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Abstract:

Ab initio calculations using the generalized valence bond (GVB) method are reported for a number of

electronic states of TiCO* and TiCO. The nature of the bonding in these compounds is discussed in terms of the
GVB orbitals, and the implications for the bonding in other carbonyls are discussed. These results indicate that
the TiC bond can be accurately described as a CO nonbonding pair that is slightly shifted onto (donated to) the Ti.
In return, the Ti(3dx) orbitals shift back somewhat onto the CO (into the * orbital); one might refer to this as =

back bonding.

Transition metal carbonyls have been of immense
interest to chemists ever since the discovery of
nickel tetracarbonyl in 1890 by Mond, Langer, and
Quincke.? Since that time a great deal of progress
has been made both in synthesizing new compounds
and in understanding the nature of the bonding be-
tween the carbon and the metal atom. One of the
principal successes of molecular orbital theory for in-
organic molecules was its application by Beach and
Gray?® to the metal hexacarbonyls resulting in a lucid
interpretation of their spectra. The method used in
their calculation was the “extended Wolfsberg-Helm-
holtz method” as outlined by Basch, Viste, and Gray in
1966.%® In recent years, theoretical and calculational
methods have been developed to the point that it is now
possible to carry out ab initio calculations on transition
metal carbonyls. Such methods have demonstrated
that the doubly occupied molecular orbitals of Hartree-
Fock wave functions do not generally lead to consistent
descriptions of the ground and excited states of mole-
cules. In many cases, it is necessary to include some
configuration interaction to obtain the proper con-
sistency. One particularly useful method of including
such correlation effects, while retaining a simple or-
bital interpretation, is the generalized valence bond
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(GVB) method.** In this method the wave function
is taken to have the form of a valence bond (VB) wave
function, but the orbitals are solved for seif-consistently
rather than taken as (hybridized) atomic orbitals as in
the VB method.

In this paper we consider the very simple carbonyls
TiCO* and TiCO and report results from both HF
and GVB calculations. The bonding in the various
states of these compounds is interpreted in terms of the
GVB orbitals and this interpretation is in turn applied
to other carbonyls such as Cr(CO)s.

I. Methods of Calculation

The GVB method has been described in detail else-
where* so it will suffice to give only a brief outline of it
here. The principal facet of this approach is the
replacing of doubly occupied orbitals ¢, in the Hartree-
Fock (HF) wave function

Yur = QlerapiBe.ae:B. . . @na@,f] (1)
by singlet-coupled pairs of singly occupied orbitals.?

YGVB = Gl(¢1a¢1 + 010¢16)aB( @202 +
¢2b¢2a)a6' . -(Spnaﬁpnb + Qpnbﬁpna)aﬁ] (2)

(4) W.J. Hunt, P, J, Hay, and W. A, Goddard IIl, J. Chem. Phys., 57,
738 (1972).

(5) The GVB calculations carried out here and discussed in ref 4
are often referred to as GVB perfect pairing or GVB(PP) calculations to
indicate that only the simple VB spin coupling of (2) is allowed and that
the orbitals of different pairs are taken as orthogonal. The more
general approach in which the restrictions are not made [R. C. Ladner
and W, A. Goddard III, J, Chem. Phys., 51, 1073 (1969); W. A. God-
dard III and R, C. Ladner, J. Amer. Chem. Soc., 93, 6750 (1971)] is
usually referred to as GVB. In this paper we discuss only GVB(PP)
but for simplicity the PP is deleted.
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If the orbitals are taken to be atomic orbitals, (2) be-
comes the valence bond wave function of Pauling and
Slater.® However, in the GVB method the orbitals are
solved for variationally (a procedure analogous to that
in the HF method).

Since each electron is allowed to be in a different
orbital, one obtains a proper description of bond dis-
sociation, avoiding one of the major difficulties in the
HF method. Since each orbital is solved for varia-
tionally, one obtains quantitatively good results near
the equilibrium geometry R., leading to better energies
than either the HF or VB wave functions. An addi-
tional bonus is that the resulting orbitals in the mole-
cule lead to simple interpretations of the bonding in
terms of such common concepts as hybridization, ionic
vs. covalent character, bond-bond interactions, etc.”

The method of solving for the variationally optimum
GVB orbitals in (2) is to expand each pair function in
terms of two natural orbitals4$

[Pu(Den(2) + ou(2enu(l)] =
Cupr(De142) — Cupe()eai(2) (3)

where Cy; and Cs; are related to the overlap of ¢, and
o, If the orbitals of different pairs are taken as or-
thogonal (strong orthogonality), then the resulting varia-
tional equations for ¢, and ¢, involve just Coulomb
and exchange operators comparable to those in the HF
equations, leading to rapid computational procedures.?

In terms of the natural orbitals the GVB wave func-
tion has the form of a multiconfiguration wave func-
tion in which the first configuration corresponds to the
Hartree-Fock configuration with each subsequent con-
figuration having a doubly occupied pair of orbitals re-
placed by a new doubly occupied pair. Thus, from a
multiconfiguration SCF (MCSCF) wave function of this
form, we can obtain the GVB orbitals by using (3).
For the calculations reported herein, we used the general
MCSCF program written by Hinze® with the configura-
tions chosen to match the requirements of the GVB
wave function.

