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The chemisorption of CO on the (100) surface of Ni has been studied using an Nit, cluster and
generalized valence bond (GVB) methods. CO is found to bond perpendicular to the Ni surface
with optimized Ni-C and C-O bond distances of 1.94 and 1.15 A, respectively. The cakulated
Ni-CO bond strength is 29.7 kcal (experimental values 30-32 kcal). Vibrational frequencies are
calculated to be 401 cm-’ for Ni-C stretch, 327 cm-” for NiCO bend, and 2129 cm-’ for CO
stretch. This decrease of the CO frequency by 71 cm - ’ from the free molecule value is consistent
with experiment based on self-consistent calculations of the positive ion states. We propose a new
explanation for the loss of one PES peak upon chemisorption.

1. Introduction

The adsorption of CO onto nickel surfaces has been the subject of numerous
studies over the past few decades. This is a key step in methanation,
3H,+CO-+CH,+HZ0,
and in Fischer-Tropsch synthesis. Although Auger data and CO flash desorption results show a lo-20% monolayer of carbide-like carbon on the active
catalyst following the reaction [ 11, the overall mechanism (detailed sequence of
reaction steps) is not understood.
In this paper we focus on the physical properties of adsorption of molecular
CO at the on-top site of the Ni( 100) surface.
The properties of the bare Ni,, cluster are described in section 2 and the
bonding of CO onto this cluster is discussed in section 3. Finally, the vibrational frequencies and ionization potentials are analyzed and compared with
experimental results.
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2. The Ni,, cluster

Previous studies of CO on Ni(lOO) suggest that the binding of CO is
one-coordinate (on-top) [2,3], two-coordinate (bridged) [4], or a mixture of
SITE

A

Fig. I. The Ni,, cluster (5 : 4 : 5). Oh symmetry. Site A is the bonding site.

both terminal and bridged sites [5,6]. Andersson 161interprets peaks in electron
energy loss spectra (EELS) at 239 and 256 meV for a dilute CO lattice gas on
Ni(lOO) to be due to bridging CO (two-coordinate) and on-top CO (one-0.2r
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coordinate),
respectively. However, at higher coverages only a single peak at
256 meV is observed, indicating that the on-top species is the only one present.
In order to model the bonding at the on-top site, we use the 1Catom cluster
shown in fig. 1. The atoms are at the corners and face centers of a cube, just as
in the cubic unit cell of the face centered cubic (fee) structure. The CO is
bonded to an atom at a face center (site A of fig. 1). This cluster contains all
eight metal atoms that are nearest neighbors to the bonding site plus additional
atoms such that there are three layers in all three directions. As in previous
calculations
of Ni clusters, all calculations
were fully self-consistent
wavefunctions using proper open-shell
formalisms
[7]. In calculating
an excitation
energy or ionization
potential, full SCF calculations
are done on both states
(we do not use Koopmans’ Theorem). The Ar core of Ni was replaced by an
effective potential [8] through a fit to an ab initio description of Ni atom and
subsequently
modified [9] to include a spherically averaged potential for the
3d9 configuration
of Ni. A double zeta (DZ) basis was used to describe the
remaining 4s orbital [lo].
In order to provide some feel for the electronic structure of Ni,,, we show
four sets of energy levels in fig. 2. Fig. 2a is for the case with maximum spin
(S = 7) for the 14 electrons in the conduction
band (useful in predicting the
configurations
for low-lying states of Ni,,). Based on this diagram, it is clear
that the la,, and t ,,, orbitals should be doubly-occupied.
With these orbitals
doubly-occupied,
the maximum spin is S = 3, leading to the optimum configuration in fig. 2b with singly-occupied
orbitals t,s, es, and 2a,,. All the
low-lying states of Ni,, involve distribution
of the electrons over these orbitals,
as indicated in table 1. These orbitals are shown in fig. 3.
The ground state of Ni,, is the singlet state, ‘A,,. The ionization potential
(approximate
work function) for this state is calculated to be 6.07 eV (Koopmans’ Theorem gives 6.15 eV), which is slightly larger than the work function
for nickel, 5.2 eV. The delocalized orbitals of the Ni,, cluster occupied by the
4s electrons have “conduction
band” character, and the orbital energy spectrum produced by the ‘Alg ground state of the cluster is shown in fig. 2d. These
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orbital energies define a bandwidth of 12.7 eV. The calculated electron affinity
is 1.81 eV. As discussed elsewhere [ 111, the electron affinity is much lower than
the bulk value.

