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Abstract

Vibrationally resolved photoelectron spectra of mass-selected negatively charged Ni, (n=1-3),Pd; (n=2,3)and Pt, (n=1-
4) clusters are compared with the corresponding spectra of these clusters ligated with m CO molecules (m = 1-8). The spectra of
the Pt,(CO),, species reveal part of the valence orbitals, which actually form the chemisorption bond. The data are in good
agreement with the Blyholder model for CO chemisorption (o-donation—w-backdonation scheme) and indicate that saturation
corresponds to the formation of a closed electronic shell of the neutral. The strength of the w-backdonation is found to be larger
for small particles compared with the corresponding single crystal surfaces, which may be related to the catalytic properties of
small particles. The spectra of the unsaturated Ni,(CO),, show fundamental differences compared with the ones of Pt,(CO),,
clusters owing to the high degree of localization of the Ni 3d orbitals. The spectra of the Pd,(CO),, species show a rather

irregular behaviour.
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1. Introduction

In the past two decades the study of the bond of a
CO molecule to a metal surface has attracted con-
siderable attention [1-5]. The wealth of experi-
mental information, especially the studies of the
electronic structure using photoelectron spectro-
scopy [3-9] as well as frequency shifts observed
in vibrational spectroscopy [10-16], have been
interpreted using different theoretical approaches
[17-36]. The standard model for the electronic
interactions between CO and a surface has been
formulated by Blyholder [2]. As early as 1960—
1970 the electronic structure of metal carbonyls
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has been analysed using similar techniques (photo-
electron spectroscopy [37-39], vibrational spec-
troscopy [40—49]) inspiring the development of
theoretical models [S0—64] of the chemical bond
in such a compound. For both areas of research the
understanding of the basic interaction of a single
CO with an isolated metal atom is of fundamental
interest and there is a considerable amount of
theoretical effort [65-74] focused on the most
simple molecular configurations of the type M—
CO with M = Nj, Pd, Pt. To our knowledge, from
these studies no fundamental difference between
the CO bonding to a surface and to a small metal
particle has been unambiguously identified.
However, since small particles have special cat-
alytic properties, such differences should exist.
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Metal clusters ligated with CO are expected to
bridge the gap between the surface and the car-
bonyl [75,76]. With increasing size the properties
of the bare clusters change from a molecular to
bulk behaviour. In cluster experiments the cover-
age of CO on the cluster can be varied continu-
ously from the bare cluster up to the saturated
species, the metal carbonyl [77-81]. So far,
experimental studies of these species focused
on the determination of the reaction rates and
the maximum uptake of CO on a certain cluster,
i.e., the saturation limits. The saturation limits are
explained using Lauhers valence electron count-
ing rules [62-64,81]. These rules base on the
concept that the saturated carbonyl achieves a
closed shell electronic structure for a certain
‘‘magic’’ number of valence electrons (e.g. 18
for Ni;(CO),). Each CO donates 2 electrons to
the cluster and the Ni atom has 10 valence elec-
trons. According to this approach, the number of
ligands depends on the number of valence elec-
trons of the metal atoms and, as a small correc-
tion, on the geometry of the metal core. The
geometry of the metal core determines the
number of antibonding metal orbitals not avail-
able for electrons. Thus, in cases of small metal
cores and stable carbonyls their experimentally
determined structures can be rationalized by the
counting rule model.

One inconsistency of this model arises from
the fact, that the observed saturation limits
depend on the transition metal, even if the metals
have the same number of valence electrons (e.g.
Ni and Pt [81]). The approach of the electron
counting rules also does not include a significant
contribution from steric hindrance between the
CO molecules, which governs the saturation on
a metal surface. For N,, which is isoelectronic to
CO, a model based on geometric effects only has
been used for the explanation of the saturation
limits on Ni clusters [82]. It is assumed, that
one N, binds to one Ni atom at the surface of
the cluster on an ‘‘on-top’” site. The number of
adsorbed molecules equals the number of surface
metal atoms and thus also contains information

about the geometric structure of the metal cluster.
In a recent experiment, large differences between
the uptake of N, for Ni,, Pd, and Pt, clusters
clearly demonstrate the danger of these oversim-
plified chemisorption models [83].

The Blyholder model [1,2,76] gives a more
detailed picture of the interaction of the orbitals
of CO and the metal surface atoms forming the
chemisorption bond. This approach involves
highly localized interactions between the CO
molecule and the metal atoms only and, there-
fore, does not give an explanation for the satura-
tion of carbonyls (electronic saturation according
to the counting rules) or on surfaces (geometric
saturation caused by the repulsive interactions
between neighbouring COs).

We here examine the electronic structure of
ligated transition metal cluster anions M,(CO),,
(M = Ni, Pd and Pt) using vibrationally resolved
photoelectron spectroscopy of negatively charged
particles [84—89]. The photoelectron spectra con-
tain information about both the electronic and the
geometric structure of the bare and ligated clusters
and give some further insight into the interactions
responsible for the reactivities and saturation lim-
its determined in cluster chemical reaction rate
measurements. The vibrational data can be
directly compared with the corresponding data
of neutral carbonyls [40—49] and surfaces [10—
16], because in photoelectron spectroscopy the
final state is examined, which is the neutral one
in case of negatively charged species. Since in
the clusters an additional electron is present our
results can also be compared with inverse photo-
emission data [6—9]. We address the following
questions in our experiment:

1. What kind of interactions form the chemisorp-
tion bond?

2. What is the cause for saturation and what
determines the limits?

3. What are the differences between CO chemi-
sorption to a metal surface and a metal cluster?

We are able to explain most of the differences
and similarities of the Ni,(CO),, Pd,(CO),, and
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Pt,(CO),, clusters using the Blyholder model
developed for CO chemisorption on surfaces
[1,2,76]. In our experiment we study the orbitals
close to the HOMO (highest occupied molecular
orbital) revealing the chemisorption induced
changes of the valence orbitals. The data support
the prediction (see, e.g. [53,57,76]) of a destabi-
lization of the metal s orbitals corresponding to a
change in the configuration from d’s in the bare
cluster to d'° in the saturated species. The spectra
of the unsaturated Pt,(CO),, clusters show a pat-
tern typical for open-shell species, while the ones
of the saturated species indicate the formation of
a closed electronic shell, which is therefore inter-
preted to be the reason for saturation. The photo-
electron spectra of Ni,(CO),, reveal significant
differences of the electronic structure compared
with the Pt,(CO),, species which can only be
explained introducing correlation effects. The
correlation effects are related to the ferromag-
netic properties of Ni clusters [53,76]. We find
a CO stretch vibration frequency for a single CO
bound to a Ni, and a Ni; cluster, which is lower
than any such frequency measured for a Ni sur-
face. This might indicate an enhanced w-back-
donation interaction in small clusters with
respect to the corresponding surface.

It is well known, that in contrast to Ni and Pt
there are no ‘‘stable’” Pd carbonyls [49]. In the
literature we could find no straightforward expla-
nation for this property of Pd. On the other hand,
the bonding of CO to Pd surfaces does not differ
much from the one to Ni and Pt surfaces [34].
Our photoelectron spectra of the Pd,(CO),, clus-
ter anions reveal large differences to the ones of
Ni and Pt species, which might be related to the
preference of a d'” configuration of the Pd atoms
in small clusters [27].

In Section 2 we briefly review the huge amount
of experimental and theoretical results in areas
related to our experiment. In Section 3 we
describe the experiment and in Section 4 we dis-
cuss the results. The conclusion in Section 5 puts
our findings in perspective with the previous
results described in Section 2.

2. Review

2.1. Experimental data of CO adsorbed on Ni, Pd
and Pt surfaces

2.1.1. Photoelectron spectroscopy

With UV photoelectron spectroscopy the
valence band structure of metal surfaces covered
with CO can be analysed [3-5]. However, the
energy region close to the Fermi energy is domi-
nated by emission from the metal d bands.
Because of the high density of states and the
congestion of bands an analysis of the changes
induced by adsorption is difficult. At higher bind-
ing energies emission from the 40, 17 and So
orbitals of CO is observed. While in gaseous
CO the 17 and 5o levels are well separated by
about 3 eV, in CO adsorbed on many transition
metals the So orbital is stabilized by the chemi-
sorption (Blyholder model [1,2]) and almost
degenerate with the 17 orbital (at about 7-9 eV
below the Fermi energy E). This indicates, that
the 5o orbital strongly interacts with the metal,
while the other two occupied levels of CO (40,
17) play only a minor rule in the formation of the
bond. The unoccupied CO 27 orbital, which is
also strongly involved into the chemisorption,
has been studied by inverse photoemission [6—9].

2.1.2. Vibrational spectroscopy

In most cases the CO molecule is vertically
adsorbed with the carbon atom oriented towards
the surface [1]. The molecule can absorb on dif-
ferent sites on a single crystal surface [2,10]. The
most common ones are an ‘‘on-top’’ site with the
CO molecule bound to a single metal atom, a
‘“‘bridge”’ site in between two neighbouring
metal atoms in a row and a ‘‘hollow’’ site in
between three neighbouring metal atoms forming
a triangle on the surface. In a free CO molecule
the stretch vibration has an energy of 2143 cm™
[90]. This energy decreases owing to adsorption
depending on the site [10—16]. In most transition
metals the on-top site frequency is about
2050 cm™', the bridge site frequency is about



84 G. Gantefor et al./International Journal of Mass Spectrometry and lon Processes 159 (1996) 81-109

Table 1
Vibration frequencies of CO adsorbed on surfaces

On top Bridge* Hollow* Ref.
Ni 111 2045 (0.57) 1900 (0.33) 1817 ( < 0.1) [10}
Ni 100 2069 (0.5) 1932 (0.3) [14]
Ni 111 2049 1830 1818 [42]
Pd 100 2096 1895 [10]
Pd 111 2095 (0.75) 1948 (0.5) 1813 (0) [10]
Pd 210 1878 [10]
Pd 111 2092 1865 1820 [42]
Pt 111 2065 ( < 0.1) 1870 (0.5) [10]
Pt 111 2104 (0.5) 1855 (0.5) [12]
Pt 111 2100 (0.17) 1850 (0.24) [13]
Pt 111 2068 ( < 0.1) 1840 (0.5) 1810 (0.4)° [16]
Pt 111 2084 1850 1820° [42]

The energies of the stretch vibrational mode of CO molecules adsorbed at different sites on Ni, Pd and Pt surfaces. The frequency depends on

the coverage and the coverage is given in some cases in parenthesis. The energy of the stretch vibration mode of free CO molecules is 2143 cm

[90]. All values are given in wavenumbers (cm™).

“In terms of the assignmeat of an adsorption geometry (bridge or hollow) we list the assignments given by the respective references. We are
well aware of the fact that some of these assignments have been contradicted by other recent experiments [92].
® The low frequency assigned to a hollow site on Pt(111) has not been reproduced in a more recent experiment [91].