The basis set consists of a minimum basis set of
Slater orbitals from the calculation by Clementi and
Raimondil® except for the addition of a set of Ti(4p)
orbitals and the change of the carbon 2p exponents
from 1.5679 to 1.75.1112 The CO bond length was
taken to be 2.17 a, (1.15 A) and the Ti-C distance as
3.70 a, (1.96 A). This latter distance was based on the
known metal-carbon distances of 1.84 A in Fe(CO)s

(6) L. Pauling, J. Amer. Chem. Soc., 53, 1367 (1931); J. C. Slater,
Phys. Rev., 37,481 (1931); 38,1109 (1931).

(7) P.J. Hay, W. J, Hunt, and W, A, Goddard III, J, Amer. Chem.
Soc., 94,8293 (1972).

(8) A. C. Hurley, J. E. Lennard-Jones, and J. A. Pople, Proc. Roy.
Soc., Ser. A, 220, 446 (1953),

(9) J. Hinze, private communication; see also J. Hinze and C, C, J,
Roothaan, Progr. Theor, Phys. Suppl., 40, 37 (1967).

(10) E. Clementi and D. L. Raimondi, J. Chem. Phys., 38, 2686
(1963).

(11) The basis set consisted of the following Slater orbitals (orbital
exponents in parentheses): on the Ti, 1s (21.44), 2s (7.69), 2p (9.03),
3s (3.68), 3p (3.37), 3d (2.71), 4s (1.20), 4p (1.12); on the C, 1s (5.6727),
2s (1.6083), 2p (1.75); on the O, 1s (7.6579), 2s (2.2458), 2p (2.2266).

(12) On the basis of previous optimizations of orbital exponents!3
only the C(2p) and C(2s) exponents change significantly for the molecu-
lar system., We should have used a C(2s) exponent of 1,75,

(13) (a) R, M. Pitzer, J. Chem. Phys., 46, 4871 (1967); R, M. Pitzer
and D, P, Merrifield, J. Chem. Phys., 52, 4782 (1970); (b) E. Switkes,
R. M., Stevens, and W, N. Lipscomb, J. Chem, Phys., 51, 5229 (1969);
(c) W. J. Hehre, R, F. Stewart, and J. A. Pople, J. Chem. Phys., 51,
2657 (1969).

and 1.92 A in Cr(CO);!¢ but probably should have been
a bit larger.

For molecules such as CO, and O; it has been found
that minimal basis sets and extended basis sets give
very nearly the same vertical excitation energies (using
the ground state geometry) if GVB or CI wave func-
tions are used.!®15 In addition studies of a number of
first row compounds (e.g., BH, CH, CH., CO, CF,
CO., and O;) indicate no special change in the descrip-
tions of bonding as one changes from minimal to ex-
tended bases. It is our judgment that the same will
prove true for TiCO. However, one should be aware
of a significant difference between Ti and the first row
atoms. For the first row atoms the changes between
the atom and the molecule involve primarily mixing
of the 2s and 2p atomic orbitals (hybridization) and
contraction of these orbitals about each nucleus. In
Ti the relevant valence orbitals are the 3d, 4s, and 4p
orbitals. The 3d atomic orbital is concentrated much
closer to the nucleus than the 4s and 4p orbitals; hence,
conditions are not favorable for hybridization and we
find none. It is possible that use of a more extended
basis would have allowed the sizes of the 4s, 4p, and 3d
orbitals to adjust sufficiently for hybridization effects to
become moreimportant. We believe that the qualitative
GVB descriptions of the bonding would not be affected
by such extension of the basis.

II. Results

Before proceeding to the states of TiCO and TiCO+,
we will discuss the Ti, Tit, and CO wave functions.
A. Tiand Tit. Inaddition tothe Ar core

(15)%(25)*(2p)*(3s5)*(3p)° (4)

(which changes little upon bond formation) the Ti
atom has four valence electrons. For the ground state
the configuration of valence orbitals is

(4s)’3d)*  °F (%)
however, the first excited state with configuration
(45)(3d)*  °F (6)

is only 0.8 eV higher. v

In applying the GVB method to Ti we allow only the
valence orbitals to be split as in (3), since changes in the
core orbitals occur in the same way for both the atom
and the molecule. For the ground state (5) the 4s pair
leads to a GVB pair of the form

(4s)*-N(4p)* M

quite analogous to the results for Be, B, and C where the
(2s)? pair becomes’-18.19

(25)*-N(2p)* ®)

(14) F. A. Cotton and G. Wilkinson, **Advanced Inorganic Chem-
istry,” 2nd ed, Interscience, New York, N. Y., 1966, p 724.

(15) N. W. Winter, W. A. Geddard III, and C. F. Bender, submitted
for publication, see also Chem. Phys. Lett., 20, 489 (1973).

(16) P. J. Hay, T. H. Dunning, Jr., and W. A, Goddard III, Chem.
Phys. Lett., in press; see also P. J. Hay and W. A. Goddard I1I, ibid.,
14,46 (1972).

