4819

18 —134.72 . 1.000 A

3o —131.72 0.6029 —0.5628 ~0.09038 0.08084 -~0.5293

27 -117.01 —0.5619 0.1314 0.8496

4o —75.53 —0.3395 —0.5912 0.6802 0.09255 0.5143

3 —54.12 0.08480 1.008 —0.2980

So 24.39 0.3214 0.7271 0.8355 -~0.6952 —0.2708 i

g < § < 7, with the é-o separation at 8200 cm~1. If,
however, the %’s are brought closer, with 2% = (.50,
" = 0.40, and #* = 0.30, the reverse ordering, § < ¢ <
m, is obtained. A population analysis of the former
result (configuration ¢? for comparison with the SCF-
MO result) shows Ti*072 (3d174s1504p0%): the ¢ MO
is predominantly of 4s character (739;) as predicted by
the SCF-MO calculations and expected on the quali-
tative grounds outlined previously. The relevant MO
energies and coefficients are set out in Table IV for
both TiO and CuO.

Turning to CuO, again with 27 = 0.60, 2™ = 0.40,
and k* = (.20, as seen in Table IV, the ordering of the
valence MO levels is found to be § < ¢ < #. The char-
acter of the ¢ MO is roughly divided equally (~1/3
each) between 3d, 4s, and 2p, (oxygen). Thus in the
second half of the first transition series we can expect
the ¢ MO to move above § and increase in 3d char-
acter.

The jonization potential of TiO (presumably from §)
has been reported® to be within £0.5 ev of the ground-
state ionization potential of Ti, which is known*® to
be at 55,100 cm~!, The orbital energy of the § MO
in TiO is calculated here at —68,100 cm™!; this should
roughly correspond to the negative of the first ioniza-
tion potential of TiO. The agreement is reasonable.

In Table II the various contributions to the diagonal
elements are listed for both TiO and CuQ. Each ele-
ment is the sum of the-first and third columns of
numbers for the diatomic molecule under considera-
tiomn.

The off-diagonal elements in Table III are the sums
of the second and third columns of numbers. One-
center elements are arbitrarily set equal to zero. This is
reasonable because for a one-center orthogonalized basis
set they are usually small. One important result that
is to be noted from this table is that the kinetic energy

(43) C. E. Moore, ‘“Atomic Energy Levels,” National Bureau of Stand-
ards Circular 487, Vol. I, U. S, Government Printing Office, Washington,
D. C., 1949,

contribution to the off-diagonal elements can be large,
especially for the important valence atomic orbitals.

In Figure 1 the MO diagram for TiO is presented,
showing the splitting of the degenerate orbital VOIP'S
by -the interatommc-Coulamb term. Note that the
oxygen p, diagonal element is significantly lower (more
stable) than the p, diagonal element. This is a com-
pletely general result for the method. It is obvious
that the p, orbital on the oxygen is affected more by the
metal nucleus than a corresponding p, orbital. There-
fore, the o nuclear attraction integral will always be
larger than that for the = orbital and the p, diagonal
element correspondingly more negative than that of the
p.. The same relationship is obtained for the metal
diagonal elements.

This result, lowering the ligand p, level relative to
the p,, has previously been used in the SCCC-MO
method?!! to obtain levels in agreement with observed
charge-transfer spectra. For example, the L—M
charge-transfer spectra of the square-planar halide com-
plexes of Pd(IT) and Au(III)*4* consist of two bands sepa-
rated by approximately 10,000 cm—!. These bandshave
been interpreted as due to electronic transitions from
o and = halide-based molecular orbitals to the empty by,-
(x* — »?) metal-based molecular orbital.4¢® Calcula-
tions have shown that the approximately 10,000 cm—?
splitting of these two bands does not arise from differ-
ences in metal-ligand off-diagonal elements, but in-
stead from the differences in ligand ¢ and = diagonal
elements.®

The method’s success in-the-limited application dis-
cussed here is very encouraging since, in fact, the di-
atomic metal oxides are a difficult case; the simple
SCCC-MO method predicts the ordering § < ¢ <
m for all the diatomics. The splitting of the metal d-
orbital diagonal elements, in the order d, < d, < d,,

(44) (a) H. B. Gray and C. J. Ballhausen, J. Am. Chem. Soc., 85, 260
(1963); (b) H..B. Gray, Transition Metal Chem., 1, 239 (1965).
(45) H. Baschand H. B. Gray, Inorg, Chem., 6, 365 (1967),
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Figure 1.—Molecular orbital energy level diagram for diatomic metal oxides.

Drawn to scale for TiO with the 18-3¢ sep-

aration equal to 8200 cm ™1,

which is neglected in SCCC-MO, is crucial to obtain-
ing the correct MO ordering in the diatomics con-
taining early transition metals. The extremely sensi-
tive position of the empirical parameter in the diagonal
elements suggests that it might very well be possible
to set a narrow range for the k’s which can be trans-
ferred from molecule to molecule. This remains to be

seent from further applications of the method to poly-
atomic systems.
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