3. CO chemisorbed on Ni,,
3.1. Geometries and energies
In describing the interaction of CO with an Ni surface, it is essential to
describe the charge distribution of CO properly. It is well known [12-141 that
even the exact uncorrelated wavefunction (Hartree-Fock) gives the wrong sign
for the dipole moment of CO, and hence we have used correlated wavefunctions, generalized valence bond (GVB). The problem with the Hartree-Fock
(HF) wavefunction is the lack of correlation in the a bonds. Including just this
correlation in the two F bonds [GVB(2/4)] leads to a dipole moment of
0.124 D, in excellent agreement with the experimental value p = 0.122 D [ 151.
Dependence of the dipole moment upon electron correlation and upon basis
set is shown in table2. There we see that GVB(2/4) with a DZ basis is the
simplest reliable approach, and we will use this description for the chemisorption studies. The orbitals of CO are shown in fig. 4b.
In the Ni,, cluster we find that the CO bonds to the one-coordinate site A
of fig. 1 with the following geometric parameters:
RNic = 1.943A,

R,,

= 1.14(jA,

LNiCO=

180’.

The CO 50 bonding orbital is shown in fig. 5 for L NiCO = 180” and 140*. In
fig. 6 we show the potential curve for bending the CO from the normal. As
expected, the molecule prefers to be perpendicular to the surface. The orbitals
are shown in fig. 4 where we see that it is the 5a orbital (the C 2s pair) that
dominates the bonding.

a)
b’
‘)
d,

From ref. [i 51.
From ref. [26].
From ref. [30].
78 spatial configurations

Experimental

potential

or 126 spin eigenfunctions.

112.68473
112.73691
112.76673
112.77585
112.75614
112.80468
112.83253
112.83961

-

DZ

HF
GVB(2/4)
GVB-RCI
GVB-Cl
HF
GVB(2/4)
GVB-RCI
GVB-CI

DZ
DZ
DZ
DZd
DZd
DZd
DZd

Energy (h)

(p) and ionization

Basis

of dipole moment

Wavefunction

Table 2
Dependence

13.57
13.05
12.39
12.47
13.50
13.06
12.54
12.59 d’
14.01 h’

+0.122a’

50

potential

and basis

Ionization

correlation

-0.530
+ 0.052
fO.080
+0.046
-0.352
+0.124
f0.151
+0.139

Debye (P)

on electron

16.91 h’

15.32
16.14
16.59
16.12
14.98
15.74
16.17
15.78

IT?

(eV)
30
39.70
39.87
40.25
39.97
38.32
38.50
38.99
38.94
38.90 c,
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Fig. 4. Orbitals for CO [from GVB(2/4) using DZ basis]. The first natural orbital is shown for
correlated pairs. The orbitals for Ni,,CO are plotted in the x=y plane (see fig. I).

The bond energy is calculated
D.(Ni,,.-CO)

to be

= 1.34 eV (30.9 kcal),
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for zero-point
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and temperature

dependence
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becomes *
= 1.29 eV (29.7 kcal).

The energy surface for calculations
on Ni,,CO is shown in table 3, and the
optimum parameters for Ni,,CO are shown in table 4.
In addition, we considered bonding of CO backwards; that is, with the 0
end toward the surface. As expected, the bond was much weaker, only 0.39 eV
(8.9 kcal) rather than 1.34 eV (30.9 kcal). The optimum Ni-0 bond length is
2.03 A. Clearly, the 0 2s pair does not make an effective bond to the surface.
In fig. 7 we show potential curves for both Ni,,CO and Ni,,OC.
From isosteric heat measurements
for CO on the Ni( 100) surface, Tracy [ 161
finds the heat of adsorption
to be 1.30 eV for (@co < 0.5) which decreases to
1.08 eV as the CO coverage is increased (ec, = 0.66). Using thermal desorption techniques (TPD mass-28 spectra), Bertolini and Tardy [5] find a bond
energy of 1.30 eV for CO adsorbed on both the Ni( 100) and Ni( 110) surfaces.
Our calculated bond energy of 1.29 eV agrees very well with these results.
In recent years there has been considerable
debate as to whether molecular
CO chemisorbed on Ni(OO1) surface stands perpendicular
to the nickel surface
or whether the CO molecular
axis is inclined
with respect to the surface
normal.
Andersson
and Pendry [ 171 examined CO chemisorbed
on Ni( 100) by the
LEED method and proposed that the CO molecule is tipped over at an angle
of 34 * 10“ with respect to the surface normal. They found best agreement for
a structure where the CO molecule sits directly above the Ni atom with a
vertical spacing between C and 0 layers of 0.95 * 0.10 A. They explained this
extremely short distance by pointing out that a displacement
of the oxygen
* Assuming

