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Ab initio RHF-MO calculations are made for the linear NiCO and CuCO clusters. The ground 
states of them involve Ni 3d 94s 1 and Cu 3d 1 04s 1 electron configurations, respectively. The 
orbital energies of the CO like levels in both clusters are closely similar to each other. The CO 
5<r-like level shifts toward the CO 17r-like level due to the bonding interaction of the 5 a with 
the metal 4s and 3dz2. The results are discussed in relation to the difference of the 3d-level 
positions and the similarity of 4s levels of Ni and Cu. For NiCO both the 4s and 3d orbitals 
contribute to the metal-CO binding while for CuCO only the 4 s orbital contributes to it. The 
present results are in agreement with the UPS experiments on adsorption. 

1. Introduction 
Extensive experimental studies have been done 

on carbon monoxide (CO) adsorption on Ni- and 
Cu-metal surfaces [1]. Recent experiments [2—3] 
revealed close similarities to the corresponding 
transition metal carbonyl compounds. A recent 
interesting finding of ab initio molecular orbital 
calculations is that a single Ni atom has a 3d94s1 

electron configuration in complexes such as NiH, 
NiCO, NiC2H2, etc. [4-7]. The ground state, 3F, 
of a free Ni atom arises from the 3d84s2 electron 
configuration. The excited state 3D arising from 
the 3d94s1 configuration is only 0.025 eV higher 
than 3F (d8 s2). The Hartree-Fock calculation of 
Clementi and Roetti [8] showed that the 3 d orbital 
energy of Ni3D (d9sx) (—12.4 eV) is much higher 
than that of Ni3F (d8s2) (—19.2eV) and is also 
higher than that of Cu2S (d^s1) ( - 13.4 eV). The 
4 s orbital energies for the Ni3D (d9s1) and Cu2S 
(d10s1) states have a very similar value of ca. 
— 6.4 eV. The UPS experiments on Ni and Cu 
metals [9] showed that the Ni 3d band lies ca. 
2 eV higher than the Cu 3d band. The 4s4p con-
duction bands of these metals are considered to be 
closely similar. Recently extended Hückel (EH) 
calculations of CO adsorption on small Ni and Cu 
clusters with use of parameters consistent with the 
UPS experiments were reported [10]. 

The purpose of the present paper is to apply an 
an initio MO theory to linear NiCO and CuCO 
clusters to examine qualitatively by the bonding 
properties of the adsorption systems and the metal 
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carbonyl compounds in order to understand the 
recent experiments [11 — 12]. 

2. Method and Model 
Ab initio RHF-MO calculations have been 

carried out using the program system GVBONE [13]. 
Gaussian basis sets contracted to a minimal basis 
set for the C and O atoms are used [14]. Effective 
potentials to replace the Ar cores of Ni and Cu are 
employed [15—16]. Then, only the 3d, 4s and 4p 
valence orbitals for the metal atoms are taken into 
account. The 3d functions are taken from Ref. [17] 
and are incremented with one s function of exponent 
0.20, one p function of exponent 0.25 and one d 
function of exponent 0.20 as suggested by Veil-
lard et al. [18]. Then, a minimal basis set is used 
except for the metal 3d functions, which are split. 

The CO bond distance is taken as 1.15 A, which 
is the experimental CO bond distance in Ni(CO)4. 
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Fig. 1. Interactions between the CO orbitals and the metal 
orbitals. Atomic orbitals shown in (b) — (g) are arranged as 
in (a), (b) and (c) are bonding and antibonding between 
CO 5 o and M 4 s, respectively, (d) and (e) are bonding and 
antibonding between CO 5 a and M3dz 2 , respectively, 
(f) is bonding between CO IJI and Md?r. (g) is bonding 
between CO 2TZ* and M d.-r The 2s orbitals of the C and 0 
atoms in the CO 5 a orbital are omitted for simplicity. 
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The metal M—C distance is taken as 1.84 Ä, as in 
Ni(C0)4. The molecular axis is taken as the 
2-direction as shown in Figure 1 a. 

3. Results and Discussion 

At first the orbital energies are reported. The 
calculations showed that the ground state of NiCO 
is 3 Z with a single d hole at a dz2 orbital arising 
from the Ni d9s1 electron configuration while that 
of CuCO is 227 arising from Cu d10s1. Walch and 
Goddard [5] and Bagus [6], using much larger basis 
sets than ours, concluded that the ground state of 
NiCO is 3A, which differs from our result. Since 
the purpose of the present paper is not to predict 
the molecular properties of NiCO accurately but 
to explain the difference of the molecular properties 
of NiCO and CuCO qualitatively, it was deemed 
sufficient to use the present basis set. 