1900 cm™ and the hollow site one about
1800 cm™" with a variation of about * 50 cm™
depending on the metal [42]. Table 1 shows some
representative data of Ni, Pd and Pt surfaces. The
assignment of certain observed frequencies to
certain binding sites is not always unambiguous.
For example, the low frequency (Table I:
1810 cm ™) assigned to a hollow site on Pt(111)
has not been reproduced in a more recent
measurement [91].

The vibrational frequency depends on the cov-
erage and is lowest at low coverage. The increase
with increasing CO coverage is explained by a
smaller ‘‘backdonation’’ [45] and the CO-CO
dipole interaction [15]. Therefore, for a compar-
ison with cluster calculations and carbonyls the
frequencies in the limit of zero coverage should
be used (if available).

From vibrational spectroscopy [10-16] in
comparison with other techniques the site prefer-
ences can be determined. On a Pt(111) surface at
low coverage CO prefers the on-top site
[10,12,13,16,30,34]. At slightly higher coverage
also molecules bound in bridge sites are found.
On Ni(111) [10,14,34] and Pd(111) [10,28,34] at
low coverages CO prefers bridge or hollow sites.

However, the binding energies are roughly
similar for the three metals and for the different
sites and in the range between 1.3-1.6eV
[19,21,28,31,33,34].

Very recently, the adsorbate site of CO on Ni
has been determined independently using photo-
electron diffraction [92]. These results disagree
with the traditional correlation of the range of
vibrational frequencies with on-top, bridge and
hollow sites given above. Therefore, it seems to
be no longer valid to assign a CO adsorbate to a
certain site based on the frequency measurement
alone. Accordingly, we will refrain from a
detailed discussion of adsorption sites except in
cases, when the geometry of the carbonyl is
known. Than the measured vibrational frequen-
cies might be correlated with certain adsorption
sites.

2.1.3. Inverse photoemission

With inverse photoemission [6-9] the
unoccupied bands above the Fermi level are
detected. For a clean metal surface this are the
metal d and s/p bands and surface states. Owing
to CO adsorption several features assigned to CO
27 derived bands are found. For free CO the
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unoccupied 2 orbital is located 1.6 eV above the
vacuum level [7]. Adsorbed on surfaces the CO
27 orbitals form several bands, which hybridise
partly with occupied metal d and unoccupied
metal s/p bands [9]. According to the inverse
photoemission studies, the lowest 27 emission
on, e.g. Ni(110) is found to be only 1.5eV
above the Fermi level [9]. This surprisingly
high binding energy of the most stable 27 band
can be explained by two effects: (i) the hybridi-
zation with unoccupied metal d and p bands and
(ii) the weakening of the CO bond due to chemi-
sorption resulting in a stabilization of all anti-
bonding CO orbitals.

2.2. Theoretical models of CO chemisorption on
surfaces

2.2.1. Blyholder model

Chemisorption on surfaces has been modelled
using cluster models [17-32], slab calculations
[33-36], carbonyls [50-61] and, most simple, a
molecule consisting of a single metal atom and a
CO molecule [65-74]. A review of the various
approaches has been recently given by Hoffmann
[1]. However, it is important to keep in mind the
approximations involved in using a simplified
model. For example, even the use of molecular
orbitals is already a crude approximation,
because an independence of the electrons moving
in the single particle orbitals is assumed. Another
approximation is the assignment of molecular
orbitals to be, e.g. CO 27- or metal d-derived.
The molecular orbitals of the compound have
contributions from a multitude of occupied and
unoccupied states of the separated atoms and the
assignment to a dominant character could be
misleading.

In the Blyholder model [1,2,53,76] the chemi-
sorption bond is separated into the interaction of
the occupied 5o orbitals of CO with the metal o
valence orbitals (o-donation) and the one of the
unoccupied CO 27 orbitals with the metal d,
orbitals (w-backdonation). In contrast to the treat-
ment of carbonyl complexes (see below) the

interaction of a single CO molecule is considered
as a localized interaction between a single CO
molecule and its next metal atom neighbours
(e.g. only one in a on-top site). The metal o orbi-
tals are predominantly the s/p and d,. orbitals (the
z-axis is chosen parallel to the CO molecular
axis). Since the CO 5o orbital is located at a
relatively high BE, it is stabilized by this inter-
action explaining the shift of the So features in
the photoemission spectra (see above). The cor-
responding metal orbitals (s/p and d,2) are desta-
bilized and might be even shifted above Ef. This
interaction results in a delocalization of the CO
5o orbital towards the metal corresponding to a
charge donation. The other part of the interaction
consists of a destabilization of the CO 27 orbital
and the metal d, orbitals are shifted towards
higher binding energy. The metal d, orbitals
delocalize into the direction of the CO molecule
corresponding to a charge backdonation. This
delocalization corresponds to the mixing with
the CO 27 orbital. Since the d, hybrid orbitals
are occupied, there is a formal charge in the CO
27 orbital. The 27 orbital is antibonding with
respect to the C—O bond and, therefore, chemi-
sorption weakens the CO bond. This explains the
observed decrease of the vibrational frequency of
the CO stretch mode. In a bridge or hollow site
the overlap of the 7 orbitals is larger resulting in
a further decrease of the vibrational frequency
(Table 1). The shift of the CO 27 orbital towards
lower BE (higher energy above Ep) might be
overcompensated by the stabilization of this anti-
bonding orbital corresponding to the weakening
of the CO bond [1].

In detail, the CO chemisorption can be sepa-
rated into three interactions [17,57,66]: (i) CO
So—metal s/p, (ii) CO So—metal d,» and (iii) CO
2w—metal d,. Interactions (i) and (ii) correspond
to charge donation and (iii) to backdonation. The
resulting hybrid orbitals can still be characterized
by their predominant component and assume the
following ordering of the binding energies in
case of saturation: CO 5¢ > metal d, > metal
d,: > CO 27 > metal s/p. If the metal atoms have
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10 or more valence electrons, all metal d orbitals
are occupied. Accordingly, the CO 5o—metal d,.
interaction is non-bonding, because the bonding (
= CO 50) and antibonding ( = metal d,;) orbitals
are occupied [57,66]. For transition metals with a
smaller number of valence electrons (e.g. Fe = 8
electrons) the metal d,> orbitals are unoccupied
and the CO 50—metal d: interaction is bonding.

2.2.2. The bonding in Ni(CO), Pd(CO) and
PH(CO)

The smallest aggregates with a metal-CO
bond are molecules like NiCO, which can be
treated theoretically on a high level [65-74].
The 'Z* electronic ground state of NiCO [65-
67,70,74] corresponds to a bond between the
CO in its 'E* ground state to a Ni atom in the
'S excited state corresponding to a d'’ configura-
tion. Although this is an excited state of the Ni
atom, the total energy of the compound is lower
than for a NiCO system, where the Ni atom is in
the d’s configuration. This is due to the repulsive
interaction between the CO 5¢ orbital and the
occupied metal 4s orbital. These calculations
support the simplified model of chemisorption
(Figs 1 and 2, see later) and the separation of
CO chemisorption into three components (CO

Pt Pt (CO) CO

Fig. 1. Simplified scheme of the interactions responsible for the
formation of the chemisorption bond of CO to Pt according to the
Blyholder model (from Pacchioni et al. [53,76]). Only the interac-
tions of the CO 27 with the Pt5d and the CO 5S¢ with the Pt 6s
orbitals are considered.
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Fig. 2. Schematic picture of the valence orbitals of a bare (a), a
partially ligated (b) and a saturated (c) transition metal cluster. The
long bar indicates the s/p-derived orbitals, the short bar the d-
derived orbitals. The dotted line is the boarder between the occupied
and unoccupied orbitals. The CO derived orbitals (27 at low bind-
ing energy and 5o at higher binding energy) are not included. In the
ligated cluster the metal s/p and d (hybrid) orbitals have a certain
admixture from CO 5o and 27 orbitals, respectively, which is also
neglected for simplification.

So-metal s/p; CO So—metal d,;; CO 27—metal
d,). Bauschlicher et al. [66] found the w-back-
donation to be the largest contribution to the
bonding and dependent on the occupation num-
ber in the d,» orbital (2 for Cu; 1 for Ni; O for Fe)
the o-donation contributes up to 40% to the bind-
ing energy (FeCO).

According to similar calculations for NiCO~
[68] the additional electron occupies an orbital
with a predominant metal s/p character, which
is the one that is destabilized by the repulsive
interaction with the CO 5o orbitals. These calcu-
lations on the anion resulted in an assignment of
the features observed in the photoelectron spec-
trum of NiCO~ [87].

For PdCO [69-72] and PtCO [69,70,73] the
calculations give similar results concerning the
ground state (12*) and bonding mechanism as
for NiCO. There is some discussion on the rela-
tive strength of the chemisorption bond, whether
PdCO or NiCO have a higher binding energy.
The energy necessary to promote the metal
atom into the d' configuration ( = 1.7 eV for
Ni, O eV for Pd, = 0.7 eV for Pt [93]) is O eV
for Pd facilitating the formation of the chemi-
sorption bond. However, the high stability of
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the d"’ configuration of Pd results in a weaker inter-
action, because the closed shell configuration has a
lower polarizability. Both the ability to accept and
to donate charge are reduced [27,70].

2.2.3. Cluster models

The surface of a metal has been frequently
modelled by a cluster with an appropriate geo-
metry [17-32]. In contrast to calculations of car-
bonyls and real clusters the geometry of these
particles is one of a fragment of the bulk. It is
assumed, that the interaction of a single CO
molecule involves only the atoms close to the
adsorption site. The smaller the cluster the easier
the calculations. However, with increasing clus-
ter size the calculated properties like the binding
energy, the bond distance, the site preferences
and the vibrational frequencies exhibit a better
agreement with the experimental surface data
[22,24,32]. The results of the ‘‘surface’” clusters
cannot be directly compared with data of ‘‘real”’
clusters owing to the difference in geometry. We
searched this field to find hints for a systematic
difference between the chemisorption of CO to a
surface and a small particle caused by finite size
effects. However, any deviation between the
cluster calculations and the experimental surface
data might be due to finite size effects or due to
the approximations used in the calculations. In
the literature we could not find a systematic
deviation from surface data caused by the finite
size of the particle.

One important finite size effect has been found
in a comparison between Pd,(CO) with Pdg(CO)
with the CO adsorbed in a bridge site [27]. The
calculated binding energy increases from
0.79 eV for Pd,(CO) to 1.72 eV for Pdg(CO).
This increase is attributed to a change in the con-
figuration of the Pd atoms from almost purely d'°
in the dimer towards the bulk configuration d*’
[94]. Occupied metal s/p orbitals result in a
decrease of the CO binding energy due to the o
repulsion. On the other hand, the vacancy forma-
tion in the d states results in larger polarizability
of the metal d orbitals and an increase of

hybridization and thus increasing binding energy.
According to the calculation the latter effect is
stronger and the binding energy of a CO to a Pd,
cluster increases with n. This is in agreement
with the known instability of Pd carbonyls and,
on the other hand, with the similarity of the bind-
ing energies of CO bound to Ni, Pd and Pt sur-
faces.