an ideal gas, AH, and S were calculated using vibrational
frequencies
section 3.2, and the calculated geometry. The symmetry number was 4.

as discussed

in
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CO on Ni,,.

atom by 0.65 A parallel to the surface, equivalent to tipping the molecule 34”
away from the vertical, would increase the C-O bond length to 1.15 A, which
is the same bond length as found in Ni(CO),.
On the other hand, ultraviolet photoemission spectroscopy (UPS) results of
Plummer and co-workers [ 181indicate CO stands with its axis perpendicular to
the (001) surface. Passler et al. [2], in an effort to resolve the inconsistency
between LEED studies of Andersson [ 171and the UPS studies of Plummer [ 1S]
obtained new LEED data that indicated CO stands perpendicular to the nickel
surface with
R co = 1.15A, RNiC = 1.72 A.
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Fig. 7. The potential c~~rve for chemisorption

of CO and OC on Ni,,.
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Table 3
Energy surface

for GVB(2/4)

calculations

on Ni,,CO

Geometry
R NiC

Energy

(*I

1.80

1.90

1.95
2.0

fb)

R Co (4

LNiCO

(deg)

1.128
1.128
1.128
1.128

180
180
180
I80

- 117.09901
- 117.10432
-117.10477
- 117.10416

I.13
I.16
1.19
I. 146 opt.
I.146
1.146
I.146
I.146
I.146
I.146
I.146

180
180
180

-117.10477
- 117.10508
-ll7.10173

I80

180
I80
180
180
180
180

-117.10501
- 117.10532
-117.10544
- 117.10538
- 117.09505
- 1 t7.06536
- 117.05662

I.146
1.146
1.146

180 opt.
160
140

- 117.10544
--117.10127
- I 17.08890

1.944opt.
1.94
1.94
1.94
1.90
1.92
I.94
1.96
2.20
3.0
5.0
1.943 opt.
1.94
I.94
1.94

Passler also found that the only geometry for NiCO producing acceptable
agreement with experimental data is the one-coordinate top-atom position.
Subsequently Andersson and Pendry [3], using LEED studies, reevaluated their
previous results in light of new experimental data and found their analysis was
indeed consistent with a vertical C-O bond with
R C-J =

1.10~0.1

A,

RNiC = 1.8OrtO.l A.

Perpendicular CO adsorption has been shown to occur in other systems.
ESDIAD studies confirm that CO is bonded with its axis perpendicular to the
Ru(OO1) and W(110) surfaces as well as for Ni( 111) where CO is both
singly-coordinated and multiply-coordinated [ 19-2 11. Also, Stiihr et al. have
Table 4
Optimum

parameters

RNiC = 1.94’ A
R co=l.146A
LNiCO=
180”

for Ni,,CO;

k is the harmonic

force constant

k=0.4258 h/A2 =1.8567X IO’ dyn cm-’
k=4.0634 h/A’& 1.7716X IO6 dyn cm-’
k=2.0817X

IO-’

h/deg2

=2.9805X

10vi2

dyn cm/rad2
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looked at Auger detection of X-ray edge features to show that CO on Ni(lOO)
is clearly perpendicular
to the surface [22].
Our calculations
show that the most stable geometry for CO is perpendicular to the nickel surface with
R Co = 1.15 A,
In comparison,
R Co = 1.15 A,

RNi, = 1.94A.
Ni(CO),

has experimental

geometries

of

RNic = 1.84A.

