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Photoelectron spectra of mass-selected negatively charged bareNi 2
n andPt 2

n clusters are compared
with the spectra of NinsCOdm

2 and PtnsCOd 2
m clusters. The spectra indicate that saturation with CO

caused by the formation of an electronic closed shell and not due to steric hindrance as on a s
and that the strength of thep backdonation of the CO chemisorption bond to a small particle is stron
than to a surface. The antibonding metalsdz2 -5sd orbital resulting from the interaction of the CO 5s

with the metaldz2 orbitals is directly observed for Ni1sCOd 2
3 .

PACS numbers: 36.40.Mr, 73.20.Hb, 82.65.My
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The question of the nature of the chemisorption bond
CO to transition metal atoms connects two large fields
basic research: carbonyl chemistry and surface scienc
is now well accepted that the bonding can be describe
the s-donation andp-backdonation scheme (Blyholde
model [1]). The CO5s orbital interacts with the metals

orbitals (donation) and the metaldp orbitals form a bond
with the unoccupied CO2p orbitals (backdonation). Thi
model has been verified by many experimental stud
using techniques such as photoelectron and vibrati
spectroscopy.

One property of carbonyls that has no direct ana
in surface science is the following: the stability of t
complex due to an uptake of a certain numberm of COs
(saturation). Carbonyls with a lower number of ligan
are “unstable.” According to Lauher’s electron counti
rules [2–4] the stability is explained by the formatio
of an electronic closed shell with a “magic” number
electrons [e.g., 18 electrons in NisCOd4]. Therefore, the
stabilization of a carbonyl is caused by a delocaliz
electronic interaction between the ligands and the m
core. In contrast, the saturation of N2 (which has a similar
total number of valence electrons as CO) on Nin

2 and Ptn2

clusters is achieved atm ø n [5] and may be described b
a topological approach suggesting a strong preference
“top” sites [6]. On a surface, saturation with CO is caus
by steric hindrance between neighboring COs. We h
present photoemission studies of reacted mass sele
clusters of the typeMnsCOdm

2 varying m continuously
from zero up to saturation. Our data indicate the format
of a closed electronic shell at saturation correspondin
a change in the metal (Ni, Pt) atom configuration fro
d9s to d10.

So far, there is an agreement that the CO chemisorp
bonds to a surface and to a cluster are similar [7]. The
served frequencies of the CO stretch vibration, which
ters with the strength of the backdonation interaction,
similar for carbonyls and for CO molecules bound in a c
responding site on a surface [8]. This similarity is also
basic assumption of cluster model calculations, a theo
0031-9007y96y76(7)y1047(4)$06.00
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cal method taking a small fragment of a surface inste
of an infinite real surface for modeling surface data. O
important question, however, has not been addressed
these calculations: Is the well-known catalytic activity
small particles due to topologic or electronic effects?
electronic effects play a role then a difference reflected
the vibrational frequencies is expected for the chemiso
tion in carbonyls, clusters, and surfaces.

Concerning the similarity of the CO stretch frequencie
in both surfaces [9] and carbonyls [10] one has to take
coverage dependence into account. In general, the stro
the bond the lower the frequency because of the increa
p backdonation. This trend is counteracted by the dip
interaction in the adsorbate which causes a freque
shift to higher frequencies with increased coverage. T
coverage in carbonyls (about 2–4 CO molecules per m
atom [4] is at least twice that of surfaces, and possib
the chemisorption bond in small particles is stronger th
on a surface. Because of higher coverage, the meas
frequencies are increased to approximately the values
the surface species. Therefore, we perform an experim
measuring the CO stretch vibration on metal clusters w
a low CO coverage, i.e., unsaturated carbonyls of
type MnsCOd. We find frequencies lower than on th
corresponding surfaces indicating a stronger backdona
interaction. This interaction weakens the CO bond, t
key step in a catalytic reaction involving CO.

Photoelectron spectroscopy of mass-separated, n
tively charged clusters [11] allows the study of all po
sible combinations of metal atoms and ligands far beyo
the experiments restricted to stable carbonyls or their fr
ments [12,13]. Negatively charged clusters are direc
produced by a standard laser vaporization source [1
Within the high pressure region of the extender a varia
amount of CO can be added to the helium seeding g
After passing the skimmer, the cluster anions are acce
ated in a pulsed electric field. Depending on their time
flight (TOF) the clusters separate into a chain of bunch
of defined cluster size. The kinetic energy of electro
from a selected bunch, which are detached by a UV la
© 1996 The American Physical Society 1047
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FIG. 1. Section of the time-of-flight mass spectrum of (a) ba
and reacted [(b) medium amount of CO; (c) high amount
CO] Ptn2 clusters generated in a laser vaporization source.

pulse, is measured using a “magnetic bottle” TOF elect
spectrometer [11].

