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I. Introduction 

The study of the reactions occurring at metal surfaces 
constitutes an important field of modern chemical research. 
As one step in a program directed toward understanding one 
such reaction, the methanation of CO on a nickel surface, we 
are investigating the bonding of CO to the surface. As the first 
step of examining the bonding of CO to a Ni surface, we have 
carried out extensive studies of the bonding of CO to a single 
Ni atom. These results will be useful in understanding how to 
study the bonding of CO to larger complexes and indeed al
ready provide some useful insights into the nature of the bond 
to the surface. 

In addition, matrix isolation experiments have provided 
evidence for the existence OfNi(CO)n, n = 1-4.3 It is expected 
that the results of the NiCO calculations will suggest some 
experimental tests for these model systems. 

In section II we describe basic concepts of the GVB wave 
functions, the effective potential, and the basis set used. In 
section III the results obtained are discussed in qualitative 
terms, while section IV examines in more detail some of these 
concepts in terms of the GVB wave function. Section V dis
cusses the excited states. In section VI we describe the CI 
calculations. Section VII compares results with the ab initio 
effective potential (AIEP) and the modified effective potential 
(MEP) used here. 
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II. The Wave Functions 

A. The GVB Method. The details of the GVB method have 
been described elsewhere.4 The GVB wave function can be 
viewed as a normal closed-shell Hartree-Fock (HF) wave 
function, 

^4(0i0ia(3</>202«^ . . .) 

in which certain doubly occupied singlet pairs 

tofraP (1) 

are replaced by GVB pairs 

(0, a0 / b + 0,b0,a)a/3 = (X,0,,2 - X20,22)a/3 (2) 

where each electron of the pair is allowed to have its own GVB 
orbital 4>ia or 0,b, the overlap of which, 

Sab '=<0/ak/b> (3) 

is in general nonzero. In the perfect pairing approximation to 
GVB (referred to as GVB-PP), the GVB orbitals of a given 
pair are taken as orthogonal to those of all other pairs (strong 
orthogonality restriction) and in addition the spin eignfunction 
is restricted to the form where the maximum number of pairs 
are singlet coupled (perfect pairing restriction). For nonsinglet 
states we also allow n high coupled orbitals. 
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. . . 4>„aa . . . a (4) Table I. The Nickel Basis Seta 

To simplify the variational equations, the nonorthogonal 
orbitals (0/a,0/bi are expanded in an orthonormal set \<j>n,0^l 
(referred to as the natural orbitals) as in (2). 

B. The Modified Effective Potential. In order to carry out 
calculations of the type described here at reasonable cost, it 
is expedient to use an effective potential to replace the 18-
electron Ar core of the transition metal. Considerable progress 
in this area has been made by Melius, Olafson, and Goddard5 

in developing an effective potential for Ni which allows near 
ab initio accuracy, referred to as the ab initio effective potential 
(AIEP). However, for the Ni atom ab initio calculations 
themselves lead to incorrect separations of the states if carried 
out with the usual basis and level of correlation. For example, 
using the Wachter basis9, the s'd9(3D) state is calculated in 
the Hartree-Fock (HF) description to be 2.32 eV above the 
s2d8(3F) state, whereas the experimental separation is only 0.03 
eV.6'7 There are three contributions to this error: (1) basis 
set—the s'd9 state requires more diffuse d functions than the 
s2d8 state for which the basis was optimized; (2) correlation 
effects involving s, p, and d basis functions; and (3) correlation 
effects involving f functions. Including effects 1 and 2 (highly 
correlated wave functions using an extended basis with tight 
p functions) leads to a decrease in the excitation energy from 
2.32 to 0.22 eV,21 with the remaining 0.25 eV error presumably 
due to f functions. The level of correlation required here is 
impractical for molecular systems with transition metals, and 
we have adopted an alternative procedure for including these 
effects in an approximate way. 

Sollenberger, Goddard, and Melius8 have found that these 
missing efforts in the atoms can be imitated by adding addi
tional terms to the ab initio effective potential in such a way 
as to reproduce the correct atomic separations and orbital 
shapes. Thus it was anticipated that the bond lengths and 
geometries resulting from interaction with other atoms would 
be accurate. Indeed this procedure does lead to reasonable bond 
lengths and bond energies for NiH and FeH.8 The resulting 
potential referred to as the modified effective potential (MEP) 
was used for the calculations described here. Some compari
sons with the results of the AIEP are made in section VII. 

C. Basis Set and Geometry. The basis for Ni was selected 
from the set optimized for the ground states of the third-row 
atoms by Wachters.9 We have used all five d primitives (of 
each type) but, as discussed in ref 5, only the outer four s-
functions are needed for describing the coreless Hartree-Fock 
orbital. The inner four d primitives were contracted together 
and the inner two s functions were contracted together with 
the relative coefficients based on Hartree-Fock calculations 
for the s2d8(3F) state of the Ni atom (ref 8). In addition, a 
single p primitive with a = 0.12 was added in each direction 
(to allow polarization effects involving the 4s orbital). The final 
basis for Ni (see Table I) is identical with that in ref 8 except 
for the p functions and slight differences in the s functions. 

The basis for carbon and oxygen is the Dunning (3s2p) 
contraction10 of the Huzinaga (9s,5p) basis. This contraction 
is double f valence but uses a single ls-like contracted function 
and leads to energies which are generally within 0.0001 hartree 
of those obtained with the "double f" contraction." 

We have taken the CO bond distance as 2.17 bohr which is 
close to the experimental CO bond distance in Ni(CO)4.12 The 
NiC bond length was varied over the range of 3.2 to 3.8 bohr 
(the NiC distance is 3.48 bohr in Ni(CO)4).1 2 

III. Qualitative Description of NiCO 
For the moment we will view the CO molecule as 

(^X)C = O 
that is, a triple bond with a C lone pair protruding from the 
carbon. 