Since the Ni atoms has d’O character in Ni(CO), and d9 character on the
surface, we would expect longer NiC distances on the surface (for low coverage) and suggest RNic = 1.9 A as the minimum likely geometry. The LEED
experiments
yield somewhat shorter NiC distances (1.72 and 1.8 A) but this
may be due to systematic errors arising from the very nonspherical
nature of
the orbitals on C and 0 and from the assumptions
concerning
the spherical
variation in the electron-ion
core potential (I$).
3.2. Vibrational frequencies
The force constants for NiCO bend and the NiC and CO stretches
in table5. Assuming a valence force field for a linear xyz molecule
x = one Ni atom, these force constants give frequencies (a,):
49.7 meV (401 cm-‘)
264.0 meV (2129 cm-‘)
40.5 meV (327 cm-‘)

for Ni-CO

are listed
[23] with

stretch,

for CO stretch,
for NiCO bend.

Our calculated Ni-C stretch (49.7 meV) is somewhat lower than the experimental value of 59.5 meV for CO/Ni(lOO)
and slightly higher than the
experimental
value found for Ni(CO), (46.0 meV gas, 47.1 meV solution). The
calculated value for NiCO bend of 40.5 meV may help resolve the present
considerable
experimental
uncertainty
regarding this mode.
These results may be compared with those of Richardson and Bradshaw [24]
who used Wilson’s F and G matrix method to analyze the observed frequencies
of an Ni,CO cluster in terms of fundamental
force constants.
These results
suggest force constants corresponding
to vibrational
frequencies of 54.2 meV
for Ni-C stretch, 258.9 meV for C-O stretch, an NiCO bend of 50.9 meV, and
a frustrated translation
of 10.2 meV.
3.3. Dipole moments
Dipole moments have been calculated for the Ni,,CO cluster and for free
CO at the GVB(2/4) level with correlated r orbitals. For free CO we calculate
a dipole moment p = +0.052 D with the negative end of the dipole pointing

a)
h’
‘)
d,
‘)
”
s)

(wO) s)

371 h’
380 h)
480 a’

(335) cr

(41.5) C’

46.0
41. I
59.5

40; r)

cm-’

49.7 ”

meV

NiC stretch

47.1
47.1

(40.2) ‘)

40.5”

meV

Ni-C-O

bend

’

3x0 d’
380d’

(324) ”

327”

cm-

264.4
263.5
256.4

269.1

(264.0) ”

272.8
264.0 ”

meV

CO stretch

2143
2170” (w,)
2132 h’
2125 h)
2068 ”

(2129)”

2200
2129 ”

cm-’

From ref. [31].
From ref. [32].
From ref. (331.
This assignment is not conclusive; see ref. [34].
These values assume that the Ni cluster is rigid so that the mass of X in XC0 is taken as 14 Ni atoms.
Using a mass of one Ni atom in XCO.
The experimental
vibrational
frequencies correspond
to the lowest observed transition ( wtj) for the mode unless otherwise indicated, The theoretical
results are for wc, that is, the harmonic frequencies corresponding
to the force constant calculated for R,.

Ni t4C0
Experiment
Free CO
Ni(CO),
Gas
Solution
Ni(lO0)