Figure 1 compares TOF mass spectra of bare (a)
reacted Ptn2 clusters (b),(c) forn ­ 326. The intense
features in the spectrum of the bare clusters are assig
to Ptn2 for n ­ 326. In Fig. 1(b) the Ptn2 clusters
have reacted with CO at intermediate concentration.
action products with a varying number of adsorbed C
molecules are observed for all clusters; e.g., in the cas
Pt3sCOdm

2m varies betweenm ­ 0 and6. In Fig. 1(c)
the clusters have reacted with the maximum amount
CO attainable in our experiment. Now the saturated c
bonyl anion Pt3sCOd6

2 is the most intense peak of th
Pt3sCOdm

2 series in agreement with recent quantitati
studies of the reaction rates of Ptn

2 clusters with CO [4].
In principle, photoelectron spectra can be recorded

all cluster anions observed in Figs. 1(a)–1(c) and we sh
spectra of Pt3sCOdm

2 (m ­ 0, 1, 5, 6) and Pt4sCOdm
2

(m ­ 0, 1, 7, 8) in Figs. 2(a)–2(h). The spectra of th
reacted clusters do not exhibit pronounced structu
except for those of the saturated carbonyls [Pt3sCOd6

2,
Pt4sCOd8

2], where an intense peakA is observed close
to the emission threshold at lowest binding energy (B
[Figs. 2(d) and 2(h)].

We will try to reconcile this experimental finding us
ing the framework of the Blyholder model [1]. Th
chemisorption bond ofMnsCOdm can be described in a firs
approximation by two main interactions: (i) the interactio
of the occupied5s orbitals of CO with the metals or-
bitals (­ metalsyp and metaldz2 and (ii) the interaction
of the unoccupied2p orbitals of CO with those derived
1048
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FIG. 2. Selected photoelectron spectra of Pt3,4sCOdm
2 clus-

ters. The photon energy ishn ­ 4.0 eV.

from metaldp . Thes interaction results in the stabiliza
tion of the5s orbitals and a corresponding shift toward
lower BE of the metalsyp and dz2 orbitals (charge do-
nation). Thep interaction stabilizes part of the metald
manifold of states, while the CO2p orbitals are destabi-
lized. The metaldp orbitals hybridize partially with the
CO 2p orbitals resulting in a “deformation” of these oc
cupied orbitals towards the direction of the CO molecu
This corresponds to a net charge transfer to the CO m
cule (backdonation). Because the deformation has a s
metry similar to the one of the antibonding2p orbitals the
C-O bond is weakened and the CO stretch vibration f
quency is lowered.

The interaction between the CO5s and the metalsyp
orbitals is strongly repulsive [1,14,15]. For Ni and P
the metalsyp orbitals are destabilized with an increasin
number of ligands until they are completely unoccupi
[1]. The ten metal valence electrons per atom occu
now d-derived states corresponding to ad10 closed shell
configuration (with an admixture of COp character).
This explains the appearance of peakA in Figs. 2(d) and
2(h). The unsaturated clusters have unoccupiedd-derived
orbitals, which can accommodate the additional elect
of the anion. The featureless smooth emission signal
be assigned to photoemission from thed-derived manifold
of states. In the saturated clusters the additional elec
must occupy an orbital which is located above the manif
of d states. This is probably the lowest of the CO2p-
derived orbitals for the following reasons: (i) the emissi
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from this orbital exhibits a larger cross section because
its p symmetry [16] explaining the relatively high intensit
of the feature; (ii) emission from the CO2p orbital results
in the excitation of the CO stretch vibration, because
C-O equilibrium distance is altered by a change of t
occupation of this orbital.

This explains the observation of the vibrational fin
structure in the high resolution spectrum of Pt3sCOd6

2

[Fig. 3(a)] with a frequency of2020 6 60 cm21 [17],

FIG. 3. Vibrationally resolved photoelectron spectra of (
Pt3sCOd6

2, (b) Ni1sCOd3
2, (c) Pt1sCOd3

2, and (d) Ni3sCOd6
2.

The photon energies arehn ­ 3.0, 4.0, 4.0, and 4.0 eV,
respectively. The peaks markedA and B in (a) correspond
to the ones displayed in Fig. 2(d). The inset in (b) displays
expanded view of featureD.
f
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which is similar to the stretch frequency of CO adsorb
in a top site on a Pt surface (2065 cm21 [9]). Our findings
are in agreement with the calculations on Pt3sCOd6

22

from Bullett [18], who found the uppermost 15 occupie
molecular orbitals to be of metald character and (in the
neutral unoccupied) an orbital at slightly higher energ
with mainly CO 2p character. The second low energ
mode with425 6 30 cm21 [Fig. 3(a)] [17] is similar to
metal-CO vibrations found on surfaces [19].