(17) C. E. Moore, “*Atomic Energy Levels,” Vol. I, National Bureau
of Standards Circular 467, U. S. Government Printing Office, Washing-
ton, D. C., 1949, p 274 ff.

(18) W. A. Goddard III and R, J. Blint, Chem. Phys. Lett., 14, 616
(1972).

(19) In (8) one should use a S combination of pz, py, and p; orbitals:
p2? + py? + p.2. We have used instead the !Z combination pz? + p;?
to be consistent with the description of this pair in various states of
TiCO* and TiCO.

Journal of the American Chemical Society | 96:1 | January 9, 1974



GVB ORBITALS Ti(3F)

|
s
7

0

Figure 1. Amplitudes of the GVB orbitals for the (3s)2(3d)? (°F)
state of Ti. See Figure 3 for the scale. The lines with long dashes
indicate the nodal lines. Positive contours are solid (contour values
= 0,005, 0.02, 0.08, 0.32) and negative contours are dotted. The
same conventions are used for all plots.

TableI. Energies for HF and GVB Wave
Functions of Tiand Ti* (all Energies in Hartrees)®

—GVB pairs——

Con- Energy
figura- lower-
State tion®  Method Energy Pair ing
Ti(3F)  (4s)%(3d)? HF —846.84032
GVB  —846.86325 (4s, 4p) 0.0229
Ti*(‘F) (4s)Y(3d)? HF —846.64363
Ti*(*D) (4s)%(3d)* HF —846.58020

GVB  —846.60081 (4s, 4p) 0.0206

¢ 1 hartree = 27.2117 eV = 627,53 kcal/mol. ? In each case the
18 electron argon core [(15)%(2s)%(2p)¢(3s)%(3p)*] is present and solved
for self-consistently.

As shown in Table I this splitting leads to a drop of
0.0229 hartree = 0.623 eV in the energy. Recoupling
the natural orbitals of (7) into the GVB orbitals from
(3) leads to the orbitals in Figure 1. Thus, in addition
to the usual two d orbitals of ground state Ti, say,
3d,: and 3d,,, we find that the 4s pair becomes de-
scribed in terms of a pair of lobe functions, say

busa = Pus + HDsp,
¢4sb = ¢4s - ’J’¢4Pz
The ground state of Ti* is

(45)1(3d)? ‘F &)
but the first excited state
(3d)3 F (10)

is only 0.1 eV higher. The lowest state with an sd

configuration is
(48)2(3d)! D an

which is about 3 eV above the ground state. !’

co('z" GvB ORBITALS

Figure 2. The GVB orbitals of the ground state (1Z+) of CO. See
Figure 3 for the scale.

Of these states of Ti* only the 2D state (eq 11) in-
volves a paired orbital to be split in GVB. The GVB
orbitals of this state resemble those for the Ti(°F)
state (see Figure 1) and are not shown.

B. CO Molecule. In the HF method CO is de-
scribed as

a{(10)%20)*(30)%(40)2(17)450)*x } (12)

The 1o and 2o orbitals correspond to O(ls) and C(ls)
orbitals, respectively, and the 17 orbitals are involved
in the 7 bonds. On the basis of orbital correlation
diagrams (Mulliken diagrams), one expects the 5o
orbital to arise from a bonding combination of the
C(2po) and O(2po) orbitals and the 3¢ and 4¢ orbitals
to be nonbonding orbitals arising from the C(2s) and
O(2s) orbitals. However, as is well known, the HF
wave function of CO dissociates to the wrong states
as the bond is broken and hence the interpretation based
on the orbital correlation diagram may not be appro-
priate.

We find that for the GVB wave function there are four
important pairs to be split in the CO wave function in
eq 12. Thisleads to the wave function

a{l(10)220)*(30)4(40)? — M60)2(17)* —
N(1m)X2m)(Go)? — N'2m)Ax} (13)

where the term for the = orbitals represents three con-
figurations

(Im)*(1m)? — M17r)’Qm)? + (17)*Q27)7] (14)

Combining the split pairs of (13) into GVB orbitals by
(3) leads to the orbitals in Figure 2 where the natural
orbitals and GVB orbitals correspond as follows

(40, 60) —> (4oa, 4ob)
(50, 2m) ~> (50a, 50b) (15)
(17, 27w) —>[17a, 17b)

Here we see that the pair (4ca, 40b) corresponds to a

Mortola, Goddard | Valence Bond Description of Titanium Carbonyl
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somewhat ionic CO(¢) bond (more on the O than on the
C), and each (17a, 17b) pair corresponds to a somewhat
ionic CO(7) bond. The other pair (5¢a, Sob) corre-
sponds to a nonbonding pair on the C pointing away
from the molecule. These latter orbitals consist of two
lobe functions at about 90° to each other. The ener-
gies for various GVB calculations on CO are listed in
Table II. Note that the pair splitting energies are
approximately additive,