C 

48.940 30 
13.716 90 
4.639 51 
1.574 33 

0.032 958 4 
0.177 800 2 
0.443 562 6 
0.565 603 9 

0.486 41 
2.400 00 
0.940 00 

1.000 
0.132 666 1 
0.884 440 4 

0.150 00 1.000 

0.049 00 
0.120 00 

1.000 
1.000 

" The Ni basis was taken from earlier calculations on NiH (C. 
Melius, unpublished work). In these calculations we have not excluded 
the s-like (x2 + y1 + z2) combinations of the d basis functions. In
cluding these additional s functions in combination with the other s 
functions, which are slightly different from those used in ref 8, leads 
to atomic energies of -40.495 31 hartree for 3D(s'd9) and -40.490 65 
hartree for 3F(s2d8) which are 0.0010 hartree lower and 0.0028 hartree 
higher, respectively, than with the basis used in ref 8. 

The lowest state of the Ni atom is the 3 F 4 state arising from 
the (4s)2(3d)8 configuration; however, the 3D3 state arising 
from the (4s)'(3d)9 configuration is only 0.025 eV higher. 
Since spin-orbit coupling effects are not included, we will 
henceforth average together the various J states corresponding 
to a particular L and S. In this case we find that the ground 
state is 3D(s'd9) with the 3F(s2d8) state at 0.03 eV, the ' D(s'd9) 
state at 0.33 eV, and the 3P(s2d8) state at 1.86 eV. 

Upon bringing the Ni and CO together we find that the s'd9 

states are stabilized significantly with respect to the s2d8 states. 
As a result the three bound states of NiCO are all of s'd9 

character on the Ni. Given the s'd9 configuration of Ni, we 
obtain three triplet states of NiCO, 3 S + , 3II, and 3A, depending 
upon whether we take the single d hole as a, ir, or 8 in sym
metry. 

The orbitals of the 3 S + state are shown in Figure 1 while the 
corresponding orbitals of Ni and CO are shown in Figures 2 
and 3, respectively. From the orbitals one sees that (1) the 
4s-like orbital hybridizes away from the CO, (2) the CO lone 
pair delocalizes (bonds) just slightly onto-the Ni, (3) the Ni 
dx orbitals delocalize slightly (back bond) into the r system 
of the CO, and (4) the CO IT bonds are modified slightly by the 
Ni. For comparison, selected orbitals of the 3II and 3A states 
are shown in Figures 4 and 5. 

The Mulliken populations (Table II) for the 3 S + state reflect 
the above trends, the a donation showing up in a decreased s 
+ p r population on carbon of 0.08 with an increase in the 4s 
+ 4p<r + 3dcr population on the Ni of 0.09. In the ir system, 
back-donation is reflected in an increase of 0.12 in the carbon 
P^ population and a corresponding decrease of 0.08 in the 
nickel 3dx population. 

Since the 3 S + state has a da hole, while the 3II and 3A states 
have doubly-occupied dcr orbitals, one would expect the 3 S + 

state to act as a better a acceptor for the CO lone pairs, sta
bilizing the 3 S + state. Since the 3 S + and 3A states each have 
two doubly occupied dn pairs, whereas the 3II state has only 
three electrons in dx orbitals, the 3 S + and 3A states are ex
pected to obtain more TT back-bonding than the 3II state. 
Putting these effects together would lead to the ordering 

3 S + < 3A < 3II 

with perhaps comparable spacings. In fact, we find that the 
actual ordering of states is 3A < 3 S + < 3II with the 3A and 3 S + 
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NiCO (3I+) 
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Figure 1. The GVB(3) orbitals of the 3 S + state of NiCO. Unless otherwise 
noted, all plots have uniformly spaced contours with increments of 0.05 
au. Nodal lines are indicated by long dashes. The same conventions are 
used for other figures unless otherwise stated. 
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(a) Ni 4s (b) Ni 3do-
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Figure 3. Selected orbitals of the GVB(3) |COcr, Tx, vy} wave function of 
the X 1S0

+state of CO. 

Table II. Mulliken Populations for CO and NiCO* 

C s 
P--
Pv 
Pr 

O s 
P-
Pv 
P.' 

Ni 4s 
4pa 
3d<7 
3dirv 

4pirv 

3d7rv 

4pirr 

&XV 

8>2-y2 

s + p-
s + p-
4s + 4p<7 

+ 3d<r 

Totals Ni 
C 
O 

Ni(s'd9) 
+ CO 

3.8449 
0.9875 
0.5280 
0.5281 

3.7846 
1.3830 
1.4720 
1.4719 

1.0 
0.0 
1.0 or 2.0 
1.0 or 2.0 
0.0 
2.0 
0.0 
1.0 or 2.0 
1.0 or 2.0 
4.8324 
5.1676 
2.0 or 3.0 

10.0 
5.8885 
8.1115 

3 S + 

3.6472 
1.1001 
0.5942 
0.5942 

3.8086 
1.3515 
1.4451 
1.4451 

0.9541 
0.2376 
0.9009 
1.9600 
0.0006 
1.9600 
0.0006 
2.0000 
2.0000 
4.7473 
5.1601 
2.0926 

10.0141 
5.9356 
8.0503 

NiCO 

3II 

3.6448 
1.0887 
0.5843 
0.5984 

3.8091 
1.3519 
1.4254 
1.4491 

1.0327 
0.2525 
1.8205 
0.9902 
0.0001 
1.9507 
0.0017 
2.0000 
2.0000 
4.7335 
5.1610 
3.1057 

10.0484 
5.9162 
8.0355 

3A 

3.636 0 
1.078 6 
0.595 5 
0.595 5 

3.807 4 
1.350 7 
1.444 4 
1.444 4 

1.077 4 
0.258 1 
1.791 8 
1.958 8 
0.001 3 
1.958 8 
0.001 3 
1.000 0 
2.000 0 
4.7146 
5.158 1 
3.127 3 

10.047 7 
5.905 6 
8.046 7 

Figure 2. Selected HF orbitals of the 3D state of Ni. 