The most important contribution from cluster
calculations is the qualitative analysis of the
bonding mechanism itself. The Blyholder
model has also been supported by slab calcula-
tions [1,33-36], which give a detailed analysis of
the interactions of the atomic orbitals involved.
In this type of calculation the interaction of a 2-
dimensional array of CO molecules and a corre-
sponding one of metal atoms (usually 4-5 mono-
layers) is studied.

2.3. Experimental data of carbonyls

In the present paper we consider carbonyls to
be unsupported metal carbonyl complexes in the
gas phase. The data can be compared with such
on complexes in solution, on condensed-phase
carbonyl compounds and on CO molecules che-
misorbed on a surface. In any such cases we will
notify whether we refer to condensed-phase,
liquid solution or surface data. Otherwise, the
term carbonyl is used for gas phase species.
On-top, bridged and hollow sites correspond to
terminal, edge-bridging and face-bridging bond-
ing sites, respectively, using the language of inor-
ganic chemistry.

2.3.1. Photoelectron spectroscopy

The photoelectron spectra of condensed-phase
carbonyls [38,39] are very similar to the ones of
gas phase carbonyls [37], which is characteristic
for stable closed shell molecules. The spectral
features can be assigned to emission from the
CO 40, 17 and 50 orbitals and at lower BEs
from the metal d-derived orbitals [37,38]. The
latter ones are different for gas phase carbonyls
and for CO adsorbed on metal surfaces. The
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spectra of the gas phase carbonyls exhibit only a
few narrow peaks, while the data of CO chemi-
sorbed on a surface show an emission signal cov-
ering a wider range. This reflects the narrow
bandwidth of the metal-derived valence orbitals
in a gas phase carbonyl with only a few metal
atoms compared with a metal surface with the
fully developed band structure. Owing to the lim-
ited energy resolution in these experiments it is
not possible to reveal the details of the electronic
structure, especially the chemisorption induced
change in the metal density of states. No vibra-
tional fine structure is resolved.

2.3.2. Vibrational spectroscopy

In Ni(CO), there are two frequencies assigned
to the C-O stretch mode [40,42,44], the sym-
metric (2134 cm™') and the antisymmetric mode
(2052 cm™). In photoelectron spectroscopy only
the symmetric stretch mode is observed [87]. The
frequencies are determined by different methods
like matrix spectroscopy of neutral species [41]
or IR spectroscopy of the carbonyl anions in solu-
tion [46—48]. Depending on the method there are
shifts of the frequency, which depend on the car-
bonyl and the mode. A few selected frequencies
are listed in Table 2. All values of the species
with a single metal atom are close to the stretch

Table 2
Vibration frequencies of carbonyls

frequencies of CO molecules bound on-top on a
surface (Table 1). As in the case of the surface,
the frequency depends on the number of COs in
the carbonyl. Timney [43] has proposed a simple
method for predicting the CO stretch vibration in
saturated mononuclear transition metal carbonyl
compounds containing CO and other ligands.
Each ligand causes a certain incremental increase
in the stretch vibration of a CO molecule bond to
the metal atom. The increase is strongest, if the
ligand is in trans position, i.e. on the other side of
the atom. If the interaction is considered as a
competition [45] for charge in the backdonation
bond, the strong influence of the trans-ligand can
easily be explained, because it is bound to the
same d orbital. An increase of the frequency
with an increasing number of ligands is also
observed for unsaturated carbonyls like the series
Ni(CO),-Ni(CO), (Table 2). However, for
Pd(CO),, and Pt(CO),, the stretch frequency is
almost independent of m [44].

For the saturated carbonyls it has been gener-
ally accepted, that the observed frequencies are
similar to the ones of CO bound in corresponding
sites on a surface. De la Cruz et al. [42] estimated
from a comparison of a multitude of different
carbonyl complexes the average CO stretch fre-

quency in a saturated complex to be 2070 cm™ in

Carbonyl Symmetric Antisymmetric Method Ref.

Saturated carbonyls
Ni(CO), 2134 2052 matrix [41]
Ni(CO), 2132 2057 gas phase [40]
Ni(CO). 2130 2043 matrix [40]
Pd(CO), 2122 2066 matrix [40]
PH{CO). 2119 2049 matrix [40]

Unsaturated carbonyls
Ni(CO); 2120 2016 matrix [41]
Ni(CO)» 2090 1967 matrix [41]
Ni(CO), 1996 matrix [41]
Pd(CO), 2050 matrix [71]
Pd(CO), 2040 matrix [71]
Pt(CO), 2052 matrix [74]

Experimentally determined frequencies of the CO stretch vibration for some selected carbonyls. All values are given in wavenumbers

(ecm™).
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an on-top site, 1870 cm™ in a bridge site and

1800 cm ™" in a hollow site. The values are similar
to the ones on the corresponding surfaces
(Table 1). On the other hand, the frequency of,
e.g. Ni(CO) is lower than the corresponding on-
top surface value. From a comparison of the
on-top site frequencies of CO adsorbed to Ni,
Pd and Pt surfaces with the values of the
M,(CO),; molecules Kiindig et al. [44] con-
cluded, that both o-donation and w-backdonation
must be larger in an (unsaturated) complex com-
pared with the surface.

Many of the stable complexes with more than
one metal atom are prepared as anions in solution
[46—48]. The vibrational frequencies are deter-
mined by IR spectroscopy. To compare these
spectra with gas phase or surface data, the fre-
quencies have to be corrected for charge and sol-
vent induced shifts. Calabrese et al. [46,47]
prepared a series of dianions (Pt3(CO)e); with
n=1-10. Pt3(CO); is planar with a triangular
Pt; core and 3 COs in on-top and 3 in bridge
sites. In a similar experiment a corresponding
Ni compound (Ni3(CO)6)§' has been detected
[48]. The on-top and bridge frequencies are simi-
lar for (Ni3(CO)e)3™ and (Pt3(CO)e)3 .

In the series (Pt3(CO)6),‘,2' the frequencies
decrease with increasing n owing to a larger delo-
calization of the negative charge. From this
dependence the limit for large n might give a
rough estimate of the frequencies of neutral
Pt3(CO)s: 2075 cm™ (on-top) and 1895 cm™
(bridge). These values agree roughly with the
corresponding surface data (Table 1: 2080 cm™
and 1850 cm™, respectively). However, the
bridge frequency in the carbonyl is higher than
even for high coverage data at surfaces. Indeed,
the coverage on Pty(CO), is twice the one of a
monolayer ( = 2 COs per Pt atom). Since the
frequencies increase with increasing CO cover-
age, this might explain the relatively high bridge
frequency in Pt3(CO)s. This demonstrates, that
unambiguous information about differences
between the bonding to a surface and to a metal
cluster can only be obtained if the frequencies of

Table 3
CO binding energies in carbonyls

Process Energy Ref.

Ni(CO); — Ni™ + CO
Ni(C0)3 — Ni(CO); + CO
Ni(C0); — Ni(CO)3 + CO
Pt(CO); — Pt:(CO); + CO
Pt,(CO); — Pty(CO); + CO

176 £ 025 [95]
204 +025  [95]
123+01  [95]
145+ 02  [96]
093 =015  [96]

Pt(CO); — Pt(CO); + CO 0.85 = 0.1 [96]
Pt(CO); — Pt3(CO); + CO 2.0 + 0.2 [96]
Pty(CO); — Pt3(CO); + CO 2.1 =05 (96]
Pt(C0O); — Pt; + CO 22+03 [96]

Some selected binding energies of carbonyls determined by col-
lision induced fragmentation. All values are given in eV.

the neutral M,(CO), species are compared with
surface data taken at lowest coverage.

2.3.3. Binding energies

There are not many experimental data on the
binding energies of a CO molecule bound to a
bare metal cluster or an unsaturated complex.
The most accurate values are determined using
collision induced fragmentation [95,96]. The
results of such experiments on Ni;(CO),, and
Pt3(CO),, are listed in Table 3. The most inter-
esting observation is the difference in binding
energy of the first three COs (m=1-3) bound
to a Pt3 cluster compared with the latter three
(m=4-6) up to saturation. The binding energy
of the first three COs is about twice the value
of the other ones. These COs are assigned to
bridge bound species, while the m=4-6 ones
are assigned to on-top sites. On a Pt surface
[28,31,34] the binding energies of these two
sites are about similar and approach the values
measured for on-top bound COs in Pt;(CO),,
(m=3-6).

2.4. Theoretical descriptions of the bonding in
carbonyls

2.4.1. Valence electron counting rules

The observation of many stable complexes
with a fixed number of valence electrons resulted
in the development of the valence electron
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counting rules [53,62-64,81]. For mononuclear
compounds as Ni(CO), (10 electrons per Ni atom
and 2 per CO molecule) and Cr(CO)g (6 electrons
per Cr atom) this number is 18 electrons. For
some trinuclear complexes it is 48 electrons as
in Fe;(CO);,. As origin of these counting rules it
is assumed, that the metal core has a certain num-
ber of available valence orbitals, which are
usually the valence d, p and s orbitals corre-
sponding to a total number of 9 orbitals. Depend-
ing on the geometry of the metal core these are
divided into bonding, non-bonding and antibond-
ing orbitals. The antibonding orbitals are unoc-
cupied. For example, according to Hiickel
calculations in a M5 cluster 3 of the 3 x 9 orbitals
are antibonding leaving 24 orbitals ( = 48 elec-
trons) [97]. The chemisorption process alters the
energetic ordering of the remaining orbitals. It is
assumed, that for each CO one of the 24 orbitals
interacts with the CO So orbital forming a bond-
ing—antibonding pair of orbitals. Basically, one
of the metal orbitals is destabilized and the CO So
orbital is stabilized. Accordingly, the number of
orbitals available for the valence electrons of the
metal (for Fe there are 8 electrons per atom cor-
responding to 12 occupied orbitals for Fe;)
decreases by one per ligand. The carbonyl is
stable, if the number of remaining bonding and
non-bonding metal orbitals ( = 24 minus one per
additional ligand in our example) is equal to half
the number of metal valence electrons (12 orbi-
tals for the 24 electrons of Fes). Therefore,
saturation takes place at 12 CO ligands for Fes.
The main conclusions for saturated carbonyls are
as follows.

1. The interaction of the ligands with the metal
core is delocalized and must be described by
molecular orbitals.

2. Chemisorption causes a separation of the clus-
ter orbitals into a bonding and antibonding
manifold of orbitals forming a closed shell
molecule.

3. The saturation limit depends on the geometry
of the metal core, because it determines how

many orbitals are strongly antibonding in the
bare metal cluster. Each CO ligand destabi-
lizes one additional metal d orbital.

In the literature we found no predictions of the
properties of unsaturated carbonyls, whether
there is just a smaller HOMO-LUMO gap or a
more fundamental change in the electronic struc-
ture. The counting rules do not distinguish
between different metals, except that in some
cases (e.g. Pt) some of the atomic p orbitals are
deemed ‘‘not available for interaction’” thus
effectively reducing the number of electrons for
saturation. This is offered as an explanation for
the stability of Pt:(CO)¢ with 44 electrons only.