TableII. Energies for HF and GVB Wave
Functions of CO(1Z *) (all Energies in Hartrees)
Pairs Egr —
Method split® Energy Egvs
HF —112.34842 0
GVB (50, 27) —112.36374 0.0153
GVB (17, 2m) —112.37864 0.0302
GVB (50, 27) —112.39133 0.0429
(1w, 2m)
GVB (50, 27) —112.37202 0.0236
(40, 60)
GVB (50, 27) —112.39906 0.0506
(40, 60)
(1w, 27)

s The basic configuration is (1¢)%(26)%(30)2(40)2(50)%(1 )",

Although we have numbered the orbitals in (13) the
same as those in (12), one should not assume that the
first natural orbital of each pair in (13) corresponds
to one of the HF orbitals. This is not the case as can
be seen from Table III which compares the 3¢, 40, and

ionization potentials.2! However, in interpreting the
bonding in the ground state of a system, the canonical
HF orbitals are far too delocalized.?® For example,
in ethylene the five bonding orbitals all have large con-
tributions in each of the four CH bond regions.” For
this reason many workers have investigated ways of
localizing the HF orbitals in order to obtain orbitals
more consistent with the usual chemical ideas of bond-
ing.2 All these procedures involve a degree of ar-
bitrariness since the transformations lead to no change
in the energy or any other property. Thus, one uses
any of several ad hoc criteria which have been found to
lead to localized orbitals.

On the other hand, there is no such arbitrariness in
the GVB orbitals.#? The GVB wave function does
change when orbitals are recombined as can be seen
from (13). Recombining the 40 and 5o orbitals would

40’ = 4o cos o + S50 sin «
50’ = 50 cos ¢ — 4o sin

change the energy of the wave function in (13) although
it would not change the energy of (12). Thus, one
might hope that since the GVB orbitals are unique they
might lead to chemically useful nonarbitrary inter-
pretations. As shown elsewhere, 4371822 this does
prove to be the case for a number of systems.

For CO we see that the GVB first natural orbitals
do correspond to the expected description. Orbital
3o is primarily an O(2s) orbital hybridized a little
(25%) so as to point away from the C. Orbital 4¢ is
essentially a bonding combination of C(2p) and O(2p)

TableIII. Comparison of the HF Valence Orbitals and the First Natural Orbital of Each GVB Pair
Orbital

energy, Orbital coefficientse
Orbital hartrees C(1s) C(2s) C(2po) O(1s) 0O(2s) O(2po)
HF 3o —1.4864 —0.1129 0.2210 0.1664 —0.2121 0.7731 —0.2254
40 —0.7167 +0.1468 —0.5393 —0.0695 —0.1220 0.6493 +0.6336
5o —0.4831 —0.1390 +0.7789 —0.5459 +0.0029 +0.0065 +0.4398
GVB 30 —1.1614 —0.0638 0.1813 —0.1045 —0.2262 0.9348 0.3107
4o —0.9482 —0.0734 —0.0274 +0.4472 —0.0678 +0.1359 —0.7357
5S¢ —0.6080 —0.1931 +0.9630 —0.3272 +0.0620 —0.3641 —0.1195

e Slater orbitals, seeref 11.

5¢ HF orbitals with the 3¢, 40, and 50 GVB first
natural orbitals. However, it is the case that the GVB
first natural orbitals are very nearly just linear com-
binations of the HF occupied orbitals.

A well-known problem with interpreting HF orbitals
is their nonuniqueness.?® For a closed shell wave
function as in (12), we can take any (nonsingular) com-
bination of orbitals with each other and not change the
energy or any other physical property of the system
(this results from the Slater determinant form of the
wave function).?® Thus, we must decide which com-
bination (if any) is the proper one to use. In inter-
preting ionization potentials of systems it seems clear
that the canonical HF orbitals (i.e., the solutions of the
HF self-consistent field equations) are the proper ones

HHF¢’1‘ = e
because their energies correspond well to the observed

(20) C. Edmiston and K. Ruedenberg, Rev. Mod, Phys., 35, 457
(1963).

orbitals but ionic toward the O. Orbital 5¢ is mainly a
C(2s) orbital hybridized so as to point away from the O.

Of the HF orbitals (see Table III or ref 23) 3¢ is
mainly on the O but it is hybridized toward the C, not
away as expected for a nonbonding orbital, and in addi-
tion it has a somewhat significant component on the C,
hybridized toward the O and combined in a symmetric
(bonding) way. Thus, this orbital shows all the at-
tributes of a bonding MO except that the bond seems
to involve the O(2s) orbital rather than O(2p) as ex-
pected. Orbital 40 has large components on both
atoms with approximately equal parts of C(2s), O(2s),
and O(2po) character. These are combined so that
the O part is hybridized away from the O and the C(2s)
pair is combined in an antibonding way. Thus, 4¢
appears to be an oxygen nonbonding orbital.

(21) See, for example, P. E. Best, J. Chem. Phys., 44, 3248 (1966);
Koopmans, Physica (Utrecht), 1,104 (1934).

(22) W. A. Goddard IIl, J. Amer. Chem, Soc., 94, 793 (1972).

(23) W. M. Huo, J. Chem. Phys., 43, 624 (1965).
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(16)

and the (10)%20)%(30)2 core of the CO [see (13)] becomes
(7)

(18)

Thus, from Table

In describing the various

states of TiCO and TiCO+*, we will find that the orbitals
The ground state of TiICO+ was

Tico® (*£7) GVB ORBITALS

(30)*(50)*(80)*

It has a significant O(2p) component
From Table IV we see that the orbital energies of the

(90)((100)2(37)4(1 10) (4 7)?