" Based on GVB wave functions at R = 1.84 A. 

states separated by 0.240 eV, whereas the 3 S + and 3II states 
are separated by 0.053 eV. 

Following the analysis of Melius and Goddard17 (for NiH 
and Ni2), we believe that there is one additional intraatomic 
effect (intraatomic coupling) favoring 3A and 3II. As discussed 
in section IV.C, rehybridizing the 4s and 3d orbitals of the s'd9 
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Figure 4. A comparison of selected orbitals of the GVB wave function for the 3 S + , 3II, 3A states of NiCO. 

Ni ATOM DXZ 3 I + DXZ 
5 0 -

3n Dxz -A DXZ 

-5 0 L 

- 5 0 z 85 z z z 

Figure 5. A comparison of the Bd 2̂ orbitals of Ni(3D) and the 3 S + , 3II, and 3A states of NiCO using a contour interval of 0.025 to emphasize the differences 
in the amount of back-bonding. 

state leads to incorporation of specific components of the s2d8 

state. However, the energies of these components differ 
markedly (a range of ~4 eV) depending upon the specific 
configuration involved. The result is that the state with the 5 
hole is stabilized with respect to the state of the 7r hole which 
is in turn stabilized with respect to the state with a a hole. As 
a result, the 3A state allows greater rehybridization of the a 
orbitals than the 3II state, and the 3II state allows much greater 
rehydridization than the 3S as is clear from Figures 1 and 
4. 

The fact that greater rehybridization of the 4s 3d orbitals 
is favored for the 3II and 3A states whereas the 3S state is more 
favorable for a pure s'd9 configuration results in similar a 
donations (CO to Ni) for all three states (see Table II), a result 
that would not be expected if the intraatomic coupling were 
not present. As expected, the singly occupied Ni(3d7r) orbital 
of the 3II state leads to very little back-bonding (Ni 3dir.v 
Mulliken population = 0.99 as compared with 1.96 for the 3dir 
orbitals of the 32 and 3A states) so that the total tr back-
bonding in the 3II state is significantly less than for the 3S and 
3A states. (See also Figure 5.) 

As discussed in section V, there are low-lying 3A and 3II 
states arising from s2d8 configurations on the Ni but no com
parable 3 S + state. Thus in the CI the 3A and 3II states are 
further stabilized relative to the 3 S + state, leading to the cal
culated spacings. 

The 3 S + , 3II, and 3A states all lead to minima at about the 
same Re. For the 3A ground state the calculated Rc (1.90 A) 
and De (1.15 eV) compare reasonably well with the NiC dis
tance (1.84 A) and average bond energy (1.53 eV) in 
Ni(CO)4.'3 The NiC stretching constant calculated for NiCO 
is 428 cm -1 which is in the range observed for Ni(CO)4 (423 

cm"')'3 and tentatively assigned to Ni(C0)3 (457 cm ' ) ' 3 and 
Ni(CO)2 (516 cm-1)-13 

IV. More Detailed Discussion of the GVB Wave Function 
A. The CO Molecule. Omitting the C(2s) and 0(2s) pairs 

and adopting a familiar notation, the ground states of C(s2p2) 
and 0(s2p4) are represented as4 

(5) 

where p orbitals in the plane are represented by C X Q 
and p orbitals perpendicular to the plane byO • Coupling these 
so as to form a a bond leads to two dee' erate structures, 

(*) 

where the lines indicate bond (singlet coupled) pairs. 
Considering for the moment only one of the structures (6), 

there is an important angular correlation of the C(2s) pair in 
the direction of the empty 2p7r orbital (just as for the ground 
state of the carbon atom4). This leads to the description for 
CO, 

(7) 

which we will refer to as GVB(3) iC(2s), a, Tx 
which pairs are being correlated. 

to indicate 
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This single structure provides a useful description in situa
tions where the symmetry is lowered due to bond formation. 
For example, (7) leads to a facile understanding of the struc
ture of the formyl radical and of formaldehyde.14 

One should keep in mind, however, that (7) does not exhibit 
the correct rotational symmetry. The correct symmetry is 
obtained by taking the sum of the two structures (6), and the 
resulting wave function is lower in energy than either of the 
individual structures (6). In the GVB method, this wave 
function may be described in an average sense by simulta
neously correlating the a, TTX, and Ty pairs in such a way that 
the two x directions are equivalent.15 This wave function is 
referred to as GVB(3) [a, irx, iry\ and leads to an energy 0.413 
eV lower than the wave function (7). (This is essentially the 
triple bond picture of CO we adopted in section III.) The 
self-consistent orbitals of the GVB(3) {a, TTX, xv j wave function 
are those shown in Figure 3. 

B. NiCO. Now consider bringing up a transition metal atom 
to the CO molecule in a linear arrangement. Given the empty 
C(2p) orbital in (6), a doubly occupied 3dx orbital would be 
expected to delocalize onto carbon leading to resonance 
structures (8) which are analogous to (6) 

[Note here that dx orbitals are schematically indicated in the 
same way as p7r orbitals, in order to keep the diagrams simple.] 
The derealization of the metal 3dx orbital is expected to be 
more favorable if it is balanced by derealization of the C(2s) 
orbital into empty metal a orbitals, thus leading to less net 
transfer of charge. Thus the valence bond description leads 
naturally to the concept of CO as a <r donor and x acceptor in 
bonding to a transition metal. 

As with CO the orbitals of NiCO were solved for with a 
three-pair wave function, GVB(3) {a, irx, xv}, in which the x 
directions are kept equivalent. This wave function may be 
thought of as a superposition of the structures (8) in the same 
way that the analogous wave function for CO was described 
as a superposition of the structures (6). 