2.4.2. Molecular orbital calculations

Pacchioni et al. [53,56,64,76] studied the che-
misorption of CO on Ni clusters and predict a
change of the configuration of the Ni atoms
from d° to d'” as a result of CO chemisorption
(Fig. 2). The metal 4s/p-derived orbitals are
destabilized by the repulsive interaction with
the diffuse CO 50 orbitals. In small clusters all
Ni atoms undergo the configuration change
resulting in a non-magnetic molecule. In larger
clusters the inner Ni atoms may remain in a d’s
configuration, because chemisorption influences
largely the surface metal atoms. The uppermost
density of occupied states in the neutral saturated
carbonyls is dominated by metal d states. The
LUMO of the saturated cluster has a predominant
CO 27 and metal p character. The electronic
structures of a carbonyl and a surface covered
with CO are basically similar with one major
difference: in the small bare clusters the bonding
is due to the metal s/p orbitals. The metal 3d
orbitals are highly localized and almost non-
interacting. Upon CO adsorption the metal—
metal bonding mechanism changes: the orbitals
with a predominant metal s/p character are
destabilized and shifted above the HOMO-
LUMO gap. The 3d-derived levels are fully
occupied (Figs 1 and 2), but more delocalized
owing to the interactions (CO 5o-metal d,» and
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CO 2w—metal d,) with the CO orbitals. These
more delocalized 3d-derived orbitals now contri-
bute significantly to the metal-metal bonding
[56].

A detailed calculation [60] on Pt3(CO)Z™ sup-
ports the picture given by Pacchioni et al. There
are 15 Pt 5d-derived orbitals covering the range
between 6.5 and 8.8 eV binding energy (BE)
(with respect to the vacuum level). The 18 CO
1mw/50 derived orbitals are located between 12
and 13.8eV (BE). The LUMO of the neutral
cluster is the lowest of the manifold of CO 27-
derived orbitals located at 5.4 eV BE correspond-
ing to a HOMO-LUMO gap of 1.2 eV. The next
unoccupied orbital is about 1eV higher in
energy. Most of the calculations [53,56,60,
64,76] agree that the LUMO of a carbonyl
cluster is an extraordinary stable CO 2x-derived
orbital.

2.5. Metal clusters ligated with CO

The reaction rates of neutral and ionic clusters
versus CO have been studied using a fast flow
reactor [78,80-83] or a selected ion drift tube
[77,79]. Two sets of data can be determined
using these techniques: the reactivity of the
bare metal cluster versus CO and the saturation
limits. In a pioneering experiment Fayet at al.
[77] determined the CO saturation limits of Ni;,
ions and interpreted the data using valence elec-
tron counting rules. A good agreement with the
predictions from Lauher has been found, if
appropriate geometries of the metal clusters are
assumed. Cox et al. [78] determined the reactiv-
ity of small neutral Ni, Pd and Pt clusters versus
CO. Pd is found to be more reactive than Ni and
Pt and there is only a smooth size dependence of
the reactivity of the Ni, Pd and Pt clusters.

Guo et al. [79] studied the CO uptake of Co,
cluster cations using a selected ion drift tube and
found a good agreement with the predictions of
Lauher, if certain geometries of the clusters are
assumed. Hintz et al. [81] studied the reaction of
Ni,, Pd, and Pt, cluster anions versus CO for

n > 2. They found a smooth dependence of the
reactivities on the cluster size and approximately
similar saturation limits for Ni,, Pd; and Pt, clus-
ters of the same size ( = 1 or 2 CO ligands). Ni,
clusters always show the highest uptake of CO,
while for Pt, clusters the saturation limits are
generally lower. Pd, clusters seem to be an inter-
mediate case. In detail, the size dependencies are
rather irregular except for the trimer anions
which all saturate at m=6. The differences in
the saturation limits are attributed to differences
in the assumed geometries of the clusters. The
lower limits found for Pt,(CO),, clusters are
explained by their presumably more compact
structures compared with the Ni,(CO),, clusters.
Similar studies [83] using N, (N, has the same
number of valence electrons as CO) resulted in
much lower saturation limits (e.g. Nij(N,)3,
Pd3(N,); and Pt3(N>)3).

Our photoelectron spectra of Ni,(CO),,
Pd,(CO),, and Pt,(CO),, clusters presented here
reveal fundamental differences in the electronic
structure of the non-saturated anions of the three
metals (see below). These differences might very
well be responsible for the observed differences
in the saturation limits, independent of the geo-
metry of the metal cores.

2.6. Photoelectron spectroscopy of anions

The application of any standard technique to
clusters encounters the problem of mass separa-
tion. Therefore, most of the recent experiments
deal with positive or negative ions. In the case of
photoelectron spectroscopy, the use of anions
[84—-89] has the following three advantages.

1. The ions can easily be mass separated.

2. The spectra contain information about the
final state, which is the neutral one in the
case of the anion. Especially the vibrational
modes of the neutral ground state can be
determined.

3. If the neutral cluster is a closed shell species,
the additional electron occupies the LUMO of
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the neutral. Therefore, from the spectrum it
can be deduced whether the neutral is a closed
shell species. Furthermore, the size of the
HOMO-LUMO gap can be determined.

Therefore, photoelectron spectroscopy of
anions (PESa) [84--89] has proven to be a power-
ful tool in the studies of bare clusters. So far,
there are only very few applications of PESa to
ligated metal clusters. The anions are generated
by attaching electrons to stable saturated mono-
nuclear carbonyls (Fe(CO); [88], Cr(CO)¢ [89],
Mo(CO)s [89], W(CO), [89] and Ni(CO), [87])
resulting in the generation of various negatively
charged fragments. (The saturation limit of a
negatively charged mononuclear carbonyl is
usually lower by one.) Nakajima et al. [88] gen-
erated negatively charged clusters of Fe(CO)s
units of the type ((Fe(CO)s),(Fe(CO,))". The
photoelectron spectra of these Van der Waals
bound species show no fine structure.

Stevens et al. [87] found the spectra of
Ni(CO),, with m=1-3 to be similar. The spec-
trum of Ni(CO); exhibits a single intense feature
at low BE (0.7-1.0 eV) with a vibrational fine
structure corresponding roughly to the C-O
stretch frequency of neutral Ni(CO); (Table 2).
According to the analysis of Ni(CO)j from Baus-
chlicher et al. [68] the additional electron occu-
pies an Ni4s/p-derived orbital and the single
feature at low BE is assigned to photodetachment
from this orbital. The vibrational fine structure
indicates a weak admixture of CO 27 character
of this orbital, because the CO bond length is
altered by the detachment process. The spectrum
of Ni(CO); exhibits a second feature at higher
BE (2.1 eV), which can be assigned to detach-
ment from a Ni 3d orbital.

We did not succeed in generating Ni(CO)7
using our method of exposing Nij to CO. How-
ever, we reproduced the spectrum of the saturated
Ni(CO)3 with some additional resolved fine
structure and will compare our analysis with the
ones given by Stevens et al. [87] and Bauschli-
cher et al. [68].

3. Experimental set up

The experimental set up (Fig. 3) is described in
detail elsewhere [85,86]. The cluster anions are
produced by a laser vaporization source, in which
metal vapour is generated by a high power laser
pulse hitting a rod consisting of the bulk metal. A
carrier gas (He) flushes the metal plasma through
an extender and a conical nozzle into vacuum.
The Helium is provided from a pulsed valve for
a duration of approximately 0.5 ms at a stagna-
tion pressure of about 20 bar. Within the first few
millimetres of the extender the clusters grow and
are thermalized to approximately room tempera-
ture. About 4 cm downstream CO is added to the
He. The CO valve is also an electromagnetically
pulsed one with an opening duration of 0.2—1 ms
and a CO stagnation pressure of about 2 bar.
Varying the opening duration of the CO valve
the amount of CO diluted in the He can be varied
over a wide range. This set up is basically similar
to the fast flow reactors used in various experi-
ments determining reaction rates [78,80-83].
However, since we are not interested in the quan-
titative determination of the reaction rates, we
have no means to measure the partial pressures
of He, CO and the amount of metal clusters in the
extender. The parameters are chosen to obtain the
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Fig. 3. Experimental set-up.



G. Gantefor et al {International Journal of Mass Spectrometry and lon Processes 159 (1996) 81-109 93

maximum amount of the species to be studied.
Recently, a similar set up was used by Hintz et al.
[81] to study the uptake of CO on Nij, Pd; and
Pt, clusters quantitatively. It turned out to be
necessary to use an extremely long extender to
achieve saturation with CO for the larger clusters
with n > 4. In our experiment, the maximum
length of the extender was 15 cm and no satura-
tion of the larger clusters could be achieved.
After passing the skimmer the negatively
charged clusters are accelerated in a pulsed elec-
tric field. Depending on their time-of-flight (ToF)
the clusters separate into a chain of bunches of
defined cluster size. The anion beam is directed
into the source region of a ‘‘magnetic bottle™
ToF electron spectrometer. A selected bunch is
irradiated by a laser pulse of a certain photon
energy and the detached electrons are guided
by magnetic fields through a drift region towards
an electron detector. The binding energy (BE) is
given by the difference between the photon
energy and the kinetic energy of the electrons
as determined by their ToF. The energy resolution
depends on the kinetic energy of the electrons and
the kinetic energy of the anions (Doppler
broadening) and varies between 10—50 meV in
the spectra presented here. The absolute calibra-
tion of the BE scale is uncertain by * 30 meV.

4. Results and discussion
4.1. Mass spectra

The time-of-flight mass spectrometer is
designed to obtain a maximum anion intensity.
This is necessary for the spectroscopy of rare
species (e.g. the unsaturated ligated metal clus-
ters) obtaining a high energy resolution. Unfortu-
nately, it corresponds to a low mass resolution
(m/Am = 30) and restricts our experiment to the
study of the relatively small clusters. In the fol-
lowing we discuss some selected mass spectra of
the bare and ligated clusters. The relative inten-
sities of the individual features depend strongly

on the parameters of the source (laser power, He
stagnation pressure, CO stagnation pressure, tim-
ing). Therefore, the spectra shown are examples
and some of the photoelectron spectra, especially
those of the very small clusters, are obtained
using different source conditions.