(10)%(20)¥(40)*(1m)X60)*(To)*(2m)*

Nie

{a)
(v)
{c)
(d)

Orbital 5¢ is mainly on the C and is hybridized away

from the O.
Overall the GVB orbitals for CO correspond well

to the expected chemical intuition whereas the canonical

HF orbitals do not.

C. TiCO and TiCO+.

which is combined in an antibonding way; thus, this
(1) TiCO~ (*Z).
found to be *Z~ with the configuration

appears to be a C nonbonding pair.
this reason we will use the same names (for example,

8, 3, etc.), to describe corresponding orbitals of each

have basically the same shapes as in Ti and CO. For
system, as indicated in Table IV.

Figure 3. The GVB orbitals of the ground state (4Z-) of TiCO*,

IV we see that the Ar core of the Ti is
core orbitals in (16) and (17) are relatively unchanged

as the Ti and CO are bonded, and hence we will ignore

these orbitals in the following discussions.
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9o GvB ORBITALS OF TiCO (COc BOND)

GVBg

(c)

FNO

Tico* 2

Tico 3¢

Tico 5a

N

Figure 4. The 9¢ orbitals of TiCO* and TiCO (this corresponds to the CO(s) bonding pair). FNO indicates the first natural orbital; it is a

(normalized) sum of the GVB, and GVB, orbitals,

37 GVB ORBITALS OF TiCO* (COw BOND)

70 ¢ 6o s0 T

e L

Tico* 4z"

Figure 5. The 37 orbitals of TICO* (this corresponds to a CO() bonding pair).

Splitting the paired orbitals 9o, 10s, and 37 leads to the
GVB orbitals in Figure 3. Comparing parts a-c of
Figure 3 with a-c of Figure 2 we see that the TiCO+
orbitals retain the character of the CO orbitals. The
other orbitals (11¢)(4m) correspond to Tit orbitals.
Of these 11¢ is much like one of the 4s-4p lobes of Ti
(see Figure Ia), and the 47 orbitals (each singly oc-
cupied) correspond to d,, and d,, orbitals.

The only change in the CO(o) bonding orbitals (9cab
of TiCO+ and 4eab of CO) is that they must become
orthogonal to the Ar core of the Ti, and as a result the
part of these orbitals to the left of the C takes on the
character of a do orbital. This may be easier to see in
Figure 4 which also shows the 9¢ orbitals for other
states of TiCO* and TiCO. Similarly the CO(w)
bonding orbitals (37ab of TiICO~ and 1wab of CO) must
also become orthogonal to the Ar core and as a result
take on the character of d= orbitals in the region of the
Ti. This may be easier to see in Figure 5 which also
shows the 37 orbitals for other states of TiCO+. The
result of these changes in the CO(¢) and -(7) bonding
orbitals should be to decrease the bond strength slightly
since the oibitals are forced to become somewhat dis-
torted.

On the other hand, the 10gab orbitals are nonbonding

in CO but become TiC bonding orbitals in TiCO.
These orbitals are compared in Figure 6. In TiCO+
these orbitals are primarily a combination of the CO
nonbonding orbitals plus the Ti(de) orbital. Note
that this CO nonbonding orbital has a significant
amount of 7 antibonding character in CO but that this
character disappears in TiICO. The origin of this anti-
bonding character is that the nonbonding orbitals in
CO need to build in pr character to allow the paired
orbitals to move farther apart, but yet as they build in
C(pm) character these orbitals would overlap the CO(m)
bonding orbitals (17 in Figure 2). Because of Pauli’s
principle this is not allowed?4 and hence CO(7*) char-
acter rather than simple C(pw) character must be used in
splitting the CO nonbonding orbitals. = However, as
we form a bond to the Ti, it is important for the 10cab
orbitals to concentrate in the region of the new Ti-C
bond. To retain orthogonality between the 10cab and
37ab pairs, it is necessary to distort both the 10cab
and 3wab orbitals, from what would have been the

(24) One can write a wave function in which the orbitals are not or-
thogonal. However, when the wave function is antisymmetrized (to sat-
isfy Pauli’s principle), the parts of the wave function involving overlap-
ping orbitals get projected out. Thus, the Pauli principle effectively
eliminates part of the Hilbert space that otherwise would have been ac-
cessible.
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0o GVB ORBITALS OF TiCO* (TiC BOND)

Figure 6. The 100 orbitals of TICO* (this corresponds to the TiC bonding pairs).

47 GVB ORBITALS OF TiCO* (Ti gm)
Tico* 45

Figure 7. The 4 orbitals of Ti and TiCO™ (this corresponds to the Ti(d ) orbital).