The similarity of the spectra of Ni1sCOd3
2 and

Pt1sCOd3
2 [Figs. 3(b) and 3(c)] supports the assumptio

that the metals orbitals in the saturated species a
unoccupied [1]. The spectra of Ni3sCOd6

2 [Fig. 3(d)]
and Pt3sCOd6

2 [Fig. 2(d)] are also almost identical. The
BEs of the atomic Ni4s and Pt 6s orbitals differ by
approximately 1 eV. If these orbitals would contribut
significantly to the occupied orbitals in these carbony
the spectra would exhibit considerable difference
The observed CO stretch vibrations of2090 6 80 and
2060 6 80 cm21 [A-B-C in Figs. 3(b) and 3(c), respec
tively] agree well with the corresponding surface da
(Pt: 2065 2104 cm21; Ni: 2045 2069 cm21 [8,9]). We
refrain from a discussion of the corresponding adsorpti
sites, since in a recent experiment [20] the simple relati
between the CO stretch vibration and the adsorption s
has been questioned.

For the unsaturated species Ni2sCOd2 and Ni3sCOd2

we determine the frequency of the CO stretch vibrati
of the neutral to be1800 6 80 and 1750 6 80 cm21,
respectively [21]. These two values are lower than a
such frequencies measured on Ni surfaces [22]. The la
shifts indicate a strongerp backdonation for a small
cluster compared to a surface. In a recent measurem
of the binding energy of CO to a Pt3

2 cluster an energy
of about twice the surface value has been found [2
Our photoelectron spectra indicate a large similarity
Ni and Pt carbonyls and we expect a corresponding
high binding energy for CO bound to a Ni3

2 cluster.
Therefore, the observations of a high binding ener
(Pt32) and a low CO stretch frequency (Ni2, Ni3) both
indicate a stronger interaction for small clusters compar
to surfaces. The reason for the stronger backdonation
probably related to the different electronic structure
the clusters compared to the bulk, because it is diffic
to explain the experimental results based on geome
considerations only.

One basic experimental observation supporting the B
holder model [1] is the stabilization of the CO5s or-
bitals due to chemisorption observed in photoemissi
studies [24]. The5sydz2 interaction should result in a
destabilization of metaldz2 orbitals forming antibonding
(dz2 -5s) orbitals [14,15], which should be occupied for N
and Pt and located close to the Fermi energy. So far,
perimental studies of the valence bands of metals cove
with CO found only indications for hybrid orbitals with
a considerable admixture from CO2p character [7,24].
1049
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We report here the first direct observation of an orbi
close to the Fermi energy contributing to the chemiso
tion bond, but with no admixture from CO2p orbitals.
FeatureD in the spectrum of Ni1sCOd3

2 [Fig. 3(b)] ex-
hibits a vibrational fine structure (380 6 30 cm21) corre-
sponding to the CO-metal vibration. Therefore, the orbi
responsible for this feature contributes to the chemiso
tion bond. FeatureD does not exhibit a fine structur
corresponding to the CO stretch vibration and we co
clude that this orbital has no contribution from CO2p

character. The only other possibility is an orbital with a
admixture of CO5s character. Since at binding energie
close to the Fermi energy orbitals are expected to h
a predominantly metald contribution, we assign featur
D tentatively to emission from a (dz2-5s) hybrid orbital.
A contribution from metals orbitals seems unlikely from
the general similarity of the NinsCOdm

2 and PtnsCOdm
2

spectra. Because of the removal of an antibonding e
tron the CO-metal frequency should increase. Howev
in the final state of the transition corresponding to fe
ture D there is still an electron occupying the CO2p

orbital, which is antibonding with respect to the meta
CO bond. Therefore, the measured frequency (380 cm21)
corresponds roughly to the one measured on a Ni s
face (400 cm21 [25]). Our observation of an occupie
dz2 -5s hybrid orbital supports the results of Bauschlich
and Bagus [15], who predicted a nonbonding characte
the 5sydz2 interaction for transition metals with ten o
more valence electrons, because both the bonding and
tibonding orbitals are occupied.

Summarizing this first photoemission study of th
reaction of CO with mass-separated Ni and Pt clusters,
found the formation of an electronic closed shell to be t
reason for saturation. The extremely low frequencies
the CO stretch vibration in neutral Ni2sCOd and Ni3sCOd
determined from the anion spectra indicate a strongerp-
backdonation interaction for small particles in agreem
with a recent determination of the binding energy of C
to a Pt3 cluster [23]. Finally, for Ni1sCOd3

2 we observed
a feature, which can tentatively be assigned to the a
bonding (dz2-5s) orbital supporting the assumption of
nonbonding5sydz2 interaction for Ni [15].
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