C. The Intraatomic Coupling Effect.17 Consider the wave 
function for the 3A state of NiCO 

vHs'd9) = ^j[CORE](3d<T)2(4s)(3d5)a0aa) (9) 

where most orbitals (including the bonds) have been collected 
into [CORE]. In the GVB wave function all orbitals are solved 
for self-consistently; however, for the time being we restrict 
the 4s and 3da orbitals to mix only with each other (rehybri-
dize). The result is 

^|[C0RE](3d<r - X4s)2(4s + X3d<7)(3d5)a/3aa| 

= ^(s'd9) + XiKs2d8) (10) 

where 

vHs2d8) = ^([CORE](4s)2(3d<r)(3d5)a/3aa! (11) 

and where we neglected terms of order X2 (for the self-con
sistent wave function, X is ~0.21). Thus rehybridizing the or
bitals leads to mixing of s2d8 character into the wave func
tion. 

The component of s2d8 character in (10) has 3F symmetry; 
however, in the 3II state the term corresponding to (11) is18 

.>4![CORE](4s)2(3d(T)(3dir)a/3aa! (12) 

Assuming a triplet d2 state (following the holes of d8) with M s 
= 1, the 3F and 3P states with ML = 1 are described as 

|L = 3, M L = 1) = V ^ | w , = 1,W2 = O) 

+ V ] | l ™ i = 2 , w 2 = -1> 

\L= I, ML= 1) = V yjj|/M, = 1,W2 = O) 

- Vy j jK = Um2'-I) (13) 

so that 

|w, = 1,W2 = O) = V ^ | L = 3 , M L = 1 ) 

+ V ^ U = I , M L = 1 ) (14) 

Thus the configuration in (12) is 40% 3F and 60% 3P corre
sponding to an atomic excitation energy of 1.13 eV. As a result, 
rehybridization should be less important for the 3x state than 
for the 3A state. In the 3S state the s'd9 wave function is19 

^|[CORE](3d<7)(4s)aa| (15) 

and hence no rehybridization is allowed (in this approxima
tion). These expectations are borne out by the shapes of the 
orbitals as indicated in Figures 1 and 4. 

V. The s2d8 Excited States 

The three bound states of NiCO all arise from the 3D(s'd9) 
state of the Ni atom. Higher states are derived from the 3F-
and 3P(s2d8) states of Ni. Given two holes in the d shell and 
classifying the atomic states according to their rotational 
symmetry relative to the molecular axis leads to five different 
triplet states depending on how the two holes are distributed 
over the d orbitals. Taking 5x or 8a holes leads to a pure 3F 
state which is only 0.03 eV higher than the 3D state. Taking 
xx holes leads to 80% 3F and 20% 3P with an excitation energy 
of 0.40 eV, taking air holes leads to 40% 3F and 60% 3P cor
responding to an excitation energy of 1.13 eV, and taking 55 
holes leads to 20% 3F and 80% 3P leading to an excitation en
ergy of 1.49 eV.16 Thus, based only on the atomic states in
volved, one would expect the ordering 

5x s 5(T < xx < ex < 55 

Upon bringing up a CO, the above ordering would be 
modified depending on the favorability for the atomic con
figuration to function as a a acceptor, x donor. On this basis 
one would expect the state with the 5a holes to be stabilized 
relative to the state with the 5x holes. Similarly, one might 
expect the state with the xx holes to be destabilized somewhat 
relative to the state with the 85 holes. However, there is an 
additional important effect here. At large R the separation 
between the xx and 55 3 S - states is only 1.09 eV (a separation 
that would be expected to decrease as R decreases), and in the 
CI there is a strong interaction between these pure configu
rations leading to a major stabilization of the state with the xx 
holes and destabilization of the state with the 55 holes. (This 
effect involves an interpair correlation which increases the 
average separation between the electrons in the doubly occu
pied 5+ and 5~ orbitals.) The net result is that the state with 
the xx hole ends up below the state with the 5x holes leading 
to the ordering 

8a < xx < 5x < ex < 55 

In Table III we summarize the atomic and molecular con
figurations of the s2d8 states of NiCO. The energies are from 
an extensive CI calculation using 24 basis functions as de
scribed in section VI. 
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Table III. 

Holes 

Cl Energies for the s2d8 and s'd9 States of NiCO (RNic = 1.84 A) 

Atomic 
Atomic energy, Dominant molecular configuration 
states eV0 0(2s) C(2s) 3d<r 4s a a* TTX ry S.xy 

No.* 
8X2_,2 conf 

MoI 
state 

Energy, 
eV 

s2d8 states 
&5 
air 

7T7T 

Scr 

20% 3F, 80% 3P 1.49 
40% 3F, 60% 3P 1.13 

100% 3F 0.03 

80% 3F, 20% 3P 
100% 3F 

100% 3D 
100% 3D 
100% 3D 

0.40 
0.03 

0.00 
0.00 
0.00 

220000 
1 20000 
1 20000 
220000 
120000 
220000 

s'd9 states 
2 0 120000 
2 0 220000 
2 0 220000 

220000 
220000 
220000 
120000 
120000 
220000 

220000 
220000 
220000 

1 0 
20 
20 
1 0 
20 
1 0 

20 
20 
1 0 

1 0 
20 
1 0 
20 
20 
20 

20 
20 
20 

1320 
1192 
1320 

1320 
1208 

1192 
698 

1208 

2 3 S -
3 3 n 
2 3 n 

1 3 S " 
23A 

1 3 n 
1 3 S + 

1 3A 

5.290 
4.390 
3.988 
3.034 
3.130 
3.020 

0.400 
0.304 
0.000' 

" Experimental numbers. * Number of spin eigenfunctions. c The total energy is • 

'' -1* corresponds to ( - ) phase, whereas 3II corresponds to (+) phase. 

•153.341 77. All other energies are relative to this energy. 