Ilc GVB ORBITALS OF TiCO (Ti4s)

Tico* 4%~

Tico* emn

Tico 3@ Tico %

Figure 8. The 11¢ orbitals of TIiCO* and TiCO (this corresponds to the Ti(4s) orbital).

optimum shapes. In CO primarily the 10cab pair
(5gab in CO) suffered since the 3wab orbitals (17 in CO)
were involved in a bond. However, for TiCO* both
the 10cab and 3wab pairs are involved in bonds and
both suffer somewhat from the orthogonality condi-
tions (in addition both must readjust so as to stay or-
thogonal to the Ar core of Ti). As a result the CO(7)
bond is somewhat weakened as the CO is bonded to the
Ti. Overall, the changes in these orbitals lead to a
net transfer of electrons to the left (toward the Ti).

As the Ti-CO bond is formed, the Ti(dw) orbitals
delocalize onto the CO by building in some CO(7*)
character (see Figure 7). This character can be referred

to as 7 back bonding and has long been presumed to
play a part in the stability of certain transition metal
complexes, 25

The other orbital, 110, started out as a 4s orbital of
Ti+ and for TiCO~ has the form of a 4s—-4p lobe func-
tion, as found in the GVB wave function of Ti (see
Figure 1).

2) TiCO+(ID).
functions of the 2II excited state of TiCO+.
results from bonding CO to the

(4s)%3d) (19)

(25) See, for example, ref 14, p 628, and references therein.

We also examined the GVB wave
This state
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GVB ORBITALS OF TiCO

Figure 9. Some GVB orbitals of TICO and TiCO* (an enlargement of some of the orbitals of Figures 8 and 10).

Table V. GVB and HF Results for TiCO * (all Energies in Hartrees)

3 2T1 i
Configuration (110)%47)? (115)%(16)1 (115)2(4m)! (11e){4m)r (1)1
HF energy® —8.97985 —8.95978 —8.94992 —8.93744
GVB energy® —9.02392 —9.01907
Energy lowering 0.0441 0.0691

s Energies relative to —950.0 hartrees,

state of Ti*+ and could be considered as the excited state
obtained by exciting an electron from the d= orbital
tothe 110 orbital of 4=,

As shown in Figures 4-7, the 9o, 3, 100, and 47
orbitals are quite similar to those of the *Z— state.
The 37 orbitals of 2II seem to have somewhat less
antibonding character on the Ti and the 47 orbital is
less delocalized (less back bonding?) onto the CO.

The configuration in (19) has the 4s orbital paired and
we expect the corresponding GVB orbitals to be as much
as for the °F state of Ti(5), as shown in Figure 1. This
is the case as shown in Figure 8 where comparison is also
made with the corresponding orbitals of other states.
An enlargement of some of these orbitals is given in
Figure 9,

The energies of the =, 2A, ®I1, and *® states are given
in Table V and the GVB energy lowerings are pre-
sented in Table VI. GVB calculations were carried

Table VI. GVB Energies for TiCO + (all Energies in Hartrees)
Energy
State Split pairs Energy* lowering
I (100, 57) —8.95991 0.0100
(105, 57) ) —8.97985 0.0299
(11e, 67)
(100, 57)
(11e, 67) —8.98437 0.0344
(90, 120)
(10g, 5m)
(11e, 67) —9.01907 0.0691
(90, 120) ?
(37, 57 {
Dol (100, 57)
90, 120) } —9.02392 0.0441
(3w, 5m)

¢ Energies relative to —950,0 hartrees.

out only for the ¢Z— and 2II states, but the changes for
the ¢® and ?A states should be comparable. The
GVB energy lowering is greater for the 2II state since
there is one more orbital paired in this state, but the
4T~ state is the lowest state of TiCO+* in both the HF
and GVB descriptions.

(3) TiCO. Hartree-Fock wave functions were ob-
tained for a number of states of TiCO as indicated in

Table VII. From these calculations the lowest state of
Table VII. Hartree-Fock Results for TiCO
Energy,*

Configuration®  State hartrees Ti atomic limits
(11a)%(4m)(16)! 3P —9.15524  s:d? 3F4

I —9.15162 3F, + 3P

1 —9.14539 1G

I 1G4+ 1D
(110)1(4m)2(16)  BA —9.14531 sd® SF

ir —9.08585 3G

3Aa —9.06911 Fy
(116)%(47)? 3Z4-  —9.13530  sid? 3F, + %P

1A —9.09119 D 4+ 1G

13+ —9.05503 D+ 1G4+ 18
(110)2(120)(16) A0 —9.12844 si:dz  3F,

Ag s?pd
(110)%(16)2 3Zp~  —9.05577 sid: 3F, + 3P
(11o)Y(4m)? £185Y —9.03070 sd? 3G

ls
(4m)4 1zt —8.89027 d+

e Energy relative to —950.0 hartrees. °® Not all states from this
configuration are listed. ¢ The orbitals 1o through 100 and 1
through 37 are completely filled.

TiCO is expected to be the *® state
(11g)%(4m)(16)! 5P

GVB calculations were carried out on only a couple of
states26 (see Table VIII) and should also lead to a @
ground state.

Table VIII. GVB Results for TiCO (all Energies in Hartrees)
Energy
State Split pairs Energy® lowering
5A (100, 120) —9.15389 0.0086
3z~ (3, 4m) —9.13651 0.0012
(37, 57m) —9.14172 0.0064

e Energy relative to —950 hartrees.