4.1.1. Nickel
Fig. 4 displays a comparison of mass spectra of
Ni, clusters produced by the laser vaporization

i 1 i

1
T R — | )

NG T T

z Nl:l()y_ ....... feeeeen peavann yereen yemunpennagenan , _( b)
e 4ANi O ! H =
=. \ n_ H . g I
< | L I3 | |5 11 i
g
2 .
B}
=
& =
S

_s_.*‘

A

T T T T
800 1000 1200 1400 1600

Time of Flight (arb.units)

Fig. 4. Comparison of mass spectra of Ni, clusters directly produced
by a laser vaporization source (a) and the reaction products after
introducing a small (b) and the maximum attainable amount of CO.
For an assignment of the peaks see text.
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source (a) and the reaction products after intro-
ducing a small (b) and the maximum attainable
amount (c) of CO. The positions of the peaks
assigned to the series of the bare Ni, and the
Ni,O7 clusters are indicated in Fig. 4(a). The
first intense peak is assigned to Ni3. The relative
intensities of the monomer and dimer are much
smaller and depend strongly on the source con-
ditions. The oxides appear with a relatively high
intensity even if the source has been run at very
clean conditions for a longer period of time. If
CO is introduced for a short moment into the
source, the intensity of the oxides increases imme-
diately and again decreases only slowly with time.
Probably, part of the CO diffuses into the vaporiza-
tion region and is dissociated in the laser plasma.
As a result, the metal rod surface is covered with
oxide and to a smaller amount with NiC. These
impurities make an analysis of the spectra of the
ligated clusters difficult. In addition, the mass of Ni
(58.7 amu) is approximately twice the mass of
CO (28 amu), which results in ambiguities assign-
ing the photoelectron spectra (e.g. Ni,(CO); =
229.4 amu and Ni3y(CO); = 232.1 amu) because
of the limited mass resolution.

The spectrum of the Ni,(CO),, generated with
a small amount of CO (Fig. 4(b)) shows a multi-
tude of partially overlapping peaks. The most
intense features at higher ToF are assigned to
Ni,O7 clusters, but Ni, O3, Ni,O3 and bare Ni,
can also be identified.

The spectrum of the Ni,(CO),, obtained at the
maximum CO pressure (Fig. 4(c)) shows three
narrow peaks (X, Y, Z) corresponding to a rela-
tively small mass and a series of broad peaks for
larger cluster sizes. We were not able to unam-
biguously assign the three intense peaks (X, Y,
Z). The best tentative assignments are NiC(CO)3,
NiC(CO); and NiC(CO);5. The broad peaks at
larger cluster sizes can be assigned to metal
cores with a certain number of adsorbed COs,
but there are certainly contributions from various
Ni,C,,O; clusters. The calculated times of flight
of Ni3;(CO)s and Niy(CO); are indicated in the
figure.

4.1.2. Palladium

Fig. 5 displays a comparison of mass spectra of
bare Pd, clusters (a) and the reaction products
after introducing a small (b) and the maximum
attainable amount (c) of CO. The mass spectrum
of the bare Pd,, clusters exhibits almost no con-
tributions from oxides or other impurities. At the
adjustment of the source chosen in Fig. 5(a) the
monomer and dimer are very weak and the first
intense feature is assigned to Pdj. If a small
amount of CO is introduced into the extender,
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Fig. 5. Comparison of mass spectra of Pd, clusters directly pro-
duced by a laser vaporization source (a) and the reaction products

after introducing a small (b) and the maximum attainable amount (c)
of CO. For an assignment of the peaks see text.
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additional peaks corresponding to Pd,(CO);
(indicated in Fig. 5(b)) and Pd,(CO); appear.
This spectrum is very similar to the one published
in Ref.78. At high CO pressure (Fig. 5(c)) broad
peaks are observed corresponding to Pd,, clusters
with a high number of adsorbed CO molecules
(e.g. peaks assigned to Pd,(CO);5 and Pd,(CO)s
are marked in Fig. 5(c)). For Pd, with n=23, 4
and 5 we observe a maximum uptake of m=35, 6,
8 and 9 CO molecules, respectively, in agreement
with the measurements of Hintz at al. [81]. For
the larger Pd clusters we were not able to achieve
saturation.

Similar to the case of Ni, there are two narrow
peaks at small cluster size (X, Y) in the mass
spectrum at high CO pressure, which we could
not unambiguously assign. Possible assignments
are PdC(CO); and PAC(CO)3, respectively.

4.1.3. Platinum

Fig. 6 compares ToF mass spectra of bare (a)
and ligated Pt, clusters (b, c¢). The most intense
features in the spectrum of the bare clusters are
assigned to Pt, for n=1 and 3-7. The relative
intensity of bare Pt; is smaller than the one of
Pt,0". All bare cluster mass peaks are accompa-
nied by weak features (shoulders at larger ToF)
corresponding to Pt,0,, and Pt,C,, compounds.
At low CO pressure (Fig. 6(b)) reaction products
with a varying number of adsorbed COs are
observed for all clusters. In the case of
Pt3(CQO),, m varies between m =0-6. In contrast,
at this particular CO pressure only one predomi-
nant reaction product (Pt4(CQO)s) is found for Pt;.
Non-dissociative chemisorption of CO is the
dominant reaction except for the atom and the
dimer. For both, Pt] and Pt; features assigned
to various compounds Pt,0,C; are identified.
In Fig. 6(c) the clusters have reacted with the
maximum amount of CO attainable in our experi-
ment. For Pt3(CO), now the saturated carbonyl
anion Pt3(CO)g is the most intense peak of the
Pt3(CO),, series. For all larger clusters the broad
mass distributions narrow down to maxima cor-
responding to the saturated metal clusters. For
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Fig. 6. Comparison of mass spectra of Pt; clusters directly produced
by a laser vaporization source (a) and the reaction products after

introducing a small (b) and the maximum attainable amount (c) of
CO. For an assignment of the peaks see text.

Pt, with n=3, 4 and 6 we find saturation limits
of m=6, 8 and 9 CO molecules in agreement with
the measurements of Hintz et al. [81]. The peaks
marked X and Y cannot be assigned unambigu-
ously. In Fig. 6(c) Pt] is the only bare metal
cluster observed and all other Pt, are totally
depleted by chemisorption reactions.

4.2. Photoelectron spectra

We start the discussion with the data on the
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electronic structure of the Pt,(CO), clusters,
which can be readily interpreted on the basis of
a simplified version of the Blyholder model (Fig.
1) [53,76]. The interaction of the CO 5¢ with the
metal d,> orbitals is neglected. There is a interac-
tion between the metal s/p and CO 5o orbitals.
Owing to chemisorption the metal s/p derived
orbitals are strongly destabilized and the config-
uration of the metal atoms changes with increas-
ing CO uptake from d°s to d'® (Fig. 2). The CO
27 orbitals interact with the metal d orbitals
resulting in a stabilization of the latter ones.
The metal atom assumes a closed shell configura-
tion. This approach is in agreement with our find-
ings of a transition from an open-shell to a
closed-shell owing to saturation with CO (see
below). Finally, a similar ordering of orbitals
has also been found in recent high level calcula-
tions on certain platinum and nickel carbonyls
[58,60].

For the interpretation of the Ni,(CO),, spectra
a correction has to be introduced owing to corre-
lation effects. Finally, we will show the results of
the Pd,(CO),, clusters, which seem to be an inter-
mediate case between Ni and Pt. In general, the
discussion is focused on two topics: First of all
the electronic structure in comparison with the
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Blyholder model and second the vibrational
information, which is related to the geometry,
in comparison with surface adsorption data.

4.2.1. The electronic structure of the ligated
metal clusters

In the present contribution we refrain from a
discussion of the spectra of the bare metal clus-
ters. A detailed analysis of the Ni,, Pd, and Pt,
data with n=1-15 will be given elsewhere [98].
The spectra of the dimers and trimers agree with
earlier measurements [93,99,100]. The vertical
detachment energies are listed in Table 4.

4.2.1.1. Platinum. For the clusters with more
than n=4 Pt atoms we were not able to
generate the saturated species, because the
reaction rates are too low in relation to the
parameters of our experiment (maximum
attainable CO partial pressure, maximum
exposure time in the extender). The spectra of
the unsaturated Pt,(CO), clusters with n > 4
do not show any pronounced structures. The
following discussion focuses on the Pt (CO),,
species with n=1-4.

4.2.1.1.1. Pt3(CO),, Pt (CO),. Figs 7 and 8
show series of photoelectron spectra of Pt3(CO),,

Table 4
Vertical detachment energies extracted from photoelectron spectra

Pt Ni Pd

1 2 3 4 1 2 3 2 3
0 2.1(0.1) 1.9 (0.1) 1.9 (0.1) 2.6 (0.1) 1.2(0.1) 1.0 (0.1) 1.4 (0.1) 1.7 (0.1) 1.5 (0.1)
1 1.9(0.3) 25(0.2) 24(0.2) 1.1 (0.1) 1.6 (0.1) 1.0 (0.1) 1.5(0.2)
2 2.5(0.5) 25(0.3) 1.4 (0.1) 1.7 (0.1)
3 1.3(0.1) 2.4(0.3) 2.6 (0.3) 1.1 (0.1) 1.8 (0.2) 1.5(0.2) 2.0(0.2)
4 2.4(0.2) 2.4(0.3) 2.6(0.3) 1.9 (0.1) 1.9 (0.3) 1.4 (0.1) 1.7 (0.2)
5 1.9 (0.1) 2.4 (0.3) 2.6 (0.3) 1.7 (0.3)
6 2.4 (0.1) 2.7(0.3) 2.4(0.1) 1.9 (0.2)
7 2.8(0.2)
8 2.9(0.2)

The vertical detachment energies (VDEs) extracted from the photoelectron spectra of bare (m = 0) and ligated metal clusters. The line
corresponds to the number of metal atoms (Pt: n = 1-4; Ni: n = 1-3, Pd: n = 1,2) and the row corresponds to the number of CO ligands (7 = 0—
8). All values are given in V. If the spectra exhibit a distinct peak at emission threshold the position of the maximum of this peak is taken as the
VDE. If the spectrum exhibits no maxima but an increasing emission signal above threshold the intersection of a straight line fitted to the
emission signal with the zero line is taken as the VDE. The error given in parenthesis is a result of the experimental error, the limited signal to

noise ratio and the uncertainty of the fit procedure.
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Fig. 7. Photoelectron spectra of Pt (CO),, for m = 0-6. The photon
energy is hv = 4.0 eV.

for m=0-6 and Pt)(CO); for m=0-8§,
respectively. The spectra of the bare metal
clusters exhibit various relatively sharp features
corresponding to photoemission from the metal
6s/p and 5d-derived orbitals, while the spectra of
the ligated, non-saturated clusters show a smooth
featureless emission signal. Only the spectra of
the saturated clusters (Pt3(CO)s, Pty (CO)g) are
different: at emission threshold pronounced
peaks (marked A) appear. In the case of
Pt;(CO)s a  vibrational fine  structure
corresponding to the stretch frequency of CO is
resolved (see below).