In the ground states of the MCO clusters the 
CO-like orbitals retain very much of their molecular 
character. Calculated orbital energies of the CO-like 
orbitals of a free CO, NiCO and CuCO are shown 
in Table 1. From this table it is seen that the 
CO-like levels shift from their free CO ones due to 
the interaction of CO with the metal atom. The 
orbital energies of each level for both NiCO and 
CuCO are closely similar. It should be noted that 
large bonding and antibonding interactions between 
two orbitals occur when the energy difference is 
small and the overlap of the two orbitals is large. 
The magnitudes of the 5 a like level shifts, which 
are 2.5 eV for Ni and 3.1 eV for Cu, are much larger 
than those of the other level shifts because the 
shift of the 5 a like bevel arises from the bonding in-
ter action of the CO 5 a mainly with the expanded 
metal 4 s and slightly with the localized 3dz2 as 
shown in Fig. 1 b and d, respectively. In the 5 a like 
level of CuCO there exists also a considerable 
amount of bonding interaction between CO 5 a and 

Table 1. Calculated orbital energies, in eV, of free CO and 
CO like orbitals in NiCO and CuCO. 

Orbital free CO NiCO CuCO 

1 a - 563.79 - 564.26 - 564.32 
2a - 312.94 - 312.58 - 312.40 
3 a - 42.41 - 42.57 - 42.59 
4a - 21.74 - 22.23 - 22.29 
1 71 - 18.14 — 18.54 - 18.53 
5a - 15.12 - 17.64 - 18.20 

Cu 3dz2 because the Cu 3d level lies nearer to 
CO 5c in energy than Ni 3d does, although 3d is 
localized. As a result of this, the magnitude of the 
5 a level shift for CuCO is larger by ca. 0.6 eV than 
for NiCO. The 4s- and 3dz2-like levels are anti-
bonding with respect to the C atom and the metal 
atom as shown in Fig. 1 c and e, respectively. 

The CO 1 n like orbital arises from the bonding 
interaction between the CO In and the metal 
dit orbitals as shown in Figure If. The 1 n level 
shift is much smaller than the 5 a shift because of 
the localized character of the 3d orbital and the 
large energy separation between the In and 3d 
levels. On the other hand, the metal dn like orbitals 
arise from the weak bonding interaction of the 
An orbital with the antibonding CO n* orbital as 
shown in Figure 1 g. 

The magnitudes of the CO 5 a level shifts towards 
to the CO In level, which are larger than those 
given by the previous EH calculation, are in 
agreement with the UPS experiments [19—27]. 
Recently Shirley et al. [28] have shown, using 
angle-resolved photoemission spectroscopy, that 
on the Pt surface the order of the CO 5 a- and 1 yr-like 
levels is reversed compared to free CO, i.e. the 
5a like level is deeper in energy than the In like 
level. This may be understood to arise from a 
stronger bonding interaction of the 5 a whit the Pt 
6 s and 5d orbitals because they are more expan-
ded than the Ni 4s and 3d, respectively, and be-
cause the Pt 5d level is nearer the CO 5 a in energy 
than the Ni 3d level [29]. 

Now the chemical binding between CO and the 
metal atoms shall be discussed. The calculated 
binding energies are — 0.95 eV for NiCO and 
— 1.64 eV for CuCO. The experimental CO adsorp-
tion energies are 1.3 eV on Ni and 0.7 eV on Cu 
[30]. The present calculation cannot explain the 
stability of NiCO and CuCO molecules which is 
observed experimentally [11 — 12] because this 
calculation does not take into account electron 
correlation effects [5]. However, the difference, 
0.69 eV, of the calculated binding energies is in 
good agreement with the difference 0.6 eV of the 
experimental adsorption energies. The binding 
energy is defined as the difference between the 
erbital energy-sum of the combined MCO system 
and the sum of the separated systems, M and CO, 
with Coulomb and exchange energy corrections. 
As stated above, the energy levels of MCO are 
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composed of the bonding and antibonding inter-
actions between the CO orbitals and the metal 
orbitals. When an electron occupies a bonding 
level, it contributes to a stable chemical binding. 
However, when it occupies an antibonding level, it 
destabilizes the MCO system and decreases the 
strength of the chemical binding because of a 
cancellation of bonding and antibonding contribu-
tions. For both NiCO and CuCO, the 5a like 
orbital is bonding between the 5 a orbital and the 
metal 4s and 3dz2 orbitals. The metal 4 s- and 
3dz2-like orbitals are antibonding with respect to 
the metal atom and the C atom. CuCO contains 
one more electron in the 3dz2 like orbital than 
NiCO does. This means that the 3dz2 contribution 
to the chemical binding in CuCO is completely 
cancelled and only the 4s contribution remains. 
In NiCO, however, both the 4s and 3dz2 contribu-
tions exist. The metal d n contribution via the 
interaction of the djt with the CO n is less im-

Table 2. Calculated elec-
C O tron population of CO in 

free CO and MCO. 
Free 5.67 8.33 
NiCO 5.81 8.29 
CuCO 5.81 8.29 

portant because of the localized character of the 
dn orbital. 