Table IV. Generating Configurations for the 3 S + , 3II, and 3A CI Calculations 

State 

3 S + 

3A 

3A 

3n 

3Ii 

Conf 
set 

A 

A 

B 

A 

B 

0(2s) 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

C(2s) 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

3d<r 

1 
1 
1 
1 
2 
2 
2 
2 
1 
1 
1 
1 
2 
2 
2 
2 
1 
1 
1 
1 

4s 

2 
2 
2 
2 
1 
1 
1 
1 
2 
2 
2 
2 

(X 

2 
1 
2 
2 
2 
1 
2 
2 
2 
1 
2 
2 
2 
1 
2 
2 
2 
1 
2 
2 

a* 

0 
1 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 

Itx 

2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
1 2 0 0 0 0 
1 2 0 0 0 0 
1 1 1 0 0 0 
1 2 0 0 0 0 
1 2 0 0 0 0 
1 2 0 0 0 0 
1 1 1 0 0 0 
1 2 0 0 0 0 

Ty 

2 2 0 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 

« . * , • 

2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

«.v= ,•= 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Of the states listed in Table III, the dipole-allowed transi
tions involving only a single one-electron transition (for the 
dominant configuration) are: 1 3A -»• 2 3A (3d<r -* 4s) at 3.02 
eV, 13A — 3 * (3d7r.v — 4s) at 3.03 eV, 13A — 2 3II (3d*-,. — 
4s) at 3.99 eV, 1 3 S + — 3 3TI (3dxv — 4s) at 4.09 eV, 1 3 n — 
1 3 2 - (3dir, -* 4s) at 2.73 eV, 1 3TI — 3 3TI (3d<r — 4s) at 3.99 
eV, 1 3 n — 3 * (3d5x2-yi — 4s) at 2.63 eV, and 1 3Tl — 2 3TI 
(3d<5.v2_,.2 -» 4s) at 3.59 eV. All of these transitions involve 3d 
?=* 4s atomic transitions which are parity forbidden (g «=s g) 
for the atom and consequently are not expected to be 
strong. 

VI. The CI Calculations 

A. The 3 S + , 3II, 3A States. GVB-CI calculations were 
carried out for the 3 S + , 3TI, 3A states of NiCO using as a basis 
the self-consistent GVB orbitals for each state. Preliminary 
CI calculations including all single and double excitations from 
the dominant configuration for each state indicated that all 
the important configurations are obtained by allowing all single 
excitations from the A configurations in Table IV. In addition, 
for the 3A and 3TI states we found that significant energy 
lowerings (~0.2 eV) resulted if the B configurations, which 
describe the 3 3II, 2 3A states (of s2d8 character), were added 

to the list of generating configurations. (No comparable s2d8 

state exists for the 3 S + state.) 
To allow for possible readjustment effects due to relaxation 

of the perfect pairing and strong orthogonality restrictions, the 
ir space was augmented by adding three T virtuals in each di
rection chosen as the more diffuse atomic basis function of 
Ni(3dir), C(2p7r), and 0(2p7r) type, respectively (subsequently 
orthogonalized to the valence orbitals for the CI). The presence 
of these functions in the CI allows the IT orbitals (in the CI) to 
change their radial extent on the three centers. The final CI 
included all single excitations from the A and B configurations 
in Table III into the full CI basis (20 functions after elimi
nating the CIs- and Ols-like functions by appropriate read
justment of the one-electron integrals). This CI thus includes 
the important configurations from the single and double ex
citation GVB-CI, the orbital readjustment effects within the 
full -K space, and the effects from mixing in s2d8 character. This 
procedure resulted in 112, 180, and 172 spatial configurations 
(538, 852, 988 spin eigenfunctions; 833, 1312, 1564 determi
nants) for the 3 S + , 3II, and 3A states, respectively. 

In order to determine the relative importance of each con
figuration in the CI, the energy lowering is computed according 
to the formula 
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Table V. Energy Contribution of Dominant Configurations" of the GVB-CI Wave Functions for the 3 S + , 3II, and 3A States of NiCO 
(/?Nic= 1-84A) 

State 

3 2 + 

3n 

3A 

No. 

1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Character* 

HF 
I(f .r . Ty) 
C(Trx) 
C(TT,.) 
1 0 , TT,.) 
IO, TT,.) 
C(a) 
HF 
I(7T.V, Ty) 
C(^x) 
C(Ty) 
\(a,Tx) 

Ka, TV) 
C(a) 
R ( I T T , , 2TT 

M, R( l*> 
HF 
1(7I - X, TT1,) 

C(TT,) 
C(TT,) 
1 ( C T 1 T T , ) 

U<7, TTx) 
C(O) 
M 
M, R(l i r t , 
M 1 R(I iTj , , 

v) 

4TT, ) 

4 T T , ) 

4TT,,) 

0(2s) 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

C(2s) 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

3d<7 

2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 

4s 

2 

2 
2 
2 

cr 

2 
2 
2 
2 
1 
1 
O 
2 
2 
2 
2 
1 
1 
O 
2 
2 
2 
2 
2 
2 
1 
1 
O 
2 
2 
2 

Configuration 
U* 

O 
O 
O 
O 
1 
1 
2 
O 
O 
O 
O 
1 
1 
2 
O 
O 
O 
O 
O 
O 
1 
1 
2 
O 
O 
O 

Tx 

2 2 0 0 0 0 
2 1 1 0 0 0 
2 0 2 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
1 2 0 0 0 0 
1 1 1 0 0 0 
1 0 2 0 0 0 
1 2 0 0 0 0 
1 1 0 0 0 0 
1 2 0 0 0 0 
1 2 0 0 0 0 
2 1 0 0 0 0 
1 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 0 2 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
1 2 0 1 0 0 
2 2 0 0 0 0 

Ty 

2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 0 2 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 0 2 0 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
1 2 0 1 0 0 
2 2 0 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 0 2 0 0 0 
2 1 1 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
2 2 0 0 0 0 
1 2 0 1 0 0 

i.xy 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

<5.v2_,2 

2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Energy 
contribution, 

mh f 

17.8 
14.5 
14.5 
12.2 
12.2 

7.5 

17.9 
15.1 
14.3 
12.3 
12.1 
7.4 
2.2 
1.0 

18.3 
14.4 
14.4 
12.3 
12.3 
7.4 
2.5 
1.7 
1.7 

" All configurations contributing 1 mhartree or more are listed. * R indicates an orbital readjustment effect (single excitation); C indicates 
correlation of a particular doubly occupied orbital; I indicates an interpair correlation effect; M indicates mixing in of s2d8 character. ' 1 mhartree 
= 10"3 hartree = 0.027 eV. 