Without further analysis these two series of
spectra indicate that saturation is an electronic
and not a steric effect, because the electronic
structure of the saturated negatively charged spe-
cies changes dramatically. The appearance of
peak A can be explained in the framework of
the Blyholder model (Figs 1 and 2). As long as
the cluster is non-saturated there are unoccupied
d-derived molecular orbitals, which can accom-
modate the additional electron of the negatively
charged cluster. The smooth featureless emission
signal in Fig. 7 for m=1-5 and Fig. 8 form=1-7
is probably a superposition of photoemission
from the various S5d-derived orbitals with a
considerable broadening due to vibrational
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Fig. 8. Photoelectron spectra of Pt4(CO),, for m = 0—8. The photon
energy is Aiv =4.0eV.

excitation (the excitation of the vibration of the
CO molecule versus the metal core, see the dis-
cussion of the vibrational modes of Ni;(CO)3). In
the saturated cluster the additional electron must
occupy the LUMO (Fig. 2), which is either a
Pt 6s/p or a CO 2 derived orbital (Fig. 1). Photo-
emission from such orbitals has a larger cross
section at the low photon energies used in our
experiment compared with photoemission from
d-derived orbitals'. This explains the appearance
of the pronounced peaks in the spectra of the
saturated clusters, because in addition to the
emission from the metal 5d band there is emis-
sion from the CO 27 hybrid orbital, which is
unoccupied in the unsaturated clusters. We
assign features A to detachment from a CO 27«
hybrid orbital (and not the metal 6s/p), because
the C—O stretch vibration is excited owing to
photoemission from this orbital. If the electron

! At photon energies close to threshold the photoemission cross
section is larger for atomic s and p orbitals than for d and f ones.
This cross-section dependence [101] is quite often used in solid state
physics to assign emission features. In the case of d and f orbitals
this can be justified, because these orbitals are localized and not
basically different from the ones of a free atom. For the strongly
delocalized metal s (or o) and p (or =) orbitals such an analogy is
less valid. However, the CO 27 orbitais are relatively localized, too,
and the shape of a 7* orbital is basically similar to two non-inter-
acting C and O atomic p orbitals.
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would occupy a metal 6s/p-derived orbital, no
excitation of the C-O stretch vibration is
expected. For symmetry reasons only the CO
5S¢ orbital can hybridize with this metal orbital
and the CO S5¢ orbital is non-bonding with
respect to the C—O bond.

These qualitative assignments are in agree-
ment with the results of calculations [60] of the
energetic ordering of the single particle orbitals
of Pt3(CO)g". The 2 additional electrons occupy a
2w-derived a, orbital. In the neutral cluster the 15
uppermost occupied orbitals (30 electrons) are
the ones derived from the metal 5d orbitals.
There is a gap of 0.9 eV between the manifold
of metal 5d orbitals and the lowest CO 27 orbital.
From our photoemission data (Fig. 7) this gap
seems to be smaller ( < 0.5 eV). However, the
determination of the gap is hampered by several
problems. All features show a broadening due to
vibrational excitation, which is not resolved for
the metal d emission. Such broadening effects
make it difficult to determine gaps in photo-
electron spectra. In addition, the calculation
refers to Pt;(CO)¢ and not to the neutral
Pt3(CO) cluster (the gap measured in a photo-
electron spectrum of an anion corresponds to the
one of the neutral).

We conclude that the appearance of a pro-
nounced peak A at emission threshold in the
photoelectron  spectra of the saturated
Pt; 4(CO),, clusters can be explained by the for-
mation of a closed shell configuration of the satu-
rated neutral species as described in Fig. 2. As we
will show the observation of such a ‘27 peak’’ is
not unique to this species.

4.2.1.1.2. Pt,(CO),,. Fig. 9 shows a series of
spectra of Pty(CO),, with m=0,1,4,5 similar to
the data on Pt3 and Pt; (Figs 7 and 8). The
spectrum of bare Pt; is discussed in detail in
Ref.93. We were not able to record spectra of
Pt,(CO),, with m=2, 3 owing to the low
intensity of these species in the mass spectrum.
Analogous to the unsaturated spectra of the n =3,
4 series the spectrum of Pt,(CO)j exhibits a
relatively unstructured emission signal although
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Fig. 9. Photoelectron spectra of Pt»(CO), for m = 0, 1, 4, 5. The
photon energy is v = 4.0 €V.

the low signal to noise ratio makes this
conclusion rather uncertain. In the spectrum of
Pt,(CO); (Fig. 9(c)) there is a broad relative
intense feature at emission threshold, which
exhibits no resolved vibrational fine structure.
The spectrum of the saturated dimer (Fig. 9(d))
with 5 adsorbed CO molecules exhibits again the
characteristic 27 peak A with a vibrational fine
structure corresponding to the C-O stretch
vibration (A,B). Incidentally, the saturation of
Pt; with 5 COs is not explained by any of the
magic numbers of the ‘‘counting rules’’.
4.2.1.1.3. Pt,(CO),. Fig. 10 displays the
spectra of Pt,(CO),, with m=0, 3. We were not
able to record spectra of Pt,(CO),, with m=1, 2
owing to problems in generation of these species
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Fig. 10. Photoelectron spectra of Pt,(CO),, for m = (), 3. The photon
energy is hv = 4.0 eV.

with sufficient intensity. The spectrum of the bare
atom shows relatively sharp peaks corresponding
to transitions from the anion electronic ground
state into the neutral ground and excited states.
The width of these peaks corresponds to the
experimental resolution, which increases with
increasing binding energy ( = decreasing kinetic
energy) [86].

Pt;(CO); corresponds to the saturation limit of
the negatively charged mononuclear carbonyl.
For the neutral, the stable carbonyl is Pt;(CO),.
In general the saturation limits of negatively
charged clusters are either lower or equal to the
ones of the neutrals [81]. Pt,(CO)y is probably
unstable to dissociation into Pt{(CO)3 + CO simi-
lar to Ni;(CO); [87]. The photoelectron spectrum
of Pt,(CO)j3 exhibits the characteristic 27 peak A
with the vibrational fine structure corresponding
to the CO stretch frequency (A, B, C). Since the
neutral Pt;(CO); is an unsaturated cluster, this is
in contradiction to our interpretation of the data
of the larger Pt,(CO),, clusters, where the peak
appears in case the neutral is a closed shell satu-
rated carbonyl.

This discrepancy can be explained by correla-
tion effects. A 27 peak has also been observed

previously in the spectra of Ni,(CO)7, Ni;(CO);
and Ni(CO);3 [87] and appears in all spectra of
the Ni,(CO),, clusters shown below. Obviously,
our simple picture of the formation of a closed
shell causing the additional electron to occupy a
different orbital fails for Pt] and Ni, clusters.
These species have highly localized d orbitals
for which the single particle picture has deficien-
cies. In the Pt atom the 5d orbitals are localized
and in Ni clusters and even bulk Ni the 3d orbitals
are also localized giving rise to the ferromagnetic
properties. In larger Pt clusters and even Pt, the
5d orbitals start to delocalize and contribute to
the bonding in the cluster [93]. In a delocalized
orbital correlation effects are reduced, because
the electrons have a larger average distance. An
additional electron generally prefers a deloca-
lized orbital to minimize the Coulomb repulsion
by the other electrons. For example, if in a neutral
Ni,(CO),, cluster there is an unoccupied rela-
tively stable but highly localized 3d orbital, an
additional electron might prefer the delocalized
CO 27 derived orbital. Such correlation effects
are reflected in the energies of the different con-
figurations of the isolated Ni atom: although the
4s and 3d orbitals are energetically almost degen-
erate, the d'° configuration is higher in energy by
about 1.7 eV with respect to the d’s configuration
[93,99]. This energy is characteristic for the
strength of the Coloumb repulsion experienced
by the 10th electron in the 3d orbital.

Only in Pt,(CO), clusters with n>1 such
effects are so small, that a straightforward inter-
pretation using the single particle picture seems
possible. The reason for the smaller influence of
correlation effects in Pt clusters is the larger size
of the 5d orbitals resulting in larger overlap and
higher degree of delocalization of the 5d elec-
trons. Otherwise the concept of a shell closing
effect is irrelevant. Nevertheless, the mechanism
of saturation might be of similar origin for neu-
tral Pt,(CO),, and Ni,(CO),, clusters despite the
differences in electron correlation. While the
photoelectron spectra of bare Ni, and Pt clusters
exhibit large differences, the ones of the
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corresponding saturated carbonyls show large
similarities (see below).

In general, differences in the saturation limits
of neutral and charged species cannot be
explained using our simple model for saturation.
We know of no simple explanation on the level of
the Blyholder model for the instability of
Pt,(CO);. A more sophisticated approach invol-
ving the total energies seems necessary.

In terms of the electron counting rules the
additional electron counts as half a CO ligand
explaining the lowering of the saturation limit
in a straightforward manner. However, this
approach cannot explain the cases when the lim-
its are equal for the neutral and negatively
charged species (e.g. Pt;(CO)s).

4.2.1.2. Nickel

4.2.1.2.1. Ni3(CO),. Owing to the limited
mass resolution we are not able to assign a
spectrum unambiguously to a certain cluster for
the Ni data. Fig. 11 shows a series of spectra
tentatively assigned to Ni3(CO),, with m=0, 1,
3, 4 and 6. For the even m the assignment is
uncertain, e.g. the spectrum of Niz(CO)g could
also be assigned to Ni(CO)j, if the analysis is
based on the mass only. However, there is
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Fig. 11. Photoelectron spectra of Niy(CO),, form =0, 1, 3,4, 6. The
photon energy is hy = 4.0eV.

additional information to assign a spectrum: (i)
the vertical detachment energy (VDE, Table 4) in
a series assigned to a certain metal core is
expected to increase monotonically with
increasing m; (ii) the spectra of the saturated
clusters are recorded at high CO pressure and
(iii) if the feature at emission threshold exhibits
a vibrational fine structure corresponding to the
energy of the C—O stretch vibration, we consider
an assignment to other compounds as, e.g. Ni,0,,
or Ni,C,, to be unlikely.

In contrast to the Pt3(CO),, series (Fig. 7) all
spectra of the Ni3(CO),, clusters exhibit a 2w
peak A with a vibrational fine structure corre-
sponding to the excitation of the C-O stretch
vibration (A, B). While the spectra of Ni3(CO);3
and Ni3(CO); exhibit poor statistics and show a
less pronounced fine structure, the spectrum of
Ni3(CO); clearly shows the characteristic pro-
gression. As in the case of Pt;(CO); (see
above) we explain the appearance of this peak
in the spectra of the unsaturated Ni,(CO),, clus-
ters as an effect of the high degree of localization
of the valence d orbitals.

Despite the differences in the spectra of the
unsaturated Pt;(CO), and Niz(CO), clusters
caused by the correlation effects we consider
the chemisorption mechanism of the two metals
to be basically similar. Fig. 12 shows a compar-
ison of the photoelectron spectra of the bare Nij
and Pt; and saturated Nij(CO)g and Pt3(CO)s
clusters. There is a striking similarity of the spec-
tra of the latter ones, especially, if the differences
in the spectra of the bare clusters are taken into
consideration. For Pt3(CO)?™ and Ni(CO)¢™ such
a similarity of the electronic structure has been
predicted by theory [60].