(26) We were unable to obtain converged GVB wave functions for
the 3¢ state using the Hinze MCSCF program,
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47 GVB ORBITALS OF TiCO (Ti 3dw or 4pw)

Tico *z;
- //

4.0

|
\;

QJ @ utt

Tico %

-7.0

Figure 10.

The 47 orbitals of TICO* and TiCO (this corresponds to either Ti(3d7) or Ti(4p =) character).

TableIX. Expansion Coefficients for the 37 and 4= HF Orbitals of Several States of TICO

Expansion coefficients

State Orbital Ti(2p) Ti(3p) Ti(3d) Ti(4p) C(2p) O(2p)
P 3r 0.0085 —0.029 0.0337 0.0493 0.4831 0.7581
4r —0.0486 0.1650 —0.3082 —0.6817 —0.4534 0.4984
%A 37 0.0076 —0.0261 0.0339 0.0416 0.4845 0.7584
4r —0.0569 0.1938 —0.1624 —0.9009 —0.2202 0.3414
32~ 3r 0.0079 —0.0269 0.0196 0.0298 0.4680 0.7737
4r —0.0213 0.0716 —0.9056 —0.2252 —0.2319 0.2564
o Slater orbitals, seeref 10.
The most unusual feature of the TiCO states is that  acter.  Thus, the bonding in TiCO* should be closer

when a d orbital is occupied, as in the 3® and %A states,
the 47 orbital is mainly 4pm in character (see Figures
9 and 10 and Table IX) rather than 3d= like as in the
states of TICO+. On the other hand, for the *Z— state
of TiCO (with no § orbitals), the 47 orbital is 3dr like
just as for TiICO* (see Figure 10 and Table IX). Thus,
it would appear that for neutral TiCO the maximum
population of d orbitals on the Ti is just under two.

As one proceeds from Ti®* to Ti the relative energy
of the 4p orbital relative to the 3d orbital becomes
smaller and smaller as indicated in Table X. On this

Table X. Comparison of 3d — 4p Excitation
Energies for Various Ti Ions

3d — 4p

excitation
—_ —Configuration—— energy,
Ion Low High cm~le
Tis+ 3d(2Dsyy) 4p(?P:/,) 127913
Tiz+ 3d*(3F) 3d4p('Dy) 75197
Ti* 3d®4s(*F's/,) 3d4s4p(D:/.) 52330
Ti* (3d)3(*Fs/2) (3d)?4p(4Gs/,) 28636
Ti (3d)*(4s)(°Fy) (3d)*(4s)(4p)(*Gy) 9320

s From Moore, ref 17.

basis we might expect Ti~ to prefer a configuration
such as (3d)%4s)(4p). Comparing with the ground
state configuration of Ti, (3d)%(4s)?2, this could indicate
that donation of electrons to the Ti would favor in-
creased 4p character in the valence orbitals. In TiCO
the CO nonbonding orbital is partially donated to the
Ti, and the part of these orbitals on the Ti has do char-
acter. Thus, we might expect that the total population
of d character in the other valence electrons on the Ti
would be less than two, as observed.

This tendency to induce 4p character into the valence
orbitals should be greater for Sc than for Ti and should
decrease rapidly as one proceeds to V and beyond.
On the other hand, ionizing an electron to obtain TiCO+
also greatly decreases the tendency to build in 4p char-

to the bonding in the Cr, Fe, and Ni carbonyls than it is
to the bonding in TiICO. It was for this reason that we
emphasized the case of TICO* in this paper.

III. Discussion

From the results of these calculations, one obtains
some understanding of the nature of the bonding be-
tween a metal and a carbonyl. Both ¢ and 7 bonding
occur, but not to an extent significant enough to cause a
drastic change in orbitals of the separated Ti and CO.
Because the GVB approach leads to naturally localized
orbitals and because the wave function is treated con-
sistently in the united (TiCO) and separated molecule
(Ti 4+ CO) limits, one is able to examine exactly how the
orbitals came together to form the bond and how others
changed because of the bond. The ¢ bond forms
through the acquisition of Ti(3d,:) character by the
CO nonbonding orbitals. In other words, this is the
classical ¢ donating effect of the ligand; the electrons
coming exclusively from the carbonyl are given to the
empty 3d,. orbital. Concomitantly, the occupied d
orbitals of Ti delocalize slightly onto the C (acquiring
CO(r*) character), thereby leading to the formation of a
weak 7 bond.

This 7 accepting capability of the ligand balances
its ¢ donating activity thereby allowing the metal to
stay relatively neutral despite the ¢ donation. The =
bonding orbitals of CO have an unfavorable interaction
with the back bonding 7 orbitals of Ti leading to a
somewhat weaker CO bond in TiCO.? In addition,
the orbitals in the CO(s) bond shift slightly toward the
Ti. The nonbonding electrons of Ti position them-
selves in the 4s (or 4s-Adp) orbital(s) on the side oppo-
site to the CO so as to minimize electronic repulsion.

Thus, one can confidently say that carbonyl is a o-
donating, m-accepting ligand which retains much of its
character as CO while bonded to the metal. This last
fact seems to indicate that the presence of the metal is
just a minor perturbation on the bonding in CO. How-
ever, for the metal, the CO causes more than a slight
perturbation as crystal field theory would imply, with 3d
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orbitals being involved in covalent bonding and 4s
orbital(s) not involved.