Table VI. Energy Contribution of the Dominant Configuration of the GVB-CI Wave Function for the X ' 2 g
+ State of CO 

No. 

1 
2 
3 
4 
5 
6 
7 

Character" 

HF 
I(TT.V, TT1) 

C(TTv) 
C(TT,,) 
Ka1TT.,) 
K a , TT,) 
C(o) 

0(2s) 

2 
2 
2 
2 
2 
2 
2 

C(2s) 

2 
2 
2 
2 
2 
2 
2 

a 

2 
2 
2 
2 
1 
1 
0 

Configuration 
a* 

0 
0 
0 
0 
1 
1 
2 

TT.v 

2 0 0 0 
1 1 0 0 
0 2 0 0 
2 0 0 0 
1 1 0 0 
2 0 0 0 
2 0 0 0 

*y 

2 0 0 0 
1 1 0 0 
2 0 0 0 
0 2 0 0 
2 0 0 0 
1 1 0 0 
2 0 0 0 

Energy contribution, 
mhartrees 

21.4 
13.9 
13.9 
13.8 
13.8 
7.2 

The same notation as Table V is used here. 

Table VII. Energies for the 3 S + , 3II, and 3A States of NiCO" 

R = 3.2Oa0 

(1.69A) 
R = 3.48a0 

(1.84A) 
R = 3.8Oa0 

(2.01 A) 

3 S + 

3A 

3n 

GVB 
CI 
GVB 
CI 
GVB 
CI 

-153.258 51 
-153.318 77 
-153.262 19 
-153.326 77 
-153.239 69 
-153.302 94 

-153.271 61 
-153.331 48 
-153.272 29 
-153.336 16 
-153.258 36 
-153.320 49 

-153.272 82 
-153.332 48 
-153.271 12 
-153.334 20 
-153.263 55 
-153.324 71 

"AIR = " the energies for Ni(3D) + CO X 1S 8
+ are -153.243 11 

and -153.300 56 hartrees for the GVB and CI wave functions, re
spectively. 

A£M = C,2(E- H1111)Z(I C,2) (16) 

This is the energy increase that would result if configuration 
fi were deleted while keeping all other CI coefficients fixed. In 
cases where there is more than one spin eigenfunction for a 

Table VIII. Potential Curve Parameters from the CI 
Calculations on NiCO 

*e,A £>e, eV" 

3A 
3 S + 

3n 

1.901 
1.937 
1.968 

1.145 
0.905 
0.852 

427.5 
441.3 
477.5 

" We have included in £>e the additional energy lowering obtained 
in the 24 basis function CI at R = 1.84 A. With the 20 basis function 
CI for each R, we obtained D0 of 0.992, 0.905, and 0.671 eV for these 
states. 

given spatial configuration, we have simply added the separate 
contributions due to each spin eigenfunction. The A£„ provides 
an indication of the relative importance of configurations, al
though the sum of the AE„ does not equal the total energy 
lowering. 

Table V shows the dominant configurations in the CI wave 
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State 0(2s) 

32+ 2 

2 
2 
2 

3*a 2 
2 
2 
2 
2 
2 
2 
2 

3n 2 
2 
2 
2 
2 
2 
2 
2 

3 S - 2 
2 
2 
2 
2 
2 
2 
2 

3A 2 
2 
2 
2 
2 
2 
2 
2 

C2(s) 

2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

3d<r 

1 
1 
1 
1 

2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
1 
1 
1 
1 

2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
1 
1 
1 
1 

4s 

1 
1 
1 
1 

2 
2 
2 
2 
2 
2 
2 
2 

1 
1 
1 
1 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

1 
1 
1 
1 
2 
2 
2 
2 

a 

2 
1 
2 
2 

2 
1 
2 
2 
2 
1 
2 
2 

2 
1 
2 
2 
2 
1 
2 
2 

2 
1 
2 
2 
2 
1 
2 
2 

2 
1 
2 
2 
2 
1 
2 
2 

a* 

0 
1 
0 
0 

0 
1 
0 
0 
0 

0 
0 

0 
1 
0 
0 
0 
1 
0 
0 

0 
1 
0 
0 
0 
1 
0 
0 

0 
1 
0 
0 
0 
1 
0 
0 

3dc7' 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

4s' 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

Tx 

220000 
220000 
2 1 1 000 
220000 

120000 
120000 
111000 
120000 
220000 
220000 
220000 
21 1 000 

120000 
1 20000 
111000 
120000 
120000 
1 20000 
111000 
120000 

120000 
120000 
111000 
1 20000 
220000 
220000 
2 1 1 000 
220000 

220000 
220000 
211000 
220000 
220000 
220000 
21 1 000 
220000 

ITy 

220000 
220000 
220000 
211000 

220000 
220000 
220000 
2 11000 
120000 
120000 
111000 
120000 

220000 
220000 
220000 
2 11000 
220000 
220000 
220000 
2 11000 

120000 
120000 
120000 
111000 
220000 
220000 
220000 
2 11000 

220000 
220000 
220000 
2 11000 
220000 
220000 
220000 
211000 

«*, 

20 
20 
20 
20 

20 
20 
20 
20 
1 0 
1 0 
1 0 
1 0 

20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 
20 
1 0 
1 0 
1 0 
1 0 

1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 

5,2_r2 

20 
20 
20 
20 

1 0 
1 0 
1 0 
1 0 
20 
20 
20 
20 

20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 
20 
1 0 
1 0 
1 0 
1 0 

20 
20 
20 
20 
20 
20 
20 
20 

" This group of configurations leads to both 3* and 3Il states. Thus these configurations should be combined with the 3n configurations, 
leading to 2512 spin eigenfunctions. However, the 1 3II and 3 3II states are well described by excitations from the configurations listed under 
3II while the 2 3II state is well described by excitations from the configurations listed under 3$. Hence we calculated these states separately, 
leading to slight errors for the 2 3II and 3 3Il energies. 