4.2.1.2.2. Niy,(CO),. Fig. 13 displays a
comparison of photoelectron spectra of Nij,
Ni(CO); and Ni,(CO);. The assignment of the
spectrum of Ni,(CO)j; is uncertain and it might
alternatively be assigned to Niz(CO);. However,
the latter assignment seems unlikely, because the
spectrum shown is recorded at high CO pressure
and exhibits a rather strong 27 peak. Also, the
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Fig. 12. Comparison of the photoelectron spectra of bare Ni3 and Pt; with the saturated species Niy(CO)z and Pt3(CO)j; in the binding energy

range 1.5-3.5 eV. The photon energy is hv = 4.0 eV.
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Fig. 13. Photoelectron spectra of Ni(CQO),, for m = 0, 1, 4. The
photon energy is 4y = 4.0eV.

VDE (Table 4) of this species does not fit into the
Ni3(CO),, series, because its VDE is higher than
the one of Ni;(CO)3.

According to our assignment the saturation
limit is lower for Niz(m =4) than for Pty(m=5).
Hintz et al. [{81] have found small differences in
the saturation limits of Ni, Pd and Pt clusters. It is
interesting, that despite the different saturation
limits the photoelectron spectra of Niy(CO);
(Fig. 13(c)) and Pt,(CO);5 (Fig. 9(d)) are almost
identical.

Feature A in the spectrum of Niy(CO); is
assigned to photoemission from the 27 orbital
analogous to the other Ni,(CO),, spectra although
this feature has a low relative intensity. This
assignment is supported by the observation of a
second peak B with an energetic spacing corre-
sponding to approximately the C-O stretch
vibration (see below). The low relative intensity
of this feature might be caused by a cross section
effect beyond the simple general rule [101].
Another possible explanation is an electron sig-
nal from other, not completely resolved species
(e.g. Ni,C, Ni,O; see Fig. 4(b)). These might
contribute to the intense features at higher
binding energies.
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Fig. 14. Photoelectron spectra of Ni (CO),, for m = 0, 3. The photon
energy is hv = 4.0 eV.

4.2.1.2.3. Niy(CO);. The spectrum of
Ni (CO); (Fig. 14(b)) is remarkably similar to
the one of Pt;(CO); (Fig. 10(b)), although the
spectra of the bare atoms differ considerably.
Both exhibit a feature A at low BE (Ni,(CO);
~ 115eV; Pt;(CO); =~ 130eV) with a
pronounced  vibrational  fine  structure
corresponding to the C—O stretch vibration. At
high BE ( = 3.3-3.8¢V) there is a second
feature, which is split into two peaks D and E
for Ni;(CO)3. This similarity of the two spectra
indicates, that there is only a minor contribution
of photoemission from occupied metal s orbitals,
because for the two metal atom anions the
emission features of these orbitals (Ni4s and
Pt 6s) are located at totally different binding
energies (Nid4s:1.15eV  (Fig. 14(a)) and
Pt 6s:2.13 eV (Fig. 10(a))). The reason is the
relativistic contraction of the Pt 6s orbital. The
small difference of the VDEs (Table 4) for
Ni;(CO)3 and Pt (CO); indicates, that the metal
s orbitals are not occupied as predicted for
saturated clusters (Figs 1 and 2). This explains
also the general observation of similar spectra for
saturated Ni,(CO),, and Pt,(CO), clusters
(Pt3(CO)s = Niz(CO)s; Ptx(CO)s = Niy(CO)y).

In the spectrum of Ni,(CO); feature D (insert

in Fig. 14(b)) exhibits a vibrational fine structure
with a frequency of 380 = 30 cm™. This fre-
quency is similar to the one of the vibration of
a CO molecule versus a Ni surface (400 cm™
[14]) and is therefore assigned to the vibration
of the CO molecule versus the metal atom. The
peak is assigned to emission from an orbital,
which contributes to the chemisorption bond.
However, no vibrational fine structure corre-
sponding to the excitation of the C-O stretch
vibration is observed. Peak E is assigned to a
transition into a different electronic state because
of its large separation ( > 2500 cm™) from fea-
ture D. Both D and E exhibit the same vibrational
fine structure and are probably similar in their
configurations. In this range of binding energies
emission from metal d orbitals with an admixture
from CO 2= orbitals is expected (Fig. 1). How-
ever, if the orbital corresponding to feature D has
a contribution from CO 27 character, the excita-
tion of the C—O stretch vibration is expected.
This discrepancy is resolved if peak D is due to
photoemission from an orbital formed by the
interaction of the metal d and the CO So orbitals.
Emission from such an orbital should result in the
excitation of the low energy CO—metal vibration
but not of the C—O stretch vibration, because the
5o orbital is non-bonding with respect to the C-O
bond. This interaction has been neglected so far
for simplification (Fig. 1). The metal d orbital
interacts with the CO 5o orbital forming bonding
(50 + d,2) and antibonding (d,.—5¢) hybrid orbi-
tals [1,35,66]. The (50 + d,2) mixing corresponds
to a further shift of the CO 5S¢ orbitals to higher
binding energies in addition to the stabilization
caused by the CO So-metal s interaction. The
formation of an antibonding (d,:—50) hybrid
orbital has been predicted by theory but never
been observed directly. For Ni and Pt this orbital
should be occupied and located at the upper edge
of the metal d band (lowest BE of the metal d-
derived features in the PES) [1,66]. Peak D in the
spectrum of Ni;(CO)3 can be assigned to detach-
ment from the uppermost metal d orbital (see the
discussion of Pt3(CO)g) and we therefore assign
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this feature to emission from the (d,-—50) hybrid
orbital. In agreement with the calculation from
Bagus et al. [66] the orbital is occupied and thus
in total the 5¢/d,: interaction is non-bonding for
Ni.

The removal of an antibonding electron should
result in an increase of the vibration frequency of
the corresponding bond. However, in the final
state of the transition corresponding to peak D
there is one electron occupying an antibonding
27 hybrid orbital (so to speak the additional elec-
tron of the anion), which compensates for the
increase in bond strength. Therefore, the
observed frequency is probably similar to the
one of the neutral ground state. This explains
the similarity of the frequency to the one on a
Ni surface.

4.2.1.3. Palladium

4.2.1.3.1. Pd;(CO),. Fig. 15 displays the
photoelectron spectra of Pd;(CO),, clusters with
m=0-6. According to the measurements by
Hintz et al. [81] the saturation limit of Pd3 is
m=06 in agreement with our observations. The
spectrum of Pd;(CO)g shows no pronounced 27
peak comparable to the spectra of Niz(CO)g and
Pt3(CO)s, but the spectrum of Pd;(CO); exhibits
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Fig. 15. Photoelectron spectra of Pd;(CQ),, clusters with m = 0-6.
The photon energy is hv = 4.0 eV.
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Fig. 16. Photoelectron spectra of Pd»(CO),, clusters with m = 0-4.
The photon energy is Av = 4.0 eV.

such a peak A with the characteristic vibrational
fine structure. It is interesting, that the spectrum
of Pd;(CO); is very similar to the one of
Ni3(CO);.

4.2.1.3.2. Pd,CO),. Fig. 16 shows the
photoelectron spectra of Pd,(CO),, clusters with
m =(0-4. Again, there is a pronounced 27 peak in
the spectrum of Pdy(CO); (marked A). The
spectra of the clusters with 3 and 4 CO
molecules exhibit a broad peak at emission
threshold. According to the mass spectrum (Fig.
5(c)) Pd,(CO)s is the saturated cluster. However,
we did not succeed in recording a photoelectron
spectrum from this carbonyl.

There are no stable Pd carbonyls known corre-
sponding to, e.g., the Pt3(CO)g™ dianion [49]. A
possible explanation is the preference of a d"
configuration of the Pd atoms in the small clus-
ters. With increasing cluster size the average con-
figuration approaches the bulk value d*7s'? [94]
similar to Ni and Pt. A d'° configuration corre-
sponds to an electronic closed shell with a lower
polarizability, i.e., a lower ability to form a bond
with the ligand orbitals, which explains the lower
binding energy of the ligands. However, the
experimental determined saturation limits [81]
seem to be unaffected by the weaker bond.

For both series of spectra of Pd,(CO);, clusters
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(n=2,3) we observe a pronounced 27 peak for
m=2 similar to the spectra of the saturated Pt
carbonyls. For the other Pd carbonyls no such
feature could be identified unambiguously,
although the signal to noise ratio is rather low
in some cases (e.g. the spectrum of Pd;(CO)g).
This might indicate a special electronic structure
of the species with 2 CO ligands. However, we
know of no simple explanation for this effect.

4.2.2. Vibrational spectroscopy of the ligated
metal clusters

Many of the photoelectron spectra discussed
above exhibit a pronounced peak at emission
threshold with a vibrational frequency corre-
sponding roughly to the C—O stretch vibration.
This 27 peak has been assigned to emission from
an orbital having the character of the ligand 27
orbitals, which is the LUMO of the neutral clus-
ter. The transition corresponding to this feature is
the one into the neutral electronic ground state
and the vibrational fine structure (*‘cold bands’’)
of this feature corresponds to excitations of
modes of the neutral electronic ground state. In
Table 5 the vibrational frequencies of the CO
stretch vibration extracted from our photoelec-
tron data are listed. All values exhibit a consider-
able uncertainty, which is caused by the relatively
large peak width of the single vibrational transi-
tions. In addition, in some cases the peaks are
asymmetric indicating the superposition of an
unresolved fine structure due to the excitation
of low energy vibrational modes. Qur data can
be directly compared with IR and HREELS data
of surface adsorbed molecules and carbonyls
(Tables 1 and 2). In photoelectron spectroscopy
the symmetric mode is excited only.

The measured C-O stretch vibration fre-
quency of Ni (CO)3 (2090 + 80 cm™; Table 5)
agrees with the one of the earlier experiment
from Stevens et al. [87] (2100 + 80cm™).
These values can be directly compared with IR
data of the neutral species measured in an argon
matrix (Table 2: 2120 cm™). The frequency is
slightly larger than the one of CO adsorbed to a

Table 5

CO stretch frequencies extracted from photoelectron spectra
Ni,(CO)3 2090 + 80
NiACO)7 1800 * 80
Ni(CO); 2040 = 80
Niy(CO); 1750 = 80
Ni;(CO); 2090 + 100
Niz(CO); 2040 *+ 80
Pd,(CO); 2040 + 80
Pd;(CO); 1950 = 80
Pt,(CO); 2060 + 80
Pt,(CO)s 2120 + 80
Pt3(CO)s 2020 = 60
Pt(CO)s 2050 + 150

Vibrational frequencies of the C-O stretch mode of the nentral
electronic ground state as extracted from the photoelectron spectra.
All values are given in wavenumbers (cm ™).

Ni surface (Table 1: 2045-2069 cm™). The fre-
quencies found for the saturated Ni,(CO),, and
Pt,(CO),, species are all in between 2020-
2120 cm™' (Table 5) and therefore are similar to
the ones of CO molecules adsorbed on-top on a
metal surface (Table 1). This supports the general
idea that the similarity of the frequencies of car-
bonyls and CO molecules adsorbed on surfaces
indicates a corresponding similarity of the
strength of the chemisorption bond.