[1] R. R. Ford, Adv. Catalysis 21, 51 (1970). 
[2] G. Ertl, Angew. Chem. Int. Ed. Engl, la, 391 (1976). 
[3] G. A. Ozin, Acc. Chem. Research 10, 21 (1977); Catal. 

Rev. Sei. Eng. 16, 191 (1977). 
[4] M. P. Guse, R. J. Blint, and A. B. Kunz, Int. J. Quant. 

Chem. 11, 725 (1977). 
[5] S. P. Walch and W. A. Goddard III., J. Amer. Chem. 

Soc. 98, 7908 (1976). 
[6] K. Hermann and P. S. Bagus, Phys. Rev. B 16, 4195 

(1977). 
[7] T. H. Upton and W. A. Goddard III., J. Amer. Chem. 

Soc. 100, 321 (1978). 
[8] E. Clementi and C. Roetti, At. Data Nucl. Data Ta-

bles 14, 177 (1974). 
[9] K. Y . Yu, C. R. Helms, W. E. Spicer, and P. W. Chye, 

Phys. Rev. B 15, 1629 (1977). 
[10] H. Itoh, Japan. J. Appl. Phys. 16, 2125 (1977). 
[11] R. L. DeKock, Inorg. Chem. 10, 1205 (1971). 
[12] H. Huber, E. P. Kundig. M. Moskovits, and G. A. Ozin, 

J. Amer. Chem. Soc. 97, 2097 (1975). 
[13] The GVBONE SCF program was written by W. J. 

Hunt and modified by G. T. Surratt, The POLYIN 
integral program was written by H. Bäsch and C. F. 
Melins. 

[14] B. Roos and P. Siegbahn, Theor. Chim. Acta 17, 209 
(1970). 

[15] C. F. Melius, B. D. Olafson, and W. A. Goddard III. , 
Chem. Phys. Lett. 28, 457 (1974). 

The electron populations of the C and 0 atoms 
of free CO and MCO are shown in Table 2. The fact 
that the populations for both NiCO and CuCO, 
which are the same, are almost neutral is consistent 
with the observed work function changes in the 
CO adsorption experiments [30]. 

4. Conclusion 
The ground states of linear NiCO and CuCO 

involve Ni 3d94s1 and Cu 3d104s1 electron con-
figurations, respectively, which are closely similar 
to the electron configurations of the corresponding 
bulk metals. Although the 4 s like orbital energies 
are closely similar to each other, the Ni 3d like 
levels are higher in energy than the Cu 3d like 
ones. These are also similar to the electronic 
structure of the bulk metals. As a result of this, 
it is expected that the properties of CO adsorption 
on these metals are closely similar to those of the 
corresponding carbonyl compounds as shown by 
the experiments. 

A cknowledgement 
This work was done with supports from the 

National Science Foundation Grant DMR-76-01058 
and by the U.S. Air Force Office of Scientific 
Research Grant No. AFOSR-76-2989. 

[16] S. Topiol, J. W. Moskowitz, C. F. Melius, M. D. Newton, 
and J. Jafri, unpublished work (1976). 

[17] B. Roos, A. Veillard, and G. Vinot, Theor. Chim. Acta 
20, 1 (1971). 

[18] A. Dedieu, M. M. Rohmer, and A. Veillard, J. Amer. 
Chem. Soc. 98, 5789 (1976). 

[19] D. E. Eastman and J. E. Demuth, Japan. J. Appl. 
Phys. Suppl. 2, Pt. 2, 827 (1974). 

[20] K. Y . Yu, W. E. Spicer, I. Lindau, P. Pianetta, and 
S. F. Lin, Surface Sei. 57, 157 (1976). 

[21] P. R. Norton and R. L. Tapping, Chem. Phys. Lett. 
38, 207 (1976). 

[22] C. R. Brundle, J. Electron Spectroscopy 7, 484 (1975). 
[23] H. Conrad, G. Ertl, J. Küppers, and E. E. Latta, Solid 

State Comm. 17, 613 (1975). 
[24] C. L. Allyn, T. Gustafsson, and E W. Plummer, Chem. 

Phys. Lett. 47, 127 (1977); Solid State Comm. 24, 531 
(1977). 

[25] S. A. Isa, R. W. Joyner, and M. W. Roberts, J. C. S. 
Faraday Transactions I 74, 546 (1978). 

[26] J. E. Demuth and D. E. Eastman, Solid State Comm. 
18, 1497 (1976). 

[27] P. R. Norton, R. L. Tapping, and J. W. Goodale, Sur-
face Sei. 72, 33 (1978). 

[28] D. A, Shirley, J. Stöhr, P. S. Wehner, R. S. Williams, 
and G. Apai, Physica Scripta 16, 398 (1977). 

[29] F. Herman and S. Skillman, Atomic Structure Cal-
culations, Prentice-Hall, London 1963. 

[30] J. C. Tracy, J. Chem. Phys. 56, 2736, 2748 (1972). 