functions for the 3S+ , 3II, 3A states of NiCO (at R = 1.84 A). 
Table VI gives the same information for a comparable CI on 
CO. The configurations are characterized according to the 
notation explained in footnote b of Table IV. In general the 
three states of NiCO show correlation effects very similar to 
those seen in CO, but the 3II and 3A states show some mixing 
in of s2d8 character from the higher s2d8 state. The energies 
for the GVB and CI wave functions of the three states as a 
function of NiC separation are given in Table VII. For each 
state a parabola was fit through the three points to obtain the 
DQ, R0, and we values given in Table VIII.20 

B. The s2d8 States. A procedure for generating configura
tions similar to that used for the s'd9 states was used. The 
generating configurations are given in Table IX. As a CI basis 
the GVB orbitals of the 3A state (s'd9) were used. In order to 
describe readjustment effects, the ir space was augmented as 
previously described for the s'd9 states and, in addition, 
functions were added which correspond to the more diffuse 
component of the 3d<5x>,, 3d5̂ 2_>,2, and 3dtr atomic orbitals. 
To describe the contraction of the 4s orbital appropriate to a 
(4s)2 state the 4s orbital from an SCF calculation on the 3$ 
state (<5x holes) was added as a virtual orbital. The resulting 
basis consisted of 24 functions. 

All singles from the generating configurations in Table IX 

were included in the CI (with the restriction that excitations 
into the 3d6 and 4s virtuals were allowed only for configura
tions of s2 character and only from the 4s, 3d<r, and C(2s)-like 
orbitals which would be expected to change in character for 
s2 states). This leads to 144, 236, 236, 236, and 212 spatial 
configurations (698, 1320, 1192, 1320, and 1208 spin eigen
functions; 1081, 2082, 1854, 2082, and 1910 determinants) 
for the 3 S + , 3#, 3II, 3 S", and 3A CI's, respectively. 

The CI energies have been presented in Table III. In Table 
X we show the dominant configurations and energy lowerings 
for each of the states. For the s' d9 states the energy contribu
tions for each important configuration are generally the same 
as for the smaller 20 basis function CI (used to derive the 
properties of the potential curves). A notable exception is for 
the 1 3A state where configuration 5 (which describes mixing 
in of s2d8 character) contributes 11.9 mhartrees for the larger 
CI, whereas it contributed only 2.5 mhartrees in the smaller 
CI. This effect is due to a better description of the 2 3A state 
which lowers this state by 1.21 eV relative to the 20 basis 
function CI; as a result there is greater interaction with the 1 
3A state, leading to an additional energy lowering of 0.153 eV. 
Adding this lowering (at 1.84 A) to the De obtained with the 
smaller CI at the optimum R(Re=L90 A) leads to 1.145 eV 
as our best estimate of De for the 3A state. 
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Table X. Energy Contributions of the Dominant Configurations (A£ > 10 mhartree) for each of the Roots of the 24 Basis Function CI' 

State No. 

1 3A 1 

2 
3 
4 
5 

2 3A 1 

2 
3 
4 
5 
6 
7 
8 
9 

3 S + 1 

2 

3 
4 
5 
6 
7 

13n i 
2 
3 
4 
5 
6 

3-1II 1 

2 
3 
4 
5 
6 
7 
8 
9 
10 

1 3 Z " 1 

2 
3 
4 
5 

2 3 S - 1 

2 
3 
4 
5 
6 
7 

3* 1 

2 
23n i 

2 

Character 

HF 
I(2xx, 2iry) 

C(2*,) 

C(2*>) 
M 
HF 
1(27Tx, 27Ty) 

R(4s) 

C(2TT,) 

C ( 2 T , ) 

R(ITf1,) 

R(Ix*) 
I(<T, 2lTy) 

I((T, 27TV) 

HF 
R(C(2s), 

3d<r) 

1(2Xx, 2ry) 
C(2rr,) 
C(2xx) 

K<r, l*y) 
l{o, 2xx) 
HF 
I(2xx, 27TJ,) 

C(2xx) 

C(2TT,) 

I(<7,2xx) 

K«r. 2ry) 
HF 
1(27Tx, 27Tj,.) 
R(4s) 

C ( 2 T T X ) 

C(2xr) 

R(ITT,) 

R(3dff) 

K«r. 2TT,) 
1((7,2X1.) 
R(2x.v) 

HF 
I(x,<5) 

R(3da) 

I(2xv, 27T̂ ) 
R(4s) 

HF 

Kx. 5) 
1(27Tx, 2xv) 

R(Ix,) 
R(IxJ 
R(4s) 
R(3d<r) 
HF 
HF 
HF 
HF 

0(2s) 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

C(2s) 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

3da 

2 
2 
2 
2 

2 

2 
2 
2 
2 
2 
2 

2 
2 
1 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
2 
2 

4s 

1 
1 
1 
1 
2 
2 
2 
1 
2 
2 
2 
2 
2 
2 

2 
2 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
2 
2 
2 
1 
2 
2 
2 
2 
2 

(T 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
1 
2 
2 

2 
2 
2 
1 
1 
2 
2 
2 
2 
1 
1 
2 
2 
2 
2 
2 
2 
2 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

(T* 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
0 
0 

0 
0 
0 
1 
1 
0 
0 
0 
0 
1 
1 
0 
0 
0 
0 
0 
0 
0 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Configuration 

3d<r' 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 

4s' 

0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 

* xx 

220000 
2 1 1 000 
202000 
220000 
2 2 0 0 0 0 
220000 
2 1 1 000 
220000 
220000 
202000 
220000 
12 1010 
220000 
211000 
220000 
220000 