This similarity is also supported by the experi-
ment from Longoni et al. [47], who found a on-
top frequency of 2065 cm™ and a bridge fre-
quency of 1875 cm™ for (Pt;(CO)e)s~ carbonyl
cluster ions in solution. Pt3(CO)Z  is planar with a
triangular metal core and three COs bound on-top
to each metal atom and three COs bound in
bridge sites connecting two metal atoms. The
value of 2065 cm™ corresponds roughly to our
measurement of the CO stretch frequency of gas
phase neutral Pt;(CO), (Table 5). It is interesting,
that in our experiment only the on-top frequency
is observed. The 12 27 orbitals of the 6 CO
ligands form 12 molecular orbitals, of which
the one with the highest stability is occupied by
the additional electron of the anion. Our observa-
tion indicates, that only the 27 orbitals of on-top
bound COs contribute to this orbital.

Ni,(CO); and Niy(CO); exhibit extremely
lowCO stretch frequencies (Table 5). The
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frequencies are much lower than the ones of the
saturated clusters for two reasons: (i) the single
CO molecule is most likely bound in either a
bridge or a hollow site and (ii) the CO stretch
frequency decreases with decreasing number of
ligands (Table 2, [43]). Grushow et al. [96] found
an enhanced binding energy of the first three CO
molecules bound to a Pt cluster (Table 3). The
similarity of the three binding energies indicates
similar adsorption sites, which are probably the
three bridge sites of the triangular Pt; core. We
found a general similarity of the photoelectron
spectra of the saturated Ni,(CO),, and Pt,(CO),,
clusters, which is supported by the similar geo-
metric [48] and electronic [60] structures of
Ni;(CO)¢ and Pt3(CO)7.

The C-O stretch vibrations found for the Ni (-
CO); species are lower than any such frequencies
measured for CO adsorbed on a Ni surface [102].
This is in analogy to the measured binding energy
of CO to a Pt3 cluster, which is about twice the
value of the corresponding surface. The low C-0O
stretch frequencies indicate an increased 7-back-
donation to be responsible for the increased bind-
ing energy found for Pt3(CO);. The -
backdonation contribution to the chemisorption
bond is stronger for bridge bonded ligands than
for the ones bound in on-top sites, which explains
the normal binding energy of the on-top ligands
of Pt;(CO),,. The observation that the w-backdo-
nation is stronger for small clusters might be a
key to the understanding of the catalytic proper-
ties of small particles.

The energy resolution of the spectrometer
depends on the kinetic energy of the electrons.
If the photon energy is adjusted to be slightly
above the emission threshold, the electrons cor-
responding to the transition into the neutral elec-
tronic ground state are slow and vibrational fine
structure can be resolved in more detail. Fig. 17
displays such a high resolution spectrum of
Pt3(CO)s. Apart from the CO stretch vibration
(A, B) a second progression corresponding to
the excitation of a low energy vibration mode
(A, D, E; 425 = 30 cm™) is observed. This fre-
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Fig. 17. High resolution photoelectron spectrum of Pt3(CO),

recorded with a photon energy of Av = 3.0 eV. The peaks marked

A, B correspond to the ones in Fig. 7.

quency is similar to the one of the vibration of a
CO molecule versus a Pt surface [103] and can
therefore be assigned to the vibration of the CO
molecules versus the metal core of the carbonyl.
A similar mode has been found for the transition
into the first excited state of neutral Ni;(CO)3;
(see above). The observation of such a vibra-
tional mode indicates, that the chemisorption
bond length is altered owing to the emission pro-
cess. This is to be expected for photodetachment
from the antibonding 27 hybrid orbital corre-
sponding to the appearance of the 27 peak in
the spectra. Probably, a similar low energy
mode is superimposed on all the progressions
assigned to the C-O stretch vibration. This
explains the broad peaks of the individual vibra-
tional transitions and, in some cases, the asym-
metric shape responsible for the large error of the
values listed in Table 5.

5. Conclusions

Our observations can be summarized in the
following main points:

1. The appearance of the characteristic 2« peak
in the spectra of the saturated Pt,(CO),, spe-
cies indicates, that saturation is caused by the
formation of an electronic closed shell (Fig. 1).
As predicted by theory, the average configura-
tion of a Pt atom changes from d’s to d'°
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(Fig. 2). This agrees with the general idea of
the electron counting rules, but the large dif-
ferences in the electronic structure of the iso-
electronic  Ni,(CO),, Pd,(CO), and
Pt,(CO),, species mirrored in the photoelec-
tron spectra demonstrates the danger in the
use of this oversimplified picture. Conse-
quently, differences in the saturation limits
might be due to electronic effects and not, as
predicted by the counting rules, owing to dif-
ferences in the geometries of the metal cores.
Saturation in clusters is different from the for-
mation of a monolayer on a metal surface,
which is limited by steric effects.

The Blyholder model for chemisorption (Figs
1 and 2) explains several of our observations
like the appearance of the characteristic 27
peak and its vibrational fine structure and
the similarity of the spectra of the saturated
Ni,(CO),, and Pt,(CO),, clusters. This gen-
eral picture is supported by high level calcula-
tions of the electronic structure of Niz(CO)g
and Pt;(CO)¢ [60].

. The 27 peak in the spectrum of Ni(CO);

[87] has been assigned to emission from a
metal s derived orbital [68]. This seems to
be in disagreement with the general assign-
ment of the 27 peaks in our spectra to emis-
sion from a CO 2w-derived orbital. However,
according to Fig. 2 the destabilization of the
metal s—orbital increases with an increasing
amount of CO ligands. In Ni;(CO); this
orbital might be still more stable than the
CO 27 orbitals. In N1;(CO), the level order-
ing can be reversed with one of the CO 27-
derived orbitals being more stable than the
further destabilized metal s orbital. This pic-
ture is supported by the change in the Frank—
Condon profile of the 27 peaks. In Ni;(CO);
the intensity of the 1 « O vibrational transi-
tion of the 27 peak is weaker with respect to
the 0 «— O feature than in the spectra of
Ni;(CO); and Ni;(CO);. This indicates,
that the admixture of CO 27 character to the
corresponding orbital is smaller (but not zero)

for Ni,(CO);
Ni (CO)s.

then for Ni;(CO); and

. The observation of the antibonding (d,2—50)

hybrid orbital in the spectrum of Ni;(CO);3 is
new and based upon the observation of the
vibrational fine structure. The position of the
(d,-—50) hybrid orbital at the upper edge of
the occupied metal d band agrees with several
theoretical predictions. It also supports the
prediction from Bagus et al. [66], who found
a non-bonding contribution from the So/d,:
interaction for Ni, because the antibonding
orbital is occupied.

. The 2w peak found in many of our PES is

assigned to the emission from the most stable
CO 2x-derived orbital, which is the LUMO in
case of the saturated neutral clusters. The
HOMO-LUMO gap can be estimated from
the spectra and it is found to decrease strongly
with the increasing number of metal atoms
(estimates from Figs 7, and 10: Pt;(CO); =
2.5 eV; Pt3(CO)¢ <0.5 eV). On surfaces, the
position of the lower edge of the CO 27 band
is located about 1.5e¢V above the Fermi
energy [6—9]. For example, in the carbonyls
the lowest 2x-derived orbitals are more stable
than on a surface. This is synonymous with
the increased w-backdonation in clusters
and/or a stronger mixing with unoccupied
metal p orbitals induced by the lower symme-
try compared with a surface.

. The CO stretch vibration frequency found for

several saturated species agrees roughly with
the corresponding surface data. Previously
this has been taken as evidence for the
assumed similarity of the chemisorption
bond of CO to a metal surface and in a carbo-
nyl. However, for the stretch frequencies of
clusters with a single CO ligand we find an
extremely low frequency. This demonstrates
the importance of measurements of species
with a low coverage, since for both clusters
and surfaces the stretch frequencies depend on
the CO coverage. The low frequencies indi-
cate a stronger w-backdonation in agreement
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with a recent measurement of the binding

energy of a single CO molecule to a Pt clus-

ter [96]. A stronger w-backdonation might be
one key information to understand the cataly-
tic properties of small transition metal clus-

ters. Furthermore, if this observation is a

general difference between small particles

and surfaces, it might explain some of the
difficulties to describe surface data by cluster
calculations using a small number of metal
atoms only.

7.

In contrast to Pt the PES of the unsaturated
Ni,(CO),, clusters exhibit a 27 peak indicating
the occupation of a 2w-derived orbital by the
additional electron. The neutral species are
expected to have unoccupied metal d-derived
orbitals with a higher stability than the 2x-
derived orbitals. The preference of the additional
charge to occupy the more delocalized 27 orbital
is explained by the relatively high Coulomb
repulsion in the Ni 3d orbitals. If the additional
electron occupies one of the localized Ni 3d orbi-
tals this would correspond to a change in config-
uration from (d%)"2x to (d%)*"'d"" (the notation
(d®)" indicates the highly localized 3d° orbitals of
the n Ni atoms in the cluster), which costs in the
bare Ni atom an additional energy of about
1.7eV (d’s — d'). Such correlation effects
also show up in the spectra of the bare clusters,
which are related to the ferromagnetic properties
of small Ni, clusters [98].

8.

The spectra of the saturated and unsaturated Pd
species show no pronounced features except the
ones of the Pd,(CO); clusters. These exhibit a
27 peak like the spectra of the saturated Ni and Pt
clusters. This might indicate a partial saturation
and a possible higher stability of the species with
two ligands. It would be interesting to compare
the photoelectron spectra to measurements of the
ligand binding energies similar to the ones con-
ducted for Pt;(CO),, [96].

9.
In small Pd clusters the atoms have a config-

uration closer to d'” caused by the higher relative
stability of the Pd 4d orbitals compared with the
Ni and Pt 3d and 5d orbitals. With increasing
cluster size the Pd 5s and 4d bands broaden and
the Pd atom configurations approach d’s similar
to Ni and Pt (d*%s'?, d®’s'? and d®%s'*® for bulk
Ni, Pd and Pt, respectively [94]). This explains
the similarity of the CO bond for the three metal
surfaces. A d" configuration corresponds to an
electronic closed shell with a lower polarizabil-
ity, i.e. a lower ability to form a bond with the
ligand orbitals. Both bonding mechanisms, o-
donation and w-backdonation, are expected to
be weaker. This might explain the known
instability of Pd carbonyls. However, the satura-
tion limits determined in the gas phase experi-
ments are approximately similar ( £ 1 ligand)
for the three metals.

We demonstrated the power of vibrationally
resolved photoelectron spectroscopy of mass-
separated cluster anions to study chemisorption
of CO on transition metal particles. The high
resolution allows in some cases the determination
of the CO stretch frequency and the frequency of
the metal-CO vibration mode. The electronic
information corresponding to the main features
observed in the spectra in combination with the
vibrational information corresponding to the fine
structure of single features allow a detailed ana-
lysis of the electronic interactions which form the
chemisorption bond. This type of spectroscopy
might be very useful to understand the wealth
of data on the reactivities and saturation limits
of clusters determined in reaction type experi-
ments and the differences in the catalytic activ-
ities of small particles.
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