Theory ( w,) g,
Free CO

Table 5
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towards the carbon atom. For CO adsorbed on Ni,, we calculate a dipole
moment p = 0.69 D, with the dipole directed such that the negative end points
into the cluster. Comparing
these results with those obtained
for free CO
would indicate that the 7~ system of CO is relatively unaffected by the nickel
cluster. The major changes seem to occur in the u system.
In recent work, Campuzano
et al. [25] have related a positive work function
change (A+ - 1.14 V) of a different surface [Ni( 11 l)] to the dipole moment of
adsorbed CO. They report a dipole moment of adsorbed CO to be +0.28 D
with the negative end pointing outward from the surface.
Values of + 1.1 eV and (+0.85 ? 0.05) eV have been reported for the
change in work function (A+) for CO chemisorbed
on Ni(lOO). As A+ is
positive, this implies the negative end of the dipole is pointing outward from
the surface.
This means our results are inconsistent
with the experimental
results, and
we may therefore conclude that small clusters do not properly describe the
work function changes arising from chemisorption
of CO.
3.4. Ionization potentials
The photoelectron
spectrum of gas phase CO shows three low-lying peaks at
14.01 eV (Sa), 16.91 eV (lm), and 19.72 eV (40), where MO assignments are in
parentheses
[26]. However, for CO adsorbed on Ni(100) there are only two
CO-derived peaks in the observed spectrum at 8.0 and 11 .O eV below the Fermi
level (i.e., - 13.2 and 16.2 absolute IP). The 11 eV peak is assigned to the 4a
orbital, and the broad peak at 8.0 eV is interpreted in terms of overlapping
5u
and 1s derived levels [27]. These assignments
imply that the 4u-1s
splitting
changes only slightly from 2.8 to 3.0 eV upon chemisorption
of CO, whereas
the 5u-4u splitting is reduced from 5.7 to 3.0 eV [ 18,28,29]. The broad 8.0 eV
peak has not been clearly resolved into In and 5u components;
however,
angle-resolved
photoemission
studies have been interpreted
in terms of a 5u
bonding level located (0.5 * 0.2 eV) higher in binding energy than the llr level
(that is, the la and 5u levels are reversed upon chemisorption).
As shown in
table6, our calculations
also lead to a reversal of In and 5u upon chemisorption. We find the 5u bonding level higher in binding energy than the In by 0.83
eV.
In fig. 8 are the energies of the ion states as a function of distance. Here we
see that the llr, 40, and 3u ion states are all strongly bound (0, = 2.55, 1.94,
and 3.65 eV, respectively; R, = 1.85, 1.92, and 1.80& respectively);
however,
the 5u ion state is uery weakly bound (0, = 0.16 eV and R, = 5.05 A). The
reason for this is that the Ni-C bond is due to the 5a orbital that interacts
directly with the Ni surface. The la, 4u, and 30 states all have a doublyoccupied 5u orbital and lead to strong, short bonds (the bond is stronger and
shorter than for the ground state due to the net charge on the CO). However,
the 5u ion state has only one electron in the bonding 5u orbital and conse-
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Table 6
Ionization potentials (eV) for free CO and Ni,,CO
basis and Ni-C distance of 1.94 A
Ion state ‘)

Free CO
GVB(2/4)
DZ

using GVB(2/4)

wavefunctions

with the DZ

Ni ,,CO
IP (eV)

IP (ev)
30
4a
In
sa

39.87
20.12
16.14
13.05

a) Calculated

37.74
19.51
14.95
15.78

ion state is solved self-consistently.

quently makes a very weak bond. For cases such as the la, 4a, and 30
ionizations,
the geometry of the ion state is similar to that of the ground state
and the Franck-Condon
envelope is narrow. However, since the 5a state is
dissociative,
the Franck-Condon
envelope is very broad. We suggest that
because of this effect the observed peaks in the PES are dominated by the la
and 4a transitions and that the 5a level is a very broad feature not discernible
at the current level of resolution.
This may explain why all cases in which
associatively chemisorbed CO has been observed on single crystal surfaces lead
to just the two peaks.
Other evidence that the 5u state may be unbound comes from ESD studies.

24.0

-

Distance 6)
Fig. 8. The ion potential
R=w.

curve (50, In, 40. 30) for chemisorption

of CO on Ni,,.

Tick marks

for
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For CO singly-coordinated
to Ni( 11 l), CO + and 0 + ions are seen as desorption products; however, for bridging CO on Ni( 11 l), only 0 + ions are seen
[21]. We suggest that this may also be the case for Ni(lOO). Therefore, for
singly-coordinated
CO, the CO+ ion yield should be most closely related to
the cross section for 5a ionizations,
and we predict this would be very broad.

4. Summary
Theoretical results for CO adsorbed at the one-coordinate
site of Ni,, and
the experimental
results for CO on Ni(lOO) are reasonably
consistent for the
geometry, bond energy, vibrational
frequencies and ionization potentials. This
provides additional
support for the assumption
that CO bonds to the onecoordinate
site on Ni(100). In addition, these results suggest that theoretical
studies using metal clusters to model bulk numbers can yield reliable results.
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