Consider now what would happen if a second CO is
bonded to the Ti. With a linear geometry, we must
promote the 4s electrons to get them out of the way of
the lobe pairs on the second CO. Hence the four val-
ence electrons of Ti must be either in = orbitals or §
orbitals. With one valence electron in a 7 orbital,
it will delocalize onto both carbonyl groups giving rise
to m bonding on both of them. With two electrons
in, for example, a 7, orbital, the orbitals would split in
GVB fashion leading to one orbital more = bonding to,
say, the left CO and one more to the right one. The 7,
electrons would follow suit resulting in two 7 electrons
donated to each carbonyl and two ¢ electrons received
from each carbonyl. One expects all the valence
electrons to be involved in bonding so that the Ti does
not feel a negative charge. Hence this compound
should be linear with the configuration (150¢)%(57)*
(a 1Z,;* state). However, it is not clear from these
considerations whether the bonding interactions with
the second CO will be sufficiently strong to overcome
the promotion energy.

One can extend these bonding concepts to other
carbonyl systems. In Cr(CO),, there are six valence
electrons provided by the chromium. One expects
each carbonyl to donate two electrons toward the for-
mation of a Cr-CO ¢ bond and each of the six valence
electrons to enter into a 7 back bond. The 7 orbitals
in an octahedral system are the d,,, d,,, and d,, or-
bitals, and if the GVB description is applied, these
orbitals split somewhat as indicated above for Ti(CO),.

Based on the GVB results for TiCO and TiCO+, we
expect each ¢ bonding orbital to have primarily the
character of the CO nonbonding pair but with the
character of a d,: orbital (in the direction of the ¢
bond) in the region near the Cr. This differs greatly
from the usual valence bond picture in which the Cr
orbitals are assumed to be d?sp?® hybrids.#” This
difference arises because in the VB model a covalent
bond involves one singly occupied orbital from each
atom and the orbitals on the atom must be orthogonal.
In the GVB model we allow the orbitals to have what-
ever shape they want. As a result the components on a
particular center, say a Cr, need not all be orthogonal.
Hence it is acceptable for each ¢ bond to make use of
d.- (or d,: or d,:) character on the Cr even though there
are six ¢ bonding pairs and only two linearly inde-
pendent such Cr orbitals.

The remaining six electrons are in t,, orbitals. There
are in addition two much higher e, orbitals which have
the character of d.. and d,.-,» orbitals on the Cr but

(27) As discussed in section I, our use of a minimal basis would tend
to bias our calculations against large hybridization effects, since the
atomic 3d and 4s orbitals are so greatly different in size. However,
the VB description is based on the use of atomic orbitals and hence our
results do argue against the use of d2sp3 hybrids in the analysis of transi-
tion metal complexes,

with large antibonding components of CO lobe orbital
character.

Thus, ignoring the ¢ bonding orbitals, the GVB
description is (t,)%(e,)° just as would be used in a crystal
field model. The low spin character results partly
from the high overlap of d,. and CO lobe orbitals lead-
ing to a low lying occupied bonding pair and a high-
lying empty antibonding orbital (e;). In addition the =
back bonding character of the t,, orbital may decrease
its energy a bit. The result is a large t; — e, splitting
and consequently a low spin complex.

From this description of Cr(CO); we see that there is
no more room for more electrons. Thus, we would not
expect Fe(CO); to be bound. On the other hand, re-
moving a CO should allow accommodation of an addi-
tional electron pair so that one would expect Fe(CO);
to be stable. Similarly, to obtain a stable Ni com-
pound, it would be necessary to remove another car-
bonyl, yielding Ni(CO);. At this point we would
analyze the requirements of CO(¢) bonding orbitals to
predict the geometries of the Fe and Ni carbonyls.
Then we should examine the forms of the various d
orbitals on the Fe and Ni and predict how effective
they are for back bonding. The adequacy of the model
would be judged in terms of whether it leads to a tri-
gonal bipyramid for Fe(CO); and a tetrahedral struc-
ture for Ni(CO), and whether it would successfully
predict, for example, that the reaction

Fe(CO); + X: —> Fe(CO).X; + CO

goes by axial attack (X is halogen). However, our
understanding of the form of the GVB orbitals for
transition metal complexes is not yet sufficient to make
reliable predictions on the shapes and interactions of the
orbitals in cases like Fe(CO); where antibonding or-
bitals may be occupied. As a result we cannot at the
moment add anything new to the usual arguments for
rationalizing the structures and reactivity of Fe and Ni
carbonyls. What we can say from this calculation
is that both the ¢ and = interactions are important
in the bonding of transition metal carbonyls.

IV. Summary

The calculations of several states of TiCO+ and TiCO
have indicated some of the characteristic features of a
metal carbonyl. As expected, carbonyls bind through
a o-donating, w-accepting interaction. It was found
that the 7 back bonding was considerably weaker in TiCO
than in TiCO+ and that this leads to instability of that
compound with respect to TiCO+. We believe that
these ideas will be useful in describing the bonding of
other transition metal carbonyls.
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