211000 
220000 
202000 
220000 
211000 
120000 
111000 
102000 
120000 
1 1 1 000 
1 20000 
1 20000 
111000 
120000 
102000 
1 20000 
1 20000 
120000 
111000 
1 20000 
20 1000 
120000 
220000 
1 20000 
111000 
120000 
220000 
1 20000 
2 1 1 000 
220000 
120 100 
220000 
220000 
220000 
120000 
220000 
1 20000 

x>< 

220000 
2 11000 
220000 
202000 
2 2 0 0 0 0 
220000 
2 1 1 000 
220000 
202000 
220000 
12 1010 
220000 
211000 
22000 
220000 
220000 

2 11000 
202000 
220000 
2 11000 
220000 
220000 
2 11000 
220000 
202000 
220000 
2 1 1000 
220000 
2 11000 
220000 
220000 
202000 
120 100 
2 2 0 0 0 0 
220000 
2 11000 
220000 
120000 
220000 
120000 
111000 
120000 
220000 
120000 
2 1 1000 
120 100 
220000 
220000 
220000 
120000 
220000 
120000 
220000 

by 

1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
20 
20 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
1 0 
20 
20 
20 
1 0 
20 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
20 
1 0 
20 

6V2_V2 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
1 0 

20 
20 
20 
1 0 

20 
1 0 

1 0 

1 0 

1 0 

1 0 
20 
1 0 

20 
1 0 

Energy 

contribn 

mhar-
trees 

17.7 

13.9 

13.9 

11.9 

17.0 
13.4 

12.8 

12.8 

12.2 

12.2 

10.9 

10.9 

17.5 

16.9 
13.7 

13.7 

11.7 

11.7 

17.5 

14.8 

13.9 

12.0 

11.7 

16.8 

14.9 

13.4 

13.2 

11.8 
11.0 

11.0 

11.0 
10.2 

99.8 

15.1 

13.1 
12.7 

61.4 

15.4 

12.2 

12.2 
10.5 

10.2 
b 

' 

" The notation for describing the character of each configuration is the same as for Tables V and Vl. * The coefficients are equal in magnitude 
but opposite in phase. c The coefficients are of the same magnitude and phase. 

VII. Comparison of Results with the MEP and AIEP 

In Table XI we show the GVB bond energies for selected 
states of NiCO for which calculations using the AIEP are 
available. The results from the AIEP are expected to be quite 
close (within 0.2 eV) to what would be obtained from corre
sponding ab initio calculations. Here we see that at R = 1.84 
A the best state (2 3A) has (4s)2(3d)8 character and is 2.2 eV 
above the energy for ground state atoms. Thus we obtain the 

wrong character and no bond. The 3 S + state has (4s)'(3d)9 

character and one might argue that its energy should be 
compared with that of the corresponding atomic state (since 
the ab initio HF wave function discriminates against this state 
by 2.3 eV). However, even in this case the calculated bond 
energy is negative although only by 0.2 eV. 

The problem here is clearly related to the fact that the AIEP 
(in conjunction with the usual basis set) leads to an incorrect 
bias toward s2ds states for the Ni atom. Thus for molecular 
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Table XI. Bond Energies at #NIC = 1.84 A from GVB(3) Calculations on Selected States of NiCO Using the AIEP 

Corresponding Bond energy, eV 
Dominant configuration State rel to 

0(2s) C(2s) 3d<r 4s a a* TTX iry bxy bx2.yi using the M E P 3D 3 F 

2 2 1 2 2 0 2 2 0 2 2 0 1 2 2 3A +0.11 - 2 . 1 8 
2 2 1 1 2 0 220 220 2 2 3S+ -0.17 -2.47 
2 2 2 2 2 0 120 220 1 2 3* -1.21 -3.50 

systems there is a comparable bias toward s2d8 states which 
are unfavorable for bonding in NiCO. One might hope to 
correct this error by adding additional s, p, d, and f basis 
functions on the Ni and including the appropriate correlation 
effects; however, to carry out a comparable CI would involve 
an enormously increased number of configurations. At the 
present time such calculations of potential curves for numerous 
excited states are not practical and we conclude that use of the 
MEP, which does lead to reasonable results, is a better alter
native. 

VIII. Summary 
Since the 4s orbital has a significant overlap with the CO 

lone pair, the (4s)2 state of Ni leads to strong repulsive inter
action when the CO is pushed close enough to overlap the d 
orbitals of the Ni. As a result, the three bound states of NiCO 
all have s'd9 character on the Ni. We find similar results for 
bonding of CO to two and three Ni and expect these conclu
sions to apply also to CO bonded to the Ni surface. 

Of the three bound states a strong intraatomic coupling 
effect leads to stabilization of the 3A state (<5 hole) over the 3 S + 

(IT hole) and 3II (w hole) states. The 3A and 3 S + states exhibit 
greater •K back-bonding than 3TI and consequently lie lower. 
The resulting bond energies are 1.15 eV (3A), 0.91 eV (3S+), 
and 0.85 eV (3TI). The optimum NiC bond length (3A) is found 
to be 1.90 A which is slightly longer than that of Ni(CO)4,1.84 
A. The vibrational frequency is calculated at 428 cm-1. 

Ab initio HF calculations (using the usual basis set) on the 
states of Ni put the 3D(s;d9) state 2.3 eV above the 3F(s2d8) 
state, whereas experimentally these states are essentially de
generate. In order to obtain the correct atomic separations, 
additional basis functions and correlation effects must be in
cluded, a procedure which is not practical for molecules. Use 
of the ab initio effective potential (AIEP) should yield results 
in close agreement (errors <0.2 eV) with the ab initio results. 
However, because the bonding in NiCO involves the 3D(s'd9) 
state, which is very poorly described with the AIEP, use of the 
AIEP for NiCO leads to no bond whatsoever. In the calcula
tions reported here we have used a modified effective potential 
(MEP) which is adjusted so as to yield the correct separation 
of the atomic states while not modifying the sizes of the or
bitals. The results obtained for NiCO with the MEP are in 

agreement with the fragmentary experimental information 
available and provide evidence for the efficacy of this ap
proach. 
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